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Lo NG DAU

H 0i thao Piéu khién va Tw dong héa cho phat trién bén virng (Symposium on
Control and Automation for Sustainable Development - CASD) lan thr nhat
da dién ra thanh céng vao ngay 19/05/2017 tai Trwong Pai hoc Bach khoa Ha Noi,
nhan dip ky niém 55 nam thanh lap B6 mon Tw dong héa Cong nghiép - Vién Dién. Hoi
thdo dwoc td chirc trén co s& dién dan thudng nién ciua bén trwong dai hoc dao tao
nganh Ky thuat diéu khién va tw dong hda, bao gom: Trwdng Dai hoc Bach khoa Ha Noi,
Trwong Pai hoc Ky thuat Cong nghiép Thai Nguyén, Trwdng Pai hoc Hang hai Viét
Nam, Trwong Pai hoc Bach khoa Da Ning.

Cac chu dé chinh cta Hoi thdo bao gom: truyén déng dién, dién tir cong suat, diéu
khién qua trinh, diéu khién robot, hé thdng nhing, ning lwgng méi va lwdi dién thong
minh, truyén thong cong nghiép, cong nghé va ky thuit diéu khién.

Pong dao cac nha khoa hoc tir cac trweorng dai hoc va vién nghién ctru da t&i tham dw
Hoi nghi. Gan 50 tac gid/nhém tac gid da trinh bay nghién ctru clia minh, tao in twong
t6t cho cac khach moi cling nhw cac dai biéu tham gia. Ban Chwong trinh da lya chon
45 bao cao in trong tuyén tip, gdbm ndm phin nhw sau:

Phan 1. Ung dung tw dong héa trong céng nghiép
Phdn 2. Dién tir cOng sudt

Phdn 3. Co dién tir

Phdn 4. Ly thuyét diéu khién tw dong

Phdn 5. Diéu khién truyén dong dién

Ban T6 chirc xin chan thanh cdm on Ban Gidm hiéu Trwong Pai hoc Bach khoa Ha Noi
va Nha xuat ban Khoa hoc va K§j thuat da tao nhiéu diéu kién thuin loi cho viéc phan
bién va in 4n tuyén tip. Chung t6i cling xin cadm on tip thé B6 mon Tw dong hoa cong
nghiép - Truwong Pai hoc Bach khoa Ha N6i da tan tinh gitp do trong cong tac bién tap
tuyén tap nay. Va dic biét, ching toi xin danh nhitng 1&i cdm on siu sic nhit tdi cac tac
gid/nhom tac gia da déng goép bai viét, thu x€p thoi gian téi trinh bay bao cdo dé co
dwoc thanh cong cia Hbi nghi CASD-2017. Ching t6i hy vong, day sé la bwéc khéi dau
thuén loi cho thanh cong cia cac hoi nghi CASD nhirng ndm vé sau.

Ha N¢i, thang 6 ndm 2017
Trudng Ban T6 chirc

PGS. TS. Ta Cao Minh
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PHAN 1. ’NG DUNG TY PONG HOA TRONG CONG NGHIEP

MULTIRATE KALMAN FILTER VA ’NG DUNG
TRONG VIEC NANG CAO TOC PO TRICH MAU CUA CAM BIEN

MULTIRATE KALMAN FILTER AND APPLICATION
IN IMPROVING SAMPLING TIME OF LOW SPEED SENSORS

V& Duy Thanh, Pham Van Quyén, Vi Hoang Long, Ta Cao Minh
Trung tdm Nghién ctru Ung dung va Sang tao Céng nghé - CTI - Trwong Dai hoc Bach khoa Ha Noi
Email: thanh.voduy@hust.edu.vn, phamquyen95@gmail.com,
vuhoanglong0595@gmail.com, minh.tacao@hust.edu.vn

Tom tat:

Ngay nay, khi cong nghé va k¥ thuat ngay cang phat trién thi cang c6 nhiéu lwa chon cho viéc s dung thiét
bi trong mdi s&n pham. Cam bién la thanh phan khong thé thiéu trong b4t ky hé théng didu khién nao. Tuy
nhién, vi cac Iy do khac nhau ma cac cdm bién nay co tbc do trich mau thip. Dé co thé st dung ching cho
muc dich diéu khién thi vAn dé dat ra la phai nang cao tbc dd trich mau cia ching bang thuat toan phan
mém. Bai bdo nay trinh bay mét gidi phap st dung bo loc Multirate Kalman dé dy doan cac dir liéu trung
gian gitra 2 1an trich mau thwc ctia cdm bién, tr d6 nang cao dwoc téc do trich mau phuc vu hé théng diéu
khién. Phwong phap dwoc thtr nghiém théng qua cac mé phéng ly thuyét va kiém nghiém lai bang thwc
nghiém trén déi twong la cdm bién tbc dd banh xe cia xe 6 t6 dién i-MIiEV do Mitsubishi san xuéat. Két qua
clia bai bao cé thé rng dung truc tiép cho cac nghién ctru lién quan téi didu khién chuyén déng cho xe 6 to
noi chung va 6 té dién nadi riéng.

Abstract:

Recently, as the development of material technology, ones have many more options in choosing instruments
used in the system. Sensor system, as well, is a vital part of control systems. However, in many cases, these
sensors have very low update speed and are not directly suitable to control purpose. In order to utilize these
sensors in control system, they need a software algorithm to improve sampling speed. This paper takes
advantage of Multirate Kalman Filter to predict pseudo measurement between sampling periods of multiple
sensors in order to increase their sampling speed. The proposed method is evaluated in simulation and
experiments, in which, the object under test is the rotation speed sensor integrated in the wheels of electric
vehicle i-MIiEV from Mitsubishi. Results of this paper can be directly used for motion control of general cars
as well as electric vehicles.

Keywords:

Multirate Kalman Filter, sensor, sampling time, update speed, encoder.

1. GIOI THIEU CHUNG e Thiét bi do téc do banh xe 6 t6 ludn c6 dd phan
giai thdp do qua trinh v4n hanh cia xe ludn rung,
lac. Pé dam bao d6 6n dinh va bén viing cda thiét
bi, cac nha san xudt khong st dung thiét ké nhiéu
xung/vong nhu cac ung dung cong nghiép khac [1].

Pong bo tdc do giira cac cam bién ciing nhu giira
cam bién v6i hé théng diéu khién van ludn duge
quan tam tir trude téi nay. Thong thuong, toe do tra
vé dit lidu cta cam bién phai it nhit bang véi tan sb

lam viéc cuia mach vong diéu khién. Tuy nhién,
khong phai luc nao tbc d6 cam bién ciing hoan toan
tuong thich véi yéu ciu diéu khién. Ly do co thé 1a
dé giam chi phi va gia thanh ciia san pham, c6 thé 1a
do yéu ciu cua thiét bi sir dung cam bién hodc ciing
c6 thé 1a do gi6i han cua cam bién. Co thé liét ké
mot s6 thiét bi c6 cam bién trich miu cham nhu:
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e Hé thong dinh vi vé tinh GPS ¢6 tdc do cao nhat
1a 20Hz [2], mot s6 loai chi ¢6 tan s6 1Hz. Diéu nay
1a do thoi gian tré trong cac qua trinh trao ddi di
liéu gitra thiét bi do va hé théng cac vé tinh dia tinh
trénTrai Dat.

e Cam bién hinh anh (camera) ding dé xur Iy nhan
dang dbi tuong biang cach phan tich dir liéu diém
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anh. Chu ky trich mau cta loai cam bién nay thudng
trén 30ms [3].

k—n+2
k—-n+1| k—n+3
‘v '
Control
T;
S
State
Sensor 1
Sensor 2
Ts
t t
k—n k

H.1. Su khac biét gitra téc do cam bién
va toc do dieu khien
Hinh H.1 mé ta mdi quan hé vé thoi gian giita cac
thanh phan trong mot hé thong diéu khién. Trong
d6, cac cam bién co6 thé chia lam 2 loai: nhanh — dap
ung kip véi yéu cau diéu khién va chdm — thoi gian
trich mau T dai gap n 1an chu ky diéu khién T, (tac
T. A <A < < N A A
n= T—S). Mot diéu chac chan rang, chat lugng diéu
c

Kkhién s& giam manh néu hé théng van hanh theo chu
ky T, tham chi c6 thé xay ra hién twong mit on dinh.
Viéc st dung cam bién tdc dd cham trong mot hé
thong didu khién co toc do trich miu cao hon doi
hoi mot thuat toan c6 thé du doan cac mau dir lidu
trung gian. Mot sb6 thuat toan du doan duoc gidi
thiéu nhu ngoai suy tuyén tinh, ngoai suy da thic
[4]. Cac phuong phap nay c6 nhugc diém 14 chi du
doan dua trén gia tri cua cac dir liéu do va khong xur
1y nhidu, diéu ma hau hét cac hé thong gip phai.
Mot sé phuong phap ude luong trang thai khac nhu
bd udc lugng double-layer, wde lugng dual-rate [3],
[5-7]... xem xét lai hé sb khuéch dai cta bo woc
lugng. Cac nghién ciru nay cho két qua rat kha quan
va chinh xé&c. Mot sé nghién ctru khac con sir dung
két hop b loc Multirate Kalman va thuat toan diéu
khién cao cdp nhu mang no ron dé phdi hop dir lidu
cac cam bién toc d6 khac nhau [8]. Tuy nhién, cac
phuong phap nay hoat dong dya trén md hinh dong
hoc xdy dung tir cac tham s cua hé thdng, trong khi
cac tham sb nay hoac rat khé xéac dinh hodc luén
thay dbi trong qué trinh hoat dong. Pidu nay lam
giam d6 chinh xéc trong qua trinh lam viéc va kho
dam bao tinh bén viing cua hé thong diéu khién.

Bai bao st dung b loc Multirate Kalman dya trén
co s md hinh dong hoc 12 mé hinh cam bién dé du
doan cac dir liéu trung gian voi chu ky nhanh hon
chu ky trich miu thuc cia cam bién. Phuong phap
nay cé cac uu diém so voi cac phuong phap da dé
xuit trudc d6 nhu: (1) khoéng phu thudc tham s
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dong hoc cua hé théng va déi twong nghién ciru, (2)
két qua c6 do chinh xac cao, (3) khdi lugng tinh
toan it, (4) dé thyc hién va s dung trong thuc
nghiém. Noi dung cac phan tiép theo duoc trinh bay
nhu sau. Phan 2 gidi thiéu vé loc Kalman va céc
cong thirc tinh trong loc Kalman; Phan 3 xdy dung
nguyén 1y cta bo loc Multirate Kalman; Ung dung
bd loc Multirate Kalman cho cam bién co tdc do
trich mau thap duoc trinh bay trong phan 4; Phan 5
mod ta cac phuong thirc thr nghiém thuat toan va
trinh bay mot s6 két qua mo phong ciing nhu thyc
nghiém; Thao luin vé phuong phap loc Multirate
Kalman dugc dé cap trong phan 6 va cudi cung la
két luan duoc trinh bay trong phan 7.

2. BO LOC KALMAN

Gia thiét mot hé thong dugc mo ta bai phuong trinh
dong hoc va do luong nhu sau:

X = Fr—1Xp—1 + Br—1Up—1 + Wi—1

(1)
Vi = Hyxy + 9y

Trong d6, x;, 1a bién trang thai cua hé thong, y, la
bién dau ra cta hé thong, u, 1a tin hiéu diéu khién
dau vao, Fj, 1a ma tran truyén, By 1a ma tran diéu
khién, Hj, ky hiéu cho ma tran do luong. Cac thong
s6 wy, va 9, twong tmg 13 nhidu qué trinh va nhiu
do ludong cta hé thong va cac nhidu nay dugc gia
thiét 1a nhiéu tring, c6 gia tri trung binh bang 0,
khong twong quan va cé cac ma tran hi¢p phuong
sai Qi va Ry, xac dinh.

WkN(O' Qk)
ﬁk~(0! Rk)

E[WkWJT] = Qk6k—j (2)
E[ﬁkﬁJT] = Rk5k—j
E[wed[]=0

v6i 6y_; la ham Kronecker, tac 1a &§;_; =1 néu
k =j va 8,_; = 0 néu k # j. Nhiém vu clia cac bd
udc lugng noi chung va b loc Kalman néi riéng la
udc luong trang thai x, dua trén sy hiéu biét vé
dong hoc ciia hé thong va tap hop cac gia tri do {y;}
bi tac dong béi nhiu. N6i cach khac, bo loc Kalman
s& loc cac gia tri dau ra dé u6e luong trang théi cua
hé théng trong khi lam giam t&i mac thap nhat anh
huéng cta nhiéu w va 9.

M6 hinh cua hé thdng loc Kalman duoc trinh bay

trong hinh H.2. Trong d6, K 1a hé sb Kalman can
duoc xac dinh mot cach toi wu.
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LT Ly
uL 1 ‘q téi- ."lh

<,
b, [0S

H.2. M6 hinh b6 loc Kalman

Ciing theo hinh H.2, néu goi uwéc lugng trang thai hé
thong 1a %, thi £; duoc goi 1a wdc lugng tién
nghiém (priory estimate) va 7 1a wdc lugng hau
nghiém (posterior estimate). B§ loc Kalman duogc
thuc hién thong qua cac budce tinh nhu sau [9]:

e Khoi tao cac thong sb ctia hé thong

3?5’=E(x0) 3)
PJ=E[(XO—QJ)(XO—QJ)T]

e Budc du doan

X = Foo1 X4 + Bre_qUp—

k k—1Xg—1 k-1Uk—1 )

Py = FyoaPi_1Fi—q + Q-1

e Budc cap nhit

Ki = PgHL (Hi PO HE + Ry)
Xg =X + K — Hie %) (®)
P = (1 - KyH )P

Véi P va P dugc goi 1a ma tran hiép phuong sai
tién nghi€m va hi¢p phuong sai hau nghiém cua sai
1éch udc lugng mot cach tuwong ung.

Cac budc tinh trong phuong trinh (4) va (5) s€ dugc
thuc hién tuan ty theo chu ky.

B6 loc Kalman da dugc chung minh 1a bd loc tuyén
tinh t&i wu tot nhat va 1a giai phap u6c luong trang
thai cho cic hé thong dugc md ta nhu trong (1).
Tham chi, ké ca khi nhidu qua trinh va nhiéu do
ludng khong tuan theo ludt phan bd Gaussian thi bd
loc Kalman van 1a bo loc tuyén tinh t6i wu. Trong
truong hop cac nhidu nay 1a nhiéu mau va co tuong
quan thi b loc Kalman c6 thé duoc thay doi dé giai
quyét van dé nay.

Ngoai ra, dua vao cac cong thire trén, co thé théy, bo
loc Kalman c6 khéi lwong tinh toan rat it va ph hop
voi cac img dung thoi gian thuc.

3. BO loc Multirate Kalman

Theo hinh H.1, c6 thé thiy, giira 2 lan cam bién
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trich mau tai cac thoi diém the k — n va tht k, hé
théng cin n — 1 trang thai cua hé thong dé phuc vu
cho qua trinh diéu khién. Theo cich thong thudng,
gia tri do ludng trong khoang nay duoc coi 1a hing
s0. Khac véi cac gia tri do thyc ¢ gia tri phuong sai
Ry nhét dinh thi gia tri cla céac mau do duoc gan
bang hang s6 nay duoc coi la khong tin cay va do dé
c6 phuong sai R;,i=n—1..1 12 vd6 cung lén.
Diéu nay dan toi gia tri cia hé sé Kalman tinh theo
cong thire (5) s& bang 0. Cac gia tri wéc lugng hau
nghiém va phuong sai hdu nghiém ciing dugc giir
khong dbi va bang cac gia tri tién nghiém tuong
ung. No6i cach khac, trong khoang thoi gian nay, uéc
lugng trang thai ctia hé théng phu thudc hoan toan
vao mo hinh dong hoc cua hé.

Nhu vay, bd loc Multirate Kalman dugc xay dung
nhu sau:

e Budc du doan

o— /\+
Xj = Fy—1Xp_q + Br_1Uk—1

_ (6)
Py = FyoaPi_1Fiq + Q-1

e Budc cap nhat

- Néu k 12 bdi s6 cian

Kie = Pic HE (HPOHE + Ri) ™

Xg =X + K — Hi &) O
P = (1= KH)Py

- Truong hop con lai

o = %

4. ’NG DUNG MULTIRATE KALMAN CHO
CAM BIEN TRiCH MAU CHAM

Cam bién c6 toc do trich mau cham co thé bt gip ¢
nhiéu noi v6i nhiéu muc dich khac nhau nhu cam
bién dinh vi toan cau GPS, cac thiét bj do toc d6 nhu
encoder d6 phan giai thip... Muc tiéu cia loai cam
bién nay la dé giam chi phi va gia thanh san pham
hodc thoa mén cac yéu ciu ciia méi trudng lam viéc.
Chinh vi vy, d& dap tmg yéu cau cia hé thong diéu
khién, cic thuat toan gia ting toc do trich miu can
dugc ap dung. Céc thudt toan nay phai dam bao do
chinh xac cua tin hiéu. Bo loc Multirate Kalman la
mot trong nhitng thuat toan dap tng duogc cac yéu
ciu nay.
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Front wheel speed sensor | Rear wheel speed sensor

T
Encoder for wheel speed detection Encoder for wheel speed detection

H.3. Vi tri cua cac encoder trén xe i-MIiEV

Pbi twong cia nghién ciru ndy 13 encoder d6 phan
giai thip dugc gan trén cac banh xe trude va sau ctia
xe 0 to dién i-MiEV do Mitsubishi sin xudt. Cau
tric va vi tri cac thanh phan ciia cc thiét bi nay
dugc trinh bay trong hinh H.3. Thiét bi gdm vanh
xung voi d6 phan giai 36 xung/vong va cam bién
xac dinh xung. Khi banh xe quay, cam bién phét ra
cac xung vudng voi do rong phu thudc vao toc do
quay. Viée xac dinh téc d banh xe duoc thuc hién
dya trén viéc dém sb xung trong mot chu ky. Do d6
phan giai cta encoder rat thap nén dé c6 thé xéac
dinh duoc chinh xac toc do thi thoi gian cua chu ky
cling phai du 16n. Trong truong hop nay, chu ky
dugc chon 1a 100ms. Piéu d6 c6 nghia 1a phai sau
100ms thi bo tinh toan tdc d6 méi dem lai mdt mau
tin hiéu téc do. Tin hiéu tdc do nay duogc st dung
lam tin hiéu phan hdi cho bd diéu khién chuyén
dong. Tuy nhién, nhu vay 1a khong du vi bo didu
khién chuyén dong hoat dong & toc d6 10ms/chu ky.
Phan nay ctia nghién ctru trinh bay viéc ing dung bd
loc Multirate Kalman dé ning cao toc do trich mau
ctia cam bién tdc d6 gin trén banh xe.

Heé thng nghién ciru c6 thé duoc mod ta boi phuong
trinh nhu sau:

X = Xp—1 + TUg—1 + Wiy

1 9)
Yk = 7%k + Uy

Trong d6, bién trang thai x chi gom 1 phan tir la van
téc dai cua banh xe v, tin hiéu diéu khién 1a gia téc
a cua xe O to do tir cam bién gia toc duoc trang bi
trén xe 6 to, bién dau ra la toc do goc cua banh xe w,
do tir cam bién encoder trich mau cham, r 1a béan
kinh banh xe va T 1a chu ky trich mau. Trong trudng
hop nay, chu ky trich mau ciia hé thong sir dung bo
loc Multirate Kalman dugc chon 14 10ms tic 1a gip
10 1an téc do trich miu cta cam bién. Nhu vay, néu
ddng nhat mo hinh xdy dung boi (9) voi md hinh
téng quat (1) s& co:
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Xk = Vg
Vie = Wg
Up = ay
Fe = [1] (10)
By = [T]
N
e =[]

Nhan théy cac ma tran F, B, H chi c6 1 phan tir cling
nhu vector x chi ¢6 1 bién trang thai nén bd loc
Kalman trong truong hop nay con dugce goi la bd loc
vO hudng (scalar filter).

Thuét toan cta bd loc Multirate Kalman dé nang cao
tdc d6 trich mau cta cam bién duoc trién khai theo
nhu luu d6 trinh bay trong hinh H.4.

Initialization
xg = E(xo)
Po+ = E[(xp — fg)(xo - J?S')T]

[
&

Measures
Acceleration ay,

l

Prediction Step
B =2 + Twey
PI<_=P}:—1+QR—1

Read wy,

l

Correction (Update) Step

1 (1 _ -
Kk:;Pk T_Zpk +Rk

Pi =P,

ot _ o 1 _
X =% + K { v — %

K
P} =<1—7">P,;

I

H.4. Luu d6 thuat toan

5. KET QUA THU’ NGHIEM
5.1. Cac phwong an thtr nghiém

Kha nang cta bg loc Multirate Kalman trong nghién
ctru nay dugc danh gia qua 2 qua trinh thir nghiém:
mo phdng va thuc nghiém.

Hinh H.5 m6 ta mé hinh md phong dé danh gia bo
loc. Tin hiéu thuc duoc tao ra tir may tinh véi tan sb
trich mau 1a 1kHz dé dam bao do chinh xéac. Tin
hiéu nay dugc thém nhidu tuan theo luat phan b
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Gaussian v&i do léch chuan duoc dit o = 0.6. Cam
bién trong truong hop ndy dwoc mé hinh nhu mot
khoa dong cat theo chu ky 10Hz (T=100ms). Tin
hiéu trich mau cham tr cam bién duoc dua téi bo
loc Kalman voéi tan s hoat dong 100Hz (T=10ms).
D¢ gia lap tin hidu gia téc trong mo hinh (9), tin
hiéu gbc duoc dua qua mot khau vi phan. Qua trinh
thr nghiém s€ dugc thuc hién vdoi 2 dang tin higu
gia 1ap gdbm dang hinh sine va dang hinh tam giac dé
c6 thé danh gia day du vé kha ning cia bd loc
Multirate Kalman.

He¢ thong thyc nghiém dugc xay dung dua trén nén
tang xe 0 to6 dién i-MiEV. Do dac diém cia cac
encoder gin trén 4 banh xe 1a giéng nhau nén thi
nghiém chi thyc hién trén 1 banh xe. CAu hinh hé
thdng thir nghiém dugc trinh bay trén hinh H.6. Tin
hiéu tir thiét bj do tdc d6 c6 dang tin hiéu dic biét
voi muc logic 0 ung véi 0.5V va muc 1 tng voi
khoang 1.2V. Pé c6 thé dam bao muc do tuong
thich vé tin hiéu v6i hé thng diéu khién, mot mach
chinh dinh tin hiéu dugc thiét ké nhdm dua muc tin
hiéu vé 0 — 3.3V. Tin hiéu gia tc xe dugc ldy tir
cam bién gia téc do phan giai 12bit va dai do +8g.
Bo6 diéu khién duoc st dung trong thuc nghiém la
bd diéu khién MyRio 1900 do National Instruments
san xuét, hoat dong dua trén nén tang FPGA Z-7010
ctia Xilinx véi 2 18i xir 1y, dat toc do xir Iy 1én téi
667MHz. Cac tin hiéu sau khi loc s& dua vé hién thi
va luu trit trén may tinh. Cac phdn mém trén may
tinh dugc 14p trinh sir dung ngén ngir LabVIEW.

u

H

Simulated | x |t A | ¥,| Multirate Kalman | £
Signal (1KHz) % | Sensor (10Hz) Filter (100Hz)

w

Gaussian

Noise

H.5. M6 hinh mé phong

Wheel Encoder
36 pulses/round

Signal Conditioning
BN N 1
Circuit

National
Instruments
MyRio 1900

Host
Computer

—|

>l

Accelerometer

H.6. C4u hinh thuc nghiém trén xe 6 to

Bang B.1 trinh bay cac thdng s6 vé& phuong sai cac
loai nhiéu sir dung trong qua trinh mé phong va thuc
nghiém. Céc thong sé vé nhiéu do ludng duoc Xac
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dinh trén co s sai s6 ciia cam bién. Trong truong
hop mé phong, do léch chuin dugc dat chinh xéac 1a
o = 0.6 nén phuong sai nhiéu do dwgc chon Ia
o? = 0.36. Trong qué trinh thuc nghiém, sai sb cua
cam bién do téc do quay duoc xac dinh dya trén sai
s6 cua phuong phap xac dinh toc do va sai s cam
bién 36xung/vong. Nhidu qué trinh trong ca 2
truong hop duoc xac dinh thong qua kinh nghiém va
thtr nghiém trong qua trinh chay tha.

B.1. Cac thdng sb st dung trong md phong
va thuc nghiém

TT Thong s6 Giatri | Pon
vi
1. Thong s6 md phong
1.1. | Phuong sai nhiéu qua trinh 2
1.2. | Phuong sai nhiéu do luong | 0.36
2. Thong s thuc nghiém
2.1. | Phuong sai nhidu qué trinh | 2.5 m/s
2.2. | Phuong sai nhiéu do luong | 3.5 | rad/s

5.2. Két qua

Céac hinh H.7 va H.8 1a két qua mo phong bo loc
Multirate Kalman, trong céac truong hop tin hiéu do
Ia hinh sine va hinh tam giac gia 1ap mét cach twong
ung. Hinh H.7.a va H.8.a 1a so sanh giita tin hiéu
géc véi tin hiéu duoc trich miu tir cam bién tde do
cham. C6 thé thay, tin hiéu trich mau cham c6 hinh
bac thang va c6 gia tri bi anh huong bdi nhiéu.
Trong khi d6, két qua ciia Multirate Kalman dugc
trinh bay trong sy so sanh véi két qua do tir cam
bién trén cac hinh H.7.b va H.8.b cho thiy tin hiéu
sau loc c6 déac tinh tron hon cling nhu khong con
dang bac thang nita. C6 thé nhan xét rang, bd loc
Multirate Kalman d3 1am tot nhiém vu du doan cac
mau gia tri trung gian trong truong hop nay.

Céc két qua thuc nghiém ciing cho thiy kha ning
cua bd loc Multirate Kalman tuong tu nhu trong mo
phong. Hinh H.9 va H.10 thé hién cac két qua thuc
nghiém khi xe chay trén duong. Dé danh gia do tin
cdy va 6n dinh cua két qua, bo loc duoc thir nghiém
nhiéu lan trén dudng thir véi dang tin hiéu gom:
tang toc - giam tdc - tang tdc - giam tdc - ding han
(hinh H.9a va H. IOa) Trong ca 2 lan thir néu trén,
banh xe du:o’c gia toc 1én téi gan 40 rad/s (tuong | ng
VO’l van toc xe 6 tO 1én téi 40km/h) va glam tbe
xudng khoang 30 rad/s (twong tmg v6i van toc dat
khoang 33km/h) sau d6 dung hin. Viéc thir nghiém
tang giam téc do c6 muc dich dé danh gia do6 dong
ctia bo loc khi gid tri tin hiéu thay doi.
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C6 thé thdy, trong cac lan thir nghiém, ngoai viéc
hoan thanh muc tiéu ngoai suy cac mau dir liéu, bo
loc Multirate Kalman con cho phép loc bo cac nhiéu
do dé dem lai gia tri chan thyc cua tin hiéu. Diéu
nay thé hién rat rd trong cac hinh H.9b va H.10b khi
tin hi€éu dugc phong to trong cac khoang thoi gian
khac nhau.

20r
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H.7. Két qua md phong véi tin hiéu vao hinh sine
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H.8. Két qua md phong vaéi tin higu vao tam gic
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6. THAO LUAN

Phan nay s& trinh bay mot s6 nhan xét vé& bo loc
Multirate Kalman danh cho viéc nang cao tbe do
trich mau cta cam bién trich mau cham. Co thé chi
ra mdt s6 wu diém ciia phuong phap nay nhu sau:

o Mo hinh don gian va khong phu thuoc vao tham
$6 dong luc hoc ciia mé hinh hé théng. Viéc st dung
md hinh cam bién s& chi phu thudc vao cac yéu td
ddng hoc va vi vay phuong phap nay thich hop cho
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viéc ting tdc @6 trich mau cua cac cam bién co lién
quan t&i chuyén dong. Trong tng dung duogc trinh
bay & phan 4, cam bién gia toc duoc sir dung nhur tin
hiéu didu khién, trong trudng hop khac, tin hiéu
dong dién ciia dong co truyén dong cho 6 to dién ¢
thé dugc su dung dé thay thé do dic tinh twong
duong cua gia toc va dong dién.

o Khéi lwong tinh todn it va phit hop véi cdc iing
dung thoi gian thie. Nhin theo sd lugng cac cong
thirc trong lwu d6 ctia H.4 co thé thiy duoc tinh don
gian cua phuwong phap nay. Pidu nay giup cho
phuong phap c6 thé trién khai dwoc ca trén nén tang
phan ctng thap.

o D¢ chinh x&c cao va én dinh. Bo loc Multirate
Kalman duoc thir nghiém trén ca mé phong lan thuc
nghiém nhiéu lan. Trong cac két qua trinh bay &
trén, tin hiéu sau khi qua bo Multirate Kalman van
con mot sd chd bi rang cua. Viéc xu ly cac dir li€u
chua hoan hao nay c6 thé d& dang thuc hién boi cac
bd loc thong thuong. Tuy nhién, bai bao gilt nguyén
két qua va khong xtr Iy gi thém dé dam bao tinh toan
ven dir liéu cua phuong phap.

o Kha nang ung dung. B0 loc Multirate Kalman
trinh bay trong nghién ctru c6 thé tmg dung duoc
cho nhiéu loai cam bién khac nhau nhu GPS, cam
bién anh... va vin dem lai cht luong tdt.

TAI LIEU THAM KHAO

7. KET LUAN

B¢ loc Kalman 1a mdt cong cu hitu ich cho nguoi
nghién ctru vé 1y thuyét diéu khién. Loc Kalman c6
nhiéu tmg dung va nhiéu bién thé khac nhau. B loc
Multirate Kalman 1a mot trong cac bién thé d6. Mic
du 1a mot cong cu nghién ctu manh nhung viéc st
dung Kalman ciing nhu cac céach thirc xdy dung mo
hinh hé théng dé phuc vu cho céng cu nay cling dat
ra nhiéu thach thirc cho ngudi nghién ctru. Bai bao
da trinh bay phuong phap st dung bo loc Multirate
Kalman vao viéc nang cao tdc do trich mau cua céc
cam bién trich mau chdm. Thuit toan di duoc thir
nghiém mo phong trén co s6 md hinh cam bién do
luong cac dang tin hiéu khac nhau. Pong thoi,
phuong phéap dé cap trong bai bao ciing duoc ching
minh bang thyc nghiém trong viéc ning cao toc do
trich miu cta cam bién do tdc do banh xe trén xe
0 t6 dién i-MiEV, trong do, thuat toan loc duoc trién
khai thoi gian thyc trén bo diéu khién MyRIO 1900
ciia hang National Instruments. Cac két qua thu
dugc cho thiy tinh dung dén ctia phuong phap.

Nghién ctru dé xuét trong bai bao s& 1a mét cong cu
tt, co thé ung dung cho diéu khién chuyén dong
clia xe 6 t6, tham chi 1a diéu khién khong nguoi lai
xe 0 t0 dién.
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(PNG DUNG MANG NORON NHAN TAO BU MOT SO DANG SAI SO
CUA CAM BIEN MQ7 PO NONG PO KHi CO

APPLICATION OF ARTIFICIAL NEURAL NETWORK TO COMPENSATES
SELECTED ERRORS OF MQ7 SENSOR
FOR CO CONCENTRATION MEASURING

Tran Thi Phuong Thao®, Tran Sinh Bién?, Tran Hoai Linh®
1'ZTru‘(‘ang Pai hoc Hang hai, 3 Truwong Dai hoc Bach khoa Ha Noi

Email: phuongthaodtdcn@gmail.com

Tom tat:

Bai bao dwa ra giai phap rng dung mang noron nhan tao dé loai trir mot sé sai sé anh hudng dén két qua
do bang cdm bién ban dan MQ7 néng d6 khi CO trong méi trwdng céng nghiép. MQ7 thudc loai cdm bién
dwoc cAu tao tr cac oxit kim loai ban dan, dai lwong do dau ra la dién tré. Cam bién c6 wu diém 1a d6 nhay
cao, dap &ng nhanh, tudi tho dai, ving nhiét hoat déng réng, gia thanh ré, céng suét tiéu thu nhé nhung lai
c6 nhwoce diém la tinh chon loc kém, bi anh hwdng béi do Am va nhiét do, nhiét do hoat ddng cao va bi gia
héa. V&i nhitng nhwoc diém dé thi van dé loai triv sai sd cla yéu td anh hwéng la rat quan trong. Cac giai
phap s&r dung mang noron nhan tao dé hiéu chinh lai dac tinh cGia cdm bién sé cai thién duoc chét lwong
hoat déng ctia cam bién.

Twr khéa:

MQ7, do ndng dd CO, loai trir sai s6 anh hwéng, mang noron nhan tao.

Abstract:

This paper presents an application of artificial neural network to eliminate some errors affecting CO
concentration measurements in the industrial environment of MQ7 semiconductor sensors. The MQ7 is an
electrical conductivity sensor made up of semiconductor metal oxides, measured in terms of resistance. It
has got high sensitivity, fast response, long shelf life, wide operating temperature range, low cost, low power
consumption but low selectivity, it is influenced by humidity and temperature, high operating temperature and
aging. With these disadvantages, the problem of eliminating the error of the influence factor is very
important.

Keywords:

MQ7, CO concentration measures, the error elimination using artificial neural network.

Chir viét tit nhiét do, ap suét, do 4m, tir truong... c6 thé gay ra
ANN Artificial neural network sai s6 cho két qua do. Trong do6 nhiét do, do 4m moi
truong la nhitng dai lugng dnh huong 16m va 1o rét
nhit t6i két qua cua nhidu phép do [1,3]. Vi vay da
MSE Mean squared errors cO rat nhiéu cac cong ‘Erinh do Iu@g nghién ctu
nhiig anh hudng nay dé tim cach khac phuc ching
[4,8], va két qua cho thay c6 nhiing yéu t6 va sy anh
huodng cia chung toi Kkét qua do da duogc loai bé mot
cach co ban va triét dé nho mot sb bién phap khac
Cac cam bién bao gio ciing chiu anh huéng 16n it nhau nhu: Ché d6 quan 1y do ludng quy dinh kiém
mdi truong do. Cac thong sb cia méi truong nhu  dinh cam bién dang dinh ky; tao méi trudng khi hau

MLP Multi - Layer Perceptron

MSRE Mean squared relative errors

1. PHAN MO PAU
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gan v6i didu kién tiéu chuan trong nhiing diéu kién
c6 thé; ché tao man chin kim loai dé loai trir anh
hudng cia tir truong... cling nhu chon phuong phap
do dam bao khir sai s6, thi du dung cau bu trong khi
dung cam bién dién trd, dién cam...

Tuy nhién c6 nhing yéu t6 gin chat v6i nguyén Iy
hoat dong ctiia cam bién nén rat kho dung cac bién
phap ké trén dé loai trir, [1,3] néu ra sai s kho loai
trir nhat 12 sai s6 gdy ra boi cac yéu té anh hudng.
Trong trudng hop nhu vay phai dung bién phap dua
cac thong sd hiéu chinh vao qué trinh xur 1y sb liéu
dé khic phuc sai s6 cua phép do, cic sai s6 nay
dugc ty dong bu. Trong [4,8] tac gia da dung ANN
dé bu sai s6 ctia chuyén doi do do pH c6 tinh t6i yéu
td nhiét do nhung chua xét dén sy anh hudng cua do
am RH%. Tuy nhién trong thuc té thi nhiét do va do
am 1a hai thong sé cia méi truong thuong gin chat
voi dai lugng do, vi vay bai bao nay da nghién cuu
cac yéu to anh huong dén cam bién ban din nhu
MQ?7 va ung dung ANN dé bu sai s6 do cac yéu to
anh huong.

2. NOI DUNG CHiNH

2.1. Co s& ly thuyét giai phap loai trir sai s6
gay ra b&i yéu té anh hwéng

Két qua do co thé duoc md ta 14 mot ham da bién
nhu sau:

y=f(xahb.c,...) (1)
trong do y la két’quélr do, x 1a dai luong can do, con
a, b, c,... 1a cac y€u to anh huong tdi phép do.

Vi du déi voi MQ7 ta c6 phuong trinh sau:

ysz%:f(ppm,Tc’,RH%,...) (2)

trong d6: ppm 1a ndng d6 khi can do, T° va RH% la
nhiét d6 va d6 4m ciia moi truong.

Gia sir khi do trong diéu kién tiéu chuén, dic tinh
tinh ctia chuyén doi la

ya = f(ppm)

Xét tai mot diém do tht k nao do két qua do l1a
Ys_ok - Khi ¢6 su thay d6i cua yéu té T°, RH %...,

gid tri thir k do duoc 1a y; g, VAy ta c6 sai s6 cia

phép do nhu sau:
R
AR_S = Ays = ys_oK - ys_sK ( ppm) (3)

0

Xét cho khoang bién d6i nhé xung quanh gia tri tai

mot diém, luc nay sai sO cua dai lugng dau ra
AR¢R,, khi c6 cac yéu to anh huodng cua T° va
RH%, duogc viét lai nhu sau:

Ay, :£+iAT° +£ARH%+...
oppm  oppm oppm )

trong do %TO , %RH%,... 1a nhitng phan tir sai
oppm oppm

phan, phan anh huéng ca yéu t6 nhiét do va d6 4m
téi két qua do.

Bing thng ké thyc nghiém, s6 liéu vé sy anh huong
cua tung yéu t6 duoc thu thap va dugc ghi vao bd
nhd ctia cam bién thong minh. Trong qué trinh do,
khi xir 1y s6 lidu dé bu sai s6 anh huong, hé vi xir ly
s& tham chiéu vao s liéu trén dé c6 duoc gia tri sai
phan Aj; tuong ung, can thiét cho tinh toan hiéu
chinh, loai trir sai sd.

Tuy nhién qua trinh xu ly s6 lidu duoc thuc hién
trong qua trinh do ciing c6 nhitng nhuoc diém nhat
dinh, d6 14 vé6i thuat toan tuan tu cia ky thuat may
tinh PC, thi van dé vé thoi gian xur 1y. Van dé nay
khong gay can tr¢ voi nhitng truong hop khong doi
hoi nhanh két qua do. Nhung trong san xuat hién
dai, nhiéu qua trinh cong nghé duoc diéu khién tu
dong, tai d6 c6 rat nhiéu dai luong can do va xur Iy
két qua nhanh, nhiéu phép do doi hoi lam viéc trong
mién thoi gian thyuc, dé khic phuc nhuoc diém do,
mot hudng giai quyét van dé néu trén 1 ung dung
tinh toan noron. Theo [4,5,7,8,9] dua ra véi loai cam
bién so céip noron hoan toan c6 thé loai trir dugc sai
s6 do anh hudng nay ma téc do xir Iy van dap tmg
duogc trong mién thoi gian thyc.

2.2. ’ng dung MNN vao loai trir sai s6 do
yéu t6 anh hwéng

Khi do ndng d6 khi CO biang MQ7, dic tinh cua
cam bién Ry/R, = f (ppm) dugc cho nhu H.1.

10

Fig 1 H2
4 —e-cCO

| & CH4
9 T = —AIR

4
»

Rs /Ro

ppm

0.1

100 1000 10000
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H.1. bac tinh vao — ra cua cam bién MQ7

H.1 cho thdy dic tinh d6 nhay dién hinh cia MQ?7,
tryc tung thé hién ty sb (Rs/R0) ctia cam bién, truc
hoanh 12 ndng d6 ppm cua cac khi. Rs 1a dién tro dbi
voi cac khi khac nhau, Rq 1a dién tré cua cam bién &
khong khi sach. Tat ca cac thir nghiém déu & diéu
kién tiéu chuan: nhiét d6 20°C, d6 4m 65%RH.

Tuy nhién cam bién nay chiu sy tac dong tuong d6i
16n ctia yéu t6 moi truong. Anh huéng ciia nhiét do
tir —20°C+50°C va do am & 3 nong do 1a 30%; 60%
va 85% t6i dic tinh ciia cam bién dugc nha san xuat
cung cp nhu H.2.

=L TR

B \\ '\ —a— 85%RH

EN \“‘\t\\\-\.

0.9 \\*\K\\\\,
\l\‘_\\\\;\\‘

-20 -10 0 10 20 30 40 50 C

H.2. Anh huéng d6 ciia nhiét do va do am
t61 dac tinh cua cam bién

Trén H.2 ta thiy khi nhiét d6 va do 4m thay déi thi
tin hiéu hiéu ra cta cam bién bi anh huéng kha 13
rét. Vi vay phan nay dé cap van dé loai trir sai sb
ctia cam bién MQ7 do ndng do khi CO gay ra boi
cac yéu to anh huong nhiét do va do am bang giai
phap noron. Y tuéng cua giai phap 1a chuyén céc
tinh toan xr 1y sb liéu do luong tir chd gin lién voi
qua trinh do vé qua trinh thiét ké ché tao. Thay qua
trinh hiéu chinh s liéu do duoc, loai bé anh hudng
clia cac sai phan bang qua trinh anh xa ham nhiéu
bién, cap nhat tuc thoi gia tri cac yéu td anh hudng
t61 két qua do.

Ldc ndy ham da bién khong phai
y=f(xahb.c,...)

dang
ma c6 dang * f (X%, %5,.)

Véi cach quan niém nhu vay, c6 thé thiy wu diém
ciia cam bién so cdp no-rdn, d6 chinh 1a tinh da
ning hoa cao. Cing mdt céu tric, bao gom 3 dau
vao, mot chuyén ddi no-rén, cam bién nay co thé
dugc huan luyén dé trg thanh mot trong ba loai cam
bién, d6 1a cam bién do nong do khi, cam bién do
nhiét 0 hay cam bién do d6 am. Diéu quan trong la
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trong ca ba truong hop trén, sai s gy boi cac yéu
td anh huong duoc tinh toan dé loai trir ngay trong
khi thiét ké ché tao cam bién. Cac két qua xir 1y sb
d6 dugc dua vao bén trong bo thong sb ciu tric cia
cam bién noron, cu thé mot khau chuyén doi
noron dé loai trir sai sd ciia cac yéu td anh huong
nhu sau:

Cam bién tmg dung mang noron dugc dua ra trén
H.3 gom 3 d4u vao, trong d6 X, 1a ty s6 R,/R, cta
cam bién; X, 1a tin hidu nhiét do va X3 1a tin hiéu do
am, nhu vay X, va Xz |a cac anh huong giy ra sai
s6 cho phép do va Y% la ndng d6 khi can do di loai
trir sai so.

X:=Rs /Ro c4m bién

— Y%

o CBTM
T — W
X.=RH% —P

H.3. M6 hinh cam bién théng minh sir dung ANN
Qua trinh xir 1y sb liéu nham loai trir sai s6 anh
hudng bang cach sir dung tinh toan noron dugc tién
hanh ngay trong qua trinh thiét k& va luyén mang.
Khi cam bién lam viéc, nd anh xa truc tiép trong
thoi gian thyc ham nhidu bién thay cho viéc can xir
Iy sb lidu theo chuong trinh qua cac phan tir sai
phan nhu phuong phap truyén théng. Tic 1a loai trir
sai s6 anh huéng bang cach sir dung tinh toan noron.
Diém nay khéc biét v6i cac giai phap cii, d6 1a:

e Xur ly ngay sb liéu bu sai s6 ngay trong qua trinh
thiét ké ché tao cam bién;

e Anh xa tryc tiép (trong thoi gian thyc) ham nhiéu
bién thay cho tinh toan tuan ty theo chuong trinh.

2.3. Két qua mé phéng

Qua trinh xac dinh ciu traic MNN cho cam bién
trong truong hop nay bao gom mot so budc. Budc
dau tién 13 xac dinh mot ham 3 bién ma mang
noron cuiia cam bién phéi hoc dé anh xa. Bugc tha 2
1a cin cir vao yéu cau anh xa ddi voi MNIN, thiét
ké duoc cam bién noron. Két qua cua vigc thiét ké
la cac théng sd céu triic mang dugc liét ké trong
bang B.2.

Dua trén cac duong dic tinh ciia cam bién, ta lua
chon mot sO diém ddc tinh d¢€ tao thanh tap tin hiéu
mau & dang {[Xl,XZ,X3],D} nhu trong bang B.1,
trong d6: X, 1a ty sé R,/R, cua cam bién; X, la
nhiét 6 T X, la d6 4m RH% va D la nong d6 khi
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(%oppm).

B.1. Tap dit liéu mau dé huan luyén mang MNN

Xy

Xo

X3 D

0 0.25 0.7 0
0.4 0.25 0.7 0.1
0.6 0.25 0.7 0.3
0.7 0.25 0.7 0.5

0 0.3 0.8 0
0.5 0.3 0.8 0.1
0.65 0.3 0.8 0.3
0.8 0.3 0.8 0.5

0 0.6 0.9 0
0.78 0.6 0.9 0.1

T Thong s6 Gia tri

c&c noron lop ra (LW?! al + b?)

7 | Tap trong noron Xac dinh khi

16p an luyén mang

8 | Luogng hiéu chinh Xac dinh khi

cta noron 16p an luyén mang

9 | Tép trong noron Xac dinh khi

16p ra luyén mang

10 | Luong hiéu chinh Xac dinh khi

noron 16p ra luyén mang

B.3. Tap dit liéu mau va két qua dau ra tir mang MLP

11 0.6 0.9 0.3 Dau ra dich D Pau ra thuc t& Y
14 | 06 | 09 | 05 0 0.0001
ot i g 0.1 0.0986
Qua trinh ung dung MNN dé giam sai sO cia cam
bién MQ7 do ndng do khi CO, gdy ra boi nhiét do 0.3 0.301
va d6 am dugc mo phong trén Matlab. Két qua mo 0.5 0.494
phong la xac dinh dugc mang noron nhu mé ta trén 0 0
rI-I.4 va bo thongi(lcau tric nhu liét ké trong bang 2. 0.100 0.101
4\ Feed-Forward Neural Network (view) 0.300 0.300
- 0.500 0.502
I 0 0
|3 0.100 0.100
I, = 0.300 0.300
H.4. Céu tric ANN MLP tng dung 0.500 0.503

dugc mo phong trén Matlab

H.4 14 cAu trac mang MLP dugc lya chon gém 3 dau
vao (ty sb dién tré Rs/Ro, nhiét d6 T° va do 4m
RH%), chi can 1 16p an voi 1 noron duy nhat va 1
16p dau ra v6i noron tuyén tinh. Ly do cdu trac két
qua rat don gian la do hién chua cé nhiéu sb liéu,
ddng thoi cac tin hiéu thanh phan cia 3 dau vao
ciing cho két qua it nhidu nén ta chua cin téi cac
mang phuc tap hon.

B.2. Céc thdng sb ciu tric ANN cua cam bién

TT Thong s6 Gia tri

1 Loai mang Truyén thang 2 16p
2 S6 dau vao 3
3 | S6 noronlopra 1
4 | S6 noronlépan | N (xéac dinh khi luyén
mang)
5 | Ham truyén cla a' = tansig
cac noron lop an (W™ p* + bY)
6 | Ham truyén cta a’ = purelin
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Cac mau dugc chon trong bang B.1 tuy it nhung la
cdc mau trai déu trén mién xac dinh cua cam bién.
Viéce do dac thuc té 1a kha kho khan do khong co
diéu kién tao duoc nhiéu cic mdi truong do voi
ndng do thay déi theo budc nhé. Véi dudng dic tinh
¢6 hinh dang kha thang (nhung cht y déy 1a céc truc
logirthm) viéc thir nghiém cam bién trong tuong lai
du kién s& nhanh gon va chi phi thdp hon. Ham
truyén dat thu dugc tr mang noron c6 hinh dang
kha tron (nhu trén H.5) nén ta c6 thé nhan dinh ring
so voi dic tinh thuc té cia cam bién s& khong khac
biét nhiéu va két qua hoc ¢6 dang tron cling thé hién
15 12 qua trinh hoc khong bi anh hudéng nhiéu boi
cac nhidu bén ngoai nén chua gip phai van dé nhu
overfitting.

Trén H.5 v6i 3 dudng dic tinh thu duoc ta thiy khi
nhiét do va do 4m thay ddi, tin hiéu dau ra cta cam
bién Rs/R, bi thay ddi theo cac yéu td do, tuy nhién
tin hiéu thu dugc ciia ANN 1a cac gié tri ndng do khi
can do di duoc bu sai s6 cho két qua voi mot do
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chinh x4c nhat dinh dugc chi ra trong bang B.3.

2

T
T=20.RH=60%
T=30.RH=85%
T=40.RH=30%

18

16

14+

12

1L

RsiRo sensor

0.8

0.6

04

02

0 01 02 03 0.4 05 06 07
Gas percentage [%]

H.5. Két qua md phong

Pé 1am 6 két qua cua phuong phap nay, tac gia da
tién hanh thir nghiém va so sanh v6i mo hinh ham
mil. Khi xét ham dic tinh & dang y = A-x*-x5-x{ va
sit dung phuong phap binh phuong cuc tiéu dé xac
dinh cac hé s6 ti wu, ta thu duoc két qua nhu sau:

y _ 62 665 Xf,OZZ . X—2,215 . X3—O,27

=62, .

v6i cac sai sO tuong tng trén mau hoc la:

Sai s6 do mang MLP sinh ra la:
e Trung binh cua sai s6 tuyét doi

MSE = 0,465 ppm;

e Trung binh cia sai s6 twong d6i MSRE = 0,32%.
va ¢6 thé nhan thay 1a sai s cia mang MLP tt hon
nhiéu so v&i mod hinh da thirc hoac ham mil.

3. KET LUAN VA HUONG PHAT TRIEN

Bai toan (mg dung MNN trong cam bién MQ7 do
ndng do khi CO dé loai trir sai s6 clia cam bién, gay
boi cac yéu té anh huong ctia méi truong do 1a nhiét
d6 va do am 1a hoan toan kha thi va c6 thé thuc hién
bd bu noron trén thiét bi phén cung. Do mang dugc
sit dung c6 céu trac rat don gian, chi dung 3 dau
vao, 1 hodc 2 noron 4n va 1 dau ra nén khéi luong
tinh toan khong nhiéu, ta co thé st dung bat ky
mach vi xtr Iy ndo ciing c6 thé dap ung duge. Mach
can 3 dau vao tin hiéu (co thé 1a tin hiéu analog hodc
sé) tr cam bién do khi, do nhiét 36 moi truong va

e Trung binh cuia sai s6 tuyét ddi

MSE = 20,84 ppm,

do d6 4m. Viéc tinh toan hoan toan c6 thé thuc hién
dugc bang vi xtr ly (khong can st dung cac DSP
chuyén dung hodc cac khoi tinh toan hi¢u nang cao).

e Trung binh cua sai s6 twong d6i MSRE = 7,86%.

TAI LIEU THAM KHAO

[1]
[2]
[3]
[4]

[5]
[6]

[7]

[8]

[9]

G. L. Anderson, D. M. Hadden (1999), The Gas Monitoring Handbook, New York.
J. Fraden (2010), Handbook of Modern Sensors, Springer.
Pham Thuwong Han va cdc dong tac giad (2003), Ky thudt do lwdng cdc dai lwong vét ly, tdp 1-2, NXB Gido duc.

Pham Thugng Han va cac tac gia (2005), Bu sai sé gdy bdi cdc yéu té anh hwdng trong cam bién no ron, Bdo cao
Khoa hoc tai Hoi nghi Po ludng toan quéc.

Tran Hoai Linh (2014), Mang noron va trng dung trong xt ly tin hiéu, NXB Bach khoa Ha Noi.

Tran Hoai Linh, S. Osowski, K. Brudzewski (2000), Supervised fuzzy neural networks for gas measurements, XXl
KKTOIUE, pp. 561-566.

Tran Hoai Linh, Application Of Neural Network In Sensor Characteristic Linearization And Its Implementation In
Artificial Nose.

Cao Minh Quyén (2005), Théng minh héa cam bién do ludng trén co s& mang noron nhan tao, Ludn an Tién si
KT, Trwang Dai hoc Bach khoa Ha Nai.

Nguy&n Manh Tung (2002), Phan tich, cai tifn mang noron nhan tao va rng dung cho cac bai toan do ludng,
Luan &n Tién sT KT, Trwdng Dai hoc Bach khoa Ha Noi.

[10] Pham Thj Ngoc Yén va cac tac gia (1999), Co' sé Matlab va trng dung, NXB Khoa hoc va Ky thuét.

24 |



PHAN 1. 'NG DUNG TU PONG HOA TRONG CONG NGHIEP

ANTENNA DESIGN FOR 13.56 MHZ WIRELESS POWER TRANSFER SYSTEM

Nguyen Tri Cuong
Shibaura Institute of Technology

Keywords:
Wireless Power Transfer (WPT), Coupling system, Strongly coupled magnetic resonance
Abstract:

Nowadays, wireless power transfer (WPT) is the most convenient solution for electric device charging.
However, it still keeps the disadvantage: short distance which is the most difficult to eliminate. After research
team of MIT proposed strongly coupled magnetic resonance (SCMR) [1], WPT is continued in development
with high power, high efficiency, long distance. There are the advantages of magnetic resonance coupling
(MRC). In this paper, a strongly coupled magnetic resonant antenna is validated using simulation and
experiment. The efficiency and power transfer of coupling system with electromagnetic analysis have been
studied. The effect of mechanical parameters is examined in the simulation. Adding that, the real coupling
system is experimented. We achieve 76% efficiency at 118W transfer power and 50% efficiency at 302 W
power transfer. The distance between transmitting and receiving coils is 500 mm.

1. INTRODUCTION frequency operation is hard to meet the high power,
long distance and high frequency. If we can solve
this problem, SCMR can be one of the best solutions
in WPT for EV charging. In this paper, we
investigate the characteristic of SCMR antenna and
experiment with 300W transfer power and 500 mm
distance.

In the present, energy and environment are
concerned. In daily life and production, transport is
very important. It also consumes a lot of energy.
Gasoline and oil are used in common. They have the
high energy density but they are limited. Moreover,
the emissions are the major issues when fossil
energy is used. Hence, the electrification of 2. COUPLING SYSTEM
transportation has been carrying out for many years.

A train can get electric power easily because it runs ~ 2.1. WPT system

on a fixed rail. It’s not easy for EV to get powerina  \yjreless power transfer is transferring the electric
similar way. Therefore, the EV has to equip a large  gnergy over the air without conduction. The basic

and heavy battery pack. It is very necessary for @ configuration of WPT system is shown in Fig. 1. It
long trip. And people have to connect the vehicle to  ~ontents as to dc converter (AC/DC converter),
a power source for a long time to charge the battery. high-frequency converter (DC/RF), impedance
It is not convenient. Dynamic charging by using  matching network (IMN), coupling system —

WPT is a solution. It can increase the moving  yransmitting coils and receiving coils, RF/DC
distance and reduce the battery capacity. rectifier and load.

When the WPT is used in EV, the frequency is

usually less than 100 kHz and using a ferrite core. It

Transmittin
is not different from inductive power transfer (IPT) :D_’[AC’DC |_‘ DC/RF I_‘ IMN ]"‘[ coils g]

because of using non-radioactive and near-field :' C;yusi'r"ng
electromagnetic. The transfer power can reach tens . (Feceing ) /
kW but the distance is under 200 mm [2]-[6]. In (om0 Jor e A ] [ coils J

2007, the research team from MIT published a paper -
in Science, in which 60W power is transferred over
2 meters. And they call the technology is strongly
coupled magnetic resonance. The resonance 22 Coupling system
frequency is about 10MHz. Until now, the MHz

Fig. 1. Configuration of WPT system

The coupling system which is called antenna is the
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importance part of WPT system because it makes
power transfer system become wirelessly. It also
determines the transfer distance and efficiency of
the system. With magnetic coupling resonance
theory, coupling system can be divided into normal
CMR (Fig. 2 (a)) and SCMR (Fig. 2(b)). In normal
CMR, transferring side or receiving side consist of a
resonant coil and external capacitor in serial. The
combination of capacitor and inductance of
resonance coil is the resonance circuit.

The structure of SCMR is much different from
CMR. SCMR operates without the external
capacitor. There are only two coils for driver side
and load side: the ring and the resonance coil. The
capacitance between coils, the parasitic capacitance
inside the coils and the inductance of coils make a
resonance circuit. The equivalent circuit of SCMR is
shown in Fig. 3. The Vs and Rs are the internal
parameters of the power source. R1 and L1, R2 and
L2, R3and L3, R4 and L4 are the internal resistor
and inductance of transmitting ring, transmitting
coil, receiving coil and receiving ring, respectively.
The internal and parasitic capacitance of
transmitting coil and receiving coil is C3 and C4,
respectively. The main mutual inductances are M12,
M23 and M34. The resonance occurs between coils
if their private resonance frequency is matching.

W@E@
E 2 Load

|8

Fig. 2. Configuration of coupling system.
(a) Coupled magnetic resonance.
(b) Strongly Coupled magnetic resonance.

The antenna can be analyzed by the s-parameter
method. With this method, the antenna is replaced
by the state with two ports. The source side port is
P1 and the load side is P2. The transmission S21 is
measured by finite element analysis (FEA) or the
vector network analyzer (VNA). The efficiency of
coupling system is defined by equation (1).
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N21 = 53 % 100 [%] (1)

SRS NSRS

. | ::l::|§

SRR

S~—— S~—
M12 M23 M34

Fig. 3. Equivalent Circuit

+s21
S21max

Fr F
S21 curve

Fig. 4. S-parameter method

3. SIMULATION

In order to achieve the resonant frequency and high
efficiency of the antenna, we investigate the effect
of mechanical parameters by simulation. In this
case, the 3D model of coupling system is built and
FEA is used to get the simulation result. The 3D
model is shown in Fig. 5. All parameters are in
millimeter except Tr which is numbers of turns of
resonance coil.

Table 1. Parameters of basic model

¢l or Tr Hr Pitch D1 D2
(mm) | (mm) (mm) | (mm) | (mm) | (mm)
3 3 5 100 20 50 500

Table 2. Parameters of optimized antenna

of | or | DI | Tr | H | DI | D2
(mm) | (MM) | (mm) (mm) | (mm) | (mm)

2.6 2.6 400 55 110 70 500

D1 _H_|. D2

4 ) I
\L@ ( @ DI ) - Dr

Tr

LU s

Fig. 5. 3D model of antenna.
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Effect of D1

e 1 (MHz) s Eff max (%)

20 100.00
19 50.00
18 80.00
17 70.00

=
w16 5000 =
- = *
S 15 5000 g
& 14 4000
13 3000
36.07 3
12 20.00
11 10.00
10 _
25 50 75
D1 (mm)
Effect of D2
e P (MHzZ) e EFf max (%)
20 100.00
85.16
19 90.00
18 80.00
17 7000
16 60.00 £
Xz x
S 15 s000 &
14 4000
12 13.8 13.89 13.81 30.00
12 20.00
11 10.00
10 -
400 500 600
D2 (mm)
Effect of Pitch
e Fr (MHz) et Eff max (%)
20 100.00
19 8214 90.00
18 80.00
17 7000
w16 6000 =
x x
=15 5000 @
& 14 4000 -
[
13 30.00
12 20.00
11 10.00

10

30 20 10
Pitch (mm)

Fig. 6. The effect of antenna’s parameters to resonance
frequency and maximum efficiency

| S21 | v. Frequency

100
0.01356 GHz, 94.334 pct |

90
80
70
60
50
40

[ 521 | (pct)

30
20
10

0.01 0.011 0.012 0013 0.014 0.016

Frequency (GHz)

0.015

Fig. 7. Simulation result

The basic model which parameters are showed in
Table 1 is firstly simulated. After that, the parameter
which is investigated is changed around the first

parameter. The results are shown in Fig. 6. The
coupling system is sensitive to the change of
parameters. The pitch is much effective to the
resonant frequency. Therefore, the antenna is
optimized by changing the pitch and D1 to achieve
13.56 MHz resonant frequency and high efficiency.
The result is shown in table 2 and Fig. 7.

4. EXPERIMENT

The experiment blocks diagram and picture are
shown in Fig. 8. The antenna is supplied by an
amplifier which can set the output power and
frequency. On the load side, the antenna is
connected to the resistor which is changed to several
values. All of the coupling system and load are put
inside the shield.

At first, the value of load is set at some value: 20€2,
50Q, 75Q, 100€2 and the frequency is changed from
13.5 MHz to 13.6 MHz and the input power is about
120 W. The results are shown in Fig. 9. The highest
efficiency is 76% with 20€ resistor and 13.5 MHz
frequency. But with another load, the highest
efficiency is achieved at 13.56 MHz frequency.

. ’_j
Amplifyer Transmitting )

Coupling
System

[ Receivina _]

T

D>

Frequency
generator

Resistor

Fig. 8. Experiment diagram and picture

In an experiment with a 50Q resistor, the input
power is increased from 120 W to 302 W at 13.56
MHz frequency. The efficiency reduces from 65.7%
to 50% (Fig. 9). The antenna which is at higher
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input power is warmer than at lower input power. So
the reduction of efficiency can be explained by the
dissipation in the form of heat, as a result of eddy

5. CONCLUSION

The antenna is hand-created and the experiment was
done. The maximum transferred power is about 150

current and skin effect etc.

W which can light a bulb or charge mobile phone
etc. In order to charge an electric vehicle, the

200 500 750 —A—1000
transferred power must be much larger. But the
80 distance between transmitting coil and receiving coil
2 70 is 500 mm. It is suitable for electric vehicle
g o charging. Therefore, if we can optimize the design
3 of antenna and reduce the power loss, an SCMR
o 20 antenna can be applied to the midrange WPT
40 ((a—ﬂ’“—n—"_"\ﬁﬂ application.
30
SeSSIRANARRRGRA 2
(ot I T T o T o T o T T o T o 0 I B I
L B B I I | L = I I B |
Frequency MHz
70
X g5
-3
S 60
3 55
5 50
45
120 130 140 150 177 202 226 253 296 302
Power W
Fig. 9. Experiment results
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DPIEU KHIEN CHUYEN DONG TAU CANH NGAM
SU’ DUNG PHUONG PHAP THICH NGHI TRUC TIEP

HYDROFOIL MOTION CONTROL USING DIRECT ADAPTIVE METHOD

Nguyén Hitu Quyén, Tran Anh Diing

Trwong Pai hoc Hang hai Viét Nam

Email: nguyenhuuquyenhd@gmail.com, trananhdung70@gmail.com

Abstract:

The article refers to research the mathematical model of hydrofoil motion, assess the status of the hydrofoil’s
stability during movement. On the basis of the linear quadratic optimal indirect control method, design direct
adaptive controller in order to improve stability and optimal energy for self balancing motion of hydrofoil.

Keywords:

Linear quadratic indirect controller, direct adaptive motion control of hydrofoil.

1. DAT VAN PE

Céc loai tau thuy cao toc (tdu canh ngim, tau dém
khi,..) khac véi cac loai tau thiy thong thuong ¢ su
giam sat do dy trir 6n dinh va dién bién nhanh
chong cua sy ¢b néu xay ra. Ly do 1 sy tiép xuc cua
than tau voi moi trudng nude yéu di. Trong didu
kién anh huéng cia cic yéu td song - gid thuong
xuyén thay d6i thi viéc dam bao sy on dinh chuyén
ddng cuia tau trong cac ché do khac nhau c6 thé dat
dugc bang viéc thiét ké mot b diéu khién phu hop
[5]. Trong bai bao [1], cac tac gia da trinh bay
phuong phap téng hop bo diéu khién cho tau canh
ngam theo phuong phép toan phuong gian tiép. Day
1a phuong phap két hop giita didu khién gan diém
cuc va diéu khién tdi wu, khic phuc nhuoc diém cua
diéu khién gan diém cuc cho hé MIMO 1a bai toan
tré nén c6 mot nghiém duy nhit thay vi c6 vo sd
nghiém. Két qua mé phong chi ra cho thay hiéu qua
ctia b diéu khién nay 13 ning cao d6 6n dinh va toi
wu niang lugng cho dbi tuong. Van dé dit ra l1a khi
cac thong sb trong mod hinh toan cua dbi tuong thay
dbi thi phuong phap nay s& khong dap ung duoc,
nhét 1a khi d6i tuong chuyén dong trong méi truong
phirc tap, chiu sy tic dong cua cac yéu té ngiu
nhién nhu soéng, gid, dong chay... din dén cac thong
s6 ciia mo hinh thay d6i theo. Dé giai quyét van dé
nay, trong khudn kho bai béo cac tac gia dé xuat xay
dung bd diéu khién thich nghi tryuc tiép dp dung cho
tau canh ngam.
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2. NOI DUNG

2.1. M6 hinh toan mé ta chuyén déng tau
canh ngam

Mb hinh toan miéu ta chuyén dong cta tiu canh
ngam (loai tau canh chim sau) theo phwong thing
dang co6 dang [4]:

@, d; a, a3 &, ||, b, by,
a _ Ay 8y Gy y (|& N by by || 6 (1)
1 0 0 0]|w 0 0|9,

V.| |0 a, a; 0|y, | [0 O

Trong do o, - tbc do goc cua lic doc; a - goc doc;
y - goc chénh; Y, - do cao diém trong tdm cua
tau; 8;,0, - goc quay cia canh phia mii va phia
lai, dong vai tro 1a 2 tac dong diéu khién; Chp bij -
cac tham s6 cua tau dugc dua ra ¢ bang B.1:

B.1. Cac tham s6 cua mé hinh toan tau canh ngam

. | 392 | a, | -160 | b, | -207
a, | -3.65| @y | -034 | by, | 126
Qs | 514 | @y | 0234 | by | 183
&, | 0965 | a,, | -120 | b,, | 2.04
ay | 09 | a4, | 120 - -

Tir bang cac tham s cua md hinh toén tau cénh
ngim & trén ta thay trong 4 gia tri riéng ciia ma tran
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A (ma tran hé thong) ¢ 3 gia tri 4m (-38.93, -15.94,
-0.70) va 1 gia tri duong (0.37), ddn dén mé hinh
ban dau cua tau canh ngim la mot d6i tugng khong
6n dinh. Ngoai ra cac tham sb nay c6 thé thay ddi do
su tdc dong cua mdi trudng, do do van dé datra la
can phai thiét ké mot b didu khién dé dam bao su
on dinh can thiét cho dbi tuong.

2.2. Téng hop bd diéu khién thich nghi truc
tiép tau canh ngam

2.2.1. Bai todn diéu khién thich nghi truc
tiép theo mé hinh chuan [3]

Mot hé diéu khién thich nghi truc tiép bao gom 3
thanh phan: ddi tugng diéu khién, mé hinh chuan va
bd diéu khién thich nghi dugc lién két voi nhau theo
cAu trac nhu hinh H.1, trong d6 U, — vecto tin hiéu
thich nghi.

—E—>( g)—>E i=Ax+Bu z

Déi twong didu khién

Y

tu=A % +Byug

M hinh chufn

1=
3

Bo dk thich nghi

<
-

H.1. So db céu tric
cua hé diéu khién thich nghi truc tiép

Trong cAu truc trén, trang thai cua dbi tuong duoc
so sanh voi trang thai cua mé hinh chuén dé tao ra
tin hiéu sai 1éch va dua téi bd diéu khién thich nghi.
Ngoai ra bo diéu khién thich nghi con c6 thé nhan
thém cac dau vao la trang thai cua ddi tuong va tin
hiéu dat. Bo diéu khién thich nghi s& duogc tong hop
theo mot thuat toan nao d6 dé tao ra tin hiéu diéu
khién thich nghi U, tic dong tro lai vao ddi tuong
dé 1am cho sai 1éch tién dan vé 0:

lime(t)=0

t—owo

trong d6: e(t) = x(t) — X, (t) - sai léch diéu khién.
Trong bai bao nay dua ra phuong phap tong hop bod
diéu khién thich nghi theo thuat toan két hop, trong
d6 tin hiéu diéu khién thich nghi duoc xac dinh bang
cong thirc don gian hoa nhu sau:
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U, = KaX+Kgu, -8y, He @

Trong d6 K, , K - cdc ma tran chira cac thong sb
diéu chinh va duoc xac dinh theo cac phuong trinh

sau:

KA =—7,By Hex' — 4K, ©)

KB :_7251/1H§93_22KB 4)
Trong do vy,, A, Y,, A, - céc hé s6 khuéch dai

duong; H- ma tran vudng, ddi ximg, xac dinh
duong thoa man phuong trinh Lyapunov c6 dang:

AlLH+HA, =-Q (5)
Q- ma tran vudng, dbi xumg, xac dinh dwong tuy
chon.

Pé tao ra hé diéu khién thich nghi, can phai xay
dung mdt md hinh chuin cho bo didu khién. Viéc
xay dung md hinh chuian dugc dya trén bo diéu
khién theo phuong phép toan phuong gian tiép.

2.2.2. Téng hop bé diéu khién theo phuwong
phép toan phwong gian tiép [1]

Bai toan toan phuong gian tiép thiét ké bo didu
khién phan hoi trang thai dua trén phuong trinh
trang thai ciia dbi tugng:

X=AXx+Bu
va diéu kién cyc tiéu ham chi tiéu chat lugng dang

toan phuong:

J =O.5_[(>_(TRX>_<+QTRug)dt—>min (6)
0

trong do R,, Ru - cac ma tran duong chéo cua cac
trong s0.

Luat diéu khién U=-KX (coi tin hiéu dit bang
khong), trong d6 K = RalBTP - ma tran cac hé sb

phan hoi, dugc xac dinh sau khi giai phuong trinh
Riccati tim ma tran vuong P :

ATP+PA+R,-PBR,'B'P=0 (7)

Céc gia tri riéng cua hé kin voi bo diéu khién trén 1a
nghiém cua phuong trinh déc tinh c6 dang:

A(s) = det(sl —A+BK) =0
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Theo céc gié tri riéng dit trude ta tinh bd didu khién
nhd phuong trinh Riccati, nhung dé 1am diéu d6 can
phai xac dinh cac ma tran trong sb. Diéu kién dé xac
dinh cac trong sb ¢6 thé nhan duoc theo da thuc dic
tinh cta cac phuong trinh co ban va lién hop cta hé
tuyén tinh t6i wu [4], c6 nghia 13, cac nghiém cia nd
can phai twong g v6i cac gia tri riéng dat trude:

1T n n
detl:SI_A ~BR. BT :|:H(S_Si)H(s+si)
-R, sl+A i=1 i=1 8)

trong d6 S;,1=1n - cc gia tri riéng mong mudn.
Khai trién (8) ta nhan duoc n phuong trinh ddi véi
n+m phén tir chua biét cia cic ma trin trong )
R,, R, (n - s6 lugng bién trang thai, m — sb lugng
tin hiéu diéu khién). Chon truéc mot cach phu hop
m trong s6 cua ma tran Ru , cO thé dam bao diéu
kién ton tai bo diéu khién t6i wu, dong thoi giai
quyét dugc van dé vo sb nghiém cua hé phuong
trinh nhan dugc tir (8). Ngoai ra, bang cach thay d6i
cac trong sb, c6 thé phan bd tai trong didu khién
gitra cac kénh.

Két qua tong hop bd diéu khién t6i uu toan phuong
gian tiép theo cac gia tri riéng mong mudn va cac
trong s6 clia ma tran Ru khac nhau nhu sau [1]:

B.2. Két qua téng’ hop b diéu khiéq toan phuong
gién tiép cho tau cdnh ngam

S,...S, furs Tz (N KT

-38.93 -9.6e-5 | -0.0246 0.0101
-15.94 1 -6.04e-6 | 0.0355 -0.0153
-0.70 1 -0.1487 | -1.0058 0.4149
-0.37 -3.96e-4 | -0.0409 0.0178
-38.93 -7.62e-5 | -0.0252 0.0104
-15.94 1 1.28e-5 | 0.0362 -0.0156
-0.70 0.5 -0.1175 | -1.0292 0.4252
-0.37 -3.13e-4 | -0.0418 0.0180
-38.93 -5.55e-5 | -0.0260 0.0107
-15.94 0.5 -2.72e-5 | 0.0375 -0.0159
-0.70 1 -0.0856 | -1.0611 0.4380
-0.37 -2.19e-4 | -0.0432 0.0184

S;...S, fur: Tz (N KT

-38.93 4.6%-4 | -0.0370 0.0155
-15.94 1 0.0015 | 0.0545 -0.0190
-0.70 1 0.7146 | -1.5148 0.6288
-0.61 0.0020 | -0.0632 0.0214

Véi cac thong s6 b dicu khién & trén, mé hinh
chuéan cua doi tugng dugc xac dinh nhu sau:

X =Ay Xy + By,

trong d6 A,, =A-BK, B,,=B, K- bj diéu
khién t5i wu toan phuong gian tiép.

2.2.3. Téng hop bé diéu khién thich nghi

Céc tham s6 cua dbi tugng & bang B.1 dugc dung dé
xdy dyng mo hinh mé phdéng st dung cong cu
Simulink ctia phin mém Matlab. Téng hop bd diéu
khién thich nghi tryc tiép theo cAu tric trén hinh H.1
va cac phuong trinh (1,2,3,4,5) voi dit liéu dua vao
m.file cia Matlab nhu sau (lay vi du b diéu khién
toan phwong gian tiép ¢ hang 4 bang B.2):

A=[-39.2 -3.65 -5.14 0.965;0.9 -16 -0.34 0.234;1 00
0:0-12 12 0];

B=[-20.7 12.6;1.83 2.04;0 0;0 0];

K=[-0.0370 0.0545 -1.5148 -0.0632;0.0155 -0.0190
0.6288 0.0214];

Am=A-B*K;
Bm=B;
Q=eye(4),
H=lyap(Am',Q);

Al1=[-10 -3.65 -5.14 0.965;0.9 -16 -0.34 0.234;10 0
0;0-12 12 0];

B1=[-5 12.6;1.83 2.04;0 0;0 0];

Céc hé sb chinh dinh duoc chon nhu sau: 7,1 =100,
7,=100, 4, =4, =0,y =10.

M6 hinh bd diéu khién thich nghi truc tiép trén
Simulink dugc thé hién & hinh H.2. Pay 1a mo hinh
dugc xdy dung theo cdu trac ma tran dua trén cac
phuong trinh ma tran cta bd didu khién thich nghi
tryc tiép thé hién & cac phuong trinh (2), (3), (4) da
trinh bay ¢ trén.
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2.2.4. Két qué mé phéng

Trén céac hinh 3 va 4 1a két qua md phong qua trinh
diéu chinh tir d¢ 1éch ban dau 1m so véi vi tri can
bang ctia diém trong tAm tau canh ngdm va qué trinh
cén bang tau canh ngam theo goc quay ciia canh khi
sir dung bo diéu khién ti wru toan phwong gian tiép
va bd diéu khién thich nghi tryc tiép trong diéu kién
tham s6 cia md hinh dbi tugng thay ddi (thé hién
trong m.file sy khac biét gita cadc ma tran A, B 1y
tuong va cac ma trdn Al, B1 trén thyc té).

—-_ ' ' v v v

E b S
= : : : ' :

=

081

________________________________

06}-4-----
P 0 R S G A

S SENA  ZS00N TR S M =S

0 5 10 15 20 25 y(s) 30
H.3. Két qua mo phong qué trinh can bang tau canh ngam
theo do cao (1 - ddc tinh bo dicu khién toan phuong gian

tiép, 2 - dic tinh bo diéu khién thich nghi truc tiép)

Tir két qua md phong ta thdy khi diéu chinh tir do
léch ban dau 1m so vé&i vi tri can béng cia diém
trong tdm tau canh ngém, dac tinh thay ddi do cao
ctia bd diéu khién thich nghi (hinh 3 dudng 2) tot

hon (thoi gian diéu chinh ngin) so véi dic tinh thay
d6i d6 cao ctia bo didu khién toan phuong gian tiép

(hinh 3 duong 1). Xét vé mit nang luong (goc quay
canh), bo diéu khién thich nghi (hinh 4 duong 4)

TAI LIEU THAM KHAO

tiéu ton nang lugng it hon bd bo diéu khién toan
phuong gian tiép (hinh 4 duong 3). Nhu vy bo didu
khién thich nghi da dap ung tot yéu cau dat ra cho
tau canh ngam.

0 5 10 15 20 2:5(91 30
H.4. Két qua m6 phong qué trinh can bang tau canh ngam
theo gdc quay canh (3 - déc tinh b dieu khién toan
phuong gian tiep, 4 - dac tinh b dicu khién thich nghi
truc tiép)

3. KET LUAN

Bo diéu khién toan phuong gian tiép chi thuc hién
tdt vai trd ctia minh khi cac tham sb cia tau canh
ngam 1a 1y tuong va khong thay doi dudi tic dong
cua diéu kién moi truong. Tuy nhién, trén thuc té
diéu nay rat hiém khi co dugc. Trong trudng hop
khong biét chinh xac toan bd tham sd cua tau va doi
tuong chiu anh hudng manh cia nhiéu loan moi
truong thi b diéu khién thich nghi truc tiép da thuc
hién t6t chirc niang lam on dinh tau theo dic tinh
dong hoc ciia md hinh chuan. Hudng phat trién cia
bai bao 1a trién khai thuat toan diéu khién lam viée
trong mién thoi gian thuc dé diéu khién mo hinh tau
thiy noi chung va tau cao toc néi riéng.
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CONG TO' SO TRONG CAC (PNG DUNG INTERNET OF THINGS
VA KIEN TRUC M& ARDUINO

A WIRELESS ENERGY METER IN IOT APPLICATIONS
AND ARDUINO OPEN-SOURCE ARCHITECTURE
Nguyén Khac Phong?, Livu Cong Thién?, Thigu Minh B, Nguyén Hoang Nam®™?, Bui Bang Thanh?,
Nguyé&n Huy Phuong’, Trinh Cong Dong?
'Vién Pién - Trwong Dai hoc Bach khoa Ha Noi
2Vién Ky thuat dieu khién va Ty déng hda - Trudng Pai hoc Bach Khoa Ha Noi

Email: nam.nguyenhoang@hust.edu.vn

Tom tat:

Hién nay kién tric phan cirng mé ciing nhw ma nguén mé dang dwoc cac hdng huwéng téi dac biét 1a kién
trdc m& Arduino. Huéng téi viec do va giam sat dién nang tiéu thu nhadm tiét kiem mot cach tdi wu nang
lwong cho nguwdi st dung ciing nhw giam sat dd thi tai cho nha cung cip, mét nghién clru da duwoc phat
trién trén nén kién tric phan cirng ma ngudn mé cho mét thiét bj do va giam sat tinh hinh tiéu thu dién nang.
Mbi thiét bj do 1a m6t diém do ndm trong mang cam bién khong day - Wireless Sensor Network truyén phat
khong day chuén Zigbee theo cAu tric mang kiéu lwéi Mesh.

T khéa:
Dién nang tiéu thy, mang cdm bién khéng day, loTs, mang Zigbee, bo mach Arduino.
Abstract:

Currently open-hardware and open-software architecture as well as being target by chip-vendors, in
particular Arduino open-source architecture. Towards the measurement, monitoring and control of power
consumption to save energy for the users and as well as load-graph monitor for the suppliers in an optimal
way, a study was developed based on open-source architecture for a monitoring the consumption power.
Each measuring device is a measurement point in a wireless sensor networks of Zigbee standard for
wireless communication with a Mesh structure network.

Keywords:

Energy consumption, Wireless Sensor Network, Internet of Things, Zigbee, Arduino.

Ky hi¢u ADC  Analog-Digital Converter
Kyhiéu  Ponvi Y nghia IC Integrated Circuit
Ui vV dién ap hidu dung loTs Internet of Things

WSN Wireless Sensor Network

lims A dong dién hi€u dung
Poe W cong suét hidu dung ZNP ZigBee Network Processor
Paop W cong suét bidu kién ZCL ZigBee Cluster Library
COoSQ hé sb cong sut . X
. A 1. GIOI THIEU
E KWh san lugng dién nang tiéu ) )
thu Ngay nay, su phat trién ctia cac thiét bi do ning
luwgng dién tir da dem lai nhiing hi€éu qua cao hon rd
Chir viét tit rét trong do luong so vai cac thiét bi do trude day.

Céc thiét bi do nang lugng dién tir nhin chung c6 hai
uu diém chinh noi bat so véi cac thiét bi do két cau
co dién truyén thong d6 1a: cai thién do chinh xac va

MCU Micro-Controller Unit
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mé rong cac chirc nang. Hién tai, cong nghé vi diéu
khién cho phép ta xay dung duoc cac thiét bi do vira
¢ gia ca canh tranh so vdi cac thiét bi do truyén
thdng vira dat duoc d6 chinh xac cao (thiét bi co thé
dat cép chinh xac 1, sai s6 +£1% hodc thip hon). Bén
canh d6, vi diéu khién c6 thé cho phép cac nha thiét
ké bo sung thém cac chirc ning khac vao thiét bi do
nhu truyén phat dir liéu khong diy, canh bao mat
lu6i, luu tri dit liéu... Thiét bi do va giam sat dién
nang khong day ma nhom nghién ctru hudng toi xay
dung c6 so dd khéi duogce thé hién nhu H.1.

Céu tao thiét bi bao gdm 6 khdi. Thiét bi s& sir dung
ngudn dién xoay chiéu mot pha ly truc tiép tir ludi
dién dan dung. Kh6i ngudn bién dbi dong dién xoay
chiéu thanh dong dién 1 chidu voi cac mirc dién ap
6n dinh cip cho cac linh kién trong thiét bi hoat
dong. Khéi MCU (Micro-Controller Unit) 1a khéi
xtr 1y trung tim duoc xdy dung dua trén phan cing
mé Arduino xir 1y tin hiéu do cung cap boi khbi cam
bién, tinh toan dua ra két qua do dé luu trit va hién
thi va truyén phat thong qua khdi hién thi va khéi
truyén phat.

2. THIET KE THIET Bl GIAM SAT KHONG
DAY

Pé c6 thé tinh toan dugce hau hét cac dai lugng dién
nang, trude hét, ta can phai xay dung phuong phap
do hai dai lugng co ban va rat quan trong la dién &p
xoay chiéu, dong dién xoay chiéu. Trudc hét, @& do
dai lwong dién ap hiéu dung xoay chiéu, sau qua
trinh nghién ctu, nhom tac gia lya chon phuong
phép do su dung dién tré phén ap boi nhitng uu
diém ciia phuong phap nhu gia thanh ré, nguyén Iy
do don gian, mach do nhé gon nhung c6 thé dat
duoc do chinh xac cao.

2.1. Thiét ké mach do dién ap xoay chiéu
hiéu dung mét pha

Thiét bi duoc thiét ké dé st dung trong ludi dién
sinh hoat dan dung voi kiéu dau day cua thiét bj 1a 1
pha hai day (1 day pha + 1 day trung tinh). Ludi
dién 1 pha c6 dién ap danh dinh la 220V, dai dién ap
hoat dong cua thiét bi phai tir 80% dén 115% gia tri
dién ap danh dinh do d6 dai dién ap hoat dong cua
thiét bj s tir 176V dén 253V,

Khéi ngudn cép j

Ngu(‘ﬁn

7
dign L kg | Khot
X0a ién th
Y ) Gin , hien ng da
chiéu | ' Khoi knong day
1-pha ! l r 1y :
| - I xu ly Khoi
ﬂ@ trung tam RTC &
dong dié I
: ong dién ! EEPROM
| , .
| Khoi cdm bién !
N / |

H.1. So dd khéi thiét bi do va giam sat dién nang khong day

Thong sb dién trd R1, R2 cua mach dién trd chia ap
phai dam bao dién ap ddu ra c6 bién do 16n nhit
nam trong dai tor 0 — 2,5V. Pién tr& R1 duogc lya
chon ¢6 tri s6 cao dé dam béao an toan cho mach do.
Gi4 tri dién 4p sau phan dién trd chia ap dugc tinh
bang cong thire (1) dudi day:

R
UOUt = Rl <:R2 Urms

1)

Trong do6:u,, 1a gia tri dién ap ra sau chia ap; U la
gi4 tri dién ap xoay chiéu hiéu dung 1 pha can do;
R1, R2 la gia trj dién tré ciia phan dién tro chia ap.

Tin hiéu xoay chiéu di vao vi diéu khién can phai
duoc loc bo thanh phan dién ap 1 chiéu (DC) géy sai
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léch diém gbc toa d6 ban dau bang khau loc thong
cao. Mach loc thong cao duoc tao ra bdi hai thanh
phén tu C va dién tr& Ry Tén sd cit cia mach loc
théng cao dugc tinh theo cong thure (2):

1
3B o rxRxC

(2)

Trong d6: f ., 1a tin sé cat ciia mach loc thong
cao; C, R la gia tri cta tu dién va dién tr¢ ctia mach
loc thong cao.

Sau khau lgc, tin hiéu do dugc nang 1én mdt mirc
dién ap DC (tao offset) trude khi dwa vao bd chuyén
d6i ADC cua vi diéu khién. O day thay vi sir dung
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dién ap tham chiéu noi cua vi didu khién ta sir dung
dién ap ngoai Uy = 2,5V (dugc tao boi IC REF5025
cua Texas Instument). Muc di€n ap cong thém Uset
duogc tinh theo cong thue (3):
R
=—=U 3

offset ref
R,+R,
Trong do: Uy 12 hiéu dién thé hoat dong cua bo

ADC vi diéu khién; R3, R4 1a gia tri cta dién tro
cua mach loc thong cao.

Can lya chon gia tri dién tr& R3, R4 dé tao ra dién
ap offset can thiét cong thém vao tin hiéu do nhung
van phai dam bao bién do méi cua tin hiéu do nim
trong dai dién 4p hoat dong cuia bd ADC vi diéu
khién (tir 0 — Upe). Cudi ciing, tin hiéu do duoc dua
qua mach Idp dién ap khong dao (Non-inverting
Voltage Follower) stt dung mot Op-Amp (LM324)
lam tang trd khang cho phan mach do trudc khi di
vao ADC, giam ton hao nang lugng, bao vé an toan
cho cac linh kién phia sau (H.2).

Vref

Opamp

vortage Foliower

H.2. So d6 nguyén Iy mach do dién ap xoay chiéu
hiéu dung

2.2. Thiét ké mach do dong dién xoay chiéu
hiéu dung

Vé viée do gia tri dong dién, thiét bi cung cép hai
tuy chon st dung hai loai bién dong khac nhau Ia
HWCT 20A/20mA va SCT-013-030 tuy vao ddi
tuong do va yéu cau sir dung. Chii ¥ 1a thiét bi chi
cho phép st dung mot bién dong duoc sir dung tai
mot thoi diém.

Tuong tu véi kénh do dién ép, ta cling st dung dién
ap tham chiéu Ve = 2,5 V ( tao boi IC REF5025).
Do d0, gié tri can do phai nam trong dai 0-2,5V. Dé
dat dugc yéu cau nay, gia tri do gom dién ap mot
chidu offset Uyt = 1,25V (loai bo phan dién ap
4m) va thanh phan xoay chiéu c6 dién ap dinh Upeak
< 1,25 V(hay Ums < 0,88V ).

Ta c6 quan h¢ gitia dién &p dau ra va dong dién dau
vao vdi ca hai loai la:
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Uout = Iprimary X N X I:\)burden (4)

Trong d6: Uy 1a dién ap hiéu dung dau 13; Iprimary 12
dong dién dau vao; N 1a hé s bién ddi; Ryugen 12
dién troé ganh

e Bién dong HWCT 20A/20mA: ¢6 hé s6 bién d6i
& Npwer = 1/1000. Tin hi¢u dong dién dau ra cta
bién dong s& dugc dua qua modt dién trd ganh
(Burden) nhiam bién ddi tir dong dién qua dién ap.

e Bién dong SCT-013-030: c6 hé sb bién doi la
Nscr = 1/1800, tich hop san mot dién tré ganh 64 Q,
dai gia tri dong dién hi¢u dung dau vao cho phép la
0 — 30A va dién ap dau ra twong tmg 1a 0-1V.

o Dé tang d6 chinh xac, nhom tac gia da chia dai
do thanh hai dai:

V6i HWCT : 0- 5A (G = 4) va 5 — 20 A (G =1).
Vi SCT : 0— 6, 21A (G = 4) va 6 — 24,75A (G=1).
Trong d6: G 1a hé sé khuéch dai cua Op-Amp phia

sau bién dong.

Déi v6i bién dong gia tri dong dién hiéu dung can
do t6i da nén nam trong dai 0 — 24,75A dé dam bao
yéu cau Upea < 1,25 V da néu.

2.3. Thuat toan do dién ap va dong dién hiéu
dung

Do tin hiéu dién ap khi dwa vao vi diéu khién da
dugc cong thém mot mic ap offset, nhu da trinh
bay, dé phu hop vé6i dai dién ap hoat dong ciia bod
ADC cua vi diéu khién nén khi léy mau, ta can loc
bo dién ap DC offset trong tin hi¢u. Pé thuc hién
viéc ndy, ta st dung phuong phap loc s6 mé phong
hoat dong cta bd loc thong cao (High Pass Filter),
thudc kiéu bd loc dap ung xung v6 han IR (Infinite
Impulse Response). Phuong phap nay s& dugc ap
dung trong ca qué trinh ldy mau do dién 4p va dong
dién xoay chiéu. Cac miu dién ap duogc vi diéu
khién doc vao sé& dugc st dung dé tinh toan ra gia tri
dién &p tac thoi ctia dong dién tuong ung dua vao
cac cong thirc chuyén ddi sd-twong ti cia bd ADC
vi diéu khién va ti 1é phan ap ctia mach do. Gia tri
dién ap xoay chiéu hiéu dung dugc dinh nghia bang
can béc hai cla trung binh binh phuong cac gia tri
dién ap tirc thoi duge lay dinh ky trong mot khoang
thoi gian nhét dinh. Ta c¢6 cong thuc tinh dién ap
hi€u dung (5).
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©)

Trong d6: Ums 1a gid tri dién ap xoay chiéu hiéu
dung mot pha can do; u 1a gia tri dién ap trc thoi
dugc doc tai thoi diém lay mau thir n; Geaipu 12 hé
sO ti 16 mo rong; N 1a tong sb 1an lay mau dién ap
tare thoi u.

Ciing giéng nhu thuat toan do dién ap, tin hiéu dién
ap tuong (mg véi tri s6 dong dién tirc thoi khi duogce
doc vao vi diéu khién da duoc nang 1én mdt mirc ap
offset, do do, ta can loc bo phan dién ap 1 chiéu nay
di str dung phuong phap loc s6 nhu di trinh bay &
phén trudc. Cac mau dién ap dugc doc vi diéu khién
doc vao ciling s€ dugc sir dung dé tinh toan ra tri sb
dong dién tirc thoi twong img dua vao cac cong thirc
chuyén ddi sb - tuong ty va cac hé s6 ti 1& ciia mach
do str dung cam bién ACS712. Tur cic gia tri tic
thoi, gia tri dong dién hi€u dung cling dugc tinh toan
twong ty gia tri dién ap hi€u dung theo cong
thie (6).

Irms = Gcalibl X

(6)

Trong d0: lims 12 gia tri dong dién xoay chiéu hiéu
dung can do; i la gia tri dong dién tuc thoi dugc doc
tai thoi diém 14y mau thir n; Geaipr 14 hé s ti 16 mo
rong; N 1a tong s6 1an 14y mau dién ap ttc thoi i. Hé
s0 Geaiiby VA Geaini €O thé dugc s dung dé hiéu
chinh lai gia tri do.

2.4. Thuat toan tinh céng suat va san lwong
dién tiéu thu

Tai mdi thoi diém ldy miu dién 4p tire thoi u(n) va
dong dién tirc thoi i(n), ta co thé tinh duoc cong suat
tiéu thu thuc té cua tai bang cong thirc (7):

N
> S Lu(n)xi(m)]
Prms = GP X =
N (7

Trong d6: Pyys 12 cOng suét tiéu thu thuc té; u, i 1a
gid tri dién ap va dong dién tirc thoi lay mau tai thoi
diém n; Gp 1a hé s6 tinh toan cong sua”it, trong do,
Ge = Guipy X Gy 3 N 12 tong s6 1an 1ay miu do.

calibl ?
Pé tinh duoc hé sb cong sut, trudc hét ta can tinh
gi4 tri cong suit biéu kién. Gia tri nay duoc tinh
theo cong thirc (8).
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Papp = Urms X Irms (8)
Trong do: P, la gid tri cong suat biéu kién; U,

la gia tri dién &p xoay chiéu hiéu dung do dugc;
| la gia tri dong di€n xoay chiéu hiéu dung do

rms

duoc.

Tir d6 ta tinh dugc hé s6 cos ¢ theo cong thirc (9):

P
Cosp = ™=

Papp (9)
Trong do: cosy 1a hé s6 cong suat; P, 1a gid tri
cong suat biéu kién; P, 14 gia tri cong suat thuc té.
Mirc dién nang tiéu thu theo kWh dugc tinh theo
cong thtc (10):

E=G; xP, xt (10)

rms

Trong d6: E 1a san lugng dién nang tiéu thu (don vi
tinh kWh); Ge 14 hé s6 tinh toan mo rong; P, 14 gia
trj cong suat thuc t& ma tai tiéu thu (kWh); t 1a thoi

gian tai tiéu thu cong suat P, ., tinh theo don vi gio.

2.5. Lwu d6 thuat toan

Qua trinh hoat dong cua thiét bi s& di qua nhiing
budc chinh sau:

e Cép ngudn va Reset thiét bi.

e Khoi tao cac thiét bi ngoai vi: EEPROM, LCD
5110, IC thoi gian thye DS1307, cac chan vao ra
(I/0), va cac chuan giao tiép can thiét nhu Serial,
SPL ...

o Khdi tao module ZigBee.
Qua4 trinh 14y mau va tinh toan
Trong do:

+ Tan s6 1ay mau 1a 2048 Hz.

+ Sau mdi gidy, vi xir 1y s& thyc hién tinh toan cac
gia tri Urms, Irms, Prms, Papp, cose, E (san lugng
tiéu thu dién) va hién thi 1én LCD.

+ Pé dam bao gia tri dién nang s& khong bi mat khi
mat dién, ... nhom tac gia da thiét ké luu gia tri dién
nang tiéu thu vao EEPROM va gia tri nay s€ dugc
lwu sau mdi 1an gié tri E ting 1én 0.5 kWh.

e Truyén dir liéu vé& thiét bi diéu phdi
(Coordinator).

Budc nay chi xdy ra néu thiét bj nhan duoc yéu cau
doc dir ligu tir Coordinator. Néu khong s& ti€p tuc
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tro lai bude lay mau va tinh toan.

Toan bd chu trinh duge thé hién trén lwu do thuat
toan H.3.

RESET

i

I Khat tac thiét b ngoai vi I

.

I Khai tao Zigbee I

I Tinh toan cac dai luong dién ]

S

0

+Doc RTC
= Cap nhat hien thi LCD

S

<

| L vao EEPROM |

i

I Truyén tin (néu can) I
[

H.3. Luu d6 thudt toan chuong trinh chinh cua thiét bi

2.6. Xay dwng khéi xtr ly trung tam

Khéi xir 1y trung tdm cua thiét bi do dugc xay dung
dua trén nén tang phan cimg ma ngudn mé Arduino,
sit dung vi didu khién ATmega328p cua hing
Atmel. Atmega328p thudc dong vi diéu khién 8-bit
kha quen thudc, dé dang lap trinh, c6 kha ning xu
ly, tinh toan tbt, c6 cau truc tiét kiém dién ning, gia
thanh khong cao nén phu hop dé xay dung cac thiét
bi do gia ré, nho gon nhung dap Gng dugc cac yéu

cau thiét ké. Thiét ké phan cimg cua Arduino dugc
phan phdi dusi dang Creative Commons
Attribution-ShareAlike 3.0 License [1] trén website
chinh thtrc ciia Arduino.

2.7. Thiét ké khdi nguén

Thiét bi duge cép nguén truc tiép tr ludi dién sinh
hoat voi dai dién ap hoat dong tir 176V - 253VAC.
Do vdy, dé dam bao an toan, ciing nhu tao dugc
mirc dién ap phu hop dé cap cho cac linh kién hoat
dong tot, ta lya chon phuong éan thiét ké mach
ngudn st dung bién ap cach ly loai han trén mach
cho mach nguén thiét bi.

Khi cdp ngudn xoay chiéu vao mach ngudn, bién ap
s& tao ra dong dién co dién ap 9V xoay chiéu, dong
dién nay s& duogc cho di qua ciu diode chinh luu dé
chinh lyu dong dién xoay thanh dong dién mot chiéu
dua vao IC nguén duoc lua chon dé tao ra mure dién
4p mong mudn. Tinh toan muc tiéu thu dién ning
cua cac linh kién trong thiét bi, nhom nghién ctru
lwa chon IC ngudn LM2576-5V dé tao ngudn 6n ap
v6i mirc dién ap 5V va IC nguébn AMS1117-3V3 dé
tao ngudn on ap 3.3V. Céac IC ngudn nay déu kha
thong dung va don gian trong lip dit, hoat dong
tuong d6i 6n dinh. So dd nguyén ly khdi ngudn cua
thiét bi dwoc thé hién trong H.4.

2.8. Thiét ké khoi pin dw phong

Pé dam bao qua trinh truyén tin khong bi anh
huong, nhoém tac gia c¢6 dua ra y tudng st dung
mach pin du phong cho thiét bi. Mach dwoc thiét ké
trén co so su dung IC LTC4412, day 1a mét IC hoat
dong dua trén nguyén 1y diéu khién mot van ban din
ngoai dé chuyén ngudn cip giita hai ngudn ma
ngudi dung st dung. O day 13 bd ngudn chinh dugc
trinh bay trén phan 2.7 va pin du phong gdm hai pin
3.6 V mic ndi tiép dé cip ngudn cho IC AMS117-
5V phia sau.

Parameter Set Pasamcter St
Parameter Set 11 Q U2 Q
: , Vourl-t A—T1d Ac v “: ND
= ={ ACIN . I{I -
Voutl:2 y R qoace . .
% AC Ve F—M VIN Feodbask
Parameter Set DB107 FUSE J_ l k
Phrameger Set 2C14 . 6 & 2
out |3 S|y h
Neutral | . Vourl-3 (2R Cooupnsy T-C15 | 2 |{ Output
AC_IN 6 04 |C I©
Voutl4 =X

100ul

GND

LM2S76/8V

H.4. So do nguyén Iy khdi nguon cap cua thiét bi
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0°I sIPpoleg e£0-W3

H.5. Mach pin du phong

2.9. Xay dwng khéi truyén théng khéng day
chuan Zigbee

Khéi truyén phat khong day & ca hai phién ban thiét
bi déu sir dung module truyén phat SoC CC2650 san
xudt boi hing Texas Instrument. CC2650 la
module SoC hd trg 2 chudn truyén thong la IEEE
802.15.4/ZigBee bang tan 2.4 Ghz va BLE 4.0.

m;f‘h
HL:LJ',_J

/uuuuuuﬁ

CC26XX/M1L/V1 .1

I EIETRRE]

-

-

~
-
!

L1/20/918
H.6. Module CC2650

CC2650 trong ciu triic bao gdm hai 13i vi xtr 1y 1a
ARMOCortex©-M3 (CM3) 32bit dong vai tro la vi
xtr Iy chinh va ARM©Cortex©-M0 (CMO0) dong vai
tro giao tiép voi mach RF [5]. Theo tai liéu cung cip
b6i hang, 16i CM3 hoan toan c6 thé dam nhiém
thém nhiém vu do tuy nhién, nhu theo tiéu dé nhém
tac gia mudn str dung mi ngudn mé Arduino véi uu
diém d& 1ap trinh, hé thdng thu vién hd tro 16m, ...
ddng thoi d& dang tai sir dung phan code do cho cac
phién ban tiép theo st dung tiéu chudn truyén tin
khac nhu Wi-fi, Bluetooth,... thay vi ZigBee.

Trong céu trac phan cimg cua thiét bi, CC2650 s&
dong vai tro nhu mdt b xu ly mang (ZigBee
Processor Network — ZNP) ¢6 nhiém vu diéu hanh
viéc thiét lap mang, truyén va nhén dir liéu over-the-
air trong mang giira thiét bi va bo didu phdi.
Atmega328p trong mach s€ dong vai trdo b xu ly
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ung dung (ZigBee Application Processor - ZAP) s€
dong vai tro diéu khién ZNP CC2650 thong qua
giao tiép Serial (H.7).

Application Processor

Application

ZNP AP| ‘ CC2530 / CC2538 | CC2630

SPIUART/USB interface *

SPIUART/USB interface

ZigBee slack and
B02.15.4 MAC

IEEE 802.15.4 Radio

H.7. M6 hinh két ndi gitta CC2650 va vi xir Iy ngoai

Dé sir dung module CC2650, hing Texas di cung
cAp bd phin mém hd trg nhu IAR Embedded
Workbench, SmartRF Studio, Z-tool,... va cac thu
vién API hd tro nhu Z-Stack Home, Z-Stack
Mesh,... Ngudi ding c6 thé tai vé mién phi. O day,
nhom tac gia da st dung API Z-Stack Home ZNP
nap cho module CC2650. Do st dung chuong trinh
nhung ZNP tir goi Z-Stack cia TI nén ta ciing can
sit dung cac quy chuin ma thu vién cung cip.
Trong do:

e SOF (Start of frame): byte bat ddu cua ban tin.
Mic dinh 1a OxFE.

e Length: byte thé hién do dai ciia khung Data.
o Command: 2 byte la gia tri nhan dang ban tin.
e Data: khung dit lidu( t6i da 250 bytes).

e FCS (Frame-check sequence): la byte kiém tra
tinh nguyén ven cuia ca khung bang viéc XOR tat ca
cac byte vdi nhau.
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Vi du cac cau 1énh dung dé thiét 1ap mang:

@ COM4 (Arduino/Genuino Uno)
| Sending SYS_RESET( HEX): FE 1 41 0 0 40

--> Response( HEX):
IFE € 41 80 0 2 02 6 3 C2

Sending AF REGISTER( HEX): FEF 24 01 4153 0003001502790 6F
--> Response( HEX):

FE 1 6400 65

Sending_ZDO_STARTUP( HEX): FE 1 25 40 C €4

--> Response( HEX):
JFE 1 65 40 0 24 FE 1 45

co 9 8D
Sending_UTIL_GET_DEVICE_INFO_SREQ{ HEX): FE 0 27 0 27

==> Response( HEX):

FE12 67 004 80AA7048120001 92E4 6F C3 F6 Bl

H.8. Khung lénh theo chuan Z-Stack dwoc truyén di
trong qua trinh khai tao mang

3. HIEU CHIiNH VA THU NGHIEM

3.1. Hiéu chinh thiét bi do va giam sat dién
nang khéng day

Trude khi hiéu chinh, ta cin phai dé thiét bj can hiéu
chinh hoat dong trong mot khoang thoi gian dé cho
thiét bi on dinh, sau d6 méi tién hanh higu chinh.

Déi v6i thiét bi do va giam sat dién nang khong day,
do diéu kién thiét bi tham chiéu (¢ day la dong
h6é da ning Wavetek HD115B do hing Wavetek
Meterman - Hoa Ky san xuét) va diéu kién ngudn
tham chiéu, nhom nghién ctru chi tién hanh hiéu
chinh hai dai lugng: dién ap xoay chiéu hiéu dung
(Urms) va cudng do dong dién xoay chiéu hiéu dung

(Irms) '

Trong qua trinh hiéu chinh, nhom tac gia nhan thay
cac gia tri dién ap (dong dién) do duoc ting tuyén
tinh so véi gia tri dién 4p (dong dién) tham chiéu.
Do d6, nhom tac gia lga chon phuong phap binh
phuong cuc tiéu v6i y tudéng cia phuong phép la
tinh toan mot dudng thing dwa vao cac gia tri do
dugc va gia tri tham chiéu sao cho téng binh
phuong céc sai 1éch 1a nho nhét.

A

s
.
«
-

>

o x

H.9. Biéu dd minhhoa
phuong phép binh phuong cuc tiéu

Phuong trinh dudng thing (nét dit) c6 dang:

y =a,+a,xX (11)
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Trong d6: v 1a gia tri thudc dudng thing d twong
ung véi gia tri X; ag, 8; 1a hé sb cua duong th.'fmg.

Gia surta co n cap gia tri (X1,Y1), (X2,Y2), -+, (Xn,Yn)-
Ta c6 sai léch e:

& =YY =Y, —a —axX

Tong binh phuong céc sai léch 1a:

S, :Zeiz :Z(yi —d, _‘5‘1><Xi)2
i1 i1

(12)
Dé S, nho nhit ta co cong thuc tinh cac hé sb:
n n n
an(Xi X yi)_nxzxi ><Z:yi
_ i=1 i=1 i=1
a0 - n n
anXiz _(in)z
i-1 i=1 (13)
1 - -
*XZ(Xi XY)—Xxy
_n
=
Zx YU xE-x
N = (14)

Véi X , )_/ la gia tri trung binh cia cac gia tri X;, Y;
Dbi vai thiét bi, nhom tac gia 1dy truc X 13 truc Ureag
(Iread) va truc y la truc Uref(lref)- St dl.lng phu'orng
phap binh phuong cyc tiéu ta s& c6 phwong trinh
dudng thang:

Xref = aOX + aiX X Xread (15)

Ta thay sai sO xay ra gom ca cong tinh va nhan tinh.

3.2. Thtr nghiém thiét bi

Nhom nghién ctru hién di xay dung duoc hai thiét
bi do va giam sat dién nang khong day. Phién ban
EM-03a va EM-03b. EM-03b chi c6 mdt vai cai tién
nho vé so dd dau ndi day vao/ra so v6i phién ban
EM-03a (H.10).

H.10. Céng to s6 phién ban EM-03b
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St dung dao dong ky dién tir dé quan sat dang tin
hiéu dugc xuét ra sau khdi cam bién dién ap va dong
dién, ta budc dau danh gia dugc kha nang xu 1y tin
hiéu do ctia khdi cdm bién.

H.11. Dang tin hiéu xuat ra tir mach do dién ap

Theo ddi d6 thi H.11, ta c6 thé thdy, tin hiéu dién ap
tor mach do c6 dang hinh sin tuong ddi chuan, it
nhiéu. Tin hiéu duoc ning muc offset 1én khoang
1.25V dang theo thiét ké truéc khi di vao bo ADC
ctia vi diéu khién.

Trén hinh H.12, tin hiéu mau vang (kénh 1) 1a @ng
v6i hé s6 khuéch dai G, = 1; tin hiéu mau xanh
(kénh 2) 1a g v6i hé s6 khuéch dai G, = 4.

M Pos: 0.000s

(ot Uo7 AR  308- EE  RMOR
24-Nov—16 17:14

ol il
«<10Hz

H.12. Dang tin hiéu xuét ra tir mach do dong dign
véi tai thuan tro
Ta c6 thé thdy tir d6 thi H.13, tin hiéu dién ap va
dong dién léch pha nhau 90° khi sir dung thiét bi dé
do dong qua tai thuan tré. Ta tién hanh hiéu chinh
thiét bi theo phwong phap nhu da trinh bay.

SOOI AN

W

it
49,950

M 10,0
24-Nov-16 17118

H. 13. So sanh sy léch pha gitra tin hi¢u dién ap va dong
dién vai tai do thuan tro
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Sau hiéu chinh, ta thir nghiém do cac dai lugng dién
ap hiéu dung, cuong d6 dong dién hiéu dung sau khi
hiéu chinh va xay dung dugc dd thi so sanh gitia
dién ap doc tir thiét bi va thiét bi tham chiéu (H.14).

Thang do 170-250V (P hiéu
chinh)

260
250
240
230
220
210
200
190
180
170
160

160170180190200210220230240250260

—@— Uread —@— Uref

H. 14. Do thi so sénh gia trj dién 4p do duoc vai thiét bi
tham chiéu sau hiéu chinh

Tir @6 thi, ta thdy duogc sai s twong ddi trong phép
do dién ap da giam xubng con khoang 1% so véi gia
tri do cua thiét bi tham chiéu.

Tién hanh hiéu chinh twong ti cho phép do cudng
d6 dong dién hi¢u dung. Ta ciing c6 duogc dd thi so
sanh cuong d6 dong dién hiéu dung véi két qua do
boi thiét bi tham chiéu trong H.15.

Thang do 0.6-5A (P3 hiéu chinh)
5.5
4.5
3.5
25
15

0.5
05 1 15 2 25 3 35 4 45 5 55

—@—Iread —@—Iref

H. 15. Do thi so sénh gia tri dong dién do dwoc
vaéi thiét bi tham chiéu sau hiéu chinh

Qua qua trinh thtr nghiém, thiét bi do co sai sb
twong ddi trong phép do dién ap 1a khoang +5%, sau
khi hiéu chinh, sai sé twong di trong phép do giam
xudng con +1%. Dbi véi phép do dong dién, khi
chua hiéu chinh, sai s§ twong d6i cia phép do
khoang +3.38%, sau khi hiéu chinh, sai s6 trong déi
phép do ciing dat khoang +1%.
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4. KET LUAN ma nhom nghién ctru di dat ra. Sai sé trong phép do

Két qua thir nghiém cho thiy thiét bi hoat dong
tuong d6i 6n dinh va dat dugc co ban nhiing yéu cau

dién &p va dong dién hiéu dung & mirc £1%. Trong
thoi gian t6i, nhom nghién ctru s& c¢b gang phat trién
tiép thiét bi dé giai quyét nhimg van dé trén.

