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Tém tat - Bai béo trinh bay phuong phap diéu khién khong cam bién
dong co dong b6 tir trér tc d6 cao. Phan dAu clia bai béo sé trinh bay
van t&t mé hinh ctia dong co dong bo tlr trd trong khong gian trang thai
va cac phwong phap diéu khién khéng s dung cadm bién tbc d6. Sau
dé chung t6i 4p dung bd loc Kalman mé rong dé& waéc lwgng vi tri va
tbc do clia dong co ddng bd tir tré téc dd cao. Cac phwong trinh clia
b0 loc Kalman mé rong dwoc xay dung trén hé toa do tr thong rotor
dong bo, do d6 co thé dé dang ap dung dbi voi dong co dong bo tir
tré. Diéu khlen dong co tbc dé cao thuong yéu cau thoi gian ldy mau
la rat ngan. Vi vay, véi bd loc Kalman mé rong truyén thdng thi yéu
cAu mét khédi lwgng tinh toan Ién. D& gidm khéi lugng tinh toan, ching
toi d& xut mot bd loc Kalman mé rong dya trén mo hinh ngwoc clia
dong co, nham giam tdi thiéu cac bién trang thai wéc lvong.

T khéa - dong co' ddng bo tir trd; tbe d6 cao; diéu khién khong
cam bién; bo loc Kalman mé réng; moé phdng.

1. Pit van dé

Dong co ddng bo tir trd (DCHBTT) ¢6 nhiéu wu diém do
cu tric don gian va vig chéc. Stator cia PCDBTT gidng
hét stator ciia dong co khong dong bo hay dong co dong b
truyén thdng, rotor dang cuc 16i va dic, khong c6 cudn day
hay nam cham vinh ciru, phtt hop cho cac timg dung toc do
cao va mdi truong nhiét do cao. Do cau trac don gian nén dé
dang ché tao, gia thanh ré hon so vdi cac loai dong co khac
cung cong suét. Nguyén ly hoat dong ctia n6 dua trén sy bit
ddi xang tir [1], [2]. Hién nay, DCDBTT hoat dong trong
mot dai cong sudt rong: tir 750W dén 120kW va tbe do tir
3000 vong/phut dén 54.000 vong/phdt [3].

Pé diéu khién vec to d6i voi DCDBTT, chiing ta can
phai biét chinh xéac vi tri cua rotor. Tuy nhién viéc xac dinh
vi tri cua rotor bang cam bién téc d6 (Encoder) sé& ton tai
mot s6 nhuoc diém nhu lam ting kinh thudc, tang chi phi
cho hé truyén dong [4]. Do d6, nhiéu K thuat diéu khién
khong cam bién toc d6 da dugc d& xuét trong nhitng nam
gan day [5], [6], [7]. P6i voi PCBBTT, phuong phéap didu
khién khong cam bién thuong duoc sir dung 13 dwa trén sirc
dién dong cam tmg mo rong [8]. Tuy nhién, phuong phap
nay ¢6 nhuge diém 1a khong thé ap dung ¢ ving toc do
thap. Mot phuong phap khac ciing dugc sir dung dé wdc
luong toe do dbi voi PCDBTT 1a bom tin hiéu tan sé cao
[9], [10]. Tuy nhién, phuong phap nay lai khong dap Gng
d6i v6i ving toe do cao.

Trong bai bao nay, ching t6i st dung bd loc Kalman
mé rong (Extended Kalman Filter - EKF) dé udc lugng toc
dd va vitri cia DPCDBBTT. B loc Kalman 1a m6t thuat toan
wde lugng dé quy ap dung rat hiéu qua cho cac hé thong ¢
nhiéu do [8]. Trong mét s tai lidu, diéu khién khong cam
bién tdc d6 BCBBTT su dung b loc Kalman mé rong da
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dugc dé xuit [9], [10]. Nhung hau hét, chi ap dung ddi voi
DCDBTT c6 tdc d6 trung binh va thap (thuong nho hon
1000 vong/phut). Trong bai bao nay, ching toi thyc hién
diéu khién khong cam bién ddi voi PCDBTT tdc do cao,
tbc do6 toi da cua dong co dat 8000 vong/phut.

