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PIEU KHIEN KHONG CAM BIEN TOC DO DONG CODONG BO
NAM CHAM VINH CU'U SU' DUNG BO QUAN SAT TRUQT

SPEED SENSORLESS CONTROL OF PERMANENT MAGNET SYNCHRONOUS MOTORS

USING SLIDING-MODE OBSERVER
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TOM TAT

Bai bdo nay gidi quyét vén dé diéu khién tdc do dong co dong bé nam cham
vinh ctiu (PMSM) bang phuong phép tua tit thong roto (FOC). Bo diéu khién téc
do dugc thiét ké dua trén phuong phap Backstepping. St dung b quan sat SMO
(Sliding-mode observer) udc lugng gid tri cla stic phan dién dong trong hé toa do
stator, tir d6 dua qua 1 vong khoa pha (PLL) udc lugng tdc do, vi tri rotor va phan
héi vé b diéu khién. B quan sét trugt va vong khoa pha gidp hé théng tré nén
bén viing, chdng nhiéu t6t. Ngoai ra, cac thanh phén bét dinh géy ra béi momen
tdi va su bién thién tham s6 ciing anh hudng déng k€ sai léch t6c do va dong
dién, lam cho bé diéu khién khong dat duoc két qua nhu mong mudn. Chinh vi
thé, mot bo SMO dugc st dung dé quan st cac thanh phan bét dinh cia dong ca,
gidp cai thién chdt luong cta b diéu khién. Cudi cling, thuc hién md phéng
trén phan mém Matlab/Simulink véi dong co Siemens 1KF7 PMSM va danh gid
két qua.

Tirkhoa: PMSM, FOC, Backstepping, SMO, Matlab, Simulink.

ABSTRACT

This paper presents a method for Permanent magnet synchronous motor
(PMSM) drive using Field-Oriented Control (FOC) technology. The rotor speed
and current tracking controllers are designed based on backstepping control
theory. A Sliding-mode observer (SMO) is used to estimate the back
electromotive force under a static frame. After that, a Phase-locked Loop (PLL) is
designed to estimate the speed and position of the rotor. The SMO and PLL have
robustness against disturbance, high accuracy estimation ability. Moreover,
speed and current tracking performance may be affected significantly by the
disturbance which is caused by parameter variations and external load torque. So
another SMO is presented to estimate the lump disturbance and improve the
robustness of the controllers. Finally, the simulation and results are
implemented using Matlab/Simulink with Siemens TKF7 PMSM.
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1. GIGI THIEU CHUNG

PMSM la moét hé phi tuyén bac cao, chinh vi thé no yéu
cdu mot bd diéu khién phuc tap [1, 2]. Phuong an diéu
khién FOC vdi cdu trac diéu khién tang thudng dugc su
dung [3-5]. Cac bo diéu khién t6c d6 va dong dién c6 thé
dugc thiét ké dua trén nhiéu phuong phap khéac nhau [6-8].
Trong dé, phuong phéap Backstepping la phuong phap don
gian, hiéu qua c6 thé &p dung cho cac d6i tugng phi tuyén
bac cao. Phuong phap nay st dung bién diéu khién do dé
don gian hoa mé hinh déi tugng bac cao, sau d6 tim ra tin
hiéu diéu khién bang cach st dung li thuyét Lyapunov [9].

Cach théng thudng dé thu dugc gia tri t6c dd va vi tri
phan hoi la st dung cdm bién téc d6 va vi tri [3, 4]. Viéc
nay tuy don gian nhung cé nhiéu nhugc diém nhu tén
nhiéu khong gian, bi anh hudng bdi nhiéu do, khién hé
théng tré nén céng kénh va chi phi cao. D€ khic phuc
nhiing nhugc diém d6, mét bd quan sat trugt dugc dé
xuat dé udc lugng stic phadn dién déng, ti d6 tinh ra téc
dé va vi tri rotor. D& tinh toan t6c d6 va vi tri rotor tu suc
phan dién dong, cach don gian nhat 1a s dung ham
arctan [10, 11]. Phuong phap nay sé khién két qua quan
sat bi anh hudng béi nhiéu. Hon nira bd quan sét sir dung
bé loc thong thap gay léch pha [12]. Vong khoa pha dugc
dé xuat dé khac phuc nhiing diéu trén.