TAI LIEU THAM KHAO
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NGHIEN C’U NG DUNG PHU'ONG PHAP BIEU KHIEN TOI U LQR
DE DIEU KHIEN NHIEN LIEU CUNG CAP CHO DONG CO XANG

A STUDY ON APLLICATION OF USING THE LQR METHOD
TO CONTROL THE REFUEL FOR GASOLINE ENGINE

Luu Kim Thanh, Tran Anh Diing, Dao Quang Khanh
Truong Dai hoc Hang hai Viét Nam
Email: luukimthanh@gmail.com, trananhdung70@gmail.com, dgk21011981@gmail.com

Tom tat:

Bai bao dé cap t&i van dé nghién ciru mé hinh toan, khao sat sy phu thudc clia géc buém ga véi lwong
nhién liéu cung cap cho ddng co xdng. Trén co s& phwong phap diéu khién téi wu LQR thiét ké bo diéu
khién phan hdi trang thai nhdm muc tiéu diéu khién lwgng nhién liéu cung cap cho dong co theo gia tri toc
dé dat.

Ttr khoa:
Diéu khién nhién liéu cung cép, phan hdi khong gian trang thai, mé hinh dong co xdng, diéu khién téi wu.
Abstract:

This paper studied about the gasoline engine model and investigated the dependence of the throttle angle to
the amount of fuel to supply for the gasoline engine. Based on the method of optimal control using LQR
controller and the setting speed value to design the state feedback controller to control the refuel system of
the gasoline engine.

Keywords:

Control of fuel supply, state space feedback controller, gasoline engine models, optimal control.

KY hiéu Tem K Nh‘iét dq khong khi trong
duong xa
Kyhigu Ponvi Y nghia Vi, m’ Thé tich dudng hit
A 0 1A 1N ’ 2
(El Ty 1€ hoa khi V,n m® The tich duong xa
A m? Tiét dién duong xa V, m® Thé tich buéng dét
A, m? Tiét dién duong hat a, Goc md a trung binh
Can Héng s6 duong hat 7, f(P,,@) Hiéu suétchithi
Cooxn Hang s6 duong xa Mo f(7) Ham thé tich hi¢u qua
H, JIkg Nhiét tri thip A Ty 18 nhién liéu
J. Kg m® Momen quan tinh Chir viét tit
7, S6 xi lanh : .
! x , LQR Linear Quadratic Regulator
P Pa Ap suat khong khi A
° b stiat Khong S spark-ignition
R J/kgK Hang so khi "
, . Fl Fuel Injection
Tt K Nhi¢t do khong khi moi . .
truong ECU Electronic Control Unit
T, K Nhiét d0 khong khi trong VVT Variable Valve Timming
duong hut
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1. PHAN MO PAU

Di c6 hon 50 triéu chiéc xe dugc san xuét trén toan
thé gi6i trong nam 2007, xe san xuat ting 5% mdi
niam. Sy phat trién nay cua thi truong 6 t6 mang lai
nhiéu khia canh tiéu cuc can dugc xem xét nghiém
tic cua nganh cong nghiép 6 to6. Thir nhat, dong co
d6t trong da tro thanh mot trong nhitng nguyén nhan
gdy 6 nhiém 16n cho mdi trudng. Thir hai, gia nhién
ligu tang cao, budc cac nha san Xuét dong co dbt
trong phat trién cong nghé méi cho phép giam lugng
khi thai doc hai va nang hi¢u qua [3].

Trén thé gidi cac nghién ciru ctia cac nha khoa hoc,
nha nghién ciru phat trién dong co ddt trong cho
thdy, viéc tap trung nghién ctru diéu khién - giam sat
qua trinh phan phdi khi sir dung bo diéu khién dién
tor ECU, giam sat qué trinh d6t chay nhién liéu bén
trong budng d6t 1a nhitng hudng tip trung chinh
nham nang cao hi¢u suét, tiét kiém nhién liéu cho
dong co dot trong.

2. NOI DUNG CHiNH
2.1. Diéu khién géc a va y cho ddng co’ xdng

Trong cac dong co phun xang dién ti thong thuong,
viéc diéu khién hiéu suét dong co dugc thyc hién
b::ing cach doc gia tri tdc d6 theo tai duoc luu trir sdn
trong b nhd ciia ECU tur d6 tim ra mét ty 1€ tdc do
theo tai tot nhat [4], ngoai ra, ngudi ta c6 thé xdy
dung mo6 hinh toan trén co s¢ thyc nghiém sau d6 ap
dung thuat toan diéu khién t6i wu LQR dé diéu
khién toc d6 va momen ciia dong co ddt trong [6].
Tuy nhién, cac phuwong phap trén déu khong quan
tam dén dién bién qua trinh xay ra bén trong dong
co ma thuong dugc md td bdi cac phuong trinh
vi phan.

Cam bién vi tri
budém ga

Budém

I~k

Bo
diéu

Cam bién vi tri,
gia toc ga

-/

Pong co diéu
chinh a

FI-
ECU

H.1. CAu tric cua hé théng diéu khién goc o va y

Muc tiéu ciia bai bao, trinh bay phuong phap diéu
khién t6i vu LQR cho mé hinh dong co dét trong (1)
ma & d6 ché do van hanh dong co xang co sir dung
bd phun xdng dién tir FI-ECU, céng ngh¢ van bién
thién VVT, danh lira dién tir SI.

Van d& dat ra 1a phai didu chinh goc buém ga o va
goc trung pha truc cam y -VVT phu hop véi thoi
gian tang, giam tdc do dong co nhim muyc tiéu giam
thiéu luong ti€u hao nhién li¢u. Nhi€ém vy cua nguoi
diéu khién luc nay la dit cho dong co ddt trong mot
toc d6 bang chan ga, bo dicu khién s& tw dong phoi
hop goc a va y theo toc do dat (H.1).

2.2. M6 hinh toan déng co dét trong

Xét mot dong co bén ky sir dung phuong phap danh
Itra d6t chay nhién liéu SI, khong xét dén qué trinh
lam mat, tubro tang ap ma chi khao sat dong co theo
hai mat: dudong nhién li€u vao xi lanh va duong khi
thai tir xi lanh ra ngoai. H2 thé hién mé hinh dong
chay phan phdi khi trong dong co ddt trong [3].

Trong d6 cac ky hi€u hinh 2 nhu sau: a: Goc méd
chan ga, [rad],p: G6¢c md sém trén tryc cam, [rad],
Pamp: 4p sudt mdi trudng xung quanh, [Pa], Pin: &p
sudt duong hat, [Pa], Pen: 4p sudt duong xa,
[Pa],Minin: luong nhién lidu vao 6ng nap, [mm?],
Mimout: lrong nhién li€u ra khoi éng nap [mmg],
Memin: lwong nhién li€u vao éng nap [mms], Memout-
lwong nhién liéu ra khoi éng nap [mm®], w. téc do
goc cua dong cofrad/s], T momen trén truc dong
co[Nm],ty momen can[Nm]. Theo [3] ta c6 hé
phuong trinh vi phan day du (1).

Khao sat dong co xang Ford 2.0L véi cac thong sd
duoc liét ké trong bang B.1, thay thé cac thong sb va
tuyén tinh héa cac phuong trinh (1), tim ra dugc cac
ma tran nhu sau [3]:

-12.62 0 —-1965 83283 7510
A=| 27.66 —2330 4319 |,B=| 0 -16512 |,
0.02249 -0.002113 0.2317 0 -11.99
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- foun i

cos(a+ay))| P, P PV @Ney
S 0.685|1— 9109
Cos(acl ) j ‘\/RT b eXp Pamb UVOI (}/) RTlrn o 472.

am|

ART,, PV, @.ny, 1 Po
(t) ( em j ol (7/) RT 47Z_y ﬂ[éj deth%xh Temyo 0. 685[1 exp [gﬁ gj] (1)
FJ,
1 1 H V encyl l Vd n(:yl
0. (0)= 57| 1 (R )~ | () G S0 1 | |- S50 (R Ry fmep)
“(F) " ()
w+Ap l' ) @
Pmnb /e/ - : Pan:a
m; Mgyt Q :
H.2. Mb hinh phan phéi khi ciia dong co dbt trong
B.1. Théng s6 ctia dong co xing hang Ford 2.0L
Ky hiéu Y nghia Gia tri Ky hiéu Y nghia Gia tri
(2] Ty 16 hoa kh 14.64 Tan | Nhictdo khong khi moi | ngg 15 1)
s truong
Ao | Tiét dien duong xa | 0.00385 [m?] Tin Nhiét d6 khong khi 288.15 [K]
trong duong hut
A | Tidt dien duong hat | 0.00385 [m?] Ten Nhiét do khong khi 593 [K]
trong duong xa
Can Hing s6 duong hut 0.85 - Thé tich dudng hut 0.004 [m°]
Ceexn Hiang s6 duong xa 0.7 . Thé tich duong x4 0.004 [m°]
H, Nhiét tri thap 44.106 [J/kg] vV, Thé tich buéng 6t | 0.0006638 [m’]
Je Momen quan tinh 0.15 [kg m?] o Goc mé a trung binh 70
oy S6 xi lanh 6 m, Hiéu sut chi thi f (P, ,)
Poro Ap suat khong khi 101325 [Pa] Moo Ham thé tich hiéu qua f(r)
R Hang s6 khi 287.327 [I/kgK] A Ty 1& nhién lidu 1.4

2.3. Phwong phap diéu khién téi wu LQR

Bai toan diéu khién t5i vu LQR thiét ké bo diéu
khién trang thai dua trén phuong trinh trang thai
quen thudc cua doi tuong & dang phuong trinh
Cauchy [1]:

X=AX+B.u

2
y=C.x+D.u @
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va diéu kién cyc tiéu ham chi tiéu chat lugng dang
toan phuong:

J =O.SI(>_<TQ>_<+QTRg)dt — min (3)
0

Trong do X vée to trang thai (nXl); 4 vée to
(mx1). A BC,D

diéu khién - cac ma tran hé so
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khong doi; QR _ cic ma trén duong chéo cua cac

trong sO dugc dua ra bdi nguoi thiet ke.

Luat di€u khién u=-K_x (coi tin hiéu dat bang

khong), trong do K, =R'B'P- Ma tran cac hé so
o

phan hoi, duoc xac dinh sau khi giai phuong trinh
Riccati theo ma tran vudng P.

A'P+PA+Q-PBR'B'P=0 (4)
dx
r = — = Ax+Bu Y
— N a -
— y=Cx+Du
p X
KLQR -

H.3. Cu tric bo diéu khién LQR
H¢ kin méi c6 phuong trinh trang thai nhu sau [5]:

%=(A—BK,, )X+ BN,

(5)
y=Cx+DN,
Tuong duong:

G(s):[c(sl —(A—BKlq,))*B+D}N (6)

Tim ma tran tién xir Iy N sao cho hé kin bang (1) tai
tan s0 s =0 [5]:

G(0)=—| C((A-BK,,)) B+D|N=1
(0)=-[c( ) B+D)] -

&N :—[C((A—BKlq,))_lBJrDT (®)

Téng hop bo diéu khién LQR trong matlab:
K=LQR(A,B,Q,R)

alpha, gamal

omega

Stept

N=inv(diag(dcgain(ss((A-B*K),B,C,D))))
2.4. Téng hop bo diéu khién va két qua mo
phéng

Tir phuong trinh phi tuyén cua dong co xang (1),
sau khi da tuyén tinh hoa ta thu dugc cac ma tran
AB,C,D, h¢ thong ap dung dicu khién LQR cho
dong co xang c6 cau trac simulink [2] nhu H4.

Trong do Ky - ma tran phan hoi trang thai can tim,
N — ma trén bu tin hiéu dat, u = [a,y/", X = [Pin Pen
we]’, ¥ = [we]. Viéc tim ma tran Ky téng hop theo
(4), N duoc tong hop theo (8) nhu trén cho két qua
hé sé ma tran Klgr nhu sau: Ki-=[0.0008 0.0001 -
0.0006;0.0933 -0.0255 -0.2483], N=[0.0236 0; 0 -
2.8311]; voi cac ma tran trong lugng Q =[100;0 1
0;0 0 1], R =[150000 0;0 100].

Téng hop bo didu khién LQR cho dong co dét trong
bang Malab va cho mé phong ta dugc két qua HS5:

A =[-12.62 0 -1965;27.66 -2330 4319;0.02249 -
0.002113 0.2317]

B =[83283 7510;0 -16512;0 -11.99]
C=[001]

D =[00]

Q =diag([1,1,1])

R =diag([150000,100])
G=ss(A,B,C,D)

p=eig(A)

K=LQR(A,B,Q,R)

K= [0.0008 0.0001
0.2483]

N=inv(diag(dcgain(ss((A-B*K),B,C,D))))
N=[0.0236 0;0 -2.8311]

-0.0006;0.0933 -0.0255 -

Pim1

oI

Toc do khi co dieu khien

H.4. Céu trac diéu khién dong co dét trong sir dung bo diéu khién LQR
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Dac tinh toc do cua dong co xang
180 ! ! ! 1 ! ! !

Omega

0
Thoi gian

Dac tinh tin hieu dieu khien Alpha

(1]
=
=
=
28 . S s Sl SRR -
3_ ________________________________________________________________________________________________________________________________ -
T M —— e P
26 i | | i | | |
0 1 2 3 4 5 6 7 8
Thoi gian
Dac tinh tin hieu dieu khien Gamma
X ! ! ! ! ! ! !
m
£
E -
m
[&]

Thoi gian

H.5. Bac tinh téc d6 dong co xang khi dat ;=168 [rad/s] (tai t=0s), ;=128 [rad/s],(tai t=4s)
va dac tinh tin hiéu diéu khién a, y

Nhan Xét: Khi sir dung bo diéu khién bang phu0’ng (H.5) cho thdy d6 16n diéu chinh cta o 1a nho hon so
phap toi uu LQR (H.4) ta ddt cho hé thong gia tri toc  voi khi sir dung phwong phap diéu khién khac vi du
do yéu ciu w; = 168(rad/s), ®, = 128(rad/s), h&  nhu phuong phap gan diém cuc.

thong s& tw dong diéu chinh do 16n cua o, y, két qua
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3. KET LUAN tir d6 t6i wu lugng nhiéu liéu cung cip cho dong co

Bai toan tu dong diéu chinh goc budém ga a, goc
trung pha truc cam y cho dong co xing bang phuong
phap diéu khién t6i wu LQR da dép ung duoc yéu
cau chit luong dit ra clia bai toan: t6i wu goc o va y

xang, cho chét lugng dong hoc tdt. Bai toan cho
phép hiéu chinh bd diéu khién K tuy thudc vao yéu
cau chat luong dit ra ciia hé thong bang cach thay
d6i cac phan tir trén duong chéo chinh ciia ma tran
trong luong Q va R.
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DESIGN AND IMPLEMENTATION OF EXCITATION CONTROL SYSTEM
BASED ON DIRECT LYAPUNOV METHOD

Quang Nguyen Hong

Department of Industrial Automation - Ha noi University of Science and Technology, Ha noi, Vietnam

Email: Quang.nguyenhongl@hust.edu.vn

Abstract:

The conventional way to control the excitation of synchronous generator is to use the automatic voltage
regulator (AVR) with the supplement signal of the power system stabiliser (PSS) for elimination of negative
damping. In this paper a systematic approach to the design of the PSS is proposed. Lyapunov's direct
method is used to derive a control strategy for the excitation control of a synchronous generator. In addition,
the paper also presents the use of hardware in loop (HIL) to verify the model in the laboratory condition. The
experience result from digital controller of Hoabinh hydro power generator is given as the illustrative

evidence.
Keywords:

Excitation control, PSS, Lyapunov.

1. INTRODUCTION

Though generator output power is decided by a
turbine’s mechanical torque, it can be changed by
transiently changing

the excitation value (Fig.1).

Generator
output power

!

\ By changing the excitation
it value, generator output
Excitation value/ poRs can b chaiged
transiently

_—

Fig 1. Excitation reaction

A PSS detects the change in generator output power,
controls the excitation value, and reduces the rapid
power fluctuation (Fig.2).

Generator output power

v\V V
\
\ A PSS detects the change in

itati generator output power, controls
Excitation value the excitation value, and reduces
the rapid power fluctuation

Fig 2. PSS in action
Although the AVR is very effective during normal
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steady-state operation, it may have a negative
influence on the damping of power swings in the
transient state [1]. A supplementary control loop to
compensate for such negative effect, known as PSS,
is often added. The main problem associated with
the design of traditional AVR- PSS systems is the
difficult ties to contain the damps efficiently in
multimodal oscillations containing both local and
inter- area modes [3].

A PSS has been derived using a nonlinear multi-
machine system model [2]. The control law uses an
energy-type Lyapunov function to maximize the
speed with which the system returns to the
equilibrium point following a disturbance. This
control law is optimal only for the particular
Lyapunov function used.

The verification of the proposed controller can be
observed in the real-time digital simulator, which
implemented in Matlab xPC target. The xPC
platform allows to represent a wide and significant
class of operating conditions system with additional
control loops (under and over excitation). That
would allow deep performances checking and fine
parameters tuning. Implementation example is given
in Hoabinh hydro power to show the effectiveness
of the proposed control algorithm.
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5. BACKGROUND OF PSS
5.1. Theory of PSS

The PSS detects fluctuations in generator output
power and controls the excitation. The type of PSS
is distinguished by its detection signal. The simplest
and most typical type is the AP input type unit;
however, Ao and Af input type units have been
introduced to improve the stability of the intra-

system oscillation mode (i.e., long-term or interface
mode) in view of the large increase in power. Fig. 2
shows the block diagram of a conventional PSS,
which uses real power as the input signal

The comparison of torque charateristics between
three different modes: constant excitation (CS),
AVR and AVR with PSS can been described [3] as
the next table 1.

Table 1. The comparison of torque charateristics

1 K1 |« 4 dw
l (Damping torque)
+ — 1 | Aw w0 N
— = adl-w > A5 K14D
ATm - Ms S
CS
» A5
0 (Synchronizing torque)
K1 : Synchronizing torque
D :Damping torque
M :Inertia
& Aw
I —
+ v — K1+D
—0 —r a8 S
ATm - Ms 5 \
AVR N
~—— 4
0 ?‘ Resultant torque
K1A : Synchronizing torque by AVR e
DA : Damping torgue by AVR -
Kia+Da  (Unstable at D+DA<0)
a0
+ —_ 1 w0 ““""—:Resultam torque
—_— — » Ad ]
ATm = Ms S
AVR +PSS A5
BIF giﬁ;{:giﬂ?gusguggg PSS (Stable at D-+DA+DP>0)
Deadband  Gain Reset filter Lead/Lag(1) Lag Limiter
i Tres 1+Tlead1-s 1 ;
P\t L l,
P KPS P AeTres 1+Tiagi-s [°| 1+Tiag's _/

Fig. 3. The conventional PSS

5.2. Direct Lyapunov based PSS

Although the PSS itself is not expensive, the
commissioning costs can be quite high because of
the need to undertake extensive system-wide studies
in order to optimise the AVR and PSS settings. In
order to deal with these new challenges the
stabilisers should be robust (i.e. insensitive to
changing loading conditions).  Following the
guidelines of designing the PSS in [2], [5], an
attempt to solve this problem based on the
application of the Lyapunov’s direct method would
be presented.

Figs. 4 and 5 show a generator-infinite busbar
system and the corresponding phasor diagram.

MBA
i L |
Fig. 4. Schematic diagram
of generator infinite bus bar system

The Lyapunov function used in this paper comprises
four terms:

Y=Y, +Y, +Y_ +Y_ 1)

where Y, is a kinetic energy term, Y is a

potential energy term, and YE;, and YE;] are two

additional terms to account for flux decrement
effects on the d and q axes.
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In the fig.5, Xq, X4 VA Xq, X, are d-axis and g-axis
reactances in stable and trasisent conditions.
Lyapunov's stability theorem states that the post
fault system is stable provided that the time
derivative of the Lyapunov function along the
system trajectory is negative semidefinite (i.e.
Y<o0). Having obtained a suitable Lyapunov
function in eqgn.l, the next stage of the design
process is to devise the necessary control strategy
that ensures the negative value of Y at all instants.

jIx

E qq
Xy
Jq¥'q
5 E
E q / dex’d
E, E, 1L

Fig. 5. Phasor diagram of synchronous generator

5.3. Control design

The control strategy is based on the observation that

the higher the negative value of the derivative Y,
the faster the system trajectory tends towards the

equilibrium point. The system model is then
described as [1]:
do
—=A 2
it )
dAw
M-—==P, -P
2=P-R ®3)
. dE;
Td°d_tq: E;-E, (@)
. dE,
qod_td:_Ed (5)
In which:
E-X E, - dV 0SS 6
X xd ©)
X . X =X
E,=—FE, ———V,sing (7
X X
q q
And
sy
E, X sin5+)2vscosé—vgx‘;):’sin25 (8)

With the egn 1:

Y, = iM(dijdt_ j Md(Aa))—— (20)  (9)

Aw=0

I [P, ~P.(6)ds (10)

A

1 1 ’
Yqu%%dE E'} Y =9 {E E'} (11)

}/X

All of above Y functions are positive. Derivative of
the Y, one has

¥, (12)
and
. 1 1 2
Yo =—— E,) <0
p X, Xq( s) (13)
N 2
Yqz_'l'ix lx' (Eq—qu +
do “Md d ) (14)

Notes that Y, is always negative, therefore the

Lyapunov control would depend on the sign of T
As can bee seen, the first component:

1 1

T Xq
control strategy should therefore aim to make the
second component as highly negative as possible at
each instant of time during the transient state.
Because of Xg> X4 , the control law would have the
following structure:

(Ef-éf)=—K(Eq—éqj (15)

Where K>>1 is the controller gain and the
Lyapunov function Y decreases at a rate equal to :

(E _E ) is negative at all time, and the

Feve,

2
={i. K+ (E Ej E—-
Tdo Xg — X Tdo Xq

(Ed )2}30 (16)
The control strategy can be rewritten as

E, :Ef+K(Eq—qu an

51|



DIEU KHIEN VA T BONG HOA CHO PHAT TRIEN BEN VNG (CASD - 2017)

. £
r ‘l Ex

| b N\

Fig. 6. The proposed Lyapunov based controller

EACI can be calculated based on the output signal of
the AVR controller since at the desired equilbirum

point, EACI = Iff with EAf is the actual AVR output. The

hierachical control structure would be depicted as
Fig. 7:

Ef

Gy’

He.

Fig. 7. The hierarchical AVR-PSS controller

Discrete,

3. SIMULATION
3.1. Matlab-Simulink simulation

Simulated  model  with  derived Lyapunov
controller and the old AVR-PSS controller is
presented on the fig. 5. Simulation results have been
obtained for a generator infinite bus bar system
using the following data:

Reactance parameters in relative units (pu):

Xd Xd | Xd” Xq Xq” XI
1.305 | 0.296 | 0.252 | 0.474 | 0.243 | 0.18
Time constants (S)

Td | Td” | Tdo’ | Tdo” | Tq” | Tqo™
1.01 | 0.053 | 4.477 | 0.0625 | 0.0502 | 0.1

The gain of the primary level stabilising controller is
set at K=15. To study the performance of the
proposed controller, simulations have been
performed that cover a wide range of possible
generator loading conditions and the conventional
PSS is tuned to give a 'good' performance over the
wide range of operating conditions to compare with
the new PSS.

Ts = 0.0001 s.

powergui

»
Pe o
Vab
m Voltage Meas

urement
+
v

M »

3.6MW 400Vrms

Al

Vet

Constant Vpss
Tao tin hieu Upss ‘ AVR
1’ m Upss

Et

v

scope

3-Phase Fault

1
=+

Fig. 8. The Simulink model of proposed controllers

As in real life situation, the worst case is the short
circuit in the network. After fault clearing, both
controllers take over the system quickly to the
steady state, again in an almost unperiodic way. The

backswing of power and voltage is almost
negligible. The post fault performance of the
proposed controller is slightly better than the
standard PSS.
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3.2. Hardware-in-loop

Mew P22
AVE+PES

thoi diem ngan mach

R B Fo R RRGRGREEEEES —
0o i i i i
0 10 20 a0 40 a0 a0
| Terminal voltage
2.3 T T T T T

| [Excitation voltage |

Fig. 9. Response of the controller under sort-circuit test

and transfer to the target PC via a TCP/IP
connection. The NI6070E hardware card of

In oder to fully test the real-time digital controller,  National Instruments is installed on target PC and
the hardware in loop system has been set up. during the run time, all sensor data such as Et, P are

The system is based on the Matlab xPC Target

model, i

Simulink model in Fig 10. It would then compile to
the native code using Real Time Workshop (RTW)

sent to DAC of the NI and then connect to the ADC
input of dsPIC 33F based controller. With this type
of model, all of simulation cases have been re-run to
test the feasiblity of the real-time controller.

n which the host PC is used to build the

Host Scops
14 5

Scope (xPC) 4

= PCI-2070E DA
st e J S0 _.
<Sotr o ol I Fen EtZ
-
st 2ot powsrDes (ou) _. ...
I Va2 Wolts = pu2 Va (pu)2

PCI-E0TO0E AD

-
Prm
aed
sof
vL
o
Thiee-phase 10,000 WVA, 220 kV

Synchronous Machine 2 isorate,
Transformer l source2 ot fembe ‘Scope (XFC) 2

200 MVA 13.8 V2 210 MVA 13.8 KV / 230 Kv2

o
[ =

)
5 vz 10 MWz2 % \ 1-Fhase Faultd

C{#—
o

Transfer Fon

Hest Scope
Soope [} 14: 5

Scops (FC) 5

Fig. 10. Simulink model running on the Host PC
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Fig. 11. The hardware-in-loop test bed system

Synchronous generators are conviniently set to work
under very different operating conditions. The actual
response of digital controller shall ensure the output
voltage system be smooth in transitions without
oscillations of generator current and reactive power.

Fig. 12. The excitation response in target PC

4. IMPLEMENTATION

Experimental verification of the excitation
control system is made on the 3.6MW auxilary
generator of Hoabinh hydro-power plant in
Vietnam. Digital control system with DsPIC
33FJ128GP708 is described in [4]. The hardware,
which integrates the main controller and the Human
Machine Interface (HMI), is applied to develop the
dynamic real-time system. The hardware consists of
a 16-bit CPU of Microchip DsPIC 33F, a 5.7 inch
QVGA LCD, a RS232 interface, a CAN interface, a
24V DC power supply, 16 digital input channels, 4
channels analog input (12 bits resolution, 0-10V) is
used. The excitation winding of a synchronous
generator is fed by the Thyristor converter.
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Fig.13. Excitation control cabinet

The terminal voltage and exciation current during
the start-up and de-excitation are shown on Fig 31
and Fig 32.

Fig. 14. Terminal voltage and DC current
in start-up period

| 1=l
Ton (75/3)

Fig. 15. Terminal voltage and DC current
in de-excitation period

5. CONCLUSIONS

A PSS for a synchronous generator has been derived
using an energy-type Lyapunov function. By using
the nonlinear system model, the control strategy
is optimal over a wide range of rotor angle
and swing frequency changes. Simulation and
experimental studies for wvarious system loading
have confirmed this. While traditional PSS is
suffered when the system operating condition
changed, the performance of the proposed
stabiliser seems to be unaffected.
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(NG DUNG MANG MO - NORON XAY DUNG THUAT TOAN DIEU KHIEN
CHO BO PIEU TOC TURBINE THUY LUC

APPLICATION OF NEURAL FUZZY NETWORK
FOR CONTROL ALGORITHM CONSTRUCTION FOR SPEED REGULATOR
OF TURBINE-GENERATOR HYDROELECTRIC

Nguyén Dic Nam®, Nguyé&n Hong Quang®
Truong Pai hoc Cong nghiép Viét Tri, 2Tru‘c‘;’ng Pai hoc Bach khoa Ha Néi
Email: dacnam75@gmail.com, Quang.nguyenhongl@hust.edu.vn

Tom tat:

Bai bao trinh bay két qud nghién ctru két hop gitva bd nhan dang ANFIS (Adaptive Neural Base Fuzzy
Inference) véi moét noron ¢6 cau tric PID (Proportional Integral Differential) hodc Pl (Proportional Integral) dé
thiét ké bo didu khién thich nghi NNC (Neural Network Controller) cho bd diéu téc turbine-may phat thay dién.
Trong d6, md hinh cla ddi twong sé dwoc nhan dang truc tiép bang ANFIS. Trén co s& nhan dang dwoc tin
hiéu ra theo tin hiéu diéu khién, ANFIS sé tinh d6 nhay (con goi la théng tin Jacobian) clia dap &ng dau ra voi
tin hiéu diéu khién, théng tin Jacobian la co s& dé tinh toan cac gradient ctia gidi thuat cap nhat tric tuyén bod
trong s6 noron tuyén tinh. Twong rng véi thong s clia bd didu khién PID, Pl s& dwoc diéu chinh thich nghi
trong qua trinh diéu khién nhe giai thuat huén luyén truc tuyén mang noron nhan tao. Két quéa md phéng hé
théng turbine-may phat thdy dién lam viéc & cac ché dd van hanh khac nhau (tai doc 1ap, nbi lwéi) cé cac
didu kién chiéu cao cot ap, phu tai dién thay dbi trong pham vi réng cho chét lwong tét hon so véi cac bd
diéu khién PID, PI truyén thdng. Bd diéu khién NNC da duwoc kiém ching trén mé hinh thwe nghiém HIL
(Hardware-In-The-Loop) b6 diéu tdc dién-thady lwc thue té va cho két qua tét.

Abstract:

This paper presents the results of research combining identifier ANFIS (Adaptive Network Based Fuzzy
Inference System) with a neural has structural of PID (Proportional Integral Derivative) or Pl (Proportional
Integral) controller to designed adapt NNC (Neural Network Controller) for speed regulator hydro turbine-
generator. In it, the model of the object will be recognized directly by ANFIS. On the basis of the identification
signal according to the control signal, ANFIS will calculate sensitivity (also known as information Jacobian) of
the output response to a control signal, information Jacobian is the basis for calculating the gradient the
online update algorithm weights the linear neurons. Corresponding to the parameters of the PID, PI controller
will be adjusted in the process of adapting control algorithms through online training artificial neural network.
Simulation results turbine-generator system working in hydropower different operation modes (load
independent, grid) with the height of the column pressure conditions, changes in the electrical load range for
quality better than the classic PID, PI controller. NNC controller has been tested on experimentally models
HIL (Hardware-In-The-Loop) speed regulator Hydraulic power-practical and gives good results.

Keywords:

Anfis, Neural network controller, regulator hydro turbine-generator.

Chir viét tit 1. PHAN MO DAU

d6i ning lugng cia nudc (thiy ning) ¢ dang thé

PID Proportional Integral Derivative . o 9 . . . .
nang va dong nang thanh co ndng lam quay turbine-

NNC  Neural Network Controller may phat tao ra dién ning. Trong cic tram thuy

ANFIS  Adaptive Network Based Fuzzy Inference  dién, bo diéu toc 1a mot trong nhitng thanh phan
HIL Hardware-In-The-Loop quan trong, trong ché d6 van hanh véi tai doc 1ap nd
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¢6 chiic nang chinh la diéu chinh ning luong dau
vao dé giit cho téc do quay cia turbine (hay tan sb
ludi dién) 6n dinh, trong ché d6 van hanh ndi ludi,
bd diéu tdc ciia cac to may c6 nhiém vu diéu chinh
ning luong dau vao sao cho may phat dap tng cong
sudt yéu cu nhanh va 6n dinh nhat. O cic nha may
thity dién 16n va vira, thuong c6 hd chira nudc voi
dung luong du 16n, diéu nay dam bao cho chiéu cao
cot ap it co sy thay doi trong qué trinh lam viée. Vi
vay, trong cac nha may thuy dién nay, hién nay dang
st dung bo diéu tbc véi thuat toan diéu chinh PID,
PI van dam bao duogc chat luong diéu khién theo
yéu cau. Tuy nhién, d6i voi cac nha may thity dién
nho (ddc biét & mién Trung Tay Nguyén), co dic
diém 1a: ho chira thudng c6 dung luong nho (hodc
khong c6 hd chira: st dung thugng luu lam hd
chutra); thuong dugc xdy dung trén nhiing con song
c6 do dbc 1ong song 16n, 1ong song hep do dé luu
luong nude thay ddi rat nhanh trong muiia mua bio.
Vi nhitng dic diém nay s& dan dén chiéu cao cot ap
thay d6i nhanh. Trong diéu kién lam viéc c6 chiéu
cao cOt ap khong on dinh cong voi nhu cau dién
ning (phu tai ciia cac may phat dién) ludn thay doi
trong pham vi rong, thi bo diéu tdc v6i thuat toan
diéu khién PID, PI (c6 cac tham sb ¢ dinh) sé& rat
khé khin trong viée didu chinh giit cAn bang giira
nang luong dau vao va dau ra cia hé thong, 1am cho
dap tng c6 dao dong 16n (hodc c¢b truong hop mat
6n dinh).

D3 ¢6 nhiéu cong trinh khoa hoc nghién ctru thiét ké
cac bo diéu khién cho hé théng nay: Bo diéu khién
bén viing [2, 7, 8], bo didu khién PID-PSS, bo diéu
khién du bao, bo diéu khién mo, Heo [1,4,5,9]. Tuy
nhién, trong cac nghién ciru nay, cac tic gia chua dé
cap dén yéu té bat dinh ciia cic tham sd dau vao
(chidu cao cot 4p) va tham sb dau ra (cong suit tai
yéu cau). Noi dung bai bao trinh bay két qua nghién
ctru két hop giita mot noron ¢6 cau trac PID hodc PI
v6i ANFIS nhan dang truc tiép hé thong turbine
thity Iuc phi tuyén dé thiét ké bo diéu khién thich
nghi cho bo diéu toc ciia hé turbine-may phat thity
dién cong sudt nho van hanh trong cac ché do
khac nhau.

2. NOI DUNG CHIiNH
2.1 Mé hinh déi twong

Trong cac nha may thiy dién, vé co ban gdm ba
tuyén chinh nhu: Tuyén thwong luu, tuyén nang

lugng va tuyén ha luu. Trong d6, tuyén ning luong
¢6 vai trd quan trong trong viéc bién ddi thuy ning
thanh dién niang va diéu khién dam bao chit luong
dién ning theo yéu cau. Cac khdi chirc ning chinh
cua nha may thay dién nhu hinh H.1.

Throng hra [+ Pueimg éng [—*{Cénh hwéng [ Tubine |+ Mayphdt [ H.théng dién

Diéu khién v tri cénh hréng
|

Thnsb dgt  —»| Bo diéutéc

Céng suét dit 41

H.1. So db céc khdi chirc ning chinh
trong nha may thay dién [14]

————— Thn 56 cia hé théng

[ Céng suét do hromg

M0 hinh hé thong thity lyc-turbine phi tuyén:

Theo [11], md hinh hé thng thay luc - turbine phi
tuyén co6 ton hao cot ap duoc xay dung trong hé don
vi tuong dbi c6 dang nhu hinh H.2.

(

H.2. M6 hinh hé théng turbine thiy lrc phi tuyén
c6 tinh t6n that caa cot nuoc [11]

H]
|

[>]
P
1l L
j==]|

<l

Trong do:
V' Van téc cua nuée (pu);

a= a.A : Goc md canh hudng 1y tuong (%);

—\2
H= [\LJ : Cot ap thay lyc tai canh hudng (pu);
a

Hip = fp.\7 2. Tén thét cOt ap tai turbine (pu);
Ho: Gi4 tri ban du cua cot ap (pu);
A - Hé s6 turbine;
Pm = (\7 —\7N|_).ﬁ : Cong suit co cua turbine (pu);
VL @ Van tde nude khi khong tai (pu).
M0 hinh dong hoc may phat dién:
e Theo [10], m6 hinh dong hoc clia may phat va hé
théng dién & ché do van hanh véi tai doc 1ap va ndi

ludi duoc xdy dung trong hé don vi tuong ddi c6
dang twong rng nhu hinh H.3a, H.3b.
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.A:EL
a. M6 hinh may phat dién
van hanh doc lap

b. M6 hinh mdy phat dién
van hanh noi luoi
H.3. M6 hinh dong hoc may phat dién [10]
Trong do:
APe : Thay d6i cong suat ham dién tir ciia may phat;
APp : Thay d6i cong suat turbine;

AP 1a thanh phan tai thay d6i khong phu thudc véi
tan sé;

D.Awr 12 thanh phan tai thay ddi theo tan sb;

D 1a hang s6 dic tinh tai theo tan s, biéu dién phan
tram tai thay doi theo phan tram tan so thay doi;

v, Hing s6 quan tinh (s);

Awy : Thay doi tbe do roto may phat;

K A A
s: HE s0;

A8 Thay dbi goc tai.
2.2. Pap trng cta hé thong khi str dung bd
diéu khién PID va PI

St dung thong sd cta nha may thuy dién Ryninh
theo tai li¢u tham khao [14] cho trong bang B.1.

B.1. Thong s6 st dung mé phong hé thong

T.sb Gia tri T.sb Gia tri
Himin 60m Twm 6s
Qrmax 18,8m°/s P, 0,5 (pu)
D, 1,1m Q: 0,15 (pu)
T 0,91 X4 0,3
Ndm 600 v/p Xoa 0,15
Nt (750-900) v/p XL 0,9
L, 79 m Ug 0.993
A, 1,3 m? E 1,056
ap 1100 m/s 8 40,09°

T.sb Gié tri Tsd | Gidt
Thong s6 may phat Thong s6 secvo, CB
Pam 1,2MW Ky 5
Uidm 6,3KW T, 0,02s
fim 50Hz Kq 1
Ndm 600v/p T, 1s
Nyt 900v/p Ku 1
cosg 0,8 Tes 0,02s
e 95% Kes 1
Thong s turbine Tu 0,02s
Pim 1,2 MW Théng s tinh toan
Hi 66,5m Tw 1,74s
Himax 76m A 1,14
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Theo [14], thong ) bo diéu khién PID (trong mach
vong diéu khién tdc do) va PI (trong mach vong
diéu khién cong suét) dugc xac dinh theo phuong
phap gan diém cuc trong truong hop chiéu cao cot
4p 1a dinh mirc (66,5m), gia tri cong sudt ban dau
Po =0,5(pu) va céc thong sd trong bang B.1, cu thé:

e Théng sé bd diéu khién PID:
K, =2,25;K, =0,745;K, =0,56
e Thong s bd diéu khién PI:
K, =0,225;K, =0,165

M6 phong hé thong bang phan mém Matlab
Simulink thu dwgc dap Gng cia mach vong diéu
khién téc do (ché dd van hanh doc 1ap) va mach
vong diéu khién cong suit (ché d6 van hanh nbi
ludi) twong ung nhu hinh H.4 va H.5

Toc do (pu)
o
©
3 g

] i
1AU 50 60 70 80 90 100 110 120 130 140 150
T T T T T
g o
= 3. B o
TE 05| Proy ol ’\
=3 7 \
%2 _ \
= \
28 %Pa &
g3 =
g Pz
°
(=]
05 i 1 1 1 1 i 1 1 1 1
40 50 60 70 80 0 100 110 120 130 140 150

Thoi gian (s)

H.4. Pap tng ciia mach vong téc do khi sir dung PID

Két qua mo phong cho thdy, trong diéu kién hé
thdng c6 théng sb 6n dinh, b diéu khién PID, PI c6
cac thong s6 duge xac dinh tai mot diém lam viéc
(Vo,0,Ho) dam bao duoc yéu cau diéu khién cua
hé thdng (thoi gian dap ung nhanh, khong dao dong,
khong qua diéu chinh, sai léch tinh bang 0).
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07

T
Dap ung cong suat
Do mo canh huong
———~Cong suat dat

o
@

o
5
T

Cong suat (pu)
Do mo canh huong (%)
o o
w I
T T

o
[N}
T

o

a

i i H i
0 50 100 150 200 250 300
Thai gian (s)

H.5. Pap tng ciia mach vong cong suét khi st dung Pl

Trong céac trudng hop hé théng c6 cac tham sé thay
d6i (chiéu cao cot ap, phu tai dién va gia tri dit cong
suat) trong pham vi rong, khi d6 vadi bo dicu khién
PID, PI (c6 cac thong sd cb dinh) s& khong con thoa
mén dugc yéu cau diéu khién, dap ung dao dong
manh, cu thé: Xét truong hop cong suét tai (hodc gia
tri dat cong sut) thay doi, chiéu cao cot ap ting:

e Dap tmg mach vong toc do

121

T T T T
Dap ung toc do T/H2
................................. —Toc dodat

Toc do dat (p

Dap ung toc do

o
o

Chieu cao cot ap (pu)
Goc mo canh huong (%)
o
»

o
=

i i i i i
150 200 250 300 350 400
0.75 — - - . .
=2 o7} VAN
=% i
2 085
S 06
=22
S 2 085F -
2
S
05 i i i i
150 200 250 300 350 200

Thoi gian ()

H.6. Dap (ing cia mach vong téc do khi sir dung
bo diéu khién PID khi tai va chiéu cao cot ap thay doi

e Dap ung cia mach vong cong suat:

11— T T T T T

ookl

o
=)
"

—Dap ung cong suat {PI12)
———Cong suat dat
—=—=Cotap

Do mo canh huong

i 1 i 1
150 200 250 300 380 400 450 500
Thoi gian (s)

05

04

H.7. Dap ting cua mach vong cong suit khi str dung
b6 diéu khién PI khi tai va chiéu cao cot ap thay doi
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2.3. Pap rng cua hé théng khi sir dung bo
diéu khién thich nghi NNC

Dé khic phuc han ché cua bo diéu khién PID, PI
trong nhitng trudng hop hé thong c6 cac tham s
thay d6i trong khoang rong, t6i da sir dung cau triic
diéu khién nhu hinh H.8.

e ~ <A ,
x B0 dicu Y| péi y
khién tron. >
NNC ong
.
2 ) 4
:_ ym
€
A 4
> B0 nhan
dang
ANFIS 1z
Théng tin Jacobian
H.8. Cau tric hé thong diéu khién thich nghi
Trong do:

x la tin hiéu dat; e 1a sai Iéch giira tin hi¢u dat va tin
hiéu ra cua ddi tuong; u la tin hiéu ra cua bd diéu
khién NNC:; e; 1a sai léch gitra dau ra cta bd nhan
dang ANFIS (y_) véi dau ra ctua ddi tuong (y);

N e ., O T S
thong tin Jacobian la gia tri cua % (do bién thién
u
clia dau ra theo tin hiéu diéu khién)

Theo [12], bé nhin dang ANFIS c6 cau tric (4-4-4-
4-1) c6 nhiém vu nhan dang truc tiép dédi tuong, sau
d6 tinh toan do bién thién cua dau ra theo tin hiéu
diéu khién. B¢ diéu khién noron NNC ¢6 cau triic
theo b diéu khién PID (mach vong diéu khién toc
d6) hodc PI (mach vong diéu khién cong suét). Theo
d0, thong s6 bo diéu khién duoc cap nhat thich nghi
theo sy thay d6i tham sé ciia dbi tuong.

Qua md phong cho thiy, dap g cua hé thdng khi
sir dung bo diéu khién NNC cho chit luong diéu
khién tot hon nhiéu so v6i khi st dung b diéu khién
PID hoic PI trong nhiing truong hop hé thdng co
tham s (chiéu cao cOt ap, phu tai dién) thay dbi
trong pham vi rong. Két qua so sanh dap mg cta hé
thong khi sir dung bd diéu khién NNC va PID (PI)
trong truong hop chiéu cao cot ap ting, phu tai dién
thay d6i (hodc thay ddi cong suat dit) dugc cho trén
cac hinh H.9 va H.10.

Qua céc két qua mé phong cho thay, khi sir dung bo
diéu khién NNC thay cho bo diéu khién PID hoic PI
trong céc diéu kién lam viéc khac nhau déu cho dap
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tmg cua hé thdng c6 chit luong tét hon (dap tng
khong dao dong, lugng qua didu chinh nho, thoi
gian quéa do ngin).

Uu diém nodi bat cua by diéu khién NNC c6 cac
tham s tu chinh mot cach truc tuyén theo su thay
d6i tham s6 cuia di tuong.

— — —Dap ung toc do PID/2

Toc do fpu)

150 200 2650 300 350 400

H.9. Bap (ing mach vong toc do khi sit dung bé diéu
khien NNC va PID khi tai va chiéu cao cot ap thay doi

11 T T J

09

o
=

o
1

Cong suat (pu)

0By

05

Dap ung cong suat (NNC/2)
———Cong suat dat
Dap ung cong suat (P112)

04

i I i I
180 200 250 300 350 400 450 500
Thoi gian (s)

H.10. Bap (ing cdng suét ctia h¢ thong khi sir dung b
diéu khién NNC va P1 khi tai va chiéu cao cot ap thay doi

Thoéng s6 bo diéu khién NNC va tin hiéu Jacobi
thay doi trong qua trinh diéu khién cho trén céc hinh
H.11 va H.12.

o 2 ke Noeasmnrsens T . S, 4
X 3 ’
212 : L il 8
1 i 1 i T
0.75 T

i i 1 i
180 200 250 300 350 400
08013 "V g : ' : :
o ’
X 08012 oo vt ¥ -
05012 L ! i i
5% 20 250 30 30 400
. ! i
g 3 et =
g p
- i i i i
180 200 250 300 350 400

Thoi gian (s)

H.11. Thong sb bo diéu khién NNC
trong mach vong diéu khién toc do

024 — : ; - T T T
nzal : ; : : : E

KP

021 L1 i i i i i
150 200 250 300 350 400 450 500
T T T T T

02—

i I i I i i
150 200 250 300 350 400 450 500

Jacobi

i i I I
150 200 250 300 350 400 450 500
Thai gian (s)

H.12. Thang s6 bg diéu khién NN
trong mach vong diéu khién céng suat

2.4. Két qua thuwc nghiém

Bo diéu khién NNC da dugc kiém chimng trén mo
hinh thyc nghiém HIL (Hardware-In-The-Loop),
trong d6 sir dung card diéu khién NI PCI MIO 16E-
1 1am trung tdm c6 moé hinh téng quat nhu hinh
H.13.

Target PC
MBS hinh Simulink o .
. Tin hiéu phan héi
Tin hiéu diéu khién

# Tin hicu vao Arduino
I s

Card DAQ NI 16E-1

Tin hi¢u didu khién

. Cénhhudng OV SecvoMotst Tadién
H13. M&é hinh thyc nghiém HIL
Trong do:

M@ hinh Simulink: M6 hinh hé thong trong Simulink
st dung cho viéc chay trén nén thoi gian thyec.

Arduino: Nhan tin hiéu diéu khién tir giao dién Card
DQA NI 16E-1 va dat tin hiéu diéu khién cho d6i
tuong thuc.

Poi twong thuc (Secvo Motor): Nhan tin hi¢u diéu
khién tir Arduino théng qua ti dién diéu khién, dong
thoi phan hoi cac tin hidu qua card NI DAQ 16E-1.

Target PC: La may tinh dich, c6 chira mo6 hinh cta
toan bo hé théng. Target PC c6 nhiém vu chay mo
hinh hé théng trén nén thoi gian thuc dé dap ung
yéu cdu md phong. Ngoai ra Target PC con co cac
thiét bi truyén thu thap dir liéu voi bén ngoai, viéc
lién két va truyén dir lidu gita Target PC va
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Arduino duogc thuc hién qua két ndi Card DAQ NI
16E-1.

Qua trinh thuc nghiém dugc tién hanh & cac ché do
van hanh va cac diéu kién khac nhau cua hé thong
v6i cac bd diéu khién PID, PI, NNC, cu thé:

Dic tinh thyc nghiém ciia mach vong diéu khién tdc
d6 trong trudng hop tai thay doi va chiéu cao cot ap
tang khi sir dung bo diéu khién PID va NNC cho
trén hinh H.14 va H.15.

1

T
Dap ung toc do (PID-THZ)

105_..5 A U ST, TR U
R
o
=
2 0%
i,
Dg ......................... -
iz w1 L 1 L 1
1 1?0 QQD 2§D SQD 3’?'0 400
: Cong suat co (PI0-TNZ)
0sl-- ———Phu tai dien

Cong suat (pu)
o
o

o
=
T

1%0 260 2450 300 E}E‘D 400
Thoi gian (s)

H.14. Bc tinh thuc nghi¢m cia mach vong toc do

khi str dung bo dieu khién PID trong truong hop tai

va chiéu cao cét ap thay doi

1.1 T T T

I
= Dap ung toc: do (NNC-THZ)
———Toc do dat

Toc do (pu)

i i
150 200 250 300 3§D 400

Cong saut (pu)

Dap ung cong suat (PLTNZ) [T
———Cong suat dat

i i i i
150 200 250 300 350 400 450 500
Thoi gian (s)

H.16. Bic tinh thuc nghiém cua mach vong cong suét
khi str dung bo dicu khién Pl trong truong hop tai
va chiéu cao cot ap thay doi

ik} T T T

nEst ; : 4

o
=] i o
~ & =)

o
m
&

Cong suat (pu)

o
in =
& =

o
i

— Dap ung cong suat (NNC-TRZ)
———Conyg suat dat

i I i I
150 200 250 300 350 400 450 500
Thoi gian (s)

0.45

H.17. Bic tinh thuc nghi¢ém ctia mach vong cong Suat
khi sir dung b¢ dicu khien NNC khi tai
va chiéu cao cot ap thay doi

B.2. K&t qua so sanh giira hai b diéu khién PID
va NNC trong cac diéu kién van hanh khac nhau

Cong suat (pu)

150 200 250 300 350 400
Thai gian (s)

H.15. Bic tinh thuc nghiém ciia mach vong toc do
khi st dung b6 dicu khién NNC trong truong hop tai
va chiéu cao cot ap thay doi
bidc tinh thyc nghiém ctia mach vong diéu khién
cong suét trong truong hop tai thay ddi va chiéu cao
cot ap tang khi st dung bd diéu khién PI vd NNC

cho trén hinh H.16 va H.17.

Két qua thuc nghiém bo didu khién NNC véi bd
diéu tde dién-thuy luc thyc té hoan toan phu hop voi
két qua md phong. Chét lugng cu thé dwoc cho
trong bang B.2 va 3.
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. Bé Théigian | Lwgng qui | 8§ 1in dao e
b Dieu kién lam N < oan G e Sai léch tinh
; didu qui dé diéu chinh dong
viéc » = . 5(%)
khién t,(s) 8, (%) ()
Cong suat co (NNC-TNZ) PID - 78 - -
Treong hop 1
NNC 50 7.5 3 0,12
ooty | D - 80 - -
NP S e 5 75 3 015
Towime hon 3 PID - 7.0 - -
TUFOTL
8NP e 60 80 3 02

B.3. Két qua so sanh giira hai b diéu khién Pl
va NNC trong cac dieu kién van hanh khac nhau

. By | Théigham |Lwongqui | S§lin dao N
Bieu kién lam N < an PO Sai léch tinh
i didu qua dg diéu chinh dong
viéc » = . S(%j
khién t,(s) 8 (%) ()
PI 100 6.13 7 +0.15
Treomg hop 1
NNC 70 6.1 0 +0.08
PI 110 9.835 g +0.2
Treomg hop 2
NNC 35 3.33 2 +0,1
PI 100 852 8 0.15
Treomg hop 3
NNC 50 3.54 2 0.1
Trong do:

Trudng hop 1: Phy tai thay doi, chidu cao cot ap on
dinh;
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Truong hop 2: Phu tai thay ddi, chidu cao cot ap
tang;

Truong hop 3: Phu tai thay ddi, chiéu cao cot ap
giam.

3. KET LUAN

Két qua nghién ctru cho thiy, tram thiy dién cong
suét nho trong diéu kién 1am viéc c6 chiéu cao cot
ap khong on dinh cong véi nhu cau dién ning (phu
tai clia cic may phat dién) luon thay doi trong pham
vi rong, thi bd diéu téc voi thuat toan didu khién
PID, PI (c6 cic tham s6 cb dinh) s& rat kho khin
trong viéc diéu chinh giit can bang giita ning luong
dau vao va dau ra cua hé thng, 1am cho dap mg ¢
dao dong 16n (hodc co truong hop mat on dinh).

Pé khic phuc han ché nay, nhom tac gia da thiét ké

thanh cong bo diéu khién thich nghi NNC. Trong d6
mo hinh cua d6i tuong dugc nhan dang truc tuyén
boi mot mang noron dya trén hé thé)ng suy luan mo
ANFIS. Tu b nhan dang ANFIS, thong tin
Jacobian dugc tinh toan dé cung cp cho giai thuat
gradient descent ap dung cho viéc huin luyén truc
tuyén bo diéu khién PID, Pl mét noron. Cac tham s6
ctia bo dicu khién PID, Pl duoc to chirc dudi dang
bd trong sb clia mot noron tuyén tinh va dugc diéu
chinh thich nghi trong qua trinh diéu khién. So voi
bo diéu khién PID, Pl truyén thong, bo dicu khién
NNC cho dap g dau ra ciia hé thong co chat luong
t6t hon nhiéu. Két qua mo phong va thyc nghiém
trén md hinh hé thng turbine-thity Iyc ¢ cac tham
s6 bat dinh cho thay bo diéu khién di dap tng t6t
duogc cac yéu cau vé chét luong diéu khién hé thong.
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PHAN 2. PIEN TU CONG SUAT

MO PHONG BO BIEN POl KHAC PHUC NHANH S’ CO LOI - LOM BIEN AP
NGAN HAN CHO PHU TAI BA PHA

SIMULATION ACTIVE VOLTAGE CONDITIONER CONVERTER
FOR LOAD THREE-PHASE

Hoang Thanh Nam, Nguyén Dinh Ngoc, Nguyén Van Tiép
Nguyén Kién Cwong, Vi Hoang Phwong, Tran Trong Minh
Trwdng Dai hoc Bach khoa Ha Nbi
E-mail: thanhnambka@gmail.com

Tom tat:

L&i 18m dién ap 1a sy thay déi dién ap trong moét thoi gian ngén nhwng anh huéng téi mot sé phu tai quan
trong, lam gian doan hoat ddong san xuét ctia nha may,... Ldi 16m dién ap cé thé dwoc khac phuc bang (rng
dung bo bu dién ap dong (AVC) xay dung trén co s& bd bién dbdi (BBD) ban dan véi cac tinh ndng wu viét 1a
tac dong nhanh va dd chinh xac cao. AVC la giai phap tiét kiém, co thé 1ap dat dé bdo vé cac phu tai nhay
cdm quan trong, nhirng hé théng thiét bj cé sén va dang bi anh hwéng ctia nhitng sw cb 16i 16m dién ap.

Abstract:

Voltage swell-sag is a transients happened in a short time, which may cause some downtime at the
important loads; therefore, it affect normal operation of the entire plant,... This problem can be solved by the
Active Voltage Conditioner (AVC) application, based on the power electronic converter with outstanding
ability, such as: fast response and precise excellently compensation. The AVC application is an economic
solution to protect not only important sensitively loads but also equipment systems from instantaneous
voltage changes.

Keywords:

Active voltage conditioner (AVC), dynamic voltage restorer (DVR), power quality (PQ), voltage sag,
voltage swell.

KY hi¢u Vioad \Y Dién 4p trén tai
Kyhiéu Ponvi Y nghia Chir viet tat
Cs F Tu dién phia LC AVC Active voltage conditioner
L¢ H Cudn cam phia LC DVR Dynamic voltage restorer
Cr E Tu dién phia LCL PLL Phase locked loop
Lo, L, H Cudn cam phia LCL BBD B¢ bién doi
Rp 0 Pién tré phia LCL IGBT Insulated gate bipolar transistor
Ug v Pién 4p tu De-link SVM Space vecto modulation
. . v o . LCL Bo loc LCL
Uea » Usg G tri lugng dién dp can bu Dc-link Dién ap phia tu dién mot chidu
e \4 bién ap luai MBA-NT  May bién ap nbi tiép
U; \Y/ bién ap trén ty phia LC R L
is A Dong dién phia LC 1" PHAN MO'DAU )
Vi v Dién ap ngu in Loi 1om dién ap 1a hién tugng suy giam, mat can

bang dién 4p, goc nhay pha, qua do dién ap hodc
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gian doan ngudn dién trong ngdn han. Theo két qua
khao sat bai EPRI [4,5], cho thay co t6i 68% la cac
16i mot pha, 19% 15i hai pha va 13% la 1i ba pha,
qua d6 c6 dén 87% la cac 16i khong ddi xtimg. Khi
Xuét hién mot 16i khong ddi xung dan dén xuit hién
cac 16m dién 4p khong can bang trén ludi dién, khi
d6 dién ap trén ludi ngoai thanh phz‘in thtr tu thuan
con xudt hién thém thanh phan the tu nghich, do 16i
16m dién ap ciing nhu thoi gian ton tai 16i 16m trén
cac pha khong giéng nhau, goc nhay pha trén cac
dién 4p trong bién cb 16i 16m dién ap ciing c6 thé
khac nhau trén ca ba pha. Tuy rang 16i 1dm dién ap
chi xay ra trong mot khoang thoi gian ngan, nhung
n6 c6 thé lam mot sd phu tai nhay cam dimg hoat
dong, gay gian doan qua trinh san xuit ctia nha may.
Vi du nhu nha may xi mang Hoang Mai thudce tinh
Nghé An [2] tinh dén nim 2008 dén nim 2014 da
c6 khoang 150 lan bi ngung hoat dong, v4i mdi
lan ding 10 do quat ID bi ngit gdy ton thét 1én dén
120 triéu VN dong. B6 bu dién ap dong AVC c6
thé gitp cho cac phu tai quan trong, nhay cam
hoat dong binh thuong dudi nhiing bién cd 16i
16m dién 4p ngin han. Ly do phai dung AVC 1a vi
viéc khic phuc bang cach cai tao hé théng phan
phdi 12 khong thé thuc hién duge, c6 thé do khong
du kinh phi hoic khong thé gian doan héa san
xuat hodc hé thdng dién nim ngoai tam quan ly
cua doanh nghiép.

Bai bao nay budc dau xiy dung cau hinh mach luc,
ciu tric diéu khién bo bu dién ap dong AVC hoat
dong trong diéu kién dién ap 16i 16m dién ap déu ca
ba pha v6i cong suat dinh mic SkVA. Cac két qua
mo phong chimg minh duge b AVC giap cho dién
ap phia tai dam bao gia tri dinh mirc khi ma dién ap
phia ngudn xuat hién su c¢d 16i 16m dién ap.

2. NOI DUNG CHINH
2.1. Cau hinh mach lwc

AVC khi hoat dong s& chén vao mét dién ap ndi tiép
v6i ngudn cung cap, dién ap d6 duogc tao ra tir BBD
series két ndi v6i DC-link va BBD shunt. AVC can
phai tao ra dién ap ba pha v6i thanh phan tha ty
thuan, thr tw nghich khi lam viéc véi hé thong ba
pha ba diy. BBD phai c6 kha ning trao ddi cong
suét trén ca hai chiéu, chiu dugc dién ap cao va ton
hao thip, vi thé trong cac giai phap thuc té BBD
thuong duoc xay dung tir cac linh kién ban dan dicu
khién hoan toan nhu IGBT. C6 nhiéu cau tric AVC
da dwoc néu ra ¢ [1, 2], tuy nhién trong bai bao nay
sit dung cdu trac nhu H.1 gém nhimng thanh phan
chinh sau day:

e BBD shunt la mdt bg chinh luu tich cyc ba pha,
st dung phuong phéap diéu ché SVM.

e Mach loc LCL phia BBD shunt.

e BBD series g6m ba mach nghich luu cau H mot
pha véi 12 van ban dan IGBT sir dung phuong phap
diéu ché Sin-PWM.

e Tu dién mot chiéu DC-link, 13 noi luu trir ning
luong gitip cho BBD series c6 thé tao ra dién ap
xoay chiéu can thiét bu cho mot bién ¢ 16i 16m dién
ap khi n6 xdy ra.

e Miy bién ap mot pha ndi tiép (MBA-NT), céch
ly gitta AVC va lué6i, phdi hop muc dién ap.

e B loc tan s6 chuyén mach LC phia BBD series,

giam anh huéng cua qué trinh dong cit van do diéu
ché PWM.
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H.1. C4u tric mach luc bo bién ddi AVC

o) day ta chon MBA-NT Ia do yéu cAu sy doc lap tr
thdng trong khi bl nhiéu loan khong can bang. Uu

diém khi ap dung MBA-NT nhu: tao cach ly dién ap
giita ngudn va BBD, tao kha ning 4ap dung trong cac
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hé théng ba pha, c6 thé tan dung nhu mét cudn cam
L gitip cho khau loc chi con hai thanh phan LC. Tuy
nhién nhugc diém théng thuong nhat cia MBA-NT
1a: chiém phan 16n chi phi xay dung h¢ théng AVC
va kich thudc cua no, do sy nguy hiém do bi bdo
hoa 181 nén bién 4p chén phai co cong suat 16n hon
tinh toan tir cac thong s6 cua BBD.

2.2. Cac ché do6 hoat déong cua AVC

e Ché do Bypass: AVC dugc ndi tit bang khoa co
khi hoac dién tir, khi c6 dong tai cao hoac dong
ngin mach phia tai. Trong ché d6 nay AVC phai
duogc cach ly khéi ludi.

e Ché d6 chd (Standby mode): Ngudn dién ap
cung cip & muc dinh mirc va AVC da san sang dé
bt cho mét bién cb 16i 16m dién ap.

e Ché do hoat dong tich cuc: Khi 16i 16m dién ap
duoc phat hién AVC ngay lap tic thuc hién chén
dién ap. bay la ché d6 hoat dong chinh cua AVC.

2.3. CAu truc diéu khién AVC

Muc tiéu cia AVC la khéi phuc dién ap trén tai theo
gia tri mong mudn dé tai nhay cam khong bi sy cé
khi gap phal tac dong cuia 16m dién ap tir ludi nguon

cung cap. Vi vay hé théng diéu khién AVC c6
nhiém vu tao ra gia tri dién ap chén vao ludi Ui, voi
bién d9, tn s6 va goc pha dé théoa man muc tiéu

didu chinh dé. Trong diéu khién hé théng AVC bao
gom diéu khién dién ap tai, diéu khién DC-link, diéu
khién ddng bo dién ap ludi va diéu khién phat hién
16i 16m dién ap. Trong d6 diéu khién dién ap tai la
phuc tap va quan trong nhét, vi n6 quyét dinh truc
tiép dén kha ning lam viéc hiéu qua ciia AVC trong
viéc bu 16i 16m dién ap dé bao vé tai nhay cam. Tuy
nhién, bai bao nay budc dau xay dung ciu trac didu
khién hai BBD shunt va series hoat dong trong diéu
kién 16i 16m dién ap déu ca ba pha dé kiém tra kha
nang cheén dién ap cua AVC vao lugi. Khi thyc hién
voi ludi dién mAt can bﬁng, cAu trac diéu khién s&
phtc tap hon do can phai tach va thyc hién diéu
khién AVC trén hai thanh phan th ty thuan va thi
tu nguoc... Céu trac diéu khién cua AVC dugc xay
dung trén H.2. O d6 ta tién hanh khoa pha dién ap

luoi e, va tinh toan luong dién ap can bu U:d , u:q ,
lugng dién ap bu nay s& la luong dat cho BBD
series. BBD shunt gdm hai mach vong diéu chinh
dién ap DC-link va mach vong diéu chinh dong
dién. BBD series ciing gom hai mach vong diéu
chinh dién ap trén tu u; va mach vong diéu chinh
dong dién is.

2.4. Tong hop tham sé cac bo diéu chinh

Tién tong hop tham s6 cac bo diéu chinh cho hai
BBD shunt va series theo [10].

3 Phase \

Grid /

Tinh toan
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PWM

<J.L

0

€nd

Cog | PLL |22

:

H.2. Cau truc diéu khién AVC trong diéu kién dién ap ba pha can bang

67 |



DIEU KHIEN VA TU PONG HOA CHO PHAT TRIEN BEN VNG (CASD - 2017)

2.4.1. Téng hop tham s6 BBP shunt

Bo diéu chinh dong dién co6 thé 1a bo PI, v6i ham
truyén H, s — Ko [1+ is] . Khi d6 ham truyén hé
kin s€ la: ’

T.s+1

%sz +Ts+1 @

pc

Hy S =

Cac tham s6 bg diéu chinh can dam bao bang thong
mong mudn 13 1/Tq va d6 tit dan &. N6i cach khéc
1a viét lai (1) dudi dang ham bac hai dang chuin
nhu (2)

T.s+1

H,. s =
o T2s? +2( T, 5+1

(2)
Tir @0, cac hé sd ctia bd didu chinh dong dién dugc
xac dinh nhu (3)

Kpc = ZCCTC /TOC' Tic = ZCCTOC (3)
Bo diéu chinh dién ap c6 thé 1a bd PI, v6i ham

truyén H, s =K, , cin dam bdo bing

1+
T.

v

thong mong mudn 1/Te, va do tit din &. Ham
truyén hé kin sé la:

T,s+1

H, s =
4Tich SZ+

(4)
T,s+1
3K pv ﬂ de : "

4 ——
3vaﬂdeRe

Trong d6 tham s6 bo diéu chinh dién ap dugc xac
dinh nhu:

:4C\/CR€ _TOv — 4<vCRe _TOV (5)
33 TR Y " CR

Ov' e e

Pé lya chon duge cac thong s6 cua b diéu chinh
can luu ¥ rang bing thong cua mach vong dong dién
phai nho hon quing 5 lan tin s6 déng cit ciia khau
diéu ché PWM. Mach vong dong dién ap phai nhanh
hon 5 dén 10 1an mach vong dién 4p. Pay 1a diéu
kién dé phan tach tic dong cua cic bién trang thai
pht hop véi cau trac didu khién theo mach vong
16ng ghép.

2.4.2. Téng hop tham sé BBD series
Ham truyén hé kin cho trén (6):

T.s+1

%sz +TeS+1 (6)

pc

Hy S =

Tham s6 b diéu chinh dong dién dugc xac dinh &

()
Kpc = ZCC Lf /TOC’ ic — ZCCTOC (7)
Ham truyén kin mach vong dién ap c6 dang:

T,s+1

HOVS:

C
v f 52 +Tivs+1 (8)
Koy

Tham s6 bo diéu chinh dién ap dwoc xac dinh
6(9)

va = 2Cccf /TOVYTiv = ZCCTOV (9)

Céan luu y rang bang thong cia mach vong dong
dién bang tan sb dong cit cua khau diéu ché PWM.
Mach vong dong dién ap phai nhanh hon 5 dén 10
lan mach vong dién ap.
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H.3. So @5 m6 phong bo AVC trén Matlab-Simulink
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3. MO PHONG VA NHAN XET

Tién hanh mdé phong bd AVC trén phan mém
Matlab-Simulink véi so do cho trén Simulink véi so
do cho trén

H.3 ndi phu tai 5Q 20mH, tham sé mo phong dugc
chi ra trong bang B.1. Trong khoang thoi gian tu Os
dén 0,05s dién ap c6 bién do 310V; tir 0,05s dén
0,1s dién 4p bi 10m ca ba pha con 70% gia tri dinh
murc; tir 0,1s dén 0,15s dién ap 16i thém 20% so voi
gia tri dinh mucl. Cong sudt bdo AVC la 5kVA,
dién ap dat Ugrer 12 650V. Pé cho don gian trong
viéc tinh toan lugng bu dién ap, ta chon MBA ¢6 ti
so 1:1.

B.1. Tham s6 m6 phong b AVC

Tham s6 mach loc LCL  Gia tri Pon vi
Cudn cam phia ludi Lg 1,2 mH
Cudn cam phia shuntl, 2,5 mH
Tu dién Ce 6,8 MF
Pién tro Rp 4 Q
Tham s6 mach loc LC  Gid tri Pon vi
Cudn cam L 1 mH
Tu dién C; 40 MF
Tham s6 tu DC-link Gia tri Pon vi
Tu dién Cpc.ink 3300 MF
Tham s6 PI BBD shunt Thamsé  Gia tri
K 0,1567
Mach vong dién ap prstunt
Tiv_shunt 0,0273
. . R Kpc_shunt 1,1200
Mach vong dong dién
Tic_shunt 0,0014
Tham s6 PI BBD series Thamsé  Gia tri
Koy seri 0,0560
Mach vong dién ap prseries
Tiv_ series 0,0014
. . R Kpc_ series 7,0000
Mach vong dong dién
Tic_ series 2,8006-4
400
S A\/A\/A\/A\/”\ VY
>:°°J'/\\/y\//\\/y\//\></ O VYTV
WWW
0 0.05 0.15

t(s) 0.1

H.4. Dang dién 4p Vg phia nguén

69 |

LA AR A AN AN
s TAMANAKAARAAARTAAFAASN
S Y
K AVAVAVAVAVAVAVAVAVAVAVAVAVAV VAV,

0

0.05

t (S) 0.1

0.15
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4]
o

— —-ref.
——meas.

o

isq series (V)

a1
o
o

0.05 01 0.15

t(s)
H.12. Dang dién ap isq_series DO SEries

Céc két qua mo phong duge chi ra tir

H.4 dén H.12 vai kich ban md phong nhu di néu ra
& U Vi cac bién ¢ 161 16m dién 4p phia ngudn
ludi nhu trén

H.4, bo AVC da thyc hién tinh toan va dua ra lugng
bu thich hop giup cho dién ap phia tai gitr dugc gia
trj dinh muc, két qua dugc thé hién trén H.5. Thoi
gian dé bd AVC dua ra luong bu giup cho 6n dinh
dién ap phia phuy tai chura dén % chu ki dién ap. H.8
la dang dién ap trén ty Dc-link, H.9 1a dang dién ap
Ug trén bo series; ta thdy trong khoang tir 0,05s dén
0.1s, bd AVC phai dua ra lugng bu dién ap khién
cho dién ap Uy bi sut xuéng, dién ap uy dat gia tri
dwong dé bu dién 4ap bi 16m xudng vao ludi; khoang
thoi gian tiép theo tir 0.1s dén 0.15s bd AVC thyc
hién viéc bu 16i dién ap, cong suat phia ludi duoc
bom nguoc lai phia ty Dc-link kién cho Uy, tang lén
trén 650V, dién ap Usg khi d6 co gia tri am. Két qua
md phong trén cac hinh con lai cho thiy gia tri
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DRIVER DESIGN FOR 3KW 13.56 MHZ MULTIPHASE RESONANT INVERTER

Nguyen Kien Trung, Kan Akatsu
Shibaura Institute of technology
Email: nguyen.kien.trung.j3@sic.shibaura-it.ac.jp

Abstract:

In half-bridge inverter topology, it is well known that the driver circuit design at high switching frequency is
always the challenge due to the ground floating of the high-side driver circuit. At very high switching
frequency such as 13.56 MHz, the common mode noise becomes a critical issue because it strongly effects
to the stability and the efficiency of the inverter especially in case of the high power condition. Furthermore,
in the case of multiphase resonant inverter topology, the synchronous of the driver pulse among phases to
obtain the same class DE operation mode in every phase is also another challenge. In this paper, the driver
circuit design for 3kW 13.56 MHz multiphase resonant inverter with the efficiency of 96.1% is presented

in detail.

Keywords:

13.56 MHz inverter; High frequency inverter; Multiphase inverter; Resonant inverter; Wireless power transfer.

1. INTRODUCTION

Recently, the wireless charging systems for electric
vehicle (EV) are almost using the switching
frequency around 85 kHz. The power is up to
several kW with the efficiency of over 90% [1].
However, because of the low operating frequency,
the wireless distance is only around 20 cm with the
big and heavy coupling system [1]. The MHz range
operating frequency is one of the future research
trends where the transfer distance will be extended
up to several meters [2]. It makes more freedom for
the EV position in both of static wireless charging
and dynamic charging systems. A lot of material
will be saved and the design is more freedom when
the coupling system is much smaller and lighter.
Nevertheless, the MHz operating frequency range is
still hard to apply in EV wireless charging system
because it is still difficult to make the high power
inverter with high efficiency at MHz switching
frequency.

At 13.56 MHz switching frequency, the resonant
inverter with the soft-switching technique is the key
solution to obtain high efficiency. The class E or @,
inverter is suitable because of these inverters can
achieve zero voltage switching and zero dv/dt
switching condition with the simple gate-driver
circuit. However, these types of inverters are
difficult to apply at high power level because the
topology of these inverters use only one power
switch and the stress voltage on the power switch is
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very high in the comparison with the input DC
voltage [3]. Furthermore, when the inverter is
connected to the coupling system with the very high
Q resonant coil, the voltage across the switching
device will be very high during the startup transient
state and it also limits the output power of these
types of inverter. In our research, the class D and
DE resonant inverter with half-bride topology are
used. With half-bridge topology, the voltage across
the switching device is equal to input DC voltage
and the output power of the inverter is easily
extended by using multiphase topology. In our
previous research, a 1.2 kW class D resonant
inverter with the efficiency of 93.1% was achieved
by using RF silicon MOSFET [4-5]. Then by using
GaN HEMT and multiphase topology in class DE
operation mode, the output power of the inverter
have been extended up to 3 kW with the efficiency
of 96.1% [6]. In these inverters, the driver circuit
design is one of the design challenges because of the
floating ground with very high dv/dt of high-side
driver circuit. In this paper, the detail design of the
driver circuit for these inverters is presented in
detail. The challenges of driver circuit design in
multiphase resonant inverter are presented in section
2. Then, the design of the driver circuit including
common mode noise immunity design, PCB design,
and the synchronous driver pulse among phases are
presented in section 3. Section 4 shows the
experiment results. Finally, the conclusion and
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future work are given in section 5.

2. CLASS DE RESONANT INVERTER AND
DRIVER CIRCUIT DESIGN CHALLENGE

Fig. 1 shows the topology of multiphase resonant
inverter which is consisted of several half-bridge
inverters in parallel. Fig. 2 shows the driver circuit
for high-side of one half-bridge in multiphase
inverter. At 13.56 MHz switching frequency, the
ground of high-side driver circuit is the output
voltage point of the half-bridge where the voltage is
13.56 MHz square waveform with very high dv/dt.
As shown in Fig. 2, the very high dv/dt across the
parasitic capacitors Cstrayl and Cstray2 generates
the common mode noise current in the high-side
driver circuit as calculated by (1). The common
noise current effects to the driver pulse as shown in
(2) which make noise in the driver pulse. The
voltage supply for the isolation device also has noise
from the common mode noise current as shown in
(3). From these noises, the high-side driver circuit
may be unstable. To keep the stability for high-side
driver circuit, the limitation of the common mode
current and its effect are the key solutions.

. . . dv QD

lem1 tlem2 T lem3 = Cstraya

Up1 = Vp — (—lem1Z2 + icm2Z3) 2
Usupply = Vetr — (iem3Zy + iemaZ3) (3)

where Z1, Z2 and Z3 are the impedance of the trace
lines in the driver circuit.

In the design, there are three combination solutions
to limit the common mode current and its effect.
Firstly, the dv/dt is limited from the inverter design.
Fig. 3a and Fig. 3b show the dv/dt value in the case
of class DE and class D operation mode,
respectively. In class DE operation mode as shown
in Fig. 3(a), the value of dv/dt can be estimated by
(4). Then the design of the inverter with the
considering of dv/dt is more complicate and critical
in 13.56 MHz inverter as presented in [6]. In our
design, the inverter is designed in class DE
operation mode. However when the circuit
parameter change or in the transient state, the
inverter may be fallen to class D operation mode
where the dv/dt is much higher than class DE mode
as shown in Fig 3(b). Therefore, the design of the
inverter should have the margin in the maximum
value of dv/dt. In this design, the value of dv/dt in

class DE operation mode is designed at 25V/ns
when the maximum value of the isolation device is
50V/ns.

dv/dt = V. /t, 4)

where: V. is the input dc voltage and tg is the dead
time.

Secondly, to reduce the common noise current, the
stray capacitors between the ground of the driver
circuit and the ground of power circuit will be
minimized by the design of the driver circuit.
Finally, the effect of the common current is limited
by using the common mode filter in the driver
circuit design. The second and third solution is
explained more detail in the section 3 of this paper.
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Fig. 2. Common mode noise in high-side driver circuit

Furthermore, in multiphase resonant inverter, to
obtain the highest efficiency of the inverter, the
switching condition must be optimized in every
phase. To overcome the parasitic inductance effect,
the module design solution has been proposed [6].
Then the parameter of every phase is the same.
Therefore, to obtain the same class DE operation

72 |



PHAN 2. PIEN TU CONG SUAT

mode on every phase of the inverter to obtain
highest efficiency, the driver pulse for every phase
must be synchronized. This is another design
challenge at 13.56 MHz which is presented in the
section 3.
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a. Class DE operation mode
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b. Class D operation mode
Fig. 3. High dv/dt at the ground of high-side driver circuit

3. DRIVER DESIGN

3.1. Common mode noise immunity

To obtain high isolation common mode noise
immunity, the optical fiber links or transformer are
widely used. In this design, the proposed solution
leads to more compact design by using integrated I1C
ISO721M. This device can obtain 50 V/ns for
typical common mode noise immunity, maximum
delay skew of 2 ns and the isolation voltage up to
4000V RMS.

The structure of the driver pulse generator is shown
in Fig. 4. The value of stray capacitor Cgyay, Which
is shown in Fig. 2 depends on the isolation between
the ground of driver pulse generator circuit and
ground of the power circuit. Therefore, as shown in
Fig. 4, the isolation device is also used for the low-

side driver circuit to isolate two that grounds. The
high isolation DC power source is used for driver
pulse generator circuit that also reduces the stray
capacitor Ceray.

The PCB design in driver pulse generator circuit is
also very important because that affects the value of
the parasitic capacitors Cgayn and Cgyayp. TO Obtain
the low value of these parasitic capacitors, the PCB
design must separate the PCB aria of each side
where is isolated by the isolation devices. The aria
between the primary-side and secondary-side of the
isolation device is designed with no copper to obtain
lowest parasitic capacitance. The PCB design
around the isolation devices is shown in Fig. 5.
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Fig. 4. Structure of driver pulse generator circuit
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Fig. 5. PCB design for drive board

3.2. Synchronous drive pulse

To obtain class DE operation mode for all phase in
multiphase resonant inverter operating at 13.56
MHz, the driver pulse for all phase must be
synchronized. It becomes a challenge in the high-
side driver circuit design due to the floating high-
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side driver ground with very high dv/dt. The
proposed design solution is shown in Fig. 6. The
driver IC and the cascode GaN HEMT must be
placed as near as possible to minimize the parasitic
inductance of the connection between them.
Therefore, the driver ICs are directly attached on
each module.

Isolation Phase

13.56MHz

! 1
! 1
! 1

. 1
i pulse source  -0°P1 device | module
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! e e =
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! 1 ——
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! Drive Iy ! X
! 1
! 1

Coax cable

Fig. 6. Synchronous driver pulse design

Then, in order to synchronize the driver pulses in
every phase, every module is connected with the
only one driver pulse generator board.

In the driver pulse generator board, the design of
PCB is very critical to keep the minimum
impedance of the trace line and the similarity in two
sides Zi;n=Z,y. In the case of multiphase, the
impedance in each loop accompany with each
module is designed to balance with the other loop.
The ferrite beat is added in every loop to fill the
high frequency noise and make the impedance more
balance as shown in Fig. 6. To connect from the
driver board to the phase modules, the coaxial cable
is used. The type and the length of all cable is the
same to keep impedance balance.

4. EXPERIMENT RESULTS

Fig. 7 shows the prototype of the 13.56 MHz, 3kW,
5 phases inverter. The inverter includes 5 phase
modules which are all driven by the drive board.
Fig. 8(a) shows the experiment results of the drain-
source voltage and gate-source voltage of the high-
side GaN in one phase of the five phase resonant
inverter. The input DC voltage is 260 V.

The rising time and falling time of the drain-source
voltage in class DE operation mode is 12 ns
including the rising and falling time of the
oscilloscope. In the design, the dead time is
designed at 10 ns [6]. Then the dv/dt in this case is
about 25 V/ns. It is almost the same with the design.
The driver circuit and the inverter work stably.

There is no noise was observed in the gate-source
voltage waveform of high-side driver circuit. The
class DE operation mode was obtained.

Fig 8(b) shows the gate-source voltages of the high-
side GaN in five phases of the inverter in
experiment. They are almost synchronous. This is
very importance condition to obtain the same class
DE operation mode in 5 phases of the inverter to
obtain the highest efficiency. Finally, the power loss
distribution and the output waveform of the inverter
in experiment are shown in Fig. 9. The inverter
works stably at 3kW output power with the
efficiency of 96.1%.
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Fig. 7. Prototype of 13.56 MHz, 3 kW, 5 phases inverter
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Fig. 9. Experiment results in 3kW 5 phases resonant inverter

5. CONCLUSION AND FUTURE WORK

At 13.56 MHz multiphase resonant inverter, the
common mode noise in high-side driver circuit and
the synchronous driver pulse among phases are the
critical design issues which directly affect the
stability and the efficiency of the inverter. The
design of the power circuit to limit the dv/dt value,

the devices selection for driver circuit, the PCB
design and the impedance matching design is the
key solutions to overcome these challenges. In
experiment results, the designed driver circuit works
stably at 13.56 MHz, the dead time can be adjust
exactly, and the driver pulse among phases are
synchronized. Finally, the inverter could obtain 3

kW output power with the efficiency of 96.1%.
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TONG QUAN VE CONG NGHE SAC KHONG DAY CHO XE PIEN

OVERVIEW OF WIRELESS CHARGING TECHNOLOGIES
FOR ELECTRIC VEHICLES

Nguyén Thi Biép*, Tran Trong Minh?
Trwdng Pai hoc Dién lwc, 2Trwdng Pai hoc Bach khoa Ha Noi
Email: diepnt@epu.edu.vn

Abstract:

This paper gives an overview of current wireless charging technologies on electric vehicles charging. This
paper gives a brief overview of the main parts in a wireless charging system, including the magnetic coupler,
compensation network, power electronics converter, control method and some other isues. We hope that the
researchers are motivated by the current achievements and further develop wireless charging technologies

for electric vehicles.

Keywords:

Dynamic charging, wireless power transfer, electric vehicle, coupled magnetic resonance.

1. GIOI THIEU

Trong nhing nim giy day, xe dién (electric vehicle
—EV) 1a phuong tién str dung nang lugng xanh hi¢u
qua, duoc stir dung rong rdi. Tuy nhién, acquy cua
EV c6 nhitng bét loi vé khdi luong, thoi gian sac dai
va khoang cach di chuyén bi han ché. Vi cach sac
¢ day truyén thong tén nhiéu thoi gian, d& bi anh
huéng boi mdi truong va kém an toan. Pong thoi
khong linh hoat va ciing khong thuén tién. Sac
khong day dwa trén cong nghé WPT (Wireless
power transfer) giam thiéu duoc cac han ché cua sac
c6 day truyén thdng, hién dang dwgc nghién ctru
phat trién.

Sac khong day co hai loai, mot 1a sac khong day tinh
(SWC- Stationary wireless charging), EV phai do
dang vi tri trén bd sac dé nhan nang lugng tur bo
phéat. Hiéu suat va diéu kién két ndi gan nhu t6i wu
va khong c6 rang budc kho khin d6i voi diéu khién
trong hé thong SWC. Hai 1a sac khong day dong
(DWC- Dynamic wireless charging), EV c6 thé
nhan ning luong lién tuc trong khi di chuyén,
khoang cach di chuyén dwoc mo rong, c6 thé dung
acquy véi dung luong nhoé nhat. Néu 20% con
dudng di chuyén dugc trang bi hé thdng sac 40kW,
khoang cach di chuyén cia EV c6 thé mé rong it
nhét 80% [2].

Hién nay, hé thong sac khong day cho EV sir dung
cbng nghé WPT cOng hudng tir c6 khoang cach
truyén tai dién ning tr vai mm dén hang trim
milimet. Trong nhiéu nim tro lai ddy, cic nha
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nghién cuu tai Pai hoc Auckland da tap trung vao
nghién ctru cac bd sac dién khong day cho cac dbi
tugng di chuyén, két qua ho da thiét ké dugc cac
pad cho hé théng sac tinh. Mot pad c6 kich thudc
766 mm x 578 mm c6 thé truyén 5kW véi hiéu suét
90% ¢ khoang cach 200mm [3]; Tai My, tdp doan
WiTricity v6i cong nghé tir MIT phét trién kit WiT-
3300 sac tinh, cong suat 3,3kW, hiéu suit 90% va
khoang cach truyén 180mm. Géan déy, cong nghé
sac dién khong diy cho EV duoc phat trién tai
phong thi nghiém ORNL, hiéu suét thir nghiém
khoang 90% khi truyén 3kW [4]. Nghién ctru tai Pai
hoc Michigan-Dearborn dat dugc cho hé théng
truyén 8kW, hiéu suat 95,7% va khoang cach truyén
la 200mm [5]. Hé thdng sac ciia Vién KAIST Han
Qudc, goi 1a OLEV ciing gop phan vao thiét ké hé
thng sac khong diy. Ba hé thong OLEV dugc xdy
dung: hé théng cho xe trong sin golf, hé thong cho
xe bus va hé thong cho SUV. Nhiing thanh tyu cho
hé théng thir hai va thir ba dang chi ¥, voi cong sut
truyén 60kW cho xe bus va 20kW cho SUV véi
hiéu sudt twong tng 1a 70% va 83%, cho phép
truyén véi khoang cach thang dimg va léch tuong
ung 160mm va 200mm [6].

Hién nay, cac hé thong SWC da dwoc nghién ctru &
mdt s6 khia canh nhu thiét ké co ban, thiét ké cudn
day, bd bién ddi cong suit va phuong phap diéu
khién. Hé théng DWC dang duoc nghién ctru, phat
trién, va hira hen 1am cho EV tién lgi va linh hoat
hon, thtc day str dung EV trong twong lai.
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H1. Céu trdc hé thdng sac khdng day cho EV

Mot hé théng sac khong day cho EV nhu H.1, gdm
nhiing phan chinh sau day:

e Cudn déy truyén va nhan.
e Mach bu (phia so cip va thir cap).

e B0 bién ddi cong suét (thong thuong phia so cap
gém chinh luu PFC, nghich luu tan sd cao: phia th
cép 1a chinh luu tan sd cao).

Pé ting kha ning dan tir va che chin tir trudng,
cudn day truyén va nhan dugc két hop véi 16i ferrit
va tim chin. Sau ddy, goi 1a “ bd ghép tir” bao gdm
cudn day, 16i ferrit va tAm chén.

2. BO GHEP TU

Hé thdng sac khong day co it nhat hai by ghép tir, bo
phia phat goi 12 “bd ghép tir so cap” va bd phia nhan
goi 12 “bd ghép tir thir cap”. Hiéu suét truyén cong
suét 1y thuyét 16n nhat giita hai cudn day khi bo qua
mach bu, duogc tinh béng cong thtc sau [1]:

k*QQ,

o = (L+\1+KQQ, )’ )

O diay, Q =0l /R,Q,=wlL,/R, 1a hé s chat
luong cua cudn diy truyén va nhén; k 12 hé sb hd
cam giita hai cudn day. Hiéu suét truyén 1y thuyét
16n nhét theo cong thuc (1) duwoc vé& trén H.2 [1].
Theo do6, dé hiéu suét cao thi can hé sd hd cam k cao
va hé sb chat luong Q cao. Vi mot cAu tric nhat
dinh, kich thudc bd ghép tir 16n hon thi k 16n hon;
day dan day hon va kich thuéc ferrite to hon thi Q
I6n hon. Bang cach ting kich thudc va vat liéu thi
c6 thé dat dwoc hiéu suit cao, nhung day khong phai
1a giai phap ky thuat tot, ma can phai c6 k va Q 16n
v6i kich thude va gia thanh nho nhat. Do O = wL/R,
nén tan sb cao la giai phap dé ting Q.

Nghién ctru ctia hoc vién cong nghé¢ MIT su dung
tan s6 xung quanh 10MHz va Q =~ 1000 [8]. Tap
doan WiTricity véi cong nghé tir MIT thiét ké hé
thong & tan s6 145kHz. Trong nhiing nghién ctru va
tmg dung gin day, cic thiét ké & tan sb tir 20kHz
dén 150kHz dat duoc hiéu sudt va gia thanh hop 1y.

O dai tan sb nay, dé giam ton thit dong trén cudn
day ngudi ta st dung ddy Litz. Dé hiéu suit ctia hé
thong cao hon va khoang cach sac khong day xa hon
tan sb cong huong dugc chon & mirc MHz, st dung
cugn day 16i khong khi.
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H.2. Hiéu suat truyén ly thuyét gitra hai cuon day

Bén canh tan s6, hé sb hd cam k (phu thudc vao thiét
ké cta bo ghép tir) 1a mot hé sé quan trong trong hé
théng sac khong day. Vé6i cing vat lidu va kich
thude, ciu tric hinh hoc cia bd ghép tur cling tao ra
su khéc biét cta hé sb k.

2.1. Bd ghép tir trong hé théng SWC
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H.3. Buong dan tir caa bo ghép tur

Trong hé théng SWC bo ghép tir thudng duoc thiét
ké dang pad. Hai loai duong dan tir mot mat dugc
chi ra trong H.3, H.3a dudng dan don cyuc hinh tron
[10]. H.3b duong dan ludng cuc hinh chit nhat,
dugc thiét ké boi Pai hoc Auckland, goi 1a duong
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dan DD [9]. Bén canh céc thiét ké co khi, mot pad
bao gom 3 16p. Lop trén cung 1a cudn day, dén 16p
ferrite voi muc dich nang cao hiéu qua dan tir va 16p
cudi cung 1a 16p chan. V&i 16p chan, hau hét cac tir
thong xoay chiéu tan sb cao c6 thé dwoc gidi han
giita 2 pad so cip va thtr cap. Chiéu cao ciia duong
strc tir ctia pad hinh tron bang khoang % dudng kinh
ctia pad. Véi pad DD, chiéu cao bang khoang %
chiéu dai cia pad. Véi cung kich thudc, ving sac
khi ding DD pad gap 2 1an pad tron. Néu 1ai xe doc
theo huéng y (H.3b), phia nhan c6 céu trac DD thi
hiéu qua rat t6t. Tuy nhién, néu 13i xe theo hudng x
hiéu qua giam khoang 34% khi khong thang hang
[9]. bé tdng hi¢u qua theo hudng x, thém mot cudn
hinh chit nhat goi 1a cudén Q vao cAu trac DD & phia
thir cap, goi 1a cau trac DDQ [11]. Véi ciu triic
DDQ phia thir cdp ving sac ting 1én gap 5 lan so
v&i cAu hinh tron. Pai hoc Auckland dua ra mot ciu
tric pad ludng cuc moi, la mot bién thé cua ciu tric
DDQ [12]. Bang céch ting kich thudc ciia mdi pad
D va s& co mot phan gbi 1én giita hai cudn D, pad
ludng cuc mai co thé tiét kiem 25% day dong, co
thé dat khoang cach truyén 200mm, k trong khoéng
0,15 dén 0,3, hi¢u suét c6 thé dat dugc trén 90%.

2.2. B6 ghép tir trong hé th6ng DWC

Trong hé thdng DWC, cac thanh phan cua mach tir
bao gdm bd ghép tir phia phat dit ¢d dinh dudi long
dudng va bo ghép tir phia thu ludn di chuyén, dugc
dit trong gdm EV. Bo ghép tir phia phat ¢6 hai loai
chinh. Loai thir nhit 1a duong truyén dang dudng
dai (H.4). Khi EV di chuyén, mang theo bo ghép tir
thir cip chay theo lan dudng nay thi cong suit s&
lién tuc duoc truyén dén.

Cudn d?}y
di chuyén
+ . PV - o
WI —_—— A\ /T
¥ W2
Tam f
. >
B ferit i
a) b)

H.4. Cu tric cua dudng truyén; a) loai W va b) loai |

Lan duong c6 thé don gian nhu 2 duong day hodc
loai U hoic W co 13i ferrite dé tang két ndi va
khoang cach truyén [15]. Hodc dudng truyén c6
chiéu rong hep, c6 15i ferrite loai I duoc thiét ké boi
KAIST [14]. Su khac nhau gitra loai W va I duoc
chi ra trén H.4. V&i cdu trac loai W, ving phan bd
ctia 18i ferrit W sé& xac dinh khoang cach truyén,
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cling nhu sy dich chuyén bén. Téng chiéu rong clia
loai W s& gip 4 lan khoang cach giita dudng va
cuon di chuyén. Vi clu tric loai I, cuc tir xen k&
trong subt chiéu dai coa tuyén dudng truyén.
Khoéang cach cuc W1 dugce tinh tdi uu dé dat dugc
két ndi t6t hon & khoang cach yéu cau. Chiéu rong
ctia cudn nhan W2 dugc thiét ké dap ung yéu cu
khong thang hang. Mdi quan hé giita d6 rong cua
dudng truyén va khoang cach truyén dugc tach rdi
ra va duong truyén c6 thé duge xay dung ¢ dang rat
hep. Chiéu rong ciia loai U va W tuong (mg 140 cm
va 80cm [14]. V&i cung cong suat va khoang cach
truyén, chiéu rong cia dudng loai I co thé giam
10cm. Vé&i cu hinh duong loai I, co thé truyén
35kW ¢ khoang cach 200mm [14]. Véi thiét két
hep, gia thanh giam va cuong do dién tir trudng tiép
xuc voi nguoi di bo giam. Tuy nhién, cudn di
chuyén chi bao gdm mot phan nho cia tuyén duong
truyén, s& 1am cho hé s6 tu cam k rat nho. Lam giam
hiéu sudt va ting nhidu dién tir (EMI). Hiéu suét 16n
nhit ciia hé théng OLEV khoang 74% & cong suét
24kW[7], thép hon hé théng sac tinh rat nhiéu.

H5. CAu trdc caa duong truyén kiéu doan

Loai thtr hai 1a duong truyén kiéu doan H.5, khi mbi
doan du ngin thi bo truyén gidng nhu pad trong sac
tinh. Mdi pad c6 mdt mach bu riéng, né sé linh hoat
hon loai duong truyén kiéu dudng dai. Nhiéu pad
duoc bd tri trong mdt khu vuc tao thanh lan duong
cho xe. Khi pad thir cap di chuyén, cac pad so cip
dugc chon chinh xac so véi vi tri cia pad thir cap,
két qua hiéu suit cao hon va tir trudng ro ri thip hon
[17],[18]. Tuy nhién, cau trac loai nay c6 nhuoc
diém 1a cong suét duogc rai ra khi bd nhan di chuyén.
B truyén phia thir cap thuong duge b tri xa nhau
dé loai bo su ghép ndi gitra ching. Vi vay, khi b
nhan di chuyén dén vi tri gitta hai bd truyén thi tur
truong yéu va cong suat giam manh. Mot giai phap
1a dat cac bo truyén gan nhau, cong suit nhan dugc
& vi tri giita co thé tang 1én. Tuy nhién, xay ra dap
mach cong suit [19]. Khi khoang cach giita cac bo
truyén bang khoang 30% chiéu dai truyén, cong suit
dap mach khoang 50% cong suit toi da [20]. Nhu
vay, khi cac bd truyén dat gf?m nhau sé& c6 su két ndi
giita chung gay dap mach cong suit, viéc b tri cac
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cudn truyén va thi€t ké mach bu can dugc xem xét
va nghién ciru.

3. MACH BU

Trong hé thdng sac khong day cho EV, cac bo ghép
tir két ndi long 1éo nén c6 mot dién cam ro 16n. bé
giam dung luong cua cudn ddy va cong sudt ngudn
cap nguoi ta s dung mach bu. Hé théng sac khong
day cho EV hé s k nho, can phai bu ca hai phia so
cap va thtr cdp dé co dic tinh linh hoat va hiéu qua
hon. Dé bu dién cam ro, cach don gian 1a thém vao
mot ty dién & mdi phia.

C1
R
U 1
L
KA
M

C

c) d)

H.6. Cac mach bu co ban. a) SS. b) SP. ¢) PS. d) PP

Trén H.6 dwa ra bon mach bu co ban: SS, SP, PP va
PS [21]. Phia tht cip, tu C2 dugc ding dé cong
hudng véi dién cam L2 dé giam dung luong VA cia
cudn day. pé giam cong suét ctia bo bién dbi, tu
dién phia so cip luén duogc didu chinh 1am cho dong
dién va dién ap cung pha (ZPA- Zero Phase Angle.
Pé dat ZPA, gia tri tu C; duoc tinh toan va dua ra
trong bang B.1[1].

B.1. Gié trj tu bu phia so cip

Mbagh C, Mbauch C,
C,L, cL 1
> L " L QK+
cL 1 C,L 1-k?
SP 22, PP 22,
L 1-k° L Q%' +1-k?

Pé thuc hién chuyén mach mém cho bd bién ddi
cong suit, mach bu phia so cip thuong duge diéu
chinh dé phia so cap c6 cong sudt phan khang rat
nho nham théa man diéu kién chuyén mach mém
ZVS (Zero Voltage Switching) [22] hodc ZCS (Zero

Current Switching) [23].

Bing cach dwa vao mot mach bu LC, phia so cip ¢
ciu trac LCL [26]. Mach LCL c6 nhiéu loi thé, ¢
tan s6 cong huong mach LCL thyc hién giéng nhu
mdt ngudn dong. Dong dién & phia so cap dugc dicu
khién bang dién ap dang séng vudng tan sb cao cap
bdi bd bién d6i cong suat khong ké dén diéu kién
khép ndi va tai. Lam cho viéc diéu khién phia so
cip dé hon. Hon nita, bang cach diéu chinh thong sd
LCL, cong suat phan khang c6 thé duoc bu hoan
toan. Bo bién d6i cong suat chi cung cip cong suat
tac dung. Véi yéu cau dong ap cho bo bién doi 1a
nho nhét. Cung véi viéc bu LCL phia so cép, mach
bl song song phia thir cp ciing duoc thiét ké [3].
Tuy nhién, hé thong bu song song c6 dong phan
khang 16n trong cudn diy di chuyén va cong sut
phan khang duoc phan anh lai phia so cip. Dé khéc
phuc, dua vao cudn di chuyén mach LCL. Dong
dién luu thong & cudn day di chuyén co thé dugc
giam thiéu va chi ¢6 cong suit tac dung dugc phan
anh t6i phia so cap. Bo qua tinh phi tuyén cta chinh
luu di6t, thém mot tu dién thanh céu trac LCLC, c6
thé dat dugc hé sd cong suat chinh xac ¢ diéu kién
tai xac dinh [27]. Ca hai céu trac LCL va LCLC dat
dugc hiéu qua tai thién dang ké so véi clu trac LC
song song truyén thong.

Gan day, cu trac mach bu LCC phia so cip va thu
cip (H.7) duoc thir nghiém trong hé théng SWC
[28] va DWC[29]. Loi ich 14 tao diéu kién chuyén
mach ZVS hoac ZCS cua nghich luu, tang kha nang
chiju sai 1éch bén va nang cao hiéu suit cia hé
thdng. Trong hé thdng DWC, khi EV di chuyén, hé
s6 két ndi giita cudn truyén va cudn nhan thay doi,
tré khang ciing nhu cong suit truyén dao dong.
Mach bu LCC véi hai dic tinh cua mach bu loai T
d6i xtng, thudn loi 4p dung cho ca phia so cap va
thr cAp nhu H.7 [29].

H.7. Mach bu LCC cho cé phia so cap va thi cap

Mach bu LCC, c6 ngué)n géc 12 mach bu loai T dbi
xtng cd cac dac tinh linh hoat. Thu nhét, ¢ thé
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chuyén ddi tré khang. Thir hai, c6 thé chuyén do6i
thanh ngudn ap va ngudn dong luan phién. Ngudn
ap lién tuc hoac nguén dong lién tuc dat duoc bat ké
tr khang cia tai. Mach LCC phia thir cap co tac
dung chuyén tai thyc té thanh tai tdi uu. Trong khi
d6 véi mach bu LCC phia so cap, dap tmg yéu cau
vé cong suét va diéu kién chuyén mach ZVS.

4. BO BIEN POI CONG SUAT

Trong hé thong sac khong day cho EV, chuc nang
cua bd b1en d6i cong suat phia so cép 14 tao ra dong
dién tan s cao dwa dén trong cudn phat. Pé ting
hiéu suat, su: dung mach nghlch 1u'u cong hu’ong 6]
phia thir cap, bo chinh luu tin sb cao bién doi ning
luong xoay chiéu thanh mét chiéu. Ciu trac thuong
dung ctia bo bién d6i cong suat trong hé thdng SWC
nhu H.8 [1].

H.8. So d6 bo bién ddi cong suat

O phia tht cip, st dung mach bu song song. Khi
dong dién trén cudn day so cap khong dbi va mach
bu phia tht cip song song, dau ra gidng nhu ngudn
dong. Khi khép ndi chic chin, dong dién trong L
hau nhu khong d6i. Bang cach thay ddi thoi gian
dong/cit cua khoa S5, cong sudt dau ra co thé dugc
diéu chinh.

Mot sb phuong phap diéu khién dugc dé& xuat dé
diéu khién cong suit truyén nhu diéu khién phia so
cap [30], diéu khién phia thir cp [31] va diéu khién
kép [3]. Diéu khién kép chi thich hop truyén cong
sudt tir mot pad so cap téi mot pad thu cap. Piéu
khién phia thr cdp chi st dung khi nhiéu pad di
chuyén dugc cdp ngudn bai mot pad hoic track so
cap. Khi tan sé chuyén mach 1a c¢b dinh, c6 thé diéu
khién bang cach thay thoi gian dong ngit hodc dich
pha [4]. O phia thtr cap, nhu H.8, véi mach bu song
song mot bd boost dugc dua vao sau bo chinh luu dé
diéu khién. P6i v6i mach bu ndi tiép, bo buck duoc
st dung.

Khi duong dan tir trong hé thong DWC ¢6 cau tric
kiéu doan, néu mdi pad dugc cép boéi mot bd bién
d6i 1am tang gia thanh cia hé théng. Nguoi ta sir
dung cAu tric mot bd bién dodi cép cho mot vai pad.
Mot céu trac ghép ndi cac bo bién ddi cong suat
trong hé thdng DWC nhu H.9 [16], cudn nhan Lg

dat duéi khung gam EV. Cé&c cudn truyén Ly,
L1s,...L1, dat doc dudng truyén. Mdi cudn nhan va
truyén tao thanh mét don vi DWPT (dynamic WPT
unit) co ban cua toan bo hé thong sac khong day.
Diéu khién mot don vi DWPT trén co s diéu khién
hé thong sac tinh. Cac nghién ciru gan ddy chi ra
r::ing, cong suét va hiéu suit co su dap mach trong
qué trinh sac dong [16]. Vén dé chuyén do6i giﬁ:a céc
doan ghEp ttr phia so cdp can phai duoc diéu khién
dé giir on dinh va dap Gmg cic yéu ciu cua sac
cho EV.

Nghich luu 1

H Chinh luu
Nghich luu i

|
§5

H.9. Cau hinh bo bién di cong suét trong hé thdng DWC

Pong thoi, voi cac Gmg dung cong sudt cao, hé
thong sac dong ba pha can duoc nghién ctiru. Mot s6
nghién ciru sir dung bo bién doi phia so cép 1a bd
bién tdn ma tran [24]. Sir dung bd bién do6i nay tiét
kiém duoc van cong suit, ting kha ning chuyén
mach mém va loai bé dugc tu. Hiéu suét bo bién doi
dat dugc 1a 88.2% & 267W.

5. CAC VAN PE KHAC
5.1. Van dé an toan

Trong hé thong sac khong day cho EV, co mot tu
trudong tan s6 cao ton tai gitta cudn truyen va cudn
nhan. Tu truong ro ri cao do khe hé khong khi gitra
hai cudn day 16n. Bién do va tan s cua tir truong ro
ri can duoc kiém soat dé dap ung cac yéu ciu vé an
toan. Chang ta phai dam bao ring mat dd tir truong
phai dap tng céc tiéu chuin an toan khi con ngudi &
nhiing vi tri thong thuong nhu ding bén ngoai xe
hodc ngdi bén trong xe. Cac tiéu chuin an toan dugc
dé xuat, tiéu chuan cta ty ban ICNIRP niam 1998
va nim 2010 dua ra cac huéng dan an toan. Theo
huéng dan cua ICNIRP nam 1998, hé théng sac tinh
cho EV 5kW duogc danh gia [3] va dap ung nguyén
tac an toan ciia ICNIRP. Hiép hoi SAE da thanh lap
Uy ban J2954 dé xem xét cac van dé lién quan dén
hé thdng sac khong day cho EV. Mot trong nhiing
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muc tiéu cta ho 13 cac tiéu chuén vé an toan. Ngoai
ra, con cac tiéu chuan khac nhu ti€éu chuan IEEE.
C95.1-2005.

5.2. Van dé néi lwoi

Vi sy phat trién lién tuc cta EV, nguoi ta dua ra
khai niém xe dién ndi luéi (V2G- Vehicle to Grid).
Su tuong tac gitra khéi lugng sac EV va cong suat
ludi cling 1a mot chii d& nghién ciru nong trong ludi
dién thong minh va EV. Néu viée sac cho EV téi uu
thi c6 thé mang nhiéu loi ich cho luéi dién. Acquy
trong EV giéng nhu mot ngan hang ning luong, do
nang lugng dugc cip vao khong on dinh giéng nhu
ning luong gid, c6 thé duoc ndi véi ludi dién mot
cach d& dang hon. Khi chinh luu diot phia thi cap
dugc thay thé bang van didu khién, hé théng sac
khong day c6 thé trao d6i nang lwong hai chidu [13],
nang cao hiéu suit cho V2G.

6. KET LUAN

Bai bao trinh bay tong quan vé hé thong sac khong
day cho EV. Nhiing tién bo gin day nhit 1a tinh

TAI LIEU THAM KHAO

ning sac khong day dong, cau trac duogc giit cac tinh
nang nhu sac tinh, nghia la an toan, dang tin cay hon
va thén thién hon so vdi sac ¢6 day. Thém vao do,
n6 giai quyét van dé& cia EV nhu kich c&, khdi
luwgng, thoi gian sac vi ndng lugng sac truc tiép tur
duong trong khi EV dang chay trén duong. HE
thong DWC khéac véi SWC trong thiét ké co so ha
tang, thiét ké cudn day, ngudn cung cap va nguyén
tdc hoat dong. Trong SWC, EV phai d6 dung vi tri
cia bd sac dé nhan nang lugng hi¢u suit va diéu
kién két n6i gan nhu t6i vu va khong co rang budc
kho khan d6i v6i viée diéu khién va quan 1y trong hé
théng SWC. Trong DWC, cac EV di chuyén trén
dudng tuong tic v6i dudng truyén cong sudt trong
mot thoi gian ngin va c6 thé khong theo ding
hudng, 1am cho cong suit truyén khong lién luc va
khong t6i wu, dan dén cac yéu cau phirc tap hon cho
thiét ké va quan 1y hé thong DWC. Kha ning truyén
cong sut, hiéu suat, kha ning ngan chin tir truong
tda ra xung quanh, kich thudc va gia thanh cta hé
théng DWC can duge xem xét nghién ciru.
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MOT PHUONG PHAP DON GIAN VA HIEU QUA QUAN LY HE NANG LUONG
LAI ACQUY - SIEU TU TRONG O TO BIEN

A SIMPLE AND EFFECTIVE TECHNIQUE FOR ENERGY MANAGERMENT
OF HYBRID ENERGY STORAGE SYSTEM FOR EVS

Bui Pang Quang®, Ta Cao Minh?
Vién Ky thuat Diéu khién va Ty dong hoa - Truweng Dai hoc Bach khoa Ha Noi
*Trung tdm Nghién ctru, 'ng dung va Sang tao cong nghé - Trwdéng Pai hoc Bach khoa Ha Noi
Email: ‘quang.buidang@hust.edu.vn, minh.tacao@hust.edu.vn

Tom tat:

Diéu khién hé théng lwu trir nang lwong lai (HESS) gitra siéu tu va acquy trong 6 t6 dién la hwéng nghién
ctru thu hat nhidu sw quan tam trong thdi gian gan day nham téng quang dwéng di, cling nhw nang cao tudi
tho acquy. HESS dwoc nghién ciu & rat nhidu qudc gia tuy nhién dén nay van chwa cé cac sdn pham
thwong mai trén thj trieéng. Trong bai bao nay, nhém tac gid st dung bd loc théong thap (Low Pass Filter) dé
chia gia tri dat cho hai bo diéu khién dong ndng lwong cda hai thiét bj lwu trir ndng lwong dwa trén dap tng
nhanh va cham cla céc thiét bj lwu trir ndng lwong. Cac két qua cho thay chién lwoc didu khién nay phu hop
véi HESS va c6 thé st dung cho cac buéc nghién ctru tiép theo ctia bai toan diéu khién va quan ly hé
thdng ngudn nang lwong.

Abstract:

Control of Hybrid Energy Store System (battery and super capacitor) in electric vehicles is an emerging
research trend in order to extend the vehicles’ travelled distance as well as the battery’s life. Hybrid Energy
Storage System is researched in many countries but until now it is not launched as a commercial product. In
this paper, authors use Low Pass Filter to share the references for two controllers that manage the flow of
the energy of battery and supercapacitor due to the fast and slow responding of two energy storage
equipments. The results show that the strategy is suitable for the Hybrid Energy Store System and it can be
used for further research in control and management of the energy systems.