2. M hinh dgng co tir tré' dong bd
2.1. Phuwong trinh dién dp trong hé toa do abc

V6i céc gia thiét thong thuong, md hinh DCTTDB
trong hé toa d6 co dinh stator dugc mo ta nhu sau [11]:

Wase] = [Rslllape] + - [¥apc] )
Va iq Vo
voi: [Vl = [Ub i Uavel = in |; [Wanel = |V
Ve ic Wc

[lluabc] = [L] [Iabc] (2)

Véi [L] 1a ma tran dién cam, ma tran di€én cam nay phu
thudc vao vi tri goc 0 dugce biéu dién trén Hinh 1

La(e) Mab(e) Mac(e)
[L] = |Mpa(8)  Lp(6) My, (6) ©))
Mca(e) Mcb(e) Lc(e)

Trong d6 cac hé sé dién cam Ly va hd cam Myy biéu
dién nhu sau [12]:
La(0) = Ly + Lo + Lycos(20)

Ly(8) = L + Lo + Lycos (26 + )
Le(8) = Ly + Lo + Lycos (20 — )

Moy (8) = Myo (6) = My + Mycos (26 — )

M (6) = Mco(8) = My + Mycos (26 + %)
M, (0) = M, (0) = My + M,cos(26)
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Vél: MO = _%LO 1]2‘1 MZ = L2
Trong d6: Lt 1a dién cam rd, Lo 1a hing sb dién cam,
L2 1a bién d6 hai dién cam.
2.2, Phuong trinh dién dp trong hé toa dé quay d-q

Hinh 1. Hé toa dg cé dinh aff va hé toa dj quay dq
Néu chuyén tit ca cac dai lugng ¢ (1) sang h¢ toa do
quay d-q théng qua phép bién d6i Park (Hinh 1), ching ta
s€ dugc phuong trinh dién ap nhu sau [13]:

Ll =lor, “mell+0s L)l @

. {Ld :Lf +E(L0 +L2)
VO1. 3

Phuong trinh mé men va phuong trinh dong hoc cia
dong co dugc viet nhu sau:

r= %p(Ld - Lq)idiq 5)

JSH fo=T—1T, ©6)

Trong d6: Vg, Vg, ig, Iq 1a dién ap va dong dién trong hé
toa do Park. Lg, Lq 1a dién cam theo truc d va truc q.
I, It 1a m6 men dién tir va m6 men tai. J [a md men quén
tinh va f 1a md men ma sét.

Tir (4), (5), (6), md hinh trang thai tong hop PCDBTT
duoc viét lai nhu sau:

r —R . L

Zq
» Ldlqa)
id _R 3 Ld.
d iq| — qu —Eldw
dt| o 3 o
] ip(Ld — Lq)iaiq —j—ca)—Q
] ] ]
» . _ @
! 0
Lq
1 |[Ya
+0 I [vq]
0 0
0 OJ