Bai bao nay gém 6 phan: Phan 1 gidi thiéu chung vé
phuong phap nghién ciu, phan 2 la mé hinh toan hoc cua
déng co PMSM; phan 3 tinh toéan thiét ké bo diéu khién téc
dé st dung phuong phéap Backstepping; phan 4 trinh bay
vé bd quan sat trugt udc lugng stic phan dién déng va
vong khod pha; déng thai thiét ké bd quan sat truot
momen tai; phan 5 la két qua m6 phdéng va danh gid, so
sanh v6i moét s6 phuong phap khac truée khi dua ra két
ludn & phan 6.

2. MO HINH TOAN HOC PONG CG PMSM

Phuong trinh todn hoc li tudng clla déng co PMSM trén
hé toa dé rotor c6 thé dugc biéu dién dudi dang:
diy  Rig 1

E=—T+pwiq+Iud (1)
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di Ri pwds 1
a_ q :
do  3pddg Bw T

—= - 3
dt 2] | | )

Trong d6, L la dién cdm stator theo truc d va q;
Ug, Ug, ig,iq la dong dién va dién ap stator theo cac truc; R
la dién trd stator; p la s6 cap cuc; w la téc d6 goc rotor; d¢ la
tr thong clia nam cham vinh clu; T;, la momen tai; ] la
momen quan tinh; B 1a hé s& ma sat. Vi mé hinh trén, bai
béo sé thiét ké cau trac diéu khién FOC cho dong co PMSM,
st dung bd diéu khién Backstepping va b6 quan sat trugt
sao cho gia tri téc d6 dong co bam sat gia tri dat
3. THIET KE BO PIEU KHIEN BACKSTEPPING

Phuong phap Backstepping la mét phuong phap don
gian c6 thé st dung hiéu qua cho céc déi tugng phi tuyén.
S dung luat Lyapunov dé chon ra tin hiéu diéu khién. Khi
d6 bién can diéu khién sé tién dén gia tri mong mudn.
3.1. B6 diéu khién Backstepping téng quat

Xét d6i tugng c6 phuong trinh:

dx _

dt

Trong d6, x |a bién trang thai can diéu khién, u 13 tin
hiéu diéu khién. Dat e = x* — x, trong d6 % la tin hiéu dat
cUa bién trang thai x.

f(x) + g(x).u (4)

é=x"—%x=x"—f(x) —g(x).u (5)
Chon ham Lyapunov V = 0,5e? thi V = eé, ta chon tin
hiéu diéu khién u sao cho
x* —f(x) — g(x).u = —ke (6)
Khi @6 V= —ke? < 0, do V > 0 nén khi d6 e » 0 vax
tién téi gia tri dat. Ta thu dugc tin hiéu diéu khién u dé hé
6n dinh va x tién tdi gia tri mong muén.
3.2. Vong diéu khién téc do

Pat e; = w* — w; so sanh phuong trinh (3) véi (4), ta c6
cac ham f(w); g(w) va tin hiéu diéu khién i

qZ
fw) = —o2 - T gy = B )
J J J
_ 0" —f(w) + ke
4= g(w) @

3.3.Vong diéu khién déng dién

Dé thiét ké bo diéu khién cho dong dién iy, dat
e, = ig — g, trong do ig la tin hiéu iy dat, la dau ra clia bo
diéu khién téc d6, dugc tinh theo phuong trinh (8). So sanh
phuong trinh (2) véi (4) ta c6 cac ham f(ig); g(ig) va tin
hiéu diéu khién u:

w 1
(i) = 12— poia 2o (i) = T ©)
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15— f(iq) + ko€
Ug=—""F7~
g(lq)
Tuong ty véi bo diéu khién dong dién iy, dat e; = i —
iq, so sanh phuaong trinh (1) véi (4) ta ¢é cac ham f(iy), g(iq)
va tin hiéu diéu khién ug:

(10)

Ri 1
f(ig) = _Td + pwig; g(ia) = T 1)

g(ia)

Chu y rang i = 0 do rotor cia PMSM la nam cham vinh
clru nén khong can tao tir théng bang dong dién theo truc
d.Véi céc tin hiéu diéu khién dugc biéu dién bdi cac
phuang trinh (8), (10), (12) thiét ké cac bé diéu khién t6c do
va dong dién.

4. THIET KE BO QUAN SAT TRUQT

B6 quan sét truot dugc st dung dé udc lugng stic phan
dién déng clia déng co ti nhiing théng s6 da cé san, ti dé
tinh toan téc d6 va vi tri ddng co. Phuong phap nay cé thé
khic phuc nhiing nhugc diém cla viéc s& dung cam bién
téc do va vi tri.