Keywords:

EVs, HESS, LPF, energy management.

Ky hi¢u M kg Trong lugng xe
Ky Ponvi Y nghia \Y; m/s Tbc do xe
hiéu V' m/s’ Gia tbc xe
Fi N Lyc phat dong Vuind  M/S Tdc do gid
Fs N Luc can tong p kg/m? Mat do khong khi
Fi N Lyc quan tinh Cur Hé s6 can lan
For N Luc céan lan Cq Heé s6 khi dong hoc cua xe
Fwina N Luc can gié Ar m? Dién tich can gio
Fe N Luyc trong trudng Vwing  M/S Tdc do gio
m/s? Gia tdc trong truong Rs Dién tr¢ twong duong siéu tu
o rad Goéc nghiéng cua duong so voi o F Dién dung tuong duong siéu tu
phuong ngang Co F bién dung tinh si€u tu
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C. F Dién dung bién thién siéu tu
Vo \Y bién ap ban dau siéu tu

K,  Farad/A Hé sb bién thién siéu tu

V¢ \Y/ bién ap roi trén ty

Ieh A Dong nap tu

Qc C Pién tich siéu tu

Rioa  Q Dién tro tai

Chir viét tat

HESS Hybrid Energy Storage System
EVs Electric Vehicles

LPF Low Pass Filter

EMR Energetic macroscopic

representation

1. PHAN MO PAU

Hién nay trén toan thé gidi co khoang 806 triéu xe 6
to luu thong, ching tiéu thu khoang 984 ty lit xang
va dau diesel mdi nim nén vin d& 6 nhiém moi
trudng va can kiét ning lwong dang 13 van d& cip
bach cua toan thé gidi [1]. Xe dién (EVS) va xe lai
xang dién (HEV) dang 1a xu thé nghién ctru dé giai
quyét cac vin d& vira ké trén [2]. Hé théng luu trit
ning luong trén xe déng vai trd then chdt trong phat
trién cac phuong tién giao théng st dung dién vi
chinh hé théng luu trit ning lwong nay c6 anh hudng
quyét dinh dén cac yéu td quan trong nhét cua xe
gom: cu ly di chuyén kha dung, trong luong xe va
quan trong nhit 1a gia thanh xe. Hau hét cac xe dién
(ca trong nghién ciru va thuong pham) déu str dung
acquy 1am ngudn ning lugng chinh.

Tuy nhi€n mat d0 cong suat con qua thap so vodi
nhién li¢u hoa thach va thoi gian sac qué dai so voi

thoi gian d6 Xang cua xe truyén thong [3]. Thém vao
d6, do han che vé tudi tho va sé 1an nap xa nén cac
nghién ctru vé xe dién thuong két hop acquy voi cac
thiét bi Iuu trlt nang luong phu trg khac nhu siéu ty
va banh da [2-7].

Hién nay, cdu hinh HESS giita siéu tu va acquy
dang dugc quan tam nhat [5, 8-12]. Nhur trong bang
B.1 siéu tu va acquy cé thé khéc phuc cac nhuoc
diém cua nhau dé tao thanh hé théng lvu trir hiéu
qua t8i wu cho EVs. Hon nita, viéc cac bién dong
16m va nhanh vé nang lugng co thé duoc siéu tu dam
trach s& lam ting tudi tho acquy. Bai bao nay st
dung bo loc thong thip (LPF) dé dam bao cac bién
thién nhanh s& do siéu tu dam nhiém va cac bién
thién cham s€ do acquy dam nhiém.

B.1. So sanh dic diém siéu tu véi acquy Li-ion [3]

Tén tham s6 Acquy Li-lon Siéu tu
Thoi gian sac 0,5t02h 0.3t030s
Thoi gian xa 0.3to2h 0.3t030s
Mat d¢ nang lugng
(Whikg) 100 to 265 1t0 10
Mat d6 cong suét )

(KWikg) 250 - 676 < 10,000
Tuoi tho nap xa < 1,200 > 500,000
Hiéu suat nap/xa (%) 0.8-0.9 0.85—0.98

Bién tin

2. MO HINH HOA HE THONG

H.1 mé ta cAu trac hé thong d& xuit, trong d6 ngudn
ning luong lai (siéu tu va acquy) sé trao doi ning
lugng véi tai thong qua dong co va banh phat dong
[13]. Trong H.1, (a) 1a hé thdng diéu khién dong
ning luong 13 ndi dung ma bai bao dé cap, (b) 1a ciu
trac hé diéu khién dong co, (c) 14 mo hinh dong luc
hoc cua xe.

H.1. Cau trdc hé ning lugng lai acquy va siéu tu
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H.2. Cac thanh phan lyc tac dong 1én 6 t6 [2]

Trong pham vi bai bao nhém tac gia chwa md hinh
hoa acquy va bd bién doi, thay vao do 1a nguon mot
chiéu va khau khuéch dai.

2.1. M6 hinh héa doéng lwc hoc than xe

H.2 mo ta cac thanh phan luc tac dong 1én xe 6 t0
trong trudng hop xe dang 1én ddc. Theo do, luc phat
dong cua xe s€ dugc sinh ra tai diém tiép xuc cua
banh phat dong va duong. Luc ndy bit ngudn tir
dong co, qua hé thong truyén dong chuyén dén cac
banh phat dong. Xét truong hop thong thuong, cac
luc can la lyc can gio, luc can lan, lyc quan tinh va
luc kéo cua gia toc trong trudng. Khi do, theo dinh
luat 2 Newton ta c6 thé viét cong thirc tinh gia toc
cua xe nhu sau:

F —F
V/ — t P 1
A ®
Trong do
FZ = FI + Frr + Fwind + FG (2)

Luwc cdn lan

Lyc can lin ddi véi 16p xe ¢ mit duong cimg
thuong 14 do d6 tré cia cac thanh phan ciu tao nén
16p xe vi vay toc do xe va téc dd quay banh xe ludn
c6 sai 1éch. Con ddi méi mat duong mém thi lyc can
lan chu yéu 1a do bién dang mit duong dan dén luc
ma sat lan s& dat chi yéu 1én ntra dan hudng (nira
trude xe néu xe dang tién, nira sau xe néu xe dang
1ui).

Tuy nhién, dé don gian hoa van dé, tic gia chi xét
dén ma sat 1an trén dudng clg va xét truong hop 1y
tudng 1a tit ca cac banh xe ¢ didu kién gidng nhau.

Lyc ma sét 1an c6 thé dugc tinh nhu sau [14]:
F., = M.g.cos(c).c,, 3)

Trong d6 hé s6 ma sat ¢, dugc tinh nhu sau:

3.6
=0,011+— 4
Crr ( +100v) (4)

Luwe can gio

Khi xe chuyén dong khi quyén c6 xu thé can chuyén
dong cua xe. Luc can nay gdm hai thanh phan 1a luc
can khong khi (phu thudc vao hinh dang xe hay con
goi 1a khi dong hoc cua xe) va ma sat cia xe voi
khong khi [7]. Luc can khong khi hinh thanh do
chénh léch ap suat giita phan 4p suat cao phia dau xe
(do dau xe ép vao khong khi) va phan ap suét thap
phia dudi xe (do khong khi khong thé lap diy
khoéang trong sau khi xe di chuyén). Khi xe chuyén
dong, phan khong khi gin v6i vo xe chuyén dong
voi tbe do twong duong véi te do xe trong khi phan
khong khi ¢ xa vo xe gan nhu dimg yén, chinh sy
chénh léch toc do nay tao ra lyc ma sat khong khi.
Hai thanh phan lyc nay dugc hop nhét thanh luc can
gi6 theo cong thure sau:

Wi

1 2
Faing = EP-Cd A (V+Viing) (©)
Hé s6 khi dong hoc cua xe co thé tra theo bang B.1.

Luwc quan tinh

Luc quén tinh 14 lyc sinh ra dé can trd cdc qua trinh
thay dbi trang thai cua xe ma cu thé trong truong
hop nay 1a lyc chdng lai qua trinh thay doi toc do
cua xe.

Luc quan tinh dugc tinh nhu sau:

F =My (6)

2.2. M6 hinh héa siéu tu

Pé xay dung mo hinh toan phuc vu thiét ké diéu
khién, siéu tu lac nay dugc don gian hoa biang mot
nhanh RC nhu hinh 0 ma ta c6 thé tim thiy & mot sb
nghién ctru [15-17]. Khi siéu tu ndi véi mach dién
bén ngoai thi so db thay thé twong duong gom Rs(t)
ndi ndi tiép v6i ngudn ap thay doi Ve(t).

Nang luong tich trir trong siéu tu phu thudc vao
Cy(t). Nhitng bién trén phu thudc vao thoi gian va
trang thai lam viéc trudc do6 cua siéu ty. Pién tro
R(t) ddc trung cho sut ap tc thoi trong qua trinh
nap/xa clia siéu tu. Thanh phan tu Cy bao gém hai
thanh phan C, 14 hang s6 va C, phu thudc vao dién

C, =C,+K, *NV.|=C,+C, (7)

Trong nhiing ing dung thong thudng, dién &p hai
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dau cuc Vi(t) va dong dién nap/xa i(t) 1a do dugc,
Rs(t), Cu(t) va Vc(t) 1a chua biét va can phai
xac dinh.

Mo hinh siéu tu MG hinh phu tat
T ﬂl
| i(t) T A |
| I
| |
| 1 |
1\,' ~ |
| rai L %
Vel |
i & | | |
| % Al |

Lo T

H3. M6 hinh siéu tu

Mo hinh siéu tu ctia qua trinh nap

Khi siéu tu trong qua trinh nap, dién ap siéu tu duoc tinh
theo cong thuc:

V. =V. (O +iORO) (8)

Dién tro Rs(t) gdy ra hién tuong thay d6i dién ap tirc
thoi tai thoi diém bit diu nap nén nod cé thé duge
xac dinh khi nap mét tu da dugc x4 hoan toan véi
mot dong dién khong doi:
R = V1 _Vo

) I

©9)

ch

V; 1a gia tri nhay dot bién cua dién ap sau khi tu
dugc cap ngudn dong.

Tbong dién tich nap cho ty:

Q.(1)=C.O*V.(® (10)
Mait khac:
Q.(t) = [i(t)dt (11)
Nén dong dién chay qua tu s€ la:
o dQe(t)  d
i(t) = i —(C, (V. (1)) (12)
Thay (7) vao (12) ta co:

dV (t) )

Trong d6 V(t) phai thoa man (8). Nhu véy ta thiy
dién ap khong tang tuyén tinh trong qua trinh nap tu
v61 dong dién 1a hang so0. Pinh nghia
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(14)
Thi phuong trinh (13) dugc viét lai 1a:
dv_(t)
i(t)=C,——= 15
i(t) = m (15)

Tham sé C, va Ky duoc xac dinh sao cho sai 1éch
gitra hai gia tri dién ap do dugc va dién &p tinh duoc
chay qua C, 1a nho nhat:

M-

vei V" va V)’
duoc.

min
CO’KV

(16)

la cac gia tri do dugc va tinh todn

MGo6 hinh siéu tu ctia qua trinh xa

Trong qua trinh xa, dién ap chay qua C, hoat dong
nhu mdt ngudn bén trong voi i(t) la dong xa.

dve i(t)
dt
(17)
Dién ap trén tu Vi(t):

Vi(®) =V, () =i()*(R. () + R....)

Rioad 12 dién trd cuia tai. Dién ap trén tu Vi(t) va dong
x4 i(t) 1a do duoc. Tuong tu nhu trén, tham sé Co va
K, cling dugc xac dinh sao cho sai 1éch giita dién ap
do dugc trén tu voi di€n ap tinh todn duoc 1a bé
nhat.

(18)

3. LY THUYET RAGONE PLOTS

Thiét bi luu trit ning lwong c6 hai dic tinh quan
trong 12 mat do nang luong va mat do cong suit.
Hiéu suét st dung cua thiét bi phu thudc vao diém
lam viéc va mdi thiét bi co duong dic tinh nang
luong - cong suat goi 1a Ragone plots [18]. Pic tinh
nay xac dinh cong suit gioi han va hd tro tim ving
lam viéc t6i uu cua thiét bi. Ngoai ra, Ragone plots
con cho biét hang sb thoi gian cia mdi thiét bi day
1a thong s rat quan trong dé xac dinh tan s6 lam
viéc cua thiét bi. Hinh 4 va 5 [18] la dic tinh
Ragone dién hinh cua hai thiét bi luu trit ning luong
ma nhom tac gia dang nghién ctru.

Trong pham vi bai bao, nhom tac gia quan tim dén
hang s thoi gian cia ting thiét bi luu trir ning
luong l1am co so thiét ké bo loc théng thap (LPF) dé
phan chia gia tri dat cho ting thiét bi luu trir ning
luong [18].



PHAN 2. PIEN TU CONG SUAT

10°
R,= %0 ﬁ
R.=10°R /
§ 1o Q, /
g ) i
o /
102 ﬂ /
&>,/
10° v v T
104 10° 102 10" 100
p [4RP/U]

H.4. Bac tinh Ragone cua acquy [18]

e [2E/CU,.]

10 102 107 100
P [PHRU,

H.5. Bic tinh Ragone cua tu dién [18]

4. BO LOC THONG THAP

Nhu trén hinh H.6 hing s6 thoi gian ciia siéu tu nim
trong ving 1 gidy, hang s6 thoi gian cua acquy nam
trong vung 100 gidy, theo nguyén tic hang s thoi
gian cua b loc théng thip phai nim trong khoang
gilta ctia hiang sb thoi gian cia hai thiét bi luu trir
ning luong cau thénh HESS. Trén 1y thuyét hang sd
thoi gian cang gan véi gla tri cua acquy thi cang t6t
cho acquy va khi d6 phan nang luorng yéu cau tu
phia siéu ty s& nhidu hon din dé ning luong huy
dong cua HESS s& lay nhiéu hon tir siéu tu nhu’ng
gia tri dung lugng siéu tu ciing phai tang theo dé
dam bao mat do nang luong va cong sudt can huy
dong. Piéu nay din dén bai toan toi vu ma thuc té
yéu cu d6 1a véi lwgng acquy va siéu tu xac dinh
can phan gia tri dit cho mdi thiét bi 1a bao nhiéu thi
t6i uru.

-
=1
=

| Batleries} 1008 maximum energy

-

o
El
L

-

o
S
1

0.01s,
Flywheels

2

Mat do nang lwong (J/kg)

Super i

Capacitors | [T /111 |
electrolytic||| Film

|| capacitors ||| Caps

2

1 |
Rl it | |

10 T f T T T
10 102 103 10* 105 10° 107
Mat d¢ cong suit (W/kg)

H.6. Bac tinh Ragone cua céc thiét bi luu trir nang lwong
(18]

Phan 5.2 s& trinh bay vé chu trinh chuin duoc lya
chon dé kiém ching thuat toan va mo6 hinh. Thoi
gian bién dong toc do cua chu trinh lya chon lan
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luot 1a 5, 12, 26, 8 va 12 gidy vi vay trong pham vi
bai bao nhém tac gia lyra chon cac hang sb thoi gian
lan lugt 14 10, 20 va 30 dé danh gi4 anh huong cua
hé thng 1én acquy.

5. MO PHONG HE THONG
5.1. Gi&i thiéu vé EMR

EMR 12 mot phuong phap biéu dién d6 hoa dé t6
chitc mo hinh hé thdng va thiét ké cau tric diéu
khién va quéan 1y ning luong cho cac hé ning luong.
Phuong phédp nay hiéu qua trong cd md phong va
diéu khién thoi gian thuec.

Nguyén ly ciia phwong phap EMR

e Nguyén ly twong tac: Hé théng dugc cdu thanh
boi cac hé thdng con twong tac v6i nhau. Ludn cd
tac dong va phan ung; tich cla chung la nang luong
trao doi giita cac hé théng con. Biéu dién hé thong
theo phuong phap EMR luén phai tuan thu nguyén
ly nguyén ly twong tac nay.

e Nguyén ly nhan qua: Hé théng vat 1y trong thuc
té ludn tudn theo nguyén 1y “nhan qué tich phan”,
trong d6 dau ra 1a tich luy cia dau vao. Biéu dién hé
thong theo phuong phap EMR ludén phai tuan tha
nguyén ly nhan qua nay.

e Nguyén Iy nghich ddo: Diéu khién 1a viéc nghich
dao (vé mit chirc nang) cua mo hinh hé théng (d6i
tuong). Pay 1a nguyén 1y dé thiét ké ciu trac didu
khién cho cac hé niang lugng.

5.2. Lwa chon diéu kién kiém tra

Chon chu trinh chuan ndi d6 ciia chau Au ECE [19]
nhu trén H.7.

(km/h)

T8cdd

0 11 15 23 28 49 55 B1 85 96 117 123 134 143 155 163 178 188 195
Thoigian (s)

H.7. Biéu d chu trinh chuén ECE

B.2. Cac tham sb cua chu trinh ECE

Tén thong sé Gia tri
Thoi gian toan chu trinh 195s
Quiéng duong di 0,99 km
Téc d6 trung binh 18,26 km/h
Gia toc toi da 1,06 m/s?
Gia toc giam tdc tdi da -0,83 m/s’
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Tén théng s6 Gid tri
Gia tdc trung binh 0,64 m/s*
Gia tdc giam tdc trung binh -0,75 m/s?
Thoi gian dung 64 s
S6 lan dimg 3

B.3. cac tham sb cua xe mo hinh

Théng so Gia tr Pon vi
M 511 kg
A 1,7 m’
r 0,25 m
p 1,1839 kg/m?
kW

M0 hinh str dung hai siéu tu 63 F 125VDC.

5.3. So' d6 méd phéng

Hé théng gdm hai ngudn ning luwong chinh 1a acquy
va siéu tu voi acquy 13 ngudn chinh nén chinh 1a DC
link, siéu tu la nguén phu trg cho cac qua trinh can
huy dong cong sudt nén duoc néi véi DC link thong
qua mot cudn cam dé giam dap mach dong dién va
mot bo DC-DC.

Véi moé hinh mé phong cho ddi tuong 12 xe 6 to sir
dung dong co dién mot chiéu nén nhém tac gia mo
hinh héa dong co dién mot chiéu cua 6 to6 dién s
dung mot bdo DC-DC dé liy niang luong tir HESS
cung cap cho dong co.

Pong co truyén dong cau trude duge ndi cling truc
v6i hop giam tdc va vi sai dé truyén dong dén banh
xe, tuy nhién dé don gian héa mé phong nhom tac
gia quy vé mo hinh mot banh va tdi gian hé vi sai.
Mo hinh than xe va hé théng khung xe dugc md
hinh hoa tir nhitng nghién ctru trude [13] va duoce sir
dung trong bai bao nay thanh mot hé thdng md
phong hoan chinh cho 6 t6 dién.

sc WsGsc| Loat Wost et [
o i

=)

m..[_

jin

=]

Wheel controller Chasis controller

H.9. M6 hinh mé phong

So @6 md phong duoc bao gdm cac khdi nhu sau:

e M5 hinh siéu tu va mé hinh acquy dé tao thanh
hé HESS.

e M5 hinh b bién ddi cong suit cho siéu tu gdbm
cudn cam va bo DC-DC.

e Trong m6 hinh md phong st dung phuong phap
EMR s& can c6 mdt khdi electrical coupling dé két
nbi vé dién cho siéu tu sau DC-DC va acquy.
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e M5 hinh bd bién dbi cong suit cho dong co DC
tuong tu nhu cho si€u tu gom cudn cam va bo
DC-DC.

e M5 hinh dong co dién mot chidu c6 trén 6 t6 dién
dang c6 cia nhodm nghién ctru.

e Cac md hinh vat 1y cia 6 t6 dién gdm hop giam
toc, banh xe (mo hinh quy vé mot banh) va hé thong
khung xe.
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e MO hinh dong lyc hoc cua xe.

e Céc bo didu khién dang inversion base control
theo tu twong phuong phap EMR cho tit ca cac khbi

e M5 hinh b6 loc thong thap.
Chu trinh chuin ECE cta chiu Au.

Shn

Selected signat 30 cycles. FFT window (i red). 10 cycles
T T T

30
Time (s)

Fundamental {0.05Hz) = 14.33 , THD= 300 6%
T T T T T T T T T

8 8
T T

aon o oW ow
8 8
T

Mag (% of Fundamental)

=)
T

0 005 01 015 02 02 03 0% 04 04 05
Frequency (Hr)

H.10. Dong dién yéu cau

Bis
8L ORK Bi ¥
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H.16. Dong dién siéu tu voi hang s thoi gian LPF 30s
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5.4. Cac két qua mé phéng

Sau khi m6é phong nhéom tac gia da thuc hién phan
tich ph6 dong dién trong pham vi mot chu trinh ECE
v6i cc hiang sb thoi gian khac nhau va c6 nhan xét
nhu sau:

e Hinh H.10 1a dong dién twong tmg véi toc do tho
ba chu trinh tiéu chuan ECE trén hinh H.7. Nhom
tac gia da sir dung mot khau PI dé diéu khién toc do
bam theo gia tri dit téc d6 trén hinh H.7.

e Hing s6 thoi gian cang 16n thi cac thanh phan
bac cao cta dong dién vao acquy cang it di (nhu da
trinh bay & trén). Piéu nay c6 loi cho acquy, tuy
nhién lai dan d&n viéc ting kich thudc siéu tu do
phai dam nhén phﬁn nang luong tan s6 cao con lai.

e Bai toan téi wu ddi voi hé thdng luc nay khong
chi 1a lwong dit phan phdi cho timg thiét bi luu trit
ma con 1a ty 1& dung luong siéu tu acquy cdu thanh
HESS va gia tri ning lugng ban dau cua siéu tu.

6. KET LUAN
Bai bao di sir dung b loc théng thip (LPF) cho
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DPIEU KHIEN DY BAO
CHO NGHICH LUU BAY MU'C CAU TRUC CAU H NOI TANG

MODEL PREDICTIVE CONTROL
OF SEVEN LEVEL CASCADED H-BRIDGE INVERTER

Hoang Thanh Nam®, Tran Hung Cwéng?, Tran Trong Minh!, Pham Viét Phwong*
Trwdng Pai hoc Bach hhoa Ha Noéi, “Trwéng Dai hoc Hong Dirc
Email: tranhungcuong@hdu.edu.vn

Tom tat:

Bo chuyén dbi da mdrc 1a bd bién dbi phu hop dé két ndi cac ngudn nang lwong tai tao véi lwéi dién, cac
ngudn ndng lwvong tai tao bao gdm hau hét cac ngudn phan tan nhw pin mat troi, tua bin gié... Bd chuyén déi
da mirc c6 cau tric cdu H dwoc str dung dé ap dung trong hé thdng dién trung thé véi yéu cau cao vé chét
lwong dién nang. Pay 1a mot bd chuyén déi quan trong dé két ndi ngudn ning lwong tai tao lwdi dién. Bai
bao nay dé cap dén viéc ap dung phwong phap diéu khién dy bdo (MPC) cho b6 bién ddi da mirc cau tric
cau H néi tang. Ap dung phwong phap diéu khién du bao cho bd bién dbi da mirc cé wu diém la gidm dwoc
qua trinh tinh toan cac vector dién ap [1] ma khong lam anh huéng dén hiéu sut ctia bo bién déi, giam
duwoc dang ké ton hao déng cat, can bang dién ap tu dién trén cau H hiéu qua va tao ra dwoc dang dién ap
dau ra phia xoay chiéu theo mong muébn. Két quéd mé phdng cliia bd bién dbi da cap dwoc thuc hién trén
phan mém Matlab-Simulink da chirtng minh dwoc cac wu diém cda bod bién dbi khi ap dung thuat toan didu
khién dw bao.

Abstract:

Multilevel converter is suitable for connecting renewable energy sources to the grid connection, including
most dispersed sources such as solar cells, fuel cells, wind power turbines... Converters multilevel H-bridge
structure used to convert the power of the medium voltage grid. This is an important converter to connect the
renewable energy source, especially when these sources are connected to the grid. This paper deals with an
application of Model Predictive Control for seven level cascaded H-Bridge inverter. Apply the MPC method
for multilevel converter has the advantage of reducing the process of calculating the voltage vector without
compromising the performance of the inverter, reduce switching losses, capacitor voltage balance on the H-
bridge and create effective forms the AC output voltage as desired.

Keywords:

Model Predictive Control (MPC), Cascaded H-bridge (CHB), Multilevel Converter, Current control, Finiter Set
Control, DC-link balance.

Ky hi¢u SVM Space vector modulation

Ky hiéu Donvi Y nghia NLBM Nghich lvu da mirc

Ve \Y Dién 4p phia mot chiéu THD Total harmonic distortion

Va, \Y Pién ap trong toa do «, R L

v ¥n ap trong toa o o 1. PHAN MO’ DAU

i A Dong dién trong toa d6 o, f3 ) . L ,
o . ) Hién nay, yéu cau st dung céc thi€t bi cong suat 16n

Vgih v Dién ap trong hé toa do Ogh ngay cang tang cao. Tuy nhién viéc diéu khién thiét

Chir viét tit bi ¢ dai cong suat 16n, dién ap cao gip nhicu kho

khan. B NLDPM la mot giai phap hi¢u qua cho céac
MPC Model predictive control {mg dung ndy Vi co thé tao ra dién ap hinh sin tir cac
PWM Pulse width modulation budc dién ap nho hon tir cac nguén DC cach ly. Cac
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bd bién d6i da murc da thu hat dugc nhiéu cha ¥ cua
cac nha nghién ciru nhu: Nghich luu cau H ndi ting
CHB; céu trac diot kep NPC; nghich luu ding hé
thdng tu DC ty do; nghich luu dung ciu trac MMC
[2]. Phuong phép diéu khién cho bd bién doi da mirc
thuong dung hién nay 1a phuong phap co dién diéu
ché d6 rong xung PWM [3] hoic phuong phap diéu
ché vector khong gian SVM [4]. Do d6 c6 nhiéu cac
bai viét tap trung vao mo hinh toan hoc, phuong
phép diéu ché, chién luge diéu khién, can bang dién
ap tu... Tuy nhién cac phuong phap nay van con
nhidu han ché nhu: Tan sé dong cit cao, tong do
méo song hai THD lon [3]. Bai bao nay gidi thiéu
phuong phap diéu khién du bao ap dung cho bd bién
d6i 7 mirc ba pha, trong bd nghich luu bay muirc dbi
xtng s6 lugng cac trang thai chuyén mach rat 16m,
c6 nhidu trang thai khong can thiét vi vay viéc ap
dung MPC d¢ loai bo cic trang thai du nay va tinh
toan tdi wu céac trang thai con lai la can thiét khi tin
s6 chuyén d6i cao. Khi bo didu khién di chon dugc
mdt tip hop cic vecto dién 4p tdi wu thi s& giri tin
hiéu di dong cit cac van cua bo bién ddi dé tao tin
hiéu d4u ra mong muén. Bo diéu khién MPC trong
bd bién ddi cau H co nhidu wu diém nhu: tic dong
nhanh, linh hoat, gidam d¢ méo do song hai trong bo
bién ddi [5]. Ban chit cia MPC 1a dy trén md hinh
ctia hé thong ¢ thoi diém hién tai dé dy doan cac
hanh vi tuong lai ctia hé thong trong mot thoi gian
nhit dinh. Bo diéu khién MPC s& t6i uu héa céc
trang thai c6 dugc bﬁng ham muc tiéu va du bao
trang thai tiép theo tir cac trang thai hién tai dé tao
ra cac tin hiéu mong mubn cho bd bién doi [6]...
bay 1a mdt tng dung mdi da dugc ap dung thanh
cong trong viéc diéu khién dong dién bién tin ba
pha [7, 8], diéu khién cong suét trong mot bd chinh
luu [9 ]. Céc ing dung nay cho phép tao ra dap tng
nhanh trong thoi gian ngan. Tuy nhién viéc nhugc
diém cua cac ung dung nay 1a qua trinh tinh toan
phirc tap, doi héi mo hinh hoa chinh xac dbi tuong.

2. MO HINH BO BIEN DOI CAU H NOI TANG
VOI TAI BA PHA DOI XUNG

Céu trac bo bién doi ba pha bay mirc cau H ndi téng
(Cascaded H-Brldge) duogc cau thanh tur ba cau H
mac noi tlep trén moi pha nhu H.1, m01 cau H gdm
4 van ban dan IGBT méc theo so dd cau, duoc cung
cip boi ngudn mot chiéu va c6 thé tao ra ba cap dién
ap dau ra 1a: +Vg, 0 va -Vy. bang cach dong md cac
cap van (S, S;) va (Ss, Sy), img véi cac trang thai
déng mo 1a “0” va “1”. Trang thai van va tinh trang
phong nap ciia ty mot chidu ddi véi mdi cau H duge
trinh bay trong [10]. Dién 4p trén mot pha cua bo
bién dbi la:

VaN :Vdcz Sia,l 7Sia,2 (1)

Theo H.1, phuong trinh vi phan ctia dong dién pha
A cho mét tai RL ba pha két noi véi bién tan la [10]:

di
L—2+Ri, =V 2
dt a a0 ( )

Trong d6: Vao = Van Vo

. VaN +VbN +VCN
o=y
Pé dé dang tinh toan cic md hinh ti ta chuyén sang

hé toa d6 vecto a-p nhu sau [11]:

_1/3 2

b
3173 ;

2/3 —1/3

N VE

«

3 3)

Trong do a, b, ¢ 1a cac bién cua dién ap hodc dong
dién trén cac pha A, B, C, o va B duogc céc bién
vecto trong hé toa do a-B. Sir dung chuyén doi nay,
(2) c6 thé duoc mo ta nhu sau:

(4)

dt a, :Vn,d

Trong do Vv, 1a cac vector dién ap va i, g 1a vector
dong dién trén tai cua bién tan.

ul o ul ul

] +
| u u |
ul o ul ul

+ +
ul o ul ul

pa—

N

H.1. Céu tric bo bién ddi ba pha bay mirc ndi tng

3. PHUONG PHAP DPIEU CHE VECTOR
KHONG GIAN CHO NGHICH LUU BAY MUC

Phuong phap diéu ché PWM di 4p dung thanh cong
cho cac bd nghich luvu da muac [11], tuy nhién
phuong phap nay kho dam bao tinh chinh xac cia
qué trinh diéu ché khi s muc ting 1én. Phuong
phap diéu ché vecto khong gian (SVM) duoc tng
dung cho bd bién ddi da muc s& dam bao dd chinh
xé4c cao va dé dang thyc hién hién trén cac bo vi xur
1y hién dai [8]. Dé thuc hién phuong phap SVM ta
can xac dinh cac trang thai khoa ban dan duoc phép
(state switch), ung v&i mdi trang thai ndy s& xac
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dinh mot vector trang thai (state vector). Voi cac
nghich luu da mirc can dua vao khai niém muc trang
thai (level state) vi mdi trang thai vector dugc xac
dinh boéi mot hodc nhiéu muc trang thai, 1a cac mirc
trang thai du, trong khi d6 moi muc trang thai lai
duoc xac dinh béi mot hodc nhiéu trang thai dong
cat. Cac muc trang thai du cho mdi vector s& dugc
sir dung dé can bang dién ap trén cac tu DC giita cac
pha, nhiing trang thai dong cit du dugc dung dé can
bé‘mg dién ap trén cac tu DC. Vi trang thai muc
dién ap cta mdi cau H 1a {-1, 0, 1}, mtrc dién ap ra
mdi pha ctia so d6 7 muc biéu dién trong B.1.

B.1. C4c trang thai mirc di¢n &p ra moi pha

cta nghich luu 7 mrc cau H noi tang

Miic dién ap cau H v Muc dién ap ra
(Sa1s Saz: Sas) % (Level State)

(1,1,1) 3Vie 3
(1,1,0) (1,0,1) (0,1,2) 2Vge 2
(1,0,0) (0,1,0) (0,0,2) Ve 1
(0,0,0) 0 0
(-1,0,0) (0,-1,0) (0,0,-1) | -Vg -1
R
(-1,-1,-1) -3Vie -3

Gia thiét rang dién ap vpc 1a can bang va bang nhau,
Ve k = Vdc (k = 1,9) M61 dlél’l ép ra Van, Ven, Ven co
thé nhan mot trong bay murc: -3V, -2Vqc, -1V, 0,
+1Vye, +2Vy, +3Vg.. Dién ap mdi pha nghich luu
la[11]:

Van = KaVee
Ven = Kg Vg )
Ven = Ke Ve

Trong d: KoKerke € —3-2-10,1.23

Gia thiét tai ba pha 1a can bang, dién ap trén mdi pha
tai s¢ bang:
Va =Van —Van
Vg =Vey —Vay (6)
Ve =Ven —Van

Biéu dién hé¢ thong dién ap ba pha qua vector
dién ap:

2
V=3 Vatovs + 6%V, (7
2w A
L a—e 3:a2—g3
Trong do: ¢—° " =

Vector dién 4p (7) biéu dién qua cac toa do thanh
phan trén mit phing Oap:

V=V, +Jv, (8)
V, =V,
v, = L Vg —V,
3~ 53 BT Vc
Trong do: V3

Chuyén (8) sang hé toa d6 Ogh véi hai truc g va h
tao voi nhau goc 60°, truc g dat trung véi truc a, ta
duoc:

2
B3 ©)
Tir (5) va (6), ta thiy:

Va—Ve =Van —Van :Vdc kA*kB

(10)
Vg —Ve =Ven —Ven :Vdc kB *kc
Thay (10) vao (9), ta duoc :
v, = EVdc ky, —Kkg
3 (11)

2
Vih = gvdc kB - kc

Tir day c6 thé thdy rang néu ldy (2/3)Vq 1a d6 dai
co sO cua cac vector trang thai, Ka, kg, Kc la cac
sO nguyén thi toa do cua cic vector
[kgoke| =] kn—Ks ks —ke | 1a cdc s0 nguyén. Biéu
dién trén hé toa do dinh cac vector s& tao nén céc
tam giac déu co canh 1a 1. Mdi vector co thé tmg véi
cac trang thai mirc khac nhau, goi la cac trang thai
du. H.2 biéu dién vector khong gian trén truc toa do
0dq cho so d6 nghich luu ba pha 7 mirc cau H nbi
tang. Trén hinh chi ra vi tri ctia 127 vector 1 dinh
clia cac tam giac con, v&i cach danh sb cac vector
theo chiéu nguoc kim ddng hd, tir trong ra ngoai.
Céc vector c6 do dai dinh bang {6,5,4,3,2,1} lan
luot ing véi s6 trang thai khoa 1a: {1,2,3,4,5,6}, duy
nhét vector tai géc toa do co6 7 trang thai khoa.

Pé giam anh hudng ciia d6 dap mach trung tinh tai,
d6i v6i nhitng vector c6 nhiéu trang thai khoa trong
diéu ché vector khong gian luén chon vector c6 thé
d6 dai nho nhat vé gia tri tuyét d6i. Vi du vector
V; luon chon trang thai khoa (1,0,0) vi co thé
Vzy = 1/3, vector V, chon trang thai (0,0,-1) vi cd
thé Vo = -1/3. Viéc tinh chon loai bo trang thai du
dugc thyuc hién thong qua phuong phép didu khién
du bao.
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S6 muc trang thai
1

*
v 2
=3
A4
5
6
7
L ]
g
—_— 8
® v ®m A A m YV @

Adjacent
vectors in time
[k+1]

s & & % 3 8 @

H.2. Vector khong gian cho nghich luu ba pha 7 muc
cau H noi tang

4. PIEU KHIEN DU BAO CHO NGHICH LUU
BAY MU’'C BA PHA

4.1. Gi&i thiéu vé bo diéu khién dw bao MPC

Nguyén tac hoat dong cia MPC dugc dya trén ham
muyc tiéu co6 thé chira cac ham tuyén tinh khac nhau
va phy thudc vao dic diém ciia mdi hé thong [12]. Y
tuong cia MPC dugc ung dung trong dién tir cong
sudt vao nam 1980, tuy nhién lac nay do han ché vé
k¥ thuat xtr Iy nén no6 chi dugc ung dung cho cac hé
thong tan sb thip [13]. Hién nay phuong phap diéu
khién MPC két hop véi bo vi xir Iy DSP hodc FPGA
da tao nhiing loi thé ung dung dﬁy hira hen cho viéc
diéu khién cac bd bién ddi dién tu cong sut co cdu
hinh phirc tap v6i yéu cau: kha ning dap tng nhanh,
két hop nhiéu mach vong diéu khién 16ng nhau...

fmm e
_»X,e,(k+1) ! Ham muc : $ £ 4k
> tiou : ; »| B bién doi
x(k+1) i
|
|
| | Pitu khién [e—i
— cac bien du | x(K);
: bao «—
|

B¢ Diéu khién MPC
H.3. So db khéi caa phuong phap didu khién MPC[13]

Trong d6 x(K) 1a cac bién diéu khién. Dya trén mo
hinh i rac cua hé thong (tai va bo bién dbi), céc
gia tri hién tai cta cac bién didu khién x(k) dugc sir
dung dé¢ du doan gia tri twong lai cta no la x(k+l)
cho tat ca cac trang thai chuyén mach c6 thé ton tai.
Tat ca cac gia tri du doan ciia cac bién diéu khién
X(k+1) duoc so sanh vdi cac gia tri dat la xref(k+1)
trong khéi ham ti wu. Cudi cung trang thai dong cat
tdi wu duge chon dé dua vao dong cit cac van cua
bd bién d6i. O déy t, 1a chu ky & thoi diém hién tai,
tee1 VA tes 12 CAC chu ky 1am viée tiép theo, thoi gian

lay mau 1a T,

Mo hinh MPC 4p dung cho b bién ddi dién tir cong
suat duoc bat dau bang cac bién roi rac nhu dong
dién, dién ap... ham muyc tiéu phai dugc xac dinh
theo hanh vi mong mudn caa BBD. Tai mdi thoi
diém léiy mau, ham muc tiéu s& tinh tat ca cac trang
thai chuyén mach c6 thé cho chu ky trich mau tiép
theo dua trén cac trang thai hién tai. Sau do, cac
trang thai t6i wu s& duoc lua chon dé ap dung cho bo
chuyén doi. Bé thiét ké bo diéu khién MPC cho b
bién d6i dién tir cong suat ta thyc hién ba giai
doan[14]-[16]: 1. LAy mé hinh roi rac ciia hé thong
theo cac dan xuét bién diéu khién dé co thé du doan
trong tuong lai; 2. Xac dinh tit ca cac trang thai
chuyén mach c6 thé cho chuyén d6i va mdi quan hé
ctia chlng voi cac bién khac; 3. Xac dinh ham muc
tiéu dé tinh cac gia tri tdi wu dai dién cho hanh vi
mong mudn cua hé thong.

4.2. Thuat toan phwong phap diéu khién dw
bao

Phuong phap diéu khién du bao dong dién duoc sur
dung trong bai bdo nay la d€ du doan hanh vi cta
cac dong dién tai dya trén mdi vector dién ap dugc
tao ra bai cac bién tan. Cac du bao dong dién dugc
dya trén mo hinh roi rac cia hé thong. Lay xap xi
ham tich phan trong mdi chu ki trich mau Tg:

dig, g, kK+1—ig, K

~ -2 9 12
dt T (12)

S

Trong do:i_, [k+1]1a tin hiéu du béo ctia dong di¢n

& chu ky lam viéc ké tiép theo phuong phap MPC
[15]

va dugc xac dinh theo cong thurc:

k1 —Tf[vg'h Kk —ig, K [R—TL]]
: (13)

Phuong trinh (13) dugc st dung trong b diéu khién
dé dy bao gia tri twong lai cia dong dién tai cho mot
vector dién 4p nhat dinh.

* Lya chon Vector dién ap: Viéc lya chon cac vector
dién ap thich hop dé du bao dong dién duoc xé&c
dinh bang cach sir dung ham muyc tiéu sau day:
g =iy k+1 —ig k+a|+[ii k1 —i k+1] 14)
O day i;h [k+1] I vector dong dién dat du bao. Vai
thoi gian liy miu du nho ta xem nhu gia tri dat
khong thay doi, khi do i, [k+1]~i, [k]va ham
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muc tiéu (15) dwoc viét lai nhur sau [17]:

g =|iy k —iy k+1|+[ii k i, k+1] (15)
Ham muc tiéu (15) duoc sir dung dé xac dinh vector
dién ap tdi wu, va lya chon chinh cac vector nay dé
tao tin hi€u ra mong mudn trén tai. Voi bd bién doi
da muc c¢6 3 cau H trén mot pha thi tong s muc
dién ap 1a M = 7 mirc dién ap ra. Tong sb muc dién
ap trén ba pha cua bo bién ddi 1a Ky = M® = 343,
Diéu nay c6 nghia 1a (14), (15) duoc tinh 343 lan
cho mot bd bién d6i bay mic dé c6 duge nhing
vector dién ap tbi uu.

So d6 khdi ciia b dicu khién du bao dong dién nhu
H.4. 0 day, dong dién do duoc st dung dé dy doan
clia cac gia tri twong lai cia nd trong chu ky lam
viée tiép theo, twong tmg véi 343 vecto dién ap cua
bd nghich luu bay mirc. Nhitng du doan nay dugc
xac dinh bdi ham muc tiéu (15), va cac vector dién
&p t6i wu nay duoc chon va ap dung.

Pbi voi mot bd nghich luu da muc, phuong phap
MPC duogc st dung dé loai bo céac vector dién ap du
tao ra voi cac muc dién ap khac nhau va chi chon
nhing vector dién ap phu hop nhat dé tao ra tin hiéu
mong mudn theo cong thirc (4).

Multilevel inverter

Load

i'(k) S
) " | Minization of V—|
i(k) i(k+1) | the cost function
mode

n

H4. Cau tric bo didu khién MPC dong dién cho BBP[13]

PAu tién, cac vecto dién ap du dugc loai bo bz:ing
cach chon nhitng vector dién ap co gia tri nho nhat &
cung mot muc. Sau do, mot tap hop con cac vecto
dién ap co thé duoc lua chon va dugc sir dung lam
tin hiéu dong cit van ctia bo bién ddi. Véi dong dién
dat 1a hinh sin, cac vector dién ap st dung cho céac
tai 1a mot vector quay trong trang thai 6n dinh. Do
d6, né c6 thé duge gia dinh réng cac vector dién ap
trong mot khoang thoi gian 14y mau 1a twong ty nhu
ap dung trong khoang thoi gian trude d6. Bang cach
nay, né co thé tim dugc vector dién ap g?m nhét véi
vector tmg dung cudi cung, nhu thé hién trong H.2.
Dé tinh toan cac vecto tiép giap véi vector timg dung
cubi cung, khoang cach giita cac vecto c6 thé dugc
tinh toén theo cong thuirc [16]:

2

2
d v,,v, :\/ng =V Ve — Vs (16)

Néu khoang cach v, gan voi vy, khi do dién ap 16n
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hon hodc bang 2Vg/3. Va qua trinh tinh toan s& sir
dung khoang cach nay lam an s6 dugc luu trit trong
co s& dit liéu cho tit ca cac vector dién ap dé su
dung trong thut toan diéu khién dy bao. Dbi voi
cac vecto dién ap khac nhau, mot danh sach bay
vecto lién ké duogc x4c dinh. Sau d6, cac thuat toan
du bao s€ chon mot trong cac vector nay lam tin
hiéu diu ra, bang cach nay, khdi luong tinh toan
dugc giam xudng. Py 1a phuong phap da dugc ap
dung cho mdt bién tan ba mirc trinh bay trong [13].
Véi k¥ thuat nay, cac thuat toan diéu khién du bao
c6 thé duge lam tiéu chuan diéu khién cho cac bd
chuyén dbi da muc.

5. PHWONG PHAP CAN BANG PIEN AP TU
DIEN

Can bang dién ap tu dién DC c6 y nghia quan trong
trong bo bién doi gitip cai thién chat luong song hai,
giam d6 dap mach cta dién 4p trén tu dién. Cén
bang dién 4p trén cac tu DC dugc xdy dung trén co
so nghich luu 7 mirc cau H nbi tang gdm hai phan:
Can bang dién ap giira cac cau H trong mot pha va
can bang dién 4p trung binh giira cic pha.

5.1. Can bang dién ap cac cau H trong mot
pha

B.1. Céc trang thai tu dién DC

Switch State Trang thai tu
S 1S S| s | i.>0 i,<0
10| 1| 0 | 0 |Khongddi | Khong doi
11010 | 1 | Vg Nap Phéng
0|21 ]| 0 |-V Phong Nap
0|10 1| 0 |Khongddi | Khong ddi

Trong mdi cau H ta ki hiéu chidu dong dién i, va
chiéu dién ap Vu nhu trén H.1, ing voi mdi trang
thai dong cit S, va chidu dong dién i, ta xac dinh
dugc trang thai “Nap dién”, “Phong dién” va
“Khéng thay dbi (Bypass)” cua tu DC. Véi trang
thai “Nap dién” dién ap trén tu DC sé& ting lén,
“Phong dién” dién ap trén tu DC giam xubng va
“Khong thay doi” thi dién 4p trén tu DC s& duoc giit
nguyén. Trong so d6 7 mirc, dién 4p ra ung véi cac
trang thai ciia timg cau H thé hién trong bang B.3.
Tir bang B.3 ¢6 thé chi ra sb trang thai du c6 thé dbi
v6i mot sé mirc dién 4p ra. Trong mdi thoi diém co
thé xac dinh duoc gia tri cuc tiéu va cuc dai ciia Ve,
dugc goi 18 Vigimin V& Vaejmax. Viée dua ra cac tac
dong phu hop déu dwa vao chinh nhing gia tri cuc
tiéu va cuc dai cua Ug bang cach thay dbi trang
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théi S, cta cau H thur j va hai cau H con lai. Tir
bang B.3 ta thay khi thyc hién can bang dién ap tu:
thuat toan chi can biét ddu ciia dong phia xoay chiéu
nghich Iuu is ma khong can biét gia tri day du cia
nd. Thudt toan luon wvu tién tdc dong vao nhiing
khau DC c6 dién ap 16n nhat hodc nho nhat. Ta thdy
rang viéc mat can bang dién ap tu xay ra khi cac gia
tri cuc tiéu hodc cuc dai chénh 1éch nhau mot murc
0Ug. Thuat toan khong lam thay ddi qué trinh diéu
ché nhung s& 1am cho van phai dong cit thém mot
s6 1an. Pé cac van khong phai chuyén mach nhiéu
lan thuat toan can thuc hién trich miu & tan sd f,
thich hop ¢ mot vai kHz.

B.3. Pién &p ra ang Vi cac trang thai cua cau H

Iéevel Switch State | Sé .
tate Nhan . . X
s s s |rng| i | 0] <0
Sa a a | va | thai
1 2 3
Duy 1
3 1 (1)1 1 nhét - -
-1 19 Mot max | min 2
2 1101 3 trang _ _ 3
- | 9 1 0 Mot min | max >
1 o(1]0 3 trang _ _ 6
0 0 1 thai 1 7
Duy 8
0 0|0]O 1 nhét - -
11040 Mot max | min :
-1 0|-1]0 3 trang -1 | =1 10
olol a thai-1 11
120 Mot min | max 2
-2 110 | -1 3 trang _ _ 13
0 |-1]1 thai 0 14
Duy 15
-3 11| -1 1 nhét - -

Dua vao bang B.3, ta co luu dd thuat toan can béng
dién 4p giira cac tu DC trong mot pha (so' d6 7 mirc)
nhu H.5.

5.2. Can bang dién ap trung binh giira cac
pha

MAt can bang dién ap trung binh trén cac tu DC s&
lam suy giam chat lugng song hai dién ap dau ra
nghich luu. Dé phat hién sy mét can bang ta dua ra
yéu cau phong nap dién nhu bang B.2. V&ii=1,2,3
1an lugt biéu thi cho cac pha A,B,C. Vidu: v, ,, 12

dién 4p trén ty DC thtr nhét cia pha A, v, ., 13 gid

tri di€n ap trung binh cua ba tu DC trén pha A. Khi
dién &p v, ., gia tri trung binh & mdt ngudng nao

d6 ta s& can cho tu phong dién, khi nhé hon sé can
cho tu nap dién.

@@p Sa, is, V1, V2, V3, X_|aSD

Vmin = min(Vj); Vmax = max(V;)

SUgc = Vmax- Vmin

Thot i
I trich ma
I Ts
[
A

H.5. Luu do thujt toan can bang dién p giira cac cau H
trong mot pha so d6 7 muc

Vdc_avg_i <Vdc_avg —AV Chagre Cdci (173-)
Vdc_avg_i >Vdc_avg +AV Chagre Cdci (17b)

Trong d6: AV la gia tri ngudng dugc lua chon theo
yéu cdu mong mudn can bang dién ap trén cac tu.

Vdciifl +Vdcii72 +Vdcfi73

Vdc_avg_i = 3
3
Zvdc_avg_i
Vdcfavg == 3

Can bang dién ap DC trung binh giita cac pha thyc
hién bé“lng cach lya chon cac vector voi trang thai
mirc (Level State) phii hop dé cac tu trong cic pha
dugc phong nap tuy theo viéc so sanh dién ap theo
bang B.3. Phan tich qua trinh diéu ché c6 thé thiy
réng cac vector V1, V4, V7, Vi3, V1o, Vg 6 tac dong
truc tiép dén ba tu Cqi 0 pha A ma khong anh
huong dén hai pha con lai. Nhitng vector khac tng
v6i nhidu trang thai khoa nhung hiéu ing phong nap
tu khong rd rét nén khong thé st dung. Twong tu véi
pha B va pha C ta xay dung dugc bang B.4.

B.4. Xac dinh state level theo yéu cau phéng nap
va chiéu dong dién, vi du véi pha A

Pha A
ia Trang thai tu Vi V, A\ Vi3 Vig Vs

) Charge 1,0,0 - 2,00 - 3,00
i.>0 -

Discharge -1,0,0 - -2,0,0 - -3,0,0
) Charge -1,0,0 - -2,0,0 - |-3.00
i,<0

Discharge 1,0,0 - 2,0,0 - 3,0,0
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Duya vao yéu cau phong nap & bang B.2 va bang B.4
ta xdy dung dugc luu d6 thuat toan can bang dién ap
trung binh trén cac tu DC gitta cac pha v6i nhau nhu
H.6 nhu sau:

P’
(Nap VdC_an_i! I, VNO>j

A\
Vdc_avg = ( ZVdc_avg_i )/ 3

—
| Thoi gian |
: trich miu
[ Ts(s) |

A

Level State
Bang 3.3

/

Level State
Bang 2.2

( Két thuc
L ]

H.6. Luu d thuat ton can bang dién &p trung binh
gitra c&c pha

6. MO HINH BO PIEU KHIEN DU BAO DONG
DPIEN CHO NGHICH LUU BA PHA BAY MU C

Mo phéng thuc hién véi mdi ngudn DC cach ly c6
gia tri Vg = 60, ndi tro R = 0.001 Q. Céc tu mot
chidu co cac gia tri bang nhau la: 2500 wF. Phu tai
phia xoay chiéu c¢6 dang tré cam RL véi R = 30
ohm, L = 15 mH, thoi gian trich mau T, = 100 ms.

. Cinbingdindp

trung binh giita cdc ! Clnbingdinip
a

| PO |
l*ABC k y i ph ig’l!ﬂa:’f’;ﬂlhaH[mﬂg }
g0 * MPC Current | vecorfke1] & eA, CHB 7 Level
— Controller Level 3 Phase
State Load
Mesurement
ABC. Vdc123ABC 1
iABC, Vdc avg ABC

iABC[K]

oo N

H.7. C4u tric mé phong bo nghich luu bay muc
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N A A A
N oSN N N
S R
AR BN ELN BAVELAVALVELY;
VAV EAVERY
VIV VIV
4 ﬂ
) /
[N
i \ l/ \““m /:ii;f!jacen

0.085 0.09 0.095 0.1

t(s)

0.105 0.11 0.115

H.8. Dang dong dién ra trén tai xoay chiéu

Dong dién tai bam sat dong dién dat. Vao thoi gian
0,1 s gia tri dong dat bi dot ngot giam di 3A nhung
bo diéu khién da kip thoi didu chinh dé dong tai
nhanh chéng bam sat dong dat trong khoang thoi
gian 0,001s.

x

@

WWW oot

i
0.12 0.14 0.16 0.18

2 |
3 0]
>

0.04

a
uf

0.06

008 0
()

50] T T

TR e e

Vo (V)

| | |
0.04 0.06 0.08 01

Mh‘ M\ rm\ T) My ‘ iy ‘ , |
W

¥

0.12 0.14 0.16 018

z (V)

|
Mgt

Va;

Y

-200
0.02

W

008 01 012
1(s)

0.04 0.14 0.16 0.18

H.9. Dang dién &p ra trén tai voi phuong phap lua tinh
chon céc vecto lan can (adjacent)

Phuong phap lua chon cac vector lan can cho co
nhirng hiéu qua trong viéc t6i uu hoa viéc dong cat
van, giam s6 1an tinh toan ham muc tiéu tao chat
lwong dién 4p va dong dién dat gia tri mong mudn
gidng nhu phuong phép lwa chon tit ca cac vecto
(all). Dang dién ap ra vay thé hién rd cac mirc
dién ap.

* Thue hién mé phong kiém chirng thudt todn cin
bang dién dp

Mo phong thyc hién véi mdi ngudn DC cach ly
co gia tri Vg = 60, noi tr6 R = 1 Q, sir dung
phuong phap lua chon céac vector lan can. Dé kiém
nghiém kha ning mat cén bang dién ap mot chidu
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gia dinh cac tu mot chiéu ¢6 cac gia tri khac nhau la:
2500 uF, 2250 pF, 2750 pF, nghia 1a chénh léch
nhau 10% gia tri lya chon 2500 pF. Phuy tai phia
xoay chiéu c¢6 dang trd cam RL v6i R = 30 ohm,
L = 15 mH, thoi gian trich mau T = 100 ms.

00)

(@)
T , T T T T T T
‘f"‘m ﬂ# W%WWM M%
0 | | | | | | |
02 0.04 0.06 0.08 01 012 0.14 0.16
(b)

Van (V)

0. 018

ZMWWMWMWWMMMMWWWMWWHWHHWMMHMWW

101 T T T T T T T

L L L L L L L
0.1 0.12 0.14 0.16 0.18

02 0.04 0.06 008

@
g 00] T * T T H‘IA)\ T T T T
SAVAVAVAV sl

-200
0.

18
t(s)

H.10. Dang di¢n &p va dong dién véi phuong phap.

Thuc hién phéan tich Fourier dang dién ap Vaz téi bac
song hai 20, trong cac khoang thoi gian 0,02 — 0,08
sva0,11-0,17 s.

Tong d6 méo song hai THD = 2,10%, cac song hai
bac cao v6i bién do 16n xuit hién it, cho thiy rd
nhung uu diém cta nghich luu da mirc cdu tric cau
H nbi tang va phuong phap tinh chon céc vector
lién ke.

signal Selected signal: 9 cycles. FFT window (in red): 3 cycles
T T T T T

0.12 0.14 0.16 0.18

0.08 0.1
Time (s)

(50Hz) = 150.4 , THD= 2.10%
T T T T

Mag (% of Fundamental)

il I | I I | | | | |
Bonlannus ..I.. wnlanlanlunlunnunlunlnn ||||| I'T1 T M
2 s s 8 10 12 14 16

Harmonic order

H.11. Két qua phan tich Fourier dang dién ap vaz

18 20

TAI LIEU THAM KHAO

7. KET LUAN

Bai bao nay trinh bay phuong phap diéu khién du
bao cho bo bién ddi da muc sir dung cau H. Tir yéu
clu cta b diéu khién dy bao md hinh toan hoc va
cac vector trang thai cia bo bién d6i duoc xay dung.
Tir cac trang thai nay b diéu khién du béo sir dung
ham muc tiéu dé diéu khién chat lugng dong dién,
can bang dién 4p tu dién va can bang dién ap giira
céc pha va giita cac pha ctia bo bién doi dép ung
muc tiéu diéu khién. Hiéu qua ctia phuong phap
diéu khién trong cac diéu kién hoat dong dugc danh
gia dya trén cac nghién ctru md phong biang phan
mém Matlab/simmulink. Céc két qua nghién ctru da
danh gia duoc qua trinh hoat dong dap ung yéu cau
vé kha ning tao ra tin hiéu dong dién c6 dang hinh
sin, dién ap gilra cac tu dién va dién ap trén cac pha
bd bién d6i duoc can bang. Phuong phap didu khién
MPC cho thiy rd uu diém nhu: dé dang thiét ké, kha
ning dap ung nhanh va chinh xac, dé dang mo rong
dé ap dung phu hop véi cdu trac module cua
NLDBM. MPC ciing c6 mot s6 nhugce diém nhu: 1am
tang tan s6 dong cit cac van ban din cia NLDM,
doi hoi bd xur 1y phai hoat dong lién tuc & ché do
online v6i cuong do tinh toan cao.
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MACH PFC HIEU SUAT CAO
(NG DUNG TRONG CAC BO SAC TREN XE DIEN

A LOW-COST HIGH-EFFICIENCY PFC
FOR ELECTRIC VEHICLE APPLICATION

Poan Van Tuan, Pham Van Toan, Bang H6ng Hai
Trwdng Dai hoc Hang hai Viét Nam
Email: phamvantoan@vimaru.edu.vn

Tom tat:

Trong bai bao nay, mach PFC v&i hiéu sut cao, don gian trong thiét k&, thich hop cho cac (rng dung coéng
suét & mire trung binh nhw bd sac cho xe dién sé& duwoc gidi thiéu. So véi ciu truc bo IBPFC théng thuong,
bang viéc thém vao 2 didt cong suat nhd, mach PFC dé& xuét cho phép don gian héa mach do dién ap dau
vao, va viéc thiét ké bo loc EMI do nhiéu EMI dwoc gidm nhd. Van dé do dong dién trong mach IBPFC dwoc
giai quyét bang phwong phap trich mau dong dau ra. V&i phwong phap do dong méi, chi duy nhat 1 cdm
bién dong can dwoc sir dung thay cho 4 cdm bién dong trong cac bo IBPFC théng thwdng. VAn dé khong
ddng nhét dac tinh cta cac cdm bién dong do d6 dwoc loai bd. Do méo séng hai duwgc gidm nhd, phan chia
céng suét trong mach chinh xac hon, gia thanh cta céu truc gidm so vé&i mach IBPFC théng thwong.
Nguyén li hoat déng va cAu truc diéu khién ctia mach IBPFC dwoc trinh bay chi tiét trong bai bdo. Kha néng
hoat déng clia ciu hinh méi duwoc kiém ching théng qua mach thyc nghiém 6,6kW.

Abstract:

In this paper, a high effficiency and compact PFC topology which is suitable for level-2 on board charger of
electric vehicle is proposed. In comparison with conventional IBPFC, the proposed topology greatly simplifies
input voltage feedback circuitry, and EMI filter design due to EMI noise reduction by adding 2 small extra
diodes. The difficulty in current sense of IBPFC is reduced by using digital current sample at the output of the
converter. With the new current sampling technique, only single current sensor is used instead of 4 current
sensors in conventional counterpart. The problem caused by the unequal current gain between current
sensors inherently does not exist in the proposed topology. Thus, the current sharing between converters
can be achieved more accurately and the high frequency distortion is decreased, and the system cost is
reduced. Operation modes and control strategy of proposed IBPFC are presented in detail in this paper.
Performance of the proposed topology is verified by the experimental results with 6.6kW IBPFC circuit.

Keywords:

PFC, IBPFC, single current sensor, digital control

Ky hi¢u Chir viét tat
Kyhiéu  Donvi Y nghia EMI Electromagnetic interference
Ve \ bién ap dau vao PFC Power Factor Correction
i, L2, A Dong dién cudn cam Ly, BPFC Bridgeless PFC
i|_3, i|_4 I—Z, L3, I—4 .
. IBPFC Interleaved Bridgeless PFC
Ve \Y Dién ap phia 1 chiéu
Duty 1. PHAN MO BAU

T S Chu ki PWM Vé6i muc dich t6i da hiéu sudt va chat lugng diéu

. khién, cac mach sac cho xe dién chat lugng cao st
L H Dbién cam dau vao dung cau trac tao boi 2 khau tach biét bao gom
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mach PFC nham cai thién hé sb cong sudt dau vao,
va diéu chinh thé dién 4p diu ra. Mach DC-DC phia
sau c6 tac dung diéu chinh dién ap, dong dién dau ra
theo yéu ciu ctia qua trinh sac pin. Ciu tric cia
mach sac duoc thé hién trén hinh H.1.

B loc c o
v, nhidu Bobien doi AC/DC | “L | By bigndsiDCIDC| = Pin xe dién
ac

v PFC ]

H.1. C4u trac thong thudng ciia mach sac trén xe dién

Cac by PFC thong thuong dugc xay dung trén bd
boost bai dic tinh dong dau vao lién tuc voi do nhap
nho nho, tuy nhién cu hinh nay tén tai nhugc diém
1a ton that ddn dong cta cau chinh luu diot dau vao
16n. Bé ¢6 duoc hiéu suit cao hon, cac mach BPFC
duogc sir dung véi wu diém 14 loai bo cau chinh luu
phia dau vao [1-4]. Vi cong suit 16n, cac cdu hinh
ghép song song kiéu interleaved duoc str dung rat
hiéu qua dé phan chia cong suit va giam nho do
nhdp nho cua dong dién. B6 IBPFC c6 ciu tric
duoc thé hién trén hinh H.2. Trong [1-2], b6 IBPFC
duoc bao cdo 1a c6 thé giam duoc 37% ton that so
v6i mach boost PFC thong thuong. Dbi véi cac bd
sac xe dién 1 pha cép dd 2, céc céu trac BPFC to ra
1a phu hop nhét [4]. Cau tric totem-pole PFC dugc
b4o cdo v6i hidu sudt trén 99%, tuy nhién céu trac
nay can sir dung cac khoa ban din cong suit GaN
dat tién, va méi chi ap dung & dai cong suét nho [5].
Céac chu trac PFC da bac co6 thé dat hiéu suét trén
99%, tuy nhién chiing chi dat dugc ¢ tin s6 chuyén
mach thap, va chi phu hop voi cac ing dung 3 pha
cong sudt rat 16n [6]. Bén canh cac wu diém vuot
troi, mach IBPFC c¢6 nhuoc diém 1a EMI lén, va
mach phan hdi phuc tap.

L DAS DZJS DgJS D,

? s
? c RL

H.2. CAu trlic bo IBPFC

l : NVV\LA

Van @ nhiéu EMI trong mach BPFC, IBPFC ting
cao gy ra boi dién ap dau ra phia 1 chiéu lién hé
v6i dién ap ddu vao qua cac cudn cam. Pic diém
nay gitp ton tai cac thanh phan nhidu tan sb cao tao
ra boi quéa trinh chuyén mach cia cic khoa trong
mach. Nhidu EMI cao 1a 1 nhuoc diém chi yéu cia
mach BPFC, gy kho khan khi thiét ké va tang kich
thuéc mach loc EMI phia trudc, do do giam hiéu
qua ctiia mach BPFC. Pong thoi mach do dién ap
dau vao s& co thiét ké phuc tap do dién ap vao va
dién 4p ra khong chung diém tham chiéu.

Mach PFC 1a mot hé théng hoat dong theo vong kin
v6i nhidu dai luong do, va diéu khién. Mot mach
PF C diéu khién theo phwong phép gia tri trung binh
s& can phan hoi dién ap vao, dién 4p dau ra va dong
dién dau vao. Do BPFC va IBPFC st dung diot tich
hop trén khdéa MOSFET thay cho chinh luu dau vao
nén viéc do dong dién dau vao trong cac mach nay
tr¢ nén phirc tap. Ngoai ra, mach vong dong dién
yéu cau bang thong 16n, khién cho qua trinh thiét ké
mach phan hdi dong dién cang trd nén kho khan
hon. Déi véi cau triic IBPFC, do c6 4 nhanh dau
vao, nén hé théng diéu khién s& céan do ca 4 dong
cudn cam. Phuong phéap do truc tiép 4 dong cudn
cam dau vao st dung 4 cam bién hall s& lam gia
thanh ctia cdu tric ting 1én nhiéu. Phuong phéap do
gian tiép 4 dong cudn cam dau vao thong qua 4
dong ctia MOSFET ciing co thé dugc thuc hién
bang 4 bién dong (CT) nhdm ha gia thanh, va c6 uu
diém 1a bang thong ctia cam bién cao. Tuy nhién,
phuong phédp st dung CT di kém véi mach reset
phuc tap cho cac CT nay, hodc phai st dung IC
chuyén biét cia mot s6 hang san xuat [3]. Ngoai ra,
céc phuong phap sir dung nhiéu cam bién dong déu
c6 chung nhugc diém 1a ting gia thanh, va dic tinh
khac biét giita cac cam bién s& gy ra sai sd trong
diéu khién lam giam chat luong diéu khién va phan
chia cong suat khong dong déu giita cac bo bién doi.
D3 c6 nhiéu tac gia tap trung giai quyét van dé don
gian hoa viéc do dong trong mach BPFC, va mach
IBPFC [7-11]. Mot sb nghién ctru phat trién didu
khién phi tuyén dong dau vao dya trén dong dau ra
trén dibt, tuy nhién phuong phap nay chi ap dung
dugc cho mach BPFC [8]. Mot s6 khac nghién clru
phuong phap diéu khién khong ding cam bién
(sensorless) cho by PFC. Phuo‘ng phap nay dua vao
mod hinh toan véi cac thong so biét truéc cua hé
théng dé uéc luong cac thong sb diéu khién thay vi
do ching. Tuy nhién, cac bd PFC chét lugng cao,
cong suét 16n thuong duoc thiét ké véi cudn cam cod
gia tri thay ddi theo dong tai, chung ¢ gia tri 16n
khi dong tai nho va ngugc lai. Do do gia tri dién
cam bién ddi nhiéu trong 1 chu ki dién ap ludi. Két
qua 1a chét lwong diéu khién cua phuong phéap
sensorless 14 khong cao, va thuat toan diéu khién 1a
phure tap [9-11].

Trong bai bao nay, b IBPFC cai tién v6i EMI nho,
mach phan hoi don gian s& dugc gi6i thigu. Hai diot
kep dau vao giam EMI cia mach gidng nhu bd
boost PFC thong thudng, dong thoi giap don gian
mach do dién ap phia dau vao. Bén dong cudn cam
dau vao déu co thé do dugc théng qua 1 cam bién
dong duy nhét dat tai dau ra caa bo bién ddi. Cau
tric diéu khién va phan chia cong suat giita cac
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nhanh ciing dugc trinh bay chi tiét trong bai bao
nay. Véi cdu trac cai tién nay, bo IBPFC dat dugc
chét luong diéu khién tdt, hiéu suét cao va gia thanh
ha. Mach IBPFC cong suit 6,6 kW di duoc xay
dung dé kiém chung lai kha ning hoat dong cua ciu
hinh méi.

2. CAU HINH IBPFC CAI TIEN
2.1. Cau hinh IBPFC dé xuit

PN
C RL
L, b 2

N Ls

Da % Dz

H.3. C4u hinh mach IBPFC dé xuét

CAu tric mach IBPFC cai tién duoc thé hién trén
hinh H.3. Mach duoc tao bdi 2 mach BPFC1 va
BPFC2 ghép interleaved 180°. Hai diot kep dau vao
D, va Dy, gitip giam nhiéu EMI va don gian hoa
mach do dién 4p dau vao. Hai di6t nay cong suit
nho do chi din thanh phan tan sb cao cua dong dién.
Phia d4u ra ctia mach duoc dit 1 cam bién do dong
v6i muc dich do 4 dong cudn cam dau vao. Tu dién
C phia 1 chiéu c6 tac dung hap thy dao dong cong
suét ton tai trong mach 1 pha. Tai dugc mo hinh hoa
la 1 dién tré twong duong R.

2.2. Nguyén li hoat déng

Nguyén ly hoat dong ctia mach duoc xét véi gia
thuyét mo hinh cac khoa ban dan 1a li twong, tan sb
chuyén mach PWM cao hon nhiéu so véi tan s dién
ap ludi dau vao.

Gia thuyét dién ap ludi 1a hinh sin va dugc mo ta
bdi cong thure (1)

Vac :Vinmax Sin 9 (1)

Do mach IBPFC dugc xdy dung trén co s& bd boost,
ti s thoi gian dong cit trong mdi chu ki PWM
cta cac khoa ban dan (duty) duoc tinh bang cong
thirc (2)

d= Vdc Ve /\/dc = Vdc _Vinmax Sln(e) /Vdc (2)

Trong mdi nira chu ki cta dién ap ludi, dién ap ludi
bién ddi tir gia tri 0 dén gia tri Vinmax, twong tng voi
d bién d6i tir 1 dén gid tri cuc tiéu dpin. (0 < dyin< 1).
Do d6 hoat dong ctia mach IBPFC dugc chia thanh
2 truong hop: d >0.5vad <0.5.

Do hoat dong ctia mach 1 hoan toan ddi ximg trong
moi ntra chu ki cta dién 4ap ludi, nén bai bao chi
trinh bay hoat dong cua mach trong 1 ntra chu ki
duong cua dién ap ludi, 6 nira chu ki am cua dién ap
luoi, hoat dong ctia mach dién ra tuong tu.

Trong ntra chu ki dién ap duong D,, luon dan thanh
phan dong dién tin sd cao sinh ra boi qué trinh
dong/cat khoa ban dan. Thanh phan dong dién tan sd
thap di qua cac cudn cam dau vao nhu phan tich &
cac myc sau. Dy bi phan cuc ngugc bdi dién ap
nguon.

2.2.1. Nguyén ly hoat déng cua mach
khid<0,5

Nguyén 1y hoat dong cia mach dugc thé hién trén
hinh H.4.

Trong khoang thoi gian (to~t;), khoa S1 va S2 dugce
kich dan, S3 va S4 & trang thai khoa. Cudn cam L1
va L2 duogc tich nang lugng thong qua mach vong
L1-S1-S2-L.2. B¢ tang cta dong dién qua L1 va L2
duoc xac dinh b?mg cong thuc (3). Cudn cdm L3 va
L4 dang trong qua trinh giai phong nang luong tich
Ity trudc do sang tai thong qua mach vong L3-D3-
R-S4-L4. B) giam cua dong dién qua L3 va L4
dugc xac dinh boi cong thuec (4).

. . 1
Ai, =Ai, =——V_dT, 3
L1 L2 + L2 ac S ( )
Ai|_3 = Ai|_4 = L Ve —Vac 1-d T, (4)
L+ L,

Trong khoang thoi gian (t; ~ tp) va (t3 ~ t4), khoa S1,
S2, S3, va S4 ¢ trang thai khéa. Cudn cam L1, L2
giai phong nang lugng tich Iy trude d6 sang tai
thong qua mach vong L1-D1-R-S2-L2. B¢ gidm cua
dong dién qua L1, L2 duoc xac dinh boi biéu thic
(5).Tuong tu, cudn cam L3, L4 gidi phong nang
lugng tich iy trudc d6 sang tai thong qua mach
vong L3-D3-R-S4-L4. D) giam cua dong dién qua
L3, L4 duoc xac dinh bai biéu thirc (6).

1

Aiu = Ai|_2 = m Vdc _Vac 1-d Ts (5)
. . 1
Al =Ai, = Tl Vie =V, 1-d T (6)

Trong khoang thoi gian (t; ~ t3), khoa S3 va S4 duoc
kich dan, S1 va S2 duy tri & trang thai khoa. Cudn
cam L1 va L2 dang trong qua trinh giai phong nang
lugng tich liy trudc d6 sang tai thong qua mach
vong L1-D1-R-S2-L2. Cudn cam L3 va L4 dugc
tich nang lugng thong qua mach vong L3-D3-54-
L4. B¢ tang cua dong dién qua L3 va L4 dugc xac
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dinh bang cong thirc (7). D giam cua dong dién qua
L1 va L2 duogc xac dinh bdi biéu thuce (8).

1

Aiy=Ai, = mvacd-rs (7
AiL1 = Ail_z = ; Vdc _Vac (1_d)Ts (8)
L+L,
lou=1L3
f?\
A Ly D: %
] ks
Vac(’\? L, C== R
AP
'_
O

(to~ t2)

lou=lLatlis

(ti~t) & (3~ t)

lou=lia
/o

C RL
Vad L, = S

AT

RS E 5

(o~ t3)

H.4. Nguyén ly hoat dong cua mach khid < 0,5

2.2.2. Nguyén ly hoat dong cua mach
khid>0,5

Nguyén 1y hoat dong ciia mach khi d> 0,5 dugc thé
hién trén hinh 5.

Trong khoang thoi gian (t;~t;), khoa S1 va S2 dugc
kich dan, S3 va S4 duy tri & trang thai khoa. Cudn
cam L1 va L2 duoc tich ning luong tir dau vao
thong qua mach vong L1-S1-S2-L2. Cudn cam L3
va L4 giai phéng nang lugng tich lily trudc d6 sang
tai thong qua mach vong L3-D3-R-S4-L4. D) ting
cia dong dién qua L1 va L2 duoc x4c dinh bang
cong thic (9). Do giam cua dong dién qua L3 va L4
duogc xac dinh bdi cong thuce (10).

Aiy = A, = ;Vacd-rs (9)
. . 1
AIL3 - AILS - m Vdc —Vac l—d TS (10)

Trong khoang thoi gian (t; ~ t,) va (t3 ~ t4), khoa S1,

S2, S3, va S4 déu ¢ trang thai din. Cudn cam L1,
L2 tich ning lwong tir dau vao thong qua mach vong
L1-S1-S2-L.2. B¢ ting cia dong dién qua L1, L2
dugc xac dinh boi biéu thic (11). Cudn cam L3, L4
tich nang lugng tir ddu vao thong qua mach vong
L3-S3-S4-L4. B¢ tang cia dong dién qua L3 va L4
dugc xac dinh boi biéu thic (12).

lou=ls

Ly
700 g g S
| by
Ve L, C:: R
N Ls 1
H
bo.  h¥chd ohdohs
(ti~1t) & (ts~ta)
lou=111
)
Ly Dl$
.
l p L
Vac L, C== R1:
ra22a Ly
NSRRI CE 1L
(

to~ t3)

H5. Nguyén ly hoat déng cua mach khi d > 0,5

1

Aiy =Ai, = oL V,.dT, (11)
Aly=Ai, = LS%VaCdTS (12)
-4

Trong khoang thoi gian (t; ~ t3), S1 va S2 duy tri ¢
trang thai khoa, khoa S3 va S4 dugc kich dan. Cudn
cam L1 va L2 tiép tuc qua trinh giai phong ning
lugng tich Iy trudc d6 sang tai thong qua mach
vong L1-D1-R-S2-L2. Cudn cam L3 va L4 dugc
tich nang luong tir ddu vao thong qua mach vong
L3-D3-54-L4. b6 giam cua dong dién qua L1 va L2
duogc xac dinh bdi cong thure (13). P tang cua dong
dién qua L3 va L4 duoc xac dinh bang cong thirc
(14).

Ai, = Ai, —ﬁVaCde (13)
AiLa_Aiu_ﬁ V-V, 1-d T, (14)
4

Trong nira chu ki dién 4p ngudn dwong, D,, ludn
ghim ground cua dién &p dau ra theo dién ap dau
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vao. D,; hoat dong tuong tu trong nira chu ki am ctia
dién 4p ngudn. Do vAy mach phan héi dién ap dau
vao co thé st dung mot mach phan ap don gian.
Pong thoi EMI trong mach giam nho nhu trong
mach PFC théng thuong dung chinh Iuu cau dit.
Co ché giam nhidu EMI bai céc diot kep hoan toan
twong tu nhu trong mach dual boost PFC [3], [12].
Dang song co ban ctia mach dugc thé hién trén
hinh H.6.

Mach IBPFC c6 thé nang cao hi¢u suét hon nita nho
viéc giam ton that dan trén MOSFET. Khi d6 khoa
S2 va S4 luén dugc kich dan trong nira chu ki
duong cta dién &p ludi. Nguoc lai, S1 va S3 luén
kich din trong ntra chu ki 4m. Dong tr& vé ciia bo
bién d6i luc d6 di qua kénh din MOSFET thay vi
chay qua di6t tich hop trén cac MOSFET do.

3. CAU TRUC PIEU KHIEN CHO BO IBPFC
DE XUAT

3.1. Phwong phap trich mau dong dau vao
trong cau trac dé xuat

Trong ntra duong chu ki dién ap ludi, S1 va S3 hoat
dong nhu 1a cac khoa chu dong trong mach boost, va
S2, S4 hoat dong nhu cac bd chinh luu dibt. Trong
nira chu ki nay, dé diéu chinh dong dién dau vao
bam theo dién ap ludi, va phan chia dong dién gilra
cuon cam L1 va L3, dong cudén cam L1 va L3 can
dugc diéu chinh. Trén gian d6 hinh H.6, trong
khoang thoi gian (to~t;), cudn cam L3 truyén ning
lwong t6i dau ra thong qua diét D3. Do d6 dong dau
ra tai thoi diém nay chinh bang dong dién qua cudn
L3. Tuong tu nhu vay, tai khoang thoi gian (to~t3),
dong dién dau ra bang v6i dong dién qua cudn cam
L1. Néu viéc trich mau dién ra vao tai diém chinh
gilta cua cac chu ki nay, gia tri trich miu thu vé
chinh bang gia tri trung binh ciia cac dong dau vao,
va la dai lugng can diéu khién trong hé thdng.

A
Si2 _t S, t

I \ \ [
I I \ [

S3a| ! : t  Saa ! ! t
T T T T >
I [ i

Li| | 1 t Iy i . t
I [ \ [
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1 1 ot | \ t
I [ \ [
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ILour Tour] [
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tt, t t3 T, it 6 6 6T,

D <0.5 D> 0.5

H6. Dang song co ban trong cau triic IBPFC cai tién

Do tinh dbi ximg trong hoat dong ciia bo IBPFC,
dong dau vao I, va I 4 s€ dugc do théng qua dong
dau ra trong nura chu ki 4m cuta dién ap ludi.

3.2. CAu truc diéu khién cho bo IBPFC

Chu trac diéu khién cua bd IBPFC dé xuét dugc
minh hoa trén hinh H.7.

0f ok 0% o

&
o
1=
r
e

sk sy d sl d b3

BPFC1 BPFC2

ADC ADC

Loc thong R c
thip K

H.7. Céu trtc diéu khién cua bo IBPFC

Céu trac diéu khién gom c6 3 vong diéu chinh, 1
vong dién ap bén ngoai v6i bang thong thap va 2
vong dong dién bén trong véi bang théng cao.
Nham muc dich phan chia cong suét giira cac nhanh
trong by IBPFC dé xuét, 2 mach vong dong dién
bén trong ¢ cdu trac song song va ¢ chung 1 tin
hiéu dat duoc tao bai bo diéu khién dién ap.

PWM1

PWM2

BDK dong| CT
dién1 |[chinh dién2 | chinh dién1 |chinh dignl |chinh | t

BDbK dong| CT | BbK dong| CT | BbK dong| CT

Cong viéc |
|
| |

! Tdelay =T ! :
|

H.8. Trién khai thuat toan didu khién trén vi didu khién
Viée trién khai b diéu khién s6 voi cau trac diéu
khién trén duoc thé hién trén hinh H.8. Hai kénh
PWM dugc cai dat véi do 1éch pha la 180 d6. Dang
song mang dugc thiét ké dudi dang ddi xung. Khi
bd dém cua PWM dat gia tri cyc dai, 1 tin hiéu
phan ctng s& khoi dong b chuyén doi ADC. Sau 1
khoang thoi gian tré ciia chuyén do6i ADC, két qua
ctia ADC duoc giri dén chwong trinh ngat thyc hién
bd diéu khién dong dién. Trong 1 chu ki PWM, 2 b
diéu khién dong lan luot dugc cdp nhat va tinh gia
tri diéu khién moi. Mach vong dién ap duoc thuc
hién trong chuong trinh chinh do béng thong cua
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mach ap rit cham. Trong nghién ciru ndy, bd diéu
khién kiéu 2 (PI cai tién) v6i bang thong 4kHz dugc
chon cho 2 mach vong dong dién. Mach vong ap
dugc thiét ké ciing véi b diéu khién loai 2 va biang
thong bang 1/5 tan sd ludi (12Hz) nham giam do
méo & tan sd ludi cia dong dién dau vao.

4. KET QUA THU'C NGHIEM

Mach thuc nghiém BIPFC 6.6kW vé&i cac thong sb
nhu trong bang B.1 duoc thiét ké dé danh gia hoat
dong cia cdu hinh dé xuat. Bo diéu khién st dung
DSP TMS320F28335 ciia TI. Cam bién dong st
dung 1a cam bién Hall LEM 100P. Céac linh kién sir
dung trong mach dugc liét ké & bang B.2. Cac dang
dic tinh co ban cau mach duwgc thé hién tir hinh H.9
dén 11 véi cac diéu kién dién dp dau vao khac nhau.
Ttr hinh H.9, c6 thé thiy rang dong dién du vao ¢
dang hinh sin v&i @6 méo sdng hai nho 4.12% va hé
s6 cong suat cao 0.998 g vai trudng hop du tai va
dién ap vao dinh mirc. Pién ap dau ra dao dong
quanh gié trj diéu khién 400V véi d6 nhip nhod nho
hon 5% & tin s6 gap doi tan sb cua dién ap ludi
120 Hz.

Bang B.1. Thong sé thiét ké cua mach IBPFC

Théng s6 Ki hiéu Gia tri

Dién ap dau vao Vin 220V
TAn s6 ludi fline 60 Hz

Dién ap du ra Vout 400V
Cong suat P 6,6kW
Tan s6 PWM fow 70 Khz
Tu dién dau ra Cout 3400pF
Pién cam dau vao Lpoost 200 pH

Bang 2. Linh kién str dung trén mach IBPFC

Linh kién Sb Mai hiéu
lugng
SiC dibt 4 IDH16G65C5
MOSFET 4 IPP65R045C7
Cudn cam 4 CS610060
Tu dién 6 ALC10A681DL450
Cam bién dong 1 LA-100P

Biéu d6 hiéu suét cua mach dugc thé hién trén hinh
12 tmg véi diéu kién dién ap dau vao thay doi trong

pham vi 20% va tai bién d6i tir 10% dén 100%. Tur
biéu d6 nay, co thé théy réng hiéu suét ctia mach dat
cao nhat 1a 98.8% tai dién &p 265V, va giam dan khi
dién ap dau vao giam do ton that din ciia cac khoa
ban din ting. PO thi hé sd cong suat dau vao cua
mach thé hién trén hinh H.13. Trén d6 thi nay cho
théy mach dat dugc hé s cong suét cao hon 0.99
trong pham vi 50% tai dén day tai ¢ dién ap ludi
danh dinh. Phan tich cong suét ciia mach dugc thuc
hién thong qua thiét bi do cong suat Power Analyzer
WT1600 Yokogawa. Tai dién 4p danh dinh, va du
tai, cac thong sb6 do trong mach dugc thé hién trén
hinh 14. So sanh v&i cidc mach cdu hinh PFC khéc
trong dai cong suat 6,6kW [1], [4] duoc thé hién
trong bang B.3. C6 thé thdy rang ciu triic dé xuat
cai thién duge cac nhuoc diém cia mach IBPFC
thong thudng, voi hiu suat giam rat nho (0.1%), va
2 didt phu.

Bang B.3. So sénh cac ciu hinh 6,6 kW PFC

Thong | 2-channel | Semi IB Céu
sO Interleaved | bridge- | pFC | trac dé
PFC less xuat
Hieu | 975 977 | 989 | 988
suat
EMI Thap Thap | Thap Cao
Cé’m
bién 2 2 4 1
dong
MOS-
FET 2 2 4 4
Diode
dong 6 4 4 4
luc
Diode 0 0 0 9
phu
Dién ap ra [100 V/div]
Dong tai [10 A/div]
Dién ap vao [200 V/div]
\\n\ : a /l \\ g \ b
i Dong déu vio [50 A/div]

Time division: 5 ms/div

:
[Mase T m: Yﬁ E

H.9. Dang s6ng trong mach IBPFC véi V;, = 220V,
100% tai
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Dién ap ra [100 V/div]
Ww

Dong tai [10 A/div]

Dién ap vao [200 V/div]

Dong du vao [50 A/div]

Time division: 5 ms/div

Prmacy PEmacCH
Ty

H.10. Dang s6ng trong mach IBPFC véi Vi, = 265V,
100% tai

e ol Bibndpra [IOOVIIV] e ol o b

Dong tai [10 A/div]

Dién ap vao [200 V/div]

Dong diu vao [50 Aldiv]

Time division: 5 ms/div

Massur P maicy Pz
T Sy ey

H.11. Dang song trong mach IBPFC véi V;, = 180V,
50% tai

—a—Vin = 265V

Vin = 240V
—mm—Vin = 220V

———Vin = 200V

Hiéu sut [%)

—Ae—Vin = 180V

[} 1 2 5 6 7

3 a
Coéng suit [kW]

H.12. B4 thi hiéu suat caa mach IBPFC cai tién
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H.13. B thi hé sb cong suit cua mach IBPFC cai tién
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H.14. Phan tich céng suat ciia mach tai Vi, = 220V, 100%
tai véi Power Analyzer WT1600 Yokogawa

5. KET LUAN

Bai bao nghién ciru mach IBPFC cai tién véi cac uu
diém nhu hiéu suat cao, gia thanh ha, nhiéu EMI
thap. V&i cdu triic khong co cau diot dau vao, hidu
sut ctia mach tang 1én nhiéu so v&i mach boost
PFC thong thuong. Hai diot kep chi dan thanh phan
dong cao tan nén cong sut va va ton that rat nho so
v6i hé théng. Phuong phap trich mau va sir dung 1
sensor dong dién gilip gidm gia thanh va nang cao
chat lugng didu khién dong dién, phan chia cong
suét giita cac nhanh. B IBPFC véi wu diém trén c6
thé 1a 1 Iya chon kinh té, chit luong cao cho cac
mach sac tich hgp muc 2 trén xe dié€n. Cac dac tinh
clia cau tric da dugc kiém nghiém thong qua mach
thuc nghiém cong suét 6,6 kW.
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NGHIEN CU’U THIET KE PIEU KHIEN BO BIEN POl CHUYEN MACH MEM
KIEU ARCP

STUDY AND DESIGN THE CONTROLLER FOR ARCP SOFT SWITCHING
CONVERTER

D6 Manh Cuwong - Truwéng Pai hoc Bach khoa Ha Noi
e-Mail: cuong.domanh@hust.edu.vn
Hoang Khac Nhiém - Hoc vién Hau can
e-Mail: nhiembkhn@gmail.com

Tém tat:

Bai bao trinh bay hoat ddng va thuat toan diéu khién cta bd bién ddi chuyén mach mém kiéu ARCP st dung
trong cac &ng dung dién ap cao va cong suét I&n. Bo bién ddi s dung mach cong hwédng phu (Auxiliary
Resonant Commutated Pole — ARCP) thwc hién chuyén mach mém cho cac van bang cach dwa thém mach
cong huéng vao dé cwdng birc cac van chuyén mach tai cac thoi diém dién ap hodc dong dién qua diém
zero. Hoat dong clia bo bién d6i ARCP dwoc mé phdng trén phdn mém Matlab — Simulink va so sanh véi bd
nghich lwu st dung phwong phap PWM truyén théng.

Tir khéa:

B6 bién dbi ARCP, chuyén mach mém.

Abstract:

This paper presents the operating and control algorithms of soft switching converter ARCP type used in high
voltage and high power applications. ARCP converter implement soft switching valves by adding resonant
circuit to force the valves switch in either zero voltage transition or zero current transition conditions.
Operation of ARCP converter with its control loop is then simulated on software Matlab - Simulink and
compared to traditional PWM inverter.

Keywords:

ARCP conveter, soft switching.

Chir viét tat nghich lvu ARCP [1],[2]. Nghich luu ARCP dat
dugce chuyén mach mém bing cach dua thém cac
van phu va mach cong huéng vao dé cudng buc
chuyén mach cac van chinh & diéu kién ZVS va cac
van phu & diéu kién ZCS. C4u hinh mach luc cua bd
bién d6i ARCP dugc minh hoa trong H.1.

Mach ARCP bao gébm: Hai van chinh S1, S2 cung
véi hai diot dan dong nguge D1, D2; hai van phu
Al A2 cung véi 2 diot dan dong nguoc; hai tu cung

ARCP  Auxiliary Resonant Commutated Pole
ZNS Zero Voltage Switching

ZCS Zero Current Switching

1. PHAN MO PAU

Cac bo bién ddi chuyén mach cung sir dung phuong
phap PWM géy nén tén hao trén van trong qua trmh
chuyen mach didc biét khi dlen a4p cao va tan s
chuyen mach 16n. C6 nhiéu cAu hinh mach da duge
nghién ctru nhim dat dugc diéu kién chuyén mach
mém cho cic van dé loai bo gan nhu hoan toan ton
hao chuyén mach [3-5], trong d6 dang cha y la

cAp ngudn mot chiéu co gia tri bang nhau Cyc; cudn
cam cong hudng L, va hai tu cong hudng C,/2 . Hai
van chinh S1, S2 hoat dong gidng voi hai van cua
bd nghich luu chuyén mach cing PWM. Khi dién
ap dau ra Vs dat gia tri Vg thi S1 din va khi V; dat
gia tri bang 0 thi S2 dan. Hai van phu Al, A2 c6
nhiém vu ndi cudn cam cong huong va quyét dinh
thoi diém va khoang thoi gian xay ra hién tuong
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cong hudng trong mach.

Vde
20de e e
Lr
Va2 o T
U+
#de — an§ sy G2 v
Al AZ |

H.1. C4u hinh mach lyc nghich luu ARCP

2. NOI DUNG CHINH

2.1. Qué trinh chuyén mach nghich Iwu
ARCP

Pé tim hiéu hoat dong cua nghich luu ARCP mot
cach chi tiét & ddy ching ta s& di phan tich ting giai
doan nho trong mot chu ky chuyén mach cua nghich
luu ARCP mét pha. Chu ki chuyén mach ciia ARCP
bao gdm qua trinh chuyén mach tir dién 4p thip 1én
dién ap cao va qua trinh chuyén mach tir dién ap cao
xudng dién ap thap.

2.1.1. Qua trinh chuyén mach tir dién dp
thap lén dién ép cao

e (iai doan ban dau

O trang thai ban dau gia st D2 dan toan b dong
dién tai va dién ap déu ra V; = 0. Van chinh S2 dang
& trang thai mo. Ngudn dién 4p Vg duoc dat trén
hai dau cua hai tu DC-link sao cho dién thé tai trung
diém hai tu co gia tri 1a VTd

e Giai doan dong tang tuyén tinh

Pé bit diu qua trinh chuyén mach, van phu A2

dugc bat. Luc nay mot dién ap Vy/2 dat 1én cudn

cam cong huong L, lam cho dong cong huong i,

ting voi toc do tuyén tinh:ﬂzﬂ. Trong giai
dt 2L,

doan nay van S2 van md trong khi dong i, thay thé

dan dong chay qua D2.

e (iai doan nap tang dong trén

Khi dong i, vuot qua dong tai ijaq thi giai doan nap
taing dong trén bit dau. Luong dong cong hudng
vuot qua dong dién tai sé chay qua van chinh S2 va
dugc dinh nghia 1a ipyg=1-ijpq - DONg di€n iy

nay thém mot luong ning lwong 1| j2  dén mach
2

r'boost

dé bu ton hao ctia mach trong qué trinh cong hudng.
Ngoai ra dong dién i, nay cling ddm bdo cho dién

ap trén tu cong huong giam vé khong dé dam bao
qua trinh chuyén mach mém ZVS. Trong giai doan
nay dong cong hudng van tadng voi toc dd tuyén
tinh.

¢ Giai doan cong hudng trén

Khi dong ipeest dat dén mot gia tri ngudng xac dinh
thi S2 dugc khoa. Tu C/2 c6 tic dung nhu mot
snubber gitip giam ton hao khi khéa S2. Dong qua
S2 luc nay chady qua 2 tu cong hudng nhu H.2d.
Dong cong hudng i, va dién ap dau ra V; by gio sé
cong huodng tai tan sd xac dinh boi cudn cam cong
huong Lva ty dién cong huong C/2. Dong cong
hudng sé tang 1én dén dinh va giam dan trong khi d6
dién ap dau ra tang dan va dat duoc gia tri Vg Gid
tri cuc dai ciia dong cong huong co thé dugc tinh
theo [1]:

iy max = Tioad + Tboost +\% % 1)
Khi dién ap du ra bang Vg thi diét D1 phan cuc
thuan. Lic ndy, dién ap & hai ¢au van chinh S1 bang
0 va S1 dugc bat ¢ diéu kién ZVS, do d6 loai bo
duogc ton hao trong qua trinh mé S1. Pong thoi khi
S1 dugc bat thi dién ap dau ra duoc gilti & mirc cao
V4. hhu H.2e.

e Giai doan dong giam tuyén tinh

Khi dién ap dau ra dat muc cao Vg, mot dién ap
V4o/2 lai dét 1én dién cdm cong hudng theo hudng
nguoc lai, dong i, giam tuyén tinh véi toc do
di, _V,
dt 2L,
dan qua van chinh S1 nhu H.2f.

. Khi dong i, giam thi dong tai s& chuyén

e Giai doan két thuc

Qua trinh chuyén mach két thiic khi dong i, giam vé
0. Tai thoi diém dong i, vé& 0 thi van phu A2 dugc
khoa lai dudi diéu kién ZCS, do d6 loai bo dugc ton
hao chuyén mach khi khoa A2. Luc nay van chinh
S1 dan toan bo dong tai ipg nhu minh hoa trong
H.2g. Dang song dong cong huong i, va dién ap ra
Vs duoc duara o H.3.

Ve

2Cde
— o2

—

2 o
= o1 —+K 5 —em
L
Lr "I
1«

A A

a Giai doan ban dau
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1
]
=

[ A

1 A o2

s2 o~ weo

d. Giai doan cong hudng trén

L
I
=

e 1Al

e. Giai doan bat S1

f. Giai doan dong giam tuyén tinh

Vdc

20 '5|

A ] _K L a2

_ T i

L -
Wei2 O
T

20

- s e O vivde

Il A2

g. Giai doan két thic

H.2. Qua trinh chuyén mach tir dién &p 0 1én Vg,

obs: A ! =
AZ AT L

H .3. Dong cong hudng va dién &p ra qua trinh chuyén
mach tir 0 1én Vg,

2.1.2. Qud trinh chuyén mach ter dién dp cao
xuéng dién ap thap

Qua trinh chuyén mach tir dién ap cao xuéng dién
4p thap v6i van S1 dang din dong twong tu nhu qua
trinh chuyén mach tir dién ap thp 1én dién 4p cao
nhu phén tich ¢ trén, chi khac la truong hop nay
khéng c6 giai doan ting dong tuyén tinh.

e (iai doan nap tang dong dudi

Khi ¢6 tin hiéu chuyén mach, mach cong huong lai
dugc thém vao. Giai doan nap ting dong lai bit dau
bang viéc bat van Al. Mot dién ap V./2 lai roi trén
cudn cam cong huong L, 1am dong i, tang véi toc do
tuyén tinh. Dong dién xudt hién trén mach cong
hudng lam tang dong chdy qua S1 nhu minh hoa &
hinh H.4a.

e Giai doan cong hudng dudi

Khi dong ipees dat dén mot ngudng xac dinh, SI
dugc khoa lai dé bat dau giai doan cong huong. Tu
C./2 c6 tac dung nhu mdt snubber lam giam ton hao
khi khoa S1. Dién ap dau ra bat dau cong huong va
giam dén trong khi 6 dong qua van S1 chay véo hai
tu cong huong C,/2 va dong i, tang lén gia tri cuc
dai r6i giam dan. Hoat dong nay dugc mo ta & H.4b.

111



DPIEU KHIEN VA T BONG HOA CHO PHAT TRIEN BEN VNG (CASD - 2017)

e @Giai doan bat S2

Khi dién 4p ra V; giam vé 0 thi S2 dugc bat ¢ dicu
kién ZVS, dong tai luc nay chay qua diot D2. Nang
lugng con lai trong dién cam cdng hudng duoc tra
vé phia mot chiéu va dong i, giam dan véi téc do
tuyén tinh.

e (Giai doan hoan thanh

Qua trinh chuyén mach hoan thanh khi dong i, giam
vé 0 va van phu Al dugc tat dudi diéu kién ZCS.
Diot D2 lic ndy din toan by dong tai nhur hinh H.4c.
Dang song dong i, va dién ap V¢ nhu minh hoa
o H.5.

d. Giai doan hoan thanh

H.4. Qué trinh chuyén mach tir dién ap Ve,
xuong dién &p 0

ry 0= o

]
3 "y Al

H.5. Dong cong hudng va dién ap ra qué trinh chuyén
mach tir Vg, vé 0

2.2. Thiét ké diéu khién cho nghich lwu
ARCP
2.2.1. Tinh todn thoi diém phét xung

Duya vao nguyén 1y hoat dong cuia ARCP da phéan
tich ¢ trén ta co thoi diém phat xung cla cac van
chinh va van phu ARCP nhu hinh H.6.

it i i

H.6. Thoi diém phat xung cac van cua ARCP

Céc khoang thoi gian chuyén mach tir t; dén tg phai
duoc tinh toan dé tim ra duogc thoi diém chuyén
mach ciia cac van chinh trong bd bién ddi ciing nhur
cac van phu trong mach cdng hudng.

e Khoang thoi gian t; —t,

Pay la khoang thoi gian dién ra hai giai doan dong
tang tuyén tinh va nap tang dong trén. Ca hai giai
doan nay dong i, déu tang vdi toc do tuyén tinh
% :;/%cho dén khi i, dat gia tri ngudng im = ijag +
t T

Iboost. DO d0:

-t = 2

e Khoang thoi gian t, —t3

La khoang thoi gian xay ra qua trinh cdng hudng
gitra dién cam L, va cac tu C,/2. khoang thoi gian

112 |



PHAN 2. PIEN TU CONG SUAT

nay bang mot nira chu ki cong huong va dugce tinh
bang:

-1, = z 3)
@
voi T~" tan sO cong hudng.

e Khoang thoi gian t; — t,

Khoang thoi gian dong i, giam tuyén tinh va bang
véi khoang thoi gian tir t;—t, da tinh o trén.

e Khoang thoi gian t; — ts

Khoang thoi gian nay nghich luu ARCP hoat dong

giong véi PWM thoéng thuong.

o Khoang thoi gian ts — tg

La khoang thoi gian dién ra qua trinh nap ting dong

dudi, dong i, tang tuyén tinh dén gia tri ipeost, do d0:
2i00st L

t6 _t5 — 0ost =r ( 4)

Vdc
e Khoang thoi gian tg — t;

La khoang thoi gian dién ra qua trinh cong hudng
dudi tuwong ty nhu qué trinh cong huong trén 1a mot
ntra chu ky cong huong:

V4

b —tg=— ®)
@

o Khoang thoi gian t; — tg

Khoang thoi gian dong i, giam tuyén tinh va bang
véi khoang thoi gian tir ts — tg da tinh & trén.

e Khoang thoi gian tg— t;

Khoang thoi gian nay nghich luu ARCP gidng véi
PWM théng thuong.

2.2.2. Thuat toan diéu khién nghich lwu ARCP

Ban chét cia thuat toan didu khién nghich luu
ARCP gan twong ty nhu nghich lwu PWM thong
thudng nhung thoi diém phat xung di duoc lam tré
di dé thém mach cong hudng vao qua trinh chuyén
mach. Thuét toan phat xung diéu khién nghich luu

ARCP dugc dua ra ¢ hinh H.7.
L. - -
—* Tinh todn Lll*
thai gian A2
T A Thuit todn’
| 1 phit xung -
s PWM . 82,

H.7. Thuat toan phat xung diéu khién ARCP

2.2.3. Tinh todn cdc théng sé cta mach
céng hwong

Péi vai nghich luu ARCP, viéc lya chon cac van
chinh hoan toan giéng nhu dbi véi nghich luu
PWM. Thong sb quan trong nhét can dic biét quan
tam 1a cac thanh phan mach cong huéng bao gdom
cudn cam L, va tu dién C,.

Gia tri dién dung cia tu cong hudéng C; lya chon
theo cong thtrc:

IIoad
=—%_=0.2uF 6
aviae N ©)
vOi ligag 12 dong cuc dai trén khau DC, ¢ day gia st
liag = 20; dv/dt 1a toc do bién thién dién ap trén van
chinh S1 va S2, gia st 1a 50V/ps.

Sau khi Iya chon dugc gia tri cua tu C, thi cudén cam
cong hudng L, dugc lya chon dya vao chu ky cong
hudng. Thoi gian chu ky cdng hudng phai nhé hon
rt nhiéu so v6i chu ky dong cat van. Thong thuong
gia tri chu ky cdng hudng c& vai micro gidy. Chu ky
cong hudng duge chon ¢ day 1a Ty, =5us.

L-— Y  _3125H 7

r 2
(27{ 1} C,
Tch

Gia tri dong nguong ly, duoc tinh theo [1]:

_ Cr'Vdc

ly = = 40A (8)

max
v6i T 12 thoi gian yéu ciu dé hoan thanh qué trinh
chuyén mach toan b dong tai, & day 1a mdt nira chu
ki cong hudng, T = 2,5US.

2.3. M6 phdng trén Matlab va danh gia két
qua

Pé hiéu rd hon sy khac biét giita nghich luu PWM
mdt pha va nghich luu ARCP mét pha, phan nay ca
hai m6 hinh mé phong nghich luu PWM va nghich
luu ARCP déu dugc xdy dung va so sanh két qua
thu duoc. Qua két qua mo phong ta thiy nghich luu
ARCP da dat duoc chuyén mach mém ZVS khi m&
d6i voi van chinh va ZCS khi khoa dbi voi van phu.
Ngoai ra qua trinh khoa ctia cic van chinh cling nhu
qué trinh m& cta cac van phu da duge 1am mém hoa
qua d6 loai bo gin nhu hoan toan tén hao chuyén
mach cho cac van. Chat luong dién ap dau ra cua
nghich luu ARCP ciing dugc so sanh v6i nghich luu
sit dung PWM truyén théng bang viéc phén tich hai
THD theo hinh H.13. Ta thiy chat lugng dién 4p ra
cua hai b nghich luu la twong duwong nhau. Hinh
H.14 cho ta két qua mé phong ton hao trén mot van

113 |



DPIEU KHIEN VA T BONG HOA CHO PHAT TRIEN BEN VNG (CASD - 2017)

ctia nghich luu ARCP va nghich luu chuyén mach  thy ton hao trén mot van cia ARCP chi con khoang
cung PWM thong thuong. Tu két qua mo phéng ta  bang mot phan sau so voi chuyén mach ciing PWM.

o SN MALH MEM ARLP MO FHA
— n sl pw0] [ u
Le BT & B AP S
’ k1)
} ap(E]  [FEo—ae U "
Db
:u:.—@ [

H.8. M6 hinh md phong diéu khién nghich lvu ARCP mét pha

@Lw o
L=

Trigaglal - i n :
Fom t0HE e i
{ : } - . &2 -—h-ﬂ'
lioas _\_ e :3 - 1 < 52
“ oL " i
Oo— . “
o e " > afD)
L1 L AZ
Tinh oms thei gisn phat weng EUMG DAL RA
H.9. M6 hinh khau chuyén mach mém
nghich luu PWM nghich luu ARCP
500 500
400 400
300 300
200 200
100 100
0 0
12 14 16 18 2 22 24 12 14 16 18 2 22 24
x10° x10°
H.10. Xung diéu khién va dién &p trén van ciia nghich luu PWM va ARCP
150 T
—r
=——= XAl
100 n

I

|
I

5 6 7 8 9 10 11 12 13

H.11. Chuyén mach ZCS van phu nghich luu ARCP
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DIEN AP RA TU THAP LEN CAO
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H.12. Dong cong hudng va dién ap ra trong hai truong hop

Fundamental (50Hz) = 198.5 . THD= 6.98%

Mag (% of Fundamental)

Hamonic order

—FFT analysi:

Fundamental (50Hz)= 198 , THD= 6.96%

Mag (% of Fundamental)

0 1 2 3 4 5 6 7 8 9
Harmonic order

a) nghich luu PWM

b) nghich luu ARCP

H.13. Phan tich pho séng hai dién ap ra
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@ LOSS|PWM
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time (s)

H.14. T6n hao trén mot van ciia nghich lvu ARCP va nghich Iuu chuyén mach cimg PWM

3. KET LUAN

Bai bao trinh bay cAu trac mach luc va hoat dong
ctia nghich luu ARCP ciing nhu thuat todn diéu
khién ARCP. Két qua mo phong cho thiy dap ung
dién ap cua nghich luu ARCP hoan toan tuong tu
nhu bo nghich luu chuyén mach cimg thong thuong
nhung t6n hao chuyén mach van giam dang ké do
chuyén mach & diéu kién ZVS ddi véi cac van chinh
va ZCS ddi voi cac van phy. Didu nay ciing mé ra
kha ning tng dung rat 16n cho nghich luu ARCP
trong cac thuc té img dung doi hoi hiu suit cao.

PHU LUC

Céc tham s6 sir dung trong mo phong

bién ap phia DC-link V4, 500V
Tén s6 phat xung PWM 6kHz
bién cam cong huong L, 3,125pH
Hai tu cong huong C,/2 0,1uF
Gia tri dong ngudng iy, 40A
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PHUWONG PHAP MO PIEU KHIEN BO BIEN POI 3 CONG
TRONG SEPARATE MODE

NEW SEPARATE MODE CONTROL STRATEGY
FOR THREE-PORT CONVERTERS

Nguyen Duy Dinh*, Goro Fuijita!, Bui Dang Quang?, Ta Cao Minh?
Shibaura Institute of Technology, “Hanoi University of Science and Technology
Email: nal4503@shibaura-it.ac.jp

Abstract:

This paper proposes a new strategy to modulate a three-port converter (TPC) to accomplish the so-called
Separate Mode, in which the transmission is undertaken between only two ports while the average power at
the third port is kept constant. Unlike published researches, in this paper, the TPC is analyzed by using the
Fundamental Harmonics Approximation (FHA) method. From that, the inter-port currents and the port powers
are calculated. A simulation study confirms that, the power models obtained from the FHA analysis are highly
accurate as the maximum error is only 7.17% over the scale of 600W. Based on the calculation of the port
powers, a unified-modulation function is proposed. Accordingly, one phase shift variable is derived from the
other phase shift and the desired average power at the designated port. The validity of the proposed method

is verified by simulation and experiment results.
Keywords:

Electric vehicle, Triple-Active-Bridge
management, separate mode.

converter,

1. INTRODUCTION

In electric vehicles (EVs), there are many DC
sources and sinks, such as traction battery, auxiliary
battery, small DC loads like wiper, horn, door, etc.
Recently, super-capacitor and fuel-cell are also
introduced into the EV storage system [1], [2]. In
order to interface those sources and loads, numerous
of DC/DC converters are employed to form a so-
called hybrid energy storage system [3]. However,
the space inside an EV is very limited. Thus, the
converters must: i) have small size and high power
density; and/or ii) the quantity of converters should
be reduced to save the space for more battery. Those
requirements motivate to the promotion of multi-
ports converter.

From another aspect, 42 V DC-bus has been
introduced to automotive applications to substitute
for the conventional 14 V DC-Bus very soon
because of several economical benefits [4], [5]. In
term of electric drive, the traction motor usually
needs a power rail of few hundreds volt to operate.
Other equipment, such as horn, wiper, light, etc.,

Fundamental Harmonics Approximation, power

requires a low voltage 12 VDC bus. This motivates
to study about a Three-Port Converter (TPC) which
can interface between a 36 V battery bank, a high
and a low voltage DC-buses for electric vehicles.

Thanks to the bidirectional power transmission
capability, TPC is very suitable for such application.
It can take the energy from the battery to supply
both the high voltage DC Link and the DC load in
the normal operation. When the vehicle
deaccelerates (i.e. braking or driving down a slope),
it can transfer the regenerative energy into the
battery. Additionally, because of high power
density, it can promisingly save a lot of space for
battery. And its galvanic isolation can satisfy the
safety requirement of EVs.

A TPC converter utilizes a
transformer  for connecting three inverters.
Conventionally, the phase shift modulation
technique is usually utilized to handle the power
flows in the converter [6], [8]-[11]. Since three
ports are coupled by a transformer, three inter-port
power flows (12, 13, 2<3) will activate
simultaneously. In some circumstances, such as

three  winding

117 |


mailto:na14503@shibaura-it.ac.jp

DPIEU KHIEN VA T BONG HOA CHO PHAT TRIEN BEN VNG (CASD - 2017)

when the vehicle standstills, or when driving with
no DC loads activated, etc., there is a demand to
undertake the transmission between two ports while
keeping the average power at the third port constant.
This mode is so-called the Separate Mode.

Several published researches dealt with the special
case of the Separate Mode, where one port was
regulated at zero average power (ldle Mode) [6],
[7]. In [6], the converter was analyzed using the
Fundamental Harmonics Approximation (FHA)
method, however, it only dealt with the Idle Mode
of operation. The discussion on transferring a
specific amount of power at a designated port was
not addressed. In [7], the inter-port powers were
modeled, after that, the modulation function was
derived by letting the power of the idling port zero.
However, the analysis was conducted in the time
domain which is strongly affected by the switching
states. As a consequence, there were multiple
unified-functions  corresponding to  different
operation modes.