3. Céu triic diéu khién [14]

So dd khéi cdu truc diéu khién khong cam bién
DCTTPBB duoc trinh bay nhu trén Hinh 2, gdm céc cp diéu
khién: cép trong cuing 1a vong diéu khién dong dién sir dung
b6 diéu khién PI, cac hé K, va K dugc chon bang phuong
phap bu cuc voi Kpg = 4,05, Kig = 80, Kpg = 1,25, Kjq = 80.
Cép thtr 2 1a xac dinh gid tri dong dién tham chiéu i va i;
theo gia tri cia m6 men va céc gia tri gidi han cua dong dién
va dién ap. Cap cubi cling 1a vong diéu khién téc do ciing str
dung bo diéu khién PI, cac hé sb Kpo, Kio cling dugc chon
bang phuong phap bu cuc véi cac hé s6 Kpo = 1,8; Kio =0,55.
Tbc d6 va vi tri ctia rotor duoc uée luong bdi bd loc Kalman
mé rong (EKF). Tir phuong trinh (5) chiing ta nhén thiy rang
c6 thé lya chon doc lap dong dién tham chiéu igvaig. bé
dat hi€u qua cao dbi v6i diéu khién DCDBT téc d6 cao béng
cach str dung chién luge diéu khién két hop, ¢ ving tdc do
thap (trong giai doan dong co tang tdc) st dung phurong phap
diéu khién t6i vu mdé men — dong dién (MTPA) va dugc
chuyén sang phuong phap diéu khién t6i wu mén men — tir
thong (MTPW) khi dong co hoat dong & tdc do cao [14].

u

* |chién lwec didu V;bc =
khién va cac gia ——| PWM =
tri gi®i han 3~
N
@ .
Iabc
e
SynRM
:uvdq Y

Hinh 2. Cdu triic diéu khién khéng cam bién téc @6 DPCPBTT
Dbi v6i phuong phap diéu khién MTPA, dong dién
tham chiéu dugc chon nhu sau:

e 2|1 N .

iy = mva ig = igsign(I'™) (8)

DPbi \{('yi phuong phap diéu khién MTPW, dong dién
tham chiéu dugc chon nhu sau:

e 2 ., Ld
ld = -, lq =
3pLa(Lg—Lq)

Hinh 3 trinh bay tong hop qui dao ctia dong dién d6i voi
DPCBBTT ciing nhu cac giGi han dong dién va dién ap [14].

*SLgn(F ) ©)

T
2 F b
) T
~ o <o, <o,
. AN (2] - Duon_ e-
= —_— \-dr——___/ lip gidi han
S 45l = )/ / diénap
g Oy /
=
& \l\ \ /
L] "
PN N A
2 4l NN 1
'-,,"‘ \ Duong tron
Quy dao VO | gidihan
diéu khién ", / B ', dongdién
MTPW e/ N b
gy \ 4 | b
Quydao - | ) \ Hyperbol mo
didu khién \ 1A men khong
MTPA ' ' ! doi
0 L. L1
0 05 1 15

Dong dién truc d (id)

Hinh 3. Quy dao diéu khién va cdc giéi han dong va dp
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4. Piéu khién khong cam bién toc do

Trong bai bao nay, chiing t6i st dung bo loc Kalman
m¢ rong d€ woc lugng toc do va vi tri cia PCOBTT. Vi
thuat toan ctia bo loc Kalman co ban duogc thict ké dé wdc
lugng véc to trang thai cho cac hé thong c6 mo hinh tuyén
tinh. Tuy nhién, toc d va vi tri udc lugng cia PCDBTT
dua trén mo hinh phi tuyén. Do d6, chling ta phai thyc hién
tuyén tinh hoa dé€ c6 thé ap dung cac cong thirc truy hoi ctia
bd loc Kalman dugc goi 1a bg loc Kalman mo rong.

Xét hé thdng roi rac phi tuyén trong khong gian trang
thai c6 md hinh nhu sau:

{xk+1 = f (o w) +wy
yk = ‘gk(xk' uk) + T’k

Trong d6 u, X va y twong tng |a ddu vao, bién trang thai
va dau ra ctia md hinh, w va n dugc gia thuyét la cdc nhicu
trang c6 phan bd chuan Gaussian voi Hiép phuong sai
twong mg 12 Q va R. w 1a nhidu hé thong bao gom ca sai
s6 ciia mo hinh, n 1 nhiéu do. M6 hinh nay duoc roi rac
hoa véi thoi gian lay mau Ts dé ap dung thuat toan udc
lugng Kalman mé rong.