Ug = (12)

4.1. Bd quan sat truot suic phan dién dong
Suic phan dién dong trong hé toa d6 of3 cé cong thic:

{ea = —b;w,Sind

eg = Prwecosb (13)

V6i w, la toc dé dién rotor, 6 la goc quay clia rotor. Bo
quan sat trugt s dung phuong trinh PMSM trong hé toa d6
stator, tu cac phuong trinh (1), (2), (3), s& dung ma tran
chuyén hé toa dé, phuang trinh PMSM trong hé toa do
stator dugc biéu dién:

dig_ 1, 1 .1

dt L T Tl 14
dig _ 1, 1 .1

at LB TLUs

Trong do i, ig, uq, ug la dong dién va dién ap cac truc
trén hé toa do stator. Dya vao phuong trinh trén, ta xay
dung bo quan sét trugt nhu sau:

di 1 1 1
d_:‘ = —ERia + Eu“ - Eklsat(ia —ig) (15)
di 1 1 1
—df = _ERiB + EuB - Eklsat(iﬁ - iB) (16)

Trong d6 iy, 1g la dong dién udc lugng; k; la hé s6
duong. Si dung ham sat thay cho ham dau dé giam hiéu
ing rung cho hé. Bat s, =1, —iq, sg = 1g — ig, két hop vdi
cac phuong trinh (14), (15), (16).

dsy 1

— = ——Rsy; +—-¢,

17
dt L L 17)

1
- Eklsat(ia —ig)
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dSB _ 1 Rsw + 1
dt ~ L oPTLOP
Khi hé én dinh, s, sg = 0, ta thu dugc gia tri udc lugng
clia suic phan dién dong:
eq = kysat(ly, —ig)
eB = klsat(iﬁ - IB)
4.2, Tinh toan téc dd va vi tri rotor
Uéc lugng dugc stic phan dién déng, phuang phap don
gidn nhat dé tinh ra vi tri cda rotor 1a s dung ham arctan
[2]. Phuong phéap nay khién hé thong trd nén kém bén
viing va nhay cam véi nhiéu. O b quan sat trugt siic phan
dién dong st dung bd loc thong thap sé khién két qua thu
dugc bi tré pha so vdi gia tri thuc [3]. Chinh vi thé, viéc su
dung vong khoa pha (PLL - Phase locked loop) dugc dé
xudt dé tinh toan t6c dé va vi tri rotor mot cach chinh xac
nhat tur stic phan dién dong. St dung bd diéu khién Pl vai
dau vao la sai léch cda stic phan dién doéng quan sat:
Ae = P, sin(e - é) = €,co0s0 + &gsind

1 .
—Eklsat(lﬁ —1ip) (18)

(19)

(20)
4.3. B§ quan sat truot momen tai

Tu phuong trinh (3), thiét ké bd quan sat trugt momen
tai tU cac gid tri ig va w véi phuong phép tuong tu phan 4.1.
d®  pdrq B®

—— — kysat(® — w)

dt ) ] 2D

Trong d6 w la téc dé thuc, dugc lay tir bé SMO; & la gia
tri tdc d6 udc lugng; k,, 1a hé sé duong; Két hgp vai phuang
trinh (3)

ds Bs .
d_:) = —T“’ + £, — kpsat(s,) (22)
Véi f, = —%;sw =& —w; Chon hé s6k, dé hé én

dinh theo Lyapunov, khi d6 s, — 0 va thu dugc gia tri quan
sat dua vé bo diéu khién téc do:
’fm = kzsat(sm);TL = _]fm
4.4. Tinh én dinh ctia cac bé diéu khién va quan sat
Vai tin hiéu diéu khién ig ctia bo diéu khién t6c d6 duoc
tinh theo cong thiic (8), chon ham Lyapunov V = 0,5¢? véi
én dinh theo Lyapunov. Tuong tu véi cac tin hiéu diéu
khién dugc tinh theo céng thiic (10), (12), cac bo diéu khién
dong dién cling 6n dinh theo Lyapunov.

(23)

Xét bd quan sat stic phan dién dong. Chon ham
Lyapunov: V = 0,5s? véi i = a, B. K&t hop véi phuang trinh
(17),(18):

. . 1 1 k,

V =5;8, =5 _ERSi + L& —rsat(si)

Chon k; sao cho e; < |k;| thi V < 0 va bd quan séat 6n
dinh.