The Separate Mode can also be operated by
employing a decoupled control system [8]-[10], in
which the converter is regulated by using several
control loops decoupled from each other. However,
since the degree of freedom was two (or more), the
control system might comprise a bunch of
controllers adding complexity into the system
implementation.

This paper proposes a new method to control the
TPC converters in the Separate Mode. The FHA
method is also employed to analyze the converter
for avoiding the dependency of the modulation
function on the operation modes. After that, the
inter-port currents and the port powers are
calculated in Section 2. As confirmed by simulation,
the accuracy of the power model are high as the
maximum error is only 7.17% over the scale of
600W. Based on the mathematic equations of ports
power, a unified-modulation function is proposed in
Section 3 by letting the power of designated port
equal to the desired value. The degree of freedom of
the control system is reduced to only one. Therefore,
the implementation is simpler and more feasible.
Simulation and experiment results reported in
Section 4 verify the validity of the proposed
method.

2. FUNDAMENTAL HARMONICS ANALYSIS
The TPC converter is illustrated in Fig. 1. The 36 V

battery is connected to port 1, whereas, the DC-bus
and load are placed at port 2 and 3, respectively. A
three winding transformer is used to match the
voltage and to provide the galvanic isolation. The
number of turns of the primary windings and two
secondary windings are N;, N, and N3, respectively.
Three H-bridge inverters locate at the three
windings of the transformer to handle the power
flow between ports. The inductors L; , L, and L5,
which are the leakage inductances of the
corresponding winding, are employed as the power
containers. The transmission power is regulated by
varying the phase shift angle ¥, and 5 of inverters
2 and 3 with respect to inverter 1. In order to
simplify the analysis, the delta-typed primary-
referred circuit depicted in Fig. 2 is usually used. In
which, L, L;3 and L,; are the equivalent
inductance referred to the primary side. The primary
referred delta inductance are determined by:

Lip = (LyLy + LyLs + L3Ly) /Ly
Lys = (L1L, + LyLg + L3Ly) /Ly
Liz = (L1Ly + LyL3 + L3Ly) /L,

where L, = n3L, and Ly = n3L; with n, = N;: N,
and n3 = Nl: N3.

Since all of the quantities: vy, (t), i, (t) and iy, (t)
(the voltage and current at the winding x; and the
current flowing from port x to port y, respectively;
x,y € [1,3], x # y) are AC signals with the same
frequency of wg, the fundamental component of
them can be seen as rotating Vectors v, Iy and
Txye- Considering a dq- frame rotating with the
speed of w, which d-axis is aligned to v,,,, the
projections of all vectors on d- and g- axis are DC
guantities. The vector diagram demonstrating the
relation of those vectors is depicted in Fig. 3.

Accordingly, the three voltage vectors are
determined by (1):
N _ vld- _ 4 -Vl
Vwie = [vlq_ - E )
L, [V2a] _ 4[n,V,cosy,
i Ywze = [Uzq. ~ lnyV,sin 1/)2] @
5o [Usd' _ 43V cos 1,[)3]
k w3e = [v3q] T | ngVssinyy

The inter-port currents 1y,,,113., and 1,3, are
expressed by (2). Notes that, since the d-axis is
intentionally aligned to v,,,., the quadrature
projection vy, = 0.
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. 1124 1 1=vyg 4 vy Substituting (1) and (3) into (4), we have:
l =1. = —
12e _%12q_ Xip L V1g — V2q | . M, M,
S 13a] _ 1 [—v14 + V34 P =K (—sm Y, + —sml,b3)
| lze = |; =3 _ (2) X12 X13
[l13g]  Xy3l Via — V3q | L u
S 1234 ] 1 1—v,4 +v34] P, = KM, (——sin Y, + —3 sin Al/))
L _1’23(]_ X23 - UZd v3d - 1 MZ
where X,y = wsLyy, VX, € [1,3], x # y. Py = KM; (—X—BSin Y3 — X_235m All))
From the primary-referred diagram in Fig. 2, we \ 0 K (1 — M, cosp, N 1 — M; cos 1,[;3) ®)
have: 1 X1 X1a
7. =i 11T =7 7 M, — cos M, — M5 cos A
_)lle— [ - 1q]T : l£2e + 1136 0, = KM, ( 2 Y, + M2 3 3
l2e = [l2a  l2q]" = —T12¢ + 23¢ (3) X12 X23
1., = [i 13517 = =112, — T M; — cos M; — M5 cos A
139_) [t3a l3q]' 113¢ — l23e o \Q3 _ KM3( 3 p Y3 L3 X3 3
where 7,.,x € [1,3] is the current flowing in the 13 23

winding x. where P, and Q, are the active and reactive powers
. ) . 5
Tr_le instantaneous active ano! reactive power at one ..o gx, x € [13]; K = % ,
winding can be calculated by: m
1 M, = % M; = ”;fs and Ay = 15 —1p,. Notes
P = E(led + vqlq) 1 that, if the power dissipation on inverters is ignored,
1 ) , (4) the active powers P, (x € [1,3]) expressed in (5)
Q= 2 (”dlq - qud) are also the power at the corresponding DC ports.

. v,

Mﬁ} s E} L SR Port 2:
Vi Co| E“ Y |_324 ngzi High
. ] N, H : voltage

e— : V1 ::.'::::.'::::::::::?:::::::: DC Bus
Port 1: ! — ! '
Battery : =1l h E ""I_S I_Saa
s Szlm L : 2
o | TH
Ry

v !
g Port 5
Felodpls | |
___.1____________'

DC Load

H
& 5
<
'i-.

1

Ilq

i13(t) n?;i

ilz(Qm f23(t)

-

. L L
() liz(t) 23 i3(t)
<l2w1 ® Vw2 (1) Vw3 (t)
Fig. 2. Primary-referred equivalent circuit Fig. 3. Vector diagram
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3. SEPARATE MODE CONTROL
3.1. Modulation function

Equation (5) suggests that the active as well as the
reactive powers can be controlled by varying ¥, and
5. However, a variation in any phase shift angle
will cause changes in all power components. In
some circumstances, we may want to keep the
power at one port constant while varying the powers
of the other two ports. For example when the
vehicle is running normally, the velocity might be
varied while loads (i.e. wiper, doors, horn, light,
etc.) do not change their states. In the such instance,
the loads consume a constant power, whereas the
traction power varies depending on the driving
condition. Let us take another example, when the
vehicle is standstill or running with a constant
speed, we may want to turn the light (or wiper, horn,
etc.) ON or OFF. This causes a variation in the
power consumption of port 3, however there are no
demand of changing the power for traction. In the
mentioned circumstances, it is necessary to separate
a designated port from the transmission, or in other
words, the converter should operate in the Separate
Mode, where the average power of the separated
port is kept constant while the transmission between
the other two ports can be varied arbitrarily.

As for a case study, port 3 is considered as the
separated one. The same approach can be applied
for separating the other ports. Let P; be the desired
power at port 3. Notes that, P; is never positive
since port 3 consists of only passive loads.
However, P; or P; can be either positive or negative
(or zero). From (5), the control strategy to regulate P
3 around P; is:

| X2s [ P3 siny
Y, = Y3 + arcsin E(KM3 + Xes (6)

In order for (6) to be applicable, the absolute value
of the factor inside the parentheses must not be
greater than 1, or in other words, the coverable
power range is:

|P|>I(M(1+M2) 7
31 2 KMs (—+ 3 (7

On the other hand, for a given P3, the controllable
range is:

X X
(11)3 > arcsin (—ﬁMz - inf)
X33 KM; (®)
. (X13 X3,
k Y3 < arcsin <)EM2 — K_M3P3>
When P; = 0 (Idle Mode), the modulation function
(6) becomes:

Y, =Y +arcsin[ K23 siny ] 9
2 3 X13M2 3

and the controllable range is:

. X13

[15]| < arcsin (— Mz) (10)
X23

Fig. 4 demonstrates the modulation trajectories
corresponding to several cases of P;. For the given
calcula-tion parameters, the coverable power range
according to (7) is [-272 W, 272 W]. As | P3| grows,
the minimal values of 1, and 3 increase causing
the controllable range narrower. The modulation
formula (6) comprises of trigonometric and inversed
trigonometric functions, thus in practice, look-up
table should be used to boost the calculation speed.

180

——P3=0W
120 P3=-50 W
—e—P3=100 W
60 P3=-150 W
— —2—P3=-200 W
&
= 0
EN
-60
=120
-180
-90 -60 -30 0 30 60 90

s [deg]

Fig. 4. Modulation trajectories in several cases of P;;
M, =1.0,M;=13,V, =42V, L, = 9.5 uH,
L23 = 53.3 ‘LLH, L13 = 35.8 /JH and F:g = 50 kHZ.

3.2. Soft-switching capability

Zero Voltage Switching (ZVS) is achieved when the
winding current is lagged after the voltage across
the winding. From another point of view, the
reactive power at the winding should be greater than
or equal to zero:

@120, @220, @320 (11)

Substituting (5) into (11), then rearranging the
obtained inequalities, we have:
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cos,
( i[ X2 g ]
g 1+ X.s (1 — M3 cosys3)
< min (12a)
- ! [1 Pt (1 M Azp)]
— —(1——=cos
V7 R 7
M X
cosAyY < —3[1 +£(1
M, X3
(12b)
- M_3COS 1/)3>]

where A = — arcsin )& Ps
M, \KM;3

N sin 1/)3>] .
X13

Equation (12) describes the condition for achieving
ZVS. Fig. 5 illustrates the ZVS area when P; = 0.
The dashed line denotes the limitation of 1,
obtained from (12a). The dashed-doted curve
expresses the ZVS boundary according to (12b).
The shaded area on the right hand side of the figure
is the unreachable zone which is limited by (8). And
the shaded area in the bottom of Fig. 5 is the non-
ZVS zone. The condition (12) is violated when
modulating the converter in there.

150
Ps=0W
120
ZVS area

©
(=}

w2 [deg]

Y3,min = 12.8 deg

(<]
(=]
Unreachable zone

w
(=}

~. Non-ZVS area

~

0 10 20 30 40 50 60

w3 [deg]

Fig. 5. ZVS area when P; = 0; M, = 1.15, M; = 1.02,
V, =42V, Ly, = 9.5 uH, Ly; = 53.3 uH, L,3 = 35.8 uH
and F, = 50 kHz.

A closed-form function describing the boundary of
the soft-switching area can be found by substituting
(6) into (5) then solving the obtained equations for
5 with regard to the condition (11). However, the
equations are highly nonlinear and difficult to be
solved for an explicit solution in real time. Hence, in
this paper, (12) is utilized as the qualifying function

to verify if one operating point is ZVS or not.

3.3. Control system

Fig. 6 indicates the diagram of the control system to
realize the proposed modulation method. The trans-

ferred power is controlled by using the controller
R;(s). The output 15 of the regulator, together with
the desired power P; are input signals for the
modulation function (6). After calculating ¥, the
combination (y,,¥3) is checked by (12) if it is a
ZVS point or not. If yes, it is passed to the
modulator. Otherwise, the last good parameters (last
ZV/S point) are employed instead. Though the power
at port 3 is not equal to the desired value P3, ZVS is
achieved. Designing the current controller R;(s) is
beyond the scope of this paper.

Ps lVS in lV1 _lIZ

Modu}ation Ri(s) [—Oe——
function (6) I
Ya(k) Y3(k)
Check (12)
YES NO Use the
¢ last good
parameters
(Tﬁz Uf)) (sz(k - m))
3 (k) Ya(k—m)/) &

R EEEEEEE

Fig. 6. Control system diagram

4. SIMULATION AND EXPERIMENT
RESULTS

Fig. 7 describes the laboratory scale experiment
system. Port 1 is connected to a programmable
power supply set at 42 V constant voltage mode.
Port 2 and 3 are connected to two DC electronic
loads which are configured to operate under the
constant voltage mode at 60 V and 12 V,
respectively. A three-winding transformer is used to
connect all inverters. Number of turns of the
primary and two secondary windings are 9T, 13T
and 2T, respectively. Consequently, the voltage
ratios are M, = 1.0 and M5 = 1.3. The leakage
inductance of each winding are 3.46 pH, 10.85 uH
and 0.96 uH, respectively. Referred to the primary
side, the delta inductance are: Ly, = 9.5 uH, L3 =
25.8uH and L,3; =53.3 uH. PWM signals are
generated from a TMS320F28335 control card.
Switching frequency is fixed at 50 kHz. The dead-
time is fixed at 500 ns for all inverters to avoid
shoot-through between two MOSFETSs of the same
leg. A simulation studies is conducted to evaluate
the proposed analysis method as well as the control
algorithm. All the parameters used in the simulation
are taken from the experiment system.
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Fig. 8 and Fig. 9 demonstrate the simulation power
characterizations when P; = 0 W (Idle Mode) and
P; = —100 W, respectively. The phase shift ¥ is
increased gradually in the controllable range
determined by (8). At each point, i, is calculated
according to (6), then both are employed for
calculating as well as modulating the converter. As
seen the from the figures, the calculation results are
very close to the simulation ones as the maximum
error between calculated and simulated powers in
both investigated cases is about 45 W. In the scale
of 600 W, it is equivalent to only 7.17%. Notes that,
in general, the winding currents of a TPC converter
are non-sinusoidal and asymmetrical. Consequently,
the high order harmonics in the Fourier analysis are
significant compared to the fundamental component.
Hence, the error of only 7.17% is acceptable, or in
other words, the analysis method is reasonable.

Three-winding
transformer

DC power

supply for

drivers and
sensors

Fig. 7. Experiment system.

—&— P1 cal.
— B -P1 sim.
600

—e— P2 cal.
— & =-P2sim.

—— P3 cal.
— & =P3 sim,

. T ;
3 Non-ZVS '
400 i |

200

0

Power [W]

-200

-400

-600
-40 -30 -20 -10 0 10 20 30 40

w3 [deg]
Fig. 8. Power characterization when P; = 0 W

As can also observed from Fig. 8 and Fig. 9, the
simulated P; adheres closely to P; while the
transmiss-ion between Ports 1 and 2 varies
arbitrarily. Although Port 3 is a passive port, when
P; is set to zero, P; is lightly greater than zero. This

is because in simulation, DC voltage sources are
employed instead of passive loads for constant
voltages at ports 2 and 3. In reality, a positive P;
when P; =0 is not valid, otherwise, V5 will
decreases rapidly.

—8— P2 cal.
- & =P2gim.

—&— P'1 cal.
= = =P1 sim.

600 —&

400

—— P3 cal.
= A =P3gim.

iNon-ZVSi

200

0

Power [W]

=200

-400

-600
-10 0 10 20 30 40 a0 60 70

w3 [deg]

Fig. 9. Power characterization when P; = —100 W
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Fig. 10. Voltage and current waveforms
when P; = —100 W and 3 = 29.9 degrees; i, = 20
degrees, P, = 268 W, P, = =168 Wand P; = —93 W

Besides, since there is still error between P; and P3,
the regulation performance is not so high. This is
comprehensible because the proposed strategy is
based on a unified-function derived from the steady
state analysis. No control loop was employed to
regulate the voltage or current at the separated port.
Hence, this method is suitable for applications
where regulation requirement at the separated port is
not so high.

When P; =0, all characteristics are symmetrical
with respect to the origin. As P3 varies from 0 W to
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—100 W, all characteristics are shifted to the right,
including the ZVS boundary as well. In Fig. 8 and
Fig. 9, the non-ZVS regions are indicated as the
shaded areas. The boundaries of them are
determined by solving (6) and (12). At the
boundary, at least one reactive power component
among Qq, Q, and Q5 is zero. For example, at

3 = 29.9 degrees, the right boundary of the ZVS
area depicted in Fig. 9 (point A(20.0,29.9)), the
reactive power Q, is expected to vanish. In other
words, this means the expected phase displacement
between the current and voltage at winding 2 is 180
degrees.

Fig. 10 illustrates the simulation voltage and current
waveforms when modulating the converter at point
A(20.0,29.9). Obviously, all winding currents are
lagged after their corresponding voltages. Therefore,
ZV/S is achieved for all inverters. As for inverter 2,
the lagged time is 9.43 ps which is approximately
equivalent to 170 degrees at 50 kHz. Since the
expected value is 180 degrees, this result is
acceptable as the error is one 5.5% of the desired
value.
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DPIEU KHIEN CHIiNH LUV TiCH cU'C TREN NEN TANG HIL402
THE CONTROL OF ACTIVE RECTIFIER BASE ON HIL402 PLATFORM

Nguyén Dinh Ngoc, Hoang Thanh Nam, Nguyén Van Tiép, Vi Hoang Phuwong, Nguyén Quang Pich
Trwdng Dai hoc Bach khoa Ha Nbi
E-mail: dinhngock6@gmail.com

Tom tat:

Nhw chuing ta da biét, trong cac hé théng chinh lwu s& dung bd chinh lwu diét hodc thyristor, dong dién tiéu
thu t& lwéi théng thwdng 1a dong dién khong sin (c6 nhiéu thanh phan hai bac cao) va c6 hé sb cong suét
nhd hon mot. Piéu nay dan téi hiéu qua s dung ndng lwong dién khéng cao va gay tén hao do cac thanh
phan séng hai bac cao gay ra. Ngoai ra, dong dién khong sin cé thé gay &nh hwéng t&i hoat déng cia cac
thiét bi khac. Vi vay, bd chinh lwu tich cwc da dwoc nghién ciru dé khac phuc cac van dé trén. Viéc xay
dwng va danh gia mot hé théng cé nhiéu cach dé thwe hién. Trong bai bao nay, ching téi st dung mot cong
cu dang tré thanh xung hwéng méi trén théi gi¢i - Typhoon HIL. V&i nhitng khd ndng mé phdng ndi bat,
Chung t6i da st dung thiét bi nay (cu thé 1a Typhoon HIL 402) dé xay dwng mé hinh chinh Iwu tich cuc.

Abstract:

We know that the current in diode or tiristor rectifier systems is non-sine and contains high harmonics.
Because of this effect, the electrical efficiency isn’t high and the power is loss. Besides, the non-sine current
can affect to the function of other devices. So, a active rectifier has been researched to solve these
problems. Building and assessing a system can be performed by many ways. This paper presents a new
technical tool which has been became a trend in the world - Typhoon HIL. With outstanding simulation ability,
we used this device (here specific model is HIL 402) to build the model of the active rectifier system which
help to assess the dynamic of real system.

Keywords:

Active Rectifier, Voltage Orirented Control, Hardware in the loop HIL.

Ky hi¢u SVM Space vecto modulation

Kyhiéu Ponvi Y nghia LCL B6 loc LCL

Cr F Tu dién phia LCL DC-link Dién ap phia tu dién mot chidu

Le,Li  H Cudn cam phia LCL HIL Hardware in the loop

R Q bién trd phia LCL N 2

> e o pha 1. PHAN MO DAU

Ude \% Dién ap tu De-link . g L g .
B6 chinh luu 1a thiét bi dung dé bién d6i dong dién

U, \4 Dién ap dat trén ty xoay chiéu thanh dong dién mét chiéu cho tai. Ung

e, vV Pién 4p ludi dl_m-gA cua bd chinh Alm.{ rat r()ngv rai trong cong

_ ' ' nghiép. Trong thuc t€ hién nay, chinh luu diode va

Is A Dong dién phia ludi thyristor dugc sir dung kha pho bién. Cac bd nay c6

V2 \Vj Dién ap ngudn vu diém 1a don gian va chi phi thip. Tuy nhién
nhuoc diém cua hai bo chinh luu nay 1a hé sé cong

Chir viet tat suét thp, chi cho phép trao d6i ning luong theo mot
VvOC Voltage Orirented Control chiéu tir ludi sang tai va sinh ra cac song hai bac
PLL Phase locked loop cao. Nhirng hé thf}ng nhu Véy’ gay ra tén that va anh

. huong téi cac thiét bi khac rat nhiéu. B chinh Iuu
IGBT Insulated gate bipolar tich cuc dugc phat trién dé khac phuc dugc cac hién

transistor
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tuong trén. Uu diém 1a khong sinh ra song hai bac
cao, hé sO cong suat gan bang 1 va dac biét 1a c6 thé
trao d6i nang luong theo 2 chidu.

U
. Y|
Ubay "N "N L Eﬂ
Y YL, 12288
CF L == ==
Rp
LCL Filter

H.1. So ¢ mach luc cua chinh luu tich cuc

Trén 0 1a mot cAu trac phé bién nhét dugc céu tao tir
ba phan chinh:

e Bo loc LCL Filter.
e Mach cau 3 pha IGBT.
e Tudién C.

Véi nhitng wu diém trén cho thiy viéc nghién ctru 1a
can thiét v&i cac yéu cdu cua san xuét thyuc tién.
Ngoai ra, nghién ciru ciu trac chinh luu tich cuc s&
cho phép phat trién 1én cac tng dung ndi ludi khac
nhu cac bo loc tich cuc, STACOM. ..

D6i voi hé thong chinh luu tich cuc, viée danh gia
tinh dong hoc cta hé thdng ciing rat quan trong
trong nhiéu tng dung. Cu thé, trong qué trinh khai
dong chinh luu tich cyuc va thay ddi dién ap trén tu
1a viéc can quan tim. Dé md phong qua trinh mot
cach dung dan, chung t6i c6 sir dung hé thdng
hardware-in-the-loop (HIL) cua hing Typhoon dé
danh gia. Hardware-in-the-loop cho phép mé phong
phan cimg mot cach chinh xac véi thoi gian trich
mau rat nho.

2. CAU TRUC DPIEU KHIEN
Muc tiéu diéu khién 1a giit cho dién ap trén ty dién
luén 6n dinh va c6 gia tri 16n hon chinh luu ty nhién

—_——

Ugc K ﬁ»

e
=i

Usq
| svMm
of3 -
Uyp
isd
iq |9
59 abc | ——F-
A | IS
Il 20 5
5
| —4 | =
| 1 ]
0 . o
€nd L___ |
€ng | PLL

H.1. So dd céu trac diéu khién chinh luu tich cuc

2.1. Tong hop cac bo diéu chinh
2.1.1. Bé diéu chinh dién dp

Bo diéu chinh dong dién co6 thé 1a bd PIL, v6i ham

T.s

ic

truyén H, s = Ko [1+ i] . Khi d6 ham truyén h¢

kin sé la:

T.s+1

T}‘zisz +TeS+1 (1)

pc

Hy. S =

Céc tham s6 bo diéu chinh cin dam bao bang thong
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mong mubn 13 1/Ty va do tat dan S Viét lai cong
thirc (1) dudi dang ham bac hai dang chuan nhu sau:

T.s+1
¢ S =433 (2)
ToeS” +2¢Tp.Ss+1

H,

Tu d6, cac hé s6 cua bo dicu chinh dong dién duoc
xac dinh duogc cac tham s6 bo diéu khién nhu sau

Kpc = ZCCTC /TOc' T'c = 2<CTOC (3)

2.1.2. B6 diéu chinh dong dién
Bo diéu chinh dién ap c6 thé 1a bd PL v6i ham

l+i, can dam bao bing

TS

v

tmyén H, s =K,

thong mong muén 1/Te, va do tit dan &. Ham
truyén hé kin s¢ 1a:

T,s+1

4Tivcc 2
S*+
3K pvﬁde

1+ Ts+1 ()

3vaﬁde Re
Trong d6 tham s6 bo diéu chinh dién ap duoc xac
dinh nhu:

4<v C Re — TOv

_ 1 MCR Ty
¥ 3/8 deTOV Re

iv 7 T0v CR (5)

Pé lya chon duge cac thong sb6 cua bo diéu chinh
can luu ¥ rang bang théng cua mach vong dong dién
phai nhé hon quang 5 1an tin s déng cét cua khau
diéu ché PWM. Mach vong dong dién ap phai nhanh
hon 5 dén 10 1an mach vong dién ap. Pay la diéu
kién dé phan tach tac dong cua cac bién trang thai
pht hop véi cdu trac didu khién theo mach vong
10ng ghép.

2.1.3. B6 diéu chinh vong khéa pha
Ham truyén kin ctia mach vong diéu chinh goc pha:

K,s+K;

G,(s)= P
(8) s+ K,s+K,

(6)
Phuong trinh ham truyén dat hé kin G, (s) dugc viét
dudi dang ham chuén bac hai nhu sau:

200 + o}
s° +22w,6, +

G,(s)= (7)

Trong d6: ¢ 1a hé s6 dao dong tit dan damping

®, la tan so0 dao dong riéng

K, = 20,¢

.2
Ki_(Dn

(8)

2.2. Gian doan va chuan hoéa cac bo diéu
khién

Céc cong thuc dai s6 ciia bd diéu chinh muc (2.1) s¢
duoc cai dat truc tiép xuéng vi diéu khién. Tuy
nhién, vi€c cai cac cong thirc & trén voi cic dai
luong ¢ thir nguyén c6 thé din téi tran bo nhd, hay
tran cac thanh ghi tinh toan cua vi diéu khién, lam
cho qua trinh diéu khién bj sai khac hodc c6 thé mat
diéu khién do cac dai lugng vat 1y thuc cé thé co gia
tri it 16n ngoai kha ning biéu dién cua cac thanh
ghi ciia vi diéu khién.

Do @6, phai tim cach khong ché gié tri cac dai lugng
d6 trong gidi han cho phép ctia vi diéu khién, nhung
khong 1am mét di ban chit ciia qua trinh diéu khién
hay y nghia cia cac dai lugng vat ly thuc. Cong viéc
d6 goi 1a chuan hoa. Viéc chuan héa chinh 1a dua
cac dai lugng vat ly c6 thtr nguyén thanh cac dai
luwgng khong c6 thir nguyén.

Gia str, mot dai luong vat 1y thuc c6 gia tri la x, va
gia tri cuc dai cua dai luong nay la x khi d6
bang cach ldy gia tri thuc x chia cho gia tri cia dai
luong @0, ta c6 thé biéu dién dai lugng vat 1y do

max 2

thong qua gia tri x*" trong hé don vi twong ddi.

dsp: X
X

max

X (10)

Céc gia tri thyc hién chuan hoa 1a dai do 16n nhat do
mach do ludng quyét dinh (gi6i han mach do ludng)

duogc chi ra trong bang sau:

B.1. Céc gia tri 16n nhét

Ky hiéu | Gi6i han gia tri do | Y nghia

Ug mx | 800V Pién ap DC 16n nhat

I 20A Bién d6 dong dién
DC 16n nhat

Ug max | 350V Bién d6 dién ap pha
16n nhat

2.2.1. Thuat toan vong khéa pha

Thuat toan vong khoa pha PLL xac dinh goc dong
bo duoc thuc hién béng cach diéu khién thanh ph?m
dién ap luoi.
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(11)

Chuan hoéa thuat toan xac dinh goc déng bod vai 2,
va viét lai (11) du6i dang phuong trinh sai phéan:

ws k — u)sref k + y k
Us_max Us_max Us_max
(12)
0, k 0, k-1 +Tp"us_max w, k
2r 2« 2w U

S_max

Trong d6: T, - Chu ky trich miu thyc hién thuat
toan.

2.2.2. Chuan héa bé diéu chinh dién dp

Bo diéu chinh dién ap trén tyu co cAu trac kiéu PI,

dau ra 1a luong dat cho thanh phan dong dién i;q .

x K, .
Isd = [Kp +?I] udc 7udc (13)

Thuyc hién chudn héa luat diéu chinh véi gia tri dong
di¢n pha 16n nhat 1, va gia tri 16n nhat di¢n ap

ax

trén tu U

dc_max *

u

K
d: dc_max
u psp k — p _

» dsp
dsp
U k —uy Kk }
S _max

U Kk =u® k-1 + K

s_max

+*dsp __,dsp dsp
i Kk =uy® kU k

dsp *
Uge k — Uge

dsp k]

(14)
Trong do: T, la chu ky thuc hién thuat todn

2.2.3. Chuén héa bé diéu chinh dién dp

Péu ra bd diéu chinh 1a luong dat cho thanh ph?m
dién ap Uy,

. K\ . .
Ugq = [Kp +?] lig —lag +Ugq (15)

Thuyc hién chudn hoa luat diéu chinh voi gia tri dong
dién pha 16n nhat 1, . va gi4 tri 16n nhat dién 4p

pha U max -

oo k= Kolumc

dsp
- dsp -
g K — 1y k ]
S_max

u® k =u™ k-1 FREAI

s_max

dsp
< dsp o
iy K — g k ]

Ugq

Us_max (16)

« dsp dsp dsp
Uy  k =ug® k +u™ k +

Trong d6: T, 1a chu ky thyc hién thuét toan

3. KET QUA MO PHONG TREN HIL 402
3.1. Gi¢i thiéu HIL 402

HIL 402 1a thiét bi cho phép thay thé mach luc trong
trong hé théng thuc. Thiét bj duoc ung dung trong
nhiéu linh vuc nhu nang luong mat trdi, nang luong
gid, b bién ddi, diéu khién dong co... i véi cac
nghién ctu phai xay dung mé hinh thyc nghiém ma
doi hoi yéu ciu cao vé phan ctng ciing nhu chi phi
lap dat thi HIL 1a mot giai phap rat hiéu qua xu ly
van dé nay.

I

Typhoon HIL

H.3. Typhoon HIL 402

HIL 402 14 hé théng xur 1y rat manh mé& vai bo xir Iy
4 16i FPGA, mé phéng thoi gian thuc véi budc
nhay 1us .

Ngoai ra, hé thong c6 thém phan mo rong HIL DSP
Interface 1a mot mach diéu khién st dung vi diéu
khién DSP C2000 ctia hing Texas Instruments.

Tong quan vé hé théng, Typhoon HIL 402 c6 nhiém
vu gid 1ap phan cing, con HIL DSP Interface
(TMS320F2808) s& thuc hién cac thuit toan diéu
khién d3 duoc cai dit trén vi diéu khién. Typhoon
HIL 402 s& két ndi voi HIL DSP Interface qua céc
cong giao tiép tin hiéu twong tu va tin hiéu s6. Nhu
vay, c6 thé thdy vai thiét bi Typhoon HIL 402 cho
phép ta mé phong gia 1ap cac hé thong mach luc,
phan cing dé phuc vu nghién ctru. Mat khac, véi toc
d6 trich mau 1us , hé thdng hoat dong gin nhu & ché
do lién tuc.
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Typhoon HIL 402

Gird @ N: Load P T '

Active Rectifier

Analog output Digital input

DSP Interface
(TMS320F2808)

Control System

H.4. Cau trc hé théng mé phong vai Typhoon HIL 402

3.2.1. Qua trinh khéi déng chinh Iwu tich

3.2. Két qua mé phéng o

Tién hanh mo phong véi cac thong sé nhu bang B.2.

Hé thong duogc thiét ké voi cong suat SkVA. Gia tri  Dién &p dat trén ty Uge =650V
dién ap dat trén tu la 650V, sau do thay doi lén
Tek e @ Stop t Pos: S60,0ms CH2
700V. s
Coupling
LA
B.2. Tham s6 md phong T
. dlhHz
Tham s0 mach loc oo . _
LCL Gia tri Pon vi valts/iy
Prob
Cuén cam Lg 1,2 mH ok
Voltage
Cuc}n cam L| 2,5 mH Inert
(i
Ty dién Ce 6,8 uF M 50.0ms £H2  -280mY
: ’ 16-Mar-17 17:54 <10Hz
Dién ré Rp 4 Q H.5. Dong dién lusi khi Khi dong chinh Tuu tich cuc
Tham Sé tu DC-link Gia tl'i Pon Vi Tek L. & Stop M Pos: 402,0ms
-
Tu dlél’l CDc—Iink 3300 HF OC]
Tham so tai Gia tri Pon vi mfhm__ K
Pién tré 50 Q Coarse
Cudn cam 30 mH N
.
Tham s6 cic BBD Thamsé  Gia tri -
CH2 1.004 1 100ms CHZ .~ —280m'
Ko v 0.15 16-Mar-17 1750 <104z
Mach vong dién a B
) gdiendp Ty 10.0 H.6. Bién ap trén tu khi khoi dong chinh luu tich cuc
Kp_c 180 13.16_‘ N i N = :: S gz:z::}
Mach vong dong dién _ 7 l e “,“T'“’
Tic 30.0 Si 0 - Fﬂ L {
< z Kp_pll 20 —13.16‘»“; VA ;,;\ | ““ :“ “:s‘\\f’\vﬁ :‘w: x‘x“:\“ \\f\\/’
Vong khoa pha | s -

Ki_pll 18.0 ©
H.7. Dong dién ludi khi chua chay chinh luu tich cuc
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. 12 (5.14 Aldiv]
. b [5.18 Aldiv]
. [5.2 Aldiv]

20.56

lgia (A

-20.56 f
|

0 0.05
t(s)

0.1

H.8. Dong dién ludi khi chay chinh luu tich cuc

[ C dc (16229 viaiv]

0 0.05 0.1

t(s)
H.9. DBién ap trén tu khi chay chinh luu tich cuc
3.2.2. Thay déi dién dp dat trén tu
Thay dbi dién ap dit trén tu tir 650V 1én 700V

Tek - & Stop M Pos: SE0.0ms CH2
+
Coupling
B Lirnit
A0rHz
WaltssDiv
Coarse
Frobe
0%
Valtage
Inert
I S00mms CH2  —280mY
16—tar—17 17:56 243,295Hz
H.10. Dong dién luéi khi thay doi dién ap dat
Tek I & Stop k4 Pos: 0,000 CH2
+
Coupling
Waltage
Inwert
4 S00rms CHZ2 o 450rmb
15—mar=17 16:30 S0.0135%Hz
H.11. Dién p trén tu khi thay d6i dién ap dat
23.56| : ] : EE |3 [5.89 A/div]
B b [5.89 A/div]
B Ic [5.93 A/div]
2
-23.56 ’ i
0 0.05

t(s)

H.12. Dong dién luéi khi dat U, = 700V

0.1

f B C dc [174.69 Vidiv]

0 0.05 0.1

t(s)

H.13. bién 4p trén tu khi dat U,, = 700V

3.3.3. Nhan xét

Tir cac két qua thu duge tir H.5 dén H.13 c6 nhiing
nhan xét nhu sau:

Dién ap trén ty bam gén bﬁng gia tri dat, sai )
chi 1V.

Trong qua trinh khoi dong chinh luu tich cuc, dong
dién bién dong manh rdi xac lap trong thoi gian
ngén tam ¢& 10ms, dién ap trén tu bam gia tri dat
v6i d6 qua didu chinh tuong ddi 1on. Tir day dat ra
van dé khai dong chinh Iuu tich cyc, trong bai bao
nay chung t6i khong dua ra gidi phap cho qua trinh
khoi dong chinh luu tich cuc.

Khi thay doi dién ap dat trén tu tir 650V dén 700V,
dong dién gan nhu xéac lap ngay va khong c6 bién
dong. Pién ap trén tu xac 1dp nhanh, d6 qua diéu
chinh rat nho.

4. KET LUAN

Bai bdo nay da dua ra cAu trac mach luc va céu tric
diéu khién cua chinh luu tich cuc. Qua két qua mo
phong va nhan xét cho thdy dién ap trén tu bam voi
gid tri dat. Co thé thay ching ta c6 thém mot cong
cu mo phong rat truc quan cho phép diéu khién thoi
gian thyc va giai quyét duoc cac vin dé lién quan
dén phan cung rat tot. Khi da thyc hién cu trac diéu
khién trén DSP mé phong véi HIL, viéc trién khai
mot hé théng thuc nghiém sé tré nén dé dang rat
nhiéu.

5. LO1 CAM ON

Nhom tac gia xin chan thanh gui 161 cam on dén Dé
tai Khoa hoc cdp Nha nude mi sé KC.05.03/16-20
di tao diéu kién cho ching toi thyc hién bai
béo nay.
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TiNH TOAN O O T SU DUNG PHUONG PHAP PHAN TU HOPU HAN
CALCULATION OF MAGNETIC BEARING USING FINITE ELEMENT METHOD

Vi Binh Pat, Nguyén Quang Bich , Giang Hong Quéan
Trwdng Dai hoc Bach khoa Ha Nbi
Email: vudinhdat@gmail.com

Tom tat:

Phwong phap phan tich phan t& hiru han (FEM) st dung ANSYS dwoc ap dung hd tro cho qué trinh mo
hinh héa 6 d& tir chi ddng(AMB). Mt md hinh toan hoc cho 6 ti» dworc trinh bay. Cac coéng thirc thanh phan
dwoc xac minh bang cach so sanh két qua mo phdng véi két qua tinh toan. Pwa ra nhitng dé xuét
hoan thién quéa trinh md hinh héa cling nhw nhitng y twédng tdi wu hoa thiét k& nhadm nhdm nang cao chét
lwgng AMB.

Abstract:

The finite element method (FEM) using ANSYS in support of active magnetic bearing (AMB) modeling. A
mathematical model for the magnetic drive is presented.The element formulation is verified by comparing
experimental results with calculated results. Provide suggestions for complete the modeling process as well
as design optimization ideas to improve AMB quality.

Keywords:

O d& tir cht dong, md hinh toan hoc, phwong phap phan ti hiru han, ANSYS

Ky hiéu quan trong hay téng quét 1én 1a viéc mo hinh hoa 6
dd tir mot cach chinh xéc 1a rat can thiét. Hién nay

ong viéc mo hinh hoa theo phuong phap toan hoc
1) Wb Tir thong v€ co ban da moé ta dugc mo hinh 6 tur va duge ap
dung kha thanh cong cho qué trinh diéu khién [1].
Tuy nhién mé hinh todn hoc c6 vé nhu van chua du
f N Luec dién tir hiéu qua dé xem xét hét cac hién tuong tir truong
phi tuyén phtic tap ctia 6 tir, d6 1a su tir hoa cia vat

Ky hiéu Ponvi Y nghia

B Tesla  Mat do tir thong

10 A Cuong do dong dién o . . U A
ligu, sy giao thoa xen kénh giita cac ngudn tu

Xo mm Khoéng cach khe hé khong khi truong, roi qua trinh ton hao tir...Phuong phap phan
T tr hitu han s dung ANSYS MAXWELL
Chir viet tat [21[31[41[5][6][7]duoc ap dung dé giai_ quyét cac
FEM Finite Element Method van dé trén. O bai bdo nay mot mé hinh 6 d& tir chit
] ) ) dong (AMB) vé6i 4 cuc tr duoc dua ra xem Xét,

AMB Active Magnetic Bearing nhiing tinh todn phan tich tap trung vao phan tich

. . mot cuc tir dugc trinh bay.
1. PHAN MO PAU

Gap

O d& tir 1a mot loai 6 & ma c6 kha ning nang khong " A >
tiép xuc cac truc chuyén dong nho vao luc tu
truong. Do giita truc quay va phan tinh khong tiép
xUc v6i nhau, cho nén 6 d& tir dang duoc coi 1a mot
nganh cong nghé trong diém cua thé ky 21 c6 thé
dem lai nhiéu budc d(f)t'phé cho cac ngénl} cong ;
nghiép ché tao va san xuat nho nhiing wu diém ndi \l Power Amplifier
bat ma vong bi co khong c6 duoc. Dbi v6i sy phat
trién cta 6 tir nhu vay, viéc tinh toan cac thong s6

H.1. Mb hinh 6 d& tir 4 cuc
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2. MO HINH TOAN HOC

Dé c6 duge md hinh toan hoc cho mdt cuc 6 tir chu
dong trong H.2, can xuat phat tor viéc tinh lyc
Lorentz force[1]:

| sl

g 7

H.2. M6 hinh mach tir mot cuc

T thong:
¢ = BfeAfe = BaAa (1)
§day e =M gin dén Be =B =B

Mat do tir thong ctia mach tur:
PHAs =1 H +2sH, =ni 2)

Mat d¢ tir thong va cudng dd tur truong li€n hé véi
nhau qua cong thuc:
B = tiop4, H ®)
Tu (3) ta co:

B B

H fe — '
lu’O lj’r iu’O
(4)

Thay (4) vao (2):

I B +253:ni:Nl )
,u’Olu’r lu’O

Giai phuong trinh (5) d6i voi B ta co:

NI

B =14 (6)

(Ii +25)

(6) cho thdy mat do tir thong B ti 16 thuan voi cudng
d6 dong dién va ti 1€ nghich voi khe ho khong khi.
Luc dién tir:

OW, BZA

f=_ "2 _BHA —-—=2 7
a5~ BaHaA = )
Thay B ¢ (6) vao (7):
ni
f: —2 8
MO(Ife//'Lr+25) A ( )

Déi v6i cac vat lidu sit tir co g, >>1 thi tir hoa ctia
sat tir thuong duoc bo qua, khi d6 cong thirc luc tir
¢6 thé duoc don gidn hoa nhu sau:

H 2 2
f— A = A L kL ©)
Tir phuong trinh (9) ta thdy mbi quan h¢ giita luc tir
v6i dong dién va dd rong khe hd khong khi 1a cac
quan hé phi tuyén, luc ti 1¢ thuan véi binh phuong
cuong do dong dién va ti 1€ nghich voi binh phuong
khoang cach khe ho khong khi.

3. PHAN TiCH PHAN T HO’U HAN
3.1. Théng s6 mé hinh

Chiéu dai l, 215mm
Khé hé khong khi S 0.5mm-1.5mm
Dong dién i 0A-10A
S6 vong day n 10
Tiét dién mat citkhé ho | A 900 mm?
khong khi
Do tir thAm chan khong | p, 471077 T.m/A
Vit ligu thép Thép-1008
Vit lidu cudn day Pong
Moi truong xung quanh Chén khéng

3.2. Méat dé tw thong
3.2.1. Anh hwéng cua dong dién

C6 dinh khoang cach khe hd khong khi X0=1m,
thay doi dong dién 10 tir SA t6i 10A. Ta duoc keét
qua mo ta phan bo mat d6 tir thong nhu H.3 va H.4.

BLteslal

1.3420e-801
7.4519e-002
4.1380e-002

2.2978e-002
1.2760e-002
7.8853e-093
3.9344e-003

K r 2
‘ SN
| 2.1847e-003
1.2132e-003| J
6.7366e-004 [ /

3. 7408e-00% | [
2.8772e-004

1.1535e-804
6. 4052e-085
3.5568e-0@5

B[teslal

2.3420e-001
1.2498e-001
6.6633e-002

3.5590e-002
1.8992e-002
1.0135e-002
5. 4984e-003
2.8861e-003
1.5402e-003
8.2189e-004 | [
4.3859e-004 |

2.349S5e-004 | &
. 1. 245060y

6.6651e-025
3.5568e-0@S

e
>
=
C
0 50 100 (mm)

H.4. Mat d6 tir thong (10=10A, X0=1mm)
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So sanh két qua & H.3 va H.4 ta thiy mat do tir
thong tang khi dong dién tang.

3.2.2. Anh hwéng cua khe hé khéng khi

C6 dinh dong dién 10=10A, thay ddi khoang cach
khe ho khong khi X0 tor lmm téi 1.5mm. Ta duoc
két qua mo ta phan bd mat do tir thong H.4 va H.5.

B[tes1al

1.1420e-001
B 1. os0ue-001
9.7889¢-002
8.9735e-002
8.1580e-002
7.3426e-002

B 6.5271e-002
H 5.7117e-002
4, 8962e-002
4.0808e-002
3.2653e-002

2.4499e-002 | 7
1. 6344e-002
8. 1900e-003
3.5568¢-085

i lllllllllli;iiilllllllllllll

0 100 200 (mm)

H.5. Mat d tir thong (10=10A, X0=1.5mm)

So sanh két qua & H.4 va H.5 ta thdy mat do tir
thong giam khi khe hé khong khi tang.

3.2.3. Anh hwéng caa hinh dang vét liéu

C6 dinh dong dién 10=10A, khoang cach khe ho
khong khi X0=1mm. Ta duoc két qua mé ta phan bd
mat do tir thong H.6.

B[tes1al
l . 9851e-8@2
, 7835e-082
. 4199 -802
L 13442-802
. G495e-082
,5652e-8A2
| 28@fFe-BAZ
,9961e-082
. 7115e-8@2
,42692-8@2
,1423e-082
5773e-0@3
. 7315e-8@3
,B857e-083
. 9881e-8@5

[ R R L R T U o IV R TV T R

100 (mm)

H.6. Mat do tir théng (10=10A, X0=1mm)

Quan sat hinh anh vector phan bd tir thong trén
khung thép ta thiy tai cic goc ciia khung mat do tir
thong giam cong voi xuat hién tir thong ro tai cac vi
tri ¢6. Diéu d6 chi ra nhimng chu trong khau thiét ké
ciu tao 6 tir, cu thé & ddy 1a can vé tron cac goc cua
khung thép.

3.2.3. Anh hwéng cua chiéu dong dién

Thuong trong qué trinh tinh todn mo hinh hoa, ta ¢
oi tur thong tai khe ho S1 va S2 (H.7) la nhu nhau,
dan dén lyc tac dong lai 1a nhu nhau va déu bang
f/2.

i
()]
ui-..- (T ﬂ///
D
Aol S
{ fsi 7 A4si
5T 1

H.7. Phén bd luc tac dong 1én thanh thép

Nhung thuc té thi mat d6 tir thong tai khe ho S1 va
S2 lai khac nhau tiy theo chiéu dong dién, dé kiém
chung ta tién hanh khao sat phan bé tir thong tai vi
tri ctia khe ho S1 va S2. Két quéa cho ¢ biéu d H.8
va H.9.

XY Plot 2
- MName X Y
125.00 — m1 2.5800 | 656.7347
- m2 29.9400 | 117.9579
- m2
11250 —|
10000 —
= ]
2 ]
E 1
[12] -
= 87.50 —]
8 ]
75.00 —
6250 —|
* 1
52.67 | | |
10.00 20.00 30,00
Distance [mm)]
A £ e A . 2
H.8. Phan bo tur théng tai khe hd S1
XY Plot 4
5750 — Name X Y
— m1 27.9300 | 56.2976 mt
7 m2 300000 |396619 f\
5500 —| )
E ] \
5250 —| H
5000
E ]
E ]
U750
g \
= -
4500 —
4250 |
1000 - L
3791 —
0.00 10.00 2000 3000 4000

Distance [mm]

H.9. Phan b tir thong tai khe ho S1

Nhin biéu d6 ta d& nhan thiy su phan bd tir thong tai
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khé hé S1 va S2 la hoan toan khac nhau. Gia tri mét
d6 tir thong bén khe hd S1 16n hon han S2. Vay nén
luc tac dong cling s& léch nhau, day 1a diém cha y
cho qué trinh mo hinh hoéa va diéu khién 6 tir trong
diéu kién thyc té.

3.3. Ly tiv

Dé phan tich anh hudng ciia cuong d6 dong dién va
khé ho khong khi dén lyc tir. Ta cho dong dién 10
thay doi tir tir OA téi 10A va khoang cach khe ho
khong khi X0 thay d6i tir 0.5mm t&i 1.5mm. Pugc
két qua mo ta nhu sau:

Forcel.Force_ma

7.6269¢+000
R
6. 6736e+000

6. 196924000
5.7202e+000
5. 2435e+000
4. 7668e+000
4. 2902 +000
3.8135e+000
3.3368e+000
2. 8601e+000
2, 383%e+000
1.9967e+000

1.4301e+000
9.5337e-001
l 4, 7668e-001
9, 0000e +000

H.10. Phu thudc luc tir vao dong dién
va khoang cach(Ansys Maxwell)

Forcel.Force_mag

LUC TAC DONG

Dong dien (i0}

khoang cach (=0}

H.11. Phu thugc lyuc tir vao dong dién
va khoang cach(Matlab)

Két qua thé hién ¢ H.10 va H.11 déu cho thdy lyc tir
ti 1€ thuén voi binh phuong dong dién va ti I nghich
v6i khoang cach khe hd khong khi.

Dé so sanh va danh gia giit két qua mo hinh toan

TAI LIEU THAM KHAO

hoc va két qua phan tich phan tir hitu han ta s& trich
ket qua tinh toan ¢ H.10 va H.11:

10(A) | F(X0=05) | F(X0=10) | F(X0=125)
1 0 0 0 0
2 5 1872 0578 0281
3 10 7627 2322 1.128

(Ansys Maxwell)

10(A) [ F(X0=0.5) [ F(X0=1.0) [ F(X0=1.5)
1 0 0 0 0
2 5 1891 0.589 0292
3 10 7.693 2387 1.157

(Matlab)

So sanh két qua phén tich bang phuong phap phan
tr hitu han dugc thyc hién bing ANSYS
MAXWELL so vé6i phuong phap giai tich dugc hd
trg tinh toan bang MATLAB ta thiy két qua la
tuong ddi trung khép su sai khac nho & déy 1a do
khi x4y dyng mo hinh toan hoc ta di bo qua ton that
nang lugng do tir thong tan, do tu thadm va mot vai
yéu t6 khac. Tir ddy ta thdy mo hinh toan hoc di xay
dung vé co ban 13 hop 1y, bén canh d6 dé mé hinh
h(’)a chinh x4c hon chiing ta nén phai dua vao céc
yeu td gy ton that nang lwong cong véi cac thiét ké
cAu triic mai tdi wu cho 6 tir.

4. KET LUAN

Qua trinh m6 hinh hoa 6 d& tir da hoan thanh dua
trén cac tinh toan toan hoc va duoc kiém chung boi
phuong phap phan tich moé phong phan tir hiru han.
Tu cac két qua va phan tich ctia bai bao ta thiy duoc
su can thiét cua phuong phap phan tir hiru han trong
qua trinh thiét ké ché tao va diéu khién & d& tur.
Phuong phap nay khong chi gitp ching ta xdc minh
tinh ding dén cta nhing tinh toan mo hinh héa ma
con 1a cong cu dé tién luong va tdi wu hoa cac thiét
ké tinh toan nham nang cao chét lugng 6 d& tir.

5. LOI CAM ON

Bai bio duoc tai trg boi dé tai ma s6 T2016-PC-182
trong khuén kho dé tai cap co s¢ Truong Dai hoc
Bach Khoa Ha Noi.

Nhém thyuc hién dé tai xin chan thanh cam on Vién
KV thuat diéu khién va Ty dong hoa va Truong Pai
hoc Bach khoa Ha Noi dd tao diéu kién giup d&
nhom tac gia trong qua trinh nghién curu.

[1] G.Schweitzer and E. H. Maslen, Magnetic Bearings. 2009.
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VAN HANH SONG PHUONG HE THONG ROBOT MASTER - SLAVE
TRONG MOI TRUONG TRUYEN THONG CO TRE BIEN THIEN

BILATERAL TELEOPERATION OF MASTER-SLAVE ROBOT SYSTEM
WITH TIME VARYING COMMUNICATION TIME DELAY

Pham Van Giang, Nguyé&n Van Duy, Nguyén Van Dwong, Dwong Minh Birc
Trwdng Dai hoc Bach khoa Ha Nbi

Email: duc.duongminh@hust.edu.vn

Tom tat:

Ngay nay, hé van hanh song phuong cé vai trd quan trong, va (rng dung trong nhiéu linh vwc, nhw cong
nghiép, quan sw, y té... Tuy nhién, khi hoat déng trong méi trwdng cé tré truyén théng, chat lwong cta hé
théng ludn bi gidm, tham chi mét 6n dinh. Bai bdo nay dé xuét phuvong an diéu khién dadm bao 6n dinh hé
thdng trong méi truéng truyén théng co tré va cai thién kha ndng bam vi tri cia hé théng.

Abstract:

Nowadays, bilateral teleoperation systems play an important role and are applied in many fields such as
industry, military, rescue... However, when it is used in communication environment with time delay, the
guality of the system is decreased and even the system become unstable. This paper presents a solution to
control bilateral teleoperation, which helps to make the system stable in communication environment with
time varying delay and improve the performance of the system.

Keywords:

Bilateral teleoperation, passive theory, scattering, varying time delay, online calulation, position tracking.

Ky hiéu di chuyén. Pong thoi, qua tin hidu truyén théng gii
di, slave ciing s& chuyén dong twong dong, bam vi

Ky hi¢u bon vi Y nghia tri vo1 robot master. Bén canh d6, khi ¢6 luc tir moi

fu(t) N Luc ngudi truong tac dong vao robot slave, qua tin hi¢u truyén
e . thong gui Vé, robot master s& nhan biét duoc su tac
fs(t) N Lyc moi truong one gu L, VA T £ A
dong nay. Qua do6, giup nguoi van hanh c6 thé chu

Ti(t), To(t) s Thoi gian tré dong di€u chinh mét cach hop 1y.
X, Xs cm Vi tri Robot Master, Slave Trong cac nghién ctru trude day, cac tai ligu da tap
Lo trung vao viéc nang cao chét luong hé théng vé tinh

Chir viet tat

tuong ddng vi tri va luc phan hdi ¢ hai phia Robot
BT: Bilateral Teleoperation Master va Robot Slave. Trong [1], bai bao di tong
hop cac két qua nghién ctru vé hé van hanh song

MR: Master Robot -
Phu’ong nhu ph’uong phap st dupg tinh thy d@ng Eié

SR: Slave Robot on dinh hé thong, st dung khoi Scattering dé on
i A dinh hé thong voi khau truyén thong co tré. Trong

1. GIO1 THIEU [2], bai bao da chi ra phuong phap nang cao tinh

Hé vén hanh song phuong (Bilateral Teleoperation) ~ twong dong vi tri ¢ hai phia Robot Master va Robot
1a mot hé didu khién tir xa, dugc tao nén tir cac h¢ ~ Slave. Cac bai bdo [3], [4] da chi ra phuong phap xu
thong cac thiét bi c6 tuong tac voi nhau. Trong d6, 1Y tré khau truyén thong trong h¢ phi tuyét va tim
hé théng chu dong dugc goi 14 robot master, va h¢ ~ dugc diéu kién 6n dinh khi khau truyén thong co tre
thdng thu dong duoc goi 1a robot slave. Khi nguoi  thay doi. Cé? bai bao [5], [6] da chi ra phuqng phép
van hanh tac dong vao robot master, robot master s&  cai thién chét lugng hé thong khi khéu truyen thong
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c6 tré thay ddi trong hé tuyén tinh.

Céc cong trinh nghién ciru trén da dat dugc cac két
qua vd cung quan trong, dat nén mong cua viéc
nghién ctru hé van hanh song phuong sau nay, tuy
nhién van ton tai nhiing han ché can duoc cai thién,
nhu trong [2], tac gia chua dé cap dén viée cai thién
bam vi tri khi tré khau truyén thong 1a thay doi.
Trong [3], [4], cac tac gia di chi ra dwoc diéu kién
dé hé 6n dinh, nhung viéc thuc thi diéu kién d6 chua
thuc sy hiéu qua. Trong [5], [6], dua vao diéu kién
6n dinh trong [3], [4], tac gia trinh bay phwong phap
thuc thi dé diéu kién 6n dinh duoc dam bao trong hé
tuyén tinh.

V6i viée phan tich cac két qua nghién ciru trude do,
trong tai liéu nay, muyc tiéu ctia chung t6i 1a ké thira
cac két qua trén, va sir dung phuong phap tinh toan
tryc tuyén hé s6 bu thoi gian tré, ap dung vao hé phi
tuyén, v6i khau truyén thong c6 tré thay doi.

MASTER

Két qua dugc dua ra & phan mo phong di thoa man
dugc muc tiéu cta ching toi néu trén.

2. DIEU KIEN ON DPINH

So d6 hé van hanh song phuong véi ma tran
Scattering duoc thé hién trong hinh H.1. Luc tac
dong tr nguoi vao MR 1a fy(t); robot master cling
nhan mét lyc phan hoi f(t) tir phia SR. Luc dau vao
di chuyén MR, va thong tin sy dich chuyén yn(t)
duogc giri sang phia SR. Bén phia SR, SR di chuyén
theo thong tin dich chuyén y,(t). Luc tic dong cua
SR vao méi truong 1a fy(t), ciing 1a lyc phan hdi vé
phia MR. Cac khdi Wy, Ws 12 hé s6 bu thoi gian tré
trong khau truyén thong. Ty(t), Ta(t) 1a thoi gian tré
trén duong truyén di va duong phan hoi vé. Hé sd b
1a hing s6 duong ctia ma tran Scattering. G, and G,
1a ham truyén tuong tmg ciia MR va SR.

H.1. Hé van hanh song phuong véi khdi Scattering (tai liéu [6])

Vi cac bién Un, Vi, U, Vsduoc tinh nhu sau:
-1
Up= m(fm+ bym)
1
V= \/T_b(fm_ bym)

Us fs+ by,) (1)

=1

=72
1

Vs= \/T—b(fs_ byr)

Cong sudt dau vao cia hé thong tai bat ki thoi diém

nao xac dinh boi cong thirc

Pin (t) = mem - yrfs (2)

Véi thoi gian tré thay d6i T = T(t), phuong trinh

truyén thong tro thanh

Ug(t) = Uy (t — T1(0))

v (1) = vs(t — T2(1))

Trong d6, Ty(t) |4 thoi gian tré cua duong truyén tin
hiéu di, va T,(t) & thoi gian tré trong duong tin hiéu

©)

phan hdi vé&. Ching t6i gia dinh ¢ day rang @
4

ari _. .. _

= <l:i=1,2

Thay cac phuong trinh nay vao (3), nang luong luu

trix trong truyén thong duoc tinh theo muc 2, tai liéu

[4] va muc 3, tai liéu [3] nhu sau :

fy Pn@dt = 2 [[(un(0)? = vm(D? + vs(1)? -
ug(1)?)dr

1 t t
=2 Ui tm @+ J_p y vs(0de

t—T,(t) Tll(o_)
- —————u,(0)%do
J;) 1 _Tll(o_) m( )

t-T,(t) T'
— Iy S vi(0)?do}

(®)

Véio =1 —T;(7) := g;(7);

oy o i
(og) :=—
‘ At | 1=g=(0)
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Su c6 mit cla hai thanh phan cubi cing trong (5)
cho thdy tinh thu dong khong con dugc bao dam khi
thoi gian tré thay doi. Trong kién trac da sira do6i thé
hién trong hinh H.2, thoi gian tré thay doi duoc ky
hiéu fy(t) va f,(t) phuong trinh truyén tai méi dugc
cho boi:

us(t) = f (t)um(t -T; (t))

(6)
vn(®) = fa®vs(t — T2(1))
Un Ty fy U
— Lu " 4 >
V]ll VS
4 () LU —

H.2. Khau truyén théng trong BT

Tu @6, ta tinh dugc nang lugng luu trir trong truyén
théng:

1 t t
E= - { ft—Tl(t)um(T)ZdT+ft—T2(t)v5(T)2dT+

ft “Ti()1-T'y - fF um(O')de' +

’ (7)
t-T,(t)1-T', — f?
fo T vs(0)?da}

Vay, néu ching ta chon f? = 1 - T'; trong cAc biéu
thire trén, hai thanh phan cudi cung s& duoc loai bo
va hé thdng thu dong. Trén thyc té, su thu dong
duoc bao dam néu tham sé fi(t) duoc chon théa mén
daT;
2 <1 - —;i=12 8
fi- < Tl , 8
3. TINH TOAN TRY'C TUYEN CHO HE SO BU
THO'I GIAN TRE THAY DOI TRONG HE BT

Trong hé théng BT c6 tré thay ddi, theo (8), ta
can cai dit duoc bo bu thoi gian tré f; thoa min
cong thirc

fi<V1-T ;i =12 €)

Trong trudng hop o thi thoi gian T(t) 1a mot ham
tuyén tinh, ta c6 thé xac dinh duoc £, 1a mot hing
s6. Nhung trong thyc té, thoi gian tré T(t) 1a thay
d6i ngau nhién. Vay, dé bat dang thuc trén lubn
dung, hé s bu thoi gian ciing phai thay doi lién tuc.
Tir d6, hé théng dwoc 6n dinh.

Tinh toan truc tuyén cho hé sb bu thoi gian la mot
giai phap, dam bao hé s6 bu thoi gian ludn thay doi,
dé thoa méan cong thirc voi tré truyén thong thay doi.
Theo muc 4, tai liéu [5], hé sé bu thoi gian tré duoc
tinh toan truc tuyén theo cach thuc sau:

U
—P(') t- T(t)

b4
v

t
— t-T(t) » d/dt » Sqrt()

H.3. Phuong thirc tinh hé sé bu thoi g8ian tré thay doi

Véi phuong thirc tinh toan truc tuyén trén, hé sé bu
thoi gian luon thoa min bat dang thie (9), dam bao
hé théng dugce 6n dinh.

4. SO PO KET HOP GIIPA HE SO BU THO!I
GIAN TRE VA BO BAM V| TRi

Pé cai thién kha nang bam vi tri ciia hé BT, theo [2],
két hop véi [6] ta st dung cAu tric trong hinh H.4.

X Feed
{11t ] }‘r
S
X Xm Uy Ug Ksd Xq
> T](t) > fl(t) » Filter > —
MASTER SCATTERING SCATTERING SLAVE
F F v, Vs F F
h " m PALL T fz(t) " Tz(t) Vs <+'S e
Fback J
“ Ta(t) e X,

H.4. Hé van hanh song phuong v&i cau tric bam vj tri (Position Tracking

So dd nay ciing cai thién kha ning bam vi tri trong
trudng hop tré thay ddi. Tuy nhién dai song dugc
chon phai 1a mot gia tri ¢d dinh va phai dwoc xac
dinh trudc. Diéu nay 1am giam di tinh chinh x4c cta

hé théng. Trong phan trude, viéc tinh toan truc
tuyén cua thoi gian thay dbi da duoc dé xuit. Cong
thirc nay luén dam bao tinh 6n dinh cua hé théng
truyén thong. Vi thé né khong lam anh huéng dén
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sw on dinh cua hé thong didu khién song phuong.
Véi 1i do nay, ching ta c6 thé giai thich cho viéc sir
dung so do két hop gilta cdu tric tinh toan truc
tuyén cho hé sb bu thoi gian va b bam vi tri dé cai
thién do chinh xac cua hé thong diéu khién song
phuong trong khi van dam bao tinh 6n dinh cua hé
thong.

Hinh H.4 1a ciu truc bam vi tri cia hé van hanh
song phuong.

Trong cu trac hinh H.4 trén, Fpag VA Freq 13 gid tri
ding dé theo doi hé thong, dugc tinh theo cong
thirc:

Fback= K ( Xs— Xm )

10
Ffeede(Xm_XS) ( )

Viéc diéu khién gia tri K trong cAu tric bam vj tri bi
anh huong boi gidi han trén cua tré truyén thong va
gia tri budc nhay cua MR va SR. Tuc 1a gia tri K
16n hon gi4 trj trén cua tré truyén thdng va nhé hon
gia tri budc nhay cua 2 robot.

5. MO PHONG

Pé x4c minh tinh hiéu qua cia hé thong dé xuit, mo
phong duoc thuc hién voi hé théng BT thong qua
thoi gian tré thay d6i khac nhau ciia méi trudng giao
tiép. Céu trac md phong dwoc mé ta nhu sau:

e MR va SR tuong tu v6i chirc nang chuyén tir luc
sang van toc 1a hé thong bac nhat.

e Thong tin téc d6 va luc dugce chuyén doi thanh
cac bién song. Cac bién song va thong tin vi tri dugc
gui gilra master va slave nhu trong hinh H.1.

e SR st dung bo diéu khién PI dé bam theo van tdc
cua MR.

e Dau ra cua bd didu khién Pl cho van tdc, chu
khong phai lyc moéi truong, duge dua tré lai phia
MR (theo [1]).

e MOdi trudng truyén thong c6 su cham tré thoi gian
khac nhau.

e Heé thong BT sir dung ma tran Scattering véi tinh
toan truc tuyén hé sb bu thoi gian tré thay doi.

e B0 loc ddu tién c6 bd loc thap thong qua hing sd
thoi gian chu ki T 1a 0,1 gidy.

e Toan tir s& di chuyén MR bang lyc 1 [N] dugc
cho nhu trong hinh H.5.

Mo phong dugc thuc hién trong hai truong hop: SR
di chuyén ty do va SR tiép xic voi méi truong

Trong ca hai truong hop su cham tré thoi gian trong
ca hai kénh truyén théng va phat sinh ciia n6 nhu
trong H.6, H.7.

1

Y e T S R et remeeene o

Fh
=]

05 b . .

o 10 20 30 40 50
Time (s)

H.5. Luc nguoi didu khién tac dong vao Robot master

1

08 -rrcre s S e

08w T . —

Delay (s)

] —— SRS —

7| — - — — —

Time (s)

H.6. Thoi gian tré

2
i

Derivative of Delay

Time (s)
H.7. Pao ham cua thoi gian tré

Trong truong hop SR di chuyén ty do va khong tiép
xUc v6i moéi truong, cac két qua mé phong dugc thé
hién trong hinh H.8 cho thdng tin vé phan hoi lyc,
trong hinh H.9 cho théng tin van téc va hinh H.10
cho théng tin vi tri cua ca hai MR va SR.

Time(s)

H.8. Phan hdi luc ciia Robot master va Robot slave
khi khong c6 méi truong tac dong
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0.4

0.2

Weloeity (m/s)
o

0 10 20 30 40 50
Time (s)

H.9. Van tbc cua Robot master va Robot slave
khi khong c6 méi truong tac dong

2 , :
N\ oo
= L] R A / A N 7
R Y S N ¥ L —— Xm
2 N N Xs
& v :
(=] SR S - S — S S 1
LA H
. v
0 10 20 30 40 50
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H.10. Vi tri ciia Robot master va Robot slave
khi khéng c6 moi trudng tac dong

C6 thé thay hé thdng nay 6n dinh, tham chi vai sy
cham tr& thoi gian khac nhau. Van téc va vi tri cua
SR bam theo van toc va vi tri chinh x4c cua MR.
Bai vi SR khong tiép xdc véi moi truong, nén lec
tiép xGc bang khong. Luc diéu khién dugc chia
thanh hai phan dé di chuyén MR va SR.

Trong trudng hop SR di chuyén ty do va tiép xuc
v6i moi truong, cac két qua md phong dugc thé hién
trong hinh H.11, 12 dé biét thong tin vé& phan hoi
lyc, trong hinh H.13 cho théng tin van téc va hinh
H.14 dé biét thong tin vi tri caa ca hai MR va SR.

1 . : : :

Force(M)
o

0 10 20 30 20 50
Time(s)
H.11. Phan hoi luc cua tir méi truong
tac dong vao Robot slave

0 10 20 30 40 50
Time(s)

H.12. Phan hdi luc ciia Robot master va Robot slave
khi ¢6 méi truong tac dong

—Vm
P I U [ Y A R Vs
E !
= ;
£ s
40 50
Time(s)
H.13. Van téc cua Robot master va Robot slave
khi ¢6 moi truong tac dong
E
o

Time(s)

H.14. Vi tri cia Robot master va Robot slave

khi c6 mo6i truong tac dong
C6 thé thay rang hé thong van 6n dinh, tham chi véi
su cham tré thoi gian khéc nhau va tiép xdc voi moi
treong. Van toc va vi tri cia SR bam theo van téc va
vi tri chinh xac cia MR khi két ndi két thac. Viéc
theo ddi lyc phan hdi ciing thu duoc, ngay ca khi SR
tiép xdc véi méi truong. Khi SR tiép xdc véi moi
truong, luc phan hdi ciing ting, so v6i thoi gian
khong tiép xtic. Pidu d6 1am cho ngudi diéu khién
MR nhan ra tinh hudng lién lac bang cach cam nhan
su khac biét luc giira Itc khong tiép xuc va khi tiép
xuc. Va d6 1a myc dich cua hé thong BT ma nha
diéu hanh c6 thé cai thién nhiém vy ciia minh bang
cach lay luc phan hoi.

6. KET LUAN

Trong bai bao nay, ching t6i di giai quyét mot sd
vAn dé co ban cua hé théng van hanh tir xa ¢c6 phan
hdi luc (Bilateral Teleoperation), bao gdm: Khdi
Scattering, giai phap tinh toan tryc tuyén cho bo bu
thoi gian tré, va nang cao chat lugng hé thong bang
phuong thitc bam vi tri. Theo d6, két qua mo phong
cling da chimg minh dugc tinh ding dan cia Iy
thuyét.

Trong tuong lai, chung t6i mong mudn dwoc kiém
nghiém nhiing tinh toan 1y thuyét nay trong hé thong
thye.
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A SIMPLE CONTROL METHOD FOR REHABILITATION EXOSKELETON

Tan Duc Vu, Chi Phuong Nguyen
Department of Automation, Faculty of Electrical Engineering,

Thai Nguyen University of Technology, Thai Nguyen University

Abstract:

This paper proposes an intelligent lower extremity rehabilitation training system controlled by impedance
controllers. The structure of the robotic leg exoskeleton can be divided into three parts including hip joint,
knee joint, and ankle joint, which is driven by linear actuator and pulley. Therefore, we can control the motion
of the robotic leg exoskeleton by driving the linear actuators. Finally, the results of simulation are illustrated

that the design of proposed controller presents good performances and effectiveness.

1. INTRODUCTION

Scientific and technological work on exoskeletons
began in the early 1960s, but only has recently been
applied to rehabilitation and functional substitution
in patients suffering from motor disorder [1]. After
brief and unsuccessful attempts in these years,
advances in sensing, actuation and computing
technologies have renewed the confidence in the
viability of developing an autonomous exoskeleton
system for human performance augmentation. Not
only do these advances permit the realization of
more compact, lightweight and robust robotic
hardware design, but they also permit the
development of increasingly sophisticated control
laws in terms of both real-time processing capability
and design and analysis computer aided tools [2-5].
The proposed robotic leg exoskeleton is configured
with either a powered treadmills or a mobile
platform to provide various rehabilitation purposes.
The exoskeleton is comprised of two
anthropomorphic legs and spine that provides a
versatile loading interface. The device is to be
designed and controlled in such a way that the
human can conduct a wide spectrum of activities
without feeling the device. The future possible
applications of exoskeletons are endless and include
construction workers, earthquake rescue personnel,
space exploration, and physical rehabilitation.
Currently, the demand of health care is the strongest
need in the modern society.

2. STRUCTURE OF EXOSKELETON
SYSTEM

The exoskeleton system includes two exoskeleton

legs, one treadmill, and one suspension bar. Legs of
the exoskeleton are designed with ability to adjust
the length of thigh, shin to fit every patient. And the
exoskeleton is shown in Fig. 1.

Suspension Bar

Hip Connection
Hip Joint
Thigh

Knee joint

Calf
Ankle joint

Fig. 1. Structure of the Exoskeleton

Hip joint angle, knee joints angle, and ankle joint
angle will be driven by linear actuators (LAS3-1-1-
50-24GE) and pulley as shown in Fig. 2. Two linear
actuators can drive a joint angle as shown in Fig. 3.
The schematic diagram of exoskeleton system is
shown as Fig. 4. Five coordinate systems (CSs) are
used including one Reference CS and four CSs for
four joints (prismatic hip joint, revolute hip joint,
knee joint, ankle joint).

Linear Actuator

Fig. 2. Linear actuator and pulley
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Linear Actuators

Fig. 3. One pulley driven by two linear actuators

Table 1. Parameters of LAS3 linear actuator

Model LAS3
Thrust max. 1200N
Pulling max. 1200N
Holding force 800N

Speed max. 12 mm/s
Stroke 50 mm
Protection IP 54

Duty cycle 10%
Potentiometer 21(ohm/mm)
Supply voltage 24 VDC

The linear actuator’s internal parameters are shown
in Table 1. Embedded potentiometers are able to
measure positions of actuators. Therefore, positions
of joints can be measured.

After calculating the kinetic energy and potential
energy in cooperation with Lagrangian function, the
following equations are acquired:

Fig. 4. Schematic diagram of exoskeleton system

T.+T,= A, (@ +b,,(d. 6) + P..(D), (1)
Where: T =[T, T, T,]"is the joint input torque
vector (include friction). T, =[T,, T., T,,I is the
human-machine joint torque vector. q=[q, g, q,]'
is the joint angle vector. A, is the Kinetic energy

matrix.b,, is the vector comprising of the

centrifugal and Coriolis acceleration terms. p,, is

the joint torque vector induced by gravity. And the
dynamics model of exoskeleton can be expressed as,

Th = A%W(q')q. +t;sw(q’ q) + ﬁsw(q) _-I::"l (2)

Where: T, denote all the external torque exerted in
the exoskeleton.

3. CONTROL METHOD

This paper applies an impedance controller to the
proposed exoskeleton system. This research aims at
making the exoskeleton walk autonomously as a
human. The impedance controllers are used to
control the hip joint angle, knee joint angle, and
ankle joint angle separately. It is thanks to
MATLAB/Simulink/Simmechanics that the
impedance controls have been verified. The block
diagram of the virtual torque control law is shown in
Fig. 5. G represents the system transfer function,

which is difficult to get the accuracy model. G is an
estimate of the machine forward dynamics. T
denotes the torque exerted on the exoskeleton by
human. T, denotes the torque exerted by actuator.
The human machine torque can be modeled as:

T, =K,(a,-9) 3)

where Ky, is the impedance between the human and
the machine, ¢, is the human’s position (the
reference signal), and q is the machine’s position
(the feedback signal) [6].

The reference signal g, could be sinusoidal in
simplified case or leg joints’ angle stored in a look-
up table obtaining by a laboratory experimental
system with a walking human in an advanced case.
The machine’s position q is determined by encoders
or potentiometers embedded in each joint of the
exoskeleton.

If the system transfer function G is perfect, we have
GG’=1. Thus, K is chosen as a PD controller as
shown in [7].
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K=K +Kgs 4)

Fig. 5. Block diagram of the virtual torque controller

4. SIMULATION RESULTS

In simulation, it is assumed that the prismatic joint
movement does not affect the revolute joint
movement and the method to control pulleys by
linear actuators will be other parts of this research.
Simplified inputs (sinusoidal reference) are used in
this paper to verify workability of the system. The
real data (leg’s angles) will be discussed in the other

paper.

Hip Joint

\

Thigh

X

Fig. 6. Virtual prototyping model for 1-DOF
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-100
0

Fig. 7. Curve of the joint angle

In this section, two types of model have been used
to demonstrate the exoskeleton system‘s operation.
In the first model, a virtual prototyping model for 1-
DOF is shown in Fig. 6 depicting one joint

movement. Fig. 7 illustrates the curves of the
exoskeleton position g and the human position gp. In
this figure, the sinusoidal signal is used to be the
input position g, and the hip joint position tracking
is performed precisely. Fig. 8 illustrates the curves
of the actuator T,y and the human Ty,. It is shown
that the actuator provides much more torque than
that of human. It means that the system is effective
in scaling down the torque production from users.
The second mode with a 3-DOF structure is shown
in Fig. 9. Each DOF represents for each joint of the
human leg. Fig. 10-12 illustrates the angle of the
knee joint, knee joint, and ankle joint with respect to
the reference input. The minor errors can be
obtained by PD controllers with suitable values of
Ky, and Ky (for example, Kp=5, Kp=1 and K;=1).
Fig. 13-15 illustrates the torque exerted in the hip
joint, knee joint, and ankle joint. Fig. 16 shows the
effect of integral term on the controller Ks. This
parameter should not be used in the exoskeleton
because major overshoots probably harm patients.

et
—_f

Time (s)

Fig. 8. Curve of the torque exerted by human and actuator

Hip Joint

Knee Joint

Ankle Joint

Fig. 9. Virtual prototyping model for 1-DOF
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Fig. 10. Curve of the hip joint angle

Knee Joint
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Fig. 11. Curve of the knee joint angle
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Fig. 12. Curve of the ankle joint angle
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Fig. 13. Curve of the torque exerted in the hip joint
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Fig. 14. Curve of the torque exerted in the knee joint
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Fig. 15. Curve of the torque exerted in the ankle joint
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Fig. 16. Impedance controller in case Ks is PID controller

5. CONCLUSION

In this paper, a novel intelligent lower extremity
rehabilitation training system is proposed for robotic
leg exoskeleton. The impedance controller is used to
drive each joint in robotic leg exoskeleton. Finally,
it should be re-emphasized that the intelligent lower
extremity rehabilitation training system proposed in
this paper can achieve a good performances and
effectiveness. In the future, this system will provide
a series of rehabilitation programs for the elderly
and muscle disease patient rehabilitation in technical
combination with prismatic hip joint and linear
actuators.
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DIEU KHIEN HAN CHE DAO DONG CHO CAU TRUC
ANTI-VIBRATION CONTROL FOR THE LOAD OF CRANE

Bui Thanh Hoa, Nguyén Tung Lam, Dwong Minh Birc
Trwong Dai hoc Bach khoa Ha Noi
Email: buithanhhoa.skv@gmail.com

Tom tat:

Bai bao trinh bay cac buwdc md hinh héa ddi twong la cau truc véi day treo tai mém nham muc dich dwa ra
thiét ké didu khién chdng rung khi cau truc mang tai di chuyén trong khong gian. Bai bao dirng lai & viéc giai
quyét dbi twong di chuyén theo hai phwong ngang va xem tai trong & chat diém. Mé hinh hoa dwoc thuc
hién theo nguyén ly Hamilton va b diéu khién dwoc thiét ké theo Iy thuyét Lyapunov. Bai bao da dwa ra
dwoe md hinh cau truc 1a hé phwong trinh phi tuyén va thiét k& dwoc bo diéu khién. Tinh dung dén cla bd
didu khién dwoc kiém chirng bang mé phéng trén phan mém Matlab véi mot sé gia thiét don gidn hoa.
Abstract:

This paper presents a model of crane with flexible string and a cotroller to resist vibration when system move
in 3D space. In this paper, the crane’s modelled and controlled via two dimension; the load’s a material point.

In result, the model and controller are set of nonlinear equations that fulfilled by Hamilton theory and
Lyapunov theory. The result’'s analysed by Matlab with some simplified assumption.

Keywords:

Anti-vibration, overhead crane, flexible system, non-liner system, Lyapunov

Ky hiéu d6i duoc d& xuat [2]. Phuong phap didu khién vi tri
va han ché dao dong ciing duoc gidi thiéu [3] nhung

Kyhiéu Donvi Y nghia giai quyét van d& chua tron ven do chua tinh dén

M kg Khoi lugng xe con tham s6 cuia hé thong va dong hoc cuia co cdu chip
m kg Khéi luong tai hanh. Thyc té, tham sb hé théng cau truc ludn thay
P kg/m  Khéi luong trén don vi dai cia d6i boi phuy thudc vao khéj lu:qng va hinh d‘éng a}a
soi cap tai. Vi viée ¢o cac tham so bat dinh, luat diéu khién

L m Khoang cach tir xe con dén tai tl?l:Ch ng:}}i dugc ap dung [4][5][@' Cé}c nghién ctu
F N Lurc tc dong trén huong x d!éu k_hlén cho cau truc dugc trinh bay‘é trén déu
i i gia thiét day treo tai la thanh cung. Diéu d6 chua

Fy N Lyec tdc dong trén huéng y phu hop voi thuc t&. Bai bao nay sé& trinh bay céac

1 DAT VAN BE bude Tﬁ hinh h?a hé thérn.g Ya thiét ke bcfz diéu khién

. cho doi tugng cau truc vdi day treo tai mém.
Vi sy linh hoat trong viéc nang ha tai, cau truc 1a
mdt thiét bi quan trong trong cong nghiép. Trong
quéa trinh van chuyén, tai trong chuyén dong theo
quan tinh va rung lic. D6 1a mdi nguy hiém tiém
tang cho nguoi va thiét bi xung quanh.

Pé khic phuc van dé d6, mot luat diéu khién phan ly
duge dé xuat [1] dé 6n dinh tiém can vi tri cia xe
con va goc trugt cua tai trong. Tuy nhién, chét
luong didu khién chi dam bao khi goc trugt dugc
giéi han. Dé sat hon véi thuc té, mot phuong phap
diéu khién cho hé cau truc véi chiéu dai day thay H.1. Cau tryc trong khéng gian ba chiéu
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Xét ciu truc co cac phuong di chuyén dwoc mo ta
nhu hinh 1 (H.1). Trong d6, khdi lwong xe con la
M(kg), khéi lugng tai 1a m(kg), soi cap co thé uén
cong va c¢6 khéi lwong trén don vi dai 1a p(kg/m),
khoang céch tir xe con dén vat nang la L(m), luc tac
dong trén cac hudng 1a Fy(N), Fy(N), n(z,t) va p(z,t)
1a ham vi tri mot diém trén day c6 toa do z (m) tai
thoi diém t (s) theo 2 phwong twong img x va y.

2. GIAI QUYET VAN PE
2.1. Md hinh hoa

Dé thuan tién trong viéc mo hinh hoa dbi tuong, hé
thong dugc gan vao truc toa do Oxyz nhu hinh 1
(H.1).

Bai toan dit ra cac gia thiét:

e Soi déy bi bién dang theo phuwong doc rt nhé so
voi chiéu dai day.

e Tai trong la chit diém.

¢ B4 qua moi ma sat.

V6i mo hinh nhu trén ta c6 lyc cang tac dong 1én ca
hé théng 1a:

P=glpL-—z+m (1)
Xét khoang rat nho ds trén khoang chiéu dai L cua
soi cap, khi d6 thé niang trén toan soi diy s& bao
gom thé ning sinh ra boi luc cing cia soi ddy, thé
ning do bién dang sinh ra va thé ning trong truong
va bang;

71 L 2 2
U—Ej;PnZ+ﬂZ dz

Lo ) )
+EEAL

+PR,
bong nang hé thong bao gdm dong nang cia xe con,
tai va dong nang clia soi cap:

1
5 N +

1 L
T :Ej;) Y% nt2+,l112 dZ
+%M n? 0,t +47 Ot (3)
+%m n? Lt 4+ Lt

Toan hé théng hoat ddng khi c6 luc diéu khién tac
dong 1én xe con. Ning luong cua luc didu khién
(cong 40) s& ti 1& thuan véi luc didu khién theo
phuong trinh

W=Fno0 +Fuo0 (4)

St dung phuong trinh Hamilton ¢&é mé hinh hoa

t
H= [ 6T—8U+oW dt=0

4

Trong d6, bién phan ciia dong nang va thé ning
o 1 pt 2 2
oT _5|Ej; p N+ dz

+5{%M n? 0t +7 0t

+5[%m e Lt 44 Lt
- 1 pt 2 2

wa[zfo P n+4% dz
1 L 2

+5 EEAJ; dz

Bién phan ctia cong ao
oW =Fon 0t +F,ou 0.t

1 2 2
- Nt
2 H

Dit L 12 mdt ham nhiéu bién:
L, =%p 0+ —%F’ Ny + 4

1 1
—SEAY N2l =Lt g,

on +—=o
L Ll on, o
f §Lcdz:f dz
0 of JL, oL,
+ . T :
on, M,

o
=0 n, +_L05 Hy
L on, ay
f 5Lcdsz dz
o (oL, o) 4
an, ), ), "
oL, L L
+—=6 oL, o u
on, " 0y 0
Lay tich phan theo thoi gian
t, L
| [f 5Lcdz]dt:
t (Jo
oL o
-5 n, _|__LC§ L
t, L| on, o,
f f dz
v [Jo] (oL, (k) 4
on, A, ),
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St dung tinh chét tich phan hai 16p

I j;L&Lcdz]dt_

1

Tinh toan cac thanh phan con lai

o

1
EM n? 0t + 4 0Ot

Mn, 0,t 5 n Ot +My 0t S g Ot

o

%m n? Lt 7 Lt }

mn, Lt on Lt +my Lito g Lt

Thay vao (5) thu dugc
_[ﬂLc] s[5 s p
ftz{/;L on, A a, X dz
b L L
|2k on— oL, S u
an, ), M, ),
oL, L oL, L
n 7
an, 0 a4y 0

+Mn, 0,t 6 n 0t +My 0t 5 g Ot
+mn Lton Lt +my Lt g Lit

+Fon @t D Fou @t i, =0

Str dung tich phén timg phan dé rut gon

(o) (2] |5

ftz{f on, on, ),

4

oL 5 u
5/4 M, ),

—|—&5n Lt _ ok on 0,t

on, on,

5LC oL

Su Lt ———6u 0t
ﬂu M,

—Mén @t B @t DM @t D, Ct)
—mon Gt O, Gt IdImou Gt D, Gt
+F.6n @t Y Fou @t Pit=0

(13)

(14)

(15)

(16)

(17)

Ap dung cac diéu kién bién va didu kién trén
day cép

oL, oL,

+ =0
on ), \on, ),
oL, oL,
o au, ),
oL,
on

z

=0

t

-mn, Lit =0 (18)

. —my, Lt =0

o
é’rIT —~Mn, 0t +F, =0

oL,
au

~Myy Ot +F, =0

z

Thu duoc hé phuong trinh mé ta ddi tuong

3nZ nZZ + nZZ/LlZ2
+2n, 1, 11,

Pn +EA

PNy — z 2

1 |38 a0 + 11
2 +2n luznzz

Pty —| Pu, , + =0

1 n;
—|Pn, Lt+2EA

S Lt

+n, Lt 42 Lt]
NS J}L
+u, Gt Gt

Mty Qt}o

1 ,[m @D
Pn, qt)EEA n, QU thl
—Mn, @t YF =0
1[4 @D
on @be] €2 @Jl
—M (t)FYZO (19)

—-mn, L,t =0

tt

Lt JrlEA

~|P
H, 2

2.2. Thiét ké diéu khién

Lua chon rng vién ham Lyaponov

et P

03

MP(0)
2(P(0) +K,)

2 dz
+EA[ N+ p? ]

n> 0t +p’ 0t
1 2 2
+Em n‘ L,t +M‘ L,t

POK
" «fnz(O,t)+,u2(O,t)f
2P0 +K, (20)
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Trong d6: P(0) 1a gia tri luc cang tai X = 0. Va K, K,
1a cac hiang s6 dwong. Ham V(t) 1a mot ham xac dinh
duong.

Can chimg minh dugc dao ham cta V theo thoi gian
nho hon hodc bang 0 thi hé thong s& on dinh.

That vay, dao ham V(t) thu dugc
"
v If{p Ny + Mty +P 0N+ g piy
0

EA
= NNy + 5y + NNl + pa gl |02

MP(0)
m nt O,t r],[t O,t +/Lt O,t g O,t
+mn, Litn, Lt +p Ltp, Lt

POK, 0,t 0,t +n O,t n, O,t
-~ ., ' ’ n ’ n ’

P 0 +K 2 Hy t

POK, [ds # 0t g Ot +n0tn Ot

PO +K, 20t +n* Qt

Jn [5D) 21)

Bang cac phép bién doi tich phan ting phan thu
duogc két qua

POKs 204
P(0) +K, ’

_ POK,
P0)+K,

(22)
Lua chon Kd 13 hing s duong ta thu duoc dao ham
ctia V(t) nho hon hodc biang 0, théa min diéu kién
hé 6n dinh. Dé tinh toan ham diéu khién, lwa chon
mg vién ham Lyapunov V1(t) c6 thém thanh phan
sai 1éch vi tri cua tai

et P oy g
:_f 2 dz
+EA[ n; uf]

MP(0)

— 7 n?20t +u? 0t
2(P(0)+ K,) .

1
+5m n? Lt +p40 Lt

POK, ; 2 ’
+—P  Jn?(0,t) + 1% (0,t) —q,

2P0 +K,

| K
ki =2

Trong d6 hing sb kp; dwong 1a gia tri gigi han mong
muon, dicu kién 1a: kp; > |z4].

1 PR
1 "o
2 Py + K,

(23)

n? 0,t +n, 0,t u> Ot

1§ﬂnt 0t F —K,[n, 0,t + EA
PO)+K, 2P 0
n ot
+K,[n ot — i

P(0) B
+Wﬂt 0,t [Fy

Qq 1 (t >

+
Ju? ot n?ot | ky-

1, 0t +

A
PO

5k, Ksign n, 0,t

1

ud 0t +p, 0,t n? Ot

Ko |0 €D

Dé V, <0 thi chon ham diéu khién la

EA
n, O,t +——
2P0

F =K,

n, 0,t
+n, 0,t p2 0t

gsn Ot

,f;ﬁ 0,t +n® O,

—— K, Ksign n, 0,t —K;n (0,t)
kbl 1 (25)

—Kp n o0t —

+ !
\/,uz (t)n2 (t Ky

~ky; Ksign Q qt

(24)
EA 0,t
F, =K 0,
N T O,t]
—K,|p ot — gqp Ot
\/,uz 0,t +n? 0,t
—ﬁkbleign p2n O,t —Kd,ut(O,t)
K —2 (26)
Thay (26), (25) vao (24) thu dugc
1§_% nt2 0,t _|_M2 0t <0
P(0)+ K, 27)

153 |



DIEU KHIEN VA TU PONG HOA CHO PHAT TRIEN BEN VNG (CASD - 2017)

2.3. M6 phéng kiém chirng
Dé md phong hé théng cau truc, thyuc hién phép gian
doan hoa cac phuong trinh dao ham riéng bang
phuong phap sai phan hitu han. Bién s6 dang xét 1a
dich chuyén ciia hé thong n(z,t) 1a ham cua thoi gian
va khong gian. Vi vy rdi rac mién tinh toan sang hé
2D véi mot truc 1a thoi gian, mot truc la khong gian.
M6 phong hé thong cau truc theo mot phuong va
tam thoi bd qua su rang budc giltta cac phuong
(constraint) va thanh phan EA dong thoi coi luc
cang P 1a hang sb.
Mo hinh hé théng duogc rat gon

[Pn, 0t |—Mn, 0,t +Fx=0

on, z,t —[ Pn, z,t Z}:O (28)

[Pn, Lt |+mn, Lt =0

Luat diéu khién trén phuong x

F =K, |n, 0.t |-K, n 0t —q, —Kn Ot (29)
Str dung cong thirc xap xi dao ham riéng

8_2n _ |+lJ 2n + nl -1,

o7° Az2

@ _ Mg — M

oz ), ; Az

' (30)

a_zn _ |]+1 2n +nlj -1

ot? At2

@] . M — M

o), At

Thay (30) vao (29) va (28) thu dugc hé phuong
trinh sai phén

novm:nlyj%+noyj%—n0,jfl%+qud

N = Kn,+1j+2 2K n; +Kn,1j N

e = E;Ha“ EB na‘”*t_z (31)
Trong do:

P+K
Klz[ + a]!
Az
P-K —2M — K At
g B )
Az At
M ) M + K, 4t
Ko =ZJp T 10K _[ At? ]
Z
KS_PA K, _[1 pAZ]’
pAz?
K, = P At? Lo Pl ,PAY)
mAaz m mAz
2
8|=>At K, = pAZ_I_l]
maz m (32)
Mo phong véi L =3(m), k, =0
, )
18 Za ‘ ::,con
1.6
o:s f
oal]
0.2{

t(s)

H.2. Dich chuyén cua xe con va tai

10 T 13 1

Luc tac dung

0 10 20 30 40 50 60 70 80 9 100
(s)

H.3. Luc t&c dung Fy

0.15 1 1 T 13 13 13
Vi tri cua vat so wi phuong thang dung ’-

-0.05 U

0.1
0 10 20 30 40 50 60 70 80 90 100
t(m)

H.4. Sai léch cna vat
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3. KET LUAN mb phong. Tuy nhién, bai toan diéu khién cau tryc

Bai bao da trinh bay dugc mo hinh hoéa cau truc vdi
day n6i mém. B9 diéu khién théa man dugc yéu cau
cua ti€u chuan Lyapunov va duogc kiém ching bang

chi dung lai ¢ hai truc va viéc mdé phdng duoc thuc
hién trén co so don gian héa moé hinh d6i tuong.
Hudng nghién ciru ¢6 thé phat trién cho hé cau truc
dugc diéu khién theo ba chiéu.
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PHAN TiCH, THIET KE, DANH GIA BO DIEU KHIEN TUYEN TiNH NG DUNG
TRONG CO CAU NANG BANG T TRUONG

Nguyén Danh Huy*, Nguyén Dac Truwédng', Nguy&n Tuén Nghia®, Nguyén Danh Giang?
Trwdng Pai hoc Bach khoa Ha Néi, *Trwdng Pai hoc Xay dwng
Email: huy.nguyendanh@hust.edu.vn

Tom tat:

Co c4u nang tr tuy 1& mét phan t& phi tuyén nhwng hién nay van dwoc diéu khién bang bd diéu khién tuyén
tinh PID. D& téng hop dwoc bod didu khién tuyén tinh nguwdi ta phai dung md hinh tuyén tinh héa lan can
diém lam viéc. Phwong phap nay da dat dwoc cac hiéu qua nhét dinh khi duy tri vi tri cha vat tai lan can
diém can bang (diém lam viéc). Tuy nhién, trong qué trinh hoat déng trong thwc té cla cac co cau 6 tw thi
vat dwoc nang khong ludn ndm & lan can diém can bang, tham chi cé thé can dich chuyén vi tri cta vat.

Trong bai béo nay trinh bay phwong phap tuyén tinh hoa déi twong dé thiét ké hé diéu khién tuyén tinh. Céac
m6 phéng kiém nghiém dwoc thuc hién véi cau tric phi tuyén ctia hé, bao gdm ca cac phan t&r phai c6 trong
mot hé thwe & mot sb trang thai lam viéc khac nhau. Twr d6 két qua dé cho phép cé co s& dé lwa chon
phwong an thiét ké diéu khién cho déi twong loai nay.

Abstract:

Although a magnetic levitation (MLS) is a nonlinear system, however, it canbe controlled by a linear PID
controller. In order to design the linear controller, linearization model around operating points is used. This
method has achieved certain effects while maintaining the position of objects in the vicinity of the equilibrium.
However, in the actual operation of MLS, the levitated object is not always in the vicinity of equilibrium, it may
need to shift to different positions. This paper presents the linearization and design of linear control systems
for MLS. Simulations are performed to verify the proposed control.

Keywords:

Magnetic levitation system, active magnetic bearing, linearization, non-linear structurer.

Ky hiéu cua 6 tryc va vong bi thong thuong. AMB ding cac
o . nam cham dién dé giit cac phan tir hay truc quay cua
Kyhiéu Donvi Y nghia may nén khong cé tiép xdc va ma sat. Ban dau,
Ho do tir thim twong d6i AMB chii yéu dung cho cac linh vuc dac biét trong
RLR, N dién tro cudn day hang khong, v tru nhu 1a thié’tAbi quay Véi t("zc do
cao, trong moi truong chén khong, khong thé boi
L, L H dién cam cdc cudn day tron [1], [2]. Tuy nhién, ngay nay ABM duogc
T nghién ctu ng dung rong_rai trong nhiéu linh vuc
Chir viet tat cdng nghiép nhu tau dém tir, thiét bi cach ly chong
MLS Magnetic levitation system rung, thiét bi y té'..: T.l‘l' cac kiéu AMB l?an.dﬁuAc()
chirc nang thay thé riéng ré cho ting 6 bi thong
AMB Active magnetic bearing thuong trong thiét bi, AMB lién tuc dwoc nghién
PD Propotional Derivative ctru cdi tién, t6 hop vao trong thiét bj dé lam thiét bi
. L nho gon hon, gidm kich thudc, gia thanh cling nhu
PID Propotional Integrate Derivative nang cao chét lugng thiét bi vi du nhu déng co tu

nang [3].

1. DPAT VAN BE

O d& tir chu dong (Active magnetic bearings -AMB)
1a ky thuat dwoc phéat trién dé khic phuc cac van dé

Nguyén ly chung cia ABM duya trén hé néng tu
(Magnetic Levitation System - MLS) nhu H.2b. Mot
hé MLS dién hinh gém hai nam cham dién dé tao
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luc diy va kéo (hoic treo va nang) déi twong. Luc
dién tir duoc tao ra va diéu chinh dé diéu khién vi tri
cua vat duogc nang.

Véi ciu tao ciing nhu dic tinh cua cac phan ti, co
thé thay rang, MLS 1a mot hé phi tuyén [1]. Viéc
thiét ké didu khién cho MLS thuong duoc thyuc hién
bang phuong phap didu khién tuyén tinh voi bo diéu
khién PID va cho thiy dam bao duogc chit lugng dé
hoat dong trong nhiing diéu kién nhat dinh [4], [5].
Phuong phap diéu khién tuyén tinh duoc &p dung
bao gébm ca viéc chon va gigi han MLS lam viéc
trong ving tuyén tinh va/hoic tong hop bo diéu
chinh bang phuong phap tuyén tinh hoa.

Bai bdo s¢ trinh bay phuong phap tac dong vao (mé
hinh) ddi twong lam dich chuyén diém lam viéc dé
tuyén tinh hoa dwoc va thiét ké didu khién tuyén tinh
cho hé. Cac mé phong kiém nghiém dugc thyuc hién
theo cau tric vat ly thuc caa hé. Cu tric thyc cua
co cau la phi tuyén khi lyc do nam cham sinh ra ty
I¢ v&i binh phuong dong dién va ty 1€ nghich vai
binh phuong khe hé tir. Trong khi d6 dai luong didu
khién duy nhét 1a dong dién 1am cho viéc tuyén tinh
hoa tong thé 1a kho khian nén chi chon diém lam
viéc dé thuc hién tuyén tinh hoéa. Viéc md phong
kiém nghiém duoc thuc hién vai md hinh phi tuyén
theo cau truc thuc caa hé, gdm ca mach vong dong
dién va yéu té khac nhu giéi han mac nguédn, su
thay d6i dién cam khi vi tri thay ddi dé co thé danh
gia hoat dong cua hé va chat luong khi &p dung bo
diéu khién tuyén tinh.

2. MO HINH TOAN HOQC
2.1. M6 hinh h6éa MLS

MLS c6 nguyén ly hoat dong ctia nam cham dién
nhu H.1. Trong d6, lyc tuong tic ciia nam cham
duoc tao ra tai cac bé mit c6 dd tir thAm khac nhau.

Céac luc dugc tinh toan theo nang lugng tur trudng.
Khi khe hé khong khi khong qua lon, tr trudng
trong khe ho coi 1a déu va ning luong tir truong
trong vung khe ho khong khi nhu sau:

W:%.B.H.\/ :%.B.H.AZ.e (1)

Trong d6, V 1a tong thé tich phan khe hd khong khi,
A 1a tiét dién mach tir, e 1a do rong khe ho khong
khi.

Gia thiét do rong khe ho khong khi hai bén 1a déu
thi V =2.Ae. Coi do tir thAm cuia sét tir 12 rat 16n so
véi khong khi (u, >> 1), luc tac dong 1én mach tir

duoc tao ra boi sy bién doi nang lugng tur truong
trong khe ho khong khi nhu sau:

)

Q|

Q/ ‘!: - ;z%_te_

.............

fl____ IR I

H.1. Nguyén Iy nam cham di¢n

V6i nam cham dién nhu H.1, theo [3], mat d6 tir
thong B biéu dién theo dong dién cudn day 1a:
n.i
B =yt — 3
Ho 20 ( )
Trong d6, n 1a s6 vong day, i 1a dong dién qua cudn
day. Tir (2) va (3) ta c6 biéu thirc tinh luc tir:

n.i 1 , i

2
F= ;LO.A[Z] =—.l.-AN°.— 4)

4 e’
Trong H.1, nam cham c6 khe hé hai bén déu nhau,
mdi bén tuong tng tao ra mot luyc £ = F/2 va hai
luc tring phuong. Trong cac hé thong chuyén dong
quay c6 dung 6 tir chi dong (ABM), co cdu nang
truc theo mdi phuong thuong gdbm mot cap nam
cham nhu H.2b. Do truc quay la hinh tron nén co
ciu twong ung mot nam cham dién c¢6 dang nhu
H.2a.

Trong H.2a, voi khe ho khong khi du nho dé coi tir
truong dudi mdi cuc tir 1a déu thi theo (4), ta c6 luc
f dudi mot cuc tur 1a:

1 ni
fo2 Al
210 [Z.e

2

2
|
:g.MO.Anz.e—z (5)

Valuc téng tac dong 1én vat dugc nang:

A
|

F=2f'=21f.cos a :%.uo.Anz.—z.cos a (6)
e

Ciing véi gia thiét khe ho du nho so véi kich thude
nam chdm va vét thi A va cos(a) c6 thé xem nhu
khong dbi va (6) viét gon lai thanh:
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F=al ©)
e

Trong d6 A=1/4 p,.An’.cos o 1a hé sb ciu tao

cia nam cham. T H.2b, va (7) khi vat léch khoi

tam mot khoang v, luc tdc dong cua hai nam cham

1én vat la:

A Y A, °
7 =

e-y

(8)

2
ety

Va phuong trinh dong hoc cta vat dugc nang nhu
Ssau:

my=F-F,+mg 9)

y i, i1
v (b1) (b2)

H.2. Cu trac MLS theo nguyén Iy nam cham dién
vé&i vat ndng hinh tron

2.2. Tuyén tinh h6a mé hinh

Tu (7) va (8) the”iy re"mg lyc tac dong cia mdi nam
cham ty 1€ thudn voi binh phuong dong dién va ty 1€
nghich véi binh phuong khoang cach. Pac tinh luc
theo dong dién cia cac nam cham nhu H.3. Trén
H.3 c6 thé thiy, néu diém lam viéc cua hé bét dau
tai dong dién bang khong thi mé hinh khong thé
tuyén tinh hoa ciing nhu diéu khién duoc vi dudng

tiép tuyén nim ngang tirc 1a hé sé khuyéch dai bang
khong dong thoi hé co hai tin hiéu vao dbc lap ig
va iz.

F 4(N)
300N\

10 A AR

H.3. Quan h¢ gitra luc F va dong dién i
cua cac nam cham dién

Pé hé thanh SISO tuyén tinh, thuc hién tuyén tinh
hoa bang cach dwa mot dong dién khong ddi, cliing
chiéu trong ca hai cudn ddy nam cham (con goi 1a
dong 1éch hay dong dién tién tir hoa) lo, lo thuong
chon bﬁng mot nra lpay (Imax 18 nguong dong dién
ma mach tir bao hoa) [5]. Luc tong tic dong 1én vat
dugc diéu khién bang mot dong dién diéu khién iy
dua vao hai cudn day véi chiéu nguoc nhau.

. 2 2
Ay +i
F=F-F,=——%

e—y

A IO_Idk
2

e+y

(10)

Va ciu triic MLS s& nhu H.4.

H.4. CAu tric MLS

Céc dic tinh quan hé luc theo dong dién diéu khién
va theo vi tri (khe hd khong khi) nhu H.5. Theo [2],
gia thiét khi i, <1, VA y<e, (10) trd thanh:
F=K., +Ky (12)

Trong do:
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K — 4.2210 K, — 4.2;5 (12)
B.1. Thong s6 hé thong

Théng s6 Ky hiéu |Giatri |Pon vi

Khéi lugng vat m 0.2 kg

S6 vong day quan  |n 240 vong

Dién tichcuc it~ |A 3 cm’

Dong dién léch lo 2 A

Goc mach tu o 25 do

Khe hé chuan e 0,5 mm

Hé s6 ciu tao A 5.10°°

Dién tro diy quan Ry R, 2 Q

Tir cac thong sd cua hé thdng nhu bang B.1, theo
(12) tinh duocK; =160;K, =640x10°. Thyc hién
mod phoéng theo cu trac & H.4 cho thiy quan hé giita
luc F v6i dong didu khién iy (v6i dong dién léch lo=
2A va do 1&ch y = 0) va quan h¢ gitra luc F véi vi tri
y (v6i dong dién léch lo = 2A va dong diéu khién
i = 0) duoc cac két qua nhu H.5. Céc két qua nay
cling phu hop véi tinh toan theo (12).

Tir (11) ta ¢6 cdu triic cia MLS tuyén tinh hoa voi
dau vao 1a dong dién iz nhu H.6.

FroN)

10=2A; i4=0

Fusy [
Flvsy/

Fovsy

50t

(Hm)
50 y

-50 -25 0 25

Ftow
200

1p=2A; y=0

Fvs iz
F1Vs g
Fovsia |

150f

100f

50

0

-50

-100

-150

(b)

Q]

1 g

I I i i
-0.8 -06 -04 -02 0o 0.2 0.4 0.6 0.8

200 ! ! !
-1

H.5. Poan dac tinh guyén ginh gitra luc F yc’yi vi tri (a)
va vaGi dong dién diéu khién (b) quanh diém lam viéc

—bi—b——b— >
|—>- m
Ky [

H.6. Cau tr(ic MLS tai diém lam viéc tuyén tinh

3. THIET KE PIEU KHIEN
3.1. Mach vong dong dién

Pé thuc hién diéu chinh dong dién cho cac nam
cham, phuong 4n phu hop la dung b bam xung mét
chiéu va ngudn cip mot chiéu c6 muc dién ap phu
hop. Chon tan sé bam xung 1a 40kHz, muc dién ap
ngudn cép 1a 50V. Theo nguyén Iy tuyén tinh hoa
diém 1am viéc voi dong dién Iy c6 hai mach vong
dong dién cho hai cudn day nam cham nhu H.7. Mbi
cudn day co6 mach vong dong dién véi bd diéu chinh
dong dién riéng. Theo chuan modul t6i uu tong hop
dugc bd didu chinh dong dién c6 cau trac PI.

Trong d6: T, =1/40.10° 1a hang s6 thoi gian mach
bam xung. T, =L xR V& T, =L,xR,la hing sd
thoi gian cac cudn day voi: L = A L, = 2

e—y e+y

la cac dién cam cua cac cudn day. Pién cam nay
thay ddi theo do rong khe ho tr tire 1a theo vi tri

cua vat.
o i ] .
. >+ Tp.5+1 Ry 1/R; 11
— — 2. Tix.S Tix.S+1 Ti.s+1
r RI1 Driverl Coil 1
b i
lak _ j_, Tip.s+l Rs 1R, |y
— - 2. TS Tox.5+1 Tip.s+1
r RI2 Driver2 Coil 2 T

H7. Mach vong dong dién

3.2. Diéu khién vij tri

Tir cdu triic nhu H.6 va mach vong dong dién nhu
H.7, xét vat ndm tai diém cén bang (y = 0), theo tiéu
chuan t6i wu ddi xtng, tong hop dugc b diéu chinh
vi trf ¢ cu tric PD.

1 1

R, s = + S 13
Y 120072 150T,, (13)

4. MO PHONG HE THONG

Pé danh gia hé thdng voi phuong phép didu khién
tuyén tinh dd 4p dung, mé phong dugc thuc hién voi
ciu trac nhu H.8. Trong d6, driver 1a phan mach
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vong dong dién nhu H.7 gdm ca cac cudn ddy nam
cham, bd bam xung, bd diéu chinh dong dién. Khéi
MLS c¢6 cau trac nhu H.4.

Su thay ddi cua dién cam cudn day theo khe hd
khong khi (kéo theo su thay ddi thong s mach dong
dién) cling dugc dua vao tinh todn mo phong.

p
N 1 2 > |0 i]_-’ i1 y
y "] 1200.T2 "L
B D > idk I 12
- +
,|-d > 1 Driver MLS
dt | [150.Tu

H8. C4u tric mo phong toan hé thong

H.9 thé hién d4p ung ciia hé thong trong trudng hop
diéu khién vat tir vi tri ban ddu khong phai 1a diém
cdn bangy=10um t6i vi tri cAn bing y=0 va
khong ¢o luc ngoai tac dong.

Nhu két qua mé phong, vat co thé duoc diéu khién
dich chuyén tir diém lan can téi diém can bang va
giit 6n dinh vi tri. Dong dién diéu khién & vi tri can
bang rit nhé nhung dong téng qua mdi cudn day
kha 16n, gan bang dong léch ly-

2 Yret |-

VY

t

»
»

i i t,
0 0.002 0.004 0.006 0.008 0.010)

A (A)
T T T T
ilref
[
P b AT
b e J
O 1 1 (e) 1 1 t »
0 0.002 0.004 0.006 0.008 0.01(9)
A (A)
T T T T -
o s
izre\
2
1t i
(f)
O 1 1 1 1 t »
0 0.002 0.004 0.006 0.008 00109

H.9. Vi tri (a), dién ap (b), dién cam (c), dong dién (e),
(f) cta céc cuon day va luc nam cham tac dong Ién vat (d)
khi dich chuyén tir diém (y =10pm) téi diém can bang

y=0

H.10 1a két qua mo phong hé thng khi c6 nhidu tac
dong. Sau khi vat da 6n dinh & vi tri can béng thi ¢c6
ngoai lyc 20N tac dong kiéu xung trong thoi gian
ngin (0,5ms).

y A(um)
e
Yrel
g I
0.008 0.010)
—F
—F
20 i i t,
0 0.002 0.004 0.006 0.008 0.01(8)

H.10. Vi tri vat (a) va luc nam cham (b)
khi c6 luc ngoai 20N tac dong vao vat
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F 4(N)
100 T

sof - SRR —F

FAVANN . WNIN
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H11. Vi tri (a) va luc nam cham (b)
khi ¢6 luc ngoai 30N tac dong vao vat
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5 :

N yrel
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_5 1 1 1 1 t;
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<0 : : :

: —
: U,
of e 1
Y S : : : ty
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0 0.002 0.004 0.006 0.008 0.010)
iz [ (A)
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izrel : :
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H12. Vi tri (a), dién ap (b) va dong di¢n cac cuon day (c),
(d) khi dich chuyén tir diém nghi y = 400m
t6i diém can bang y =0

H.11 1a két qua mo phong khi c6 nhidu 16n hon tac
dong vao vat véi luc 1a 30N, vat da dao dong va bi
truot hoan toan khoi vi tri can béng.