(10)

Thuat toan Kalman mé rong dugc thyc hién dya trén
mo hinh tuyén tinh héa nhu sau:

Y, = Cpx, + Dkuk +n,
Trong d6:
A = 9 fie ey, uge) B, — A Cxxe, ug)
k=" 3z, sbk=—F7 —
axk auk
C. = 9 g (Xp, Uge) _ 0gi (xx, ug)
k axk ' Zk auk

4.1. Thudt toan bé loc Kalman mé rong

Thuat toan b loc Kalman mé rong duoc thyc hién qua
hai budc nhu sau:

e Du bdo (Predict)
O bude du bao, thuat toan s& thuc hién dy béo véc to
trang thai X} ,,_, va tinh todn ma tran Hiép phuong sai ciia
sai léch du bao Py p_1.
fk,k—1 = f(fk—uc—p uk—l)
Prje-1 = Ag—1Pr—1x-14Ak—1 + Qs

o Hiéu chinh (Correction)
O budc hiéu chinh, thuat toan sé€ thuc hién tinh toan ma
tran khuéch dai Kalman Ky, udc luong véc to trang théi Ky
va tinh ma trdn Hiép phuong sai ctia sai léch udc lugng Py .

(12)
(13)

-1
K, = Pk,k—1CkT[CkPk,k—1CkT + Rk] (14)
Rep = Xpp—1 + Ky (J’k - g(fk,k—puk)) (15)
P = Prg—1 — KiCy P -1 (16)

4.2, Ubc lwong toc dp voi bj loc Kalman mé rong dwa
trén md hinh day di (m6 hinh bdc 4)

V1 khong xac dinh dugec md men tai, do d6 m6 hinh
DCDBTT trong khong gian trang thai (7) c6 thé dugc viét
lai nhu sau voi gia thiét toc do 1a hing sb trong thoi gian
mot chu ky 14y mau.

di R Lq 1

d_;i———sld+(1) q+L_vd
d

di 1

— = —w—ld——lq + =,

dt Lq Lq Lq an

dw

@ _ o

dt

dae

dc

Hé phuong trinh (17) 1a phi tuyén va c6 dang tong quat
nhu sau:

x = f(x,u) (18)

T .
Trong d6: x = [id lqgw 6] : 1a véc to trang thai
T 3
u= [vd vq] : 1a véc to dau vao
Roi rac hoa cong thirc (18) bang phuong phéap xép xi
Euler don gian ta c6 mo hinh roi rac twvong tng nhu sau:
Xr1 = X+ Tsf (X, uy) (19)
Trong d6: Ts 1a chu ky ldy mau, phai chon rat nho so
v6i hang so thoi gian dién cia mo hinh dong co. Trong cac
hé truyén dong dién xoay chiéu ba pha hién dai véi tan so
bam xung fx va tan so trich mau 1/Ts cao, di€u kién nay c6
thé coi la thoa man.

Tur (17) va (19) ta cé:
dig R L, Vak
lak+1—lak+Tsd =(1 TSL)ldk+a)TS lqk+TSE
. . L Rs . 17q,k
Lq_k+1=1q_k+T— = TSL g +|1— I lq'k+TSL_
K q q (20)
dw
Wyy1 = W +Ts—— al, = Wy
dae
Ops1 =0, +Ty—| =0, + Tywy

Ap dung cong thuc (11) dé tuyén tinh hoa mo hinh nay
quanhh diém 1am viéc Xk, chlng ta thu duoc mé hinh tuyén
tinh hoa véi cac ma tran trang thai nhu sau:

I R T LgTs L4Ts ]
1-—== Ly 0
L, Ly % L lek
Lde RsTs Lde .
Ak: - Lq (I.)k 1_ Lq _L—qld'k 0 (21)
0 0 1 0
0 0 T, 1]
_[1o0o0o 29
&=lp1 0 o (22)

4.3. Udc lwong toc dp véi bj loc Kalman mé réng dua
trén mo hinh ngwoc ciia dong co (mé hinh bic 2)
4.3.1. M6 hinh nguwoc dong co dong bé tir tro

_ Tur (4) phuong trinh dién 4p cia PCDBTT c6 thé dugc
viét lai nhu sau:

dig . .

vy — Ly it = Rsig — wlyi, 23)
dig .