Xét bé quan sit momen tdi. Chon ham Lyapunov
V = 0,5s2, két hgp véi phuang trinh (22) dugc:

(24)
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V = 5,5, = S, _Tw +f,, — kypsat(s,,) (25)
Chon k, sao cho f, < |k,| thi V < 0 va bo quan séat 6n
dinh

5. KET QUA MO PHONG

St dung phan mém Matlab/Simulink thuc hién moé
phong va danh gia két qua cta hé théng. So d6 clia hé
dugc trinh bay trong hinh 1. Ap dung véi déng co Siemens
1KF7 PMSM [5]; cac hé s6 clia bod diéu khién Backstepping
la k; = 2500;k, = 5000; k; = 1500; b6 quan sat truot
k, = 100;k, = —20000; hé s6 b Pl clia vong khoad pha
k, = 5,5;k; = 0,0001. Téc d6 dat thay d6i theo 3 giai doan,
tir 0 dén 1s t6c d6 la 50rad/s, tang lén 200rad/s va giam
xuéng 100rad/s trong 2s ti€p theo. Momen tai bang ON.m
trong 2s dau, tang lén 2N.m trong 2s ti€p theo sau dé
gidm vé 1N. m.

iG=0 O vy vy
+ " -
-1, Bj diéu Diéu ché .
e Khién dq vector LN nghggh
dong khong |— /] M
Bj ditu | ;+ dign | vy ap| gian P
Wref v I} q vg
—;O" Khién tée -0 —
. dp t
i
@ a R
T, v
" S i lg
B4 quan | - |da ap i
sat trugt | 4 iy (s ig ( |
momen abc c
ti
T |
[ 5
fa B{ quan sat

Vong trugt sire
& | khod pha é phan dién
dong

Ping co

PMSM

Hinh 1. So d6 hé diéu khién toc d6 dong co PMSM st dung bo diéu khién
Backstepping va bd quan sat trugt

200

150

(rad/s)

. 100

Toc do

Tée d dat
= ToC dG thuc
Toc dé quan sat

1 2 3 4 5
Thoi gian (s)

Hinh 2. Dép ting téc 6 st dung bd diéu khién Backstepping va bd quan sat trugt

4

Momen tai
Momen dién tir
Momen quan sat

Momen (N.m)
g e ot —
—
——— -..J

|
(8]

0 | 2 3 4 5
Thoi gian (s)

Hinh 3. Gid tri momen stt dung bo diéu khién backstepping va b quan sét trugt
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Tée do (rad/s)

Tée do (rad/s)

Hinh 4. Dap ting toc do t

Hinh 5. Dong dién i, st dung bo diéu khién Backstepping va bd quan sat trugt

Dong dién (A)

Dong dién (A)

2015} T | T
201 » / -
200.5 T T I ‘ T
]
200 -
199.5 ‘
199 v
198.5 f w—T0c 0 djt
w—— T OC dé thye
198 ——T——1——|®®sees Toc dé quan sat
1.98 2 2.02 2.04 2.06
Thoi gian (s)
100.6 T f
Toe do dat
100.4 — TS dO thue
"""" Tée do quan sat
100.2 1 El
100 H Y AN
L 2
99 8 | % l |
99.6 1 I
3.99 4 4.01 4.02 4.03

Thoi gian (s)

ai thai diém c6 sy thay ddi tai

Thoi gian (s)

4 v

3F - == jid

id dat

2, T

I»

0 -—

— — o — —
- e -

1k ]
2F
3 F
-4

0 1 2 3 4 5

4F T ]
iq
3| — g dat ;|
2F 4
1
0 ]
“1F .|
0 1 2 3 4

Hinh 6. Dong dién i, st dung bo diéu khién backstepping va bo quan st trugt

Tdc do (rad/s)

Thoi gian (s)

200

50

150

100 [

Tdc d6 dat
— - TC}c do thuc

1.02
Thoi gian (s)

1.04 1.06

Hinh 7. Dap ting tdc d khi st dung ham arctan
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200

180
160
& 140k
= 140
<
S 120F
=
> 100}
3
= 80 r—
Toc do dat
601 £ a
g J = w= Toc d§ thuc
40 w= == Tc d quan sat

20

i s 2 25 3
Thoi gian (s)