C6 thé thay rang khi duy tri diém lam viéc lam viéc
lan can quanh diém can bang hodc nhidu tai tac
dong nho thi hé véi bo diéu khién tuyén tinh van
dam bao duy tri 6n dinh vi tri. Tuy nhién khi nhidu
tac dong du 16n dé lam 1éch vi tri ciia vat ra xa khoi
ving tuyén tinh quanh diém lam viéc cin bang thi
hé thdng c6 kha niang bi mat 6n dinh.

Trong thyc té van hanh cta 6 tir chii dong, mot giai
doan quan trong 13 giai doan khoi dong. Ban dau khi
hé thdng chwa hoat dong (diém nghi), truc s& tiép
can v6i nam cham bén dudi, tirc 1a y ~e . Biém nay
nim ngodi ving tuyén tinh héa nhu trong H.2a.
Trong giai doan khoi dong, dbi tugng (14 truc quay
hay rotor trong h¢ dién co voi ABM) phai duogc
nang tir diém nghi toi diém can bang. Két qua mo
phéng hé théng thuc hién viéc di chuyén tr diém
nghi dén diém can bang nhu H.11. C6 thé thdy dbi
tuong da khong thé di dén diém can bang, dao dong
manh va lan luot dinh vao hai phia nam cham. Tur
céc dao dong cho thdy dong dién thuc cia cudn day
nam cham khéng thé ting theo dong dién dat mic
du dién 4p dat 1én cudn day hoan toan bang dién ap
ngudn. Bién d¢ ciing nhu tdc d6 bién thién ciia dong
dién dat qua 16n, vuot khoi gidi han ctia ban than hé
thong nén hé thong khong 6n dinh duoc.

5. KET LUAN

Tir cc két qua tong hop va mo phong hé thong ta co
thé c6 mot sd danh gia nhu sau: Phuong phép ding
dong dién 1éch Iy cho phép dich chuyén diém lam
viéc cia MLS dén ving tuyén tinh va tir d6 4p dung
dugc phuong phép diéu khién tuyén tinh cho hé. Bo
diéu khién nhan duoc 1a PD hodc PID don gian dé
thuc thi.

Do luén c6 dong dién lg nén tai moi diém 1am viéc,
dong dién qua ca hai cudn day luon kha lén va tao
luc nguoc chiéu nhau nén giy tiéu hao cong suat
16n, 1am viéc 1au dai c6 thé gdy phat nong va anh
hudng dén tham sb ciing nhu chat lugng diéu khién.
Pong thoi v6i dong dién 16n chay dai han nén cin
¢6 day quén tiét dién 16n hon do vay anh huéng dén
céu trac ché tao nam cham va lap rap hé thdng.

Viéc chon diém tuyén tinh hoa (chon lg) cho mdt hé
MLS thuc ciing ¢6 kho khin do phu thudc nhiéu yéu
td: gidi han dong bao hoa Iy tor duong déc tinh tur
héa ctia nam cham, bién do dong diéu khién idk dé
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hé lam viéc trong vung tuyén tinh. Cac y€u t0 nay
doi hoi nhiéu thong tin chinh xac vé cau tao, vat liéu

bang. Tuy nhién khi vi tri cia vat bi ddy ra khoi
ving lam viéc tuyén tinh thi hé thong dé mat 6n

lam mach tir cua thiét bi.

Bo diéu khién tuyén tinh cé cau trac don gian, dé
thuc hién va cho phép h¢ dat dugc chat lugng nhat
dinh khi lam viéc han ché lan can di€m lam viéc can

dinh do dap mg ctia b diéu khién tuyén tinh khong
thoa man. Can c6 cac phuong an cai tién, bo sung
thuat diéu khién hodc nghién ctru 4p dung phuong
phap didu khién phi tuyén dé nang cao chét lugng
diéu khién trong toan ving lam viéc cia MLS.
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CASCADED CONTROL USING A STATE FEEDBACK CONTROLLER
WITH POSITION INTEGRATOR TERMS FOR ELASTIC JOINT ROBOTS

Luc Le - Tien' and Alin Albu-Schéffer?
12German Aerospace Center, Robotics and Mechatronics Center, “Technical University Munich
Email: Luc.Le-Tien@dIir.de, Alin.Albu-Schaeffer@dir.de

Abstract:

Because of the joint elasticity and high gearbox friction, the control performances of light weight flexible
joint robots will be considered. In order to solve these problems this paper proposes a robust cascaded
control scheme which consists of two control loops, a computed torque controller based on rigid body
dynamics as outer control loop and a state feedback controller with additional position integrator terms
as inner control loop. The computed torque controller computes merely the reference values for the inner
loop which can effectively damp structural oscillations of the link side by using joint torque feedback.
The cascaded control approach can therefore provide high control performance both in terms of the
dynamic behavior and the position accuracy. Further- more, this controller can be combined with different
friction compensation methods in order to eliminate the friction effects better than with model-based
friction compensation. Stability analysis based on Lyapunov’s theory and Barbalat's lemma is given for
the complete controlled system. Experimental results validate practical efficiency of the approach.

Keywords:

Tracking control, cascaded control, state feedback controller with integrator terms, flexible joint robots.

1. INTRODUCTION with link torque sensors and thus can be effectively
used for damping control. For set point control of
elastic joint robots, a simple PD position
controller based on feedback of the motor states
(only motor position and motor velocity) and a PD
position  controller  which  avoids actuator
saturation were developed in [3], [4] respectively.
Furthermore, in order to reduce robot vibration, a
passivity-based controller with full state feedback
(motor position, link side torque, their derivatives)
was proposed in [5]. These controllers are very
robust due to their simple structure, but do not
fulfill high accuracy requirements.

Compared with industrial robots, elastic joint
robots using Harmonic Drive gears with high
reduction ratio (1:100 or higher) have higher
torque with respect to their weight. Hence they
may be constructed lighter and thus allow a higher
payload/weight ratio. Thus, they are more and
more utilized in automation systems, in industry, or
in medical applications. But, high gear ratio and
low joint stiffness cause high motor friction and
high robot elasticity, which on the other hand are
challenging problems for robot control.

Since measuring the precise link position is
difficult or expensive by using external sensors,
most flexible joint robots are equipped only with
motor position sensors. Due to the lack of link side
information, robot oscillations caused by high
friction and high elasticity cannot be damped well
and this leads to miserable results in terms of the

In order to achieve high position accuracy many
tracking control methods were introduced in
previous research. In [6] a simple PD position
controller was proposed in combination with a
Fuzzy logic approach for trajectory tracking and
vibration control. Based on singular perturbation

dynamic performance. In order to take this analysis some control approaches were proposed in

problem into account a new generation of flexible |[7] .[8,3.' In th[gt]:i a fefdt()jack q |Input-((j)utpt1t
joint robots has been developed at the German inearization method was Introduced. Th order 1o

Aerospace Center (DLR), the lightweight robots [1] _St?bmzte a r;]opllnear bSySI'EGETl n cascade V\ﬂth an
and the medical robot [2] (Fig. 1). In addition to integrator: chain, -a backstepping approach was

motor position sensors, these robots are equipped presented in [10].
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Furthermore, a cascaded control scheme which
accounts for actuator dynamics was introduced in
[11]. Whereas the cascaded controller developed
in [12] consists of 2 control loops, a position
controller as outer control loop and a torque
controller as inner control loop, the cascaded
controller in [13] uses a computed torque and a
state feedback controller (with full state feedback
from motor position, link side torque, their
derivatives) as outer and inner control loop
respectively.

In order to consider varying parameters some
adaptive control schemes were introduced in [10],
[12] and in [14], [15], [16], where the latter
include adaptive friction compen- sation. This
however requires an adaptive control structure for
the complete system dynamics. Due to a huge
number of the adapted dynamic parameters, these
methods are less robust for high DOF system. In
[17] an adaptive approach based on visual
decomposition control was introduced, which was
build for each separately joint and hence did not
take nonlinear dynamic couplings of the
complex robot into account.

Fig. 1. The KUKA-LWR IV robot
and the DLR medical robot

Most previous tracking control schemes provide
high position accuracy. However, they can hardly
achieve a good dynamic behavior, because they
use high derivatives or don’t have full state
feedback to effectively reduce joint oscillations
(e.g. PID controller). As a consequence, they are
predominantly not robust enough for robots with
high DOF. In order to improve the control
performance, in this contribution the cascaded
control structure of [13] is modified using a new
state feedback controller with position integrator
terms as inner control loop. Therefore, the reference
value computation in the outer loop is modified to
ensure system stability. The proposed control
structure keeps the robustness property of the state
feedback controller of [5]. In addition compared

with [13], it improves the tracking position
accuracy of the robot via additional integrator terms.
Furthermore, in order to efficiently compensate the
high motor friction, this control approach can be
combined with an  observer-based friction
compensation [18] instead of a model-based
friction compensation without changing robustness
of the cascaded control structure.

The paper is organized as follows. Section Il
introduces the dynamic robot model. In Sec. 1l the
control approach for flexible joint robots is
proposed consisting of the computed torque
controller and the state feedback controller with

integrator terms, using model-based friction
compensation. The stability of the controlled
system is analyzed. Next, in Sec. IV such

controller is designed for each linearized joint
model. Finally, the obtained performance is
verified by experiments reported in Sec. V.

2. MODEL OF THE ROBOT DYNAMICS

The light weight robot (KUKA - LWR IV)'in
Fig. 1 has n = 7 rotary joints that exhibit
considerable elasticity because of the used
Harmonic Drive gears with high ratio. This robot is
equipped with motor position sensors and link
torque sensors, which can be used for control. The
simplified dynamics of the DLR lightweight robot
with flexible joints [1] is described by

u=J0+7t+1 (1)

T=M(q@)G+C(q,q)q+ g(q) (2

Therein, g € R" and 6 € R" are the link and motor
angles, respectively. 1; € R" is the friction torque.
The control is the motor torque u € R". The motor
inertia input is the motor torque u € R". The motor
inertia matrix J € R™" is diagonal and positive
definite. The transmission torque between motor and
link dynamics t € R" is modeled as a linear function
of the motor and the link

7=K(0—q) (3)

and is measured by strain gauge based torque
sensors. The joint stiffness matrix K € R™ is
diagonal and positive definite. Furthermore M(q) €
R™ is the mass matrix, C(q, d) € R™ the
centrifugal and Coriolis matrix, and g(q) € R" the
gravity vector of the rigid body model.

1 The first versions of the light weight robot were developed
at the German Aerospace Center (DLR). Now the light
weight robots are available from KUKA.
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Q. 4.4y
e |

Computed Torque Ty Ty u
(rigid-body) p| State Feedback Robot
Controller with  |—

dynamics
Integrator Terms
q.q
8.0,r,#

Fig. 2. Cascaded control structure

Finally, in order to facilitate the controller design
and the stability analysis, the following three
properties are used

P.1: The mass matrix M (q) is symmetric and
positive definite M(q) = M (g)" and

x'"M(g)x>0, Vg,xeR"

P.2: The matrix M (q) —2C(q, q) is skew symmetric
and

x"(M(q)—2C(q,d))x=0, ¥ x,q,§ €R".

P.3: For the friction torque a dynamic friction model
(LuGre friction model [19], [13]) is chosen as

% =ogZ +o,2 +1,0 4)

with the inner dynamics of the friction.

z2=0— %O’OZ
h, = fc + filzl
Therein, t is the measured link torque. ¢, and o, are
stiffness and damping coefficients of the LuGre
friction model. f, f, and f, represent the

Coulomb, viscous and load dependent coefficients
of the friction torque, respectively.

®)

3. PROPOSED CASCADED CONTROL

The new control law is designed based on the
cascaded structure in Fig. 2, which features two
control loops are used. The outer control loop
computes the desired values for the inner control
loop (e. g. the desired motor position and the
desired link torque). Other than in [13], in the
inner control loop a state feedback controller with
position integrator terms is used to compute the
desired motor torque. This should increase the
tracking position accuracy of the robot.

The link position (as well as the link velocity) is
used in this control structure, which unfortunately
is not directly measured at the KUKA - LWR IV
robot. So in this work the link position is
indirectly calculated from the measured motor

position and the measured link torque, q =6 — K 't.

Now let us denote the desired motor position and
the desired link position as 6zand ga, respectively.
According to these variables the desired link
torque can be defined by

7y = K(03 —d) (6)
Together with (3) this leads to the link torque
error

e, =14 —T = K(ey — &) @)
with e, and e, being the position tracking errors of
the motor side and the link side

€g = Hd —0 (8)
eq =qa —4q (9)

3.1. Motion Control

This inner control loop ensures that the link

position q converges to the desired link position

gd. Therefore, a state feedback controller with

integrator terms is

u=J04+ Ko+ Kpeg + Kpég
+KrK e, + Ks K1 e, + 14 + 15

with

(10)

@(t) =] epdt
0

All gain matrices K,, K, Ky, K; and Kg €
R gre positive definite and diagonal. The friction
compensation term z; is computed by using LuGre
friction model (4).

Inserting the control law (10) into (1), one gets the
closed-loop motor dynamics

Jég + K;p + Kpeg + Kpég

+(Kr + K)K e, + KK~ 1é, =0 (1))
Let us define
A=Kr+K (12)

where A is positive definite and diagonal as well.
Furthermore, together with (7), the closed-loop
equation (11) can be rewritten

]ée + Kl(p + erg + KDég

+A(eg —eq) + Ks(ég —€4) =0 (13)

This equation will be used for stability analysis in
Sec. HI-C. In order to use the control law (10), the
desired link torque and the desired motor position
and their first derivatives, as well as the desired
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motor acceleration have to be computed.
This is explained in the next section.
3.2. Reference Value Computation

In this outer control loop the desired link torque
and the desired motor position are determined.
Their appropriate derivatives can be obtained
through numerical differentiation. Therefore, for
the control law (10) the desired link torque 7d can
be generated based on the rigid body dynamics
[20]. In a different way from [13], for the control
law (10) the desired link torque is proposed by

Tq = M(q)(da + Aéq) + C(q,q)(qa + Ney)
+9(q) + Kq(éq+Aey) (14)

where the matrices K, and A are positive definite
and diagonal. It is noticed that additional control
damping terms are used in the desired link torque
in order to ensure the stability of the closed-loop
system.

Hence, the desired motor position is determined
from the definition (6)
64 =qq+ K_l[M(CI)(t?d + Aéq)

+C(q' Q)(Qd + Aeq) + g(Q) + Kq (éq+Aeq)](15)

For this proposed desired link torque one can
obtain the closed-loop link dynamics by inserting
(14) and (2) into (7)

e =Tqg —T1
= M(q)(8, + Aéy) + C(q, @) (e, + Aey)
+K,(eq+Mey) (16)

3.3. Stability Analysis

For stability analysis the following Lyapunov
function candidate is chosen

V= %(69 + Aeg)TKA_lj(ég + Aeg)

1/, T .
+5(eq + Aeq) M(q)(éq + Aey)

It is noticed that all the gain matrices as well as
the stiffness matrix K and the parameter matrix
A are diagonal and positive definite. In addition,
for positive definiteness of the function V the
condition

K, + AKp + AKs — AJA — K, A1
has to be fulfilled.

(18)

Then, the derivative of the function V along the
trajectory, using equations (16) and (11), leads to

V = (&g + Aeg)TKA™Y (89 + Aé)
. T .
+ %(eq + Aeq) M(q)(eq + Aeq)

+(éq + Aey) M(q) (8, + Aé)

+(39 - eq)TK(éB - éq)

+egTKA (K, + AKp + AKs — AJA —
KA Dé,

+2e, Ky e, + +(eg — )" KA(eg — €4)

+(€9 + A(p)TKA_lKIA_l(ég + Aeg)

= (ég + Neg)" KA [—K;90 — Kpeg — Kpéy
—A(eg —ey) — Ks(ég — &,) + JA€]
1/. T - .
+3 (eq + Aeq) M(q)(eq + Aeq)
. T . .
+(eq + Aeq) [K(eg — eq) —C(q, q)(eq + Aeq)
—K,(&,+Ae,).

+(69 - eq)TK(éB - éq)

+egTKA (K, + AKp + AKs — AJA — K, A1) ég

+2e,"Kyéq + +(eg — eg)"KA(eg — €,)

+(€9 + A(p)TKA_lKIA_l(ég + Aeg) (19)
By simplifying this equation using the property
(P.2) one obtains

V =efKA ' (AKp — K)eg — el K e,
—ed KA™Y(Kp + Ks — JN)ég-eTKé,
+ef AKA™ K éq + 5 KA™ Ksé,

€g
1 . . éo
+-(eg — e.)"K(eg —eg4) = [ed e el el |H eq (20)
+2eq" (Kp + AKp + AKs — AJA — KA Veg éq
+%eqTquq + + [(es — e )"KA(eg — eg)dt
(17)
1 -
[KA‘l(AKp -Kk) 0 o ~ZAKATKs
0 KA (Kp+Ks —JA) o _1p,.-1
"= 0 0 akn 2K (21)
1 AKA-! 1ga-1 0
l L AKATIK; L KATKg 0 P J
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With H being the symmetric Hessian matrix (see
equation (21)). In (21) the null matrix is denoted
by 0 € R™.

Because all matrices in the function V are
diagonal, the function V can be rewritten by

€oi
€oi
— T ,T T ,T
V=Xlea: oi eqi qi |H |e, (22)
€qi

with Hi being the Hessian matrix of the joint i.
Now let us denote

Ji» Ai» ai ki ki kpi, kpi, kri, ksi kg as  the
diagonal terms of the matrices J, A, A, K, K;,Kp,
Kp, Kr, K, Kg.Then, from (21) the matrix H;, is
given by

ke (Aikep; — kp) 0 _ Aikiks;
a; 2a;
ke Ckep; + kg; — JiAy) Aikiks;
_ 0 bl s S -
H; = a; 2q;
0 0
_ Aikiks; _ Aikiks; A‘?kqi 0
2a; 2a; 0 ki J
_ [Hiaa Hi12] 23
=i (23)

with Hiiq, Hi1z, Hizy and Hiy, € R¥? being sub-
matrices.

From the lemma ”positive definite symmetric
matrix” (see Appendix), the Hessian matrix H; is
positive definite if two inequality conditions are
fulfilled

Hi11 >0 (24)
Hizz > Hip1(Hi11) ™ Hiso (25)
This means that the matrices H;;4 and

(Hjz, — Hi51(H;j11)"1H;;,) have to be positive
definite.

The condition (24) is fulfilled when
Aikpi > kg (26)
kpi + ksi > JiAi (27)

Further, by taking the Schur complement of the
matrix Hi

Hs, = Hi; — Hiz1(Hi11) "' Hy1z

one obtains.

Ry 0
Hsi = kik$; A 1
0 kg = 4a; " Ajkpi—kj;  kpitksi—JiA;
(28)
Condition (25) is fulfilled when Hsj is positive

definite. This leads to

kkZ (22 1
kqi > +
4a; \Aikp; —ky;  kpi + ksi — Jidi
(29)

Then, Hi is positive definite. When all Hj are
positive definite, then V is negative definite.

Therefore, the functions V> 0 and V <0, if (18),
(26) and (29) are fulfilled. This implies that V (t)
<V (0), and therefore, that eq, ég, e, and €, are
bounded. Because the derivative of V (using
equations (16) and (11)) is bounded as well,
according to Barbalat’s lemma [20] the function V
is uniformly continuous, and V — 0 as t — .
That leads to {lim;,.eq =0,
0}, or 6 -6, , q—qq }, The system achieves
convergence.

lim;_, o eq =

4. LINEAR CONTROL DESIGN

In order to use the control law (10), the control
gains have to be designed to fulfill the conditions
(17), (26) and (29). In this work, for given Kp
and A the control gains K;, K», Kp, Ky and
K are firstly determined by using the pole
placement method for each joint. Then these
conditions are checked. With the control law (10)
one obtains the closed loop dynamics of the robot
system (11) and (16). Now let us consider the

closed-loop dynamics for one joint2 in the worst
case (e.g. maximal mass matrix)

Ji€gi + k@i + kpieg; + kpiég;

+(kri + kDki ter + ksiki Mér; = 0.(30)

eri = Mi(éqi + }\iéqi) + kqi(éq + Aeq)
with J and M being constant scalars.
By choosing x = {[ eq dt, ey, €g, e;/k;, é-/k; } as
state vector of the system, the system can be
described in the state space by

X =A.x (31)

2 In this case the Coriolis term is neglected for the control gain
design.
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with A, being the state matrix of the controlled
system (see equation (32)).

By using the pole placement method the control
parameters are computed from the desired poles
and system parameters. For the pole placement
the characteristic polynomial of each joint is given

by
(s = p)(s? + 28wy + wi)(s?2 + 26w, + w3)

[ 0 1 0
0 0 1
I _ku _kpi _kbi
AC=| Ji Ji Ji
0 0 0
ll —n —%+Ai% —%+%+Ai
1A 1A 1A L 1A

5. EXPERIMENTS

Exact friction compensation plays an important
role for the position accuracy. In order to avoid
uncertainties of the friction parameters, the
proposed controller from Sec. 1ll can be used in
combining with a disturbance observer [18]
instead of a fixed LuGre-model based
compensation of the friction effects.

In order to validate the control performance, the
results of experiments with different controllers are
compared:

e Controller 1: a PID controller with LuGre-based
friction compensation,

e Controller 2: a set point controller developed in
[5] (state feedback controller with LuGre-based
friction compensation),

e Controller 3: a tracking controller developed in
[13] (cascaded controller using the state feedback
controller without integrator terms and LuGre-
based friction com- pensation),

e Controller 4: a tracking controller developed in
Sec. Il (cascaded controller using the state
feedback controller with integrator terms and
LuGre-based friction compen- sation)

e Controller 5: a tracking controller developed in
Sec. Il (cascaded controller using the state
feedback controller with integrator terms and
observer-based friction com- pensation [18]).

with pi being the negative real pole of the
integrator term. &;, &, and w4, w, are positive and
determine four complex poles of the closed-loop
system.

As an example, table | and Il (see Experiments)
show the system parameters of joint 1 and the
appropriate control parameters, respectively.

0 0
0 0 —I
_ (kritki) _ksi |
Ji Ji | (32)
0 1 |
_ (kri+k;i) _ (ki+kqili) _ @ @ -1
Ji M; Ji M; t J

All experiments are implemented either at the joint
testbed only with joint 1, which is the same at
KUKA-LWR 1V robot and at DLR medical robot,
or with a complete KUKA- LWR IV robot or a
complete DLR medical robot with 7 DOF. As an
example, table | shows the system parameters for
the control design of joint 1. The tables Il and Il
represent the identified friction parameters and
the control design parameters of the DLR medical
robot, respectively.

5.1. Experiments at Joint Testbed

At first, a position step of 2 deg is executed with
joint 1 at the testbed, without friction
compensation. Fig. 3 shows the measured link
torques from different controllers. It can be seen
that the best transient performance is reached with
controller 2. However, with the proposed controller
4 the oscillations at the link torques are sufficiently
damped as well.

Table 1. Parameters of joint 1 at testbed,
used for the control design

Motor inez\rtial 0.6322
kgm*=)

Joint stiffness k; (Nm/ 7743.0

rad)

Joint inertLaI 0.3405

M; (kgm?®)
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Table 2. Identified friction parameters of the dlr medical robot

Joint fe (Nm) fi fr (Nms/rad) oo (Nm/rad) o1 (Nms/rad)
1 2.451 0.1263 9.2123 278.8535 28.29
2 10.51 0.1525 14.556 5033.382 317.6
3 10.35 0.1432 15.484 5423.556 286.5
4 3.719 0.1118 8.7484 1768.911 69.76
5 4.618 0.0758 8.6934 1540.362 67.13
6 0.680 0.0324 0.3744 190.8693 10.00
7 0.331 0.0169 0.1267 191.0897 10.67
Table 3. Controller parameters for the dir medical robot
Joint K; Kp Kp KrK™1 KoKt K, A
1 16190 8443 167 1.590 0.0068798 5 2
2 10484 7268 301 2.966 0.0182072 5 2
3 11107 7714 330 3.461 0.0083539 5 2
4 11634 6346 188 2.495 0.0016764 5 2
5 11048 6639 178 4.709 0.0221534 5 2
6 1313 683 4.5 1.940 0.0060800 1 0.5
7 1336 693 3.9 1521 0.0053030 1 0.5

Furthermore, it can be seen that the PID controller
(controller 1) achieves only limited performance
because the feedback is restricted to motor state
variables only, without using link side information
such as link position or link torque.

In the second experiment, a point to point
trajectory (see Fig. 4) is chosen in order to show
the position tracking accuracy of the robot. Fig. 5
shows the motor position accuracy of joint 1. It
can be seen that the best performance is clearly
obtained by controller 5 (the black curve). Whereas
controller 4 has a steady state error because of the
coarsely modeled friction torque and the rigid body
dynamics, the position error of controller 5
converges to zero because of the integrator and a
more efficient observer-based friction compensation.

5.2. Experiments with Robots

Furthermore, some experiments were taken with
the com- plete DLR medical robot and the
complete KUKA-LWR 1V robot. Let us denote
the forward kinematics of the robots as x = f(q)
€ R® then the Cartesian position errors are

defined by e, = x4 —x. Experimental results of the
Cartesian position errors of the robots are presented
where all the joints of the robot are position
controlled and track desired trajectories.

In case of the the DLR medical robot, the inner
control loop (including the state feedback
controller and the friction compensation) is
implemented at 3 kHz sampling rate, whereas the
outer control loop is computed at 1 kHz sampling
rate because of the slow system dynamics and
the required computing time. Fig. 6 shows the
desired link trajectories and Fig. 7 compares the
motor position errors of the different controllers,
respectively. It can be seen that the cascaded
controllers with integrator terms and LuGre-
based friction compensation (controller 4) can
achieve the same position accuracy as the PID
controller (controller 1). But, the PID controller
causes stronger oscillations from the link side (see
measured link torque in Fig. 8) because the
feedback is restricted to motor state variables
only, without using link side information such as
link position or link torque. Furthermore, when the
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cascaded controllers with integrator terms are
combined with a efficient observer-based friction
compensation [18], the motor position errors are
strongly reduced (see Fig. 9).

30 —— Controller 1 |-
i | —— Controller 2
20 et i, Controller 3 |

Controller 4

7(Nm)

" i i i i i i
395 4 405 41 415 42 425 43
time(s)

Fig. 3. Measured link torque during step response
without friction compensation for joint 1

45
45,

time(s)

Fig. 4. Desired link position,velocityof a point
to point trajectory

—Controller 1

: —Controller 3
i.....|—Controller 4
——Controller 5

time(s)
Fig. 5. Tracking motor position errors during the point
to point trajectory for joint 1

In contrast to the DLR medical robot, the

KUKA-LWR |V robot has no interface available to
implement the friction compensation in the joint
level control at hight sampling rate, whether based
on a LuGre-model nor adaptive. So the ex-
periments were implemented without friction
compensation. Fig. 10 shows the experimental
results. Obviously, the pro- posed controller 4 of
this paper achieves better performance than
controller 1 or controller 3.

6. CONCLUSIONS

In this paper we have proposed a new cascaded
control scheme based on using a state feedback
controller with position integrator terms, that can be
used in order to enhance the robot accuracy. The
control parameters can be easily obtained by the
pole placement method. Global asymptotic
stability of the controller has been proven.
Experimental results validate the approach at the
joint testbed as well as with the KUKA-LWR IV
robot and the DLR medical robot.

APPENDIX

The following lemma will be used for the stability
analysis:

Lemma (positive definite symmetric matrix):
Given is asymmetric matrix Q:

Q11 Q12]
Q2 Q2

such that every submatrix is quadratic. Matrix A
is positive definite, if Q44 is positive definite and
Q22 = Q1,0Q11 Q1 holds

o-|

L 1 L h L f L
10 20 30 40 50 60 70 80
time(s)

Fig. 6. Desired trajectory for the DLR medical robot
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Fig. 8. Measured link torque of joint 2, 3, 4 and 5

a periodic trajectory for the DLR medical robot

il

= Controller 1 |4 . L
—— Controller 3 | 8 0 20 30 0 0 — Controller 4
-{— Controller 4 |- ot T T T — Controller 5

i f
40 50
time(s)

Fig. 9. Comparison of tracking motor position errors
for the DLR medical robot by using observer-based
friction compensation

Fig. 7. Tracking motor position errors during

=3
T

Controller 1
— Controller 3
-+| — Controller 4

To(Nm)

ghbbhone g2 4

73(Nm)

]
o

-

ey (mm)

74 (Nm)

75(Nm)

time(s)
Fig. 10. Cartesian position tracking errors

for the KUKA-LWR 1V robot without friction
compensation

at the DLR medical robot
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DESIGN AND EVALUATION OF THE LOWER-LIMB ROBOTIC ORTHOSIS FOR
GAIT REHABILITATION ACTUATED BY PNEUMATIC ARTIFICIAL MUSCLE

Dao Quy Thinh?, Do Trong Hieu?, Duong Minh Duc?
Shibaura Institue of Technology, 2Hanoi University of Science and Technology
Email: nb16505@shibaura-it.ac.jp

Abstract:

In this study, a robotic orthosis for lower-limb rehabilitation training is developed. The robot includes two hip
and knee joints. Each joint is actuated by a pneumatic artificial muscle (PAM) in an antagonistic
configuration. The bi-articular muscles are used to increase the stiffness of robotic orthosis. The robotic
orthosis is evaluated not only by comparing to the normal human walking but also in trajectory tracking
control mode. The experiment results show that the angle trajectory of the robotic orthosis is closed to the
trajectory of normal human walking and it can also guide the subject to it designated trajectory.

Keywords:

gait training device, robot orthosis, pneumatic artificial muscle.

1. INTRODUCTION

There are millions of people worldwide with
movement disability caused by neurological
pathologies such as spinal cord injury (SCI), stroke
or traumatic brain injury. Lower limb rehabilitation
devices such as robotic orthosis based on treadmill
and body weight supported (BWS) can help the
patients improve their recovery and assist therapists
by supporting them to perform the repetitive
movement in the rehabilitation process. Despite the
fact that several systems have been ready on the
market, the demand for improvement of those
systems still poses difficulties in both hardware and
control design perspective.

The most popular trademark robotic orthosis is
LOKOMAT. The LOKOMAT can execute many
training strategies include assist-as-needed (AAN),
interactive, or patient cooperative. Since the electric
motor actuator is employed, the LOKOMAT have
faced some issues such as high friction,
heavyweight [1, 2]. To overcome the disadvantages
of the LOKOMAT, a lightweight series elastic
actuator is used in LOPES instead. The LOPES has
three training modes including “patient-in-charge,”
“robot-in-charge,” and “therapist-in-charge” [3]. In
the first mode, the actuator has a low stiffness. So,
the patient can walk freely. In the second mode, the
patient is forced to follow a designated trajectory,
and it also allows the therapist to program the
training exercise in the last mode. However, only

“patient-in-charge” mode has been investigated [4].
Hussain et al. also develops the robotic orthosis with
AAN training strategy based on both trajectory
tracking and impedance control [5-7]. However, the
interaction torque between subject and robotic
orthosis is estimated offline and cannot adapt to the
different level of disability of patients.

In our previous studies [8, 9], a gait training system
based on the body weight support and the treadmill
is developed. The antagonistic configuration of
PAM is adopted to actuate the robotic orthosis. In
order to increase the stiffness of both hip and knee
joints, two pairs of mono-articular and one
additional pair of the bi-articular muscles are
employed. The contraction model control scheme is
then applied as the control strategy of the system.
However, the system only shows good trajectory
tracking performance without the participation of
the subject.

In this research, a new robotic orthosis is designed
to satisfy two criterions. First, the orthosis must
have a safe and comfortable mechanism. Second,
the stiffness is high enough to support the patient
movement during training. Both requirements of the
developed orthosis are verified by experiments.

To this end, the remaining parts of this paper are
organized as follows. The robotic orthosis design
and its evaluation are introduced in section II.
Section 1ll presents the model of antagonistic
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muscle. The experiment results and future works are
carried out in section IV and V, respectively.

2. ROBOT ORTHOSIS DESIGN

.
eoenicmer

Fig. 1. The AIRGAIT robotic orthosis.

Table 1. Specifications of AIRGAIT orthosis

DOFs

Range of angle

Range of slider

Hip joint

+60° / —60°

30cm

Knee joint

+90° /0°

19cm

Table 2. The length and initial voltage to ECV valves
of each PAMS

Knee joint Hip joint | Bi-Articular
Parameters

Ant | Post | Ant | Post | Ant | Post
Length | 35 | 40 | 55 | 55 | 64 | 64
[cm]
Initial
voltage | 3.0 | 05 | 20 | 20 | 25 | 1.0
[v]

In this section, a two DOF robotic orthosis named
AIRGAIT based on treadmill training is developed.
The frame length of the orthosis can be changed to
fit the body of the subjects by the sliders and fixed
by the screw during training. The knee exoskeleton
is designed with L-shape to optimize the movement
of the bi-articular muscle. The specifications of each
DOF are provided in Table I. The PAMs are used to
actuate the robotic orthosis. In comparison with the
previous studies [8, 9], an additional couple of
PAMs is used in hip joint to increase the stiffness of
the orthosis. The position of each antagonistic
actuator can also be varied to fit the body of the
subject. The length of the muscles for each joint is
given in Table Il, in which Ant and Post represent

anterior and posterior muscle of each joint.

Each antagonistic muscle is supplied by a
proportional  electric  control  valve (ECV)
ITV2000/3000 produced by SMC company. The
contactless Hall-IC angle sensor CP-20H of Midori
Precisions is attached for measuring the angle motion of
each knee and hip joint. The real-time CompactRIO
controller from National Instrument is employed to
collect the data from the angle sensor as well as control
the electric control valves. The real image of the left
AIRGAIT robotic orthosis is shown in Fig. 1.

3. THE ANTAGONISTIC MUSCLE MODEL

The typical configuration of an antagonistic muscle
is shown in Fig.2. The displacement of PAM from
its initial state can be estimated by the length of its
free endpoint trajectory arc. The relationship
between the displacement of the PAM and the
measured angle is simplified as

_ 2
Al =—-R6, @

)

where i represents for the knee or hip joint of the

Al = Rieiz

orthosis; Al and Al are the displacements from
the initial length of the anterior and posterior PAM.

6. is the joint angle and R, is the rotation radius of
the joint.
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Fig. 2. The antagonistic muscle configuration

The contractions of each single PAM can be
described by the following equations:
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Iim — IiO + Riei2
ST

im

3)

Iim - Iio — Ri9i2

I

" 4)
in which and are the length of the complete deflation
and the initial state of each PAM, respectively. In

(3) and (4), the contractions of both PAMs of
antagonistic

Epi =

Table. 3. The information of the subjects.

. . . Femur
Information| Weight Height length Age
59.7 £ | 1715+ | 512+ | 214 £
Value 3.2 6.0 2.6 0.5
[ka] [cm] [cm] [year]

muscle only depends on the measured angle of the
joint. Because the ECV valve can supply the
pressure proportional to its control voltage, the
model of antagonistic muscle can be simplified as a
single input single output (SISO) system where the
input is the difference voltage of two PAM’s ECV,
and the output is the angle of the joint. The block
diagram of the system is shown in Fig. 6.

4. EXPERIMENTAL EVALUATION

The new design of the orthosis is evaluated based on
two following criterions. First, the orthosis must be
designed to ensure the safety and comfort of the
patient during training. Second, the orthosis can
guide the patient in its programmable motion. The
evaluation procedure is provided in detail as
following.

4.1. Subjects

Five healthy male subjects participate in the
experiment. The information of the subjects is given
in Table I1I.

4.2. The mechanical design of the robotic
orthosis evaluation

The new mechanical design of robotic orthosis is
evaluated by two steps. First, the subjects are asked
to walk on the treadmill without the orthosis. The
angle trajectories of the hip and knee joint are
recorded by K100 Amplifier Base Unit from
Biometrics Ltd company with the 1000 [HZz]
sampling frequency. Second, the subjects wear the
orthosis which is set up at low stiffness. Then the

hip and knee joint angle trajectories of the orthosis
are measured and recorded. For both experiments,
the subjects walk in 2 minutes to familiar with the
experiment condition first and then the data is
recorded for 1 minutes. The treadmill speed is set at
2.5 [km/h] for all experiments. This speed is the
normal walking speed of a healthy subject. The
BWS is not used in this mode because the subjects
are healthy and do not need any support.

The average value of hip and knee joint angle
trajectory in one gait cycle (GC) is given in Fig. 3
where the blue line is the joint angle of the subject
when normal walking and the red line is the
measured value of the angle sensor. The detail
trajectories of each subject in one gait cycle are
depicted in Fig. 4. The results show that there are
large delays between the trajectories of the orthosis
and the normal walking of the subject B and D due
to the difference between the size of the subject
thigh and the orthosis. Besides, when these subjects
wear the orthosis, the leg of the orthosis cannot be
straight as the human leg.

Knee Joint Hip Joint

30 5
-5

0 -15
0 0 40 60 8 10 O 20 40 60 80 100
Normal Walking ——Orthosis Normal Walking ——Orthosis
Fig. 3. The average value of angle trajectory of orthosis
joint compared to subject normal walking in one gait
cycle

60 25

Knee Joint Hip Joint

30 5
-5

0 -15
Q 20 40 a0 80 100 o 20 40 60 80 100
Normal Walking ——Orthosis Normal Walking ——Orthosis

Hip Joint Knee Joint

20 40 60 80 100 ) 20 40 60 80 100
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(a) SubjectA
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Knee Joint

Hip Joint
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——Normal Walking ~——Orthosis ——Normal Walking ——Orthosis

(b) SubjectB

Knee Joint

Hip Joint

0 20 40 60 80 100
——Normal Walking  —Orthosis

(c) SubjectC

——Normal Walking —Orthosis

Knee Joint 35
N\

Hip Joint

0 20 40 60 80 W 0 20 40 60 80 100
—Normal Walking ~ — Orthosis —Normal Walking ~—Orthosis

(d) Subject D

Hip Joint

40 /‘\
30

0
o \/\
0

0 20 40 60 80 100 0 20 40 60 80 100
——Normal Walking ~ — Orthosis —Normal Walking — Orthosis

(e) SubjectE

Knee Joint

Fig. 4. The angle trajectory of the orthosis compared
to the normal walking of each subject (a) Subject A, (b)
Subject B, (c) Subject C, (d) Subject D, (e) Subject E

As shown in Fig. 5, the peak value of robotic
orthosis hip and knee joint when extension and
flexion state are not much difference in comparison
with the normal walking of a subject.

20 Peak value of angle joint ™ Normal Walking
Orthosis

60

50

40

30

20

10 I
0 J

Hip extension Hip flexion Knee flexion

Fig. 5. The peak value of orthosis angle compared
to normal walking

This experiment results demonstrate that the angle
trajectory of the AIRGAIT orthosis is similar to the
human walking trajectory. Hence, the subject can
feel comfortable while wearing the orthosis during
training.

4.3. Trajectory tracking control

In order to fulfill the second requirement, the
orthosis is set up with trajectory tracking control
mode. In this mode, the orthosis has high stiffness
and can guide the subject to its designated
trajectory. A simple feedback Pl controller is used to
evaluate the tracking performance as illustrated Fig. 6. To
protect the PAMs, the input pressure is restricted at 0.5
[MPa].

The reference trajectory 6 of each joint is

determined by the angle data collected from the
experiments in part B of this section. The reference

trajectories 6, and ¢, are the inputs for the knee and
hip joint mono-articular muscle control loop,
respectively. The sum of 4, and 6, is the reference

value for the bi-articular actuator. In this
experiment, the sampling frequency of the PI
controller is 500 [Hz]. By using the “trial and error”
technique, all parameters of the controller are found and
listed in Table IV.

To evaluate the robustness of the control system,
another subject, who does not belong to the group
mentioned in part A of this section, is asked to take
part in this experiment. The experiment results are
shown in Fig. 7. It can be observed that without a
subject, the maximum tracking error (MTE) of both
hip and knee joints are less than 4°. With the
participation of the subject, the tracking
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performance is just slightly degraded where the

MTE is about 5°. These results are acceptable for a
practical system.

Control Anterior
valve A PAM

|
1
| 6
! Antagonistic muscle model . Joint
! Bi* I + angle
Joint angle © + ® Pl | Control Posterior
reference controller ! valve P PAM
i
Fig. 6. The trajectory tracking control diagram
of AIRGAIT orthosis joint angle.
Tab. 4. Parameters of each PI controllers
Knee joint Hip joint Bi-Articular
Parameters
controller controller controller
Ke 0.06 0.015 0.015
[V/Degree]
Ti[s] 0.05 0.06 0.045
50 - (a) Knee joint
Reference Trajectory Real WS Trajectory Real WoS Trajectory
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Fig. 7. Hip and knee angle trajectory in the percentage
of GC during trajectory tracking mode (a) Knee joint.
(b) Hip joint (c) Bi-actuator

5. CONCLUSION AND FUTURE WORKS

In this study, a new orthosis robotic system based on
the PAMs is developed. By using PAMs as the
actuators, the developed system is flexible and
comfortable for the patients. Besides, the system is
also capable of adapting to the subject body size and
generating human walking trajectory. The feasibility
of the developed orthosis is confirmed by
experiment results with various subjects.

Due to the nonlinearity of the PAM, high tracking
accuracy cannot be achieved with a simple PI
controller. Hence, advanced control techniques are
needed to further enhance the system performance
in future.
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THUAT TOAN MTEE CHONG BO PHANH/DIEU KHIEN LU'C KEO O TO DIEN
MTEE ALGORITHM FOR ANTILOCK BRAKING/TRACTION CONTROL OF EVS
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e-Mail: minhtdh3k42.@gmail.com
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Tém tat:

Ban bao cdo trinh bay mot bo diéu khién chéng trwot cho 6 td dién siv dung phwong phap diéu khién MTEE
v&i muc dich tdng cwdng hiéu qua cla xe trong ca hai ché do van hanh chay xe va phanh xe. Trong phuong
phap nay bd diéu khién dwoc thiét ké d& ngan nglra trang thai trwot cla banh xe xuét hién trong trudng
hop khong xac dinh dwgc chinh xac tinh trang mat dwong véi muc dich tang cuwdng sy on dinh cda hé
théng diéu khién va nang cao hiéu qua x& ly ctia ngudi diéu khién.

Ttr khoa:

Xe dién, diéu khién lwc kéo, hé théng chdng bé phanh (ABS).

Abstract:

This paper presents a slip suppression controller using MTEE control for electric vehicles which aims to
improve the control performance of EVs in both driving and braking mode. In this method, a MTEE controller
is designed to prevents electrical vehicle from wheel skidding in presence of uncertainties of tire-road
condition in order to enhance the stability of the control system and handling capability of the driver.

Keywords:

Electric vehicle (EVs); traction control; anti-lock braking system (ABS).

Ky hié¢u Cy Heé s6 can lan

Ky hiéu Donvi Y nghia Fr Nm Luc can lan

J,, kgm®  Quan tinh banh xe Ay m’ Dién tich can gio

® rad/s  Van tdc goc banh xe Co Hg¢ s0 can gio

T Nm Momen kéo p Mat d6 khong khi

r m Ban kinh banh xe Far Nm Luyc can gio

F, N Lurc kéo xe Tor Nm Momen phanh xe

M kg Khéi luong xe Chir viét tat

\Y/ m/s Van tdc xe EVs Electric Vehicles

Var m/s Van toc gid MTEE Maximum Torque

F, N Luc can chuyén déng Estimation Extended

N Ti 16 truot ABS Anti-{ock braking system
" He o ma sit TCS Traction control system
a m/s? Gia tbc xe 1. MO PAU

aw m/s°  Gia toc banh xe Hinh H.1 thé hién mdi quan hé giira ti 1& truot cia
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banh xe v6i hé s6 ma sat trong mot diéu kién mat
dudng nhit dinh. Khi xe chuyén dong & ving 6n
dinh hé sb ma sat cua banh xe theo phuong doc va
phuong ngang déu rat cao, van toc xe gan bang van
tdc banh xe. Trong khi d0, néu xe hoat dong & ving
khong 6n dinh (viing xe bi truot), hé s6 ma sat giam,
dac biét 1a ma sat theo phuong ngang, ung voi mot
momen xo4n khong doi tur dong co, van tdc banh xe
ngiy cang tang trong khi vén toc xe giam xudng. Hé
s6 trugt A—1 xe khong con kha ning bam dudng
theo phuong ngang. Chi can c6 mét luc ngoai canh
nhd tic dong vao phuong ngang cua xe nhu giod,
danh 1ai goc nho... xe s& mit 6n dinh va roi vao
trang thai bi xoay xe.

Khéng &n dinh

. Ondinh

Hé s6 ma sat

Phwong doc

Phuong ngang

0 Tilé truot 1
H.1. Hé s6 ma sat theo phuwong doc va ngang xe

Mot trong nhimmg uwu thé cua dong co dién so voi
dong co d6t trong 1a co thé diéu khién sinh momen
xodn nhanh va chinh xac. Mit khac do bam giita
banh xe v6i mat duong 1a nhan t6 chinh quyét dinh
chét luong chuyén dong ctia 6 t6 lai phu thudc vao
luc kéo do dong co sinh ra. No6i cach khéac su 6n
dinh va an toan cua 6 to c6 thé duoc cai thién bé“lng
cach diéu khién momen ctia dong co dién. Bén canh
d6, néu kiém soat trang thai bam dudng mot cach
hiéu qua s& giam ton thit ning lugng, quing duong
di chuyén cho mét 1an sac tir d6 dwoc nang lén

[1-8].

Trong [3], diéu khién Iyc kéo dua trén phuong phap
wdc luong md-men xodn truyén tai toi da di duoc dé
xudt. Trong [10], diéu khién luc kéo cua 6 to dién
bang viée sit dung mot khau quan sat truot dé nang
cao hiéu qua hoat dong kiém soat va bao ton ning
luong. Bo diéu khién chdng lai nhirg bit tric md
hinh duoc thiét ké dé c6 dugc luc kéo tdi da bang
cach gidi han ty 1€ truot.

Hé thong chdng bo cing phanh (ABS) 1a hé thong
an toan chi dong quan trong nhét cho phwong tién

duong bg. Cac ABS co thé cai thién su an toan cua
mot chiée xe trong cac diéu kién mat duong khac
nhau vi nd c6 thé t6i da hoa lyc ma sat doc truc tir
dé gitr cho luc ngang truc xe c6 gia tri 16n. Luc
ngang truc 16n 1a mot nhén t6 giir cho xe & trang thai
on dinh [11].

Ham tai sinh trong qué trinh phanh 1a mdt phuong
phap dé ning cao hiéu qua st dung dién ning,
phuong phéap nay da duoc ap dung trong cac loai xe
6 to dién. Tuy nhién, hé théng phanh co khi thong
thuong phai dugc gitr lai va lam viéc cung voi hé
théng ham tai sinh do ning luong tai tao tir cac mo-
men xoan dién ning bi gidi han boi nhidu yéu td,
chéng han nhu tdc do dong co, kha nang b nap cua
bd bién d6i va nhiét do cua acquy [9]. Mot sb
phuong phép diéu khién tién tién di dwoc dé xuit
cho hé ABS, ching han nhu FLC [7], diéu khién
thich nghi [8].

TCS va ABS thuong duoc phan tich, thiét ké 1a hai
bd diéu khién doc 1ap cho ché do chay va ché do
phanh. Thyc té van hanh, 6 t6 thuong xuyén chuyén
d6i qua lai gitra hai ché d6 nay. Bai bao nay xdy
dung thuat toan diéu khién ABS va TCS biang mot
bd diéu khién duy nhét, ddng thoi bai bao phan tich
thudt toan phdi hop didu khién phanh co khi va
phanh dién trong ché d6 ABS.

B6 cuc bai bao dugce trinh bay nhu sau: Muc 2 xay
dyng mé hinh dong luc 6 t6 bao gdm md hinh 16p
xe, mO hinh dong luc hoc doc truc than xe, mo hinh
phanh thuy luc va luu dd phan chia momen phanh.
Muc 3 di sdu phan tich, thiét ké bo diéu khién luc
kéo/chong bo phanh. Muyc 4 trinh bay két qua md
phong kiém chtng kha ning hoat dong ciia bo diéu
khién trong diéu kién mat dudng tron truot bing
phan mém MATLAB/SIMULINK.

2. MO HINH BONG LUC O TO

Céu tric cia mot hé truyén dong trén 6 t6 dién trong
bai bao nay duoc trinh bay trén hinh H.2. Xe 6 t6 str
dung bdn dong co dugce tich hop truc tiép vao banh
xe (in-wheel motors ). Hé thong phanh thiy luc bao
gdm pedal phanh, bd diéu khién phanh thuy lyc, bén
xilanh phanh thity luc cho bon banh va cam bién tdc
d6 banh xe. Khi nhan phanh, b diéu khién phanh s&
tinh toAn momen phanh can thiét cho banh trudc va
banh sau dya trén tin hiéu luc nhin pedal phanh. Tu
cac gia tri tinh toan ny b diéu khién phanh s& uéc
lwong momen phanh dong co dién co thé sinh ra dya
trén cac yéu té nhu tde do banh xe, trang thai acquy
va mot sb thong tin khac. Thuit toan phan bd
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momen phanh s& tinh toan, phan chia momen cin
thiét 4p dit cho timg dong co dién va bd diéu khién
phanh s€ gui tin hiéu tinh todn dugc cho bd diéu
khién chuyén dong. Bo dicu khién chuyén dong sé
quyét dinh trang thai dong co chay hay phanh dya
trén yéu cau momen tir pedal ga va tir bo didu khién
phanh guri téi.

Throttle Brake
Pedal Pedal

VA
! !

Motion control |
unit

Brake control
unit

Hydraulic

| Converter |
control

[
»| Motor

Motor
[ | [}
] [

H.2. C4u hinh diéu khién chuyén dong xe 6 t6

2.1. M6 hinh 16p xe

Lép xe 1a thanh phan két nbi dé truyén dat luc kéo
tir 6 t6 t6i mat duong tao nén chuyén dong theo
chiéu doc ctia xe. M hinh 16p xe mé ta mdi lién hé
gitra ti 1€ trugt voi hé s6 ma sat gilra banh xe va mat
duong. Cac mod hinh 16p bao gdm thuc nghiém
(semiempirical) va md hinh phéan tich. M& hinh mé
ta tinh phi tuyén cua 16p xe di dugc trinh bay trong
nhidu cong trinh nghién ctru, chang han nhu mo
hinh Burckhardt [9], md hinh 16p LuGre... Trong bai
bao nay, Magic Formula [12] dugc str dung, vi no 1a
dac biét thich hop cho muc dich phén tich trong khi
van giit duge do chinh xé&c trong cac mé ta vé hé sb
ma sat. Trong qua trinh 6 t6 chuyén dong, ty 18 truot
doc dugc dinh nghia la:

o wr -V
max(V,wr) 1)

Luc kéo chuyén dong dugc cho boi
Fd == /,L(k, )\) FZ (2)

Trong d6 A 1a ti 1€ truot, va o Ia tde do quay cua
banh xe. Ti 1€ truot A=1 la dac tinh banh xe bi truot
hoan toan trén miat dudng trong ché do chay va A=-1
khi banh xe bi truot hoan toan trén mat duong trong
ché do phanh. Ti I¢ trugt A=0, c6 nghia 1a khong co
su trugt gitta banh xe va mat duong tai diém tiép
xuc. Trong qua trinh 6 t6 di chuyén, 1>2A>-1.

A trong md hinh Magic Formula [12] dugc mo ta
nhu sau:

pu(k,\) = —1.05k* (e —e ****) A >0
pu(k,A) =1.08k*(e ™ —e ®*Y) A <0 ©)

Hé s6 ma sat u(k,\) 1a mot ham cua hé sb diéu kién
mit duong k va ti 1& trugt. Hinh 3 thé hién méi lién
hé gitra hé sb6 ma sat M va ti 1€ trugt A trong cac diéu
kién mat duong khac nhau, duong asphalt kho
(k=1), dudong uwét (k=0.5) va duong bang tuyét
(k=0.2).

1
0.5
8 ( D
< a
E o
7] M
: Y
I e —
0.5 —Dry asphalf |
——— —Wet asphalt
1 ’— Ice road
-1 -0.5 0 0.5 1

Ti le truot

H.3. Méi quan hé giira ti 1é truot va hé sb ma sat

TU hinh H.3 Ta c¢6 thé tinh toan dugc gia tri A cho
gia tri 16n nhat u(k,\)trong cac didu kién mait
duong khac nhau. Dé tim gi tri nay ta cho

d
Ly =0
" @

Biéu thirc (4) cho két qua A ~0.13

Nhu vy, vodi tung diéu kién mat duong khac nhau,
khi dat t61 A~0.13 luc kéo/phanh dat gid tri 16n
nhét.

2.2. M6 hinh xe 6 t6

Mo hinh dong luc hoc ding dé phan tich 1a mé hinh
mot banh nhu mé ta trén hinh H.4. O day co 2 loai
momen quan tinh la momen banh xe va momen than
xe. B qua cac thanh phan chuyén dong ngang, biéu
thire dong luc hoc doc truc dugc mo ta cho xe 6 t6
nhu sau:

H.4. M6 hinh d@ong luc hoc doc truc xe 6 td

d—sz—er

JW
dt (5)
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M d_V =F —F4
dt
(6)
Vw =lw (7)
Fdr = Frr + Far (8)

O trang thai tinh phan b6 trong lugng than xe 1én
cac banh xe nhu sau:
FTZMQ a2 , FS;tZMg a:l.

’ a+a, ’ a+a, (9)

Khi xe chuyén dong sy phan bd trong luong cia
than xe theo chiéu thing dung 1én cac banh xe
khong déu nhau. Chiéu cao trong tim xe anh hudng
dén sy phan bd trong luong than xe thé hién qua
phuong trinh (10)

h ! den :Mg

Fo" = —Mg ,
21 a1+a2 g z2

h v
a+a, g

(10)

FF, " F,® F,% 1an luot 1a trong luong than xe
phan bd 1én cac banh trudc va banh sau ¢ trang thai
tinh va trang thai dong.

Khi xe tang tdc, truc trude sé trd 1én nhe hon, nguoc
lai khi xe giam tdc truc sau s& trd 1én nhe hon so voi
trang thai tinh. Trong bai bao, tic gia s€ sit dung mo
hinh 6 t6 truyén dong cau trudc dé phan tich va mo
phéng.

Khi chuyén dong, 0 t6 chiu 3 lyc can chinh Ia lyc
can do ma sat cta cac by phan chuyén dong, luc can
gi6 va lyc can lan. Lyc cdn do ma sat thuong nho
hon nhiéu so v6i hai thanh phan con lai vi vdy trong
md hinh s& bo qua thanh phan nay.

2.3. Hé théng phanh thay lwc

Trong hau hét cac xe 6 t6 dién, luc phanh xe dugc
sinh ra boi hé théng phanh co khi. Luc phanh xe
sinh ra boi ma sat gitta méa phanh va dia phanh trén
banh xe. Momen phanh trén cac banh xe phu thudc
vao ap suét dau thuy luc trong cac xilanh phanh. Ap
sudt dau thuy luc thay d6i nho viée didu tiét dong
mé giita van dau vao va van dau ra. Qua trinh thay
dbi ap suét dau twrong d6i cham. Hoat dong cua cac
hé théng chéng bo phanh thuong 1a qua trinh
chuyén trang thai on/off cua 4p suit dau phanh. Vi
vay khong tranh khoi thoi gian tré dap ung giita ap
sudt thuc va ap suét yéu cdu trong xilanh. Khac véi
hé thdng phanh thuy lwc, dap tmg cua dong co dién
rat nhanh, déng thdi momen diéu khién c6 thé ap dat
mot cach chinh xac, do d6 phanh bang dong co dién

s& ting cuong kha ning chbéng bé phanh cua 6 to
dién. Hiéu qua cua xe 6 t6 di€n v4i phanh thuy luc
12 co céu chap hanh ctia hé théng chong bé phanh
dugc so sanh trong [10]. Ngay nay, cic nghién ciru
chbng bo phanh bang viée sir dung dong co dién lam
co ciu chap hanh dang duogc nghién ctru rong rii.

Trong phan tiép theo ciia bai bio, md hinh dong lyc
hé théng thuy luc cta hé théng phanh dwoc mo ta
b6i ham truyén [9]

Tbrake _ k

Th TS+ 1 ( 11)
Trong d6 k 1a hé sé khuéch dai cua hé thdng thiy
lyc, T 1a hang sb thoi gian ciia momen phanh thiy
luc, Ty 1a momen dit diu vao bod phanh thuy lyuc.
Torake 18 momen phanh thuy luec.

2.4. Thuat toan phanh

Khi 14 co cdu chip hanh cua hé thdng phanh, dong
co dién khong chi bién dbi co ning chuyén dong
thanh nang lugng dién ma con cé dap ung momen
hdm nhanh va chinh x&c. Tuy nhién, momen hdm
cua dong co dién bi gidi han boi mot 6 nhan t nhu
tdc do xe, trang thai acquy... Vi vay qua trinh phanh
phai phdi hop gitta phanh bang dong co dién véi hé
thong phanh co khi. Pbi v6i hé théng phanh trén 6
t6 dién can c6 mot thuat toan dé quyét dinh phan bd
lyc phanh giita hé théng phanh co khi va phanh téi
sinh bang dong co dién trong truong hop phanh
thong thuong va phanh khén cap.

T6c d6, Trang thai Tin hiéu pedal
4c quy phanh
Momen ham Ién
nhat bang déng co Tor
Tmax
D S
A 4 A 4
TmZTmax Tszbr
Th=Tbr'Tmax Th=0

H.5. Luu d6 thuat toan phan bé momen ham tai sinh

Hinh 5 chi ra rang, néu momen ham 16n nhat cia
dong co dién Tpax nhé hon so véi momen phanh
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yéu cau Ty, thi ca dong co dién va hé thdng phanh
co khi s€ lam viéc cung nhau. Momen phanh cta
dong co dién s& bang gia tri 1on nhat c¢6 thé. Phan
con lai s€ do hé théng phanh thuy luc T, ddm nhiém.
Néu momen him 16n nhét cia dong co dién 16n hon
so v6i momen phanh yéu ciu thi chi c6 hé théng
phanh b?mg dong co dién hoat dong, bod diéu khién
chuyén dong s& diéu chinh dong dién dong co
dé sinh ra momen him bang gia tri momen phanh
yéu cu.

3. PIEU KHIEN LU'C KEO
3.1. Ché d6 chay

Khi ¢ ché d6 chay (driving) dong co dién sinh ra
momen kéo trén banh xe. Luc ma sat lép Xe - mat
dudng giup 6 t6 chuyén dong. Tuy thude vao didu
kién mit duong va trang thai chuyén dong, xe co thé
0 trang thai bam duong hodc bi truot.

Mbi quan h¢ gitra banh xe va mat duong phu thudc
vao nhiéu yéu té ngoai canh va rat kho xac dinh
trong diéu kién thuc. Phuong phap MTEE [5] dugc
xay dung dua trén nhiing nhén dinh sau:

e Du chuyén dong trén bat ctr diéu kién mat duong
nao, moi quan hé dong hoc gilra than xe va banh xe
ludn co dinh va xac dinh.

e Neéu gia toc cua than xe va banh xe dugc ki€m
soat thi sy sai 1&€ch giira toc do than xe va toc do
banh xe cling dugc xac dinh.

Khi bo qua tic dong cia luc can, dwa theo mbi lién
hé gilra banh xe va than xe tir phuong trinh (6), (8)
c6 thé udc luong gia toc clia xe

~orT-J,a,
a=———"—
rm (12)

Nhu viy gia téc than xe c6 thé udc lwong dua trén
phuong trinh (12). N6 ciing chi ra rang v6i mot
momen dit truéc, mot lwong ting 16n cua gia toc
banh xe tuwong Gng voi mot lugng giam nho cia gia
tdc than xe. Khi su trugt bt dau xuét hién, su khac
nhau giita tc d6 banh xe va téc do than xe s& ngay
cang 16n hon. Khi khong xay ra trugt, su khac nhau
giita gia toc banh xe va gia toc than xe gan nhu bang
khong. Biéu dién mébi lién hé giira gia toc banh xe
va gia tdc cua xe qua hé s6 a = ala,, voi gia dinh Fg,
=0 c6 thé u6c lugng momen 16n nhit ma xe can qua
cong thue (13).

T :[J—WHM]é
ar

(13)

Dua vao cong thire (13) ta thdy khi xay ra truot
Trmax 0o hon T trong (5). O trang thai binh thuong
Trmax 5& 16n hon T. Nhu vay c6 thé chon Ty, 1am gid
tri gioi han momen dau vao. Trong ca truong hop
tang tdc hay giam tdc, khi su truot xuit hién
T'>>[Tha| vi vy bo diu khién duogc thiét ké cho
truong hop T >>[T -

Khi xe chay trong diéu kién binh thuong T 16n
hon T vi vay hé thong try thanh mot vong ho khong
¢6 thong tin phan hdi Ty Khi xe di vao duong tron
truot Tax € nho hon T*, Kkét qua 1a Thax dugc udc
tinh thay cho T*, h¢ théng tro' thanh hé mach vong
kin. Fq trong truong hop nay bang lyc ma sat 16n
nhit c6 thé tao ra giita 16p xe va mat duong.

Khi xe chay & toc d6 cao, luc can khong khi rat 16n
va khong thé bo qua. Tir phuong trinh (6) (8) ta c6

Fy =Ty,
r (14)
(T =rRy)r
W_Jw+r2MCM (15)

Truong hop 1y tudng khi khong xay ra truot gilra
banh xe va mit dudng a = 1, khi chuyén dong cua
xe vuot qua gioi han trugt oo << 1. Tt nhan dinh nay
md hinh bo diéu khién duoc xay dung nhu hinh H.6.

M® hinh xe
T W >
E #|2 dx / dt
* aW
T T A \
maxy/
—_— | T—J a
_/ F;ir- — ! - Wy M
\ I"I‘
Tmax +
Tmn\ T—AT = (1 H’a: )F
wm J“ T ar? Y,

a
[M:w

r -

H6. Céu tric didu khién c6 Fy,

Trong d6 awm 14 gia tri gia tbc banh xe nhd nhét
twong tng voi momen dat.

3.2. Ché doé phanh

Khi phanh xe (braking). Pong co dién chuyén sang
ché d6 ham tai sinh, momen kéo trén truc banh xe
nguoc chiéu chuyén dong. Luc ma sat banh xe - mit
dudng lam cho xe chuyén dong cham dan. Tuong ty
nhu ché do chay xe, bo diéu khién chuyén dong
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duoc thiét ké dé xe khong bi roi vao trang thai truot.
Dé phén biét v6i truong hop 1ui xe, ta gia dinh ring
xe chi chuyén dong tinh tién vé phia trudc va ¢ ché
d6 phanh, gia tri momen dat dau vao diéu khién la
gia tri am. Trong sudt qua trinh phanh chiéu quay
ctia dong co ciing nhu chiéu chuyén dong cia 6 t6 1a
khong d6i. Nhu vay cac phuong trinh dong lyc hoc
(3)-(6) van ding khi xe chuyén tir trang thai chay
sang trang thai phanh va nguoc lai. Bo diéu khién
MTEE c6 thé sir dung cho ca ché do chay va ché do
phanh xe. Gia tri giéi han momen dugc tinh lai
nhu sau:

Trax= [T|-AT (16)
Tmin=-|T|- AT

CAu trac bd diéu khién hinh 6 dugc bién d6i thanh
cAu trac hinh 7

M6 hinh xe
A\

r — Top| e

Tooin - 3
f"=” f'"" - Ma
T
T =—|T|-AT||T,,, =|T|-AT an:%
I—Tgu"'u"(“w—“wlj

r

H7. Cau triic chdng b6 phanh/diéu khién lyc kéo

3.3. Phan tich tinh 6n dinh

Mbi quan hé p-A trong md hinh 6 t& hinh H.4 1a phi
tuyén, ta cin quy d6i mé hinh dé phan tich tinh 6n
dinh cta hé thong.

Sy truot xuat hién khi phén momen tr dong co sinh
ra khong dugc truyén hét toi than xe qua méi lién
két 16p xe - mat duong, két qua 1a gia toc cia than
xe thap hon gia téc ctia banh xe. Ta st dung hé s A
dé mo ta ti 16 momen khong dugc truyén tdi than xe.

Trong diéu kién nay

—AT
a-a, =
Mr (17)
A€ O,MrZIJW]

Tur phuong trinh (6), (7), (11) md hinh dong luc hoc
chuyén dong doc truc ctia 6 t6 duoc don gian hoa
nhu sau:

Ja, =T (18)

I J, =3, +Mr?

J =
A+1 (19)

Tir day, ta sir dung (14) dé thay thé vao mo hinh xe
trén hinh 5 dé phén tich tinh 6n dinh. Khi gia toc 6
t6 bién doi nhanh trén dudng tron trugt, gia tri udc
lugng Trax dugc thay thé cho T* doéng vai tro 1a tin
hiéu dat cho dong co va md hinh s& duogc chuyén
thanh hé théng vong kin nhu hinh H.8.

0 :
. 1
! Y
| 1 | _ 1 w
e AN
s+t 7.5 ! l
1 1 1
e ! T8+1

Tmax T :[w+fM]0

nax
ar

H.8. Cau trdc vong kin hé théng duoc quy doi

Trén hinh 8, su tré ctia hé thong dién-co duoc mo ta
bang khau loc thong thap véi hing sb thoi gian t.
Van tdc banh xe duoc do béng encoder, vi vay hai
khau loc thong thip véi hang sb thoi gian 11, T, duoc
thém vao dé lam muot tin hiéu do duogc [5]. Hinh 9
dugc quy doi tir hinh 8 dung dé phan tich sy 6n
dinh ctia vong kin ddi v6i A. T,, 12 ham truyén dugc
miéu ta bang phuong trinh 19.

H.9. Vong kin hé thong dugc quy ddi

“J,K
3,187 + 3, ((r —K)7 4-r7,)s+J,r —Mr?K (20)

w

K :[ sz +1]r
aMr

(21)
Véi 1= 1, Dé vong kin on dinh can thoa man diéu
kién
1-J,A/Mr?
1+A
J,7

aMr? (22)

o>

T, >
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Phuong trinh (20) chi ra ring, khi 6 t6 chay trong
diéu kién binh thuong o 16n hon 1 s& théa min diéu
kién 6n dinh. Tuy nhién tir phuong trinh (11) ta thy
khi o 16n hon 1, Tpax s& ludn duoc dua vé trang thai
trd 1én bé hon momen ma diéu kién mat duong co
thé théa man khong bi truot, nhu vay no s€ can trd
kha ning gia tc ctia xe. Vi vy o phai dugc thiét ké
nho hon 1 mét chut dé nang cao kha niang gia toc
trong khi thuc hién tinh ning chéng truot.

4. MO PHONG VA PANH GIA

Pé danh gia hiéu qua bo diéu khién MTEE duoc dé
Xuét trong cac ché dd van hanh khac nhau cua 6 td
dién, bo diéu khién duoc xay dyng va mo phong
bang phan mém MATLAB/SIMULINK. Cac thong
s6 cia md hinh sir dung trong qua trinh md phong
duoc liét két trong bang B.1.

B.1. Thong s6 xe 6 td

Vehicle M 360 kg
r 0.22m
Motor J 3.15 kg.m2
Trnax 200 Nm

Hinh H.11 dén 14 md phong chuyén dong cia 6 to
trong ché do chay. Trong hinh H.10, 11, 6 t6 di vao
dudng tron truot (k=0.2) ¢ gidy thu 3, quay tré vé
duong binh thuong (k=1) ¢ gidy thir 5. Hinh H.12,
13, 6 t6 di vao dudng tron trugt ¢ gidy thir 15. Ta co
thé thay khi di vao duong tron truot, momen dong
co dugc giam xudng. O ca ving toc d6 thép va
ving tdc do cao, tbe dd banh xe cao hon tdc do xe
va van duoc kiém soat, tbec do xe van duoc duy tri
on dinh. Xe khong roi vao trang thai bi truot
A<0.13.

30

------- Vw khong dk
25| =V khong dk
—\Vw MTTE
20f ===y MTTE :
t1s : : —
H o 3 e
g o p
10 T
5 e
0
0 1 2 3 4 5 6 7 8

Time (5)

H.10. V va V,,ving téc do thap

o 1 2 3 4 5 6 7 8
Time (s)

H.11. TpaxVUNg toc do thap

(0] 10 20 30 40 50
Time (s)

H.12. Tpmax VNG téc d6 cao

— W] e
50 ==V e
/"-—-
Z 40 T
€ e
o 30
2 e
2 20 /’
10
0
0 10 20 30 40 50

Time (s)

H.13.V vaV,, & ving téc do cao

> ==Vw|
Lz \ —v
215
E
H AN
N

7

N

0 5 10 15 20 % 30 35 ) %5
time(s)

H.14. V va Vw & ché d6 phanh

200

[—Momen]

100

-100 k

20 5 10 15 20 2% 30 35 % 45

time ()

Nm
=)

H.15. Momen cap cho dong co dién

-V
==W|

- L \
% 2) S
£ -~ .
st = -
b e <
210 / g~
N
v e

5 A
0 /

0 5 10 15 20 25 30 35 40 45
Time (s)

H.16. V va Vw khi phanh bang bo diéu khién bang bang

Hinh H.14, 15 mo ta qué trinh chuyén trang thai cua
xe 0 t6 tir ché do chay sang ché do phanh & giy thi
25, trude do, xe di vao duong tron trugt ¢ gidy thu
20. O hinh 14, tdc d6 xe va tdc do banh xe duge duy
tri 6n dinh. Hinh H.15 1a gia tri momen dau ra bd
didu khién, khi chuyén dong trong dudng tron truot,
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momen dugc giam xubng gitp cho 6 to van duy tri
trang thai bam duong.

Hinh H.16 1a két qua mo phong bo diéu khién bang
bang trong ché do ABS. So sanh dép tng toc do
giita phuong phép phanh bang dong co dién ding b
diéu khién MTEE (hinh 14) véi phanh bang h¢
thong thity lyc dung bo diéu khién Bang bang [13]
ta thdy bo diéu khién Bang bang gitp xe ding sém
hon so v&i b didu khién MTEE. Nguyén nhan do
bd diéu khién MTTE da bi gid¢i han momen ham &
mirc 100Nm trong khi bd didu khién bang bang
khong bi gidi han momen ham.

Hinh H.17 minh hoa su phdi hop diéu khién phanh
bang dong co dién va phanh thay lyc theo thuét toan
duogc trinh bay & hinh H.5. Hanh trinh ctia 6 t6 nhu
sau: Trong khoang thoi gian tir 0 dén 20s xe chay
trén duong c6 hé sb k=1. Momen cap cho dong co 1a
100Nm. Tur gidy thir 20 dén 22, xe chay trén duong
tron truot k=0.2, bd diéu khién giam momen cip
cho dong co. Tir gidy tha 22 dén 25 xe & ché do
phanh ham v&i momen him tong 1a 300Nm, do van
& dudng tron truot nén momen ham cép cho dong
co < 100Nm, momen phanh thuy lyc bang khong.
Tir gidy tht 25 tr di, xe van & ché do phanh nhung
di vao duong co6 k=1, lic nay momen ham ctia dong
co dién la 100Nm, momen hdm cua phanh thuy
luc >0.

Hinh H.18 biéu dién toc do ciia than xe 6 t6 va toc
d6 banh xe khi phdi hop diéu khién phanh. So véi
d6 thi hinh H.14 ta dé dang nhan thiy xe duoc him
dimg rat nhanh trong khi vin bao dam khong bi b
phanh, xe chuyén dong on dinh, khong bi truot trén
duong.

TAI LIEU THAM KHAO

Momen (Nm)

-1000

1500 5 10 15 20 % 30

time ()

H.17. Momen phanh xe & ché do két hop diéu khién
phanh thay luc va hdm tai sinh

\
/

P
_—

Toc do (m/s)
=

0 5 10 15 20 2% 30
time (s)

H.18. V va Vw & ché do két hop diéu khién phanh thuy
luc va hdm tai sinh

5. KET LUAN

Bai bao trinh bay phuong phap mo hinh héa va udc
luong momen hiéu qua t6i da cho diéu khién chuyén
dong doc truc 6 td dién. Bao cao dé xuét thuat toan
mo rong kha ning wdc luong momen cho ché do
chay/phanh xe ciing nhu phdi hop giita phanh co khi
va ham tai sinh bang dong co dién. Cac mo phong
trén Matlab/Simulink cho két qua téc d6 xe va banh
xe dugc kiém soat 6n dinh trong ca ving tdc do thap
va tdc d6 cao. Tuy nhién phuong phép nay dua trén
gia dinh xe di chuyén trén mot duong thing tat ca
cac banh xe tiép xuc voi mit dudng v6i cung mot hé
s6 ma sat. Vi vAy cac nghién ciru tiép theo can tap
trung giai quyét cac van dé nay.
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NGHIEN CU’'U VA THIET KE MAY IN 3D
DESIGNING 3D PRINTER MACHINE

Trinh Coéng Déng, Nguyén Hoang Nam, Hoang Van Ngoc
Trwdng Dai hoc Bach khoa Ha Nbi

Email: dong.trinhcong@hust.edu.vn, nam.nguyenhoang@hust.edu.vn,
hoangvanngoc2158@gmail.com

Tom tat:

Thiét k& may in 3D Ia hwdng nghién clru dang nhan dwoc nhiéu sy quan tdm gan day vi nhiéu tién ich mang
lai trong nhiéu nganh nghé [inh viec khac nhau nhw khoa hoc, y hoc, thyc phém,...Nhé’ vao viéc tao mau
nhanh va gidp gidm gia thanh san xuét cac san phdm don chiéc, may in 3D ngay cang tré nén phd bién. Bai
bé&o nay trinh bay qua trinh thiét ké phan clrng va phan mém mot hé théng hoan thién may 3D Printer. Cac
két qua dat dwoc cho thay hé thdng hoat dong tét, &n dinh, cé thé dwa vao cac ng dung thuc tién.

T khéa:
3D Printer, 3D Printer Design, 3D...
Abstract:

3D Printer Design is a research field that attracts a lot of attention to research community because of a
variety of its benefits. It's widely used in a number of fields such as science, medicine, food, ...

Thanks to quick patterning and helping reduce production costs for each product, 3D printer is becoming
more and more popular.

It this article,the process of designing the software and hardware of 3D printer finishing system will be
presented. According to the results, all of the system work well and stably and it can be highly applied
in life..

Keywords:

3D Printer. 3D Printer Design, 3D...

Chir viét tit phd bién véi nhiéu kiéu dang khac nhau, nhidu chat
liéu dugc dua vao lam nguyén li€u in, may c6 kha
ning pha mau sic tu dong [1],...Viét Nam ciing
IC Itegrated Circuit dang bt dan theo xu hudng thé gidi cac loai may in
SD Secure Digital reprap Delta, Prusa i3, 1 dau dun va nhiéu dau
DC Direct Curent dup;... cu’ng ‘dan.g duoc nghlen c:ru tl}let kf: Tuy
nhién, qué trinh in 3D thudong mat kha nhicéu thoi

G-code Geometric code

ADC  Analog Digital Converter gian, vi vy khoéng phai lic nao nguoi van hanh
NTC  Negative Temperature Coefficient cting c6 mat, bai bao nay trinh bay viéc nghién cuu,
. . ché tao may in c6 tich hop thém chuwong trinh git

SPI Serial Peripheral Bus o y‘ o Op R g o Eiup

bao cho nguoi sir dung biét qua trinh in hoan tat qua
usB Universal Serial Bus tin nhan va doi 1énh tir tin nhin cta nguoi sir dung
UART  Universal Asynchronous serial Reveiver — hodc co thé tu tat may sau 1 thoi gian cai dt trugc

and Transmitter. tranh nguy co chay no.

. L May 3D Printer dugc thiét ké trong nghién ctru nay
1. PHAN MO DAU 1a loai may in nhwa c6 nghia 1a ddu vao may 1a soi
Ngay nay, trén thé giéi may in 3D di din tr& nén nhua, dau ra 1a nhya két dinh. Nhya in dugc sir dung
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gém ¢ 2 loai nhya chinh 13 nhya PLA dugc chiét
xut tir bot bap than thién véi méi trudng va nhua
ABS triét xuat tir dau mo[2]. Viéc tao ra cac vt thé
3D duya vao céc dir liéu dugc luu trong thé nhd SD
hodc duge tai xudng truc tiép tir may tinh qua truyén
thong ndi tiép UART[3]. Cac dir liéu nay chinh la
cac dir liéu duogc tao ra sau qua trinh quét vat thé 3D
bang may 3D Scanner. Ngudi dung ciing c6 thé tao
ra cac dit liéu ndy bang cac phan mém thiét ké 3D
nhu SketchUp, utocad, Solid works...

Viéc nghién ciru thiét ké phat trién hé thong ciing
nhu dua san pham vao st dung thyc t& trong cac
tmg dung thyc tién 1 muc tiéu clia nghién ciru nay.

2. THIET KE MAY IN 3D

2.1. So’ d6 khoi

Heé thong may in 3D dugc thiét ké c6 so db khdi nhu
trong H.1 dé co thé hoat dong 6 2 ché do doc 1ap
hoic diéu khién qua méy tinh.

Bo hién thi Bo diéu
- khién dong
B¢ diéu —
P khién nyp
oc au lieu o dieu
C G L > trung 24w
tir thé nhé am | khién bing
tay
Sensor cam v Thiét bi
bién nhict My tinh nung nhiet
diéu khién
gidm sat

H.1. So db khédi cua hé théng may in 3D.

2.2. Thiét ké phan cirng
2.2.1. Phan co khi

May in 3D duoc thiét ké c¢6 kich thuéc hanh trinh
20cm*20cm*20cm. Khung may c¢6 kich thudc
50cm*58cm*50cm dugce dung bﬁng nhom thanh
dinh hinh 2020 ghép ndi qua cac ke goc vudng [4].

Cac truc X,Y,Z duoc dan hudéng bdi cac truc tron
duong kinh 8mm. Truc X,Y dugc truyén chuyén
dong bang day dai GT2, puli cang dai va puli GT2.
Riéng 2 truc Z st dung vitme duong kinh 8mm
budc 8 dé truyén chuyén dong. Cac dong co sir dung
1a cac dong co step 42 budc 1.8 do. Cac goi d, ga
truc 14 cac chi tiét nhya 3D [5].

H.2. Khung may in 3D duoc dung

2.2.2. Phan dién

Khéi diéu khién trung tim st dung vi diéu khién
Atmega 2560-16AU.

B rroine roTy) I
= reimaoy PFLADC T —
T PEIXCRE A PRZ{ADCT) s
=] rerociaam) PFLADCT ET
o] FEARCHINTY PT4ADCA TER) -
PESOCICTHTS) P3| AL TME
PEETIINTE P& ADCE TN fall MKE_
FETWCLECITVINTT  PFTADCTTON  fae (T
PHE (EXD) D ATCE OIS TIR T
I TR FELADCBTCTSTITY o ABETH
PH2 (XCK2) PRI(ADCIDTCINTIRD T
FH (A PRIADC I TCTSTIS ;e
PHH (R4 PRA(ADCIZTCINT20 s
PHE (040 PES{ADCILTCINT2 1) a
PHE 02 PRE(ADCI4TCINTIN —-
mTTH PRT{ADCISTOINTIN Al
PR RCINTS AT AT -w;i-—r-:"l—
P {SCE TLTNTE P IATH H
P2 (M PCINT) A2 ADT) —
IS (MO PLINTS) POAE R
P4 T ARCINT 4 P (AT —
P8 O APCINT 2 P A R
PO TP T P AZ e
M7 AMIAGCICTCINTT, PATIADIT
L0 L -
PLIKTS HRRTTIS e
L PERTTIG -
LA} PHIRTTIR
PLAvOC RIS .
LA P NCKSPCINTI L E—w
e POl T PCTSTIn A :
ni PR RX DL PCINTE) L_in
DR SCL T TR roToann =
O (SDATHTE) PUS (AL ! =
2 REDLINTE) PCE AT - T
O TXDNANTS) PC4 (AT -
MK AL [y :
O ORI P AT
ORI PoiAm L
T PR (AR =
P (AT Vi 2 T
PO TEBC ] e =l
P TORCT viT i
P IALES vir
Pl (B
PR e — _L _]_ J_
AREF — W 0% i
w . T ]
NI =
a ATALI D 2L 1
. XTALT NI 2 o
£ D ™
[ N I
=
NTmega e TBALT 1
ST

H.3. So d6 vi diéu khién trung tam

Nhiét d6 dugc do boi cac cam bién nhiét dién tro
NTC 100K hé sé Benta 3950K, céc tin hiéu tra vé
ADC dugce dua vao cac chdn Analog cua vi diéu
khién va tinh toan nhiét d6 theo duong dic tinh cua
hing cung cap theo phuwong phap tich phan timg
doan, dai do trong khoang tir - 40 dén 300° C sai s6
1%.
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P7
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e
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4 18uF

p= |
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L — o

GND § GND H GND
=

Thermistor @
Thermistor 1
Thermistor 2

THERMZ

H.4. So dd két ndi sensor nhiét

Thiét bi nung nhiét gom 2 thiét bi 1a ban nhiét va
dau dun nhya. Ban nhiét dugc st dung la ban MK2b
gdm cac soi dong dugc sip xép va cung cap ngudn
DC 12V dé d6t nong tao nhiét va dugc duy tri trong
ngudng nhiét dd phu hop dé vat lidu in bam dinh
vao ban in. Pau dun sir dung dién tré cong suat 40W
12V DC phat nhiét nung nong lam chay soi nhua in.
Ca hai thiét bj nung déu duoc diéu khién va giam sat
khéng ché & muc nhiét do dat thong qua cac cam
bién nhiét dién trd va quat tan nhiét, sir dung thut
toan PID dé dong mé cac thyristor IRF STP55NF.

sm55mra<§5 _
R13 @1 B ; =M
018, - g/‘
1.8¢ *
188k R25
GND | P$E | P$6
STPSSNFasL !
ol SR ) e
R14 b pg4
) 1.8K Pg4
r R2 ]
R24 P$3 | g3
198k
GND P$2 | gy
STD55NFQ.§H P po1 | pgy
Rtz 03 L
DE__, -

18r R4

a

]

[ 9]

+12U2
>

GND

H.5. So d6 diéu khién ban nhiét, dau nung
va quat tan nhiét

Man hinh hién thi dugc sir dung 13 man hinh LCD
graphic 128*164 dugc tich hop thém khe cim thé
nhé SD truyén thong SPI véi vi diéu khién trung
tam, ché d6 diéu khién bang tay duoc thuc hién qua
encoder c¢6 nat nhin giup ngudi dung co thé twong
tac v6i may in ma khong can thong qua may tinh
voi cac chlic nang co ban nhu: diéu khién nhiét do,
xét tbe do may, chon ma G-code can in,...

Khéi driver diéu khién dong co step duogc thiét ké st
dung cac IC DRV8825, vdi cac tin hiéu didu khién
enable, step, drection d0 phan giai 1én tdi 1/32 bude
cho phép.

= VMA
=3 VM8
DIR_20 DIR cs i SLP
S22 step 10K
1 > s
2 ST SEEP vep Ve —
3 BSTA6 | ReseT
a—TI
5 M2 25 | mope2 souT2
6 —————f—54— MODE1 BOUT1
I 1 MODED
8 AOUT1
T LEN 21 | empr AOUT2
av3
19 pecar FOME
3 12
2 AVREF FAULT
i VRELTIS ] BUREF "
2 re z e R
e 4 ISENS
14 6D
GND DRVE824: R2.R3 = 0.330
=) V3p3oUT DRVE825 R2,R3 = 0.10Q

H.6. So d6 diéu khién dong co Step

D¢ giao tiép v6i may tinh sir dung giao thirc chuyén
d6i tir chuan chuyén thong UART sang truyén thong
USB.
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L il &

] i

orvipes | ﬁ
cravsaswronrrper |4 +
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ATMEGANRI WU
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_E_w o 0
L4 " 4 VELLEW
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[ | —
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H.7. So db két ndi truyén théng véi méy tinh

Nguén dién cép cho toan bd hé théng la nguén
adapter DC 12V-30A.

UCC

Douer§mE§

=
o™
o~
EFN S
b
F2 —

MFR11808 I El
{5

x4-10O—(=1

188uF

=
$420- = Ty
5 ONO nrpses o1 $
- R s R “VINGE
*4-30-C 1 1N4884 <11
iy
X4-4 <! = 2 A
MSTBA4 oS J_ 255
T GND GND
S GNBU-AUX

H.8. So dd khdi loc va bao vé ngudn

Dé bao cho ngudi sir dung biét qua trinh in két thuc,
st dung modul Sim900A cho phép tu dong nhan tin
va nhan tin nhin yéu ciu cua nguoi sir dung.
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2.3. Thiét ké phan mém

) (R .. Phan mém viét cho vi diéu khién:
W — — AR fpet bR ?m»:-’"“ N N » N .

s ——:_‘I [y e *=E, . Phan mém dugc viet theo luu d6 H.11, sau khi dugc
T Pt i gg% SIM9OO§§E cég ng‘u(;)r;l, thjétAbi s? kh'(")’i d{?ng C?,C tinh ning cé}n
. L™ BEEE fe 2 oo thl.et va dé ché do cho. C6 2 cach dé dicu khler'l may

% : FEE. . e printer 3D la bépg tay va béng cach ket noi V("H may

- £ i gsiigazdy tinh. Qud trinh in bat dau khi cho phép may in mot

15§EE e :H;' ﬁlq nao do tur th{e nhp ho;}c truc tiép tfxy m'c'}y tinh

PSS | e xuong. May s€ vé diem goc Home va bat dau qua

E4 s trinh gia nhiét cho ban nhiét trudc roi méi dén dau

H.9. So dd két ni sim 900A nung muc dich la gidm dong dién tiéu hao cung luc

tranh qua tai cho khdi ngudn. May s& dimg yén cho
Sim900A dugc két nbi voi mach diéu khién trung  t6i khi ca 2 dat nhiét do dat mai cho phép cac truc
tam qua truyén thong UART. Két qua dat dugc cho chuyén dong. Mot thudt toan bao vé an toan s€ duoc
théy phén md rong co thé giao tiép tot voi phﬁn didu  viét trong qua trinh nay dé tranh hién tugng nhiét do
khién va cho phép dong ngit hé théng qua relay  1én qua cao khi mét kiém soat boi cac sensor nhiét
12V. bi hong. M4y s€ tu dong tinh todn cac thoi gian ma
dau dun va ban nhiét dat dugc nhiét do dit. Néu qua
thoi gian trén ma nhiét do van chua dat gia tri dat
may s& tu dong tit tit ca dau nung tranh chay nd.
Qua trinh cac truc chuyén dong theo ma G_code[6]
i dé in vat thé s& duoc bit dau khi cac yéu tb trén dat
5 HD3 du didu kién. May sé& in theo ciu tric cac 16p xép
chdng 1én nhau, déng co dun sé tinh toan theo cong
thirc duge viét dé dam bao nhya dugce dun ra vira da
dé cac 16p duge dinh khit vao nhau. Truc XYZ ciing
duoc tinh toan tiy vao co cu truyén chuyén dong dé
ra s6 phan budc diéu khién step. May s& van hanh
dén khi cac md g-code duge giri xudng hét, qua trinh
H.10. So d dong ngit relay cung cp dién cho may in 3D  in két thiic va truc Z dugc nhéc 1én mot doan.

12V

D2
IN4(O7 8
(O3] N
|'GND  Relay 1A/SV

Header 2

Hikn thi & lidn 18
LCD

Ehéi tao post owtput,
i pst

Hidn thi o lids 1én LCD,
may tinh nau ket nod. May

chay theo rr.a; G:—:{x;e B

Gt tin rhin bdo cho
nEwT 56 dung

Meit role
tat may

H.11. Luu db thuat toan viét cho vi diéu khién
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Phan mém diéu khién va giam sét:

Thing ké vé da thi

Thing ké vé d thi
mi phong nhigt di ol X veon T

mi phong qui
trinh in vit thé

Phiin mém
PR
B ltu:: l\l:ll::! Xuiit file
< glam G - code
N

v

Miy in 3D

N

Lénh diéu
khién

H.12 So d6 khé-j tinh nang phan mém diéu
khién va giam sat

Phin mém diéu khién va giam sat dugc cai dat trén
may tinh st dung phan mém ma ngudn mé Repetier
¢6 chirc nang bién dich cac file thiét ké 3D hodc file
mo phdng lai vat ma may 3D Scanner da thu dugc
dé chuyén ching thanh cac file G-code cho may in
[7]. Viéc bién dich nay phai dugc cai dat cac tham
s6 nhu do dic vat can in, s6 16p in bé mat, toc do,
nhiét do,... sao cho phtt hop véi tmg dung can in.

Phan mém ciing ho trg viéc dicu khién giam sat
nhi¢t d9, qua trinh in cuia may in.

0 teperentioa vias  dunaseh
e =

C
*
Q
Q
#)
&
)
7

THxwCR

Il
li

[ ok MM bt I

i
i
i
B

H.13. Phan mém diéu khién giam sat qua trinh in
trén may tinh

88

)

00000060

i

ﬂ
i

i

H.14. Giam séat nhiét do diu nung
va ban nhiét trén may tinh

Phan mém thiét ke:
Co6 rat nhiéu phan mém hd trg thiét ké cac chi tiét
can in 3D c6 thé twong tac duoc voi phan mém diéu

khién trén nhu 13 cac phin mém SketchUp,
Autocad. ..

Dé tai str dung phan mém SketchUp[8] véi uu diém
d& dang thiét ké 3D [9] va co thé xuit ra cac file cho
cac phan mém khac c6 thé chinh sira dwoc[10].

°ooVPEe BTROaBLS
AL P A aa Ab b a1 IEFo AC P L X 1
[

Xo@#2b a4 ONUGEN R~
AEI LTS ING AIOMY QT

i

H.15. Phdn mém thiét ké trén may tinh

3. KET QUA bAT bUQC

May 3D Printer da dugc dua vao st dung cho cac
qué trinh in c4c chi tiét in 3D ciia may scanner 3D
va cac thiét bi nhu hop chira cac mach thi nghiém,
chi tiét in cua cac sensor cam bién, cac mau dung cu
y té... cho Vién Ky thuat diéu khién va Ty dong
hoa. Két qua H.16 cho thdy may chay hoan toan
6n dinh.

H.17. Chay thir nghiém mday in khung may bay
quadcopter

4. KET LUAN

Céc két qua dat dugc cho thay thiét bi da in dugc
cac san pham 3D vdi do sai s trong dai tir 0.5-2%
thé hién cu thé trong bang B.1. Gia tri sai s6 nay
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dugc danh gia dua trén gia tri do dac thuc té vat thé Khung may bay 1%
duoc inra so véi cac ban thiét ké cua vat thé.
Khung robot 1%
B.1. Sai s6 cua chi tiét in Hop dén trang tri 1.5%

s0 vai thong sb thiét ké

—— Sm Duya vao bang B.1 nhan thdy cac chi tiét in c¢6 hinh
an pham arso tron ¢6 do sai s6 cao hon so voi cac chi ti€t in 1a nét
Hop dung mach 0.5% thang. Tuy nhién, vdi cac rng dung nay, sai so trén
, déu nam trong dai cho phép.
Truc Z may Scanner 0.5% £ phep
. , Céc tinh nang truyén tai dit lidu két ndi voi may tinh
Ban truc T may Scanner 0.5% N e Y g0 en et ROl Vot Ay
va diu khién bang tay d€u hoan toan 6n dinh.

TAI LIEU THAM KHAO
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PIEU KHIEN CHONG RUNG CHO CAU TRUC THAP
VIBRATION SUPPRESSION CONTROL FOR TOWER CRANES

Hb Viét Long va Dwong Minh Burc
B6 mén Ty ddng héa cbng nghiép, Vién Dién, Trwdng Dai hoc Bach Khoa Ha Néi
Emai: duc.duongminh@hust.edu.vn

Tom tat:

Bai bao trinh bay phwong phap tao dang tin hiéu dau vao dé lam suy gidm dao déng cuta ciu truc thap.
Béng cach thay déi tin hiéu dat ctia hé théng dwa vao tan sé dao dong va hé sbé tat dan cia dao dong, tai sé
dworc diéu khién di chuyén téi dwoc vi tri mong mudn trong khi dao dong cua tai bi suy gidm trong qua trinh
di chuyén. Tinh hiéu qua ctia phwong phap dwoc minh chirng béng cac két qua mé phéng.

Abstract:

In this paper, the input shaping approach for vibration suppression of a tower crane is presented. By
changing the reference input signal of the system based on vibration frequency and damping factor, the load
is controlled to the desired position while its vibration is suppressed during movement period. The

effectiveness of the method is verified via simulation.
T khoa:

Hé cau truc thap, diéu khién gidm dao dong, diéu ché dang tin hiéu vao.

Keywords:

Tower cranes system, vibration suppression control, input shaping.

Ky hiéu :

Ky hiéu Don vi Y nghia

G(s) Ham truyén dat

E m Dao dong con lai cua hé

Ai,Bi Bién d6 cac xung diéu khién

tj S thoi diém xuat hién xung dau vao
1. GIOI THIEU

Céc cau thap c6 thé duge coi 14 mot trong nhiing
cong cu quan trong nhit duoc sir dung trong cong
nghiép dé van chuyén tai trong va hang hoéa tir diém
nay dén diém khac. Thong thudng cac cau thap co
két chu rat viing chic dé nang ha tai trong 1on trong
cac nha may, trong cac cong trinh xay dung, trén
cac bén tau...

Mot trong nhimg vin dé dbi véi cau thap 1a hién
tugng dao dong cua tai trong trong qua trinh van
chuyén. Trong qué trinh hoat dong cta ciu thap,

chuyén dong cua nd giy ra nhiing dao dong & bén
trong cAu trac. Khi cdu thap chuyén dong cang
nhanh phéat sinh momen quan tinh cang 16n lam tang
bién d6 dao dong va mot phan cia cau thap khong
con di chuyén theo quy dao da duoc dat trude. Hién
tugng nay khong chi 1am giam hiéu suit lam viéc
ma con c6 thé gay nguy hiém trong cac méi truong
1am viéc phurc tap. Ngoai ra, nhu cau thuc té yéu cau
ciu thap phai 1am viéc v6i nhing tai trong 16m, di
chuyén véi téc d6 cao, ddng thoi phai dam bao an
toan lao dong. Vi thé viéc loai bo dao dong cua tai
trong trong qua trinh 1am viéc cua cau thap 1a vo
cung can thiét.

C6 rat nhiéu phuong phap dé diéu khién dao dong
nhung thuong duoc chia thanh hai nhom phuong
phap chinh: diéu khién vong hé va didu khién hoi
tiép. Trong nhém phuwong phap diéu khién diéu
khién hoi tiép, dao dong cua ddi tuong duoc do
luong bang cam cam bién do dao dong (gia toc ké)
va thiét bi diéu khién tinh toan. Khi viéc do ludong
cac dao dong 1a kho khin hodc khong thé thyc hién
duoc thi nhoém phuong phap diéu khién vong ho
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duogc ap dung. Bai bao sé tap trung di sau vao tim
hiéu va nghién ctru mot phuong phap diéu khién
vong hé dé chdng rung hét strc don gian va hiéu qua
d6 1a phuwong phép tao dang tin hiéu dau vao (Input
Shaping). Phuong phap nay lam thay d6i hinh dang
tin hiéu dau vao cho hé co hoc dya vao dic tinh tan
) riéng cia hé. Viée triét tiéu dao dong dugc thuc
hién v6i mét tin hiéu tham chiéu duge du bao dao
dong trudce khi nd duge xay ra hon 13 ¢b diéu chinh
dua hé thong vé trang thai mong mudn. Bai bao nay
gi6i thiéu phuong phap diéu khién vong ho trong
viéc giam dao dong dong thoi gidi thidu viée ap
dung vao hé thong chdng rung cho cau truc thap.
Bai bao dugc trinh bay nhu sau: phan gidi thiéu
trinh bay vé dao dong ciu truc thap va phuong phap
input shaping lam giam dao dong ciu truc thap.
Phan hai gi6i thiéu cau truc thap. Phan ba giéi thiéu
phuong phap thay doi dang tin hiéu vao (Input
Shaping) don gian va ap dung cho mé hinh cau tryc
thap. Phan bén trinh bay phwong phap giam gia toc
tiép tuyén va ap dung cho hé co hoc cau truc thap va
cac két qua. Cudi cung 12 két luan va d& xuét.

2. MO HINH PONG LU'C HOC CAU TRUC
THAP

M6 hinh cau tryc thap [1] :

m

H.1. M6 hinh cau tryc thap

Trong do:

: do dich chuyén cua xe con so v&i than thap;
- khéi lugng cua xe con;

: gbc quay cua than thap;

: chiéu dai day cap;

: khéi lugng cua tai trong;

%Brﬁ §><

: gbc tao boi day cap ¢ trang thai bi rung dong va

hinh chiéu cua chinh né trén mat phing tao béi hai
truc O; va Oy.;

¢ :1a goc tao boi hinh chiéu cia day cép ¢ trang
thai bi rung dong trén mat phﬁng tao boi hai truc O;,
Oy va dudng thiang ding cia ddy cap khi no dimg
yeén.

Nhu vdy 6 va ¢ chinh 1a hai goc mo ta rung dong
cua tai trong trong qua trinh cau thap hoat dong.

St dung phuong phap Euler - Lagrange dé xac dinh
cac phuong trinh chuyén dong cua cau thap. Cac
vector vi tri cua tai trong (Load/L) va xe con
(Trolley/T) lan duot dugc xac dinh:

—

r. = X+ Lcosésing,Lsin,Lcosdcos ¢ @

L= x0,0 @)

Vector van téc cua xe con va tai trong dugc xéc

dinh theo cong thtrc:

- odr - -

f=—+wxr 3
" @)

Vé6i w= 0,0,7 la vector van tdc goc cua chuyén
dong quay than thap.

Pong ning cia cau thap duge xac dinh bang tong
ddng nang cua tai trong, xe con va dong nang quay
cua than thap:

1 1 1. .
K :Emrf+§MrT2+EJ072 (4)

Trong d6 J, 1a momen quén tinh ciia chuyén dong
quay than thap.

Thé ning cuia cau thap chinh 1a :

P = —mgL cosécos¢ (5)
Ham Lagrange fiuqc xac dinh theo cac biéu thirc
dong nang va thé nang cua hé:

L=K-P :%mrL2 +%Mr-|—2 +%J07'2 +mgL cos6 cos¢

(6)
Do khoéng c6 luc tic dong cua tai trong. phuong

trinh Lagrange cho cac chuyén dong rung dong tai
trong dugc dua ra la:

g[@ oL
dt\og) o6
@)
djoL) oL
dt|06) 96
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Gia dinh ring cac goc quay 1a rat nho va bé qua su
thay ddi chiéu dai day cép trong qua trinh hoat dong
ciia cau thap. Pé phuc vu cho viéc thiét ké diéu
khién boé qua cac thanh phan phi tuyén. Tir d6 thu
dugc cac phuong trinh chuyén dong:

+mge=F, @
1+ M x? §fmrgxng ©
L6 +g6 +xj=0 (10
Lé+9gp—%=0 )

3. PHUONG PHAP INPUT SHAPING DON
GIAN

3.1. Gi¢i thiéu phwong phap

Mot hé thong tuyén tinh, bac bat ky déu co thé biéu
dién dudi dang dao dong béc hai tat dan:

Kowy’
GB)=5—"T"""—
$° + 2wy (S + w,

(12)
Trong d6: w, : tan sb ty nhién ctia dao dong;

¢ : hé s tit dan;

K, : hé s6 khuéch dai.

Pap tng cua dao dong bac hai v6i xung du vao cd
dang u(t) = As(t—t)

A wo e*Quo =

sinwyyJ1—¢% t—t,
1-¢?

y t =

Phuong phap xir 1y 1énh diéu khién nhim giam
momen quan tinh khi chi tiét chuyén dong tao ra dao
dong tir thanh phin sinwgt. Bang cach tao ra momen
quan tinh so cip thir cip c6 chidu nguoc lai so voi
momen quan tinh so cdp, ching s& triét tiéu lan
nhau.khi d6 chi tiét s& chuyén dong ma khong co
dao dong [2].

x10°

dap UNG YOI MOLAUNG e

21

vi trifem)

=)

K I |
20 05 1 15 2

25 é 3‘5 tll 4!5 5
t(s)
H.2. Bap g cuia dao dong bac hai

vai mot xung bat ky

Két hop hai dap umg xung véi nhau dwa téi viée hé
thdng c6 thé chuyén dong ma khong c6 dao dong du
sau khi tin hiéu dau vao két thuc. Trong d6 tin hiéu
dau vao bao gém hai xung, tin hiéu dau vao két thiic
khi xung thir hai xuét hién.

3 T T T

dapung vol'xung hunhd  e——
dap ung voi ung th hai

wvi trifcm)

H.3. Bap ung cia dao dong bac hai
véi hai xung khéac nhau

x 10

()

|dap ung ket‘hnp cua hai':uung

vi trifcm)
= — ro
e s n ro en
T T T T

(=)

i i I i |
5 3 35 4 45 5
s)

o
R
o
o
o
o

=ra

H.4. Dap ung két hop cua hai xung
Dao dong con lai ciia hé thdng bang 0 dudi tac dong
ctia 2 xung diéu khién. Piéu kién dam bao dau vao
duogc tao dang lai tao ra mot chuyén dong cho phén
than cimg giébng nhu tin hiéu chua dugc tao dang
ban dau:

> A=1 (13)

E= Wf +V,? (14)

N
V, =Y Ae “Uh T cos wy1-¢%t =0
i=1

(15)
N
V, = Ae 0 sin wyy1-¢°t =0
i=1
T d6, thu duge két qua chinh xac:
1
ATk
K
+K
. (16)
K=g "¢
™
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K
1+ K

= H)

[=]
[
[}

H.5. Do 16n va thoi diém xuét hién hai xung

bé tang tinh bén viing cua hé véi dao dong tan so
@y, cac dicu kién rang budc dua vao [3]:

Wy
(7)
», g
dw,
T (15) (16) (17) taco :
1
-t =0
A K2+2K+1tl
2K
==t =AT
& K2 +2K+1"7
K2
= t,=2AT 18
& K2+2K +1"° (18)
7< ”2
K=e ¥¢
™
AT =——
wo\flfg“z
2K
1+2K + K
_
1+2K+ K~
1+ 2K+ K°
3 1(s)
0 AT 2AT

H.6. Bo 16n va thoi diém xuét hién cua ba xung

3.2 Ap dung cho cau truc thap

Truong hop st dung thudt toan Input Shaping st
dung hai xung ddu vao. Vé&i wo = 3.5 (rad/s) ¢ =0 ta
tinh dugc bién do va thoi diém xuét hién cac xung
dau vao

—(

K=e"¢ =1
AT =— " ~0.8976(s)
woafl—g“z
11
:_:—, :0
A=k 2t
K 1
= =T, =AT
& 1+K 27

Véi trudng hop st dung ba xung dau vao ta ciing dé
dang xac dinh dugc bién d6 ciing nhu thoi diém
xuat hién cia ba xung:

—(r

K=el< =1
AT =— " ~0.8976(s)
wowflfg“z
1 1
- - T t=0
A 142K +K? 4t1
2K 1
= =1, =AT
& 142K +K? 27
K? 1
= == t,=2AT
A 142K +K?  4'°

M6 phdng thuat toan Input Shaping (tao dang tin
hiéu dau vao) voi dau vao 1a gia toc trong quy dao
2-1-2.

Time Series Plot;

—\itr

== =vantoc
..... giatoc

bien do
— N

Thoi gian (s)

H.7. Gia téc trong quy dao 2-1-2

Time Series Plot:
04 T
’\ === khong input shaping
0.3 == == input shaping 2 xunf
‘ , ‘ === nput shaping 3 xung

NN
~ 01
E j{.? .
g \!¢ * xo
31 V —
0.2
| VIR
0.3
vV v V
04
0 5 10 15
Thoi gian (s)

H.9. Goc dao dong cua tai trong (phi)

197 |



DIEU KHIEN VA TU PONG HOA CHO PHAT TRIEN BEN VNG (CASD - 2017)

Time Series Plot:

0.8 A A
l == khong input shaping
0.6 == == input shaping 2 xung
I = = = [input shaping 3 xung
04 I
'
~ 02 L) A o
] P % T 4 P\
° O-W"“" v Tl s* W e i "
.g A \, J’ q
Q.02
04
| \ 1
0.8
0 5 10 15

Thoi gian (s)

H.10. Géc dao dong cua tai trong (theta)

Gia tdc diat sau khi ap dung thuat toan Input
Shaping:

Time Series Plot:

T
1 == == input shaping 2 xung ||
= = = jnput shaping 3 xung
== khong input shaping ||

08
0.6

04— l":
Fias (N
I Il n

I -
-0.2 m : "mm :
04

0.6
0.8

L |

bien do (m)
o

Thoi gian (s)
H.11. Gia toc dat sau khi dwoc tao dang

Két qua mo phong thu duoc vé do rung cia tai
trong:

Time Series Plot:

5
45
4 P
a5 p ',. R
' rs = khong input shaping
£ 3 / T = == input shaping 2 xung |
o N N in put haping 3 xung
3 25 / v
5 I >
o 5
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N
15 -
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oedh?
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H.12. D6 dich chuyén cua xe con so véi than thap

Time Series Plot:

45

35 ’ .~" = khong input shaping | |

== == = input shaping 2 xung
=====in put haping 3 xung

bien do (m)

25 s
/)

2 1<
15 s
/ ¢

1 J

05 s

Thoi gian (s)

H.13. Géc quay cua than thap

Nhan xét:

e Phuong phép tao dang tin hiéu dau vao dbi voi
ting bién doc 1ap da loai bo duogc gﬁn nhu toan bd
cac dao dong du xuat hién trong qua trinh lam viéc
clia cau thap ( trén 90%).

e Input Shaping véi 3 xung dau vao cho két qua tot
hon 2 xung dau vao.

Nhuge diém cia phuong phap nay 1a d6 chinh xéac
chua cao va khong loai bo dugc hoan toan cac dao
dong du.

4. PHWONG PHAP TRIET TIEU GIA TOC
TIEP TUYEN

Phuong phap ZV truyén théng sé mang lai hai gia
tbc tiép tuyén. Do tinh chit quay cta céu thap,
nhing gia tdc nay khong theo cing mot hudng, gia
t6C thir hai da bi luan chuyén sang mot goc As. Anh
huéng nay lam giam hiéu sudt cua Input Shaper
truyén thng boi vi chung dwa vao gia toc thi 2 dé
hay bé dao dong gay ra boi gia tde thir nhét.

Pé huy t6t hon nhimng dao dong gay ra béi cac xung
dau tién, ching t6i mudn cac xung thir hai tac dong
theo cting mdt huéng theo xung dau tién. Piéu nay
dan dén chung t6i thém cac thanh phan hudng tim
dé huéng cua hai gia tdc twong ty nhau. Chung ta
thu dugc mét vector V, hoat dong theo cung mot
huéng véi xung dau tién cho phép nhiéu rung dong
dugc huy bo. Su khao sat cac vector song song nay
1a phuong phép thiét ké chung cho giam gia toc tiép
tuyén [4].
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H.14.Vector bi¢u dién cua phuong phép triét tiéu gia toc
tiep tuyén

Cac Shaper bao gdm hai xung mét cho chuyén dong
tiép tuyén, mot cho chuyén dong phap tuyén:

A N 2
¢t 0o L
2 (19)
Bi 761 61
t| |0 —
2 (20)

Trong d6 A; 1a bién d6 xung theo hudng tiép tuyén,
Bi 1 bién d6 xung theo hudng phap tuyén, t; 1a thoi
gian xung. Pat V; =V, va rang budc XA;=1 taco:

Nnt7 =54 =anR, (21)
Xt —t
1Ry~ W)y 5 R, 22)
o= L _ (23)
[1+cos AX ].cot AX +sin Ax
1 A
o +_cos X 24)
sin AX
Ax = @%tcr “t) (25)

Véi Ry 1a vi tri bat dau cua xe con, gia tdc hinh
vuong X, t, < T/2, T la tan s6 dao dong riéng cla h§.,
Ap dung cho cau truc thép :
Gia toc dat sau khi 4p dung thuat toan Input Shaping
c6 dang:

Time Series Plot:
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Tir cac phwong trinh & trén ap dung cho cau truc
thap tha thu dugc dao dong cua tai trong:

Time Series Plot:
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H.16. Goc dao dong cua tai trong (phi)

Time Series Plot:
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H.17. Géc dao dong cua tai trong (theta)

Time Series Plot:
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H.18. Do dich chuyén cua xe con so véi than thap

Time Series Plot:
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Hinh 11. Gia téc dit sau khi dwoc tao dang
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C6 thé thdy riang phuong phap giam gia tbc tiép
tuyén triét tiéu dugc gdn nhu hoan toan cac dao
dong du hinh thanh trong qua trinh lam viéc cua
cau thap.