Vg — Lg—— at —Rl +wlyiy

Chung ta c6 thé xay dung lai md hinh trang thai nguoc
voi cac dai lugng nhu sau:

PAu Va0: u = [ig iy]"
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Bién trang thai: x = [w 0]T

A . T
baura:y = [yd yq]
dld
Ya = Vg — Ld
Vi dlq (24)
Yo =Yg~ Lq
Tir (23), (24) ta ¢6 hé phuong trinh dau ra nhu sau:
e R o @5)
Yq = Rsiq + wlgig

Ttr day phuong trinh trang thai s€ tro nén don gian voi gia
thiét toc do 1a hang sb trong thoi gian mot chu ky ldy mau.

dw_O
dt 26
e (26)
ac ¢

Tuong ty nhu phén tich & muc 4.2 ching ta c6 mé hinh
roi rac tuong ung

Wk = Wk-1
27
{gk = Ok1 + Tsp1 @)
Phuong trinh dau ra tai thoi diém t= ti:
{Yd,k = Rigk — wxLqigk (28)
Yqk = Rsigk + WxLgigx

Mb hinh tuyén tinh hoa véi cac ma tran trang thai nhu sau:
1 0 —Lgigx O
= = 2
Ay [Ts 1] C = ] (29)

Ldld,k 0

'So v6i mo hinh dy du bac 4, md hinh bic 2 dugc dé
xuat s€ lam giam khoi lugng tinh toan ctia bd loc Kalman
v6i chi véi hai bién trang thai can udce luong do 1a 6 va o.
4.4. Két qui mo phong:

Két qua md phong diéu khién khong cam bién toc do
DPCBBTT dya trén m6 hinh tuyén tinh hoa ctia dong co cd
cac thépg s0 dién cam ma nhom tac gia da thyc hi€n nhan
dang bang thuc nghiém dugc cho ¢ Bang 1 [15] va thuat
toan bd loc Kal‘man’ mé rong Gng voi mo hinh day du bac
4 va mo hinh dé xuat rit gon bac 2.

8000 /,—
‘E 6000
g /
B 4000 i
] / Ve
R o) A 7 N E I T Ormes 1
—————— »
0
0 2 4 6 8 10 12 14 16 18
Time (s)
200 [k
— s
£ n
o L
2 1 n
T 100 AN ;‘\
2 | SN IV IS b
g 0 Il [EEAS
[0} L4
g H /! O~ O
ff) 1 h est mes
-100 "’ ----- Oret ™ Pmes [

0 2 4 6 8 10 12 14 16 18
Time (s)

Hinh 4. Pdp img toc dj wéc liwong voi mé hinh bic 4

Bing 1. Tham s6 déng co dong bé tir tré [15]

Tham s Gia tri
Téc d6 dinh muc 8.000 vong/phat
Cong suét dinh mirc 15 kw
sb cap cuc 1
Dién tro stator 80 mQ
bién cam truc d 4.45 mH
Dién cam truc q 1.39 mH
Moémen quéan tinh 0.016 kg.m?
Hé 56 ma sat 0.0011 N.m.s/rad

Hinh 4 trinh bay két qua mo phong d6i véi dép tmg tdc
d6 d6i v6i mo hinh bac 4 khi dong co khoi dong khong tai
Vi toe do dat 1a 8.000 vong/phut. Tde doc wdc lugng bam
theo toc do clia dong co sau thoi gian khoang 0,4s va sai sd
tbe do béng khong. O ché do xac lap, tde do ude luong va
tbe do dong co bam theo sat tbe do dat. Vi tri ude lugng
hoi tu ngay vé gia tri do sau thoi gian 0,4s (Hinh 5).