Hinh 8. Dap ting toc do khi khong cd bo quan sat momen tai

2021 T
2015 — T 0c 40 dat
201.5F | c
= TOC dO thuc
201 F x 7
201 wes == Toc d6 quan sat
Z200.5}
k=
£ 200
<
S 1995
<
= 199}
O/ RS i S S SO - S— - S— - -
198 F
197.5E 1

1.905 1.91 1.915 1.92

Thoi gian (s)

1.895 1.9

Hinh 9. Sai léch toc do khi khong 6 bo quan sat momen tai

Hinh 2 cho th3y bo diéu khién Backstepping va bd quan
sat trugt cho téc do thuc rotor va téc d6 quan sat bam sat
gia tri dat, dé qua diéu chinh gan nhu khong cé. Tai cac
thoi diém momen tai thay d6i, t6c d6 dong cc c6 su dao
déng nhung nhanh chéng trd vé bam sat gia tri dat; diéu
nay duogc thé hién & hinh 4. Hinh 3 Ia cac gia tri momen
dién tu, momen tai va momen quan sat. Hinh 5 va 6 la cac
gia tri ig; ig. CO thé quan sat thay Momen dién ti bam sat
gia tri momen tai véi thai gian qua do rat ngan. Bé quan sat
momen tai cho két qua momen quan sat chinh xac vai gia
tri thuc; & cac thai diém thay d6i tai (2s va 4s), gia tri quan
sat c6 d6 qua diéu chinh tuy nhién ngay lap tuc trg vé bam
sat gia tri thuc. Cac gia tri ig,ig clng ton tai sai léch. Tuy
nhién diéu nay gan nhu khong lam anh hudng dén téc do
cla ddng cd va co thé chdp nhan dugc. Hinh 7 ching té
rang khi s dung ham arctan, t6c d6 quan sat bi anh hudng
rat nhiéu bai nhiéu. St dung vong khoa pha giap cai thién
diéu nay. DGi chiéu vai két qua khi khong st dung béd quan
sat momen tai thé hién & hinh 8. Khi d6 dap ng téc do sé
6 sai léch tinh nhu & hinh 9. B6 quan sat trugt momen tai
giup khtr thanh phan nay, khién dap tng téc dé bam sat gia
tri dat.

Tinh chinh xac cha bo diéu khién Backstepping dugc
thé hién khi so sanh véi phuong phap st dung bod diéu
khién PI [5] v&i cdu trdc nhu hinh 10 va cac théng s6 bd
diéu khién Pl nhu sau: bo diéu khién t6c do cé kp, = 15;
k;, = 1500, bo diéu khién dong dién truc q c6 kp2 =0,1;
ki, = 4; bo diéu khién dong dién truc d c6 kp, = 200;
ki, = 4000. Dép Ung téc d6 cla hai phuong phap trén
dugc thé hién & hinh 11.
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Hinh 10. Cau tric hé diéu khién toc do PMSM st dung b diéu khién Pl

A
200 i\_-_- - -—
] ]
— 150 ] 1
2 [ ]
=
E | |
< L [] A - S
100 PR "G————
g ] v
- '
=
1
50 ———
I
0
| |
0 1 2 3 4 5

3
Thaoi gian (s)

Hinh 11. Dap ting tc do khi st dung bo diéu khién Pl va b diéu khién
Backstepping

Ca hai b diéu khién déu cho t8c d6 bam sat gia tri dat
tuy nhién bd diéu khién Backstepping khéng c6 d6 qua
diéu chinh nhu bd diéu khién Pl. Hon nira, & bo diéu khién
PI, khi momen tai thay d6i, qua trinh dao déng ciing manh
hon khi so sanh véi bo diéu khién Backstepping.

Bang 1. So séanh b diéu khién Pl va Backstepping

Pl Backstepping
Don gidn, dé thiét ké (6 (6
Sai léch tinh Khong Khong
D0 qud diéu chinh 5% — 10% Gan nhu khong 6
Qua trinh dao ddng khi Ldn Nho
thay ddi thong s6
6. KET LUAN

Bai bao trén da trinh bay vé viéc diéu khién téc do dong
¢ PMSM st dung phuong phép Backstepping va bé quan
sat SMO cung vong khoa pha va kiém ching biang mo
phdng. Phuang phap diéu khién backstepping la phuong
phap dan gian, dé tinh toan thiét k&, cing véi b quan sat
truot va vong khoa pha khién hé théng trd nén én dinh,
bén viing va c6 dap ung chinh xac, déng thai dem lai hiéu
qua vé mat kinh té.
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