5. KET LUAN VA BE XUAT

Bai bdo da trinh bay khai quat vé phwong phép tao
dang tin hiéu du vao ciing nhu giai quyét twong dbi
thanh cong van dé diéu khién chéng rung cho ciu
thap. Cac md phong dd duoc tién hanh dé chimg to

TAI LIEU THAM KHAO

tinh dung dén cua phuwong phap didu khién. Tuy
nhién, két qua md phong chi mang tinh chét trong
d6i, dap mg dugc phan nao yéu cau diéu khién
dat ra.

Trong tuong lai thuat toan diéu khién trén s& dugc
ap dung trén mo hinh thyc nghiém thyc té dé kiém
chtng tinh hiéu qua cua thut toan. Tinh bt dinh
cling nhu anh hudng cua nhiéu téi hé thong ciing s&
dugc xem xét va danh gia.
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DIGITAL CONTROL OF SINGLE PHASE UPS INVERTERS BASED
ON DISCRETE-TIME STATE AND DISTURBANCE OBSERVER

Nguyen Manh Linh*, Nguyen Danh Huy?, Xinkai Chen®
»2Hanoi University of Science and Technology, *Shibaura Institute of Technology
Email: ‘linh.nguyenmanh@hust.edu.vn, *huy.nguyendanh@hust.edu.vn, *chen@shibaura-it.ac.jp

Abstract:

This paper proposes a new strategy to design the discrete-time controller for an uninterruptible power supply
(UPS) inverter. First, by using a proportional integral observer (PIOb) as a state and disturbance estimation,
all the unknown terms caused by the modeling errors and unmeasured load current are estimated and
employed in the control design. Then, the inductor current controller is designed based on the one step-
ahead minimum prediction error technique. The optimal reference value for this current loop is generated by
a current command generator which minimizes the output voltage tracking error. This proposed control
strategy is capable of achieving high robustness against the parameters variation and excellent voltage
regulation, even under nonlinear loads. Simulation studies based on Matlab-Simulink are conducted to

further validate the effectiveness of the proposed strategy.

Keywords:

Single phase UPS inverter, state and disturbance estimation, one step-ahead minimum prediction error.

1. INTRODUCTION

Single phase inverters have been widely used in
UPS systems which are capable of delivering
emergent AC power to critical loads such as medical
equipments, data processing and computer systems
in case of a utility power failure. The output voltage
of a high performance UPS must be sinusoidal with
low total harmonic distortion (THD) satisfying
IEEE-1547 standard [1], even with nonlinear loads.
Furthermore, good voltage regulation and quick
transient response with sudden changes of loads are
also needed.

In order to fulfill the above mentioned requirements,
many control strategies have been proposed in the
literature [2]-[11]. In [2], conventional cascade
control schemes based on inner inductor current
loop or inner capacitor current loop are investigated.
These control schemes are capable of achieving high
voltage performance with low THD and quick
response if the parameters of the output filter
components are known precisely. In practice, these
parameters are normally inaccurate and may be
varied with the working condition, following that
the performance of the UPS can be degraded
considerably. In [4], a proportional-integral (PI)
controller is designed in a synchronous reference

frame, which rotates synchronously with the output
voltage, to regulate the voltage with zero steady-
state error. However, the design procedure of this
method is complicated and the computation time is
increased since the trigonometric functions are
employed in the coordinate transformation. In [5],
the iterative learning control (ILC) has been used to
achieve low THD under nonlinear periodic loads.
The slow dynamics, large memory requirement and
poor performance under non-periodic disturbances
are the major problems of this technique. The self-
tuned feed-forward with harmonic feedback control
strategy proposed in [6] can also reduced the THD
of the output voltage significantly. In practice, this
method is suffered from its complexity in
implementation. To further enhance the robustness
of the closed-loop control system, the sliding mode
control (SMC) with many advantages such as
insensitive to matched disturbances, quick dynamic
response and simplicity in implementation has also
been applied to UPS inverters [7]-[9]. The dynamic
of the system even can be made faster by using a
time-varying sliding gain in the sliding function [9].
Since these techniques are designed in continuous-
time domain, the UPS systems are suffered from the
variable switching frequency which may increases
the THD and power loss. To alleviate the variable
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switching frequency problem, discrete-time sliding
mode control (DSMC) has been adopted in [10]
with a dual-loops scheme including an inductor
current predictor and an inductor current controller.
Nevertheless, the chattering is still inevitable. In
[11], an extended Lyapunov function based control
strategy is proposed to achieve global stability, fast
dynamic response and almost zero steady-state error
in the output voltage. Since one voltage and two
current sensors are required, the cost of the system
is an issue in practice.

In this paper, a new strategy is proposed to handle
the control problem of the UPS inverter. A PIOb is
employed to estimated the unknown disturbances
caused by the modeling error and the unmeasured
load current first. The information getting from the
PIOb is then used in the control design which
consists of a current command generator and an
inductor current controller. The advantages of this
strategy is that the design procedure is simple and
straightforward in tuning. Furthermore, the closed-
loop system is robust against the modeling error and
disturbances. Simulations implemented by Matlab-
Simulink are conducted to verify the effectiveness
of this proposed strategy.

2. PROBLEM FORMULATION

A single-phase full-bridge inverter with the typical
configuration shown in Fig. 1 can be considered as a
voltage source if the switching frequency is high
enough.

Lf

o)

Rf

ic io ¢

N4
Rc
Vo
Load
—

cf

“©

Fig.1. Single phase UPS inverter

Then, the dynamic response of the inverter is mainly
governed by the output inductance-capacitance (LC)
filter. The state-space equations describing the
operation of the inverter in continuous time domain
are

{J'C(t) = Ax(t) + Bu(t) + d(t)
y(@) = Cx(1)

where,

@)

R EoE -0 4 d1<t)] @

d(t) = [_ € at c
da(t)

In (2), V,(t) is the output voltage; i, (t) and i, (t)

are the inductor and the load current; V; is the dc

input voltage; R;,R,,L;,C; are the parameters of

the output LC filter; d,(t), d,(t) represent for the
modeling errors due to the fact that all the
parameters of the inverter may be varied during
operation. The control input u(t) is defined by

u=2D-1 (3)

in which 0 < D <1 is the duty ratio of the pulse
with modulation (PWM).

For control design purpose, a discrete time state-
space model derived from (1) is used in this paper:

{Xk+1 = Xy + Tuy + fi + 0(TF)

Yk = CXk (4)

where T, is the sampling time, O(T.”) is the small
error caused by the numerical approximation. The
magnitude of a signal g is said to be g = O(T,") if

limTS_,OT‘in # 0 and limTS_,O% =0 (5)
where n is an integer [3].

The corresponding state-space variables and
matrices of the discrete-time system (4) are

V
X, =Y, = [IZ,:]’CD — oATs — [¢11 ¢1z]

21 P22
T,
N e a-l( _ [T
r_fo AT drB = A\ (® — I,)B [er]
_ Ts At _ _ fl,k
fi = J, e d{(k + DT, — t}dr = [fzk] (6)

where I, is an unity (2x2) matrix.
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In this design, the output voltage V,, and the
inductor current I, are chosen as the state variables
and measured. The load current I, ;, is not measured
and treated as a disturbance. This unknown term in
combination with the other uncertainties caused by
the parameters variation may significantly degrade
the performance of the control system. To cope with
the above problem, a discrete-time proportional-
integral observer (dPIOb) is employed to estimate
the disturbances first. Then, the information getting
from the disturbance observer is included in the
control design which is based on the one step-ahead
minimum prediction error technique. By using the
proposed control strategy, the closed-loop system
not only has a quick transient response but also
robust against the parameters variation.

3. STATE AND DISTURBANCE ESTIMATION

The observability matrix O,, and controllability

matrix C,, of the continuous-time system (1) are
derived from (2) as

RVq _Rng+ 1 RRp\Vy
Lf L} Cr Ly JLf

Cab = [B AB] = E _RCVd B Rde
Lf L} L}
(7)
_[C12 [
Oap = [CA] B [,4] ®)
Since
Cap)] = — Vi 9
Ca)] = =7 )
1
4| = e, (10)

It can be concluded that C,, and 0O,, are not
singular, which means the state-space system (1) is
completely observable-controllable. Then, the state
and disturbance estimation can be designed based
on the following assumptions:

Assumption 1: The sampling time T, is small

enough such that the controllability and the
observability of the discrete-time system (4) are
preserved which results in

rank ([CD__CIZ Ig]) =4

Assumption 2: The disturbance d(t) is smooth and

(11)

the sampling time T, is small enough such that

fier1 — fio = 0(T$)
fir1 = 2fic + fre1 = O(T3)

Define X, and f, as the estimation state and the
estimation disturbance. The goal of the dPIOb is to
force X, — X, and f,, = f, as k — oo. The state-
space equation of the dPIOb is [12]

- ?k) + fr

(12)

XAk+1 = (DXAk + Fuk + Ll(Yk
frer = fie + La(Yie — %)
? = C)?k
where L; and L, are (2x2) designed matrices and

(13)

R =Y, = [Ifc""] (14)
Ik

Define the estimation errors as

Xie = Xie — Xy (15)

Ve =Y — Y (16)

fie = fi = fr (17)

From (4) and (13),
estimation error is

the dynamic of the state

Kiv1 = (@ — LiO)Ky + fir + 0(TH) (18)

The one step ahead disturbance estimation error can
be obtain from (13) and (17) as follows,

— frer1r = fie = LaCXpe + (fiwr — fie)
(19)

From (15) and (19), the state-space equations of the
estimation errors can be reformulated as

Xk+1]_[<1> LiC 12 ] [O(Tz _
fk+1 —L;C fre+1

fr+1 = fe+r

(M - LG) [X"] + 0(T3) (20)
Xx Xx
= G| 21
he=lc o] fk] fk] &1
where,
M_[q’ 12] L=[ IZI56=[c o (22

As proved in [12], if Assumption 1 is satisfied, the
pair of matrices (M,G) is alway observable. Which
means the matrix (M-LG) can be stabilized, i.e, by
using pole-placement technique. Then, it follows
that:

k — o

)’(\k _)Xk_
fre = fr —

0(T?) as

0(T?) as 23)

k — oo
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The above analysis shows that the dPIOb can
restrict the estimation error in the small region
O(T?). The estimated disturbances are then
employed in the control design introduced in the
next section.

4. CONTROL DESIGN

4.1. Current controller

From (6), the state space model (4) can be rewritten
in detail as follows,

Vojer1 = P11Voi + Pralp i + Tiquk + fik (24)
Ipjyr = Po1Vor + Poolpy + Toqug + fok (25)

To force the inductor current I, of the inverter
track a desired current I7 in the presence of the
unknown term f,,, the current controller is
designed as following.

Define the one step-ahead current tracking error
€rk+1 @S
€1 = Ippsr — Ikt (26)

The control signal w;, which forces e; ;4 to zero
can be obtained by solving the following equation

erk+1 =0 (27)
By substituting (25) into (27), a fundamental
operation yields

1 *
e =1 (L kar = G21Vor = Pazlr = fax)  (28)

Since f,, is unknown, its approximation is
employed
far = fz,k (29)

Suppose that the pole-placement design for the
dPIOb results in

_[€11 €12
L= [621 622] (30)
From (13), (20) and (30), it gives
fage = fok-1 + €21Vo -1 + €221 11 (31)

Based on (28) and (29), the control action for the
current loop is

1 /. R
Uy = F_H(IL,R+1 = $21Vor — P22l — fZ,k) (32)

which results in e; 4, = O(TZ) asymptotically.

4.2. Current command generator

To keep the output voltage V, , follows a desired

voltage V,,, an appropriate reference inductor
current I ;.4 is needed for the current loop.

Define the generalized voltage tracking error E, , as

Ev,k =eyr + Aev,k—l (33)
where 0 <A <1 is a design parameter and e,
is the instantaneous voltage tracking error
computed by

Cyk = V;,k - Vo,k (34)

The one step-ahead generalized voltage tracking
error is

Ev,k+1 =e€pr+1 T Aev,k = Vo*,k+1 - Vo,k+1 + Aev,k
(35)

By using (24), (32) and (35), a fundamental
operation yields

Eypks1 = Vor+1 + AWor +

r r
(F_1:¢21 — 11— /1) Vor + (F_Z ¢z — ¢12)IL,k +
Tyl 2 Tiq s
= ok — fik — =L r+1 (36)
I21 I'21

Based on (36), the current command I ., Wwhich
forces E, 11 = 0'is

. Iy o .
Ipke1 = E(Vo,k+1 +AVs) +

(¢21 - 11:_2((1311 + A)) Vor +

r A r
(¢22 - F_iﬁblz) I+ forx — F_ifl,k (37)

Due to the fact that f;, in (37) is unknown, its
approximation is used instead

fir = fl,k (38)

where fl,k is also computed from (13), (20) and
(30) as

fl,k = fl,k—l + €11 Vo1 + €12l k1 (39)
with,

Vo,k—l = Vo,k—l - Vvo,k—l (40)
iL,k—l = IL,k—l - fL,k—l (41)

Finally, from (37)-(39), the output of the current
command generator is

. 21,0, .
I k41 = E(Vo,k+1 +AVyk) +

<¢21 - ;_i((i)n + A)) Vo +
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l—‘21

(¢22 -1

which  also
asymptotically.

[or A
¢12) I+ for — 21f1,k (42)

results in Ev,k+1 - O(Tsz)

5. SIMULATION RESULTS AND
DISCUSSION

To verify the effectiveness of the proposed control
strategy, simulations based on Matlab-Simulink are
conducted for a 1-kVA single phase PWM inverter.
The parameters of the inverter are provided in
Table 1.

Table 1. Simulation parameters

Ls 0.7mH Rf 0.1950

Cr 120uF R, 0.1Q

V4 250V, Ts 100us

fow 10kHz | 100sin(2m50kTy)
Rioaa 100 Croad 470uF

The corresponding matrices of the discrete-time
state space system (4) are

109282 0.7972
e = —0.1371 0.9151] (43)
' =[17.9577 34:2824] (44)

By placing the poles of the augmented system (20)
asp=[005 0.1 02 0.3] (45)

the corresponding gain matrices L, and L, of the
PIOb are

114282 0.7972

L, = [—0.1371 1.7651] (46)
_ 1056 0.0

L= [0.0 0.855] (47)

ice Vollage

UPS Inveter Contral Block

Fig.2.: Block diagram of the inverter controller

The block diagram of the controller are shown in
Fig. 2, in which a S-Function Builder is employed to
implement the control algorithm written by C
language. Two typical loads, including linear

resistive load in Fig. 3 and nonlinear rectifier load in
Fig. 4, are used to investigate the performance of the
proposed control strategy.

First, suppose that the system model is perfect.
Then, the simulations with rate resistive load are
carried out. The response of the system with the
change from no-load to full-load condition is shown
in Fig. 5 and the THD analysis result is shown in
Fig. 6. It can be observed that the output voltage is
quickly recovered within a few sampling cycles
when the load is changed. The THD at the steady-
state is 1.1%, which is much lower than the
restriction value 5% of the IEEE-1547 standard.

L T <
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»
H
13
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aontuous | Roct

powergui

y
7
a
2
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3 AR
7Y

Wrivers3 Onde

— 20
—Reference Voltage|'

— Output Voltage 10
—Load current 0

Voltage(V)

Load current(A)

Time(s)

—Inductor current |
—Observed current,

Inductor current(A)

0 0.05 0.1 0.15
Time(s)

Fig.5. Simulation result with resistive load
and accurate model
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Selected signal: 7.5 cycles. FFT window (In red): 5 cycles
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Fig. 6. THD of the output voltage with resistive load

The simulation result and THD analysis of the
system with nonlinear rectifier load are shown in
Fig. 7 and Fig. 8, respectively. It can be seen that
the output voltage is slightly distorted in this
case. However, the THD =1.87% still completely
fulfills the requirement of IEEE-1547 standard.
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Fig. 7. Simulation result with rectifier load
and accurate model
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Fig. 8. THD of the output voltage
with nonlinear rectifier load

By using the proposed control strategy, the current
trimming function which protects the inverter
against the overload failure can easily be
accomplished as demonstrated in Fig. 9.

0 2
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Z Output Voltage
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s \/ .
> 2 e
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= o0 001 002 003 004 005 006 007 008 009 0.1

Time(s)

Fig. 9. Simulation result
with £15A current trimming function

R, =040, R, =020, L =0.63mH, C = 108;F, V, = 220V
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Fig. 10. Simulation result with nonlinear load
and reduced L, C values
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Fig. 11. Simulation result with nonlinear load
and increased L, C values

Finally, the robustness of the closed-loop system
against the modeling errors is confirmed by
simulations which all the parameters of the inverter
are different from the values used in Table 1. In
practice, the variations of the commercial inductors
and capacitors are less than +10% while the
internal resistance of the LC filter may increase up
to 200% in comparison with the nominal values.
Moreover, the dc voltage source V; may be also
+10% changed. Hence, simulation studies based on
the above mentioned practical situations are
conducted. Figure 10 shows the simulation result
where the internal resistance of the LC filter are
twice their nominal values, the inductor Lg, the
capacitor C¢, of the filter are 10% reduced. In
contrast, Fig. 11 shows the simulation result where
Ly and Cy are 10% increased. Besides, the dc
voltage source is also +10% deviated from its
nominal value. It can be seen that in both cases, the
closed-loop system is stable and the response of the
output voltage are almost same as the case where an
accurate model is used. The only different which
can be recognized is the ripple of the inductor
current and the output voltages since it depends on
the systems parameters.

6. CONCLUSION

In this paper, a new control strategy for the single
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phase UPS inverter is proposed and designed in
discrete-time domain. By taking into account the
influences of the parameters variation, disturbances
and using one step-ahead minimum prediction error
technique, the proposed method is capable of
achieving quick response, excellent voltage
regulation, low THD satisfying IEEE-1547 standard

and high robustness against the modeling error. The
control design and tuning procedure are also simple
and straightforward. The effectiveness and the
robustness of the closed-loop system are validated
by simulation results implemented by Matlab-
Simulink.
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A CONTROL APPROACH OF MULTIVARIABLE TIME DELAY SYSTEMS
USING ACTIVE DISTURBANCE REJECTION CONTROL

MOT PHUONG PHAP BIEU KHIEN CAC HE THONG PA BIEN CO TRE
SU DUNG BO BIEU KHIEN LOAI BO NHIEU CHU BONG

Nguyén Duy Vinh, 6 Trong Hiéu
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Email: nguyenduyvinh1993@gmail.com, hieu.dotrong@hust.edu.vn

Abtract:

In this paper, a control approach is proposed for multivariable time delay systems based on Active
Disturbance Rejection Control. Due to its simple tuning, fast response and robustness against process
parameter variations, active disturbance rejection control has recently been interested in as an alternative to
traditional PID controller. The main idea of proposed approach is to predetermine input-output paring and
then the effect of one input to others outputs that it is not paired with is considered as a disturbance to be
rejected. Such disturbance is estimated by using the extended state observer and canceled in the control
law. The input signal fed to the observer is added with a delay to synchronize with the delay of the controlled
system. Simulations results show good performance of the closed-loop.

Keywords:
Multivariable system, time delay, decoupling control, disturbance rejection control, extended state observer.
Tém tat:

Bai bao nay dé xuat mot phwong phap diéu khién cho qua trinh da bién cé tré dwa trén bo didu khién loai
nhiéu chd déng. Nh& cac wu diém nhw dé chinh dinh, dap (rng nhanh va tinh bén virng khi tham sb qua trinh
thay ddi, bo diéu khién loai nhiéu chi ddng dang dwoc quan tdm nghién ctru dé thay thé cho bo diéu khién
PID truyén théng. Y twéng clia phwong phap dwa trén viéc lwa chon trwdc cac cép tin hiéu vao — ra va coi
&nh hwéng xen kénh gira cac c&p tin hiéu vao - ra la nhiéu. Cac nhiéu nay sé dwoc wéc lwong bang mot bod
quan sat trang thai, sau d6 dwoc loai bd bang luat diéu khién thich hop. Tin hiéu dau vao dwa vao bo wéc
lwong duwoc bd sung thém tré nham déng bd véi tré cia dbi twong dwoc diéu khién. Cac két qua mé phdng
cho thdy dap rng tét ctia hé théng.

Abbreviation known as decoupling control. Decoupling of linear

time invariant multivariable system has been

SISO Single Input — Single Output interested in many years [1, 2]. However, in many
PID Proportional Integral Derivative cases, an accurate mathematical model of the plant
i . L is required. In addition, one then also need to design

ADRC Active Disturbance Rejection Control some controllers and delay compensator for each
ESO Extended State Observer SISO system to achieve a certain number of

performances. Robustness and other practical

1. INTRODUCTION

Multivariable time delay systems control is still a
challenge in both theory and practice and provides
motivation for researchers. One approach is trying
to reduce the interactions between various input-
output pairs and make a multivariable system
become a number of independent SISO (Single
Input — Single Output) systems. This strategy is

concerns continue to pose challenges.

In recent years, Active Disturbance Rejection
Control (ADRC) was interested in to replace the
traditional PID controller. This concept was
originally proposed by J. Han [3, 4] but only
become transparent to practicing engineers since a
new parameter tuning method is proposed in [5].
This control method shows several advantages for

210 |


mailto:nguyenduyvinh1993@gmail.com
mailto:hieu.dotrong@hust.edu.vn

PHAN 4. LY THUYET DIEU KHIEN TU DONG

disturbance rejection and for process with inaccurate
parameters. ADRC have been studied in many
researches [6, 7, 8, 9]. These studies have shown the
advantages and potential of ADRC approach in
system control. A method is introduced by using 3-
order ESO to design decentralized controller for
multivariable plants in [10] but the use of 3-oder
ESO will make the computation to be complex in
some cases. The ADRC tracking performances is
also studied on three-axis didactic radar antenna
control system through the frequency domain
analysis [11]. In [12], the authors referred to control
of multivariable time delay system. However in this
approach, the systems with time delay in the input
are viewed as higher-order systems without time
delay in the input.

In this paper, we focus on application of ADRC in
multivariable time delay system control. With the
predetermined input-output paring, the ADRC will
be designed for each of these pairs and the effect of
one input to others outputs that it is not paired with
is considered as a disturbance to be rejected. Such
disturbance and modeling errors are estimated by
using the extended state observer (ESO) and
canceled in the control law. The input signal fed to
the observer is added with a delay to synchronize
with the delay of the controlled system

This paper is structured as follow. The general idea
of ADRC as well and its modified design are
presented in section 2. In section 3, we present 2
inputs - 2 outputs process to be controlled.
Applications of ADRC and simulations results are
given in section 4, followed by some concluding
remarks.

2. ACTIVE DISTURBANCE REJECTION
CONTROL

The concept of ADRC was pioneered by J. Han [4].
For the sake of simplicity and clarity to establish the
concept of ADRC, a simple control problem is used
to illustrate the regular ADRC design. Consider the
following system dynamic:

y(t) = f(t,y,w)+bu(t) )

where y(t) is the output, u(t) is the control input, w is
the disturbance and f(t, y, w) is called generalized
disturbance which includes not only the external
disturbance but also the structural uncertainties.

According to Han, the generalized term f(t, y, w) is

insignificant while only its real time estimate f is
important. Therefore, an extended state observer
(ESO) is constructed to provide f such that we can
compensate the impact of f(t, y, w) on our model by
means of disturbance rejection.

The state vector of the system (1) is defined as:

x=[x %] =[y ' 2

which has two components. In this case, x, = f
called the extend state representing the total
disturbance is added. The system can be rewritten as
bellow:

y =Cx
Where:

A=B ;};B{ﬂf:m andC=[1 0]

Since the input f(t) cannot be measured, an external
state observer is built using the input u(t) and the
output y(t) of the process to estimate f(t). The ESO
that is designed for system (3) according as:

% = AX+bBu+L(y—%) 4

where %= % %, 'is the observer state vector

providing an estimation of the system state vector x,

ie. %x,% will track y and f respectively.
L=[l, 1,]"is the observer gain vector to be

determined.
Then the control law
u= uo;bxz with Uy = Kp.(r— %) ()

reduces equation (1) to:

y= 1By =K, (1) (6)

where r is the set point.

Taking the Laplace Transform of (6), one has the
close-loop transfer function:

Ca(8) = R(s) s+K,

(")

We obtain a first order closed loop behavior.
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Process

Observer

Fig. 1. Control structure with ADRC for first order
process

The extended state observer in (4) can be rewrite in
the form as below:

-6 Sl fe oo
o lobe- b

A-LC B L

The structure of the ESO is described in Fig. 2.

AN
Uu——-» B ok 1 —» AT
AT
+ —> f,

—

A-LC

\ 4

Fig. 2. Structure of the ESO

In general, this concept is applicable to higher order
systems. It requires little knowledge of the plant.
The only thing required is the knowledge of the
order of the plant and the approximate value of
parameter b.

2.2. Tuning procedure

According to [13], the ADRC’s parameters can be
chosen as following:

Get the desired settling time Tgee.

K, can be calculated from the desired first-order
system with 2%-settling time:

4
K== ©

settle

Since the observer dynamics must be fast enough,

ESO

the observer poles s;,,~ must be placed left of the

close-loop pole s, for suggestion:

s50 =550 ~(3...10).s* with s =—K (10)

p

The observer parameters can be computed from its

characteristic polynomial:

det sl — A—LC :SZ—HIS—HZ; g—gF0 2 (11)
Then

2
|1 — _2.SESO;|2 — SESO (12)

The convergence of ESO is discussed in [14].

2.3. Modified ADRC design for system with
time delay

The modification is created by adding a time delay
block to delay the control signals before they go into
the extended state observer [13] as described in
Fig. 3.

()

O ——> controller % | Time | | Dynamics YL)
delay wlo delay
1
Time
delay
[ Modification
ESO

Fig. 3. Modified ADRC for time-delay systems

By adding the time delay block, the signals that go
into the ESO is synchronized with delayed
disturbances. The state space vector is redefined as:

R(t) = AR(t) +b.Bu(t— )+ L.(x, (1) — %, (1))  (13)

The turning rules for the modified ADRC for
systems with time delay is not change compared to
the regular design. The value of the added delay
block is equal to the delay of the process. This
controller can work well but the settle time must not
be so fast, if not it will make the system to be
unstable.

3. SYSTEM MODELING

Consider the mixer tank with 2 control inputs (F;,
F,) and 2 outputs (T, H) described in Fig. 4, where
F. is the hot water flow with temperature T; and F,
is the cold water flow with temperature T,, A is the
section of the tank. The objective is to control the
level H in the tank and the temperature T of output
flow F.

We have the equations which describe the process:
dv
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d(v.T)

=RT+RT,-FT (15)
FiTy F, T,
e B e

H FT

o

Fig. 4. Mixer tank
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Fig. 5. Model of water mixer tank

From these equations, the system can be express by
following equation:

aH _1

~ F+F,—F
d A ' 7 (16)
dT 1
FT,+FT,— F+F T
da AH * L

Remark that at a given operating point, one gets

dH _dT _,, then:
dt dt
F=F+F,
7 _ET+RT, (17)
F+F,

Model (16) can be linearized around a given
operating point, one has:

dAH 1
- — = AF +AF,—AF
dt A 125
AT _ “F nryp Fiary Foar, (9
“dt  AH AH AH

T-T T -T

+ L1 —AF 2 AF,

AH i AH

Because time delay is generally associated with the
transportation of the material or energy process,
time delay is added to the model of the mixer tank.
Then after taking the Laplace transform of (17), the
process can be described as Fig. 5.

In this paper, we have the operating point as follow:
Ti:70 C,T,=20°C,T :_45c (19)
H =16cm, A= m.5°cm?, F =96cm®/ s

The time delay can be supposed to be 5s.

4. MULTIVARIABLE TIME DELAY SYSTEM
CONTROL

4.1. Conventional Decoupling combine
with ADRC

One of decoupling methods used widely is feed-
forward decoupling method, shown in Fig. 6.

R — - R
v D u G y
E— > >

Fig. 6. Feed forward decoupling method

In this paper, we can choose:

D:( 1 {Tl T T, TD 20)
AR] H A

Then the system (17) becomes:

A0 QT

However, with this approach, an accurate
mathematical model of the plant is required. In
addition, one then also need to design some
controllers for each SISO system to achieve a
certain number of performances. We proposed, for
example, the structure as in Fig.7:

Feed Mixer
Forward tank

2 » AH

a_
Y=Xu

Fig. 7. Conventional decoupling combined
with ADRC control structure
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The ADRC’s parameters for the temperature

controller:
b, =1
Koy =0,04
Seir = —Kyp =—0,04
SlE/gOT — BT _ 15T — _ 06 (22)

Il-l— — —ZSESOT — 1, 2

. = s&°T * 20,36

The parameters of water level controller are chosen
as:

'boH =1

K,, =0,0263
Sen = —K,,, =—0,0263

SESOH — gESOH _ 15 ¢CH — (3047 (23)
l,,, =—2s"°" =0,7895
2
l,, = s=°" " =0,1558
4.2. ADRC Design without conventional
decoupling
To design the ADRC for the mixer tank, the
equation (17) is rewrite in the form (1):
dA_H — fH _|_E.AF2
dt A ~ (24)
dAT T,-T
—=f L AF
dt AR oh
where
1
f, = AF,—AF
-F F F (25)
fo=—AT+—LAT,+—LAT
AR TaR AR
T,-T
—AF
IV ek

The control structure for the mixer tank is described
in Fig. 8. To control the process, we use hot water
flow F; to control the temperature T and cool water
flow F, is used to control the water level H.
Therefore, the effect of F, to temperature T and the
effect of F, to the water level H is considered as
disturbance and will be estimated by using ESO+
and ESOy respectively. We can construct a
controller to control level H with:

y(t) = AH
u(t) = AF,
1

b=b, =,

(26)

f=f,
nd a controller to control temperature T with:

y(t) = AT
u(t)= AR,

T-T

b=b, = L —
"= AR

f=f,

(27)

The input signal fed to the observer is added with a
delay which equals to the delay of the controlled
system.

It

P
Y=Xu

Fig. 8. ADRC for mixer tank

The ADRC’s parameters for the temperature
controller:

K, =0.05

s =—K,, =-0.05

Ssgo,T — SESO,T — 6SCL,T — _03 (28)

|,y =—255°T =0.6

Eso,T 2

=0.09

IZ,T =S

b, =0.0199

The ADRC’s parameters for the level controller:

Ky, = 0.04
SSH = K, =—0.04
SE?O,H — SESO,H :153CL,H — _06 (29)

I,y =—2550" —1.2

I, = s"°" * =036

b, =0.0127
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4.3. Simulation Results

Fig. 9 show the responses of the closed-loop system
when we change the set point H, T and the
disturbances are applied at 300s and 800s. The
outputs of the system move to new operating point
with desire settling times. We can now control the
level H and the temperature T independently.

With ADRC, the responses are not smooth in the
beginning because the interactions between two
inputs of the process have not eliminated yet. The
system still can reach to the set point and becomes
stable after a short time.

The combine of conventional decoupling and
ADRC seems to be the best one. However, an
accurate mathematical model of the plant is required
for calculating the decoupler.

The PI controller shows its weakness with great
overshoot compared to other strategies. After
analyzing, we can see that Pl controllers can be
replaced by ADRC with great ability of disturbance
rejections. The multivariate system can work well
when using ADRC without decoupling: the
interactions between two control loops are

decreased significantly with little knowledge of the
system.

HI .

B SRRt BEREEEE R p-m-m-=-----3--——ADRC + decoupler ||

i |=—ADRC
V- P+ decoupler

i i i
0 100 200 300 400

i i i i i
500 600 700 800 900 1000
Time(s)

Fig. 9. Closed-loop responses of Hand T

5. CONCLUDING REMARKS

In this paper, the ADRC method is applied for
decoupling control of square multivariable time
delay system. The main idea is that the interactions
between various input-output pairs are considered as
considered as disturbance or unknown part of
model, which will be estimated by ESO and will be
be compensated in time. The propose method is
easy to understand and to implement. Moreover, it
requires little knowledge of the plant. A case study
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STABILITY OF ROBUST NONLINEAR MODEL PREDICTIVE CONTROL
WITH INPUT CONSTRAINT AND STATE - DEPENDENT DISTURBANCES

Nguyen Anh Tung®, Nguyen Thanh Binh? Dao Phuong Nam*
"Hanoi University of Science and Technology, 2Thuy loi University
Email: nam.daophuong@hust.edu.vn

Abstract:

It cannot be denied that robust model predictive control with input constraint have been playing an important
role in nonlinear model analysis. A group of nonlinear model system under state — dependent disturbances
and input constraint is approached by robust nonlinear model predictive control method. The investigated
state space model is separated into linear part, mismatch model and state — dependent disturbances
belonging L... Solving optimization problem of upper quadratic function of infinite horizon objective function
with input constraint via LMIs [4] provide state — feedback control law to help state converge to origin. In this
paper, in order to obtain robust stability condition, the proposed method must generates stability regions
lying in feasibility regions which ensure the existence of solution. Additionally, these regions are able to
contract after each sampling time to proof the robust stability of the system. Finally, the simulation results of
the three dimensional overheading crane will illustrate the high quality of the proposed robust nonlinear
model predictive control method.

Keyword:

Robust Nonlinear Model Predictive Control, Linear Matrix Inequalities, Feasibility regions.

Symbols 1. INTRODUCTION

X x(kK) State and input value are measured at Model predictive _contro_l is a method possessing
time k some advantages in design of control normal and
U, u(kk) low dynamic systems. The cost function showing
x(k+i|k) State and input value are predicted a performance of system will be optimized to
u(k+ilk) compute a sequence of optimal control inputs _from
current to future state, but only the first value input
1=L...n is applied to control the system and the rest of that is
QR Given weight matrix in objective eliminated, thus this work will be iterated at each
function sampling time. Moreover, MPC can analyze some
d(t) Bounded disturbances constraint of the system such as state, input and
output which cause some drawbacks for several
Unnax Maximum value of input other control approaches. It is clear that the input
P.E.K, Matrix is obtained at time k constraint is important in control design because it

Se, He, M, relates to the real system.
2 Maximum singular value In the 19703,'MPC was presented.the. first time to
decomposition of matrix P control the linear system and still is researched
T Time sampling today. Some authors such as Rawlings [1], Allowger
s [2,3], Mayne [1,3] and Slotine have researched and
Abbreviation progressed MPC for the nonlinear model system
with new theories like nominal model, tube and
MPC Model Predictive Control quasi-infinite horizon from the 1990s. In the 21"
RNMPC  Robust Nonlinear Model Predictive  century, researchers have improved MPC to become
Control robust MPC for nonlinear system with additive
LMis Linear Matrix Inequalities uncertainties and state-dependent disturbances.
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Rawlings, Mayne [1] have applied the tube, nominal
model and contraction theory, Min-Max theory was
proposed by Raimondo to control the nonlinear
model. The theories and techniques LMIs presented
by Boyd [4] was employed by Kothare [5] to
become MPC for the linear system. In recent years,
the techniques LMIs have conducted more
researches to analyze MPC for the nonlinear system
like what Wu, D.jia and Bigdeli [7] have done.

In this paper, we propose a new approach to robust
model predictive control which analyze class of
nonlinear system under state-dependent
disturbances. There is few papers researching into
robust nonlinear model predictive control. The
considered class of model is separated into linear
part at current state, model mismatch and state —
dependent disturbances which are assumed to have
their bound. Firstly, the proposed optimization
problem is quadratic function, upper bound of
infinite horizon cost function and solved by
technique LMIs — Boyd [4] with input constraint. In
order to guarantee robust stability, the optimization
problem generates feasible regions which ensures
the existence of a solution and stable region
bounded by that. The state-feedback control law is
obtained by that solving optimization problem of
upper bound of infinite horizon cost function via
LMlIs. This control law is able to contract upper
bound to zero, thus it is clear that cost function is
also direct to zero and state, input convert to origin,
in that the proposed approach ensures robust
stability. We will apply the proposed theory to the
three - dimensional Crane which includes a trolley
moving in horizontal plane and connecting load via
insignificant mass hard bar and assumption of that
wind impact on the load from three directions. The
objective is that the load is balanced and the trolley
moves from any position to origin. Considered
system is underactuated, in that two inputs will
control four states with their interaction. Therefore,
it can be extended to many nonlinear models under
state-dependent disturbances.

2. CONSIDERED STATE SPACE MODEL

In this chapter, we will consider discrete time state
space model (3) derived from continuous time state
space model under state — dependent disturbances

2).
e f(x(t),u(t))+g(x(t))d(t) )

Where x t €R"is state vector, ut €R™is input

vector. Function f e,e ,g ¢ IS nonlinear and

continuous differentiable and f 0,0 =0,g 0 =0.
The remaining d t €R%is unmeasured external
disturbances and assumption|d t |<d,,, .

In order to obtain discrete time state space model,
the forward difference Euler approximation is

applied to discretize the model (1) with sampling
timeT,. Therefore, the predictive model (3) is

considered as follows:

xk+1l=xk +T,f xk ,uk +T,g xk d (2)
xk+1="f, xk ,uk +Dk 3)

The considered discrete time state space model (3)
will be separated into linear part which is linearized
at each measured time, mismatch model and state-
dependent disturbances in (4):

xk+1]k =Axk|k +Bukl|k +f, k +Dk  (4)

Where matrix A,Bin (4) is linearized following
Taylor series

of, x,u of, x,u
A=—1 B=—" (5)
15)4 ou
x k ,u k-1 x k ,u k=1
f,. k =f, xk ,uk —Axk —Bu k (6)
Dk =Tg xk dk @)

To guarantee a stability of system, we can assume
(6) and (7) that

[t (K)|<a|x givena>0 (8)

ID(k)|<B|x given B>0 9)

Remark 1: Condition (8) and (9) is product of
mismatch nonlinear model, external disturbances
and sampling time, so that may be selected
arbitrarily to satisfy these conditions. Such
condition will be considered in next chapter to
generate feasibility regions to obtain a solution.

Remark 2: Because continuous

g(e) s
differentiable andg(0)=0, there exist g satisfies
local Lipchitz in (7)

The considered infinite horizon objective function
(10) as follows:
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Ik =S [x k+ilk T Ox k+ilk
iZo: (10)

+u k+ilk Ru k-+ilk]

In selected objective function (20),
x k+i|k ,u k+i|k is state and input value
predicted at stepk+iand Q,Rare symmetric

positive define matrices which is given to be
appropriate with requirement of problem.

Additionally, we will consider input constraint with
given u,,, in (11):

lu<u (11)

— “'max

The state — feedback control law (12) is applied to
state and input converge to origin.

u(k +i k) = K x(k +i] k) (12)

We will propose the quadratic function (13), more
than objective function (10)

F (k) =x(k| k)" Rx(k k) (13)
Jk <Fk (14)

Obtaining robust stability, we find matrix B, in (13)
satisfy condition (15)
Fk+i+1|k)—F(k+i|k)<

—x(k +i k) Qx(k +i|k)—u(k +i| k)" Ru(k +i|k)

(15)

That equation (15) is summed from i=0— oo
derives (14). Therefore, F k is called as upper

function of J k in (10). The optimization problem

will become minimization of upper function (13) via
Linear Matrix Inequalities in next chapter.

3. OPTIMIZATION PROBLEM

Lemma 1: Schur complements

Let matrices O x =O x ,Rx =R x 'and S x
depending linearly on x . Then the LMI

Qx Sx

T

. |>0 (16)
S x R x

Is equivalent to the matrix inequalities
Rx>00x-SxRx 'Sx' >0 (17)
Or, equivalently

Ox >0RX-SXx'Qx 'Sx >0 (18)

Theorem 1: (Robust Condition)

State x k =x k|k 1is measured at each step time k.
Solution P,K,,E.,A of matrix inequalities from
(19) to (23) is found to satisfy (11) and (15).

R =R >0,E =E 20,120 (19)
2/1[(,[7’+a)+(,[7’2+6¥2)}|n <E (20)
R —Al, <0 (21)

(A+BK,) R (A+BK,)+Q+K/RK, +E ~PR <0  (22)
KX < Uy (23)

The feedback — state control law (12) and quadratic
function (13) obtain robust condition (15), leading
to asymptotical stability.

Proof:

Substitute (4) into (15):

[Ax(k +ilk)+Bu(k+ilk)+ f (k)+ D(k)]T x P,
x| Ax(k +i]k)+Bu(k +i]k)+ f, (k) +D(k)]

—x(k+i]K)" P, x(k +i]k)
<—x(k+i]k)TQx(k +i]k)—u(k +i|k)"Ru(k +i k)

(24)

Substitute feedback — state control law (12) into
(24):

[(A+BK, )x(k+i]K)+ T, (K)+ D(K)] xP,
<[ (A+BK, ) x(k +i 1K)+ f, (k) +D(K)]
—x(k+i k)" R x(k +i k)

+x(k+i k)" (Q+K{RK, )x(k +i|k) <0

(25)

Selecting matrix E, = E; > 0to obtain (26):

2((A+BK, )x(k+i[k)) P, (,+D) o6
+(f,+D) B (f,+D)<x"E.x

Then inequalities (25) is equivalent to:
x(k+iK)'[(A+BK, ) R, (A+BK,)
+Q+K/RK, +E, =P, Ix(k +i|k)<0

(27)

Inequalities (26) is evaluated as follows:
2((A+ BKk)x)T R (f,+D)+(f,+D) R (f,+D)

<2x"|(A+BK,) R,

(,B+a)x+2lemax(Pk )(ﬁ2+a2)x (28)

] H(A+ BK, ) R,
=2X" 20 (R) SR

(ﬂ+a)+(ﬁ2+a2) X
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Jea+er TR < e BT R fRee]

(29)
=[(A+BK )R, (A+BK,)| A (R )
From (27)
(A+BK,)"P, (A+BK,) <P, 20
= [(A+BK,)" R (A+BK,)[| < A (R ) (30)
Substitute (30) into (29)
H(A+ BK, )’ P,
<1 (31)

Aree (R)

Therefore (20), (21) and (23) are derived by (27),
(28) and (29) to satisfy robust condition (15). The
remaining (23) is input constraint.

[

Lemma 2: (Invariant set)

Let B ,K,from theorem 1. The system (4) under
control u(k+i|k)=Kx(k+i|k)Vi=0 in (12) at
each step time k. Let

C={xeR" xR x<x(k|k) P,x(k|k)=af,
X(k+i|k)eCVi=0. If state value is in C, the all
next step state values are still in C .

Proof:

Because P, ,F, satisfy theorem 1, the robust

condition (11) is considered:

X(K+i+1]Kk)" P, x(k +i+1|k)

<x(k+i k)P x(k +i k) (32)

Vi>0,x(k+i|k)#0

= x(k+i|k) R x(k +i|k) < x(k | k)P x(k |k) = (33)

Vi>1x(k|k)#0

= x(k+i|k) P x(k +i|k) <x(k k) R x(k|k) =« (34)

Vi>1,x(k k) #0

=x(k+i|k)eC Vi=0 (35)
|

Continuously, the feedback - state control law (12)
is solved from theorem 1 with minimization
guadratic function (13) via LMIs technique - Boyd

[4].

Theorem 2: (Minimization of upper quadratic
function)

The optimization problem:

. T -1
Tk,M,Ingk x(k) S x(k) (36)
Subject to
S, =Sy 20;H, =H, >0;4>0 (37)
2Hk|:(ﬂ+a)+(ﬁ2+a2)]s,ul (38)
Sk (ASk + BMk)T SkT ME SkT
(ASy +BMy ) Sk 0 0 0
Sk 0 ol o o |20 (40)
My 0 0 RY o0
Sk 0 0 0 Hy
2
umax T
— o H k
I >0 @)
M U

If S, H,M,uis the solution of (36) with

constraint ~ from (37) to (41), then
K, =M, S5 E =H R =St A=u will  satisfy
theorem 1 and quadratic function (13) and (14).
Proof:

Set S, =R M, =K, R H, =E}, u=2"
(39)eR*21 &R -1l <0< (21) (42)
(38) = 25 (B +a)+(f2+a?) [ca e (20)  (43)
Applying Lemma 1, we have inequality (44)

(40) = —(AS, +BM,)' SL(AS +BM, ) —SIQS, (44)
~M{ RM, = SpH Sy + S, >0

o (AR +BK,R) R, (AR +BK,R*)+RQR? (45)

+(K, P;l)T R(KR')+PH R -R'RR™ <0< (22)

From above demonstration, we modify theorem 1 to
become equivalent theorem 2, having LMIs form;
therefore, solution of theorem 2 will be found.

|

Lemma 3: (Feasibility)

The optimal problem in theorem 1 is solved at each
time k to receive feasible region which will contains

all subsequent optimal solution at time t > k.
Therefore; if constrained region exist and is sought
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at time k, the next region will be achieved at time
t > k, the existence of next optimal solution.

Proof:

It can be assumed that we receive feedback matrix
control from optimal problem at initial state. The
state at time k is bounded by feasible region

F (k1K) =x(k k)" Rx(k [K)<x(k [K)" Ax(k|k) (46)

It can be seen that the solution at time Kk still satisfy
robust condition and feasible region of time k+1,
thus it points out Lyapunov function of measured
state following as:

F(k+1k+1)=x(k+1]k+1)" Bqx(k+1]k+1)

(47)
<F(Kk|Kk)=x(k k)" Px(k k)

It is clear that the measured state at time k + 1 will
also be in feasible region.

F(k+1k+1)<x(k|k)" ax(k|k) (48)

If the feedback matrix control is feasible at time k
and initial state, it also exist at time k+1. Thus all
next state k+2, k+3... will also find a solution of
optimal problem. =

4. THE APPLICATION OF THE PROPOSED
METHOD

In this paper, authors apply this proposed method to
three dimensional overhead Crane and its load in

[8].

Load
(Xm,Ym,2m) | mg

Fig. 1. Model three dimensional crane [8]

Table 1. Parameter of model

Parameter Symbol
Weight of trolley m;
Weight of load m,
Length of connected bar I

Parameter Symbol
Gravity g
Coefficient of damping (Ox) D,
Coefficient of damping (Oy) D,

Variable of trolley: Position x;,y,,0

Variable of load: Position x,y,,z and 6, is the
swing angle projected on theovz plane, 0, is the

swing angle measured from the oxz plane.

The input control is force following Ox,0y as u,,u,
respectively.

Unmeasured wind impacting on load following
Ox,0y,0z is d,,d,,d, inturns in all time simulation.

Considering system is assumed that length of bar
connecting trolley and load is unchanged | =const .

Position of load relates that of trolley as follows:

% =X +1sind, cost, (49)
Y, =Y; +lsing, (50)
z, =—lcos#, cost, (51)

The kinetic energy K and potential energy P of crane
and its load as follows:
1, o, 1,
K_EmT X + Y5 +Em,v, (52)
P =mgl 1—cosé, cos, (53)

Velocity of load in (52) is derived from (49),(50)
and (51):

Vi= XY+ (54)
V0 =X + 2 +1%cos’ 0,07 +1%62
+2 I cosd, cosf,0, —Isind, sind,60, % (55)

+2lcos 6,0, ¥,
The Lagrange function is selected

1 2 .2 1 5
L=K-P=— Xr + +—=my,
5 T X+ Yy 5> MY (56)
+mgl cosd, coso, —1

The equations of motion of 3D overhead crane
system is obtained by (57)

dfoL) oL T
a(@—qj—a:u, u:[ux,uy,uz] (57)
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Where q is variable x;, y;,6,,0,
Substituting (56) into (57)

m; +m, % +mlcosf, cos6, b,
. L . ”
—mlsing, sin6,6, —mlsino, coso, 6 (58)

—2m/l cosd, sin6,6,0, —mIsin 6, cosd, 6>

:_DXXT +ux+dx
m; +m §; +mlcos6,d, —mlsing,6;

. (59)
=—D,¥r +u, +d,

m1? cos? 6,6, -+m1 cos 6, cos 6, X;
—2m1?sin6, cos 66,0, +m glsin, cos, (60)
= cosb, cosd,d, +sinb, cosd,d,

m 126, +ml cosd, §, —mlsind, sinf %
+m,1? cosd, sin 6,67 +m, Igcos b, sind, (61)
= —sin#d,sin6,d, +-cos6,d, +cosb,sind d,

Setting state and disturbance variables as follows:
. . o . T
X= [XT XT yT yT ex ex ey ey (62)

d=[d, d, d,f (63)

X y

From (58) to (63), This considered system has state
space model as follows:

x=1f x,u +g xd (64)

It is clear that model of three dimensional
overheading crane (64) is the same as that in (1).
Therefore, system can be applied by the above
proposed method.

5. SIMULATION

Parameter of system is selected to analysize as
follows:

Table 3. Investigated parameters in [9]

Parameter Symbol
Weight of trolley m, =1.16 kg
Weight of load m, = 0.58 kg
Length of connected bar |=0.82 m
Gravity g=9.8m/s’
Coefficient of damping (Ox) D, =2
Coefficient of damping (Ox) D, =2

222 |

Parameter Symbol
Weight matrix in objective Q=1LR=1
function
Coefficient in assumption (8) a=014=01
9)
Input constraint Upax =5(N)
Time sampling T, =0.01(s)
Initial condition x(O) =1
y(0)=1
0, (O) =0.3
0, (0) =
1.5
1 5
E 0.5-
g0
g
X 05F
-1
15 7 3 z
0 2 4 6 8 10
Time (s)
Fig. 2. Postion of trolley respect with Ox
1.5 T
1
E 0.5-
3o
>'= 05"
4
_15 1 L 1
0 2 4 6 8 10
Time (s)
Fig. 3. Postion of trolley respect with Oy
0.4

(rad)

7]
x

0.4 : 2
0 2 4 6 8 10

Time (s)

Fig. 4. Angle O of load
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¢ (rad)

Time (s)

Fig. 5. Angle % of load

Control input (N)

Time (s)

Fig 6. Force control

In conclusion, The simulation results show a good
performance of the proposed approach to robust
nonlinear model predictive control to three
dimensional overheading crane system. This system
only need about five seconds to reach its stable state

at origin and keep such position when wind impact
on load following three dimesions.

e
o

1 J H TN Tl Al Ml

f i ;[, f m .\ 1 (l Ih

s l\ | ‘|’ ] ﬂ‘||"|‘ ,\\” \‘H u““h | M”{ M 1\‘\1" ‘w‘\ ’M “\P{

i ,H‘\“ SO i il

3,(\\ 'f"n\ei';x::ujNU:\ (u\ A il ‘{ " ’w lr‘k"wu ‘,,1‘-, i

il ! :‘ ‘»;”l"\ ' Ml \‘ , U V ‘1‘1‘ .'\ \ Vil i "‘\'\ \‘\‘Hl,“
\ RS VY ik 'ﬂ |

Noise {N)
. o
[~
(Jl

i=d
(=3
a

0.1

-0.15 .
0 2 4 6 8 10

Time (s)

Fig 7. Disturbances impact on load

6. CONCLUSION

The paper has proposed an application of LMIs
technique to the design of robust nonlinear model
predictive control for a 3D crane system. The robust
stability property is guaranteed by proposed state
feedback control scheme based on optimization
solution. The application for a 3D crane system
obtain the control design without Spong technique
as traditional solutions. Simulation results show that
the proposed robust nonlinear model predictive
control successfully realized.
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USING AN ADAPTIVE DISCRETIZATION STRATEGY
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Abstract:

In process control, many control issues are formulated by infinite dimensional- optimal control problems
(OCPs). We use indirect optimization approach to solve OCPs. First, OCPs are discretized into a finite
dimensional-nonlinear optimization problem (NLP). Then, the NLP can be efficiently solved by nonlinear
programming solvers. The discretization strategy is of important to the accuracy as well as quality of NLP
solution. This paper proposes to apply an adaptive discretization strategy for improving quality of the NLP
solution. The performance of our solution approach is demonstrated with two optimal control problems.

Keywords:

Nonlinear optimization, orthogonal collocation, discretization, simultaneous optimization, multiple shooting.

1. INTRODUCTION

In areas of control engineering, controls of dynamic
processes were formulated as nonlinear optimal
control problems (OCPs). The optimization methods
for solving OCPs can be classified into the indirect
and direct optimization approaches. In the first
approach, so called the direct or variation approach,
optimal condition of an OCP leads to a two-
boundary point value problem which can be only
solved for OCPs where there are no inequality
constraints. Whereas, in the direct approach, a finite
OCP (i.e., with equality and inequality constraints)
is numerically discretized into an infinite nonlinear
optimization problem (NLP) which can be
efficiently solved by optimization programming
solvers (NLP solvers). It is due to the fact that NLP
solvers are capable of treating large- scale and
complex NLPs, the direct approach has been more
and more applied to solve nonlinear optimal control
problems.

It is well known that quality of NLP solutions is
essential in many industrial applications where
nonlinear model predictive control (NMPC) is
employed to calculate optimal control variables
along a receding horizon. This is because, in the
computation framework of NMPC, solving
successive NLPs requires long computation time.

The performance of NMPC will be more efficient if
we can reduce the computation time for solving
NLPs while, at the same time, improving quality of
NLP solutions [5]. In general, the computation time
and quality of NLP solutions rely on many factors
such as: the gradient and jacobian calculation (i.e.,
accuracy and speed of calculation), number of time
intervals (i.e., number of optimization variables)
required for fine discretization of NLPs, and
optimization algorithms.

There are two discretization methods commonly
used to transfer infinite OCPs into finite NLPs
which are: Collocation Finite Element method
(CFE) [2] and multiple shooting method [1]. In the
first discretization method, collocation points
elements (or sub-time intervals) are optimization
variables in the formulation of NLP. This leads to
the formulated NLP having a large number of
optimization variables. This formulation is also
called collocation simultaneous approach. In the
second discretization approach, only start points of
elements are optimization variables in the
formulation of NLPs [1]. In addition, to guarantee
the continuity of state profiles at end points of
consecutive elements, equality constraints (for each
element) are introduced to ensure the value of an
end point of an element equal to the value of a start
point of the next element [1,3]. Also, in each
element (time interval), a differential algebraic
equation solver (DAE solver) was employed to
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calculate the value of end point and the sensitivity
information based on the values of start points and
parameterized control variables [1,3,5]. As
compared with the CFE method, the multiple
shooting formulation results in formulated NLPs
with less number of optimization variables. The
formulated NLPs resulted from both discretization
methods can be efficiently solved by interior point
(IP) or sequential quadratic programming
algorithms (SQP).

In this paper, we propose to use an adaptive
discretization strategy so as to enhance the accuracy
and quality of NLP solutions. The collocation
discretization method and simultaneous
optimization approach are employed to carry out
discretization and formulation of NLP, respectively.
In addition, we use interior point algorithm (IP) in a
NLP solver-called IPOPT [9] integrated in GAMS
[8] to solve the NLP. The accuracy and computation
time of NLP solutions due to discretization methods
are demonstrated with two optimal control
problems.

2. COLLOCATION FINITE ELEMENT FOR
DISCRETIZATION OF OCPS

2.1. Collocation on Finite Element (CFE)

We consider an OCP governed by Differential
Algebraic Equations (DAEs) in (1). Moreover,
control and state variables are constrained by lower
and upper bounds.

min  o(z(t).y(t)u(t).t)

1
u().2(0)y(0).1

s.t.

t)min Sy(t)sy(t max (1)

According to the CFE method, both state and
control variables are discretized on finite elements,
i.e., the time horizon, from t, to t,, is divided into

NL finite elements [2,7] as At, =t n=1,...NL

IS e .

Where t,,,and t are end and start time of the n'th
element. For any element, polynomial
approximations of state variables are accomplished
by the linear combination of the Lagrange

polynomials as

NC
" (t)=>_¢,(t)z),; m=1,..,.ND;n=1,...,NL
j=0

@
LO-T72- ©)

i#]j

In (2), z7(t)
the m 'th state variable and in »’th element whilez,

is the polynomial approximation of

stands for the values of m’th state variable at j’'th
collocation point in n’th element.t,; is the location
of i’th collocation point at » 'tk element. In addition,
zy, and t , are the start value of the m’th state

n,0
variable and the start time of n’th element,
respectively.

The polynomial approximations of state variables
will satisfy values at collocation points as follows

[2]
m & m m
Zn (tn,i ) = JZ:(;[J (tn,i )'Zn,j = Zn,i
m=1..,ND;n=1..,NL;i=1..,NC )
From equation (1), (2), and (3), we have

o (t,)_a, (t,)
)| :Z J i Zm

& d M

(5)
To ensure the continuity of state variable profiles
between two successive elements, equality
constraints are introduced to equalize the value of
the last collocation point of an element with the
value of the start point of the next element [2,7],
hence

m — om
n-1,NC Zn,O (6)

Similarly, the algebraic variable profiles can be

z

approximated by polynomials with
NC
yo (t;) = Z;K Lt )z =20
=
m=1..,NA;n=1..,NL;i=1..,NC )

Control variables are parameterized as piece-wise
constants in each element (i.e., constant in each
element). We denote U, as a vector of discrete values

of control variables at »n 'th element.

In order to deal with elements with different values
of at,. We introduce a normalized time variable

tefo 1] for each element (i.e., [tn tn+1]) with

dz" dz"
= A, .

relationt=t +At z, we have
dr dt
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Collocation equation (5) becomes

fM_Z;j:mnFm(z Y, Upato)
j=0

ni> "ni>~n° " n,i
dr

i=1,..,.NC; m=1,...,ND; n=1,...,NL

(8)

In this paper, we consider three collocation points
(t,,) Which are roots of Gauss- Legendre
polynomial: T,, =0.112702, ,, = 0.500000 ,
1,5 =0.887298. Using Gauss- Legendre collocation
points, the truncation of DAE solution will be
O(hszc> [6]

2.2. Simultaneous Collocation Formulation
of NLP

Simultaneous collocation formulation of NLP
comprises of constraints in (8) and (6). It can be
generally described as bellows:

min Z,Y,U
o, (2 Y:V)
s.t.
e de (1)
o dr

27 =2"(t); Zmine = Zno )

Gn(zn,i’Yn,i’Un’t):0
U, <U<U,
Zmir| < Z < Zmax
Yo <YLY,

min —

™

20 = ALF (Z,. YUty )

ni> "ni*>~n>"nii

Z=[Z,) Zy e | € RN
Y= [Yl.l7 HE YNL‘NC:| e mNC*NL*NA
U=[U,,...Uy JeR"™

In the NLP in (9), time lengths of elements
At =t -t , instead of being fixed values, can be
optimized so as to attain more efficient control
strategy.

2.3. Optimized time lengths of elements

In order to improve the control strategy (i.e., lower
objective function value) time lengths of elements
(or time interval At,) should be optimized. This is

reasonable because when the system operates in a
transient region (i.e., due to change of a set-point), a
fine discretization (i.e., At,is small) is required
while, in the steady state region, discretization with
large value of At, is sufficient. The adaptive time

length (At,) will result lower objective function

value (for minimization problem), but require more
computation time. When considering At as

optimization variables, the following constraints are
introduced [6]

NL
DAt =t —t,
n=1

In order to reduce computation effort, the lower and
upper bounds of time length should be [6]

(10)

At(1-y) <AL, <AL(1+y); 7 <[0 1/2] (12)

where At =(t, —t,)/NL

To the end, the NLP problem needs to be solved
include the problem defined in (9) with additional
constraints in (10) and (11). We use IPOPT solver
[9] in GAMS [8] software to solve the formulated
NLP.

3. CASE STUDY

3.1. Continuous stirred tank reactor (CSTR)

The CSTR accomplishes the reaction of exothermic
[5]. The system contains three state variables which
are reactant concentration (x, ), fluid level (x, ), and

temperature (x,). These states are controlled by the
feed reactant concentration at inlet tank u, (mol/m?)
and temperature of the cooling system u, (K).

min [0 (x, (8)- %)+, (1, (0)- %)

+w; (u, (1) -u; )2 +w, (u, (t)-u; )Z]dt

s.t.
dx (t) 1
T_?(Fo_ul(t))
E 1
dxz(t)_iFo(co X (1) X, (t)e 0
dt  zr X, (t)
E 1
de (t)_ 1 R(To-x(t) aH x, (t)e 0
dt zr X, (t) rC,
2U
+ I’pCp (uz (t)' X3 (t))

¥, (0) =x =0.659, X, (0) = x; =877
%, (0) =324.5K
0.5m<x, (t)<2.5m

800mol/m® < x, (t) <1000mol/m*
0.085m*/min < u, (t) < 0.115m*/min
299K <u, (t) < 310K
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The units of parameters are given in Table 1.

Table 1. Unit and Parameter values of CSTR model

Symbols Value Unit
F, 0.1 m®/min
T, 350 K
, 1000 mol/m®
r 0.219 m
K, 7.2 x 10" 1/min
E/R 8750 K

54936 J/(min m*K)

P 1000 kg/m®
C, 239 J(kg K)
AH -50000 J/mol

In addition, the set-point of molar concentration (c,)
is considered as disturbance and it is increased from
1000 to 1050 mol/m® at t=9minutes. Our task is to
find an optimal control strategy which, on one hand,
keeps state variables ( x,and x,) around x; and x;
, and satisfies bound and ODE constraints on other
hands.
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Adaptive
Normal | |

0.1005 [

0.1004 [

0.1003 [

[ms/min]

= 0.1002 [

u

0.1001

0.1

0.0999 . . . . . . .
0 5 10 15 20 25 30 35 40 45 50
Time[hours]

Fig. 1. Optimal control strategy u,

To demonstrate the advantage of adaptive time
length, we solve one NLP with which adaptive time
length is applied and one NLP with which time
length is fixed.

Using GAMS to solve the two formulated NLPs.
We observe that solution of NLP with adaptive time
length results an objective function value of
0.905235 while it is 0.909646 by the solution of
the NLP with fixed time length. Therefore, the
adaptation of time length is more advantageous. In

Fig.1 and 2, it can be seen that the optimized control
variables with adaption of time length (red line) are
closer to the expected values (u;® and u,°) than ones
with fixed time length. It is also true for optimal
states x; and Xa.
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Fig. 2. Optimal control strategy u,
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Figure 3. Optimal state trajectory X,

As seen in the 2™ ODE of CSRT, the change in c,
will lead state x,to be strongly deviated from Xx;
However, the optimized controls u, and u, reduce
this deviation after t =10 minutes as seen in Fig.4.
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Figure 4. Optimal state trajectory X,
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Adaptive
Normal

324
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Timelhours]

Fig. 5. Optimal state trajectory X

The time-varying of the objective function is shown
in Fig.6 (i.e., the red line is for the case with time
length adaptation, and the blue line for the case with
fixed time length). One again, although the
discrepancy between two objective function values
are small, the blue line is always above the red one.

Adaptive
— — = Normal

X" objective function
o
(&

0 5 10 15 20 25 30 35 40 45 50
Time[hours]

Fig. 6. Objective function

3.2. Optimization of Batch Reactor

We consider this case study to demonstrate clearly
the advantage of using time length adaptation. This
example is a chemical reactor taken from [5] to
maximize the yield of x,(t,)after one hour of

reaction by manipulating the reaction temperature
u(t). The OCP is formulated as bellows

minJ =-x, (t, )

s.t

dxét(t) = -(u(t)+0.50% (1)), (1)
% ()= u 1) (1

4 (0)=1% (0)=0
0<x,(t),0<1-x,(t)
t, =0t =1

The objective function values are compared with
those taken from [3], given in Table 2. It can be seen
that optimized control strategy with adaptive time
length results objective function values which are a
bit lower than those taken from [3] and those
obtained by solving the NLP with fixed time length.

Table 2. Comparisons of objective function values

NL Objective OBJwith | OBJwith
function value adaptive fixed time
(OBJ) from [3] | time length length
20 -0.573298 -0.573431 | -0.573290
160 -0.573541 -0.573543 | -0.573540
320 -0.573544 -0.573544 | -0.573544

The optimal control and state trajectories are
demonstrated in Fig.7, 8, and 9 respectively.
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Fig. 7. Optimal control strategy u
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Fig. 8. Optimal state trajectory x;
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“—T 1 1 1 T T T 1 1 4. CONCLUSIONS AND FUTURE WORKS

os| 1 An efficient nonlinear optimization approach with
an adaptive discretization strategy for optimal
control of dynamic processes has been presented

0.4 r

Yosf ] aiming to improve accuracy of NLP solutions. Two
optimal control problems are taken. The results have
o2y ] demonstrated that using CFE combined with an

adaptive discretization, we can improve the optimal
control strategy. In future works, we will
— concentrate on developing a fast-nonlinear model
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 i ) ) N
Timefhours] predictive control for solving optimal control
problems.

0.1r

0

Fig. 9. Optimal state trajectory x,
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Abstract:

While a dynamic system is presented, we may imageable that very difficult to control it. Under many
unknown disturbances will suddenly occur in every period of time such as this paper will present. This
proposed control method performed quite well track, not only with set point reference value but well track
with sinusoidal reference value also. This study we have analyzed dynamic system-state model with robust
control method in this system mathematical. Main contribution of this paper is applied integral sliding mode
control (ISMC), there is proportional-integral-derivative (PID) and proportional- derivative (PD) could be used
together. And we used sat function to replaced signum function for reducing chattering in every progress of
running time. For more steady-state, we apply Fuzzy controller get into also, the most advantage of the fuzzy
logic controller is to reduce overshoot value based on fraction order characteristic. Implement this idea we
used Matlab Simulink in order to simulate this problem. In this paper, we will go through part by part to view
what we have done.

Keywords:

proportional-integral-derivative (PID), proportional- derivative (PD), integral sliding mode control (ISMC),
Robust fuzzy-based integral sliding mode control (RFISMC).

1. INTRODUCTION converged on this surface. And this surface can call
sliding-mode when design SMC surface the sliding
equation have to satisfy Hurwitz polynomial. For
control alter system we can apply the variable
structure control (VSC) method, such as high-
frequency switching method, every disturbance
appears during progress running time system state
will also adapt sliding surface, and sliding mode can
be described by reducing order equation. Then
velocity and steady-state depend on how you choose
sliding mode surface, in this paper, we applied
integral two sliding mode surfaces get together, for
getting more advantage form this two ISMC

controller. In whichx e R" is state vector, i €R is

In this section we will have overview this paper
prosed method and how about the dynamic system
operates. Sliding mode control has received much
attention for during this few dedicates beside robust
control have many advanced practical when we
combine between SMC and robust control, at that
time we have to determine the how much
parameters will hold on to every gain. SMC was
developed in the Soviet Union in the mid-1950s [1].
SMC is the one controller in there we use
differential of input and output signal such as SMC
surface, and SMC surface is world-wide there
scientist can self-design. SMC is an intelligent

method, the system state will be constrained slide on
the costume-built [2]. Every system state will be

the input signal, s=s(t,x) is sliding surface,
defines s are manifold. In every period of time also
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have chattering form high-frequency in SMC
character in order to work more stable, we replace
signum function by other function so-called sat
function. And then still exist overshot value have to
reduce, have many methods can apply but in this
proposed, we have used Fuzzy such as powerful toll
to implemented. After that the tracking error value
still not satisfied desire, we keep use ISMC surface
such as a controller. And now the tracking error
value reduced. A dynamic system has been
receiving many scientist and researchers in many
laboratory and institutes, by the advantage of the
system, and this also is considered such as an
example equipment useful. Applications in many
fields such as turbine engines, flywheel, and many
practical applications such as CNC machines,
artificial heart pump, or more precisely, the assisted
device in a left ventricular which maintains the
blood flow rate [3, 4].

2. MATHEMATICAL MODELLING

This is a device working like motor instead of
generating motivation for rotor rotating AMBs will
generate an electromagnetic force. Based on
general electromagnet’s theorem we have the
changes of magnet force will be controlled by input
magnet’s current [4-7]. We have system-state such
following Eq. (1) below.

mX(t) =—CZ+ kpz(t) + ki 'iZ(t) - fdtz(t) (1)

sy 50 4 K L
1) =——+—2z(O)+ i, (0) - = fyyq 2
m m m m

denote, A=——,B=k,/m,C=k /m,y=1/m

m
Eqg. (2) can be re-written as:
Z(t) = Az(t) + Bz(t) + Ci, (t) — 7. 4y (3)
or,
Z(t) = Az(t) + Bz(t) + Ci, (t) +d
(inwhichd =—y.f, ) 4)

From Eqg. (4) we separate nominal and uncertainties
system such as Eq. (5)

I(t) = (A, +AA)Z(t)+ (B, + AB)z(t)

+(C, +AC)i, (t)+d ©)

7(t) = Az(t) + Bz(t) +Ci, (t)

+(AAZ(t) + AB.z(t) + AC.i, (t) +d) (6)

set L =(AAZ(t) + AB.z(t) + AC.i, (t) + d) @)

Lis lumped uncertainties and give Kkis positive
constant used as hitting gains and required

L <k ®)

From Eqgs. (5-8) the system is satisfied sliding mode
kinds, and then we have disturbances occurs at

d =—y.f,q scenarios.

3. PROPOSED APPROACH

For reached goals, the ISMC be applied first, and
fraction order fuzzy based on ISMC surface is
utilized such reduce chattering and overshoot toll.
We go through step and step for more
understandable.

Step 1: SMC method design

As we know that SMC is robustness controller, and
then with each kind of SMC surface such as Eqg. (9)
also, can create difference power of this controller.

i) = f(t, 2,i
{z(t) (t,z,i) o)
s=5(t,z)

The PID-surface (10) is selected in this design.
5,(0) = 2, = 2, (1)

t (10)
+2 (20 (0) = 2, O) + 4 [ (2,(2) 2, (2))d =
S (1) = 2, (1) — 2, (1) + A, (z,, (1) — 2, (1)) (11)

With Z_ is reference distance and z,, is measured
distance; A, 4,,4; > Qis chosen such that the real

parts of the roots of P(s)=s’+As+4,, and
G(s) =s + A;are smaller than zero, i.e. polynomial
in the Hurwitz polynomial [8].

Now we consider
Sisme () =8, (1) + s, (1)

To guarantee the stability of the system, considering
the following Lyapunov functi

(12)

V() = S’ () (Thus [5)
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V(1) = Sisrc DS isuc (1)

And

Siswe (1) = Z,,(t) = Z, (1) + 4,(2,(t)
—7.(t)) +/12j(zm (r)-17,(z))dr

+zm (t) - Zr (t) + ﬂz(zm (t) - Z.r (t))
=7 (t)— (AZ(t) + Bz(t) + Ci,(t)) (13)

#2420 (0) = 2, O) + A [ (2,(2) - 2,(2))d=

17 () - (AZ(t) + Bz(t)

The current is calculated as
i, (t) = %(Z (t) - (2.Az(t) +2.Bz(t)) + A, (z, (V)
=2, () + 4 [ (2,(r) = 2,,(z)) + k;sign(s, (1))
+k,sign(s, (1)) + 4,(2, (t) - 2, (1)))

From this step, we get ISMC surface and considered
such as controller below.

(14)

Step 2: ISMC surface controller design

This paper present about double sliding mode
surfaces such as combine between PD and PID
method. As we know proportional such as calculates
future of tracking error value, integral such as
calculates past of tracking error value, and the
derivative is amplified tracking error value. Then we
have.

iISMC = 2'kp '(SISMC t)

+k; j. (Sisme (£))d 7 + 2.k, % (Sismc (1)) (49

0

In order to reduce chattering this paper propose
saturation to replace signum function.

Step 3: Design saturation function

With sign function perform not good be sat function
performed we applied new one function for more
system steady-state as smooth function,

sat(s) = sign(s) min{Ls[}

1if s>e¢
sat(s) = Lsit se [-&¢] (16)
&
-1if <-¢

Step 4: Fuzzy design for filter signal

Fuzzy logic is a practical mathematical addition to
classic Boolean logic [9]. In many literature items,
we can apply to this study, each of these curves is
described by several parameters defining the current
shape of the curve [10]. In this condition, we have
chosen the gaussmf function to test. With e is input
signal approach zero and the output signal is Al
such as Fig. 2 below, and the Fuzzy system includes
three stages, fuzzification, inference engine, and
defuzzification. And we considered NB denotes
“Negative Big”, NM denotes “Negative Middle”,
Z0 denotes “Zero”, PB denotes “Positive Big”, and
PM denotes “Positive Middle”. We used gaussmf
type in here. And the rules follow as

Rule 1: IF (sat(S,q,c)) is NB THEN Ai is PB.
Rule 2: IF (sat(Sg,c)) is NM THEN Ai is PM.
Rule 3: IF (sat(S,gc)) is ZO THEN Ai is ZO.
Rule 4: IF (sat(Sigyc)) is PM THEN Ai is NM.
Rule 5: IF (sat(S,q,c)) is PB THEN Ai is NB.

Where @ defined boundary around switching
surface, coefficient r is be used in order to adjust the
width of input membership function. K are used to
expand divisions of membership function,
K=1,®=01r=0.1.

With Matlab, the Fuzzy toolbox is a show.

Based on centry of area method we have.

_ Iim(sat(s|SMc))ximdim
Al =
jim(sat(s,SMc))
or Ai = K|Sat(slsmc)|

And then we have the control current such as.

Irpisme = i|SMC(t) +Ai (17)

And then we have some scenarios with in
disturbances occur from
d=—y. fdz(t) =9.868*1(N)

And system and controller parameter such as
table 1 below.

232 |



PHAN 4. LY THUYET DIEU KHIEN TU DONG

N NM Z0 P P

1
0.

0

—Dxr E (a) %
2
®

1 N NM Z0 P PB

0.
0

_K K 0 K K
» (b) 2
Fig. 1. Fuzzy membership functions (a) input, (b) output
l Disturhance
¥ *
» ) —> —()— >
S | PID-surface SMC Dynamic system
+
" SAr(S ) + A,
¥ ‘

Fuzzy-based ISMC

Fig. 2. Robust Fuzzy-based Integral Sliding Mode Control for Dynamic System

Table. 1 Controller parameters

Controller k,=5.7 .k, =80
parameters

A1=1147,A2 =2.51e3, /13 =3000
System m = 2.565kg, k,; = 40N / A,
parameters

Kap =25200N /m, z; =1mm,

T =1kg, and ¢ =0.001.

4. AN ILLUSTRATIVE EXAMPLE

In order to perform RFISMC well track we
proposed the more complicated input signal equal

O.35><10’3sin(0.8t+%) and sampling rate equal

167 x 5kHz, and some disturbances as have talked
before, and thrust disk such as Chen et al. [5] and
then we still group some scenarios from dynamic
disturbance then tracking error value and top value
of tracking error value still good for two kinds of
references signal such following Fig .3 below.

From Fig. 3 the distance tracking performed that
well, at the 0.0525 s the goal are reached and
distance tracking error value very small equal

6.24.10% zmwith set point signal, and 0.012 s the
goal are reached and tracking value 0.1274/mand
to of distance tracking value equal 53gm. The

tracking value performs such following Fig. 4
below.
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Distance value (mm)

[—RFISMC reference signal ||
| ——RFISMC response signal

02 0.4

Distance value (mm)

0.5 = =
——RFISMC reference signal

——RFISMC response signal

N
IS

0.45

<
S

o

04

<
S

[

0.35

N
~

06 0.8 1 0 1 2 5 0 005 01 015 0.2
Time (s) Time (s)
(a) (b)
Fig. 3. RFISMC distance tracking response signal, (a) set point input value, (b) sinusoidal input signal
1 5><10'5 01 5><10'4
N ——RFISMC tracking error value
— ——Tracking error value (mm) _ ‘ ‘
£ os E !
(0]
% 0.6 § 0 Lr\
5 04 0 5 e
o ]
202 2-01
g o B — :
0.2 P—2 0.2 -5
0 0.5 10,1 0.15 0.2 0 1 2 3 4 5 01 0.15 0.2
Time (s) Time (s)
(a) (b)

Fig. 4. RFISMC tracking error value, (a) set point reference signal, (b) sinusoidal reference signal

Go through step by step of this paper can we see
that RFISMC such as very powerfull controller for
tracking dynamic flexible and stable reference
signal.

5. CONCLUSION

This paper performed robust control method based
on dynamic system-state and combined sliding
mode control. This study use ISMC to recycle PID
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ROBUST H-INFINITY BACKSTEPPING CONTROL DESIGN
OF A WHEELED INVERTED PENDULUM SYSTEM

Nguyen Thanh Binh', Pham Duc Dai?, Nguyen Duy Long?®, Nguyen Anh Tung®, Dao Phuong Nam®
Thuy Loi University, Hanoi University of Science and Technology

Abstract:

The issue of applying H. to control wheeled inverted pendulum is a topic of much concern on account of
underactuated and nonlinear model. Authors in [5] selected Lyapunov candidate function presented following
HJ equation. Almost previous papers using H - infinity to control WIP must assume that desired accelerator
is zero and model is linearized at origin, leading to that system does not obtain global asymptotical stability
when angular error leave neighborhood of origin. In this paper, we propose a new control method applying H
- infinity and Backstepping technique based on Lyapunov direct method to stabilize tracking error to
converge to arbitrary ball of origin. The simulation results of WIP under disturbances belonging L, — space
demonstrate the effectiveness of the proposed controller.

Keywords:

H.. control, Backstepping design, Wheeled Inverted Pendulum, Linear Matrix Inequalities.

1. INTRODUCTION

The dynamic model and several control methods are
presented in [1]. In this content, we use dynamic
model of WIP built by Newton Euler method. This
model is separated into two subsystems, in that the
subsystems describe rotation of Cart and straight
motion of WIP which is similar to Cart-Pole model.
Authors in [2], [3] approached to control inverse
pendulum based on energy function, but the
disadvantage of them is that disturbances impacting
on considered system is ignored and pendulum
always fluctuate around origin. Olfati-Saber [4]
proposed coordinate transformation to change Cart-
Pole model to strict forward system to apply nest
saturation method. This transformation will not be
effective, when some parameters are uncertainties or
disturbances appear. Therefore, K.D.Do [6] using
the similar transformation in [4] and combines with
nest saturation method, disturbance observer to
steady error to converge to origin asymptotically
with assumption of zero straight accelerator of Cart.
Researchers in [7] apply properties of nonholomic
system and backstepping technique, but their
drawback is assumption of satisfying state
constraints. The instantaneous switching of control
input is proposed in [8], nevertheless, position of
Cart is not able to stabilize at desired point.

In this paper, we apply H - infinity method in [5] for

rotation motion and the adding controller is
proposed to straight motion subsystem. The first
controller built by Lyapunov direct method
guarantee that angle and angular velocity error
converge to neighborhood of origin. In this region,
we add the second controller constructed by H —
infinity to ensure that all state variables lie in small
arbitrary ball of origin. Finally, in order to avoid
instantaneous  change  of  control  torque
phenomenon, we propose virtual control input that
is designed by backstepping technique in [9].

2. DYNAMIC MODEL

Table 1. Variable of WIP

Parameter Symbol
Distance between two wheels D
Radius of wheel R

Moment of inertia of the wheel about | J,
y - axis

Moment of inertia of the chassis and J
pendulum about z - axis

Moment of inertia of the chassis Jy
about y - axis
Moment of inertia of heading angle J,

pendulum about z - axis
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Parameter Symbol
Mass of load m
Mass of chassis M
Mass of wheel M,
Gravity acceleration g
Distance between central point load |
and chassis

Table 2. Variable of WIP
Heading angle of pendulum 6
Tilt of pendulum ¢
Torque control in left and right wheel | 7,7
Position of chassis X
Disturbances impacting on two d, .dg
wheels

By applying Newton — Euler Approach in [1], the
dynamic model of WIP is:

D D
=2RJ9 (TL—TR)-FZ—‘]Q(dL—dR) (1)

ml cos(¢)¢'+{M +m+2[‘;‘; + ij}(’

)
= mlg?sin(g)+ 28 1 d, +d,
(ml?+3,, )4 +ml cos(¢)% =mglsin(g) (3)
Where

2 “]w

J,=J,+D Mw+? (@)
Assumption 1:
|dR|<dRmax; |dL|<dLmax (5)
[M +m+2(%+ij:|(mlz+Jw)—m2|2 >0 (6)

Control objective: The tilt angle, position and their
derivative track each desired value and heading
angle converge zero.

|60—6,|—0, $ —>0,|x—x,|—>0 (7

|9—9d|—>0, $—0,|%x—%,|—>0

8)
if d =0,d,=0

Moreover, uniform bounded in tracking error if

|dL|<dLmax' |dR|<dRmax (9)
Variable and parameter changes are used as follows:
(d_+dz)=d; (d —d;)=d,

1 1 (10)

E(TL —TR)ZTl; E(TL +TR)=7,'2

M, =M +m+2[%+ ij

My, =M,, =mlcos(¢) (11)
M,, =ml?+J,,

Substituting (10) and (11) into (1), (2) and (3):
) D

0=—r+—d 12

2‘]9‘[14_2‘]9 0 (12)

M, X+ M,,é = mlg sin(¢)+7, +d (13)
M21X+Mzz¢.:mg|5in(¢) (14)
3. PROPOSED METHOD
The above equations is separated into two

subsystem: & system (12) and x,¢ system (13-14)

3.1. Control design for 8 system

Set
21, ..
T =U +Fgeref (15)
. D D
g, =—u +—d 16
e 2\]9 1 2J9 0 ( )
ge ZQ_Qref
Considering subsystem (16) as follows:
{D = Av+Bu, +B,d, 17)
y=Hv
0
- 01
v=[6,6] A= ,B,=B,=| D [\H>0
00 —_
23,

Theorem 1: By selecting positive scalary, there
exists a matrix P, =P’ >0satisfying inequality (18)
— H-infinity [5]. The control input (19) ensures (20)
to guarantee tracking error to converge to origin and
to obtain its robust stability.

ATH+PlA+Pl(7—lZBZBZT—BlBlTjPl+HTH <0 (18)
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u, =-B"Po (19)

. 2 2 p 2

[ [l )t < 72 [t | (20)

0 0

Proof:

Selecting Lyapunov candidate function:

V, =0"Pv (21)

% =v' (A'R+PRA)v+2u B/ Pv+2d,BPv  (22)

Substituting (19) into (22)

% =v' (A'R+RA-2PBB/R)v+2d;BPv  (23)

Substituting (18) into (23)

dv, 1

d—tlﬁ—UT[Pl(FBZBZT+BlBlTJPl+HTHJU 24)
+2d,B]Pv

% < —%UTHBZB; Po—|w|f [y +2d7BIPo  (25)

dv, 2 2 2

S <l -1yl + ] 29)

Remark 1: LetP™* =T, yis appropriately selected.
The existence of solution in (28) satisfies H,, [5].
The system will be applied input (19) for
stabilization.

Multiplying P~*in left and right side of (18)

PAT + AP +[y12 B,B, — BB/ J+ (HRY) HR*<0  (27)

Schur complement is applying in (27) to be
equivalent to (28)

1
(AT)T+AT+7E32E;ZT—E;181T (HT) 0
HT 1 (28)

3.2. Control design for x,¢ system

Subsystem (13) and (14) is equivalent to (30) and
(31) by using local feedback linearization (29):

2

m-gl

2

7, =—mlg*sin(4)+ E— cos(g)sin(¢4)+ 20
{M +m+2(‘]—‘g+ ij——m ! ZCOS (¢)J(U+X'd)
R ml® +J,,

¢ =—-acos(g)u+agsin(g)+acos(¢)(A-%)  (30)
X, =u+A (31)
~_ml?
Cml+],,
A= d 22 2 (32)
M +m+2(‘]‘;+ ij_mlzcos(qﬁ)
R ml*+J,

The disired position and velocity of WIP are x,, X,
Xy =X—=Xg: X, = X=X,

Remark 2: It is difficult to directly design a H.,
controller for subsystems (30) (31) because of
underactuated property and interconnect control
input in both two equations. We propose the
Lyapunov direct method for 4,4 to lead to given
attractor where the linearization model can be
applied. The proposed H., controller guarantee that
x,x track to the desired value and ¢,¢ are bounded
by neighborhood origin simultaneously. Because the
proposed method includes two subcontroller, the
switching must be employed.

Assumption 2: Disturbances A and parameters satisfy

A < Ay o % | < R max (33)
Jw 2 212
M+m+2| —2+M ml*+J,)-mi° >0 (34)
Rz o] @
Disturbances
|
AR _ 8.6
R B
xx
| Ja+e s || g
L R Tr

WIP

nfinity
V4 48)

Tx.} sXa

Fig. 1. Control Structure for WIP

Theorem 2: Considering subsystem (30) under (33)
and (34). By applying control torque (35) found by
Lyapunov direct method with k;,k,are coefficients

of controller, two variables ¢,4 converge to the

arbitrary attractor o = {Q eR|d <& ld < gz} :

kd+K,p+gsing

Cos ¢ (35

, (¢.¢)=

238 |



PHAN 4. LY THUYET DIEU KHIEN TU DONG

Proof:
The Lyapunov candidate function is selected:
N1, 1.,

v(¢,¢)=§r¢ +500 449 T>1 (36)

The derivative of v (¢,¢5) in (36) is
e ki +K,p+gsin(g)

e T ¢p+ g[—acos(9) cos(9)

+agsin(g)+acos(g)(A—%, )]+ 4

kp+Kk ¢+ gsin(g)

cos(¢)
+agsin(¢)+acos(¢)(A—%,)]

av

(37)
+¢[—acos(¢)

i =tald k) racos@)(a-x,)|

+§* +Tod (38)
+[~a(kg+k,g) +acos(g)(a-%,)]

= ~(ak ~1)° + (T 2k, ~ak,) (39)
—ak,” +(¢+6)acos(¢)(A-%,)

Choosing: T' = ak, +ak,

(38) = ‘Z_‘t’ < (ak, ~1)¢ — ak,?

(A — % )2 (40)

4p

Coefficient k,,k, are selected as follows:

+,B(acos(¢)¢5)2 +ﬂ(acos(¢5)¢)2 +

ak,—1>pBa’+4, ; A4 >0
ak,>pa’*+4,; A4,>0
Applying (41) into (40):

(41)

dv ﬂléz_lz¢2+A2max+X§max

m <- 25 (42)

If we choose A, 4,, 3 such that:

2 u2 2 o2
82>Amax+xdmax 2>Amax+xdmax

ST T 2B
Then:

(43)

(qB,qﬁ)eQ:: {(xl,xz) eQc R ||x|< &%) ng} (44)

When the angle of pendulum converges to the origin
due to control law (35), we linearize (30) and (31)

around origin of pendulum where ¢=04=0 and

u=u,(¢4)+u; as following:

{ﬁ:Fn+Gu3+K(A—X'd) (45)
¢=Cnp
¢ 0 1 00 0 0
j —ak, -ak, 0 O -
n= ¢ E = a2 akl G: a K = a
X, 0 0 01 0 0
X, k,+tg k 0 0 1
V2:77TP277 (46)

Applying H,, - Vandershaft [5] into subsystem (45)
and the Lyapunov candidate function (46)

1
F'P,+P,F+P, (—2 KK' —GGTJPZ +C'C<0  (47)

N

(48)

-G"P when (4,4)eQ
0 = 7 (4.9)e
0 otherwise

Remark 3: Following remark 2 and controller (48),
the applied switching may cause instantaneous
change of control input, leading to unreality.
Therefore, a virtual input in (49) is proposed to
reduce this problem significantly. The new linear
state space model with virtual input is considered as:

{77: Fr+Gu, +K(A-%,)

: (48)
U, =z

Theorem 3: The proposed virtual control input (49)
will be designed and based on backstepping
following (50) to satisfy remark 3.

Mo Mk Gu,) (50)

z=—x(u,—10) an S

Where x>0is given and odd number q,V,is the

above Lyapunov candidate function designed by H.,
in [5] and © is control law generated from (48)

Proof:

Backsteping technique is applied in (49), the third
Lyapunov function together (46)

v, =V2+%(US—LT)Z (51)

The derivative of V,is

%—%'4_([] _U) Z_a_U'
dt  op VR on"
(52)
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%:%(Fn_'_
d on

+(uy _U)(z—g—:<Fn+Gu3 + K(A—X’d))j

Gu,+T-0)+K(A-%,))

(53)

dv, oV _ "
d—taza—ﬂz(Fﬂ-FGU +K(A—Xd))

+(u3—ﬁ)[z+aa—ne—2—n(|:n+eu3+ K(A-X ))j

(54)

The virtual inputz will be selected as (50), (54)
becomes

dv, oV,

e 6X(FnJrGUJrK(A %)) 5)
—K(u3—U)2+(u3—U)GTP2K(A—>'('d)

dv,

Sl -l e e
—x||us —a|f +Ag|| ~T)G'P, K||

%<_ 2 _|u 2+( 2+ij A-s
T o CSY

Ju -0 (x- 26" P[] )

By choosing K>ﬂa||GTPZK||Zthen we have same
results as theorem 1.

4. SIMULATION

Scenario simulation: The objective of this work is to
guarantee x,x,6,6 to track given desired strategies
X,.%,6,,6, with unbalanced initial state. The good

performance of simulation result demonstrates the
ability of the proposed control law.

Table 3. Parameter values in simulation

Parameter Value

Mass of chassis M = 5kg
Mass of wheel M =1kg
Gravity acceleration g=9.8m/s?
Distance between central point | =1.2m
load and chassis

Table 4. Initia state in simulation

Initia state variable Value
00 0.5rad
9(0) Orad /s
x(0) —1.5m
x(0) Om/s
#(0) 0.8rad
¢(o) 0.2rad/s

B=100;¢,=0.1¢,

=Ly

- %@ system controller

=100

C =diag([0.1, 0.1, 2, 0.2])

Table 5. Subsystem (17)
Simulation & Value
system controller
4 15
H diag ([100,1])
ul

~[884.43 477.63][6,.6,]

Parameter Value
Distance between two wheels D =0.15m
Radius of wheel R=0.25m
Moment of inertia of the wheel J,, =1.5kg.m?
about y -axis ~

Moment of inertia of the chassis | J,, = 2.5kg.m?
about y - axis

Moment of inertia of heading J, =1.5kg.m?
angle pendulum about z - axis

Mass of load m=1.5kg

Table 6. Subsystem (30) (31)
Simulation x, ¢ Value
system controller
B 100
& 0.3
£, 1
A 2.78
2, 0.25
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Simulation x,¢ Value N
60
system controller
’g 40
k, 48.41 = 20
0
k, 39.27 55 , ,
20 40 60 80 100
C . Time (s)
diag ([0.1,0.1,1.2,0.1]) =
" 100 g"
£,
u, [98.49,31.99,3.44,10.65] 7 3
T ¢!
o 20 40 80 80 100
- Time (s)
T
&
o 800
600
L5 20 40 60 80 100 5 o
Time (s) = 200 1
0 WWWWMWWM
0.08 ‘ , -200 : ‘
[ 0 20 40 60 80 100
0 0.06 Time (s)
T 004/
T 0.02f 800
2 600
0.02" : : g 0
0 20 40 60 80 100 & 200 J
Time (s) &
(]
1 ' ' g 20 40 80 80 100
Time (s)
0.5
§ 200
- g «a
.~ Z 100 | , " |
| 2 NI A A L0
y | | g ‘ \[‘\]“‘” M“il I \ “ ‘ ”” \ 1, l][”lx% || ’1 ‘ll," h ” N1
1 S f ‘T‘ﬁ' i At L
0 20 40 60 80 100 2 | |
Time (s) %-100 | { i
e -200 7 -
0 20 40 60 80 100
0.5 Time (s)
oy 0 Lok
Tos Fig. 2. Tracking angle,stable angle, tracking position, two
£ 4 torques and disturbances are illustrated
3
T.15 . . .
; | . This system is able to self-balance and straight
“o 20 40 60 80 100 velocity, heading angle track reference signal under
Time (s) disturbances. Control forces is continuous.
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TONG HOP BO BIEU KHIEN PHI TUYEN CHO O BO' TU CHU DONG
BANG PHUONG PHAP BARRIER LYAPUNOV

NONLINEAR CONTROL FOR AN ACTIVE MAGNETIC BEARING
USING BARRIER LYAPUNOV METHOD

Nguyén Danh Huy™?, Nguyén Tung Lam*®, Nguy&n Trung Birc*?
'B6 mén Ty déng hda céng nghiép - Trwdng Pai hoc Bach khoa Ha Néi
2Vién Do lwong Viét Nam
3Vién Diéu khién va Tw dong héa - Trwdng Pai hoc Bach khoa Ha Noi
Email: huy.nguyendanh@hust.edu.vn; lam.nguyentung@hust.edu.vn; ducnt.vmi@gmail.com;

Abstract:

A new and simple controller design procedure for high performance active magnetic bearings (AMB) is
presented here. The nonlinear dynamics of the AMB are derived by applying basic laws for electro-
mechanical systems. The Backstepping control using Barrier function is employed to design a controller that
regulate the AMB rotor at the origin. The effectiveness of the proposed control is verified through a set of
numerical simulations.

Keywords:
Active magnetic bearing, backstepping, Barrier Lyapunov.
Tém tat:

Bai bao trinh bay cach thiét ké bd didu khién cho 6 d& tlr chi ddng. M6 hinh ddng hoc mang tinh phi tuyén
cla 6 d& tr dwoc xay dwng dwa trén cac dinh luat co hoc va dién tir. Phwong phap backstepping s dung
ham Barrier dwoc ap dung dé thiét ké bo diéu khién kiéu dong ngét cé kha nang gitr truc rotor & vij tri can
bang. Pham vi diéu chinh vi tri cGa rotor dwoc gi¢i han bang phwong phap Barrier Lyapunov. Tinh dung dan
cla bd diéu khién dé xuét dwoc kiém chirng théng qua mé phéng.

Tir khéa:

Active magnetic bearing, backstepping, Barrier Lyapunov.

Ky hi¢u i A Dong dién danh dinh
Kyhiéu Ponvi Y nghia L mH Tu cam cia cudn day
B T Cam tng tir P N Trong lyc
H A/m  Cuodng do tir truong Chir viét tat
E ! Nang luong trtruong AMB Active Magnetic Bearing - 6
Ay m? Dién tich tiép xuc cyc nam dd tir chu dong

cham dién
g m Khoang cach khe hd khong 1. MO AU

khi ) O bi co khi di c6 tudi doi ca ngan nam, véi tac dung
H Do tir tham giam ma sat, hd trg cho cac co cau quay va trugt.
V, Ham Lyapunov Do ¢6 tiép xuc co khi gita 6 bi va truc, tudi tho va
R o) Pién tré cudn day b01’ tr(?’n bxao’ dudng la }Nlal Vari 'de k‘hlen Oébl co k}n

B i kho ¢6 thé ap dung nhiing moéi truong khac nghiét,

m kg Khoi lugng cta Rotor qué néng hodc qué lanh, hodc trong cac ung dung c6
Xo m Khe hé khong khi danh dinh chtrc ning dic biét. Gan ddy, voi su phat trién cia
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ky thuat diéu khién va cong nghé ban dan, 6 d& tir
da dan thay thé 6 bi truyén thng trong cac hé thong
doi hoi chat luong truyén dong cao, do on nho, hodc
nhitng Ung dung khong dugc co su xuét hién cua
dau boi tron [1].

Mic du c6 thé ing dung rong khip tir cac linh vic
nhu y té, cong nghiép hay hang khong vil try nhung
¢ ban chat khong on dinh, nén viéc md hinh héa va
thiét ké cac bo diéu khién cho 6 d& tir dd va dang
thu hiit dugc su tham gia ctia nhidu nha nghién ctru.
Mot trong cic phuong phap kinh dién trong viéc
diéu khién 6 d& tir 1a tuyén tinh hoa mo hinh 6 d tir
xung quanh diém lam viéc roi s dung cac 1y thuyét
diéu kinh dién nhu PID dé on dinh ddi tuong [2].
Trong cac nghién ctru cia minh, cac tac gia cua [3]
trinh bay phuong phap diéu khién bén vimng, sau khi
da tuyén tinh héa mo hinh phi tuyén 6 d& tir mot bac
tw do quanh diém can b?mg. Bén canh viéc diéu
chinh hé s6 PID dé diéu khién luc khong can bang
va xoay hoi chuyén, viéc diéu chinh léch tdm cua
truc rotor ciing la mot hudng nghién ctru hop 1y khi
d6i tuong AMB mudn thay d6i diém trang thai lam
viéc theo yéu cau.

Mic du viée tuyén tinh hoa ddi tugng dem lai nhiéu
lwa chon trong thiét ké phuong phap diéu khién,
nhung vé ban chat, khi tuyén tinh hoa mot d6i
tuong, ta da dua mot doi tuong c6 md hinh phi
tuyén tro' thanh mot ddi twong tuyén tinh, va diéu
nay chi chinh xac khi déi twong lam viéc trong mot
diém hay mot s6 hiru han diém. Khi ddi tugng dudi
tac dong cua nhidu, hodc don gian thay d6i yéu cu
hoat dong khong con nim trong lan can diém lam
viéc cii (hay diém cén bang tinh), cac mo hinh va
phép bién ddi tuyén tinh hoa khong con giir dugc
gi4 tri. Nhim giai quyét vin dé nay, viéc ap dung bod
diéu ngay trén mé hinh phi tuyén cua ddi tuong
dugc trinh bay trong [8].

Thira ké tinh than cta bai bao [8], v6i muc tiéu 6n
dinh truc nang tai vi tri can bé“lng, tai bai bao nay,
céc tac gia thiét ké bo diéu khién cho 6 d& tir hai cuc
tryc tiép trén mo hinh phi tuyén cua hé théng dua
trén thuat toan backstepping c6 ap dung chan gia tri
bién bang phuong phap Barrier Lyapunov. Tin hiéu
diéu khién 1an lugt duoc thiét ké cho ca hai cuc tir
theo kiéu dong ngit. Phuong an diéu khién duoc
minh chimg qua mot sb kich ban mé phéng cho thy
tinh hiéu qua cao trong viéc 6n dinh truc nang. Noi
dung ctia bai bao dugc trinh bay trong bén phan, mo
dau v6i viec md hinh héa hé thdng & phan 2. Cac
budc thiét ké by didu khién dugc trinh bay chi tiét

trong phan 3. Tinh 6n dinh cua hé kin dugc ching
minh trong phéan 4, tiép theo 1a mot sd két qua md
phong duge dua ra trong phén 5.

2. MO HINH HOA HE THONG O B0 TU

Déi tugng nghién ciru 1a hé thong 6 d& tir chu dong
(hinh H.1), trong d6 truc rotor dugc nang boi hai
nam cham dién ddi dién nhau, c6 nhi¢m vu gilr truc
rotor & vi tri can bang.

cudn day

i cudn day
thur nhat : )

thir hai

X2'=,X0"T X

-—

H.1. Hé thbng AMB

Phuong trinh dong hoc cua hé théng bao gdm
phuong trinh dong hoc cua rotor va phuong trinh
dién tir cia nam cham dién.

2.1. Phwong trinh dién tw

Goi By la cam tng tir, Hy 14 cuong d¢ tir truong, E la
nang luong tur truong, tich trir trong khe hd khong
khi g, Aq 1a dién tich mat tiép xuc cuc nam cham, ¢
la khe ho khong khi, I 1a dong dién trong cudn day,
N la sb vong ddy, phuong trinh ning lwong tir
truong tich trit trong khe hd khong khi duoc biéu
dién nhu sau:

1 1
E:E!H.BdV:EBgHgAgzg @)

Néu rotor bi dich chuyén di mot khoang bang g thi
lyc dién tir F bang v6i vi phan ting phin cia ning
luwong tir truong vai khe ho khong khi duoc sinh ra:

SE 11 N1 A,
F=—=BHA=-%¢_ "¢ 2

69 9 QAQ 492 ( )
2.2. Cac phwong trinh dong lwc hoc

Xét voi mé hinh AMB theo H.1, phuong trinh biéu
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dién dong hoc clia tryc rotor dudi sy tac dong cia
hai lyc tryc giao Fy, F, va Luc nhiéu tai Fy theo dinh
luat I Newton nhu sau:

mk=F —F, +F, (3
trong do,
N2 i )
-t K @
X 4%
'ugNziZZAQ K iz i
F, Y b ®)
X, 41X,

vdi X3 VA X, 1a khe ho khong khi, iy, i, 1 cac dong
dién trong cac 18i cudén diy twong mg va hé s
K = ,N?A, (6)

Mait khac, theo dinh luét Kirchhoff thir hai thu duoc
phuong trinh can bang dién ap dudi day:

. di Kdfi
u=Ri+L —24+——|L1 7
1 1+sdt+2dt[xl ™
] di Kdli
u,=Ri, +L —2+——|-% 8
2 =R+ sdt+2dt[xz ®)

Gia thiét (Xo, g, Up) dai dién cho cac trang thai danh
dinh cua hé thdng, con Xy, iy va uy 1an lugt 14 vi tri,
dong dién va dién ap cia cudn day thi nhét cia hé
théng AMB, tuong ung X, i, va U, la vi tri, dong
dién va dién ap cia cudn day tha hai, tir d6 s€ thu
duogc cac phuong trinh sau:

X=X =X XN=XFX 9)
L =1, —I I, =y +i (10)
U, =U, —u u, =U, +u (11)

Thay thé cac biéu thirc (9), (10) va (11) vao (7) va
(8). Sau do, thay thé (4) va (5) vao (3) nhan duoc
md hinh phi tuyén mé ta hé thdng AMB di cho
nhu sau:

X=V
. . 2

S L LS I

Aam{ X, — X 4m| X, +X m
. 2 Xy —X
h=———|Ri,— K Vi +Uu, (12)

2L, X, —x +K 2 X, —

2 X+ X ) K )

I,=————|-Ri, + ———Vi, +U,

2L X, +x +K 2 X, +X

3. THIET KE BO DIEU KHIEN

Nhan thdy mo6 hinh dong hoc ciia hé thong di cho
trong hé phuong trinh (12) 1a h¢ phi tuyén, thoa man
diéu kién truyén nguoc chit. Vi vy trong bai bao
nay, phuong phap Barrier Backstepping sé duoc sur
dung dé thiét ké by didu khién véi dau vao diéu
khién 1a u;, u,. Phwong phap thiét ké Barrier
Backstepping bao gdm ba budc duoc trinh bay dudi
day:

Budce 1:

Muc tiéu diéu khién la diéu chinh dau ra 1a vi tri cia
rotor X theo mot gia tri dit mong mudn 1a Y,(t) . Boi
v6i phuong trinh thir nhat cia hé phuong trinh (12),
gia sir rang z; 1a tin hiéu sai 1éch hé thong giita gia
tri X va gia tri dat mong mudn Y,(t) (khi Y.(t) = 0,
truc rotor cia hé théng s& duge dua vé vi tri can
bang)

z, =x-Y, (13)
Chon ham Barrier Lyapunov cho hé théng la:

2
V, = lIog Ky

14
2 k-7 (14)

Trong d6: k, =k, —A, 1a mot hang sb trong z, véi

yéu cau|z| <k,
Pao ham ca hai vé ctia phuwong trinh thu dugc

lel . Z Vin

vlz =
-z k-7

(15)

Duya trén phuong trinh s6 (15) dao ham ctia ham
Barrier Lyapunov, bién diéu khién 4o v duogc xac
dinh nhu sau:

v=v, =—kz k?P—z2 4V, (16)
trong d6 ki 12 hing s6 duong, vq 13 gia tri dat s& lam
cho dau ra X dat dugc muc tiéu diéu khién khi gia tri
bién diéu khién 4o v bang gia tri Vg

Budc 2:

Tuong ty budc 1, muc tiéu diéu khién cua bude 2 la
dua gia tri bién v vé bang voi gia tri cua bién didu
khién 4o vq trong budc 1. Pdi véi phuong trinh thir
hai ciia hé (12) dit z, 1a tin hiéu sai 1éch hé thong
giita gia tri v va gi tri v, (hay c6 thé goi 1a ham diéu
khién 40 a;) nhu sau:

Z,=V—V, =V—qy 17)

Ham Barrier Lyapunov méi dugc lya chon cho budc
2 la:
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1

VZ = Vl + E 222 (18)

Pao ham ca hai vé phuong trinh s (13) thu duoc:

L=x-Y,=2,-kz k—2} (19)
Tir phuong trinh s6 (17)
2, =V—V, (20)

Pao ham phuong trinh s (18), sau d6 sir dung cac
phuong trinh (17), (19), va (20) thu dugc:

: 7,z
_ 141 8
Vz—kzizz"'zzzz
b 1 (21)
L R X NUP S S
e Z2711+2 —ay
b~ 41

Ttr phwong trinh (21) ¢6 thé chon dugc ham v lam
ham diéu khién 4o nhu sau:

Z

V:Ozl—kzzz—kz—2
b —Z4

(22)

voi k, 1a hang sé duong.

Nhan thdy, v 1a ham diéu khién 4o dé v bam theo
v, , qua d6 diéu khién x theo vi tri dat Y,, tir d6 c6
thé xac dinh ham diéu khién v theo hai gié tri i; va
i,. Midt khac, theo phuong trinh thir hai ctia hé
phuong trinh (12) ham v c6 thé viét lai nhu sau:

v il2 i22 Fd
V= Al 2 Ai 2 +— (23)
Xo — X Xy + X m
v6i hé s6
K
=— 24
A= (24)

R rang, viéc xac dinh ham v qua hai bién chwa biét
i1 VA i, 1a kho khan, do d6 can thuc hién mot budc
chuyén doi, dé viéc tinh toan cé thé thuc hién mot
cach dé dang hon, tao diéu kién cho viéc diéu khién
ham v theo gia tri dat.

Xét thay, luc di€u khién cuoi cung tac dong 1€n truc
rotor bdi hai cudn day doi nhau dugc bi€u dién
nhu sau:

R =F—F,+F,

Trong trudng hop, néu dé ton tai song song cing lic
hai luc Fy, F, twong ting véi ton tai hai dong dién i
i, trong hai cudn day, thi h¢ thong vira tén dién ning
khong can thiét, lai gdy kho khin trong viéc tim
ham iy, i, diéu khién ham v theo ham vg,. Nhu vy,

trong bai bao nay, d¢ dam bao kinh té trong qua
trinh van hanh, chién lugc diéu khién dugc ap dung
la diéu khién luan phién hai dong dién theo kiéu
dong ngit.

Xét ham D 1a bién diéu khién duy nhit, duoc dinh
nghia nhu sau:

- 2 - 2
D— Al —— Al ~ = F_ R (25)
Xo — X Xy + X m m

Thay phuong trinh s (25) vao phuong trinh s (23)
thu duoc:
Dov-_fi_y_g
m (26)
=Y -z, k+k, —z, 1—k? —6

2 o ; C e . F
Dbé don gian trong tinh toan, tir ndy ta goi — =46
m

Nhu vay, khi do 1éch x 1a mang gia tri am thi:
i 2
D>0 dindén i =0va A—2 -0
X, + X
Luc nay, theo phuong trinh s (26), ham D c6 dang
nhu sau:

i2
D:Ai#z:\'/d —kzzz—zz—lz—e
ks —
Xo — X b — 4

(27)
Tuong tu, khi d6 léch x la mang gia tri duong
(tic tryc rotor ¢6 xu hudng léch vé phia cudn day
thur 1) thi:

2

D <0 dan dén i =0va All—

=0
X, — X

Két hop véi phuong trinh (26), ham D tré thanh:

4

2

D__ Al o
kbzl_zl

. 6 (28)
Xy + X

=Vy *kzzz

Bing cach st dung mot ham diéu khién suy nhit D,
ta s& lan luot dua ham diéu khién aov trong mot
khoang thoi gian bat ky, chi phu thudc vao mot
dong dién duy nhét i; hoic i,.

Buwéc 3:

Trong budc cudi cung nay, muc tiéu diéu khién sé 1a
dua gia tri v bam theo gia tri da tim ra duoc tai
phuong trinh (22), bién diéu khién thuc u; Va u,
tuong ing vdi dong dién tac dong i; VA i, tim dugc
trong hai truong hop sau s& dua hé thong vé vi tri
6n dinh.
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Xét truong hop 1. x<0 hay D>0 khi d6 i,=0,
u, =0va

V, 0

A (29)

by =%

Goi z; 1a sai 1éch gitra gid tri i; va gia tri iy, (gia tri
i, tai d6 lam cho ham v dat gid tri trong phuong
trinh s6 (22)):

;= —iy =i, —q, (30)
Ttr phuong trinh s6 (19) thu duoc
4, =12,-kz kbzl - z12 (31)

Pao ham hai vé ciia phuong trinh (17), rdi thay thé
phuong trinh s6 (22) vao vé phai thi:

, . z
Z2 :V—Oé:l_:—kzzz—ké—_lZl2 (32)
Dao ham hai vé phuong trinh s6 (30):
2, =1, —d, (33)
Xét ham Barrier Lyapunov dugc lya chon sau:
2
V3:1Iogk—b+lz§+%z§ (34)

2 k-7 2
Pao ham ham Barrier Lyapunov & phuong trinh
(34) thu dugc

Z . . .
—12‘|’Zzzz T2, = _k1212 _kzzz2 +12,2, (35)

V, =
k-7
Dua trén phuong trinh sé (35) ciia ham Lyaponuv,
bién diéu khién u; duge xac dinh nhu sau:

Kvi .
—12+ az — k323
2 X, —X

2L X —x +K

u, = Ri, + -
! ! 4 % —X1|

(36)

voi cac gia tri k;,k,,k, 1a cac hang so duong.

Nhu vdy, trong truong hop tha nhit x<0 hay
D>0 ta di tim dugc tin hidu diéu khién u; dé
diéu khién cho hé théng AMB 6n dinh vé vi tri can
bang x,.