7
6 eesl
i - VARV
g
=4
5 d AN
o
=3 /
[72)
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i ’ / [l
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0
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=
£ 40
o
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0O 01 02 03 04 05 06 07 08 09 1
Time (s)

Hinh 5. Dap iing vi tri wéc lieong véi mé hinh béc 4

Chung ta c6 thé két luan rﬁng bo diéu khién va thuat
toan wdc lwong Kamal 1a twong di chinh xac.

Hiéu qua cua bd udc lugng phy thude vao viée lya chon
cac ma tran Hi€p phuong sai (R va Q) dugc sir dung trong
b6 loc Kalman m¢ rong. Hién nay, hau nhu chua c6 mot
phuong phap nao de ¢6 thé chon cac ma tran nay mot cach
t6i wu nhat ma cha yéu chon theo phuwong phap thir nghiém.
Trong mé phong nay, ma tran Hi¢p phuong sai dugc chon
thir nghiém va mé phong nhiéu 1an bang cach thay doi gia
tri clla cdc ma tran va xem xét sy anh hudng cua nd dén
dép tng cua cac bién trang thai.

D6i vai cac két qua mo phong trong bai bao nay, gia tri
clia cac ma tran Hiép phuong sai d6i voi mo hinh bac 4
duoc chon nhu sau:

100 0

1o 6 0 o] ,_[7 O 30

Q‘oozo’R_04 (30)
0 0 0 7

Hinh 6 va Hinh 7 trinh bay két qua mé phong dbi véi
mo hinh rat gon bac 2 véi ma tran Hiép phuong sai dugc

chon nhu sau:
SR

(31
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Céc két qua mo phong khi sir dung mé hinh rat gon bac
hai cho thdy cac sai s woc luong toe do va vi tri gan voi sai
s6 woc luwong khi st dung m6 hinh bac 4, sai 6 udc Iuong
¢6 su khac nhau chi xay ra trong qua trinh gia tdc.
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Hinh 6. Pdp img toc dé wée liwong véi mé hinh béc 2
7 :

6n est

AN

&
T
D

Position (rad)
N w £
i
™
T
—~
—

Time (s
120 ©)
£~ 100 ‘\

= 80

o \

5 60 \

_5 40

= 20

[}

[e]

o o I

20 01 o0z 03 04 05 06 07 08 09 1

Time (s)

Hinh 7. Dap iing vi tri woc lwong véi mé hinh bdc 2

5. Két luan

Bai béo trinh bay phuong phap diéu khién khong cam
bién toc dong PCOBTT tdc do cao st dung bo loc Kalman
mé rong. Béng cach su dung bd uwdc lugng Kalman mo
rong dya trén md hinh tuyén tinh héa cia PCDBTT. Bé
giam khdi lugng tinh toan cia thudt toan wdc lugng
Kalman trong truong hop trién khai thuc nghiém. Mot
thuét toan udc lugng Kalman mo rdng bac 2 dua trén mo
hinh nguoc cua dong co di dwoc dé xuit. Két qua mod
phéng da cho théy céc gia tri woc lugng hdi tu rat nhanh vé
gia tri that cia dong co.

Chuing t6i da thuc hién nhiéu mé phéng véi viée lya
chon cac ma tran Hiép phuong sai khac nhau va nhan thay
réng ma tran Hi€p phuong sai cua bd loc Kalman mé rong

¢6 anh hudng 16n dén gia tri udc luong boi thuat toan cua
bo loc Kalman. Véi nhitng két qua da trinh bay trong bai
bao nay, chung ta c6 thé két luan bo udc lugng Kalman mé
rong da dap ung tdt voi hé thong didu khién, viéc d& xut
mot bo loc Kalman mo rong gidm bac dua trén mo hinh
nguoc ciia dong co sé lam giam khdi lugng tinh todn cta
thuat toan woc luong trong truong hop trién khai thuc
nghiém sé& giam khdi luong tinh toan cua vi xir 1y.
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