Hoan toan twong tu, o truong hop thir 2 voi x>0
hay D <0khido: i’ =0, u, =0

. X . 0—v
by’ =-2 60—V Ad

(37)

Ly =%

(38)

Xét ham Barrier Lyapunov dugc lya chon:

1 ks 1 1
V,==log—=2—+=2+>22 39
4 2 gkbz_zlz_'_z 2+24 ( )
Pao ham hai vé ham Barrier Lyapunov ¢ phuong
trinh (39) co6:

Z . .
k2—12 +2,2, +2,Z, (40)
b — 4

V, =

Tur d6, c6 thé rut ra dugc ham diéu khién nhu sau:

. Kvi 2L X, +Xx +K
U, = Ri, ————%—+ d;—k,z, X°—
2 X +X 4 X +X0

(41)

voi cac gia tri k,k,,k, 1a cac so nguyén duong.

Nhu vay, tai budc cudi cing thiét ké bo diéu khién,
bién diéu khién dau vao u; va u, di lan luot duoc
xéc dinh dé thyc hién muc tiéu diéu khién 1a 6n dinh
hé thong vé vi tri can bang.

4. PHAN TiCH SU’ ON DINH CUA HE THONG

Do hé théng AMB trong bai bao ¢ sy luan phién
hoat dong gitra hai cudn day. Nhu vay, trong mot
thoi diém bat ky, chi ton tai mot dong dién duy nhat
(i; hodc i) luan phién nhau, tao lyc hut dé diéu
khién va giir rotor tai vi tri can bang.

Xét truong hop 1: x<0 hay i, =0

Ttr nhitng phuong trinh sb (19), sé (32) va s (33),
mo hinh phi tuyén cua hé thong c6 thé duoc viét lai
nhu sau:

z
7, =—k,z, 2 5 (42)
b T 41
Z3_il Ild
trong do
P2l x-x K| T 2k ox? T
ey RN
A 2JA V6
X=z+Y,
. z
Yy :de_kzzz_kz—izg
bl 1

Uy = 2, +k 2z’ —kkiz, 3Kzt —kKk
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Kvi,
2

2 X, —X

2L, X —x +K

u, = Ri, +
ot 4 X, —X iy

+ dy —kyz

Pé chimg minh sy 6n dinh cia hé thong (42), xét
ham Lyapunov sau:

k2
VCM1:1|09 ’ +1222+1232

43
2 Tki-zt 2 2 (43)

Pao ham ca hai vé cua phuong trinh s (43) thu
duoc:

. z
o 1 . .
VCMli 2 +2222+ZSZ3

kb21 - z1 (44)

2 2 2
=—kz," —k,z,” —k,z,

do k,,k,,k, 1a cic hang s6 duong nén V,,, <0.

Heé phi tuyén cho bai hé phuong trinh s6 (42) 1a 6n
dinh theo tiéu chudn 6n dinh Lyapunov.

Tuong tu: xét truong hgp 2: x>0 hay i =0

Tt nhitng phuong trinh (19), (32) va (38), mo hinh
phi tuyén cua hé théng ¢6 thé duge viét lai nhu sau:

. 2 2
Zlfzszlzl kb -4

7, =—k,z, — 45
2 242 kbzlez ( )
2, =1y —ly
trong do:
2 X, +X . Kuvi
|2:X°——R|2+ 2 +u,
2L, % +x +K 2 X, +X
Py O—Vy Vy X, + X
* A 2 Aoy,
X=2z+Y,
. . Zl
Vg =Vg —KoZp —5——
ky —2f
o . 5] 1 2z}
Ny =Vy =K, 2, — 7, szzz—l— . 12 .
b 4 . — 1

Vg = 2, +kz' —kkiz 3k zf —kk?

. Kvi .
U, = Riy ————2—+ &5 —k,2,
2 X+ X

2L % +Xx +K
4 X+ X i

Dé chimg minh sy 6n dinh cia hé thng (45), xét
ham Lyapunov sau:

1 kZ 1, 1,
VCMZZEIogkbz_ble +§ZZ+EZ4 (46)

Pao ham ca hai vé cua phuong trinh s (43) thu
duoc:

Voo =—8 473 47,2
CM2 kbzl_zlz 22 454 (47)

= _k1212 - kzzz2 - k4z42
do k,,k,,k, 1a cic hiang s duong nén V,,,, <0.

Heé phi tuyén cho boi hé phuong trinh s6 (45) 13 6n
dinh theo tiéu chuén 6n dinh Lyapunov.

5. KET QUA MO PHONG

Véi cac thong s6 di cho o bang 1:

Bang 1. Céc thong sb

Théng sb Pon vi
Khe ho khong khi danh dinh (g) 0.001m

S6 vong day trong mai cudn (n) 400

bién tro cuon day (R) 1 Ohms
Dién tich mat cit ngang khe ho 0.0001m?
khong khi (A)

Khéi luong rotor (m) 11 kg

Vj tri ban dau cua rotor (x) 0.0006 m
Do tir tham khe ho khong khi (1) | 1.256*10°
Nhiu (N) 255N

Gia thiét, thoi diém ban du truc rotor dang nam
cach vi tri can béng 0.6 mm. Khi co tin hiéu diéu
khién, bd diéu khién 1am viéc va dua truc rotor dén
vi tri cAn bang.

4 i 1 i 1 1 I
0.1 02 0.3 04 05 06 07 08 09 1
thoi glan t (s)

H 2. D6 dich chuyén cua truc rotor
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&

van loc v (mig)

&

iy

dong dien 1,2 (A}
i

5

04

H 1 1 1
a1 04 o8 08 1

03 o6 07

1
0.1 02 0.3 04 06 (5] 08 08

05
05
thoi gian t (8) hoi gian & ()

H 3. Van téc dich chuyén vi tri rotor v H 5. Péap tmg dong dién iy (den) va i, (d0)

6. KET LUAN

Phuong phap thiét ké phi tuyén cho 6 d& tir chu
dong hai cuc mdt bac tu do da duogc dé xuét trong
bai béo. Tin hiéu diéu khién dudi dang dién ap kiéu
dong ngat duge dé xuit theo phuong phap Barrier
backstepping chin dau ra ap dung trén mo hinh phi

tuyén ctia hé. Gioi han duoc d6 qua diéu chinh dau
ra cua hé théng. Tinh 6n dinh cta hé théng kin duoc

chimg minh bang giai tich va minh hoa qua mé

phong. Hudng nghién ctru kha thi tiép theo cua bai
bao s& nham vao kha ning thich nghi ctia hé véi cac

T T bién dong ctia tham s6 va nhiéu loan.

0.5
o gian t{8)

H 4. Pap ung dién &p u; (den) va u, (do) LOI CAM ON

Két qua mo phong nhan théy, sy hiéu qua cua bd
diéu khién trong viéc 6n dinh vi tri rotor. Pap tmg
dong dién va dién ap hoan toan phu hop véi didu
kién thyc té.

TAI LIEU THAM KHAO

Céc tac gid xin gui 101 cdm on t6i Vién Ky thuat
diéu khién va Ty dong hoa — Truong Dai hoc Bach
khoa Ha Noi vi dd hd trg nhom tac gia trong qua
trinh nghién ctu.
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Tom tat:

PIEU KHIEN TUYEN TiNH HOA CHINH XAC TRMS

Nguyé&n Nhw Hién?, Dinh Van Nghiép*® ,Nguyén Doan Phwéc?
Trwdng Pai hoc Ky thuat Céng nghiép Thai Nguyén
2 Trwdng Dai hoc Bach khoa Ha Nbi
Onghiepk36-tdh@tnut.edu.vn

Trong bai b4o, mot bod diéu khién tuyén tinh hoa chinh xac tirng phan dwoc thiét ké cho Twin Rotor MIMO
System (TRMS) dwa trén md hinh déng hoc Euler-Largrange day du va chinh xac hon so véi mé hinh cta
hang ché tao, da dwoc nhdm tac gid cong bbd & chuyén san Diéu khién va Ty dong héa sb 11 thang 12 nam
2014, nhdm dat dwoc cac chi tiéu chat lwgng mong mubdn.

Twr khéa:

Tuyén tinh héa chinh xac tirng phan, Twin Rotor MIMO System, TRMS.

Abstract:

This paper presents Euler-Largrange dynamic model that is more accurate and fuller than manufacturer’s
one based partial exact linearization controller design for Twin Rotor MIMO System (TRMS), was published
authors in the Journal Control and Automation of December 11, 2014, to achieve desired quality criteria.

Keywords:

Partial exact linearization, Twin Rotor MIMO System, TRMS.

Ky hi¢u

Ky  Don
hiéu vi
Oy/h rad
Omit rad
g m/s?
m kg
Ji kgm?
Mty kg
It m
m; kg
My kg
Mis kg
M, kg
Minr kg

Y nghia

Vj tri trong mit phang dimg/bang

Vi tri goc canh quat rotor
chinh/phu

Gia tdc trong truong
khéi luong

Momen quan tinh cta thanh
ngang

Téng khdi lugng cia thanh ngang
Trong tdm ctia thanh ngang

Khéi lwong phan phu
cta thanh ngang

Khéi luong dong co phu
Khéi lugng vanh bao vé rotor phu

Khéi lugng phan chinh
cta thanh ngang

Khoi lugng dong co chinh

Ky
hiéu

Mins
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DPon
vi

kg

kgm

kg
kg

kg

Y nghia
Khéi lugng vanh bao vé
rotor chinh

Chiéu dai phan phu
cua thanh ngang

Chiéu dai phan chinh
cua thanh ngang

Ban kinh vanh bao vé rotor
chinh/phu

Ban kinh rotor dong co chinh/phu

Momen quan tinh
cua thanh d6i trong

Khéi luong ctia thanh ddi trong

Téng khoi luong
cua thanh d6i trong

Khéi luong cua ddi trong
Trong tim cua thanh ddi trong
Chiéu dai cua thanh dbi trong

Khoang cach tir ddi trong dén
diém quay
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Ky  Don
hiéu vi
leh m
Lep m
Js kgm?
Js kgm?
mp, kg
My kg
h m
hl m
Jom  kgm?
Jm/tp kgm2
Omit rad/s
Jm/tr kgm2
H m
Kg
M, Nm
My, Nm
I\/Im/t Nm
Bm/tr kgm2
/s
Bun kgmz
/s
Fv/h Nm
Tm/t N m
Chir viét tat
TRMS
MIMO

Y nghia

Ban kinh ctia di trong
Chiéu dai cua ddi trong
Momen qué tinh cta chét quay

Momen qua tinh phan sau
cua chot quay

Khéi lugng cta chét quay

Khoi lugng phan sau
cua chot quay

Chiéu dai ciia chdt quay
Chiéu dai phan sau cua chét quay

Momen quén tinh cua rotor
dong co

Momen quan tinh cta canh quat
rotor chinh/phu

Toc d6 goc dong co truyén dong
canh quat rotor chinh/phu

Momen quan tinh cua rotor
chinh/phu

Chiéu cao tir mat dé
deén chot quay

H¢ so hi¢u ung Gyroscope

Tépg hop momen trong mat
phang ding

Tépg hop momen trong mat
phang bang

Tong hop momen tac dong 1én
rotor chinh/phu

Hé sb ma sat nhot cua dong co
chinh/phu

Hé s6 ma sat nhat cua khép quay
trong mat phang ding/bang

Ma sat trugt khép quay trong mat
phang dirng/bang

Momen dién tur ctia dong co
truyén dong canh quat rotor
chinh/phuy

Twin Rotor MIMO System

multiple input — multiple output

H.1. Twin Rotor MIMO System

1. GIO1 THIEU

Twin Rotor MIMO System (TRMS), nhu H.1, 1a h¢
thi nghiém duoc phat trién boi Feedback Instrument
Ltd (Feedback Co., 1998) cho céc thi nghiém diéu
khién hé nhiéu vao nhiéu ra, gom mét hé théng co
khi véi hai khau, mot khau nam ngang duoc ndi véi
bé qua mét khop quay va mot khau vudng goc véi
khau nim ngang dugc ndi qua mot khép quay khac
v6i 2 canh quat ¢ hai dau. Chuyén dong trong mit
dung cta hé do rotor chinh, chuyén dong trong mit
bang do rotor phu. Ca hai rotor dugc truyén dong
boi hai dong co mot chidu, co thé diéu chinh tdc do
quay.

TRMS c¢6 dic tinh khi dong hoc gidng may bay truc
thang, 12 hé phi tuyén va co tac dong xen kénh
manh. Viéc thiét ké b diéu khién cho TRMS dé c6
dugc chat luong dép tng dau ra tot 1a mot thach
thire 16n di voi cac nha khoa hoc. N6 di va dang
nhan dugc nhiéu sy quan tim cia cac nha nghién
clru trong nudc va trén thé gidi, dd c6 nhidu cong
trinh nghién ciru duge cong bd vé ap dung cac
phuong phap diéu khién cho TRMS. Tuy nhién, c4c
két qua md phong kiém ching cho thay dap tng dau
ra mac du bam duoc theo luwong dat nhung con co
d6 sai 1éch lon. Vi vay trong bai bao nay céc tac gia
dé xuat thiét ké bo diéu khién cho TRMS dya trén
mé hinh Euler-Lagrange cua d6i tuong.

Phan con cua bai bao duge to chirc nhu sau: Gidi
thiéu vé mo hinh d6i tugng va thiét ké bo didu khién
trong phan 2. M6 phong va kiém ching bo didu
khién trong phan 3. Két luén va viéc nghién ctru tiép
theo trong phan 4.

2. THIET KE BO PIEU KHIEN

2.1. Phwong trinh Euler-Lagrange
cua chuyén déng

Ham Lagrange ctia hé¢ TRMS dugc xay dung tir tong
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dong niang va thé ning, ldy tir tai lidu [2] c6 dang  va

nhu sau:
a, . 1 . .
L=2¢?+=(a. +a,c08* @ \a’ +a.w,c
2 v 2 5 4 v h 67t

b sina,

m m

. g o  G7 5
+a,0,a,CoSa, +—0f +— 0w, —
2 2
+(a,Sina, —aycosa, )d,a, +b,cosa,
trong do:

a =Jy+J, + 50y =mpylehiag =meylnh
a, =J, +J

mr

_Jz;bl = mTllTlg;bz = mTlezg
as=Jy+J, +mT2h2 +mTlh2 +J,

0’6 :Jt7';a’7 :‘]m7';at :a)t;am :a)m

J, :(%mt +m,, +mm]lt2 +

1 2
+ gmm + m,,, + L lm, +

2 2 1 2 1 2
ms Tms +mts7“,s +Em rT.+—m_ T

tr'mt 2 mr’mm

1
+=m
2

My =M +mt'r +mts +mm +m,

mr

+ mms

_(m /2+m +mms)lm_(mt/2+mtr+mts)lt

l m mt
T1 —

My

1 1 1
Jp = gmblhz +m{:hlr:2b +chh7}i +EmchLib

myl, /2+m,,l

_ _ b cb’ch

Mypy =My, +My, b, = ———""=,
My

J = mhlh’lz J = m/zlhlz
4 3 7 3

Ap dung phwong trinh chuyén dong Lagrange:

A[OL) 9Ly
dt\aq ) og  “

Vo1

q=la, @ «a at]T

m

s€ c6 dugc phuong trinh dong hoc Euler-Lagrange

cua TRMS nhu sau:

Mg+Cq+G=M,,

trong do

i=[a, & a, &, i=[¢, & a, &)
G =[b,sina, +bcosa, 0 0 O]T

MC.T :[Mw Mh Mm Mt]T

a, 2 0 Qg

M=|? P a,cosa, O

0 a,cose, a, 0

(1) g 0 0 ag

z =a,Sina, —a, cosa,
z, =a,SiNa, —a, cosa,

2z, = ag +a, COS° a,

0 n 00
o_|™ —a,sina, cosa,cc, 0 O
o —a,é,sina, 0 0
0 0 00

n, =sine, (a0, COSa, +a,0,)
n, =—a,Sina, COSa,a, —a,m, Sina,

+(a,c08, +a;sing,)a,

M, =1k, |, |w—Fk,é|¢|-Ba, -
- F sign(a,) -kl k., |&, |wa, cosa,
véi
1
w=

1_ {r"rm‘ 2
4(H+1,sina,)
M, =lk,a,|a,|cosa, —k,,a, |a,|cosa, — B,a,
- F;LSign(dh ) - Cc (ah - a}LO )

M, =1, —sign(a, )k, &’ — B, &

tv~"m mr=m

M, =z, —sign(dt)kmdtz _Btrdt
(2)

Nhu vay, tr m6 hinh Euler-Lagrange thu dugc ¢
trén c6 thé thay ngay dugc rang hé TRMS co dang
thiéu co cau chap hanh véi 2 dau vao va 4 dau ra.

2.2. Thiét ké bo diéu khién

Trude tién, md hinh (3) ciia hé co thé viét lai
nhu sau:

Mi+Cq+G =M,

®)

hay

MG, + MyG, + Cpygy +Cpqy + ¢ =0
.o .. . . T’I", (4)
MGy + Mgy +Cygy + Cy + ¢, = .

t
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trong do

Ql = [aq' ah, ]T ! qZ = [am 0.’,/ ]T

" a a,sina, —a, CoOsa,
" la,sina, —azcosa,  ag+a,c08° q,
0 ag 0 a,cosa,
M, = My =
a,cosa, O ag 0
fa, O
M, = 0 a
L 6
va

o 0 sing, (a0, c0850x, +0,0,)
Yol —a,sina, COSar, a,
r=-a,Sina, cOSa,a, —a,0, Sina,

+(a,c08a, +ay8ina, )a,

00 0 -a,4,sina, 00
012:|:0 0]021:{0 ! 0 }!022:{0 0}

cling nhu

_|bsina, +b cosa, - M,
= M,

¢ _ Slgn (a)'m, )ktua)vi, + er a)m
sign(,)ky, wtz +B, o,

Tir (4) suy ra duogc:

Mlllq.l + Mlzijz + 0116.}1 + Clzq'z + ¢1 =0

t

.. .. . . T’nl
MyGy + Moy + Cpdy +Crpgy + 45 = { . }

hay

{qz = _Mﬁl (Mlldl + Cllql + 012q2 + ¢1) (5)
MG+ MyGy +Cygy +Crpiy + ¢ =7

trong do

Bai toan diéu khién TRMS duogc dit ra ¢ day la
thanh phan céac bien khép thu nhat 1a ¢ phai bam
tiém can theo dugc quy dao mau cho trude 1a ¢,
trong khi khong can quan tdm t6i thanh phan bién
khop thir hai la ¢,. Khi d6 ta c6 the thay ngay dugc
rang voi bo di§u khién thi nhét (sau ddy s& duoc goi
la bo diéu khién vong trong):

7=MyG +Crg +¢,
- ]‘422]‘41_21 (Mné].l + qul + Clzqz + ¢1)

= (Myy = My My M, ), +Cony +Cndy ©)
+¢, — My My (Crgy +Cay + )
tlre la:
7= Dg, +¢(q,9) (7
trong do

(4,9) = Cp¢, +Cory + &,
- *Mzz*Ml;l (011‘?1 + Clzqz + ¢1)
D =My _MzzMﬁlMll

hé kin s& c6 mo hinh bién khdp, duoc suy ra tir bd
diéu khién (7) va md hinh déi tugng (5) nhu sau:

G =v (8)

No6i cach khac, bo diéu khién vong trong (7) di
tuyén tinh héa duoc thanh phan bién khop ¢ cia

Dij=Dv <

d6i tuong didu khién (4) trong toan bd khong gian
cac bién khép. D6 ciing chinh 13 1y do b diéu khién
vong trong, lic nay duogc viét lai thanh:

7= Dv+¢(q,q) 9)
¢6 tén goi 12 bd diéu khién tuyén tinh hoa chinh xac.
Hién nhién, thianh phan bién khép ¢ mic du da

duogc tuyén tinh héa, song hé vi c6 dang tich phan
béc hai (8), nén khong on dinh.

Tiép theo, dé diéu khién thanh phan bién khép ¢
khéng 6n dinh nay bam tiém can theo dugc quy dao
méu g, cho trudc, ta s& sir dung thém bg diéu khién
vong ngoai:

V=G, +Ke + K, (10)
trong do:

6=, 4

la ky hi€u cia sai 1éch bam va K, K, 1a hai ma tran
d6i xtmg xac dinh dwong tily chon.

Bo diéu khién vong ngoai (10) nay s& lam cho sai
léch bam ¢ tién tiém can vé 0, vi tir (8) va (10)
ta co:

G =G, + Ko + K6

tac la

0=¢6+ K+ K¢

254 |



PHAN 4. LY THUYET DIEU KHIEN TU DONG

hay hé tu tri:
: 0 1
o) a2
a) \-K -K; {4 é
co:
K:

_Kl _Kz

la ma tran Hurwitz.

Khi da b6 sung thém bd di€u khién mach vong
ngoai, toan by phan diéu khién ctia hé s€ c6 mo
hinh:

7'-:l)(qlr +K16.I.+K2él)+¢)(Q1q) (11)

Hinh H.2 mo ta toan by hé thong diéu khién bam
dugc xay dung dua theo nguyén tic tuyén tinh hoa
chinh x4c thanh phan bién khép ¢ .

J| Bodiéu [V [Bd diéu
q, 61' khién vong [ "lkhién z

/0 k "y TRMS
— ngoai vong
5 rtrong

H.2. Chu trtic diéu khién TRMS

3. KET QUA MO PHONG

Dé kiém chimg va danh gia hiéu qua cua bd dicu
khién thiét k& cho TRMS tién hanh mé phong hé
thong sir dung matlab-simulink dua vao cac tham sd
& bang 1, md hinh bo diéu khién va ddi twong dugc
viét duéi dang S-Function. Pé don gian tac gia
lap trinh bo diéu khién vong trong va vong ngoai
trong mot S-Function. Vi tri gbc dau ra ctia hé
av/h=av/h(av=pitch angle, ach=yaw angle), vi tri dat

tuong tng @ =BV B& 4 et 4én anh huong xen
kénh cta, chay mo phong ddng thoi 2 bac tu do voi
2 tin hiéu dat dau vao. Chon K1=1.I, K2=100.1. Két
qua md phong cho cac dap tng dau ra nhu sau:

pitch
Derivative 1 Derivative 2
awr
vitri dat (rad)
du/dt
Derivative 3
Derivative 4
yaw
ahr Controller in S -Function
Vi tri dat (rad) TRMS nonlinear model  _S-Function
| L
H.3. Cau trdc mo phong diéu khién TRMS
04 T 0.8 r T
== goc dat

— goc dat ,’\
- e ra
0.3 g \

= sai lech

. Noa
) i
g 0.1 ' ‘
g Ov,\ ™ A
5 N \7;/ NN
]
i 01 W l\ \ 1!
£ |
| v o i

0.3 V

0'40 5 10 15 20 % 30 35 40 45 50

thoi gian (s)

= g0c ra

in N
JVA VA

|IRURPNYAPN
S
\V

\

IRTRYAY
V

0.6
0

{
-\
{
:’\

goc trong mat ngang-yaw angle (rad)

<

5 10 15 20 25 30 35 40 45 50
thoi gian
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Bang 1. Thong s6 mé phong cia TRMS
A A\ =5 I |0.282m k, | 005
? . [ £\ f N\ L :
Eom ! [y [\ ln |0.254m h 6e-2 m
B s 2 e
g; 0os / \ ¥ % I, 0.265m h, 0.02m
é 0.15 I \ -I‘ \ /
Ll N\ \ W \¥ ch 0.25m Mp1 0.05 kg
023 5 10 15 20 ot ;Zn © 30 35 40 45 50 rms 0155 m mh 009 kg
04 : e | 0.1m g 9.81 m/s’
N\ /\ my | 0.221 kg L. |3e2m
i/ \ / O\
s o1 \ \ My | 0.236 kg Feb le-2m
§ 0
\ \ me | 0.068 kg H |05m
\ / \ /
o \// \‘/ mn, | 0.014 kg Mt 0.007 m
044 5 10 15 20 25 30 35 40 45 50 mt 0015 kg rmm 0007 m
thoi gian (s)
my | 0.022 kg M | 0.042 kg
H.4. Dap ung vi tri géc cua TRMS trong 2 mat phang
véi tin hiéu dit sine ms | 0.119 kg M 0.016 kg
[ Mms | 0.219 kg Kep | 0.00854
; ) sy Jor | 21.624e-5 kgm? | Jy 3.1432e-5kgm?
g 0.3 ‘l"‘
B B | 4.5e-5 kgm?/s By 2.3e-5 kgm?/s
ool ky |23.03e-6 ko | 10e-6
g fh
g’ F Ui v B, |0.6e-2Nms/rad | F, 0.1e-2 Nms/rad
- Bn | 0.1 Nms/rad Fn 0.01 Nms/rad
thoi gian (s)
C. | 0.016 Nm/rad Ono -0.4602 rad
—wal| 4. KET LUAN
_ ' Trong bai bao nay, chuyén dong theo hai bac tu do
g i cia TRMS duoc xét dén. M6 hinh toan hoc cua
Z 0z TRMS dang Euler-Lagrange dugc thiét ké st dung
MATLAB/SIMULINK. Bo diéu khién dugc thiét ké
£ - dé didu khién chuyén dong trong hai mit cua hé.
° bic tinh cuoa bo diéu khién thiét ké duoc kiém
o chirng véi cac tin hiéu dat. Két qua cho thdy ring
%  m s % = % % = TRMS bam theo quy dao yéu cau mot cach chinh

thoi gian (s)

xé&c va hiéu qua. Trong cac nghién ctu tiép theo tac
H.5. Béap tng vi tri goc cua TRMS trong 2 mat phing gia s& hoan thién bo diéu khién vai thiét bi thuc.
Vvéi tin hiéu dat dang step
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MODEL PREDICTIVE CONTROL OF A PERMANENT MAGNET LINEAR
SYNCHRONOUS MOTOR BASED ON MULTI PARAMETRIC PROGRAMMING
AND EXACT LINEARIZATION

DIEU KHIEN DU BAO BONG CO TUYEN TiNH BONG BO
KIiCH THICH VINH CU’'U SU DUNG QUY HOACH NHIEU THAM SO
VA TUYEN TiNH HOA CHIiNH XAC

DPao Phuong Nam*, Nguyén Hoéng Quang?, Nguyén Nhu Hién?
Trwdng Pai hoc Bach khoa Ha Néi, ? Trweng Dai hoc Ky thuat Cong nghiép Thai Nguyén
Email: nam.daophuong@hust.edu.vn

Abstract:

Linear motors have many advantages in compare with rotary motors due to directly creating linear motion
without gears or belts,... It is hard to apply online model predictive controller for electro-mechanism systems
with input, output and state constraints because it requires the good ability in calculations of microcontroller
and the nonlinear property of these models. In this paper, the exact linearization is applied to obtain the
corresponding linear model and we propose the offline model predictive control law based on multi-
parametric programming (MPP) for permanent magnet linear synchronous motors (PMLSM) to remarkably
reduce amount of calculation. Several simulation results show the ability of proposed method in this paper.

Keywords:

Permanent magnet linear synchronous motors, Model predictive controller, Multi-parametric programming,

Exact Linearization.

List of Symbols

Ly, Ly, dg_axisinductance H

m, R, Mass, Resistance of primary section
kg, 2

u,, i, Vector of primary section current and

voltage V, A

V,V,,W, Mechanical, Electrical Speed m/s ,
Electrical Velocity (Rad/s)

F..F.  Electromagnetic, load force N

i i, Ug, U, 0 components of the
Current, Voltage AV .

primary

pﬂ% Number of Poles, Vector of Pole Flux
Whb

X_,0 Pole position m, Rad

1. INTRODUCTION

The topic of linear motor control has been the focus
of active research in the recent years. Many
nonlinear control laws have been applied for linear
motor, such as adaptive fuzzy-neural network
method in [2],... In 2006, Jul-Ki Seok et al.,
proposed sensorless control technique for permanent
magnet synchronous motor based on back electro-
motive force [3]. The rotor-position-tracking
proportional-integral (PI) controller is used to
estimate rotor velocity to control the position error
to zero [3]. In 2002, Li-Chen Fu et al., presented the
adaptive backstepping control law for linear
induction motor in presence of friction dynamic
effect [4]. The differential flatness of motor is an
important property and Delaleau at el., pointed out
the flatness based controller for PMLSM in [5].
Model predictive control (MPC) has been widely
adopted by process control to address optimization
problems. In [7], a nonlinear model predictive
control (NMPC) strategy requires the formulation of
an optimization problem and with linear models the
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MPC problem is typically a quadratic or linear
program and there exists a variety of numerical
methods and software. In 2013, Shan Chai et al.,
develops new results on the use of model predictive
control in the presence of constraints to regulate
the speed of a permanent magnet synchronous
motor [6].

In [6], the control design used a linearized state-
space representation of the nonlinear dynamic
model that describes the dynamics and a quadratic
programming (QP) procedure to solve the resulting
on-line optimization problem.

However, the numerical complexity of linear MPC
may be a reasonable challenge and it is limited in its
industrial such as motor control,... In order to
overcome this obstacle, we propose the control law
based on combining multi-parametric programming
and exact linearization is described as follows:

o The exact linearization make the closed-loop
system linear in an input/output sense with
necessary and sufficient conditions for input/output
linearizability via static state feedback are derived.

The offline MPC solution is approached by
employing the principles of multi-parametric
nonlinear programming and in particular the first-
order Karush-Kuhn-Tucker (KKT) optimality
conditions [7].

2. PROBLEM STATEMENTS

The PMLSM (in Fig.1) is described by the
following dynamic equations [1, 6]:

dl_5d: 7iisd +2_7rﬂvisq +iu5d
dt Tsd T sd sd
G on Ly, b 200
- sd
dt T L T, Ly 7 Ly
3p7 -
Fm = ? wp + Lsd - qu Iy Isq (1)
F—F = mav,
p dt
dx,
dt

Remark 1: This result is equivalent to the previous
results in [1, 6] based on the conversion between
rotary and linear speed.

The control objective is to find the input control to
achieve the desired speed while obtaining the
minimum of the cost function in the presence of
constraints:

u =argmin J u,x

ueu

N—-1
=argmin» X, Qx, +U,Ru, + Xy Px,
k=0

ueU

subjectto: x,,, = Ax, +Bu,; k=0,12,...,N

k+1

Where P,Q are symmetric positive semi-definite
matrices and Ris symmetric positive definite
matrix, N is predictive horizon

X, €EX= xeR":Gx<w

u eU=ueR":Mu<

I'=

A A
| — |
| = pr |
I e > Phén s,lo’ cép
A i A ih ! (Primary Section)
| sc sh X sa | )
| p | Phén tht cip
: ‘% """" %’ : (Secondlary Section)

Fig. 1. The structure of permanent magnet linear synchronous motors (PMLSM), corresponding coordinate frame
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3. MAIN RESULTS
Lemma 1 [1]:

By using the state feedback or the coordinate
transformation (2), we obtain the exact linearized
PMLSM:

Lsd 2T
u Ts " X1 Lsd 0 quXZ w
b qu 2r , ' (2)
u,|= _I_—x2 +| 0 qu — Lsdx1+wp W,
sq T
Wl 1o o 1 Y

Remark 2: (2) is the development from the previous
state feedback in [1], which applied to PMSM.

Algorithm 1.

We propose the model predictive control law based on
exact linearization and multi-parametric programming for
PMLSM as follows:

Stepl: We implement the conversion from the optimal
control problem in nonlinear model (1) to linear model
(3) based on the state feedback (2), obtain the cost
function (4) with constraints:

7=Az+Bw ®)
y=Cz

. N-—-1
u =argmin_ X Qx, +Uu RU, + X PXxy ()

ueU k=0

Step 2: Based on the transformation
Z=U+H'F'xeZ x CR"™, we obtain the
optimal control problem (5)

Z =argmin %ZT Hz

€2 X

()

Step 3: By selecting arbitrary vector x, € X and using
the KKT Technique to find the result of (5), we obtain

Z,€Z X, and \,;

0

-0.2 N

\ o
-0.4 V

N

/
-0.8 \\
N

/
. \
AN

Speed (m/s)

-12 \

-1.4

Time[(s)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

-1.6

Step 4: From the sign of )\,, we find the index k

0 1
correspond to the positive number to separate G, W,S

from the matrices G, W, S ;

B5: We have some results as follows:
Zzx =H'G" GH'G" = W+5x ©)

where z € RX, < X, in which, RX, is obtained
from the relation

S=— GH'G" " W+Sx >0 @

B6: Determining the set of %X and we come back the
0

step 3, 4, 5 until the obtained set is empty (only

implement in finite steps);

Remark 3:

Due to the offline description of the proposed scheme, it

is enables to implement constrained model predictive

controller without high performance microcontrollers as
implemented in [6].

Remark 4:

Due to the depending on state of constraint set Z X,
(step 3), we have to partition the constraint set X of state
(step 4) to obtain the offline algorithm.

Simulation Results.

In this section, we implement our simulation studies
to verify the proposed control law based on exact
linearization and the parameters of PMLSM is
given:

p=2;, r=72mm; L, =4,7mH;L_ =4,1mH;

v, =0,8 (Wb); m,, =3,5kg; i =0,8A;

P =470W; U =850

nominal

s,nominal

=380V;R

slide

nominal 'sa,sh,sc

The simulation of PMLSM investigated by exact
linearization approach show it tracks the desired
value.

0.02
0
002 P I:; \Ied ZOH /
?:l-0.0A //
%-o.os yd < o
o—o.os / : 7 [
prd TIILH LT
0.1 — - SOV TTTTRTT
012 \l ...x.ff...‘...l. I
! SO AR LA
-0.14 WWY HWWHWMW*
0.16 A :
Time ()
0.18
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Fig. 2. The behavior of currents and speed in PMLSM
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4. CONCLUSION considered in the algorithm. This paper is only a

Based on the combination between exact
linearization technique and multi - parametric
programming, we proposed an algorithm that
utilizes offline model predictive controller. The
constraints on both control inputs and states are also

first step in this topic due to the lack of multi -
parametric programming in the simulation. The
offline model predictive control law based on multi
- parametric programming enables to reduce
remarkably computation time.
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CAC CAU TRUC PIEU KHIEN PONG CO KHONG BPONG BO ROTOR
LONG SOC DUA TREN NGUYEN LY TUA THEO TU THONG ROTOR

V& Thanh Ha&', Nguyén Phung Quang?
Trwong Pai hoc Giao théng Van tai, > Trwong Dai hoc Bach khoa Ha Noi
Email; vothanhha.ktd@utc.edu.vn

Tom tat:

Bai bao trinh bay mét hwéng tiép can khac vé diéu khién dong co khéng ddng bd rotor 16ng sé¢ theo nguyén
ly twa tlr thong rotor, do 1a khi bd diéu khién dong stator d@m bao cap vector dong dién dap ng day dd cac
yéu cau nhanh, chinh xac va khéng tuong tac, két hop cung nghich lwu nguén ap, thi lic nay déng co khéng
ddng bd rotor 1dng séc gibng nhw dwoc nudi bdi ngudn dong, dadm bao cung cap hai thanh phan dong diéu
khién tir théng va momen theo yéu cau cla hé théng. Trén co s& do6 bai bao dwa ra cac cau truc diéu khién
két hop cac phwong phap diéu khién tuyén tinh va phi tuyén tirng mach vong trong va ngoai cho dong co
khéng ddng bo rotor I6ng séc. Tinh kha thi thwe hién huwéng nghién clru nay dwoc kiém nghiém bang mo
phéng Matlab - Simulink.

Abstract:

The paper presents a different approach to rotor flux oriented control of induction machines, stator current
controllers which guarantee “fast, accurate and decoupled” response of stator current combined with the
voltage source inverter working as a current sourse inverter providing field forming and torque producing
currents. Based on this, the paper provided control structure which combines linear and nonlinear technique
for inner and outer loop of the drive system. The applicability of the proposed control structure is verified
through numerical simulations.

Keywords:

Electric drive, Field oriented control, AC motor, Dead-beat control, Flatness-based control, Exact
linearization, PI.

Ky hi¢u mL N.m Momen tai
K.hiéu  D.vi Y nghia J kg.m? Momen quan tinh

bién 4p stator doc va x e aes .
usd,uq V ngang truc X Gia tri dat cua dai luong X
. Dong dién stator doc va Chir viét tit
Isd, |sq A n

gang tryc . .
FOC Field Oriented Control

Pién cam stator, di€én cam

Ls, Lr H (Piéu khién tua theo tir

rotor A
thdng rotor)

Ts, Tr . Hang s6 thoi gian stator, DCXCBP DPong co dién xoay chiéu
rotor ba pha

o H s6 ti tan toan phdn DCMCKTBHL Pong co dién mot chidu

’ ) kich tur doc lap

e, radls  Locdogocco,tocddgée  pCKPB-RLS Pong co khong dong bo
stator rotor 10ng soc

o Ttr thong rotor dong co _ . N

U Wb Khong déng bo 1. AT VAN DE

im A Dong tir héa Ngay nay cau trac diéu khién hé truyén dong khdng

déng bd (KPB) hién dai twa theo tir thong rotor,
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dugc sir dung kha phd bién. Do nguyén 1y nay tao ra
mot cong cu cho phép nhin nhan doéng co KPB-RLS
c6 cing ban chit vét 1i (tao tir thong va momen
quay) nhu PCMCKTDBL [1] va [2]. Trén co so do,
ngudi thiét ké twong dbi thoai mai trong viéc lua
chon mot luat diéu khién tuyén tinh, phi tuyén dé
giai quyét bai toan bam cho timg mach vong. Trong
nhitng nghién ctru vé FOC, c4u hinh thuong thay la
DCKPB-RLS duoc nudi boi nghich luu ngudn ap
v6i mach vong trong dugce thiét ké theo cac phuong
phap diéu khién phi tuyén, trong khi do, bo diéu
khién vong ngoai thuong 1a mot khau PI truyén
théng, hodc ca hai mach vong nay dugc diéu khién
theo cing mot phuong phap phi tuyén hay tuyén
tinh (chang han nhu mach vong trong 1a dead-beat,
vong ngoai 1a PI [1][2], (H.1), hay cing theo tuyén
tinh hoa chinh xac [3], nguyén 1y phang [4], cudn
chiéu [7], tua thu dong [10]. Cau trac kinh dién va
phuong phép thiét ké trén thi ddn dén bo didu khién
dong tinh toan phuc tap (1), dap tng momen quay bi
tré nhiéu chu ky trich mau [1],[2],[3] va [4]. Dé
hoan thién huéng nghién ciru ciu tric FOC va néng
cao chét lugng truyén dong KPB, thi da co nhiéu dé
tai, ludn vin tién sy nghién ciru tap trung van dé
nay. O day bai bao dua ra mot hudng tiép can khac
trong nghién ctru vé FOC thong qua viéc 1am rd vai
tro ctia bo diéu khién dong stator trong cac hé truyén
dong KPB-RLS. Tir @6 dua ra cach thiét ké diéu
khién mach vong ngoai doc 14p voi mach vong dong
dién. Vi cach tiép can nay vé nguyén ly diéu khién
tua theo tir thong rotor (H.5, H.8, H.9), htra hen ¢o
thé dem lai mt cdu trac diéu khién tdi wu cho hé
truyén dong KDB. Theo cach tiép can thong thudng,
md hinh trang thai ddy du cua dong co KPB-RLS
trén hé toa d0 twa tr thong rotor bao gém cac
phuong trinh dién mo ta mach stator, phuong trinh

md td qua trinh to héa va phuong trinh mo ta
chuyén dong quay.

DCKDbB-RLS:

di,, 11
- |=—+=2
dt oT,  oT,

1 s (1)

Ta thay mo hinh trang thai dong co IM (1) 1a md
hinh phi tuyén bac 4, kich thuéc cua vector bién
trang thai sé ti 1& v6i khdi lugng tinh toan can thiét.
Vi vy dé giam khdi luong tinh toan bo diéu khién
ta c6 cach nhu sau:

e Giai phap 1: phan ting diéu khién duoc sir dung
phd bién cho hé truyén dong khong dong bé nhu
H,1. O d6, 2 thanh phan dong dién stator (13 nhiing
dbi tuong c6 dong hoc nhanh) duoc diéu chinh &
vong trong cung; cac dai luong tde do quay va tir
thong rotor c6 dong hoc cham hon dugc diéu chinh
O vong bén ngoai. Vi vy viéc xdy dung va cai dat
bo diéu khién don gian hon, do duogc tich ra cac bd
diéu khién dong, toc d6 va tir thong.

e Giai phap 2: khi b diéu khién dong dién stator
dap mg day du cac yéu cau “nhanh, chinh xac va
khéng twong tac”, két hop cung nghich luu ngudn
ap, thi lac nay dong co KDB-RLS giéng nhu dugc
nudi boi ngudn dong, Lic ndy md hinh trang thai
cua dong co KDPB-RLS dugc rut gon lai nhu phuong
trinh (3) (gidi phap nay sé dwoc lam ré ¢ vai tro cua
bé diéu khién dong stator).

9 . 1 R, o R —
ad Wra ) U, 3 w,, M t,
:: T —] ¢ p—
— el -
| | %sa Yap | 1| & | 3~
4 u
9,
LT L,. im E’mp
59 sl ?
FM . PR
|| Ly Ly | 2
6 5
8 .
. i
i | . Induction
— Motor
R...,'
W Speed Sensor

H.1. Cau trdc kinh DK khién phan tang DCKDB-RLS theo nguyén Iy tua theo tir théng rotor [1]
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2. VAI TRO CUA BO DIEU KHIEN DONG
STATOR

Céu tric didu khién theo nguyén 1y FOC 1a phai tao
ra dugc ¢ phia stator cua dong co mot vector dong
dién c6 hai thanh phan dong ig (diéu khién tir thong)
VA igy (diéu khién momen) theo yéu cau. Hién tai c0
hai cach tao ra hai thanh phan dong phd bién dugc
ung dung:

e D6i v6i hé théng s dung nghich luu ngudn ap,
qua trinh tao ra dong dién phai xét cac phuong trinh
dién ap (hai phuong trinh dau (1)). Bo diéu khién
dong xuét hién chinh 1a && dam bao dong dién chay
trong mach stator dugc tao ra ding bang gia tri ma
vong diéu chinh bén ngoai (toc do va tir thong)
mong mudn.

e D6i v6i hé thong sir dung thiét bi nghich luu
ngudn dong [2][3][4], nhiém vu tao ra vector dong
dién do bd nghich luu dam nhi€ém khong li€n quan
dong co.

Vi nhan dinh nhu trén, bai bao s€ trinh bay hudng
nghién ctru chi ra rang nguyén Iy FOC c6 thé duoc
trién khai theo nhiéu ciu triic khac nhau, bang nhiéu
phuong phap thiét ké khac nhau, mién sao bo diéu
khién dong stator (két hop voi nghich Iuu ngudn ap)
dap ung day du ba yéu cau “nhanh - chinh xac -
khong twong tic”, ta c6 thé coi PCKDB- RLS dugc
nudi boi ngudn dong, dam bao cung cp hai thanh
phan dong ig VA is theo yéu cau ciia hé thong. Khi
do mo hinh trang thai PCKDPB-RLS cua hai qua
trinh tir héa va tao momen quay trong dai toc do
dinh mirc dugc ngin gon nhu (2):

% _ii _|_ii
aa T." T, ¥
Z
dd—‘;’ = Kigiyy ——-m,
2)
212
V6 i meo 2L

Mo hinh trang thai (2) dan dén giam dwoc khéi
luong tinh toan cta bo diéu khién, dong thoi thoi
gian dap tng momen sau 2 chu ky trich mau.

Vé6i tu duy nay bo diéu khién dong co dic tinh 1y
tudng (kha ning 4p dat khong tré dong dién stator —
thoi gian dap ung tirc thoi), do d6 trén ciu tric vong
DK dong c6 thé thay boi mot khau PT1 voi quan
tinh rat nho, dd cho phép don gian hoa cong viéc
thiét ké hé théng truyén dat co hoc rat nhiéu, dic
biét hé théng co hoc ¢ kha nang dao dong. Tir d6

nguoi thiét ké s& chi dong ap dung cac phuong
phap thiét ké cho timg mach vong, doc 1ap v6i nhau
(c6 thé tuyén tinh hodc phi tuyén). Mdi phuwong
phap thiét ké s& mang nhiing dic trung riéng, phi
hop voi tirng cAu hinh mach luc, dic diém dong hoc
cling nhu ché d6 van hanh cu thé. Su két hop gitra
chung htra hen co thé dem lai mot cu truc diéu
khién t6i wu cho hé truyén dong KPB. Tuy nhién,
viéc tim ra mot ciu trac nhu vy dén nay van con l1a
mot bai toan mo.

3. PHAN TiCH BDAC PIEM PHUONG PHAP
DIEU KHIEN TUYEN TiNH VA PHI TUYEN
TRONG THIET KE CAC MACH VONG DIEU
KHIEN

Cic vong diéu khién phia trong

Céc giai phap diéu khién tuyén tinh dem lai tdc do
dap tmg hiru han d6i véi mach vong dong dién. Mot
phuong phap thiét ké khau diéu chinh vector dong
stator co toc do dap ung tic thoi duoc gidi thidu
trong [1] va [2], d6 1a bo diéu khién Dead-beat, cd
cAu tric nhu hinh 3.

P(k+1)

@ (From flux model)

Controller side ! Motor side

H.2. Céu trac vong PK dong tuyén tinh
¢ dap tng hiru han

Két qua md phong cua phuong phap (H.4) khép véi
tinh toan 1y thuyét khi cac thanh phan dong dién déu
bam quy dao dat véi dong hoc tré ding 2 chu ky
trich mau dong dién, rat nho va c6 thé bo qua dbi
v6i cac vong diéu khién phia ngoai.

Véi nhimg thanh tuu cta 1y thuyét didu khién phi
tuyén va kha ning tinh toAn manh mé& cua cac vi xir
ly hién dai, viéc ung dung cac phuong phap phi
tuyén dé diéu khién DCXCBP ngay cang tré nén
phé bién va da dang. Trong d6, cac phuong phap ndi
bat 1a tuyén tinh hoa chinh xac [1][5], dua trén
nguyén 1y phing [1][6], thiét ké cubn chiéu [7], diéu
khién dy bao [8][9], twa thu dong [10]. Nhin chung
cac phuong phap diéu khién phi tuyén ké trén déu
da dat dugc nhitng thanh tyu nhét dinh trong ca
nghién ctru Iy thuyét va thuc tidn. Tuy nhién, nhugc
diém chung ciia cac giai phap nay 1a tinh 6n dinh ly
thuyét cho cac hé phi tuyén thuong dugc xiy dung
trén mién lién tuc, trong khi d6 dé cai dat dwoc cac
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thuat toan khién phi tuyén thuong phai kém thém
mot luat didu khién PI dé khur sai 1éch.

Cic vong diéu khién phia ngoai

Sau khi da lam chu mach vong dong dién stator, dé
thiét ké cac bg diéu khién cap trén, vong di¢u khién
dong duoc gom thanh mét khau tinh khong phu
thugc vao phuong phap diéu khién dong). Diéu

Field-forming current

8
— |Sd
6r R ] e isd
4
<
ol
0
-2 L
0 0.5 1 15
Time[s]
Torque-forming current
15 .
—_—1sq
D) E N [ isq
<5 1

0 0.5 1 15
Time[s]

(a)

khién mach vong ngoai 1a sy tac dong dau ra vong
diéu khién tir thong dén vong diéu khién téc d6. Tuy
nhién, sy tac dong nay chi dién ra mot chidu, néu
giit duoc tir thong khong doi thi 2 by diéu khién nay
thuc chét duoc thiét ké doc 1ap cho nhitng mo hinh
dbi tuong tuyén tinh mdt vao - mot ra ri€ng ré, trong
do dbi tuong phﬁn co ¢6 su tac dong cua nhiéu tai.

Field-forming current

6.5

[A]

55 I : I i
0.104 0.106 0.108 0.1 0.112 0.114
Time[s]
Torque-forming current
3 T T T .
ol
<

0 i | | .
1 1.002 1.004 1.006 1.008 1.01
Time[s]

(b)

H.3. Bap ung dong dién isg va i (8); }
Toan thoi gian mé phong (b). Phéng to trong thoi gian 5 chu ky trich mau vong ngoai

Nhiém vu thiét ké dit ra Itic nay tuong ddi don gian,
hoan toan co thé dugc giai quyét boi cac khau PI
(H.5).

H.4. Céc vong diéu chinh tir thong va toc do

Trong nhiéu trudong hop, do yéu cau cong nghé ma
hé théng ludn lam viée & ché dong, luong dit toc do
va/hodc tir théng khong phai 1a hing sd, bai toan s&
tr& nén phirc tap hon (phi tuyén), budc ngudi thiét
ké phai dua ra giai phap diéu khién nang cao phu

hop. Voi tu duy thiét ké 1a sir dung phuong phap
diéu khién phi tuyén cho mach vong ngoai, s& dugc
ap dung dé giai quyét bai toan phi tuyén, dé c6 hiéu
qua dap ung tot, dang yéu cau cong nghé.

4. CAC CAU TRUC PIEU KHIEN PCKDB-RLS
KHI KET HOP CAC PHWONG PHAP DIEU
KHIEN TUYEN TiNH VA PHI TUYEN TRONG
THIET KE CAC MACH VONG

V6i nhan thirc vé vai tro cua mach vong dong dién
stator da néu ¢ cac muc trén, nguoi thiét ké hoan
toan c6 thé lya chon phuong phap diéu khién cho 2
mach vong mét cach ddc lap, tham chi bo diéu
khién téc do va b didu khién tir théng ciing c6 thé
dugc xdy dung theo nhiing phuong an khac nhau.
Bai bao trinh bay vé mot huéng thiét ké khac céc
vong diéu khién “mach vong trong sir dung phuong
phdp thiét ké tuyén tinh hay phi tuyén, con mach
vong ngoai sit dung phuwong phdp phi tuyén hay
tuyén tinh”.
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Vong DK tdc do:
nguyén ly tiwa phang

Thiét |
1ap quy
dao

phing

Vong DK dong dién stator:
Dead-Beat

|_____I

I%Cf“ﬁ'%@
DCVTKG

MDKDB_RLS

Do tée
do

H.5. Cau trdc két hop vong trong theo phuong phap dead-bea va vong ngoai theo phuong phap tua phang

B.1. Théng s6 dung trong cac md phong Hé s0 tir tan toan phan o 0.0704
. ~ . Momen quan tinh J 0.001 kgm?
1. Thong s6 dong co Ky hiéu Gia tri - - p
- 2. Thong s0 bd dicu khién
Cong suat dinh mirc Prom 0.5 kW TAn s6 didu ché o 5 kHz
Téc do dinh mirc Nnom 3000 vg/ph Thoi gian trich mau . .
Dong dién dinh mitc oo 10.4 Agys - Vongwong T, 200 pis
- Vong ngoai Tow 2ms
bién ap dinh muc Unom 220 Vrms
S6 dbi cuc Z, 1 4.1. Cau trac diéu khién vong trong Dead-
Dién {6 rotor R 040 O Beat, vong ngoai nguyén ly twa phang
v r .
Dién tré stator R, 037 Q e Tait=0.1s khoi dong tao tir thong.
Pién cam rotor L, 34.25 mH e Tait=0.5s ting toc dén gia tri dinh mirc 3000
Pién cam stator L 34.41 mH vong/ pht. i
HE cam 33.1 mH e Tai t=1s dong tai dinh muc (day tai).
m .

He 6 cong Sudt cosp 0.9 e Tait = 1.5s thuc hién dao chiéu quay dong co

xudng dén -3000 vong/ phuit.

e Két qua mod phong

Field-forming current

N
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1
Timel[s]

Torque-forming current
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< st
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Time[s]

H.6. Bap tmg dong dién isq Va igq
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H.7. Béap ting téc do va momen quay
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4.2. Cau truc diéu khién vong trong tuyén
tinh héa chinh xéac, vong ngoai theo kiéu PI
va nguyén ly twa phang

e Tai t = 2s tang tbc dén gia tri dinh murc 3000
vong/ phat.

e Tait=6 s dong tai dinh mirc (day tai).

e Tait=0s khoi dong tao tir thong.

_———— — — — — — — — — — — — — — — Upe
| Mach vong dong dién | %_{ }_%
- Tuyén tinh hoa chinh xac Risd
| Isd — ‘ Wl usd usln
| it A- - > cTPTT U, . ei% jul, |1 ‘4
| = =) - W, > > T‘J—L >
T T 4
1 sq :
| sd Risq 4 A ,95 | PC vector
L W3 = w, # i
w Isd i Isa <_$o ‘
- — 1% H
Js | MHTT w iy |8 iy - ‘
Isd < <7lsw

Tinh toan |sq
dong dién
i

H.9. Céu tric két hop vong trong theo phurong phap tuyén tinh hda chinh xac va vong ngoai theo tya phang

Field-forming current Flux and magnetic current

6 ‘ 35
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H.11. bap ting tir théng va dong tir hoa
Field-forming curent Speed
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H.10. Dép tmg dong dién iy VA igq H.12. Pap tng tc do n* van
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Két qua md phong cho thay thanh phan dong tao tir
théng (isg) va dong sinh momen (is;) déu bam chinh
xac theo quy dao dat (do bo DK tir thong va DK tdc
d6 vong ngoai cung cdp) ¢ tat ca ché do lam viéc
dugce khao sat (H.7, H.11). Trén co so diéu chinh
dong dién stator phia trong dat tiéu chi nhanh, chinh
xac va khong tuong tdc, momen quay duoc ap dat
nhanh va téc d6 quay ciing nhanh chong dua dén gia
tri trong khoang thoi gian ngén (H.8, H12, H13).

5. KET LUAN
V6i cach hudng nghién ciru trén vé diéu khién dong
co KPB theo nguyén ly tua theo tir thong rotor “ ho

TAI LIEU THAM KHAO

diéu khién dong két hop véi NLNA thi PCKPB-RLS
diege nudi boi nguon dong”. Cling véi cac clu tric
DK dua ra trong bai bao, da khé“ing dinh mot phﬁn
cho phép nguoi thiét ké tiép can cau tric phéan ting
diéu khién cua truyén dong dién xoay chiéu ba pha
mdt cach linh hoat, timg b diéu khién c6 thé duoc
xay dung theo nhitng phuong phap doc lap va phu
hop v6i ché do 1am viéc cu thé. Qua d6, bai bao goi
mé modt hudng nghién ciru méi vé viée di tim céu
tric t6i wu trong truyén dong dién theo nguyén ly
FOC. Hudng nghién ciru nay hira hen c6 thé s& 1a
budc di mang tinh hoan thién cho cac dé tai vé FOC.
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PEAK-CURRENT-MODE CONTROL DESIGN FOR BIDIRECTIONAL
NON-ISOLATED DC-DC CONVERTER APPLIED
FOR URBAN ELECTRIFIED TRAIN

DIEU KHIEN DONG PIEN BIiNH CHO BO BIEN BOI DC-DC HAI CHIEU
KHONG CACH LY NG DUNG CHO TAU BIEN BO THI

An Thi Hoai Thu Anh', Nguyén Van Lién® , Vi Hoang Phuong?
Trwdng Pai hoc Giao théng Van tai, *Trwdng Dai hoc Bach khoa Ha Noi
Email: htanh@utc.edu.vn

Abstract:

The paper presents the peak current mode control in the indirect mode with a cascaded control loop; inner
current control loop, and outer voltage control loop to a bidirectional non-isolated DC-DC converter. The
peak current mode control with its great advantages includes constant switching frequency, simplicity of
implementation, fast dynamic, and specially not requiring parameters of conductors are similar; the voltage
control loop is the PI controller. The proposed controllers have proved to be their stability when load
changes, and results are verified through Matlab/Simulink/System simpower software.

Keywords:
Bidirectional DC-DC converter, peak-current mode control, super-capacitor energy storage system (SESS).
Tém tat:

Bai bao trinh bay cAu truc didu khién dong dién dinh trong diéu khién gian tiép cho bd bién dbi hai chidu
khong cach ly (rng dung cho tau dién dé thi. C4u truc diéu khién cta bo bién déi nay cé dang ndi tang; vong
trong cAu truc diéu khién dong dién, vong ngoai cau tric diéu khién dién ap. Vong diéu khién trong dwoc
thiét ké theo c4u tric dong dién dinh vi nhitng wu diém cla cAu tric nay 1a tan sé chuyén mach cé dinh, don
gian trong diéu khién, dap (rng déng hoc nhanh, dac biét 1a khong doi hdi tham sbé cla cac cudn cam gibng
nhau hoan toan; ciu tric diéu khién vong ngoai 1a Pl. Cac bo diéu khién duwoc dé xuat da chirng té dwoc
tinh &n dinh khi tai thay dbi. Két qua dwoc minh ching théng qua phan mém méd phdng
Matlab/Simulink/Simpower System.

dissipated by braking resistors. In order to prevent
regenerative braking energy failure, the bidirectional

Abbreviation

ESS energy storage system dc-dc converter along with super-capacitors,
SESS super-capacitor energy storage system forming super-capacitor energy storage system, has

. . widely been used for urban electric trains to
Pl proportional - integral

1. INTRODUCTION

Urban electric trains operating at DC voltage bus
are able to back the braking energy into the network.
The Kkinetic energy of the braking vehicle is
transformed by the traction motors into electrical
energy and transferred via the traction inverter to the
DC link of the converter. The regenerative energy is
absorbed by the other accelerating vehicles in the
same power supply interval, but if there are no any
trains near there, the excessive energy must be

recuperate regenerative braking energy and release
energy to support traction power when trains
accelerate or decelerate[1],[2]. For high-power
electric vehicle applications, utilizing multi-phase
interleaved bidirectional DC-DC converters is
suitable.

Let us consider traction system integrated with
SESS and operating characteristics of electrified
train with five regimes (acceleration, constant-
speed, coasting, braking, standing) in fig.1,2.
Voltage source inverter feeds induction motor (IM)
by means of a DC-link capacitor; the current can be

272 |


mailto:htanh@utc.edu.vn

PHAN 5. DIEU KHIEN TRUYEN DONG DIEN

either drawn from or injected into the DC-link Substation A Substation B
capacitor by the motor drive operation; the SESS is 7 | I |
connected to the DC bus via an bidirectional DC- | | | & |

DC converter. It is required to ensure the energy T LIWJ

balance between the utility and the drive motor by ‘ m ‘

regulating the upc-jink Voltage to a constant value. L :

For this control purpose, authors have designed peak . e
current mode control structure due to its advantages ofofo]* o Sa'ﬂlg} SCHJH}
[3]. However, with the study in the first step, the = .

. . . Udc raction
paper has been focused on analyzing and designing T — 8 g "ot
peak current control mode for a bidirectional non- EETF ES"H SBHIQ} sCLJK}
isolated DC-DC half bridge converter based on the I — p—
voltage levels listed in Table 1[4] BOOST MODE

Table 1. Voltage range required in simulation o Jj?"} I—a
. I
Low-side bus voltage range 320 - 580 VDC /e o Fec
(nominal 320 V) Bidrectinal DC-DC Supercapacitor
High-side bus voltage 580 - 630 VDC
range (nominal 600V) Fig. 1. Traction motor drive system integrated with SESS
Vi,
F:'mech X Deceleration .
T Acceleration Constant speec’ Coasting (Braking) Standing
m [ — I - ' '
- 4"—7
te | ty I tc | t : ts |
\Y | |
v i ™ o
| Pmech(t) ! !
Vi(t) [ : | :
[ |
I : I I
| | | |
I [ : :
I : I I
|
y i | !
a | |
I;H(a{ﬁ) I | I I
| | o
| [ [ [
I | I I
I X : -
ta

Psc

Discharge

Y

Charge t

Fig. 2. Operating characteristics of traction motor drive system integrated with SESS
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2. BIDIRECTIONAL NON-ISOLATED DC-DC
CONVERTER

Power circuit diagram of the bidirectional non -
isolated DC-DC converter described in Fig.3 is able
to transfer energy from SESS to electric drive
system, and vice versa.

DC Link

Uge

-

esr

Csc  Rsc

Super-capacitor pack

Fig. 3. Power electric scheme of a bidirectional
non-isolated DC-DC converter

The main structure of the bidirectional non-isolated
DC-DC converter shown in Fig.3 contains an
inductor, switches Sgx and Sgs, and diodes are
connected in parallel and then to a single capacitor.
The DC-DC converter placed between high voltage
DC bus and low voltage SESS operates in buck or
boost mode: In boost mode, Sgs and Dgs are the
operating switches, and the low-voltage side
delivers energy to the high-voltage side (DC bus);
super-capacitor modules get discharged by low
voltage. In buck mode, Sgx and Dgx are the
operating switches, and the high voltage side
transfers energy to the low voltage side; the super-
capacitor modules get charged from the DC bus.

Averaged model of bidirectional DC-DC converter
is shown in fig.4, switches are replaced by an ideal
transformer with d(t) being transformer factor, and

U, (t) = d (t)u, (1)

I (t) = d (O () @

Fig. 4. Equivalent circuit of averaged model
of bidirectional DC-DC converter

Averaged model of DC-DC bidirectional converter
shown average model is [5]

di .
Ld_tL =—ri, +duye —Ug

(2)

duge
dt

C=0C — i +i,,

In the equation (2), the state variables arei, ,u,. and

control variable is duty ratio (d). The system is
nonlinear structure due to existing the multiplication
of d and upc. There are many methods of nonlinear
control design; however, in this paper the authors
used Linearization around the selected operating
point, details are shown in section 3.

3. CONTROL DESIGN FOR BIDIRECTIONAL
DC-DC CONVERTER

In most DC-DC power electronic converter
applications, the output variable is the voltage and is
involved in the outer loop; the variable within the
inner loop is the current. The inner plant captures
the inductor current dynamics; namely, managing
charge or discharge of super-capacitor system while
the outer plant embeds the equivalent capacitor
voltage dynamics, indeed, keeping DC-link voltage
is a certain constant value.

3.1. Design of the peak current mode
algorithm

The control structure of an biridectional DC/DC
converter proposed in the paper is the peak current
mode control. Besides its advantages, sub-harmonic
oscillation is a knotting problem in the inner loop.

iL(t) 4 Steady state inductor
current

ic(t)

Perturbed inductor
current

Ts 2Ts

Fig.5a. Stable at D<0.5

Steady state inductor
current

Perturbed inductor
current

Ts 2Ts

Fig.5b. Unstable at D > 0.5
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For an inner current loop, perturbation will be
damped when the duty cycle is less than 0.5, which
is shown in Fig 5a, and perturbation will be
amplified when the duty cycle is greater than 0.5
regardless of the state of the voltage feedback loop
[5]. To improve this disadvantage, injecting a
certain amount of slope compensation into the
current loop, the dc—dc converter will be stable for
any duty cycle [6]

A cascaded control shown in fig.6 is designed by
nesting two-control loops, and this structure requires
separation of the dynamics in the sense that the
inner loop must act much faster than the outer loop.
The inner loop - to control charge and discharge of
super-capacitors, while the outer loop-PI controller

regulates error between u,. and u”,.

mc \I\N\ Clock

Ubc* ; R —»is Q[ Sk
—»d-» Pl <'C—>o#>+ _1
T' I R_ Q. SBs
DC g

Csc Rsc

Super-capacitor
pack

Fig. 6. A cascaded loop control structure
of the bidirectional DC-DC converter

Slope compensation

Clock

«—DTs —» t

- Ts=1lffs ———»

Fig. 7. Slope compensation for a DC-DC converter
atD>0.5

The outer voltage control loop produces the

reference values i*l_ of the inductor current. The
reference current signal is compared with the
measured inductor currents il_to reset the flip-flop

when i, reachs i*l_. In generating i*l_, the voltage

output i is

compensation signals, which is vital for alleviating
oscillations at the sub-harmonic frequencies of fS ,

controller modified by slope

especially at the duty cycle D>0.5. When the
inductor current reachs the reference value, switches
are turn off, and are turned back on at a regular
interval Ts set by the clock.

To find value of slope compensation: m,

In dc steady state, the inductor current can be
expressed as the sum of its average and the small-
signal perturbed component:

i) =1_()+i () ©)
R VT _1 _ (4)
Al = L(USC UDC)DTS_LUDC(]' D)T,

Where

D= Yse : Threshold duty cycle

DC
With voltage range in table 1 as follow:

580VDC <Upe <630VDC .y —500vDC

320VDC =Ug =58VDC .y —320vDC

Therefore:
0.53<D<0.92
"iml,ai’fx
Ic
T et ST I L OP
N AT,
s
Ve d N mzmes |
7/ N |
- my N m) !
A \ |
Aiy (k) \ |
A N (kD) Ts
KTs (D+d)T, DTs N )

Fig.8 Calculation of slope compensation m,

Where:

m;: Rising slope of inductor current;
m,: Falling slope of inductor current;
m¢1: Slope of compensation ramp;
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Ts: Switching period of the converter;

D: Steady state duty cycle;

d : Small-signal perturbation;

Ai, (k) : Perturbation in the inductor current at the
beginning of the cycle;

Ai (k+1): Perturbation in the inductor current at
the end of the cycle.

Super-capacitor energy storage system has
exchanged energy with traction motor drive system
via the bidirectonal DC-DC converter interface, so
this DC-DC converter is to operate both buck mode
and boost mode; therefore, m1, m2 in these modes
are determined differently [7].

Buck mode:
usc _ch . ch
m === -m, = - (5)
L L
Boost mode:
uSC . uSC—uDC
m =S¢ -m, = ——0C (6)
L' L
Al (k) = mAdT, +m AdT, ©)
Ai, (k +1) = mAdT, —m AdT, ©)

Inductor current different ratio is calculated:

Ai,(k+1) _m,—m
Aiy (k)  m+m,

<1 9)

Therefore:

m, > T _ M (10)

3.2. Design of the voltage - loop control
algorithm

After designing current controller, authors keep
designing the voltage-loop control algorithm. For
the small perturbations, the current loop acts
extremely fast, and it can be assumed ideally with a
gain of unity.

G.5) pe(s)

oo (s) i (‘2 peak current | iy (s

—

GVC(S)
PI

Fig.9. Voltage-loop control structure

Form the second equation of (1) the transfer
function relating the voltage upcjink With the inductor

current is computed:

dlpe

e di, +i,D +i,, @y

c
Applying the Laplace transform for (11) leads to
(12) with

G, (s) = Upc (5)| ~ Upc (5)| __ Db 12)

L) o~ W) | Cs

The transfer function of outer plant is type of the
integral form. However, the system still exists
disturbance, so digital Pl controller may be
effectively used to ensure both zero steady-state
error and controlled bandwidth.

The transfer function of PI [9]

k _ kaS + kIv

Gvc (S) = I(pv +i (13)
S S

Using model balance method finds values of ki, ,k,,

(kS Tkn)D o k
Cs? —kp,Ds—k,D 1 52+2—§s+1 %)

2
W W

Gg(s) =~

For our study, the selected values were:

I(Iv:_i

D

28
K. —_ 15
Pv a)nD ( )
ool
n \E

Where w,- Oscillation cycle, ¢- Damping ratio
(select £ =0.71).

4. SIMULATION RESULTS

In order to test the effectiveness of the control
stratergy and the feasibility of bidirectional non-
isolated DC-DC converter, simulations are
performed by Matlab/Simulink/Simpower system
softwave, with simulation parameters in table 2.

Simulation scripts: Being limitations of computer
figuration, simulation results are performed in a
short time (1s). However, these results have
comprehensively shown dynamic behaviors of
system.
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Table 2. Simulation Parameters

Parameter of DC-DC converter Value
Switching Frequency, fs 20 [KHz]
DC Link voltage, UDC 600 [V]
Capacitor of DC-Link capacitor 1000 [pF]
Phase inductance, L1 =L2 =L3 2 [mH]
Phase resistance . 0.05 [€2]

Parameters of super-capacitor BMODO0063 P125
B08 63F/125V

UDC-ink

1200
1000“
800,
600|L

400
200
0

Voltage [V]

0 0.1 02 03 04 THHE?[S] 06 07 08 09 1

Fig.10. Dynamic behavior of voltage of DC-link capacitor
inpresence of load variation

Fig.10 illustrate the dynamic behavior of voltage
Upciink In the case load variation. The energy balance
between line source and the motor drive (load) by
regulating the upciink at fixed voltage value (600V).
As load variation at t =0.2;0.6; 0.8s.

Fig.11 illustrates dynamic responses of a super-
capacitor module’s current, voltage, state of
charge%. Energy charge and discharge of a super-
capacitor module are in accordance with traction
power compensation when an electrified train
accelerates or decelerates (set t=0.2;0.6;0.8s).

800 —T——T71——
= Super-capacotor curren

600 — Super-capacitor voltage
— State of charge

40

200

0

A
-200V

-400
0 01 02 03 04 05 06 07 08 09 1
Time[s]

Fig.11. Dynamic behavior of a super-capacitor module
when load varies

|
|

shumept (V]

Tinels]

Fig.12. Dynamic response of inductor current
when having slope compensation

Fig.12 shows dynamic response of inductor current
in case of slope compensation.

102

0L

104 1106 1® 0 un uy 1 us puvil
Time [§ ‘]

Fig.13. Dynamic response of zoom-out inductor current
and reference current

5. CONCLUSIONS AND FUTURE WORK

The peak current mode control designed for the
bidirectional non-isolated DC-DC converter which
offers bidirectional power flow has made used of the
advantages of indirect mode control; mainly:1)
Control simplicity; 2) Fast dynamics; 3) Constant
frequency; 4) Non-similar parameters of conductors.
Future work lies in designing a peak current mode
for interleaved bidirectional DC-DC converter
utilized on urban electrified trains with the aim of
improving operation quality of electric train and
saving energy by recuperating regenerative braking
energy via SESS.
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FPGA-BASED FUZZY SLIDING MODE CONTROLLER FOR DC MOTOR DRIVE
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Department of Electrical Engineering - Thai Nguyen University of Technology
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Abstract:

This paper focus on the realization of Fuzzy Sliding Mode Controller (FSMC) for DC motor drive based on
Field Programmable Gate Arrays (FPGAS). Firstly, a mathematic model of the DC motor is defined. Then to
increase the performance of the DC motor drive system, an FC constructed by a fuzzy basis function and its
parameter adjustable mechanism using FSMC is applied to the speed control loop of the DC motor drive
system. Secondly, FPGA by using finite state machine (FSM) method is presented to realize the
aforementioned controllers, and VHSIC hardware description language (VHDL) is adopted to describe the
circuit of the FSMC. Finally, an experimental system is established to verify the effectiveness of the proposed
FPGA-based fuzzy sliding control system for DC motor, and some experimental results are confirmed

theoretically.

Keywords:

FPGA; fuzzy controller; sliding mode controller; DC motor; Finite state machine ; VHDL; Nios II.

1. INTRODUCTION

A field programmable gate array (FPGA)
incorporates the architecture of a gate arrays and the
programmability of a programmable logic device. It
consists of thousands of logic gates, some of which
are combined together to form a configurable logic
block (CLB) thereby simplifying high level circuit
design. Interconnections between logic gates using
software are externally defined through SRAM and
ROM, which will provide flexibility in modifying
the designed circuit without altering the hardware.
Moreover, concurrent  operation,  simplicity,
programmability, a comparatively low cost and
rapid prototyping make it the favorite choice for
prototyping an application specific integrated circuit
(ASIC). Furthermore, all the internal logic elements
and therefore all the control procedures of the FPGA
are executed continuously and simultaneously. The
circuits and algorithms can be developed in the
VHSIC hardware description language (VHDL) [1-
2]. This method is as flexible as any software
solution. Another important advantage of VHDL is
that it is technology independent. The same
algorithm can be synthesized into any FPGA and
even has a direct path to an ASIC, which opens
interesting possibilities in industrial applications in

terms of performance and cost. The major
disadvantage of a FPGA-based system for hardware
implementation is the limited capacity of available
cells. Therefore, the research on FPGA-based
sliding mode or fuzzy controllers can be found in
the high performance control application literature.
Chen and Tang [3] proposed a FPGA-based sliding-
mode control scheme that used an improved
equivalent control method without complicated
computations for pulse-width modulation (PWM)
brushless DC motor drives. A fixed-frequency
quasi-sliding control algorithm based on switching-
surface zero-averaged dynamics is reported in [4].
This FPGA based system is applied to the control of
a buck-based inverter. Kim [5] proposed the
implementation of a fuzzy logic controller to a
FPGA system. The fuzzy logic controller is
partitioned into many temporally independent
function modules. Then, the FPGA chip is
subsequently reconfigured one module at a time by
using the run-time reconfiguration method. FPGA-
based applications of various motor drives can be
found in. A digital wheel-chair controller is
presented [6]. The control process consists in
command decoding, speed estimation, and speed
serving. Through proper partitioning to concurrent
blocks, the design complexity is reduced

279 |


mailto:hailinh311@gmail.com

DIEU KHIEN VA T BPONG HOA CHO PHAT TRIEN BEN VNG (CASD - 2017)

significantly for FPGAs. The concepts of car
maneuvers, fuzzy logic control (FLC), and sensor-
based behaviors are merged to implement human-
like driving skills by an autonomous carlike mobile
robot in [7]. Four kinds of FLCs are synthesized to
accomplish the autonomous fuzzy behavior control.
The implementation of the proposed control on a
FPGA chip is addressed. In [8], a motion control IC,
which is realized on FPGAs, for X-Y table is
presented. The motivation of this study is to design
a suitable control scheme to confront the
uncertainties that exist in a DC motor drive
including the frictional force using a FPGA chip to
allow possible low-cost and high-performance
industrial applications. Due to its robustness and
case of implementation, a fuzzy sliding-mode speed
controller is adopted in this study to control the
speed of DC motor. The designation and
implementation of the FPGA-based control IC will
be described in detail. Compared with a DSP or a
PC-based fuzzy controller, the merits of the FPGA-
based fuzzy controller are a parallel processing and
small size in addition to a low cost. Moreover, the
developed VHDL code can be easily modified and
implemented to control any type of DC or AC
motors as well [9].

2. MATHEMATICAL MODEL OF A DC
MOTOR

DC motors are widely used in industrial and
domestic equipment. The control of the position of a
motor with high accuracy is required. The electric
circuit of the armature and the free body diagram of
the rotor are shown in Fig. 1 [10]. The dynamics of
a DC motor may be expressed as:

di,

V, =R, I, +L, +E, (1)
dt
dw
T=J—+Ba)—Tk (2)
dt
Ra
La
Ea
libT ) EISTO fg;ﬁ;)g Damping B
< 2T  ¥0!
torque load
Fig.1. Model of DC motor [9]
T =, ®)

E,=K,0 4)
do _ ()
dt

With the following physical parameters:
E, - The input terminal voltage (source), (v);

: The back emf, (v);

Eb
R, - The armature resistance, (ohm);
1, - The armature current (Amp);

L, - The armature inductance, (H);

J : The moment inertial of the motor rotor and load,
(Kg.m?);
T : The motor torque, (Nm);

@ The speed of the shaft and the load (angular
velocity),(Rad/s);

¢ : The shaft position, (rad);

B: The damping ratio of the mechanical system,
(Nms);

T, - The torque factor constant, (Nm/Amp);

T, =0, DC motor runs without load.

T (£
£:01

£.0) 1 Ity . 1 @ (7)
Ls+R, J.5+B, "

E,(2)

Kb

-

Fig.2. The model of a DC motor

3. SLIDING MODE CONTROLLER

The sliding mode control schemes have been widely
developed over several decades of years.
Essentially, the SMC uses discontinuous control
action to drive state trajectories toward a specific
hyperplane in the state space, and to maintain the
armature or the control of the field. Easy controlling
and cheapness of the circuit drive of the DC motors
comparing to AC motors has lead to be chosen by
the consumers and industries. DC motors are done
mainly controls through the control of the state
trajectories sliding on specific hyper plane until the
origin of the state space is reached. In an SMC
system [11], the control commands are adequately
designed such that the states will move towards the
desired sliding plane. Once the states reach the sliding
surface, the system is said to be in sliding mode. During
the sliding mode, the system possesses some invariance
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properties, such as robustness, order reduction and
disturbance rejection. The first step to design a sliding
mode control is to determine the sliding hyperplane with
desired dynamics of the corresponding sliding motion.
And the next step is to design the control input so that the
state trajectories are driven and attracted toward the
sliding hyperplane and then remained sliding on it for all
subsequent time. In the following, the sliding mode
control for continuous and discrete time system is
reviewed. A Sliding Mode Controller is a Variable
Structure Controller (VSC). Basically, a VSC includes
several different continuous functions that can map plant
state to a control surface, and the switching among
different functions is determined by plant state that is
represented by a switching function. Without lost of
generality, consider the design of a sliding mode
controller for the following second order system; u(t) is
the input to the system. The following is a possible
choice of the structure of a sliding mode controller u is
control law :

u = —ksgn(s) + Uy, (6)

Where U, is called equivalent control which is used
when the system state is in the sliding mode;
Uy =Keq (E+4€)andk,, =u, *N; N is the constant,

N>0. The k is a constant and it is the maximal value of
the controller output. The s is called switching function
because the control action switches its sign on the two
sides of the switching surface s = 0. The s is defined as:

s=¢€+1e @)
Where e(k) =, (k)—w,(k) and @, is the desired

state. A is a constant. sgn(s) is a sign function, which is
defined as:

-1ifs<0 (8)
sgn(s)=
1lifs>0

The control strategy adopted here will guarantee the
system trajectories move toward and stay on the sliding
surface s = 0 from any initial condition if the following
condition meets:

s$ <7ls| ©)

Where ) is a positive constant that guarantees the system
trajectories hit the sliding surface in finite time. Using a
sign function often causes chattering in practice. One
solution is to introduce a boundary layer around the
switch surface (7):

U =u, + U (10)

Where U, = —k*sat(s /p) and constant factor ¢ defines

the thickness of the boundary layer. The sat(s/p) is a
saturation function which is defined as:

s % if ;31
<)
. (Sj s
sign| — if |—|>1
¢ ¢
with
(1if 2 <o
S S
sign| —|= QO if —=0 (12)
35 173
1 if S >0
\”

Fig. 3. The sliding surface and the boundary

4. FUZZY CONTROLLER

The tracking error and the change of the error are
defined ass and s (or ds). And s is sliding surface in
(7) by s=¢é+ e and § =s(k) —s(k-1); s(k) = de(k)
+7e(k). Therefore,

s(k-1)=de(k-1) - re(k-1) (13)
and
de(k-1)=e(k-1)-e(k-2); (14)

s(k-1) and de(k-1) for calculating in the FSM in
Fig.6.

and s, ds and u are input and output variables of FC,
respectively. The design procedure of the FC is as
follows:

1. Take the s and ds as the input variables of the FC,
and define their linguist variables as S and dS. The
linguist value of S and dS are {Ag, A1, Ay, A, Ay, As,
A¢} and {B,, By, By, Bs, By, Bs, Bg}, respectively.
Each linguist value of S and and dS. The linguist
value of S and dS are {Aq, A1, Az, Az, As, As, A} and
{Bo, Bi, B, Bs B4 Bs, Bg}, respectively. Each
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linguist value of S and dS is based on the
symmetrical triangular membership function which
is shown in Fig.4.

2. Compute the membership degree of s and ds. Fig.
4 shows that the only two linguistic values are
excited (resulting in a non-zero membership) in any
input value, and the membership degree Uy CAN

be derived by

ROE 5—2‘5 and z, (s)=1-u, (s) (15)

where s A-6+2*(i+1). Similar results can be

i+1=

obtained in computing the membership degree s, (a5

3. Select the initial fuzzy control rules by referring
to the dynamic response characteristics, such as,

IFsis A; and As is B; THEN u, is ¢ (16)

where i and j = 0~6, A and B; are fuzzy number,
and c;; is real number. The graph of fuzzification
and fuzzy rule table is shown in Fig. 4.

4. Construct the fuzzy system us (s,ds) by using the
singleton fuzzifier, product-inference rule, and
central average defuzzifier method. Although there
are total 49 fuzzy rules in Fig. 4 will be inferred,
actually only 4 fuzzy rules can be effectively excited
to generate a non-zero output. Therefore, the (11)
can be replaced by the following expression:

i+l j+l

3> Conlitn (8)* 15 (ds)]

U (s,ds) = gficm‘n*dn,m
Ha (8)* pg (ds) "
22 (17)
where  d Ay, ()*u (ds). And thosec, are

consequent parameters. In addition, by using (15), it
is straightforward to obtain i’id _, In(17).

n=i m=j

Fuzzy Inference and Output

Rule 1:5 is4:and ds is B then uis ¢z
5 | Rule 2:5is 4:and ds is B; then uyis ¢33

ds)

u

Input of ds (for j=1)

3 Fuzzy Rule Table and d;+d;,+dy+d, =1

@ ®)

Fig.4. The symmetrical triangular membership function
of s and ds, fuzzy rule table, fuzzy inference
and fuzzification

5. DESIGN OF FUZZY SLIDING MODE
CONTROLLER

In this section, a fuzzy sliding surface is introduced
to develop a sliding mode controller which the
expression —k*sat (s /¢) is replaced by an inference

fuzzy system for eliminate the chattering
phenomenon. The designed fuzzy logic controller
has two inputs and an output. The inputs are sliding
surface (s) and the change of the sliding surface $
(or ds) in a sample time, and output is the ux. The
control law u =—k*sat(s) +Uu,, in (10) is computed

with explanation in section Ill. The configuration of
the overall control system is shown in Fig.5.

Fuzzy sliding mode controller speed loop

Sliding
mode |2
control
law

model

Fig.5. Diagram of FSMC for DC motor drive system

6. DESIGN OF FPGA-BASED SLIDING MODE
CONTROLLER FOR DC MOTOR

The internal architecture of the proposed FPGA-
based motion control IC for DC drive is shown in
Fig. 7. The FPGA uses Altera DE2 EP2C35 and a
Nios Il embedded processor which is downloaded
into FPGA to construct a SoPC environment. The
motion control IC which comprises a Nios Il
embedded processor IP and a speed control IP, is
designed under the SoPC environment. The speed
control IP implemented by hardware is adopted to
realize the function of a speed fuzzy sliding mode
controller, a current controller, PWM generation,
QEP detection and transformation, etc.[12]

An FSM is employed to model the fuzzy sliding
controller in speed loop which is shown in Fig. 6. In
this Figure, it uses adders, multipliers and registers,
divider, saturator, etc. and manipulates 30 steps
machine to carry out the overall computation. With
exception of the data type in reference model are 16-
bits, others data type are designed with 32-bits
length.
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Fig.7. Internal circuit of the proposed FPGA-based
motion control IC for DC motor drive

7. EXPERIMENTAL SYSTEM AND RESULTS

The experimental system is shown in Fig.8. Firstly,
the power supplies AC voltage 110V to converter;
Then the AC to DC converter converts the voltage
from AC signal to DC signal includes: 5V DC
supplies to ICs; and also transformer which
transforms to 15V DC supplies to IGBTs. DC motor
driver board specialized circuits (motor drivers)
have been developed to supply motors with power
and to isolate the other ICs from electrical problems
(12V). The encoder using the 24V DC is supplied
by power supply; DC motor uses the 24V DC. The

FPGA uses Altera DE2 EP2C35 which is a core
component in this system and used to develop the
proposed controller.

Transformer
L = ==

e=| FPGA-

N
(V)

/) i
e
N — 7

7 =3

Fig.8. Experimental system

Three external loads are added to DC motor which
is considered to evaluate the robustness of applied
controller as shown in Fig.9.

Fig.9. Experimental system
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To investigate the effectiveness of the proposed
control algorithm, three experimental cases with
different conditions are carried out.

Case 1: Under external load T= 0 kg
Case 2: Under external load T= 0.6 kg
Case 3: Under external load T=1 kg

Some experimental results are provided to
demonstrate the effectiveness of the proposed
FPGA-based control system. We obtained some
response results using FSMC in controlling speed of
DC motor with square commands. By changing the
button control, the speed is controlled by hardware
system as in Fig.8. The results obtained from Nios Il
IDE environment by implementing as hardware
system and are plotted in Matlab software. Firstly,
in case 1 condition without external load, using
FSMC, the response performs without overshoots
and rabidly track the command at 20ms as shown in
Fig.10. Secondly, the case 2 condition under 0.6Kg
external load is applied; the FSMC gives good
performance with a small overshoots and oscillation
phenomenon. Moreover the rising time to reach the
speed commands at 60ms as in Fig.11. Finally, the
case 3 condition with 1kg external load is applied.
The FSMC is used which gives response with a
negligible overshoots as shown in Fig.12 Initially,
the mover of the DC motor tracks the commands
with overshoot at some changing points, and then
the c;; parameters are tuned to adequate values, and
finally the rotor speed can closely follows the
commands in all of three cases.

123;;1 ™ \ﬁ r"w I~

Speed command Speed response

]
=]

Speed (pm)

&
=]

Extemallad =0Kg |

=]
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Time (ms)
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: \ l n u
L f f I J
= -500
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Time {ms}

(b}

Fig.10. Square responses using the Fuzzy Sliding Mode
Controller under 0 Kg external load
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8. CONCLUSION

This study has successfully demonstrated the design
and implementation of a FPGA-based fuzzy sliding-
mode control system for DC motor. First, the
dynamic model of DC motor drive was introduced;
then, a sliding mode controller technique was
designed. The work herein is summarized as
follows. The functionalities required to build a fully
digital motion controller of DC motor drive have
been integrated in one FPGA chip. The behavior of
a FSMC has been successfully described by VHDL
language. Finally, some experimental results are
verified the effectiveness of the proposed controller
system with good performance response as well.
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chét bdi tron va quay & téc do cao. Bai bao nghién ctru vé& dong co d tlr tw nang, trong dé tap trung vao
déng co ddng bd kich thich vinh clru ti trwdng doc truc. Dong co' nay bao gdm 6 tlr huwéng truc va tir
trwdng doc truc, twong ng 1a hai thanh phan diéu khién vi tri va diéu khién téc do quay dong co. M6 hinh
toan hoc clia dong co sé duoc thanh lap tir viéc phan tich va téng hop céac lwc doc truc va momen quay.
CAu truc diéu khién dwoc xay dwng dwa trén nguyén ly didu khién twa theo tir théng rotor. Két qua moé
phdng va kiém chirng trén phan mém Matlab & Simulink cho thdy déng co dat dwoc 6n dinh va gan nhw
tach kénh gitra didu khién vi tri va didu khién téc d6 quay.

Abstract:

A little friction loss and abrasion, no lubrication and very high speed are advantages of the magnetic bearing
motors. This paper study the self-bearing motor, in that concentrated to the axial flux permanent magnet
synchronous motor. The motor is an electrical combination of an axial magnetic bearing and axial flux motor,
correspondence the axial position control and the rotating speed control of motor.An mathematical model
motor will be designed from the analyze theorl of the axial force and motoring torque.A propose control
structure is rotor field orientation control. The simulation result on the software Matlab & Simulink show that
axial force and rotating torque can be controlled independently and motor works in steady state.
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Chir viét tit cai tién hé théng diéu khién cho cac 6 tir va dong co
\ tich hop 6 tir rit dugc quan tam [1].

bCDB bong co dong bd . . )
Cau tric co ban ciia dong co 0 tir va cau trac tich
hop 6 tir ngang truc — dong co  duoc trinh bay trén
TNKHDT Tu nang khe hé doc truc H.1vaH.2][2],[3].

TTDT Tu truong doc truc

1. PHAN MO PAU

Pong co 6 tir duoc biét dén nhu 1a giai phap xir 1i E&
nhitng nhu cdu ma dong co 6 bi khong dép tmg == — """~ —— ___E_ él_
. D6 14 viéc gidm ma s iép x1 khi

d}{qc Af) avczciga~ jaqsatiiotkepqucc‘:o , o
giam boi tron dau md, gidam van dé bao tri trong =S = O tor
nhirg di€u kién méi truong dac biét nhu 4p suat Ow pong co Ow Doc

. . chp AA P < . Ngang truc ; Ngang truc ’
qua cao, noi c6 nhiét do qua thap hoac qua cao. truc
Vi thé, trong nhitng nim gan day viéc nghién ciru va H.1. Céu tric ctia dong co 6 tir co ban
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Ot O tir Ot
Ngang truc Ngang truc - Doc
doéng co truc

H.2. Céu trac cta 6 tir ngang truc - dong co

Hai 6 tir ngang truc tao ra lyc dé nang rotor theo
hudng ngang truc, mot bod doc truc tao ra lyc gil
doc truc dé cb dinh rotor tai vi tri khong ddi voi
stato. Cac cau truc nay thuong can c6 kich thuoc 6
tir 16n va ndng, v6i hé diéu khién phirc tap, gay han
ché trong cac tng dung v6i khong gian nho [4], [5].
Do d6, dé thu gon céu trac dong co 6 tir va don gian
trong clu trac diéu khién, mot cu trac duogc phat
trién nhu H.3 [6].

B

Ot Otw O tir
Ngang truc doc truc - Ngang truc
dbng co

H.3. Céu trac cua 6 tir doc truc - dong co

CAu trac nay bao gdm mot rotor dang dia dic gin ¢
dinh trén truc quay va tir truong duoc phan bd déu
hai phia cua roto. Céu trac nay c6 dang tuwong tu
nhu mot dong xoay chiéu tur truong doc truc, dugc
goi la dong co tu nang khe ho doc truc. Pong co
TNKHDT la sy két hop ctia dong co tir trudong doc
truc voi O tir hudng truc, do giam bot cAu hinh phé‘m
ctng nén don gian hon vé cau trac va diéu khién so
v6i dong co 6 tir thong thuong. Pong co TNKHDT
c6 thé 1a dong co khong dong bd hodc dong bd. Tuy
nhién dong co dong bd dugc cha ¥ nhiéu hon do ¢
hé s6 cong suét va hiéu suét cao, d& ché tao.

Phuong phap diéu khién cho dong co TNKHDT dua
trén diéu khién vecto, trong d6 dong doc truc ig
dung dé diéu khién luc doc truc, con dong ngang
truc iy dung diéu khién momen quay. Két qua cho

théy ca lyc doc truc va momen quay dugc tao ra
dong thoi & dong co nay.

Néu dong co ddng bo 1a cuc 16i, thanh phan dién
cam trén hai truc d va g la khac nhau, Xuét hién
momen tir tré gy kho khin trong diéu khién tach
kénh gitra vong diéu khién vi tri va téc do.

Bai bao nghién ciru xay dung ciu trac diéu khién
cho toan bo hé théng theo nguyén ly diéu khién
vecto, sau do thiét ké cac vong kin diéu khién dong
dién, tdc d6 va vi tri doc truc. Két qua s€ dugc chi ra
thong qua két qua mo phong.

2. MO HINH TOAN HOC

Céu tric cua dong co TNKHDT dugc thé hién trén
H.4.

A

3

O tir ngang
truc 1

N

| DARRRRRRNARR

H.4. Ciu tric cua dong co TNKHDT

Céc tham sb trén cac truc x, y, ©x, O, cua rotor bi
chi phdi boi cac 6 tir ngang truc. Vi thé, chi quan
tam t6i chuyén dong quay va chuyén dong trén truc
2. Nhu vay c6 thé coi dong co gdm 2 bac tu do.

Roto 12 mot dia phang ¢6 gidn nam cham vinh ciru &
trong hai mat dia tao thanh rotor cuc 16i. Trén mdi
stator c6 cac cudn ddy 3 pha dé tao trir truong quay
trong khe ho khong khi. Cac cudn day 3 pha nay
sinh ra momen quay T, va T, , dong thoi sinh ra luc
hit F, va F, giira rotor va stato. Téng momen quay
T 1a téng cac momen duoc sinh ra tir cac cudn day,
téng luc F 12 hiéu cua hai lyc hat thanh phan [7],

[8].

Pé thanh lap m6 hinh toan hoc cua dong co
TNKHDT ta sé& tinh toan momen va lyc trén mdi
stato. Pong co déng b6 TNKHDT dua trén hé toa
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do tir thong rotor (hay hé truc d,q) dé biéu dién cac
dai lugng ctia nd.

Truc d cung phuong vdi tir trudng nam cham vinh
ctru. Céc truc U, vV, W tuong Ung cung phuong voi tir
thong do 3 cudn day trén stator sinh ra. Goc 1éch
gitra truc u va d goi la goc dién 6.

Roto 1a cuc 16i nén dd tu cam mdi pha cua stator
phu thudc vao vi tri goc roto, vi thé dién cam chiéu
trén truc d va truc ¢ la khac nhau. Do ty cam moi
pha 1a ham cta khe hd khong khi g gitra rotor va
stato. Thuong d¢ tu cam la ham ti 1€ nghich véi khe
hé khong khi, nén ta co cong thirc xap xi sau:

— § Llst

Lsd + LS|

2
3L (2)

2.9

'Sq + le

L’sqo, L’sqo twong g la dién cam tir hoa stator trén
don vi dai theo truc d va q. Ly la dién cam ro.

Pé don gian hoa, gia thiét tir truong vinh ciru cua
rotor dugc thay thé bdi mot cudn day dugc cap dong

mdt chiéu khong ddi is , t0 thong rotor duoc biéu
dién trén truc d nhu sau:

A = Lelp L (3)

Vi dién cam rotor la;

L
Lf -5 ;do +Lf| (4)

Gia thiét sy phan bd tir truong tai khe ho khong khi
1a sin, hd cam giira tir truong cudn day f va cudn day
stator la:

3 Llst
Ly “27g (5)

Nhu vay, mé hinh toan hoc ctuia dong co déng bo
TNKHDT biéu dién trén hé tryc d,q nhu sau:

. d; .
Uy = Rslsd + Lsd d_:+u)|-sq|sq

d.
Ugy = Ryigy + Lgg # +wlyiy +wA, (6)
>‘sd = Lsd isd +)‘m
Ay = L

sq°sq

Vi Ay 1a tir théng moéc vong do tir tredng rotor sinh
ra trén stato.

T (1), (2) va (5) nang lugng dong co duoc tinh
nhu sau:

1, . . .
W :E(Aflf +)‘Sd|sd +>\sq|sq)

(7

sq°sq

W= Lyl 1)+ L
Tt (6) tinh duoc lyc hat doc truc béng cach dao ham
ning lugng W theo bién khe hé khong khi g nhu
Sau:

F—

OW 3Ly . . 3Ly,
——— =", +i. )+ i 8
ag 492 (sd f) 492 sq ( )

Momen quay gy ra bdi moi stator dugc tinh nhu
Sau:

T= P(f)‘sd isq +)‘sqisd)
3P(Lsd0 - Llsqo) i (9)

Zg sq- f 29 sdlsq

Véi P 1a s6 d6i cuc.

Ttr (8) ta thiy momen T ctia dong co bao gdm thanh
phin momen tic dung sinh ra boi dong dién trén
truc  va momen tir tr¢ sinh ra do sy chénh 1éch gia
trj dién cam trén truc d va q. Diéu d6 c6 nghia la
trong moi ché d6 hoat doéng, dong co phai sinh ra
mot [wgng momen thém vao dé bu momen tir trd.

Khoang cach khe hd khong khi gitra rotor va stator
& diém can béng 1a go. Thuc té, gia tri khe hé nay sé€
thay d6i xung quanh diém cin biang v6i khoang
dich chuyén 1a z.

Theo (7) va (8), néu ta thay g = go + 2, isg = g, Isa =
fg1 VA& g =0o-2Z isg = lsq, Isg = Igp ta s& tinh dugc
tuong ung Ty, Fy,T,, F, . Tir d6, cong thic tinh tong
luc doc truc F va momen quay T la:

F=F,—F

1
T=T+T, (10)

Tuyén tinh hoa tai diém cin bang z=0 rdi khai trién
(9) thanh chudi Maclaurin, gii lai sé hang dau tién,
ta duoc:

F=Kg (idz Jrif)z *(idl Jrif)z

. . . . z

+KFq (IqZZ _|§1) +2KFq (IqZZ +I:1)g_ (11)
0

F2Key Gy 1)+ (g +1)? —
0

. . . . z

T= KT (Iql + Iq2) + KT (|q2 7|q1)g_

’ (12)

+KR (Idllql + 'dzlqz) + KR(IdZIqZ - Idllql)g_
0
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L 3L Y 3Ls \ r A A ,
Véi Ko, =90 va K., =—2 13 cac hé so luc hut
Fd 4 2 Fq 4 2
0 9

doc truc

3PL i 3(Lygo — L '
_ $d0Tf vy K :,Mlé cac hé so

T F

29, 29,
momen quay.

3. NGUYEN LY DIEU KHIEN

Momen dugc diéu khién boi dong truc q, con luc
hut duoc diéu khién boi dong truc d. Gia thiét:

Iql = qu = Iq

idl - idO - id (13)

id2 = idO + id
Trong do:

ig1 VA ig, twong tng 14 thanh phan dong dién doc truc
trén 2 stator sinh ra luc hat F; va F,

igo 1a dong offset, co gia tri rit nho hodc xép X1
khong.

Thay vao (10) va (11), ta dugc:

i2 L (14)

Fa'q

F=4Kicy + 4K (iF +i7)+4K

T:2KTiq+2KRidiqgi (15)

0
Néu sy dich chuyén bang khong hodc rt nhé so véi
khe hé khong khi tai diém can bang Qo , thi ta co6 thé
rut gon (13) va (14) thanh:

F = 4K,i i, (16)

T = 2K, (17)

Tu (13) va(14) ta théy réng, mac du luc hat doc truc
van chiu phu thudc nho vao thanh phan dong tryuc q
va momen quay van chiu phu thuéc nhé vao thanh
phan dong tryc d, nhung c6 thé diéu khién Iyc hut
baoi dong ig va momen boi dong ig.

3.1. Piéu khién vij tri doc truc

Vi tri ngang truc cta rotor dugc 6n dinh boi 6 tir
ngang truc, do vay su sai 1éch doc truc s€ doc lap
véi su dich chuyén ngang truc, va dugc tinh nhu
Sau:

F=mzZ (18)

Véi m 1a khdi lwong ctia phan chuyén dong, F 14 Iuc
huat doc tryc. Thay (13) vao (17) ta dugc:

19
M2 = 4K i iy + 4K, (2 +i$)+4KFqi§}gi (19)

0

Hay: mZ+ K,z =K, (20)

—4 Ky (iF +i5) + KggiZ

9%
dong co va Kn= 4K i¢ 12 hé s6 khuéch dai luc hit.
Cong thire (19) c6 hé s K, 1a am nén hé khong 6n
dinh. Dé hé 6n dinh, h¢ diéu khién can chira thanh
phan vi phan. Xét néu sur dung bo diéu khién ti 18 vi
phan PD thi tin hiéu diéu khién tuong tng véi gia tri
dong tham chiéu truc d nhu sau:

Vi K, = la do cling cua

iy =-K,z-Kyz (1)
Véi K, 14 hé s6 ti 1& va Kp 1a hang s6 vi phan cua bo
diéu khién vi tri doc truc. Thay (20) vao (19) ta
duoc:

mz+K, Koz +(K, + K K,)z=0 (22)
Hé 6n dinh khi cac hé s6 cua (21) 1a cung dau. Vi
Kp > 0 nén K, phai thoéa man:

i2

K Fq'q (23)

—4 Ky (if +i0)+K
Ky >—+= -
Km KFdIng

Khi sir dung PD sé& xuét hién sai léch tinh, vi vay bd
dicu khién vi tri nén stir dung bd dicu khién PID.

3.2. Diéu khién téc do

Do 1éch gitta momen dién tr T v momen tai T, tao
nén gia toc bam theo dic tinh co cia dong co. Ham
chuyén dong quay cua dong co cé the viet nhu sau:

dw

" (24)

T-T, =1J
Mot bo didu khién khuéch dai ludn ton tai sai 1éch
tinh nén bd diéu khién nén dung & day 1a PI.

3.3. CAu trac diéu khién

Céu triic diéu khién vecto ciia dong co TNKHDT
dugc thyc hién bang viéc phan tich dong tirc thoi
cua stator thanh thanh phé”m sinh luc hat doc truc iy
va mot thanh phan dong sinh momen quay ig, dugc
biéu dién trén H. 5.

Ki hiéu z 1a vi tri doc tryc tinh tir diém can bfmg
duogc xac dinh bang cam bién vi tri. Gia tri nay dugc
so sanh voi gia tri diéu khién z. (gia tri nay luon
duogc dit bang khong dé dam bao rotor & vi tri chinh
gilia hai stator). Sai s6 vi tri doc truc duoc dua vao
bd diéu khién vi tri R,, dau ra s& 1a dong tham chiéu
trén truc d. Dong tham chiéu nay s& dugc tach thanh
dong igirer VA igorer cho hai stator b?mg cach léy gia tri
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dong offset ig (gia tri nay c6 thé bang khong hoic
rat nho xap xi khong) cong hodc trir gid tri iger.

Tdc @6 rotor do duoc tir encoder duge so sanh voi
gia tri tbc do tham chiéu, sau d6 sai léch dugc dua
vao b diéu chinh téc do R,. Pau ra la dong tham
chiéu trén truc g, dong nay c6 hai gia tri twong mg
véi hai stator.

Dong dién trén hai pha cua stator trén hé toa do of

c¢6 dugc bang viée do dong trén hai pha thuc. Sau d6
cac thanh phan dong trén hé toa do dq dugc tinh dya

vao vj tri rotor do tir encoder. C4c thanh phan truc q
duoc diéu khién boi cac gia tri tham chiéu 14y tir bo
diéu khién toc do, con cac thanh phan truc d dugc
diéu khién boi cac gia tri tham chiéu 1ay tir by diéu
khién vi tri doc truc. Pau ra cua bo diéu khién dong
dung dé tinh cac gi4 tri dién ap tham chiéu. Ta can
st dung khau chuyén hé toa d quay sang hé tham
chiéu ¢ dinh ba pha stator. Dong cap truc tiép cho
cac pha stator cia dong co duoc Cép tir cac bo diéu
ché d6 rong xung PWM. Hau hét cac bo dicu khién
2 P, chi c6 b diéu khién vi tri 1a PID.

= P
l Cam bién vi tri
i‘"‘"f "{Hn’{ H'..,]"’r _ H,,|~L
2 k] —-
A R; Hojrel | Pvm INVI
Fgirey 1 Ugtrer 2 Mgrver , ”_.lni ——
- e
.
", = _
R, é’ l',.-ln 2 | Tay 3 e L
i Tinh i R _ N\ e i
[ todn Im
——| dang ’. g. |
tham
chi&u i 3 in 3 ig
Ty i 2 P N\ [ i
—=3—= Ry, o2 fied 2
a1
4 e
L i, 2 Hoy2eep * u, -
- fref ” iref | oo .
Rz ‘ PWM Ll INV2
i 2 2 u
qlref; n‘zq_-.,_[
fiire f Hgreef Hparer
I's
[ w

H.5. Vong diéu chinh dong stator sir dung phuong phap tuyén tinh hoa chinh xac

4. KET QUA MO PHONG
Cac két qua thu dugc trén Matlab-Simulink nhur sau:

Pap tmg z khi téc d6 bang 0, diém dich chuyén ban
dau so voi diém can bﬁng 1a 0.4mm, tai doc truc tac
dong tai thoi diém 0,35s nhu trén H.6.

x10*

Do dich chuyen (mm)
= "~
T
i

>

<

B I
0 0.1 02 03 04 05 08
Thoi gian (s)

H.6. Péap g vi tri doc truc khi téc d6 bang 0

Sau thoi gian qua do khoang 0,25s, rotor & vi tri can
bang giita 2 stato, dd qua diéu chinh nho 0,19mm.
Tai thoi diém 0,35s, khi dong tai, d6 dich chuyén bi
dao dong nhe r6i nhanh chong vé vi tri 6n dinh sau

khoang 0,1s.

H.7 miéu ta dap Gng toc do khi z=0, vé6i gia trj dat
tde do 1a 2500, khoi dong sau 0,02s. Nhan thay dap
ung tdc do méat 0,1s dé on dinh, va co do qua diéu
chinh nho.

3000 T T

2500

Toc dafviph)
= o

0 005 01 0.15 02
Thoi gian (s)

0.25
H.7. Pép tng tdc do khi z=0

H.8 cho biét vi tri dich chuyén bi anh huéng khi tdc
d6 thay doi, tir 0 &én 2500. Tir d thi nhén thay vi tri
bi thay d6i nhe tai thoi diém 0,3s khi chuyén toc do,
nhung trd vé vi tri cAn bang rit nhanh, cho thiy sy
xen kénh 1 khong déng ké.
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Do dich chuyen (mm)
—

] 13 [X] 3 02 [F3 03 1% 4 045 15
Thoi gian s)

Toc do (v/ph)

o 005 01 015 [F] [ K] 0% 4 045 08

Thmz;l;n (s)
H.8. Anh hudng thay ddi toc do
1én déap ung vi tri doc truc

H.9 m6 ta anh hudng cla tdi momen quay tai thoi
diém 0,25s lén tdc do va vi tri doc truc. Tai thoi
diém dong tai, ca 2 dap ung déu giam rdi nhanh
chong trd lai gia tri dat ngay lap tic.

Toc do (v/ph)

12 [F3 [H] 1% [
Thoi gian (s)

Do dich chuyen (mm)

13 01 [x5 [F3 3 03 04

Thai;fan (s)
H.9. Anh huéng khi déng tai quay 1én dap tng toc do
va vi tri doc truc

5. KET LUAN

Mot h¢ diu khién da dugc xdy dung va mé phong
cho dong co dong bo cuc 16i kich thich vinh ctru khe

hé doc truc. Bong co lam viéc voi momen quay va
lyc hut doc truc dugce sinh ra tir cac dong thanh phén
trén truc d va truc . Két qua mé phong ciing cho
thy c6 thé diéu khién giam thiéu su tac dong qua lai
gilta vong diéu khién toc d6 v6i vong diéu khién vi
tri doc truc.
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NHAN DANG THAM SO VA MOT SO DANG MO HINH PONG HOC
CUA DONG CO MOT CHIEU SU’ DUNG MATLAB SYSTEM IDENTIFICATION
TOOLBOX

IDENTIFYING PARAMETERS AND DYNAMIC MODELS OF DC MOTOR
USING MATLAB SYSTEM IDENTIFICATION TOOLBOX

Dang Ha Diing
Trwong Dai hoc Giao thdng Van tai
Email: dungdangha@gmail.com

Tom tat:

Nhan dang la bwéc quan trong dau tién cha cac bai toan diéu khién. Viéc nhan dang thanh cong déi twong
sé& cung cap nhirng théng tin can thiét d& cé thé phan tich chinh xac va gidi quyét hiéu qua cac van dé diéu
khién déi twong. Bai bdo nay sé dwa ra kha néng nhan dang va danh gia két qua nhan dang déi twong dong
co mdt chiéu kich tir ddc 1ap tir bo dir liéu do trwe tiép va st dung cdng cu system identification ciia Matlab..

Abstract:

Identification is the first important step solving the automatic control problems. The successfully identified
object provides necessary information for analyzing and controlling process efficiently. This paper describes
the ability of identifying the system parameters and dynamic linear or nonlinear models using Matlab system
identification toolbox. The data is measured directly from the system. The demonstrated system in this paper
is the direct current mortor excited separatedly.

Keywords:

model identification, parameters identification, dc motor, transfer function, state space model, linear model,
nonlinear model.

Ky hiéu 1. DAT VAN BE
Ky hicu Donvi Y nghia Pong co mot chidu 1a mot mé hinh duoc sir dung rat
R Q Dién tr phin iing pho bién trong céc tai lidu vé 1y thuyét diéu khién tu
L H Dién cam phan img donfg. Theo [1] ’Va A[Z]Z voi fgla thu;iet doi tuqnfg IEAl
, . tuyén tinh, ta ¢6 mo6 hinh ham truyén dat (1) va hé

J Kg.m Momen quan tinh . . . an ,

. phuong trinh trang thai (2) ctia dong co ¢6 dang:
K N.m/A Hang s6 dong co
B N.m.s/rad Hé sd ma sat trén truc s K

. . JL

5L 45 TFW s = = (1)
o Q(s) radls Toc do ‘ U s . BL+RJ BR 1 K2
U(s),u \% Dbién ap phan ting S+ JL S+ IL
ia A Dong dién phan tng B K
To ms Chu ky tuong (g tan so cit i[w] B N *[w]+ 1 1
Chir vibt tit g5 | At % —% WL @
TF M5 hinh ham truyén dat w
SS M5 hinh khong gian trang thai y=10 i ]
NLARX M0 hinh phi tuyén ARX :
sl System Identification toolbox Cac md hinh déng hoc trén duoc xay dung dua trén

cac phuong trinh cén bang vat 1y ciia dong co. Dé
tong hop bo didu khién kinh dién (nhu bo PID),
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thuong dya trén mo hinh ham truyén dat (1); dé tong
hop céc bo dicu khién dwa trén nguyén 1y phan hoi
trang thai (nhu didu khién t6i wu, didu khién
sensorless), phai dya trén mo hinh khong gian trang
thai (2). Pon gian hon, néu muén khao sat dic tinh
ddng hoc dong co, xac dinh hoac dy doan dugc dap
{mg cuia déng co khi tac dong dau vao thay ddi, can
mot mo hinh cho phép thuc hién dugc didu nay. Tic
la véi mdt dong co cu thé, néu co thé xac dinh ham
truyén dat hodc khong gian trang théi ciia né thi viéc
diéu khién s& c6 thé thuc hién thuan loi.

Mot dong co mot chiéu trong thuc té thuong khong
dugc cung cap san bo cac tham s K, L, R, B, J. Khi
¢6 bo tham sd nay, theo (1) va (2), s& c6 ngay cac
mo hinh dong hoc ctia dong co. Nguoc lai, néu co
mo ta trang thai cua dong co (2), co thé xac dinh
duoc bd tham sd K, L, R, B, J. Do cac tham sb nay
khong thé do dugc truc tiép, chi 6 thé do duge tac
dong dau vao (u) va van téc quay (o), dé co duge
(1) va (2) va qua d6 xac dinh bo tham sé dong co,
phai thyc hién nhan dang. Cé nhiéu phuong phap dé
thuc hién nhén dang, trong bai bao nay, tac gia s€ s
dung bo cong cu System Identification toolbox cta
Matlab trén cac bo dir liéu do truc tiép tur dong co st
dung vi diéu khién dé tién hanh nhan dang.

Bo cong cu phin mém System Identification (SI)
ctia Matlab 13 cong cu hd trg nhan dang nhiéu loai
mo hinh khac nhau nhu ham truyén dat, khong gian
trang thai va cic md hinh phi tuyén Nonlinear ARX
(NLARX), Hammerstein-Wiener. Nguoi dit nén
moéng va phat trién SI 1a Lennart LJung, ong ciing 1a
tac gia cua tai liéu [3]. Nguyén tic nhan dang cua SI
dugc thé hién trén hinh H.1.

*nhié'u n(k)

u(k) Poi twgng y(k)
thue

Nhan dang
mo hinh ym(k)

H.1. Nguyén ly nhan dang cua Sl

Nguyén tic nhin dang ctua Lennart LJung thé hién
trong [3] va la cbt 18i cua SI, c6 thé duoc phat biéu
véan tt nhu sau. TU céac tin hiéu vao va ra do duge
ctia dbi twong s& c6 md hinh phu thudc tham sb 6:

yk =G z,6 uk)+H z,6 nk

Vo6i G va H 1a nhiing ham truyén dat roi rac, phu
thudc tham sb (cac mo hinh ARX, ARMAX). Gia sir
tir G va H, x4c dinh duoc dau ra yp(k), khi d6 co:

ek =yk -y, k

Vé6i bo N miu, ta xac dinh mot phiém ham muc
tiéu:

N
Vv, 6 :iZf e ko
N

Véi f 1a mot ham vo hudng xac dinh duong. Khi do6
bd tham s © s& 1a cac gia tri 1am cho phiém ham
V(0) dat gia tri cyc tiéu, tic 1a:

0 =argminV, 6

Can ctr theo 1y thuyét trén, dé nhan dang tham sd
dong co no6i riéng hay moé hinh ddng co noédi chung,
can phai chuyén déi dang biéu dién cua (1) va (2)
sang dang roi rac theo thoi gian. Viéc nay la bat
budc néu sir dung SI ¢ nhitng phién ban cii; vi du
voi Matlab 7 (R14, 2005), SI chi cho phép thuc hién
nhan dang nhitng m6 hinh roi rac. Tuy nhién, trong
bai bao nay, tac gia st dung SI ctiia phién ban
Matlab R2012a, 1a phién ban cho phép nhan dang
cac mo hinh lién tuc dyva trén bd dir liéu do roi rac,
[4] va [5], do d6 viéc chuyén dbi biéu dién tir lién
tuc sang roi rac 1a khong can thiét. Vay muc tiéu
nhan dang la cac mo6 hinh tuyén tinh lién tuc tham
s6 hang (1) va (2).

Khi cung cdp cho SI cac bd dir liéu tét, phan anh
day du qua trinh dong hoc cua d6i tuong, co thé gip
truong hop xac dinh dugc nhiéu mé hinh cho cing
mot dbi twong, tham chi ¢6 ca nhitng mo hinh 1a phi
tuyén. Van dé thyc hién dénh gia dé lva chon mo
hinh déc trung t6t nhat cho ddi tuong ciing can dugc
dat ra.

2. NHAN DANG THAM SO VA CAC MO HINH
DONG HOC CUA PONG CO

2.1. Thu thap di liéu va mé hinh

Pé thu thap dir liéu lam vi¢c ctia m6 hinh dong co
mét chiéu, tac gia st dung mot h¢ vi diéu khién véi
chip Atmega8 cta atmel. Hé vi diéu khién nay s&
két ndi v6i dong co théng qua ic bién doi cong suat
1298, bién ddi dién ap dat 1én dong co thay doi tir
0V dén 24V thong qua khau bién dd6i do rong xung
(PWM). Trong cac diu ra cia dong co nhu vi tri,
dong dién, tdc do quay cua dong co duogc chon lam
dau ra, boi kha ning do chinh xac téc do cia dong
co théng qua vi diéu khién. Téc d6 quay dugc xéac
dinh qua encoder twong dbi. Pé dam bao do chinh
xac, phuong phap xur 1y do tbc do dugc thuc hién
qua tinh ning do d6 rong cua xung sir dung khéi bét
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xung dau vao (Input Capture Unit _ICU). Hé vi diéu
khién dugc két nbi véi Matlab thong qua truyén

thong UART. So d6 nguyén 1y thé hién trén H.2.
Dong co chay & ché d khong tai.

24\£DC
Chu ky ldy méu
T= 10ms Timer2 U(PWm)["B; bién déi U(\L) Dong co ni(t) n2(t)
PWM 8bit (%) |__L298 | DC
Matlab System ‘UARI He vi didu khid u(%) u(v) o (rad/s)
Identification > He vidicu khien n L298(s) > D(}S%:CU
Timer 1 o (rad/s) Encoder
ICU 16bit coder 1<

H.2. Nguyeén ly thu thap dit liu (trai) va so @ ddi twong nhan dang tuong dwong (phai)

Tir so d6 nguyén 1y, ta c6 thé rit ra mot sd diém
khac biét gitta dir liéu thyc voi md hinh dong hoc
dugc mo ta boi (1), (2). Do 1a tin hiéu tac dong truc
tiép gio day 1a ti 1& cua do rong xung didu ché
(u(%)). Gié tri nay nam trong khoang 0-100 (%), n6
s& quyét dinh dién ap thuc dat 1én dong co thong
qua bo bién d6i L298. Piéu nay duoc thé hién qua
md hinh ham truyén dat L298(s). ¢6 thé xap xi khau
L.298(s) 1a mot khau quan tinh bac nhét:

24
Ts+1

L298 (3)
Vé6i T, 1a hing sb thoi gian cua L298. Tuy nhién,
theo datasheet cua linh kién nay, thoi gian dap Gng
(rising time) cua L298 1a khoang 0.4us dén 0.7 ps,
rat nho so véi thoi gian iy mau T = 10ms. Vi véy ta
c6 thé bo qua giai doan qua dd, coi Lygg(s) = 24, tic
1a khau bién d6i dién ap 1298 tuong dwong véi mot
khau khuéch dai.

Nhu vay, bo dir liéu thu dugc sé€ tién hanh nhéan
dang cho ddi tuong 1a 24*(Pong co DC) véi dau
vao 12 u(%) nhan gi tri trong khoang tir 0-1; dau ra
1a o(rad/s). Céac tin hiéu nhidu ny(t) va ny(t) 1a thé
hién cho cac tac dong cua nhiéu lén bod bién ddi
L298 va 1én qua trinh do dém xung dau ra. Viéc lua
chon chu ky trich miu T s& duoc giai thich trong
muc tiép theo, sau khi ta c6 cac tap dir li€u van hanh
cua dong co. Luu dd thuat toan thu thap dir li€u
duoc thé hién trén H.3. Viéc nhan dang dugc thuc
hién sau khi thu thép xong cac by dir li¢u (nhan
dang offline).

2.2. M6t so tap div lieu cua déi twwong

Dua theo nguyén ly mé ta trong muc trén, chuong
trinh sé& tién hanh thu thap dir ligu. H.5 1a bd di li€u
DATALI kiéu dép mg budc nhay don vi ciia dong co
DC. Bo dit liéu DATA1 ¢6 dic diém 1a tin hiéu vao
(ref) bat diu tac dong tai thoi diém t= 48,46s voi
bién d6 d = 99,6%. Tiép theo ta di phéan tich dit li¢u

thu duoc. V6i chu ki trich mu T = 10ms, ta c6 tan
s6 lay mau 1a:
2w

w=—=0628.32 rad /s

Tur bd di lidu DATA 1, ta c¢6 thé xac dinh dugce dic tinh
logarith va d6 thi Bode nhu ¢ hinh 4b. Diém tan s cat wy
1a diém ma bién d6 dic tinh bién tan c6 gia tri -3dB, trong
truong hop nay la:

w, =132 rad/s

- Cau hinh Timer 1 (ché d¢ bat do - Chu hinh truyén thong UART
rong xung 16 bit) - Chu hinh céc vector gid tri dt
- Céu hinh Timer 2 (ché d6 PWM (ref) va tbe do (speed)
8 bit)

- Cdu hinh UART

- Céu hinh céc chn vao ra
-l
L

Kiém tra thoi gian T

Kiém tra truyén thong

Truyen gid tri PWM
Doc Ve gid tri te do

- Cap nhat PWM

Klem tra két thic

- Doc gid tri toc d6 (radls)
- Truyen gid tr tbe do

- Truyén trang thai két thic
- Phan tich dir liéu

- Kiém tra két thic
- Tién hanh nhn dang

=

H.3. Luu d6 thuat toan vi diéu khién (tréi)
va Matlab (phai)

Theo tiéu chuan ldy mau Shannon, [1], w > 2w, thi
DATA1 hoan toan thoa min. Khong nhung thé, theo
hinh 4a, c6 thé thay 10 ms la thoi gian ma Matlab va
vi diéu khién c6 thé thuc hién truyén dat thanh cong
mot mau dir lidu (gia tri dat va tbe do quay). Ti sb
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truyén duoc sir dung 1a 57600 baud. Thoi gian trung
binh dé thyc hién truyén nhan bo di liéu trén hinh 4
la 54 ms. Vay di liéu thu dugc vira thod man

nguyén 1y 14y mu va vira nim trong kha ning xt ly
cua thiét bi.

01 )
0
n \\
0 g’
007 8
£
0 : B
s e
£ 00
-
—
004 —
~—
0 f )
n | ‘ | ’ | [ | ‘ | g \
X 5085e-04 S
i [ v-ootors i m‘ b ‘\ ! —
001 m X 85600404 ~—.
v-000a03s T
g
I | I I | I I - ‘
(] 1 2 3 4 5 3 7 8 9 10 N

Samples

a. Thoi gian truyén thdng mot mau dix ligu

wn'

Frequency (rads;

b. Bd thi Bode cua dit liéu DATAL

H.4. Phan tich dix li¢u thu duoc

Time (seconds)

¥
T I T I I |
" -} S A ’\-M\M A i M--
X:48.97 : : : : %5038
Y-4042 ! ! Y4028
L Y e s e A e 7
= i :
E ' i
5 i :
EA 1] S S O U S SO OUUURSRR N N Y AN, _
o H |
2 ! !
@ : :
| \ \ | | \ \
49 492 494 4956 498 50 50.2 504
Time (seconds)
u
T T T
100 ;
X=4846 | : X=488
Y=98.6078 | ! Y= 99,6078
80— R RRREA e SREEORELEECEERCRE SEERERERES B S R —
g
8 BOg--eeommoe e L s TTEE T LR T LR P S PURLEER e PRt SURTLEEPREPPURE IR ERRPEeeEe —
8 :
2 |
& A0 ___‘__________________,_________________,_________________,_________________4: --------------- —
P S e s e —
0 \ \ | \ \ | | \ \
486 488 49 492 494 4956 498 50 50.2 504

H.5. Bo dix liéu DATAL (ref: t= 48,46s; d= 99,6%, w, = 132 rad/s)

Dé nhan dang ddi twong, nguoi ta khong dua trén
mot b dit liéu duy nhat ma dung nhicu bd dir liéu
khac nhau, vira dé lam co s cho thuat todn nhéan

dang vira dé danh gia chét luong ciia mé hinh nhén
dang. Hinh 6 du6i day 1a mét sb bo dit lidu tiéu biéu
da duoc tac gia su dung trong bai bao nay.

Speediradis)

204 206 208

2 212

218 22

Time (seconds)

H.6a. DATA2 (ref: t= 20,05s; d = 31%; wo = 187,4 rad/s)
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400

w
=]
S

Speed(rad/s)

200+

100

43 432 434 436 438

44 442 444 446 448

Time {seconds)

H.6b. DATAS (ref: t= 43s; d= 85,9 %; wo = 234,8 rad/s)

00 - R = T :

S i — R |

Speedirad’s)

ST NN - B ——

1)) S S s .

80 [ -bemome o o

T -

Reference(%)

Time (seconds)

H.6¢. DATAA4 (Dt liéu vaéi kich thich dang bac thang)

H.6. Mot sb dang dit liéu phuc vu nhan dang

Céac bo dit litu DATA2 va DATA3 c6 dic diém
twong tu nhu dir liéu DATAI1 la dang xung budc
nhay va déu thoa min nguyén Iy Shannon. Ta khong
can dua hinh tin hiéu vao, thong tin cua tin hi€u vao
duoc thé hién trong phén tiéu dé cua dir liéu. Khac
véi cac bo dir liéu khac chi mang thong tin ciia mot
diém lam viéc, bo dir liéu DATA4 bao phu gin toan
bd ving lam viéc cta dong co. Vé co ban ta di co
du dir lidu can thiét dé tién hanh nhan dang.

2.3. Nhan dang mé hinh tuyén tinh, b6 tham
s6 va mé hinh phi tuyén

Do md hinh ham truyén dat ciing nhu mé hinh trang
thai ctia dong co 1a di biét, nén ta s& khong di nhan
dang cAu trac md hinh ma chi nhin dang tham s6
cua md hinh (nhén dang hop xam). Vi nhan dang
mb hinh trang thai, ngoai cac tham sb nhur cong thirc
(1),(2); do tac dong ctia nhiéu 1én md hinh thyc nén
ta bo sung thém thanh phén tic dong ctia nhiéu n(t)
(dang 6n tring) vao md hinh nhan dang. Két qua
nhan dang ham truyén dat (4) va khdng gian trang
thai (5) ctia d6i tugng s& co dang:

Qs b
TFW, s = =— 4)
Us s°+as+a,
dfw Qy A, |w 0 k,
—| = =+ *| *n
dt [Ia] a21 a22 [Ia] [bZJ i (kz
SS: R b K )
w
y=10 *[i ]+n

Trong (5), cac hé s6 ki, k; ddc trung cho anh huéng
ctia nhidu tic dong 18én ddi twong. St dung céc tinh
nang cua Sl, [3] [4], ap dung cho bo dit liéu
DATALI, ta x4c dinh duoc ham truyén W, va khdng
gian trang thai SS;.

TF W, =, o709 ()
s? +84.975 + 2040
—29.94 77.28 0 3.127

S, : A= b=l " k= (7
—6.184 —55.06 112 —3.668

Két qua so sanh giita dap img dau ra ciia W, va SS;
v6i dit ligu DATAI thé hién trén H.7.
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Do tuong thich (mirc d6 giong nhau
gitra dap Ung cuia m6 hinh va dép ung
do thuc cua doi tuong voi cing mot
tac dong dau vao). Best Fit:

Wi : 91,49%

SS1: 91,49%

Speed(rad’s)

Time

l
AV” e ol

Gia tri sai léch e gilra déy ra cua md hinh
W1, SS1 véi gia tri do dau ra cia DATAL

185 K 395 E 505 B
Time(s)

H.7. So sénh két qua nhan dang voi DATAL

Két qua nhan dang cho thidy mo hinh ham truyén dat
(W,) va khong gian trang thai (SS;) c6 dap tmg dau
ra twong thich tét véi dap ng dau ra do dugc cua
dong co tai diém lam viéc khong tai voi do rong
xung diéu khién 1a d= 99.6%. D6 thi sai sé giira dau
ra cia md hinh véi dau ra do duoc ciing phan anh
dang muc do tuong thich dat duoc & trén.

So sanh mo hinh trang thai SS;(7) véi m6 hinh khéng
gian trang théi trong (2), thuc hién dong nhit cac gia tri ta
c6 thé tinh duoc bod tham sb cua dong co tai diém lam
viéc hién tai nhu sau, véi vector b:

L= 1 =0213 H
112

Thay vao ma tran A, ta co thé tinh duoc: R = 11,75Q;
J=0,017 kgm% K = 1,32 Nm/A; B = 0,511 Nms/rad.

Ap dung tuong tu cho cac by dir liéu DATA2, 3, ta c6
bang B.1.

B.1. Két qua nhan dang tuyén tinh

DATA Ham truyén dat (W) Khoéng gian trang thai (SS)
Best Fit | b a; ay Best Fit | R(Q) | L(H) | J(kgm?) | K(Nm/A) | B(Nms/rad)
1 91.49% | 8709 | 84.97 | 2040 | 91.49% | 11.75 | 0.213 | 0.017 1.32 0.511
2 87.35% | 6539 | 46.74 | 578.5 | 87.33% |3.33 |0.077 |0.008 |0.53 0.021
3 89.98% | 29030 | 163.8 | 6211 | 89.94% | 14.45 | 0.11 |0.004 |0.6 0.16

Két qua nhan dang cho thdy do tuwong thich véi tu
ban than dir liéu nhan dang kha tot. Tuy nhién két
qua nay chi tot tai dung diém lam viéc cta dong co,
trén thyc té khong mé hinh tuyén tinh nao phu hop
véi bo dir liéu DATA4 (bang B.2). Ta phai st dung
md hinh phi tuyén ddi voi bo dit liéu nay, moé hinh
NLARX s€ duoc lua chon. H.8 trinh bay vé clu truc
ctia khau phi tuyén NLARX, [3] [4].

u X | Hamophi
—»  Tinhtoan sai phan tuyén (g(x)) y

5 p| (UK), u(k-D),.., y(k-1) .. [ Hamtyln

7| tinh (ARX)

H.8. CAu triic khau NLARX

Trong do:
g X :Zozkn B X—
k=1

Véizk s = e +1 12 ham sigmoid. 5, 1a

vector hang sao cho tich 3, x—~, 1a mot sb vo
hudng. ~, 1a mot vector cot, cing cp voi vector X,
dugc xac dinh tr by dir liéu nhan dang dbi tuong
[4]. Trong bai, tac gia chon khau phi tuyén vé6i 5 16p
ham phi tuyén sigmoid cho dau vao, va 5 16p ham
phi tuyén sigmoid cho dau ra, dit tén mo hinh la
NLARXS. Két qua cho thdy md hinh phi tuyén dap
ung tdt trén nhiéu bo dir li€u khac nhau, vi du két
qua danh gia két qua nhan dang phi tuyén trén bo di
liéu DATAA4, hinh 9, va DATAL, hinh 10. Pay cling
12 mot co sé quan trong dé danh gia chat luong mot
mo hinh cua d6i tuong.

NLARXS

Do tong thich: 86.36% | ‘

DATA4

H.9. Panh gia mé hinh phi tuyén
voi bo dit lieu DATA4
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Do tuwong thich: 81.58%

Time

H.10. Panh gia mé hinh phi tuyén
v6i bo dir ligu DATAL

Nhu vay voi 04 bo dir ligu, ta da tim dugc toi 07 mo
hinh khac nhau cta cing mot ddi twong 1a dong co
mot chiéu kich tir doc 1ap. Pé tim ra mo hinh tdt
nhat, ta s& danh gia do tuong thich chéo giira cac md
hinh va bd dir liéu. M6 hinh md ta tbt dong hoc cua
dong co mot chidu s& cho dap tng t6t trén nhiéu b

dir liéu khac nhau, khong chi phu hgp voi b dir ligu
duogc str dung dé nhan dang ra mo hinh. Bang B.2 12
két qua d3 duoc tong hop, truong hop két qua do
tuong thich am (vi du: -490%) 14 rat khong phu hop.

Nhan xét: Cac md hinh tuyén tinh thé hién tét tinh
chét dong hoc quanh lan can mot diém 1am viéce,
trong khi mo hinh phi tuyén thi ¢6 kha ning bao
trium ving lam viéc ciia ddi tuong tot hon. Pay ciing
1a mot hé qua tat yéu boi cac mé hinh tuyén tinh thu
dugc thong qua viée luge bo di kha nhidu nhing
tinh chét phi tuyén vbn c6 cua ddi tuong thyc; vi du
b6 qua tac dong cua cb gop, chdi than hay cac cuc
tr phu trong hoat dong ctia dong co mot chiéu kich
tir doc 1ap . Ciing ¢ thé nhéan thiy tinh phi tuyén,
khong thoa man nguyén 1y xép chong, cua dbi tuong
qua bo dir liéu DATAA4.

B.2. Két qua do tuong thich giira cac mo hinh va cac bo dit liéu (%)

Dt liéu Céc mo6 hinh ctiia dong co
W1 SS1 W2 SS2 W3 SS3 NLARXS5
DATAL 91.49 91.49 -490 -491 46.84 47.1 81.58
DATA2 -89.07 -98.06 87.35 87.33 -81.47 -81.5 80.28
DATA3 36.48 36.44 -547 -548 89.98 89.94 69.98
DATA4 -67.92 -67.91 -264 -264 -48.5 -48.5 86.36
3. KET LUAN clia d6i twong dong co mot chiéu kich tir doc lap

Két qua nghién ctru thyc nghiém cho thiy, mé hinh
tuyén tinh md ta kha chinh x4c dong hoc cua dong
co, nhung chi trong mot khoang 1an can mot diém
lam viée cu thé. O cac tde do 1am viéc khac nhau thi
dong co lai ¢c6 mot mo hinh tuyén tinh khac nhau.
Dén t&i bo tham sd K, J, R, L, B cling khac nhau.

Két qua cling cho ching ta thiy rang, mé hinh phi
tuyén Nonlinear ARX (NLARX), ma cu thé 1a mo
hinh NLARXS5, 12 md hinh ddi twong phu hop nhat

TAI LIEU THAM KHAO

dugc sir dung trong bai. N6 cho két qua dap tng
chép nhan dugc trén tit ca cac bo dir lieu duoc st
dung. Viéc md phong, phan tich va tong hop céc
thuét toan va bd diéu khién cho mé hinh NLARXS5
trén phan mém Matlab s& c6 kha ning tmg dung cao
trén d6i twong thuc. Cac muc tiéu, phuong phap va
k¥ thuat dugc trinh bay trong bai bao nay khong bo
hep cho dong co mot chiéu kich tir doc 1ap ma hoan
toan co thé van dung cho cac loai dbi tuong diéu
khién khéc.

[1] Nguyén Dodn Phudc, Phan Xuan Minh (2001) “Nhdn dang hé théng diéu khién”. NXB Khoa hoc va Ky thuat.

[2] Nguyén Phung Quang (2004) “Matlab & Simulink danh cho ki su diéu khién tw déng”. NXB Khoa hoc va Ky thuat.

[3] Lennart Uung (1999) “System |dentification Theory for user. Second edition”. NXB Prentice Hall PTR.

[4] Lennart Uung (2016) “System Identification toolbox user’s guide”. Mathworks.com

[5] Pravallika Vinnakota (2012) “Data-Driven Control: System Identification”. Mathworks.com

[6] Wei Wu (2012) “DC Motor Parameter Identification Using Speed Step Responses” . Modelling and Simulation in

Engineering Journal.
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MO HINH HOA VA MO PHONG HE THONG TiCH TR(Y NANG LUONG
BANH DA FESS S DUNG DPONG CO' DONG BO TU THONG DOC TRUC
AFPM

MODELLING AND SIMULATION A FLYWHEEL ENERGY STORAGE SYSTEM
USING AFPM

Nguyén Van Thang, Phan Van Vi, Nguyén Thao Trang, D& Manh Cwéng, D6 Nguyén Hung
Trwdng Dai hoc Bach khoa Ha Nbi
Email: cuong.domanh@hust.edu.vn; thang.nguyenvan.hust@gmail.com

Tom tat:

Bai bao nay gidi thiéu hé thdng tich trir nang lwong banh da kiéu méi tich hop & bi tir va s dung dong co
ddng bd tir thong doc truc AFPM. Phan tich mé hinh toan hoc lwc nang tir trwérng va momen quay cta hé
théng dé dwa ra phwong an kiém soat vi tri va tdc ctia banh da. Cac bd diéu khién duwoc thiét ké dwa trén
phwong phap diéu khién PID. Phuong phap diéu ché vector khdng gian SVM dwoc st dung cho nghich luu
ngudn ap ba pha. Cac mé phdng dwoc thuc hién trén matlab/simulink va két qué dat dwoc cia né chirng
minh tinh kha thi cGa hé théng banh da mai nay.

T khoa:
FESS, AFPM, Flywheel.
Abstract:

This paper presents a novel flywheel energy storage system assisted by hybrid mechanical-magnetic
bearings and using motor’s axial-vertical oriented flux. The mathematical model of the flywheel’s levitation
force and rotational torque is developed. Control systems of the position and velocity of the flywheel are
designed based on PID method. Simulation are carried out and its results validate prove the feasibility of the
proposed flywheel system.

Chir viét tat thong banh ring, hop chan khong, thiét bi dién tur
cong sudt, va cac phan tor phu tro khic. Pong
co/may phat 1a thanh phan then chdt chiu trach
AFPM  Axial Flux Permanent Magnet nhiém cho ba ché d6 lam viéc: tich lily niang luong,
du phong, giai phéng ning luong. Pbi véi mot
FESS str dung cac may dién kich thich vinh ctru, su
lya chon thong thuong 1a kiéu tir théng hudng tim
(radial flux). Tuy nhién, ciu hinh kich thich vinh
1. PHAN MO PAU cuu tir thong doc truc c6 mot tinh nang khac biét,
) . tinh nang nay c6 thé dugc khai thac trong tng dung
Vi su phat trién manh mé cua vat ligu V(”i do bén  RESS: Iyc doc truc cta né co thé duoc didu khién dé
cao va trong lugng nhe, 6 d(tr tir tinh hiéu suat cao Yél chéng lai trong luc tic dong 1én 10 to néu truc quay
cong nghé fiién tir cong suat trong nhiing ndm gan .0 phuong thing dtmg.
day. HE thong Iuu trir nang lugng banh da (FESS)
dd trd thanh mot giai phap thay thé cho cac hé
thong luu trir pin truyén thdng [3-5]. Mat do luu trit
ning lugng ngdy cang ting mot phan 1a do cai tién
trong ky thuat vat liu va ky thuat san xuat
composite [6].

FESS Flywheel Energy Storage System

PID Propotional Intergrate Derivatie

SVM Space vector Modulatotion

Do nhiing tién b trong thiét ké may dién, cac may
dién AFPM c6 thé c6 momen 16n hon, mat do cong
suét tot hon, va it tiéng On hon so véi cac may dién
tir thong hudng tdm. N6 ciing cho thiy ring cac may
dién tir thong doc truc mot khe hé khong khi c6 thé
) . tao ra cac luyc doc truc bén vitng ma cac 6 dd truc
Mot FESS dién hinh bao gom dong co/may phat, hé  phai chéng lai.
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Bai bdo nay da tién hanh khao sat ddc tinh banh da
trong ba ché do hoat dong nap ning luong, dy trit
ning luong va xa nang luong. Két qua tinh toan da
dua ra mo6 hinh toan hoc cia dong co va thyc hién
mé phong trén phan mém Matlab-Simulink. Cac bd
diéu khién duoc thiét ké dwa trén phuong phap didu
khién PID, cac két qua dat duoc da chirng minh tinh
kha thi cia hé thong.

2. NOI DUNG CHINH

2.1. Cau truc cua hé thong FESS str dung
AFPM

So @ mat cat ngang cau trac hé thong FESS dé xuét
duoc thé hién nhu H.1.

Trong cau tric nay, thanh phan trung tim ciia FESS
la dong co déng bd tir thong doc truc AFPM. Pong
co AFPM duoc thiét ké véi mot rotor va hai stator
kiéu dia. Trong do, rotor 1a mot dia phing cé gin
cac NCVC & ca hai mit dia tao rotor cuc an va duoc
thiét ké co6 vanh vat liu carbon chirc nang nhu
Flywheel. Hai stator dugc kep vao hai bén rotor co
cac dy quan ba pha.

Rotor thép kiéu dia dugc lip trén truc thép khong tir
tinh. Thép khong gi, khong tir tinh véi d§ cling cao
dugc dung lam vat liéu truc. Do bén kéo cua cac soi
cacbon 16n hon nhiéu so voi thép va trong luong
nhe hon gitip cho banh da cacbon c6 thé quay véi
tdc do 1én tdi 60 000 rpm. Viéc ap dung cAu trac vat
lidu composite tién tién trong banh da co thé cai
thién dang ké hiéu qua vé mat do niang luong va
giam dang ké khdi luong cua hé thdng. Mot vong
bao vé 1am tir vat liéu khéng tir tinh c6 do bén cao
duoc st dung dé giup cac nam cham vinh ctru chdng
lai lyc ly tam.

N
2y

N

H.1. Mit cat ngang cau trlc hé thong FESS dé xuat

2.2. Xay dwng mé hinh toan hoc AFPM

Mb hinh toan ciia hé théng d& xuit dugc phét trién

tor [1], [2], [3]. Tu truong nam chadm vinh ciru cda
rotor dugc thay thé bang mot diy quan tuong duong
v6i dong dién mot chiédu i, , dién cam tuong duong
L, va s6 vong dy quan N, . Trong hé toa d¢ tua tir
thong rotor, ma trén tir thong moc vong dugc thé
hién nhu sau:

L3 0 (1)
A 5 2 i
A |=|Ln E L+ L 0 id

P

0 0

3
ELs—i_Lls

Trong d6 X, 1a tir thong moc vong do rotor sinh ra,
As Va )\, tuong mg la tir thdng méc vong cua stator
trén truc toa d¢ dq; L, la d6 tu cam tuong duong
cua rotor, L, la dién cam cua stator [1], L, 1a dién
cam tan stator, L, 1a hd cam giita cac cudn day
stator va rotor; i; va i, la dong dién stator trong h¢

toa do dq.
Bo qua dién cam tan L, ta rat ra dugc cong thirc
sau:

3uym RE—R? N2 (2
h=h= 16P%g
Trong do:

Ly L, 1a dién cam cua stator trong h¢ toa do dq; P la
sO cdp cuc; g la chidu dai khe hé khong khi; g, 12
do6 tir tham khong khi; N, 1a s6 cudn dy stator mot
pha; R;R la c&c ban kinh bén ngoai va bén trong
cua stator.
2.2.1. Phwong trinh dién ap va dong dién
Phuong trinh dién ap ciia dong co dong bd trong hé
toa do quay dq c6 thé duoc viét nhu [4]:

Vg = Ry + Ay —wA, (3)

Vy = Ry + PA, +wy
Trong d6: w 1a téc d6 quay rotor ciia may dién, v,
and v, 1a di¢n ap cua stator trén hé toa do dq; R, la
dién tr& quéan day stator.

Tur (2) va (3) ta tinh duge:
i L
Gy 1, Rgbo @
dt L, ¢ L YL
di
_q:ivqf&qui pwr id 7>\_m pwr
dt L YLt L L,

Trong d6: w, tbe do goc co hoc; A, bién do tu

thong nam cham vinh ctru:
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_ 7 RZ—R? NN, ®)
=l 8P%g

m

Gia tri cua Ni, dugc tinh theo cong thuec:

6
N,i, =2PH | =2p—m B, ©)
Nrﬂo

Trong do H,, cudng do tu truong, |, 1a do day cia
PMs, B, la mat d6 tu thong cua PMs, p, la 4o tu
thim twong dbi.

Phuong trinh dién &p - dong dién cia stator phia trén
VE:I phia du’éi’ trong hé¢ toa do dq co6 thé thu duoc
bang thay the lan lugt gia tri dong dién, va dién ap
tuong ung vao cac phuong trinh (4).

2.2.2. Phwong trinh vj tri va toc dé

Nang lugng dién tur cia dong co duogc tinh theo
cong thuc:

_>‘fif +)‘did +)‘qu (7)

B 2
Luc héip dan F, ddi voi mot stator ¢6 thé duge tinh

theo cong thirc (8) nhu sau:
E oW (8)
g
MOW Ry —
16Pzg
Khe ho khong khi giita bé mit stator va nam cham
vinh ciru ¢ diém can bang duoc dinh nghia 1a ly -

NZi? +§N5Nfifid +§Nf i§ 412 ]

Nhu vay, khe ho khong khi giira stator va rotor ¢
diém can bang duogc xac dinh theo cong thirc:

9o =K. Iy +1, /1, ©)

Luc F, duoc gay ra boi stator phia trén tinh dugc
bang cach thay cac gia tri g =g, —zi, =lgly =1y

vao (8) va luc F, dugc gy ra boi stator phia dum
duoc tinh bang cach thay g =g, +zi, = igoily =1y
vao (8). Luc doc truc tong F=F,—F dugc xac

dinh: (10)

F=F,—F (10)
. 5 .. 3 . .
N?I?+§N5Nflfldz+5N§ i, +id
ptem Ry —R? go+z2
 16P2 5, 5 T S
° N2 NN i 5 N2 i+
- 2
Qo — 2

Momen quay d6i vi mot dong co stator:

T, =§P Ay — Ay (11)
3o Ry —RY NNy
= |
16Pg 4

Momen tong dong co sinh ra dugc xac dinh:
T, =T,+T,

73M07TR027Ri2 NN i Io1 I g2
16P? Oo—2 go+2

(12)

Pé giam bot cac bién diéu khién va don gian hon
trong viéc tinh toan lyc doc truc tong, ta dinh nghia
cac ham sau:

d - IdO +ch7|d2 - IdO cd’lcq :Iql :qu.

Trong diéu kién ¥ tudng, téng luc doc truc F = 0 tai
di€m céan bang z = 0. Thyc hién tuyén tinh héa (10)
tai diém can bang z =0 va i, =iy, =i, =1,,. Khai
trién theo chudi Taylor dén bac 1 ta thu duoc
phuong trinh tong luc doc truc (13)
F~ % N, Nyip iy
go
4K . 2 5 . 3 . .
+_3| Nf'f +ENS Nf'f lyo +§st 'dzo +|c2q
0

=Kiz+Kjiy (13)

Trong do:
ftem R —R?
- 16P?

K, = ax Nyi
9%

0

KZ:%N N,i,

go

5 . 3 . .
"’ENs Nf'f IdO+ENs,2 |§0+|c2q

Phuong trinh dong hoc cta chuyén dong doc truc
cua rotor:

mz' =F +G = Kz +K,i, +G (14)
biat 1, =G/K, tathu dugc phuong trinh:
mz' =Kz +K, i+l (15)

bat i;d =iy + |, phuong trinh (17) tr¢ thanh:

mz =K,z +K, i;d (16)

Bing viéc ap dung giai phap nay, (18) dugc tuyén
tinh hoa tré thanh don gidn hon. Trong d6 dich

chuyén z dugc diéu khién bang dong dién i;d

Tir biéu thic (12) tinh momen T,, ta c6 thé thay
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ham tinh momen khong phu thudc vao dong dién
iy;,is,. Gia sir ring cac dong dién gy =g =iy VA Z
nhé hon rat nhidu so voi gy, biéu thic (12) c6 thé
duogc don gian thanh:

3pigm Rg *Riz NN i . (17)
T, = 2 2 2 golcq
16P° g, —2

e

3pm Roz_Ri2 NGNii; .
- Icq = KTlcq
8Pg,

Tt do, tim phuong trinh dong hoc ctia dong co:

do_ (18)
dt

dw, 1 K;

a  J° 3

2.3. Thiét ké diéu khién hé théng

So dd khdi hé thdng dua trén phuwong phap diéu
khién PID dugc thé hién nhu trén H. 3. Trong d6 bo
diéu khién PD va PI duoc sir dung dé diéu khién dép
g d6 dich chuyén va dap tmg toc do quay.

dg/ab '::I 213 EH SVM Eﬂlnverterl

Vat, Vou, Va
0

Tay, by, ict
al:
abldg l::' 3 A=

A
‘/\‘

angle Rotary encoder /
0 detector \

& i i R¥
abidg [T 32 : —_—

Va2, Vi, Ve

* i" *
z a1 Vq
3 »[PD} +h+ ~+4 »[ Pl
. —
z . i* \/;'1
L ot [ PT }o1+—to—{ P

9 4 .
lag_r

® -
[ iu]

lao-leao | | |
speed
detector
lgo + lego
idZ I
I |
1
-, y-
q »| Pl v
) o v,

0
doiab o1 23 = svm EEIInverterl

position Displacement sensor
detector

H.2. Cu trac didu khién hé théng dya trén phuong phap PID

2.3.1. Thiét ké bo diéu khién vi tri

Muc tiéu ctia diéu khién vi tri 1a diéu khién sao cho
sai 1éch vi tri 12 nho nhét va giit flywheel ludn &
diém can bang. Phuong trinh dong hoc ciia chuyén
dong doc truc cua rotor trén mién anh laplace dugc
suy ra tir biéu thirc (18) c6 dang:

ms’zs =Kz s +K,iw S

- 19
ZSs :ZK—Zicd S (19)
ms® — K,

Ham truyén bo diéu khién PD nhu sau:

G, s =k, +ky s

c

CAu trac diéu khién vi tri duoc thé hién nhu H.3:

Ur(S) 4 ~ Ue(s)

Gils) Pk, n
ugs)| | |

—_——,—— e —_————

H.3. Céu trac diéu khién vi tri sir dung bo diéu khién PD

2.3.2. Thiét ké bé diéu khién téc do
Céu hinh diéu khién téc d6 dién hinh cia Flywheel:

Speed
A

idle

Speed?2

Speedl

| Time
h t3 4

H.4. Cu hinh diéu khién tdc do cho flywheel

Dé diéu khién téc do, c6 ba ché d¢ diéu khién: ché
d6 nap ning luong, ché d6 duy tri on dinh ning
luong va ché do xa ning luong.

O ché do nap va xa niang luong, toc d6 co thé dugc
diéu khién bang viéc diéu chinh dong dién diéu
khién & trong pham vi gi4 tri momen dinh muc va
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do @6 toc d6 co thé duoc dicu khién. Vi vy, viéc
dicu khién hai trang thai nay phu thudc vao yéu cau
nguoi st dung.

O ché do duy tri on dinh nang lugng, myc tiéu diéu
khién la gilt toc do khong doi va duy tri dong dién
hiéu dung rit nho dé tiét kiém nang luong.
St dung bién d6i Laplace, tir biéu thirc (20) ta tinh
duoc:
K. 20
ws =—Ti, s (20)
Js
Theo H.5 bo didu khién PI duoc st dung dé didu
khién toc do ciia may dién, va di€u khién phan hoi
toc do dugc dung trong hé thong dicu khién toc do.
B6 diéu khién PI c6 dang nhu sau:

K (21)
G, s =k, +?1

Ur(S) + ~ Ue(9)

i I
P Gus) i) e
us(s) - 1

H.5. Mach vong diéu khién téc do

Ham truyén hé thong vong kin duoc xac dinh:

Y Kr kpls + Krky
Urs 3%+ Kokys+ Kk

2.4. M6 phéng trén Matlab

B.1. Thong sé dung trong md phong

STT | Thamsé tinhtodn | Gia tri
1 P, 1kw
2 N, 458 vong
3 N i, 8898 Ampe-vong
4 Wy 1500 rpm
5 J 0.0158 kgm?
6 m 4.09 kg
7 9% 0.0027 m
8 R 0.038m
9 R, 0.065 m
10 p 2
11 Lo 1

Mot s6 ché d6 lam viéc tiéu biéu cua hé théng dugc
khao sat thong qua kich ban m6 phong nhu sau:

e Tait=0.4s, khoi dong.
e Tait=0.7s, toc d0 ting 1én 300 rad/s.

e Tait=1.2s, giam téc d6 xubng 40 rad/s.

45
305 40 \VA
300 }v“ 31)
5 1.6 1.7
295 0.8 09 /
TN =
EERE A
200 / \ /
0
0 0.5 1 1.5 2 2.5

H.6. Dap ung téc do cua Flywhee (w) va toc do dat (w*)

x 10

s TN

= .

0 0.5 1 1.5 2
Time [s]

H.7. Vi tri dich chuyén cua Flywheel-rotor

N~ L
I
S
(=

0 0.5 1 15 2
@
4
N/"j
2 .
o
<o |
VV\J
2 |
o 0.5 1 1.5 2
(b)
Time [s]

H.8. Bap ung dong dién iy —i,
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2600 f

PR
2400 / \
2200

2000
|

1800

N

1600

2600 ;
‘ —F2
2400 /
2200

~ 2000
N

1800

N

1600

1 15 2
(b)
Time [s]

() Luc hap dan phia trén; (b) Luc hap dan phia dudi

H.9. Luc hip dan cuon stator-rotor

—T1

(N.m]
(=)
‘

P

15

N

1
(b)
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10
5 ', |

E ll
Z. 0 i

5 ln n

10 0.5 1 15 2
(©
Time [s]

(2) momen phia trén; (b) Momen phia dudi;
(c) Momen tong

H.10. Bap ting momen dong co

3. KET LUAN

Pong co dong bo tir thong doc truc kich tir nam
cham vinh ctru, c6 hai 6 d& tir & hai dau truc, khi
lam viéc ngoai chuyén dong quay s& xuét hién dich
chuyén doc truc cta rotor. Bé khic phuc hién tuong
nay ma khéng lam cho ciu trac dong co tré nén
cong kénh thém, ¢ ddy da tich hop mot 6 tir chin
chuyén dong doc truc cua rotor béng chinh céu tao
dac biét cua dong co da dugc trinh bay trén day.

Nam cham vinh ctru ¢ rotor ngoai viéc sinh tu thong
kich thich, n6 con sinh ra cdc luc hap dan tham gia
vao vi€c gili can bang vi tri cua rotor.

Bﬁng cach bién ddi hé truc toa do, thanh phﬁn doc
truc cua dong dién stator (ig) s& duoc diéu khién dé
thay d6i lyc hap dan nham dua rotor vé vi tri can
bang khi ¢o sy dich chuyén ciia né do nhidu giy
nén.

Két qua tinh toan da dua ra duwogc mo hinh toan hoc
cua dong co, mod hinh tinh toan luc hép dan rotor va
duogc kiém nghiém budc dau bang mé phong cho két
qua tét.
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THIET KE DPIEU KHIEN DPONG CO' PONG BO TU THONG DOC TRUC KICH TU
NAM CHAM VINH CU’'U LAM VIEC V&I TOC DO TREN BINH MUC

CONTROL DESIGN FOR AXIAL FLUX PERMANENT MAGNET
SYNCHRONOUS MOTOR WHICH OPERATES ABOVE THE NOMINAL SPEED

Dwong Quéc Tuén, Nguy&n Nhw Hién, Tran Xuan Minh
Trwdng Dai hoc Ky thuat Cong nghiép - Dai hoc Thai Nguyén
Email: duongquoctuan-tdh@tnut.edu.vn, nhuhiendhktcn@gmail.com, tranxuanminh@tnut.edu.vn

Tom tat:

béng co déng b6 tr théng doc truc, kich tir nam cham vinh ctru (Béng co AFPM) khi st dung 0 do twr thay
thé vong bi & hai dau truc, c6 thé cho phép tbc d6 quay cla truc Ién hon dinh mirc rat nhiéu. Mot trong cac
bién phap dé tang téc do dong co Ién trén dinh murc la gidm ter thdng cwe cla rotor ( ¥%,). Bai bao nay dé xuét
mot gidi phap tang tbc d6 dong co AFPM lén trén tbc dd dinh mirc badng cach bom mét dong isq nguoc
chiéu %,

T khoa:

Pong co ddng bo tir thdng doc truc kich tlr nam cham vinh ctvu (dong co AFPM), diéu khién téi wu trén tbc
doé co ban.

Abstract:

When two mechanic bearings of the axial flux permanent magnet (AFPM) synchronous motor are replaced
by magnetic bearings, the motor can operate at much higher speed above base speed. One of the way to
speed up the motor to the speed above its rated speed is flux weakening of the rotor flux (¥;). This paper
proposes a solution to increase the motor speed to above base speed by applying a current isy opposite in
direction with the flux ¥#,.

Keywords:

Axial flux permanent magnet synchronous motor, optimal control above nominal speed.

Chir viét tit O day chon ddi tugng nghién ciru 14 loai c6 hai
) modul stator don bén ngoai va mot modul rotor kép

AFPM Axial flux permanent magnet bén trong nhu trén H.1.
NCVC Nam cham vinh ctru L .

1.2. Nguyén ly lam viéc
PC DPong co s X

Khi dién ap ba pha dugc cap cho cac cudn day

. i ) stator, sinh ra cac dong dién (trong d6 ¢ thanh phan

1. CAU TRUC BONG CO i) chdy trong no, s& tuong tdc véi tur trudng cua
1.1. Ciu tao rotor dé tao ra cac momen quay (M) va dong dién

trong cac diy quan pha (thanh phdn i) cua stator
sinh ra cac luc ddy kéo (F) dwa trén nguyén ly cua
nam cham dién. Nho ¢6 ciu tao dic biét va nguyén
1y lam viéc nhu trén ma rotor ctia dong co s€ khong
¢o dich chuyén doc truc mic du hai dau truc dong
co 1a hai 6 d& tir. Pidu d6, cho phép khong can dung
thém thiét bi chin chuyén dong doc truc cuia rotor va
vi vy cau tric dong co tré nén nho gon hon. Do
cach cudn ddy ma tir trudng quay sinh ra momen

Vé mit ciu tao, ddng co AFPM c6 nhitng nét dic
biét riéng, cu thé modul stator c6 thé bao gdm céc
loai: Modul don chi c6 mot bd ddy quan va modul
kép c6 hai bo diy quéan chung mét 16i va quay lung
vao nhau. Rotor cling tuong tw, modul rotor don chi
mdt mat c6 nam cham vinh ctru va modul kép thi ca
hai mit déu c6 nam cham vinh ctru twya lung vao
nhau.
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quay M; va M, trén truc rotor ciing chiéu va tao
ra lyc didy kéo F, va F, giita rotor va stator
nguoc chiéu. Momen quay tong (M = My + M) la
tong ctia cac momen quay va luc ddy kéo doc truc
(F = F; — F,) 1a hiéu s6 ctia hai lyc hut.

o ——
"
..
| i-\q H
s . H
by E

ML

H.1. Mat cit dong co AFPM c6 tich hop 6 d& tir hai dau
truc (1: Truc; 2, 3: Stator va day quéan cua DC phia phai
va phia trai; 4: Rotor nam cham vinh cuu; 5,6: Rotor 6 a5
tir bén tréi va bén phai; 7,8: Stator va day quan cua 6 do
tir bén trai va bén phai; z0, g0: Khe ho danh dinh gitra
rotor va stator caa DC va 6 tir)

Tir cAu tao va nguyén 1y lam viée c6 thé coi déy 1a
hai dong co AFPM chung rotor hay hai ddng co noi
cirng truc vdi nhau.

2. MO HINH TOAN HOC CUA BONG CO’
AFPM

Dua vao cac tai liu [1, 2, 3], m6 hinh toan cua dong
co AFPM dugc xay dung trong hé toa do dq duoc
thé hién nhu (1), (2), (3), (4), (5). Trong d6, chi sb 1
tuong ng v6i dong co bén trai va chi sd hai tuong
ung véi dong co bén phai.

u sd1 sd1+Lsdl d s qul sql
usql s sq1+ qul +ws Lsdl sd1+w w
1)
usd s sd2 + I‘sd2 dt s quz sq2
usqz s sq2 +qu2 t _H“‘}s Lsd2 sd 2 +w w
li:gzp qﬂpisqld'>isd1isql(Lsd17qul)
2 (2)
Zp[wpisqz+isd2isq2(|—sd2_|—sq2)] (3)
Jd
Mg =My, +My, =M _'__d_(:[d (4)
R =K (g =g )k (ipg —hg)2—K,2 )

,UONZ . H 2
k, =2 v k,=2—"—y".
go p 2 Sgo p

P

Trén H.2 1a cdu trac ciia dong co AFPM theo mo
hinh toan hoc & trén

H.2. So d céu tric cua dong co AFPM

3. VECTOR KHONG GIAN DIEN AP, DONG
DIEN VA TU THONG CUA BONG CO AFPM
TRONG HAI VUNG LAM VIEC

D6 thi vector khong gian dién ap, dong dién va tur
thong cua dong co AFPM trong hai viung lam viéc
nhu trén H.2 [1, 5, 7]. Tir (2) va (3) thay rang,
momen quay ctia dong co AFPM bao gdm hai thanh
phan: thanh phan chinh véi tich Wplsq va thanh phan
phan khang do su chénh léch dién cam stator (Lgg -
Lsg) # 0) gdy ra. Trong moi ché d6 van hanh, dong
co AFPM phai san sinh mét thanh phan momen phu
dé bu thanh phan phan khang. Thanh phan phan
khang ton tai mot cach rd rang nhung thudng bi bo
qua khong tinh dén trong cac phuwong an diéu khién
kinh dién. Viéc bé qua dé giup lam don gian hoa hé
thdng diéu chinh va trén thyuc t& c6 thé chap nhan
duoc trong dai téc d6 quay dudi dinh muc, boi trong
dai d6 ludn ¢6 iy = 0 (H.3a). Nguoc lai, & dai tc do
quay trén dinh muc, dé ting tbc do 1én ta phai giam
tur thong, luc d6 phai bom mdt dong am vao truc d.
bong co AFPM luc nay dugc van hanh & ché o
giam tir thong va dong s€ c6 bién do 16n tang ti 1€
thuén véi tde d6 quay rotor (H3b). Diéu d6 dan dén
thanh phdn momen phan khang c6 kha ning dat
dugc bién do dang ké khong thé bo qua.

Khi diéu toc cao hon tan sO co ban, tan so0 c6 thé
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tang 16n hon f,4,, nhung dién ap U, khong thé ting
qua dién ap dinh mac U, t0i da la chi gitt dugc
U; = Ug,. To cong thuc tinh strc dién dong cua
dong co co thé thay, diéu do s€ lam cho tir thong s€
giam xuong theo ty 1€ nghich véi tan so, tuong
duong voi truong hop dong co mot chiéu di€u chinh
giam tu thong de tang toc.

]
JReleq - [Xeleq | . .
J ;15— ?'I_H{Eiq _|Rsl

- Xeled .~
joy
Us .
. .
\‘\. lsq
o . d
s iIN_ ©
.. ’ ‘P ‘I : \P
, . P ' : )
. a) s . b

H.3. Vector khong gian di¢n 4p, dong di¢n va tir thong cua
dong co AFPM trong hai vang lam viéc: a) Dudi toc do
dinh muc; b) Trén toc d6 dinh muc

Khac véi PC déng bd NCVC gin chim bén trong
rotor va BC dong bo tir trd, dong co AFPM & viing
tdc d6 dinh mirc tr& xudng ludn duy tri dong ig = 0.
Vi vy ta chi xét viing trén toc do dinh muc.

4. TINH CAC GIA TRI TO1 HAN VE PIEN AP
VA DONG DIEN

Trude khi gi6i thiéu cac chién luoc diéu khién khac
nhau, chiing ta can xét dén cac gioi han cia dong
dién va dién ap [4, 5]. Gioi han cua vecto dong dién:

i :*,ii +i52d <lg, (6)
Puong gidi han dong dién (6) la vong tron c6 ban
kinh ig, trong mat phang (isq, Isq)-

Gidi han cua vecto dién ap: Tu cong thirc dién ap &
ché d6 xac 1ap khi bo qua dién trd stator:

Uy =~ quisq ; usq = Lsdisd + a)sl//p

Gia tri dién ap pha co ban cuc dai cia stator dugc
xac dinh boi dién 4p mot chiu trung gian:

|ug| = fuzd +U° <ug, @

Trong do: ugy la gia tri dién ap mot chiéu 16n nhat
dat vao bd nghich luu.

2 2 2 - \2 - 5
uS :Usd +u5d :(a)squlsq ) +( 605 Lsd Isd +a)sl//p )

(8)
% = ( quisq )2 +( Lsdisd +l//p )2
: 9)

Cong thuc (9) 1a quy tich gidi han dién ap la duong
elip trong mdt phang is - is;. Trén hinh H.3 minh
hoa cac dac tinh gigi han dugc xac dinh theo (6)
va (9).

Nhu vay, khi tang tbc do dong co 1én trén tdc do
dinh muc thi cung voi su ting tan sd, tir thong theo
truc d cia dong co s& giam, nhung néu duy tri
@ ~ 60° ta s& c6 gia tri momen 14 16n nhat.

Isq 4
Gidi han dién dp

R

M=o is ’1_ \ Gidi han dong

lsd

H.4. Minh hoa céc dai luong gidi han va diém 1am viéc
t6i vru momen cua dong co AFPM & trén toc d6 dinh muc

Tur cong thirc tinh dién ap nhu (7) va (8), khi xét &
ché 6 xéc lap va bd qua dién trd stator ta tinh duogc
Isg, Isq, 201 @ 1a goc 1éch pha gilrta vector dién ap
stator us va truc (, tat ca thay vao cong thuc tinh
momen (2),(3),(4) ta co:

2
My =kl[u—chos(p—k2 [U—SJ sin2¢
[0) [0)

S S (10)
32, ((Ly-Ly) 1), 3%(L,-L,
klz_P,/,p[#__ k,=—" ™
2 Lo L), 2L,
- \ |
! = ==

H.5. Momen dong co AFPM vdi dign &p mot chiéu lon
nhat U =400V; tan s6 duong thap nhat la 100Hz, 90HZ,
70Hz va 50Hz, cuc tri & ¢ = 60°

Thay thong sé cua dong co AFPM vao (10), ta co
dac tinh momen nhu trén hinh H.5. Nhu vay, khi
tang téc do dong co 1én trén téc do dinh muc thi
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cing voi su ting tan s, tir thong theo truc d cia
dong co s& giam, nhung néu duy tri ¢ = 60° ta s& c6
gia tri momen 14 16n nhét.

5. THIET KE BDIEU KHIEN DONG CO’ AFPM
5.1. Cau truc diéu khién téng quat

Vé mat cAu truc thi loai dong co AFPM khac han
v6i cac dong co dién thong dung hién nay, trong ciu
trac didu khién s& bao gom hai vong riéng biét 1a
vong diéu khién vi tri rotor doc truc (luc d'fly kéo) va
vong diéu khién toc do quay (momen quay) cho
dong co Cau triic didu khién tong quat cho dong co
AFPM dugc minh hoa nhu trén hinh H.6 [1,3].

Diéu khién vector ciia dong co ddng bo tir thong doc
truc NCVC (AFPM) duoc dua trén sy khai trién
dong dién tuc thoi cia stator thanh hai thanh phan:
Tao luc déy kéo doc truc boi dong iy (dong dién
hudng tryc) va tao momen quay duogc boi dong i
Bang cach ndy, ciu tric diéu khién cia AFPM trd
nén tuwong ty nhu cia doéng co DC.

[ o ——
Sensor vi tri doc truc =

l Unci

BV l!!l!

TEG

Bo

xie
dinh
dong
dién

dat

H.6. Céu trac diéu khién vecto ctia dong co dong bo
tur théng doc truc NCVC

Su dich chuyén ctia rotor doc truc tir diém can béng
doc theo truc z, z c6 thé duogc phat hién boi cac cam
bién khoang cach. Vi tri truc phat hién duoc so sanh
véi vi tri truc didu khién z* va su chénh 1éch 1a dau
vao cho bd diéu khién vi tri truc R,. Cac vj tri diéu
khién z* ludn ludn dugc thiét lap dé dam bao rotor
1a trung diém giita hai stator. Pau ra cua bo diéu
khién vi tri truc dugc st dung dé tinh toan dong dién
qui chiéu i*s. Dong dién qui chiéu tryc d cho hai
cudn day stator i*y VA i*s, 6 thé duge tao ra bang
cach st dung dong bu ig nhu sau: i*g = ig + 1*g;
i*, = igo - i*g. Gia tri cia dong bu co thé 1a sb
khong hodc mot gia tri nhd xung quanh khong.

Tbc d6 rotor dugce tao ra tir b ma héa duoc so sanh
v6i toc dd chuin va sy chénh 1éch 1a dau vao bo
diéu khién toc d6 R,,. Pau ra cua bd diéu khién tde

d6 duoc sir dung dé tinh toan dong dién qui chiéu
truc q 1a i*,. Dong dién qui chiéu truc q cho hai
cudn day stator i*q Vva i*y sau d6 dugce tinh toan
gidng nhur dong ig.

Thiét ké diéu khién cho dong co AFPM s& tién hanh
theo cac mach vong sau day.

5.2. Diéu khién dong dién

Hau hét cac truyén dong dong co xoay chiéu hién
dai déu co6 ciu trac diéu khién c6 mach vong diéu
khién dong dién bén trong. Do vdy, déc tinh cua h¢
thong truyén dong phu thudc rat nhiéu vao chat
lugng cua chién luge diéu khién dong dién [1, 3,
4, 5].

Nhiém vu chinh cua mach vong diéu khién dong
dién 1a nham budc dong dién trong dong co ba pha
bam theo cac tin hiéu dat. Béng cach so sanh cac
dong dién thyc do dugc véi cac dong dién dit, mach
vong diéu khién dong dién tao ra cic trang thai
chuyén mach cho bién tin nham lam giam sai léch
dong dién. Do d6, noi chung mach vong diéu khién
dong dién thuc hién hai nhiém vu: bu sai 1éch (gidm
sai léch dong dién) va diéu ché (quyét dinh trang
thai chuyén mach).

Mach vong dong dién cia dong co AFPM nhu trén

H.2, tir ddy ta c6 cac cong thuc:

i, = (u, +1i, wL)W

5 sq

q _(usq B sd' s' sd)V[/;q

(11)
1
Z‘s‘r] —(WS(]TI,S(]—’_ 57 8q VV:'(iVV:'( us‘()
b 1+W{1W!1 s s(] sq ' S
1
Z'sq —( wsLsdI/VstVaqusd +I/Vaqusq)
1+WdI/Vsq aLdesq (12)
W(S) — VI/;VI/;Z VVﬂd wsquI/VstVsq
1+WSJW~4‘U~ oL o | Ys dede;q qu (13)
Trong do:
— ]/RS’ W — nl
T+l _1/B " Tos+d,
’ 5q J—qu + 1 1 H
K
W =—
" Ts+1

Nhin vao (11), (12), (13) thé hién sy tic dong xen
kénh 13 rét. Dé dat duogc chét lugng mong mudn nhu
ham truyén hé kin ctia tiéu chudn t6i ru modul 1a:
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1
I 2Ts 42,1

W.(s)
(14)

Trudc hét phai tién hanh tach kénh.

Céac bd diéu chinh tach kénh duoc xac dinh nhu sau:

Wi (s) = W, (s)[I ~ W, (5)] "W(s) 15)

Khi chon T, = Tg =2T; = 0,002 s& c¢6 T2 << 1 ¢6
thé bo qua. Khi d6 co thé xa dinh duwoc ham sb
truyén cac khau hiéu chinh tach kénh cho mach
vong dong dién la:

L 1 - L
L, = 'sd (1+7),'R]2= s8q ;
47—;’KnIK[ T:va’s 4’1—1"Kn1K1Y
a)SLﬂl . _ qu ]

R = =
21 47;Kn[KiS 22

Khi nghién ctru md phong, cac b bd diéu chinh
tach kénh nay s& dugc ghép ndi vao mach dong dién
cua dong co trén H.2.

5.3. Diéu khién dich chuyén doc truc

Pé don gian, gia thiét rang chuyén dong hudng tam
ctia rotor dugc khdng ché boi hai 6 dd hudng tam ly
tuong. Vi vay, chuyén dong doc truc la doc lap voi
chuyén dong huéng tim va c6 thé biéu dién nhu sau
[1,2,3,4]:
F-F =mZ (17)
Trong d6 m 1a khéi lugng cua cac phan chuyén dong
va F 1a luc doc truc.

Sau d6 thay (1),(2),(3),(4),(5) vao (17) ta c6:

MZ+F =K (g i) +k (g —14)Z—K,2 (18)

’ ]\/V2 Hy 2
Trong do £, =2yg—y/,; k, =22y,

s ! gﬁ 7 Sng !
D@ dang thdy rang hé thong nay khong on dinh. Dé
6n dinh hoa hé thdng, mot bo didu khién voi thanh
phan vi phan duoc st dung. Mach vong diéu khién
khoang cach truc dugc biéu dién & hinh H.7.

Mach vong diu khién khoang cach truc bao gdm
ham truyén kin ciia mach vong dong dién bén trong

va ham chuyén dong truc. Vi tai cua truc thuong la
khong biét nén n6 dugc xt Iy ¢ budc thr nhat nhu la
mot nhiéu bén ngoai hé thong.

z*

0

Fa

Ily
H.7. Mach vong diéu khién khoang céch truc
Dé triét tiéu sai léch tinh, ta st dung b diéu khién

PID. Ham truyén cta bo diéu khién PID duogc biéu
dién nhu sau:

G,(s)=K, +ﬁ+ Kps (19)
S

H¢ thong s€ on dinh khi cac tham so6 bo di€u khién
thda mén:

K, > K,
lKZ
K, < Ko (KK; +K,) (20)
m
K, >0
K, >0

5.4. Diéu khién toc do

Di véi tat ca cac loai ddng co, sai Iéch gitra momen
dién tir M va momen tai M, gdy ra gia tc cua rotor
theo dac tinh co hoc cua cac truyén dong dong co.
Phuong trinh chuyén dong quay co thé duogc viét
nhu sau [1,3,4,5]:

MM, =39 hoge @ _ 1 (21)
dt M-M_ Js

Momen c6 thé diéu khién duogc béng dong dién truc
g nhu biéu dién & phuong trinh (1) - (5); vi vdy,
mach vong diéu khién téc d6 duoc biéu dién & hinh
H.8.

1/K, Lsq
1+ 21;5 + 21":52

1+Ts

H.8. Mach vong diéu khién téc do

Tuong ty nhu mach vong diéu khién chuyén dich
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doc truc, mach vong diéu khién toc do ciing bao  6.3. Két qua mé phong
gém mach vong diéu khién dong dién bén trong va
ham truyén dong co c¢b dinh. Vi tai chua xac dinh
nén & bude thir nhit né duge coi nhu 1a mot nhiéu

6.3.1. Trweong hop téc dé dat dinh miec
n = 3000v/ph; m =0,08 Nm,z=0

3500

ngoai h¢ théng. Anh hudng cta do luong téc do
thuong dugc két hop véi hang s thoi gian tuong o /
duong cta mach vong diéu khién dong dién. Ham 0 I
truyén kin ctia hé thong nhu sau: o [
R W KR E 1500
WK (S) = © 0 — : 2 1000 I
1+RW, s(T.s+1)+KR, 22) ]
Mach vong tdc d¢ 1a khau tich phan quén tinh nén ta 0
st dung tiéu chuan t&i wu dbi xing véi ham sb T o o oe os o os o5 3
truyén chuén: ©
144T s H.10. B thi téc do dinh muc
el = AT srarest oTes? e
: ° : (23) sl
Cén bang (18) va (19) ta co: 12 | \‘
KR, ~ 1+4T,s I
S(T.s+1)+KR, 1+4T.s+8T’s*+8T°s’ o
Chon: 2T’s = Ts, gidi phuong trinh trén ta dugc: . \\ -
1+4T,s 1 1 T
Ro = aT2s ~ KeTs T 2KT vy il
s s S (24) 720 0.1 0.2 0.3 0.4 t?si 0.6 0.7 0.8 0.9 1
6. DANH GIA CHAT LUONG BANG MO H.11. Dong dién isq va Isg
PHONG 06
6.1. S6 liéu cta dong co’ va théng s6 dé mé ool
phoéng 04 ‘
Ry=2,3Q; Ly =9,6.10°H; Ly =8,2.10° H; 20 \
Toy =4,2.10°; Toy = 3,56.10°%; ¥, =0,0126 Wh; £ o2 ‘
Z,=1; 9o =1,7.10° m; Mo = 0,235 Kg; \ a
Jr = 0,0000082 kgm?; Ho = 47.107 H/m; o/
Ky =5: K; = 1: T,=0,001; K, = 0,00417;

0 01 02 03 04 05 06 07 08 09 1
t(s)

T,=01Ts, =T, + 2Ty 2T's = Ty H.12. Momen dong co

6.2. So d6 md phéng ddong co AFPM

Bo- o |wE @

6.3.2. Trweong hop toc dé trén dinh mirc
n = 4000 v/ph; m = 0,08 Nm; z # 0.

4500

4000

3500

3000

=f@

2000

1500

1000

f
|
2500 [
l
i
f
|

500

0

-500

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
s)

H.9. So dd md phéng H.13. Do thi téc do trén dinh muc
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"I 7. KET LUAN
06 ln\ Str dung dong co déng bd tir thong doc truc kich tur
“I \ nam cham vinh ctru ¢6 céu triic dic biét va sir dung
o 6 d& tr hai dau truc nhu trén hinh H.1, dé tao nén
0z \\ hai mach vong diéu khién téc do va chuyén dich doc
o1 | a truc cua rotor (& day da coi céc 6 d tir hai dau truc
’ ludn ludn lam dung chirc nang danh dinh cua no).
Coer s e e e Bing phuong phap diéu khién twya theo tir thong
H.14. Momen dong co rotor (TR), budc dau di dat dugc mot sé van dé
, sau:
. ¢ Diéu chinh tdc do dong co voi tdc do trén dinh
. mirc bang giam tir thong nhd bom vao mot dong isg
. / nguoc chiéu véi tir thong cuc yp trong pham vi dam
N s / bao momen lam viéc cho dong co;
N \\ / e Luon ludn gilr cho rotot ¢ vi tri trung voi tam cla
e dong co nho vao mach vong diéu khién chuyén dich
% o1 02z 03 04 05 06 07 08 o098 1 dOC truc’
(s)
H.15. Chuyén dich doc truc z . ’Cac van dc.e‘can t?c?p tuc nghién ctru la nang cao
chat lugng di€u khién cho dong co va dam béo
2 i momen toi wu khi giam tir thong.
* \ i e Tién hanh thi nghiém trén dong co AFPM.
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THIET KE PIEU KHIEN TACH KENH CHO PONG CO bONG BO
TU THONG DOC TRUC KiCH T’ NAM CHAM VINH CcUU
LAM VIEC VOI TOC PO TREN PINH MUC

DECOUPLING CONTROL DESIGN FOR AXIAL FLUX PERMANENT MAGNET
SYNCHRONOUS MOTOR WHICH OPERATES ABOVE THE NOMINAL SPEED

Dwong Quéc Tuan, Nguyén Nhw Hién, Tran Xuan Minh
Trwdng Dai hoc Ky thuat Céng nghiép - Dai hoc Thai Nguyén
Email: duongquoctuan-tdh@tnut.edu.vn, nhuhiendhktcn@gmail.com, tranxuanminh@tnut.edu.vn

Tom tat:

DPong co déng bd tir théng doc truc, kich tr nam cham vinh ctru (Béng co AFPM) khi st dung 0 do twr thay
thé vong bi & hai dau truc, sé co tich hop o ttr doc truc ngay chinh trén déng co dé chan chuyén déng doc
truc. Nhw vay, khi dong co AFPM lam viéc & tbc dd quay dinh mirc van xuét hién dong dién is. Bai b4o nay
nghién ctru vé st dung bo diéu khién dong dién cé tach kénh dong isg VA isq cho ddng co khi lam viéc & téc
dd dinh mirc va trén dinh mdrc.

T khoa:

DPong co dbng bo tir théng doc truc kich ttr nam cham vinh ctu (ddng co AFPM), diéu khién tbi wu trén toc
do6 co ban.

Abstract:

The axial flux permanent magnet synchronous motor (AFPM motor) uses magnet bearings instead of
mechanical bearings at the two ends of its shaft and the motor itself generates the attractive force to prevent
axial displacement like a third integrated magnetic bearing. Therefore, the current iy still exists when AFPM
motor operates at the nominal speed. This paper studies the use of decoupling current controllers for the two
current components isg and isq when the motor operates at nominal and above nominal speed.

Keywords:

Axial flux permanent magnet synchronous motor, optimal control above nominal speed.

Chir viét tit DCD c¢6 tinh niang 1y tuéng d6 1a dép ung khong
. cham tré dong stator cho dong co. Thuc té, day la
AFPM axial flux permanent magnet A A2 1A 2

yéu cau rat cao va khong the dat duoc.

NCVC nam cham vinh ctru s \

Khi thiét k&€ bd PCD trong hé truyén dong sir dung
bC dong co dong co ddng bd tir théng doc truc, kich tir nam
XCBP xoay chiéu ba pha cham vinh ciru ¢6 tich hop 6 tir doc truc s& gap phai

mot s kho khan chinh, dé 1a:

1. BO PIEU CHINH DONG TRONG DCXCBP
1.1. Vai trd bé diéu chinh dong

Bo diéu chinh dong (bo BCD) stator giit vai tro
quyét dinh trong hé thong truyén dong xoay chiéu
ba pha (TBDXCBP) diéu chinh twa tir théng rotor
(T*R). Khi thiét ké cac bo diéu chinh vong ngoai cua
hé nhu bo didu chinh téc d6 quay (B6 DPCTPQ) va
b6 diéu chinh vi tri (b DCVT), nguoi ta thuong coi

e Hg truyén dong nay khong dung hai vong bi co
khi d& chin hai dau truc ma st dung hai 6 dd tix cho
nén s& xuét hién cac chuyén dich cua truc dong co
theo phuong X, y va doc truc z khi c6 nhiéu tac dong
(chu yéu 1a nhiéu tai).

e Phan hdi téc d6 thuong ldy ngay trén truc dong
co théng qua cac thiét bi do (nhu may do téc dd),
con tde d6 quay phia phu tai dwoc xac dinh bang
khau quan sét.
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e Ban than truc quay cia dong co va 6 d& tir di ton
tai khe hé khong khi nén dé xuat hién hién tuong do
lic va nghiéng truc,. ..

Thoéng thuong, tde do ap dat cao nhét thu duoc khi
khau DCD c6 dap ung tirc thoi dé gia tri thyc theo
kip gi4 tri dat sau hai chu ky diéu chinh T (chu ky
trich mau).

Ngoai viée doi hoi vé tde do ap dat, khau PCD con
phai c6 kha ning cach ly tic dong qua lai 1an nhau
giita dong kich tir va dong tao momen. Yéu ciu nay
vGi dong co ddng bo kich tir vinh ciru c¢6 thé dap
mg dugc véi didu kién phai biét chinh xéac vi tri cua
rotor dé c6 thé xac dinh dugc vi tri cia tir thdng kich
thich vinh cuu.

Mot nhiém vy khoéng kém phan quan trong trong
thiét ké DCD 1a dap mg yéu cu: phai xét tt ca cac
diéu kién bién cia hé thong, khi dat gia thiét ban
dau cho khau, ciing nhu khi xac dinh mach phan hoi
gié tri thuc cua dai luong bi diéu chinh.

1.2. Cac diéu kién bién

Diéu kién bién quan trong dau tién 1a k¥ thuat dé do
gia tri thyc ctia dong dién stator. Vé co ban, co thé
st dung mot trong hai k¥ thuat do: do gia tri turc thoi
st dung khau bién dbi tuong tu/sd (ADC), hodc do
tich phan dai luong dong bang khau bién doi dién
ap/tan s6 (VCO). Ky thuat do dong stator sir dung
ADC sg& thuan tién hon VCO vi khong gy tré gia
tri do.

Diéu kién bién thir hai 1a dic diém tré mot nhip tinh
tac dung cua dai luong diéu khién 1a dién ap stator
us do khau PCD doi hoi. Tré do thoi gian tinh toan
c6 han cuta vi tinh/ vi Xt ly gay nén. Thong thuong,
thoi gian tré d6 1a mot chu ky T.

Ngoai ra ddi v6i dong co dong bo kich tir vinh ciru
thi tir thong rotor 1a dai lugng khong doi, ta co thé
coi d6 1a vecto nhiéu va dugc bu truc tiép.

1.3. Ham truyén dat muc tiéu

La cong cu phuc vu mé ta chinh xac dac tinh can dat
ctia hé c6 diéu chinh. Ddi voi truong hop diéu chinh
vecto dong stator co thé dién dat cac dic tinh do
nhu sau:

e Dic tinh dong hoc can dat, thé hién qua thoi gian
xac 1ap hodc téc do dap tmg khi co tac dong diéu
chinh;

e Kha ning cach ly ciia hai thanh phan dong (i, iq)
0 ca qua trinh qua do va trang thai xac lap.

1.4. Két luan

Nhiém vu quan trong can giai quyét khi thiét ké bd
DCD cho hé truyén dong nay 1a: phai xét dén tat ca
diéu kién bién, cac diéu kién bién co thé dugc dua
vao gia thiét ban dau hodc dua vao khau hoi tiép.
Viée st dung cac by BDCD theo luat PI thong thuong
s& khong dap ung cac yéu ciu nay, cho nén ta khong
xét dén nd & day [1][5][6].

D¢ dap tmg cac didu kién bién va cac dic tinh cta
ham truyén dat muc ti€u da néu & trén, cac ndi dung
nghién ctru vé bo PCD ¢ day sé duoc gidi han véi
bd diéu chinh dong dap ung ham muc tiéu co thoi
gian dap tng la 2T (dac tinh Dead-Beat) va thuc
hién do dong dién tirc thoi (ADC).

2. THIET KE KHAU DIEU CHINH DONG
CO PAP IPNG TU’C THO'I (DEAD-BEAT
RESPONSE) KHI PO TU'C THO!I GIA TRI
DONG THUC STATOR CHO BONG CO’
AFPM

2.1. M6 hinh trang thai gian doan cua bC
AFPM

2.1.1. C4u tao déng co AFPM

V& mit ciu tao, dong co AFPM c6 nhimg nét dic
biét riéng, cu thé modul stator c6 thé bao gém céc
loai: Modul don chi ¢6 mét bd ddy quan va modul
kép o hai bd diy quan chung mot 16i va quay lung
vao nhau. Rotor cling tuong tu, modul rotor don chi
mot mat c6 nam cham vinh ctru va modul kép thi ca
hai mit déu c6 nam chdm vinh ctru twa lung vao
nhau.

O day chon ddi tuong nghién ciru 1a loai co hai
modul stator don bén ngoai va mdt modul rotor kép
bén trong nhu trén H.1 1a hinh 4nh cta dong co
AFPM va trén H.2 biéu dién mat cit cta no.

H.1. M6 hinh déng co AFPM
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H.2. Mit cit PC AFPM co tich hop 6 d& tir hai dau truc
(1: Truc; 2, 3: Stator va day quan cua DC phia phai va
phia trai; 4: Rotor NCVC; 5,6: Rotor 6 d& tir bén trai va
bén phai; 7,8: Stator va day quan cua 6 d& tir bén trai va
bén phai; zq, go: Khe hé danh dinh gitra rotor va stator cua
dong co va 6 ti)

2.1.2. Nguyén ly lam viéc

Khi dién ap ba pha dwoc cip cho cac cudn day
stator, sinh ra cac dong dién (trong dé c6 thanh phan
i) chdy trong no, s€ tuong tic véi tur truong cua
rotor dé tao ra cac momen quay (M) va dong dién
trong cac ddy quan pha (thanh phan i) cua stator
sinh ra cac lyc diy kéo (F) dua trén nguyén 1y cua
nam cham dién. Nho ¢6 cdu tao dic biét va nguyén
Iy 1am viéc nhu trén ma rotor ciia dong co s€ khong
co dich chuyén doc truc mac du hai dau truc dong
co la hai 0 d9 tr.

Do cach cudn day ma tir trudng quay sinh ra momen
quay M; va M, trén truc rotor cling chiéu va tao ra
luc day kéo F; va F, giira rotor va stator ngugc
chiéu. Momen quay tong (M = M; + M,) la tong
ciia cac momen quay va luc ddy kéo doc truc
(F = F;, — F,) 14 hiéu s6 cua hai lyc hut.

2.1.3. M6 hinh lién tuc cua déng co AFPM
Khi gia thiét hai 6 d& tir & hai du truc ludn ludn 1am
viéc dung chirc ning danh dinh va chwa c6 chuyén
dich doc truc thi m6 hinh cia dong co AFPM nhu
(1). Trong do, chi sé 1 cho dong co phia trai va chi
s6 2 cho ddng co phia phai nhu minh hoa trén H.2.

di,, 1. L, . 1
— =g, to.—I,+— U
dt Tsdl sd1 S Lsd1 sql Lsdl sdl
i =— I's‘“i —ii 1 u — e g
- s sd1 sql sql s
dt Lot T 7 Lsat Y Ly 1)
di 1. Ly, . 1
?ﬂz_ilsﬂ*_a)siqlsqz_i_* Uggs
t Tsdz Lsdz Lsdl
dig, L, . 1. 1 4
dq =~ = lygp — Iqu +— usqz -t (23
t qu2 qu 2 L sq2 qu2

Tir (1), biéu dién sang hé phuong trinh trang thai
dong co ddng bo kich thich vinh ciru trén hé toa do

dg nhu sau:
di . .
dits = Ai; + Bu; + Na,i + Sy @, 2

Trong mo hinh (2), cic ky hi€u c6 y nghia sau day:

Us— Vecto dai lugng dau vao (dong thoi 1a vecto
dién ap stator) ;

is— Vecto trang thai (d6ng thoi 1a vecto dong stator);
A — Ma tran hé théng;

B — Ma tran dau vao;

N — Ma tran ghép phi tuyén;

S — Vecto nhiéu;

@, — Dai luong vao tht ba ngoai hai phan tir cia U,
¥ — Tur thong cf{a rotor vinh ctru (dai lugng nhiéu
c6 gia tri khong do6i).

Céc ma tran cta (2) c6 cong thire nhu sau:

al[HTa O o /Ly 0
0 1T, 0 1/L, 3
0 Ly/Lyl 0 (
N=1L L, © Tl

V6i: Teg = Leg/Rs; Tog = Leg/Rs

Dé minh hoa rd dic diém nhiu cua tir thong cuc y,
phuong trinh (3) di thé hién tic dong cia Y qua
mot biéu thirc riéng dbi véi vecto S. Tuy nhién, &
trang thai d6 ta khong thé gian doan héa md hinh.
Vay hay tam coi y;, la tham s6 cua hé thong (do tinh
chat hang cua wp). ta viét lai (3) nhu sau:

di, Ai, +B'V+ Na,i, 4)
dt

V6i: V1 = [Ugg, Usg, @e]; B"=[B, 9]

Cudi clng ta c6 md hinh trang thai gian doan dong
co dong b kich thich vinh ciru (H.3).

(k) =i, (K)+Hu (k) -y (K) (5)
Trong do:
1- T wsT% LL 0 0
¢: SE T q ,H _ sd T ’ h _ _ﬂ
-oT—% - 0 — L,
qu qu I_SCI
H'=[H,h];

Trén mién anh z:

i, (2)=4i, (2)+Hu, (2) -y (2) (6)
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Phuong trinh déc tinh: det[zI-¢]=0 @)

vé6i | 1a ma tran don vi

i H.3. M0 hinh trang thai gian doan,
dong thoi 1a md hinh dong cia dong co dong bo

2.2. Thiét ké khau diéu chinh dong c6 dap
trng tirc thei (Dead-Beat Response) khi do
tire théi gia tri dong thwc stator (ADC)

2.2.1. Gidi thiéu vé bo diéu khién Dead-Beat

Mot hé théng khong lién tuc dugc goi la Dead-Beat
néu no thoa man:

e Khi tin hiéu dau vao x(t) thay doi tir hang sb nay
sang hing sb khac thi sau dung n budc didu khién
tin hiéu dau ra ciing dat toi dugc hing sb bang tin
hiéu dau vao (khong c6 sai léch tinh), trong d6 n la
bac cia hé théng. Noi cach khac 1a hé c6 qua trinh
qua do 1a n budc nhu minh hoa trén H.4.

e O ché o xac 1ap tin hiéu dau ra khong thay doi
ngay ca trong khoang thoi gian gilta cac lan trich
mau, tirc 1a khi d6 y(t) phai 1a hing s6 chtr khong
riéng gi diy céc gid tri trich mau {y,} cua né.
e B0 diéu khién 1am cho hé thong tr& thanh Dead-
Beat dugc goi 1a bd diéu khién Dead-Beat hay bo
diéu khién co thoi gian dap tng tirc thoi.

X(O A

| Budce nhay gid tri can

_,_‘--""-'-l’)z'lp ung gia tri thue
v(t)

oF'1 23 45

n-1n nt+l
H.4. Gid tri dau vao, dau ra cia hé thong don
Vi dap ung hitu han

2.2.2. Phwong trinh khéi dau cua dai lwong
diéu khién u_

Phwong trinh (5) va (6) 1a xuét phat diém cua moi
thiét ké DCD sau nay.

G(k+1) w(k)
(Tz‘t mé hinh dua t61)

)
= R,

/

i n‘-}:>|:‘1}i;| ]

Phia diéu chinh

Phia déng co

H.5. M6 hinh dong tong quét da bu tac dong
cua tir thong rotor va da xét dén thoi gian tré tinh toan T

Gia thiét rang y(k) 1a dau ra ctia mot khau didu chinh
nao do, viéc ghép y(k) t6i dau vao us(k) ciia mo hinh
dong phai thoa man phuong trinh sau:

us (K)=H [ y(k —2) ~hy/(K) | (8)

Bing s6 hang c6 chira y(k-1) (Iui lai mét chu ky T),
ta da xét toi thoi gian tré co tinh dinh ménh, ton tai
& moi hé diéu khién/diéu chinh bang vi tinh/vi xt 1y.
Thoi gian tré 4y bao gém ca moi tac dong tré do
bién tin gdy ra. Mat khac, trong (8), ta coi khau
chuyén toa d6 dién 4p (CTPu) va khau diéu ché
vecto khong gian (PCVTKG) la cac khau c6 ham
truyén dat trung thanh ca vé modul va pha. Diéu
nay, lam don gian rat nhidu cho cong viéc thiét ké.
S6 hang thtr 2 véi —hy(k) c6 nhiém vu bu tic dong
cua tir thong khong dbi rotor, von duoc coi 1a dai
lugng nhidu vao mo hinh dong dong co. Mo hinh
tong quat di bu nhidu dugc gidi thiéu nhu trén H.5.
Gi4 tri tir thong tir rotor dung dé bu & H.5 la do md
hinh tir thong (MHTT) cung cp (cling co thé tur
khau quan sat hodc khéau loc Kalman). Khi thay
phuong trinh (8) vao (5), ta thu dugc mé hinh dong
da bu tré ciling nhu bu tac dong nhidu cua w(K).

i;(k+D)=4di (k) +y(k-1) ©))
Trén khong gian z, m6 hinh (9) ¢6 dang:

[z -¢]i,() =2"y(2) (10)
Pén day, ta d hoan thanh chudn bi cho viéc thiét ké
cu thé: Tir didu kién bién cua hé thong dén ham muc
tiéu cho hé sau khi c6 tac dong cia khau diéu chinh

dong xay dung dwoc phuong trinh dién 4p ban dau
cho u,.

2.2.3. Thiét ké bé diéu khién Dead-Beat

So d6 céu triic nguyén 1y cia khau DCD khi do tirc
thoi gia tri thuc dugc minh hoa ¢ H.6.
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Trén H.6 da thyuc hién hoi tiép am dong stator do
duoge ig(k), khép kin mach vong diéu chinh va so
sanh voi gia tri i’ g(K).

Sau d6, sai sb ctia phép so sanh trén dugc dua dén
dau vao bo diéu chinh R, ndo do, véi vecto diurala
y(k). Ta s€ thu dugc tron ven dau tién cua dong co
dong bo kich tir nam cham vinh ctru nudi bang bién
tan ngudn ap c6 bod diéu chinh dong.

Trong do, vecto gia tri can i’y déu duoc cAu thanh
hoac truc tiép tir cac dai lugng diu ra cua khau din
tir thong (DTT) hodc bd diéu chinh téc do quay
(BCTDQ) vong ngoai.

vk +1)
(m mé hinh dua t61)

Phia diéu chinh

H.6. So dd ciu tric khau diéu chinh vecto dong stator
cho BCXCBP

Tir H.5, ta d& dang viét duoc phuong trinh:
y(2)=R,[i;(2)-i,(2) ]

Thay (11) vao (10), ta thu dugc ham truyén dat cia
dong co dong b c6 PCD stator nhur sau:

(11)

is(z)=z’1[zl-£5+2’13,]43@:(2) (12)

Muc tiéu dit ra cho ham truyén dat (12) cua khau
diéu chinh dong véi dap tng tirc thoi 1a [5][6]:
is (2)=27i,(2)

Viay, (13) va (12) s& dong nhéat khi va chi khi b
diéu chinh dong la:
1 —z7%

1-z72

(13)

R,(z)= (14)

Trong do: | 1a ma tran don vi.

Chu y rang, & day ta dang xuét phat tir gia thiét dong
is duoc do tuc thoi bing ADC

Ham truyén dat muc tiéu (13) c6 dang ma trin
dudng chéo véi cac phan tir 1a 22, diéu d6 dam bao
kha niang phan ly tot ca hai thanh phin dong & ca
ché dong va ché do tinh. Ma tran diéu chinh R,
mang tinh chat ciia khau diéu chinh da thong sb,
nghia 13 ngoai tic dung diéu chinh nhanh doc, con

c6 tac dung diéu chinh bu tic dong qua lai
(decoupling) giita hai thanh phan dong ké trén.

Véi sai léch diéu chinh: x (2) =i.(2)—i, (2) (15)

Taco: y(z) =R, x,(2) (16)

Ap dung (16) vao cong thiic (14) ta chuyén phuong
trinh ctia ma tran diéu chinh R, sang dang co thé viét
phan mém nhu sau:

YK =X,,(K)-Dx,, (k-1 +y(k-2) (17)

Néu thay (17) vao (8) ta thu duoc dién ap can dit
lén stator nho khau diéu ché vecto khong gian
(PCVTKG) sau day:

U (k+D)=H [ %, (K)-Dx,, (k-1)+y(k-2)-hr(k +1) | (18)

Phuong trinh (18) 1a két qua can dat cia qua trinh
thiét ké. Tuy vay, can chu ¥ hai diém sau:

e Trong dai tbc do danh dinh, tir thong rotor  la

hang s6 va vi vay c6 thé bo qua viéc bu trong (18)
khi cai dat thyc tién. Thanh phan | trong khau diéu
chinh dong R, hoan toan c6 kha ning san bang sai
léch tinh do thiéu bu giy nén. O ving trén toc do
danh dinh, modul tir thong ludn thay dbi nén ta st
dung thuat toan c6 bu nhu (8).

e Theo (8) dién ap Us ludn duoc tinh sém trudc
mot chu ky. Do d6, viéc hardware gay tré mot nhip
tinh tac dong cta U; da dugc xét dén mot cach dﬁy
du trong thiét ké.

2.2.4. Ap dung cho déng co’ dong bé trén hé
toa dé dqg

Thay cho @, H va h ta sir dung cac ma tran sau:

1-L wsTﬁ
¢f :|:¢11 ¢12:|_ Tsd qu .
M 1 oy 'C()ST% I_T
. % % (19)

01 |5 ° ° 0
wfy (HS s
0 hy, 0 L L h,

L 1
5q
Sau khi thay cac phan tir cia ma tran (19) ta thu

dugc thanh phan dién ap:
| Yoo (K) =X (k=1) =
Uy (k+1) =ht| ™ N
alkr=h; {—mqu(k—myd(k—z)

Xuq (K) = 1%, (K =1) -
_¢22qu (k _1) + yq(k - 2) - hz‘//p

(20)
Ug(k+1) = hé[
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Nhu vay dé thuan lgi cho qué trinh tinh toan phuong
trinh bd didu khién dong dugc viét qua 2 budc:

Budc 1: Tinh vector, y(Kk) theo (17):

Ya (K) = X0 (K) = AiyXog (K =1) — X, (K =1) + Y, (k = 2)

(21)
Ya(K) = Xuq (K) + 1 Xg (K =1) = X0 (K =1) + y, (k =2)
Buéc 2: Tinh vector dién ap y (k) theo (8):

(22)

Ugy (k+1):h1_11y(1 (k)
Usq (k+1):h;21|:yq (k) - hzl//p:l
2.3. Két luan vé bd diéu khién dong:

Bo diéu khién dong duoc thiét ké nhu (14) 1a bo
diéu khién dap ung tirc thoi (Dead-Beat Response).
Véi nhitng wru diém co ban cua b diéu khién nay 1a:
khong c6 sai 1éch tinh va thoi gian dap ing nhanh
chi sau hai chu ky cit miu, s& tmg dung tot cho hé
truyén dong dong co déng b tir thdng doc truc, nam
cham vinh ctiu ¢6 tich hop b tir doc truc va dugce do
bang 6 tir hudng tdm hai dau truc.

Tuy vay, tac dung ciia bd diéu chinh dong con cin
dugc danh gia qua moé phong va thuc nghiém.

3. DANH GIA CHAT LU'ONG BO DIEU KHIEN
DONG CHO PONG CO AFPM

3.1. S6 liéu dé md phéng

Rs=2,3Q; L =9,6.10°H; Ly =8,2.10° H;
Tsg =4,2.10°% Ty = 3,56.10°; ¥, = 0,0126Wb;
Z,=1; go=1,7.10° m; Mo = 0,235Kg;

J; = 0,0000082 kgmz; o = 47 x 107 H/m;

K. =5; Ki=1; T, = 0,001; K, = 0,00417;
T,=01; Te, =T, + 2T;; 27’5 = Tsy,.

3.2. So' d6 méd phéng

H.7. So d6 md phong cho PCXCBP
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4. KET LUAN

4000

3500 / B0 diéu khién Dead-Beat nhanh chong dua toc do
2000 / dong co vao on dinh sau hai chu ky trich mau véi

sai léch tinh bang khong (trén H. 10 va H.12).

2500

2000

f(t)
———T

Khi tdc d6 dong co bang dinh muc thi dong is bang

n

khong (trén H.11) va khi tdc do trén dinh muc thi
1000 dong isg am, co chiéu nguoc voi tir thong cuc cua
500 rotor (trén H.13).
0
oo Vén dé can tiép tuc nghién ctru 1a anh huéng cuia
R chuyén dong doc truc dén dong dong iy khi dong co
H.12. D4 thi téc do trén dinh muc lam viéc trén toc do dinh mic.
60
50
40
30
20
= isq
=10 =
- 0
-10 \
20 \ isd
-30

-40 t
0 02 04 06 08 12 14 16 18 2

1
1(s)

H.13. D6 thi dong dién & toc do trén dinh mic
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Tom tat:

NGHIEN CU’U VA I’'NG DUNG CARD DS1104
DE PIEU KHIEN PONG CO KHONG PONG BO ROTOR LONG SOC
THEO NGUYEN LY TUWA THEO T’ THONG ROTOR

V6 Thanh Ha', Nguyén Van Thang?
Trwdng Pai hoc Giao théng Van tai, > Trwong Dai hoc Bach khoa Ha Noi
Email; vothanhha.ktd@utc.edu.vn

Bai bao nay gidi thiéu két qua nghién ctu va (rng dung xay dwng hé chuyén déng clta dong co khéng déng
b rotor Idng séc, st dung card DS1104. V&i cach xay dung nay tao ra dwoc hé thi nghiém diéu khién thoi
gian thuc phuc vu cho cac yéu cau nghién ctru thwe nghiém mot cach thuan tién dé phat trién, kiém chirng
va hoan thién cac thuat toan didu khién mach vong dong dién, téc do va tir thong, gép phan nang cao chét
lwong cho hé truyén dong khéng déng bo. Tinh dung dén cha ly thuyét dwoc chirng bang mé phdng Matlab-
Simulink va thyc nghiém trén card DS1104.

Abstract:

This paper presents about result and application motional induction motor using DS1104 card. By this
construction to creat the real-time control for all requirement in research-experiment to develop, verify and
improve control algorithm easily for helping to improve in system’s quality. The specific result is designed
real-time control system for carrying out motion control experiment. The validity of the proposed method is
verified using simulation by Matlab — Simulink and experimentation in laboratory using DSP 1104 card.

Keywords:

Electric drive, Field oriented control, AC motor, DS1104, bd vi x& ly diéu khién s6 DSP, PI.

Ky hiéu
K.hiéu D.vi
usd,uq \V
Isd, Isq A
Ls, Lr H
Ts, Tr S

(o)

w, wq rad/s
Py Wb
im A
mL N.m
J kg.m?
X*

Y nghia
bién 4p stator doc va ngang truc

Dong dién stator doc va ngang
truc

Pién cam stator, di€én cam rotor
Hing s6 thoi gian stator, rotor
Heé sb tir tan toan phan

Téc d6 gdc ¢o, tde do goc stator
Tu thong rotor PCKDB

Dong tir hoa

Momen tai

Momen quan tinh

Gia tri dat cua dai lugng X

Chir viét tit

FOC Field Oriented Control

(DPiéu khién tua theo tir thong rotor)

DCXCBP Dong co dién xoay chiéu ba pha
DCMC-  Dong co dién mot chiéu kich tir doc 1ap
KTBL

DCKDB- Dong co khong dong b rotor 16ng soc
RLS

DSP Digital Signal Processor.

1. DAT VAN PE

Ngay nay cau tric diéu khién hé truyén dong dién
khong déng bo hién dai tua theo tur thdng rotor duoc
sir dung phd bién. Do nguyén 1y ndy tao ra mot céng
cu cho phép nhin nhan dong co KPB-RLS ciing c0
ban chit vat 1y (tao tir théng v momen quay) nhu
DCMC-KTDL. Trén co s d6 ngudi thiét ké twong
ddi thoai mai lua chon mot luat diéu khién tuyén
tinh, phi tuyén dé giai quyét bai toan bam tirng mach
vong. Bén canh d6 cu trac FOC da giai quyét dugc

320 |



PHAN 5. DIEU KHIEN TRUYEN DONG DIEN

bai toan giam khdi lugng tinh toan bang cach phan
tang diéu khién (H.1).

H.1 thé hién ciu tric diéu khién phan tang kha quen
thuoc véi PCKDB-RLS. G d6 hai thanh phan dong
dién stator (1a nhimg d6i twong c6 dong hoc nhanh)

9 ) 1 R

.
Y i

2 R 3 VM

dugc diéu chinh ¢ vong trong clng; cac dai lugng
tdc do quay va tir thong (d6ng hoc cham hon) dugc
diéu chinh & vong bén ngoai. BO didu khién dong
dién phai dam bao yéu cdu nhanh, chinh xic va
khong tuong tac [1], [2] va [3].

mlm

Wie R

Lo s 3
j9 :
u € u ¢

| | % s | L | 3~

4 u
9,
LT Led by 2
P
. 3] :
FM el
Vra || Lsq by | 2
6 5
8 .
w g .
— | I/ A —d Induction
! — Motor
R,
W Speed Sensor

H.1. Cu tric kinh dién DK phan ting PCKDB-RLS theo nguyén ly tua theo tir théng rotor [1]

Trong céu trac FOC bo diéu khién dong dién stator
€O vai tro la tao ra phia stator cua dong co mot
vector dong dién c6 hai thanh phan dong dién tao tir
thong va tao momen theo yéu cau nhu (1):

di, 1, 1,
a  T." T
z
‘2—‘;’ = Kigig M,
@)
2)2
im:d)rd k:§Zme
Véi L. 2LJ

Vong diéu khién phia ngoai 1a su tic dong cua dau
ra cta vong diéu khién tir thong tac dong dén vong
diéu khién toc d6. Tuy nhién sy tac dong nay chi
dién ra mot chiéu, néu giir duoc tir thong khong do6i
thi hai bo diéu khién nay thuc chét dugc thiét ké doc
1ap cho nhitng mo6 hinh déi twong tuyén tinh mot
Va0 — mot ra riéng r&. Nhiém vu thiét ké dat ra lac
nay twong dbi don gian, hoan toan c6 thé giai quyét
dugc béi cac khau PI (H.2).

H.2. Cac vong diéu chinh phia ngoai

Muc dich x4y dung dugc hé théng thi nghiém diéu
khién thoi gian thyc, phuc vu cho cac yéu ciu
nghién ctu thuc nghiém mdt cach thudn ti€n, va
phat trién kiém chtng, hoan thién cac thuét toan
diéu khién, gop phan nang cao chit luong cho hé
truyén dong khong dong bo. Hién nay cé nhiéu
phuong phap trién khai, tng dung dua trén nén tang
ky thuat diéu khién s6 nhu Card DS1102, DS1103
cua dSPACE. Trong bai bao nay s€ trinh bay rd hon
vé cach trién khai ky thuat tr mé phong Matlab-
Simulink xubng card DS1104 dé diéu khién dong co
KPB-RLS.

2. GIO1 THIEU CARD DS 1104

DS1104 1a card diéu khién sb cua hing dSPACE
san xuat & Ptc dya trén b xir Iy tin hiéu s6 DSP.
DS1104 dugc thiét ké dic biét dé phat trién cac bd
diéu khién s da bién téc do cao va mo phong thoi
gian thyc. Bang cach st dung Card DS1104 két nbi
v6i may tinh va phin mém Matlab, control desk
(H.3) dé tao ra hé didu khién thuc véi cac chic ning
“tong hop tin hiéu (sb, tvong tu); bo diéu khién sd
(PID, cac bd didu khién thong minh...); bién dbi tin
hiéu diéu khién tuong thich véi cac bo bién dbi ning
lugng thong dung (xung dién 4p, chinh luu ¢ diéu
khién, nghich luu...)”. Dy 1a hé diéu khién thoi
gian thuc dugc xay dung thuén tién nhét cung voi
cac bo bién doi cong suat va doi tuong didu khién
duoc xac dinh [5] va [6].
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Card DS1104 c6 thé ung dung trong mot sb linh vire
nhu: robot, diéu khién truyén dong dién, co cAu
chap hanh dién va thuy luc, diéu khién servo, may
CNC...

3. CAU TRUC PHAN CU’'NG CUA CARD
DS1104

Card DS1104 duogc xay dung dua trén co s& vi xir
ly tin hiéu s6 TMS320F240 cia hing Texas
Instruments.

< PCI Bus/PCle x 1 Bus >

PC

I_ _____________________________ I
I Slave DSP 1/0 |
l PWM I
I PCI Ilmerfface/PCIe 1x3-phase :—_II'I >
nterface 4x1-phase
| Interrupt Control
I Unit |
32 Mb 'TMS320F240) 4 Capture
I SDRAM Timers DSP Inputs <:_|__|
y [ |
| Memory Controller, Serial
I Dual Port peripheral ¢
8 MB Flash PowePC 603e RAM interface
| Memory |
I Digital 1/0
| 24-it 1/0 Bus 14 Channels <::LJ‘>
| ADC DAC - Serial Interface
| 4ch 16-bit 8chanels tor Enooderl [ o g /o RS232/RS485/ l
| 4ch 12-bit 16-bit RS422 |
I i i Master PPC 1/0 i i i i i i
DS 1104 |
—_ e —— e — —— e e —_— e e e e ] — — e — — — — — —

i i VAt v

H.3. So dd khéi cua DS1104

o Bo xur 1y chinh: MPC8240, PowerPC 603e¢ core,
250 MHz; 32kByte internal cache:

e Timer: Mot by Timer udc lugng la”iy mau, bd
dém 1t 32 bit; bén bd Timer da muc dich, 32 bit; do
phan dai 64 bit d& do thoi gian.

e B0 nhd: 32 Mbyte RAM DRAM (SDRAM).

e 8§ Mbyte bo nhé Flash cho céc tng dung.

e Cac ngit didu khién: Cac ngat boi timer, giao
tiép ndi tiép, DSP t6, incremental encoder, ADC,
PC chu, 4 diu vao tir bén ngoai; ngit dong bod
PWM.

e Déu vio twong tu: 4 kénh ADC, 16 bit, da thanh
phan; dai dién ap dau vao +10 V; thoi gian lay mau
2us; h¢ sb tin hi¢u/nhi€u > 80 dB; 4 kénh ADC, 12
bit; dai dién 4p +10 V; thoi gian 1ay miu 800ns; hé
s6 tin hi¢w/nhiéu > 65 dB.

e Piu ta tuong tu: 8 kénh DAC, 16 bit, thoi gian
on dinh max 10us; Dai dién apra +10 V.

e Incremental Encoder: 2 dau ra sd, TTL hodc
RS422; kénh encoder c6 d phan dai 24 bit; tan sb
xung max dau vao 13 1.65 MHz, gip 4 lan xung dém
t61 6.6 MHz; ngudn sensor 5V/0.5A.

e Vao/ra s6: Vao/ra s6 24 bit; dong ra SmA.
e Giao tiép: RS232, RS485, RS422.

Pé trién khai duoc cac thuat toan didu khién tuyén
tinh, phi tuyén cta bo diéu khién dong, toc do hay tir
thong, thi phai thuc hién trinh tu trén Card DS1104:
e M5 phong offline dé budc dau xac dinh tham sb
cua thuat toan diéu chinh.

e B sung thém cac khdi xuat nhap dir liéu vao so
d6 cau trac vong diéu chinh.

St dung C-Compiler tao ma C dé nap xudng Card
hardware, cai xem véi hé thong phin mém diéu
khién theo ngit.

v

Mach do dong,|
ap

Yy v

Bién tan

—®

H.4. So db khéi ban thuc nghiém diéu khién dong co IM
sir dung card DS1104

May tinh | Card DS1104

\ 4
A\

A

Encoder
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Trong do:

Card DS1104: 5 kHz;

Nghich Iuu 3 pha: 25A, 1200V;
bo dong: + (-) 20A, 2 pha;

Do 4p xoay chiéu: max 800V;
Do ap mot chidu: 0-200V;
Encoder: 1024 xung/1 vong;
IM: 2,2kW, 2280v/p, 50kZ.

4. XAY DUNG HE CHUYEN PONG SU¥ DUNG
CARD DS1104 CHO BCKDB-RLS

4.1. M6 hinh trang thai cia BPCKDPB-RLS

di 1 1-0). . 1o, l1l-0 . 1
di““[ﬂ +0T]|5d POl o
di . 1 1-0). 1- o l-0, 1
—L=—0ji, - +=2 |Sq——aa)\l/m+—U\Pm+—uSq
dt ol, o, o oT, oL,
dv, 1. 1. :
dtrd :?Isd _?Wrd +(ws _a))\Prq
v, 1. o1
dtq =_I_—|Sq +(o,-0)¥ 4 —T—‘I’rq
r r (2)
3. .5 - 3.1
m, =—=2z,(¥/x |")==z, Wi,
2 2 "L A3)

Vol W, = /L, ¥, =¥, /Ly, — 0=,

Ta thay mo hinh trang thai dong co IM (2) 1a md
hinh phi tuyén bac 4, kich thudc cua vector bién
trang thai sé ti 1& v6i khdi lugng tinh toan can thiét.

4.2. Téong hop bd diéu khién
Vi bai toan nay hé thong can c6 bo diéu khién
dong (R,) thong qua do dé diéu khién momen trén
truc dong co. Ttur thong rotor ¥! trong phuong trinh
(2) 1a mot dai lwong c6 modul bién thién chim,
dé don gian hoa dit d¥!/dt=0, Ngoai ra y, ' —o
phuong trinh cua (2) c6 dang Laplace la:
Uy = (R, +oL.9)iy —o,oL,
L2
U, = (R, +oL.9)ig, + o, L—”“I’rd +oLmig
' (4)
Téng hop b diéu khién, dé don gian tam thoi bo
qua thanh phan dan chéo:

usd = (Rs +O—Ls's)isd 5
Uy, = (R, +oL,.9)ig ®)

Twr d6 c6 cau tric b dicu khién dong voi

TGS :O-LS / RS

i;d : R Ugy 1 Ugy 1/ R, lsg

- 1+sT, 1+s.T,

PWM

H5. Mo hinh tir théng trén mién lién tuc
Cau tric vong ho dong dién:

1 1R 1 1/R

G, (s)= ~
(A+sT) A+T,s) @+T,s) 1+T,s) (6)

Véi Ty << Ty

Tong hop bo diéu khién dong theo phuong phéap
ham chuén, t6i vu modul.

Bo diéu khién 1a PI, c6 dang:

1
Gy (s)= Kp (1+ﬂ)

' ()

Véi K, _RT VAT =T,

2T,
Tuong tu voi igq ta xét thanh phén dan chéo, dé cho
2 thanh phan iy, is, khGng anh huong dén nhau qua
nhiéu, thém cac dai luong dan chéo ¢ phwong trinh
(2) vao, nhu vay ta co ciu tric bo diéu khién R,
c6 dang:

CAu truc bo diéu khién dong R,

H.6. CAu tric bo diéu khién dong RI

4.3. M6 hinh ttr théng
Ttr hai phuong trinh cudi (2), (v6i W, =0) chuyén

vé mién anh Laplace ta ¢6 (chu y cac tham so cua
dong co cod thé dugce tinh xap xi tir nhan dong co):

Isd

\Prd =
T.s+1
i (®)
sq
, = —+ @
Tr\Prd
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i:d u;d 1 Uy 1/R, isd _ 6 T T -
Q- R T TosT, | TesT, ! . :1:3
PWM L B oo T el oo
o N S WU N S
H.7. M hinh tir thong trén mién lién tuc M
A ¥
5. MO PHONG VA XAY DYUNG HE THONG , | |
DPIEU KHIEN BCKPB-RLS SU’ DUNG CARD o 1 2 e [5]3 4 5
DS1104
Ao 1) 5 ia isd _isq
B.1. Thong sé dung trong cac md phong H.8. Bip tmg dong dién
1. Thong s dong co Ky hieu  Gid tri ¢ ! ! ! !
5 : . ; :
Cong suat dinh mirc ~ Ppop 2.2 kW | L [ewaga
s s P i
Téc d6 dinh mirc Noom 2880 vg/ph o] NSRS — SRS S— I—
Dong dién dinh mitc o 10.4 Aqus e . e
bién ap dinh murc Unom 220 Vryis ' [
0 H
S6 doi cuc Z, 1 ¢ ! 2Timc [s]3 ! ?
Dién tro rotor R, 1.99 Q H.9. Dép tmg dong dién s s
Pién trd stator R 1.84 Q
200 , ; ;
Pién cam rotor L, 34.25 mH 5 A 3 menyw
Dién cam stator Ls 34.41 mH L I R S
HO cam Lm 33.1 mH 2 opmmad
Heé sb cong suat COoS¢p 0.9 B
(47 R AR SR U, S SR
Heé s tir tan toan phdn o 0.0704
7 Ve 2 _200 i i i i
Momen quén tinh J 0.001 kgm 0 1 2 ime [ 4 5
2. Thong s6 bd diéu khién H.10. Dap tng tdc do (dat w*; dong co w)
Tan s6 diéu ché Fowm 5 kHz Két qua thuc nghiém
Thoi gian trich mau
- Vong trong Ts 200 ps
- Vong ngoai Tew 2'ms

Két qua md phong
t = 0s Khoi tao dong dién tir thong;
t=0.9s Tang toc do (150 rad/s);
t = 3.5s Giam toc do (-150 rad/s).

H.11. Ban thyc nghiém diéu khién dong co IM
sir dung card DS1104
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A
4
o Lot
5 2 e -
W  J e rcciai i iaas s e issssadatsssasstassanae
b}
E- 0 ...................................
2
-4
L 0 1 2 3 4 5
| )
Time [s]
i —
H.12. bap ung dong dién ¢ s
4.
P [ O s R
g [T N
N, -
E
g S | PR Un E W,
= 27 o
K] T
-4 4
- ]
=
o
@
o
E.
E
U
§
-40
= ) 1 2 3 4 5
Time [s]
H.14. Pap ung toc do w, w*
[rad/s]
a0 :
o
2 20
LY
E o
%
& 20
g .
=
-40
= 15 06 07 08 09 10 11 12 13 14

Time [s]

H.15. Hinh anh phéng to dap tng toc do w, w*
thoi diém tang toc

isd, isq measure
BN O N &

15 06 07 08 09 10 11 12 13 14
Time [s]

H.16. Hinh anh phong to dap tmg dong di¢n iy —ig,
thoi diém tang t6c

omega*, measure

33 34 35 38 37 38 39
Time [s]

|
w
LS

H.17. Hinh anh phong to dép ung toc do w; w*
luc dao chieu

isd, isq measure
o

34 35 36 37 38 348
Time [s]

L | |
()
%)
(5
w

H.18. Hinh anh phéng to dap tmg dong dién iy —ig,
lte dao chiéu

6. KET LUAN

Qua két qua mo phong va thuc nghiém di ching
minh dugc hé théng diéu khién dong co IM st dung
card DS1104 vé tinh dtng cua Iy thuyét:

e Dung ban chat vat 1y ciia may dién: qué trinh tir
hoa (H.9, H.12) va chuyén dong quay (H.10, H.14).

e Thuét toan PI cho b diéu khién dong dap tmg
duogc yéu cau: nhanh, chinh x4c va khong tuong tac,
tuy nhién van con sai s6 ¢ nhitng thoi diém qua do
(tang toc va dao chiéu) (H.8, H.13). Nhin rd su sai
s ndy qua hinh anh thuc nghiém phéng to (H.15,
H16, H17, H18).

Pay 1a hudng di dang, nhanh dé kiém nghiém cac
thuat toan didu khién tuyén tinh (Dead-beat), phi
tuyén (tuyén tinh hoa chinh xac, nguyén 1y tua
phéng, cudn chiéu, tua thu ddng) cho bo diéu khién
dong, tbc d6 va tir thong cia dong co IM, voi thoi
gian thyc. Pong thdi nghién ctu nay, déng gop
hoan thién hudng nghién ctru ciu truc t6i wu trong
truyén dong dién khong dong bo theo nguyén ly
FOC.
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