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Tém tit - Dong co tur trd chuyén mach (SRM) véi nhiéu vu diém
nhung khé diéu khién boi dong co co tinh phi tuyén rat manh. Bai
béo trinh bay mét phuong phap tbng hop bd didu khién cho SRM
dua trén ky thudt didu khién phi tuyén backstepping. By didu
khién nay 1an ddu tién duoc 4p dung cho SRM ¢6 md hinh toén 12
su két hop cua ca khoa chuyén mach va dong co trong cling mot
mo6 hinh. M6 hinh két hop ciia SRM gép phéan giam anh huéng
ctia tinh phi tuyén do b khoa chuyén mach, tang tinh chinh xac
trong diéu khién dong co nay. Tinh én dinh cia vong didu khién
duogc phan tich dya trén tiéu chuén én dinh Lyapunov. Két qua
mo phong thyc hién trén Matlab/Simulink khang dinh tinh chinh
xéc ciia mo hinh két hop va chit lugng ciia hé thng diéu khién
backstepping.

Tir khéa - Pong co tir tré chuyén mach (SRM); K§ thuat
Backstepping; M6 hinh két hop; Lyapunov

1. Giédi thi¢u

Pong co tur tro chuyén mach (SRM) la dong co dién c6
nhiéu vu diém ndi tréi nhu chi phi ché tao thép, ciu tao don
gian, rotor khong c6 diy quin nén cho phép nhiét do lam
viéc cao, md men khdi dong 16m,... [1-3]. Do cAu trac von
¢6 ciia SRM va nguyén 1y diéu khién khién dong ngit lién
tuc gitta cac pha lam cho SRM c6 tinh phi tuyén manh.
Nhiéu cong trinh dira ra mé hinh cho dong co tir trg chuyén
mach & ca dang m hinh phi tuyén va mé hinh tuyén [4-9].
Cong trinh [7] lan dau tién dua ra dugc mo hinh dong hoc
cho dong co tir tré chuyén mach duoc két hop véi cac khoa
chuyén mach trong mot mo hinh. Péang tiéc, tac gia cua
cong trinh nay lai myén tinh hoa m6 hinh dong luc hoc cia
SRM tir mé hinh két hop nham st dung cac phuong phép
téng hop bd didu khién tuyén tinh cho SRM.

Mot vai nghién ctru [10-16] tong hop bo diéu khién ap
dung ky thuat didu khién phi tuyen nhu trugt,
backstepping.... cho dong co tir trd chuyén mach. Nhung
cac mo hinh str dung dé téng hop bo diéu khién cho SRM
dén nay chi dimg lai & m6 hinh truyén thong, d6 1a mé hinh
todn cua dong co tur trd dugc tach riéng voi md hinh bo
khoa chuyén mach (converter).

Dé giam bét nhitng sai s do qua trinh tuyén tinh hoa
md hinh, trong bai bdo nay, nhom tac gia dé xuat ap dung

Abstract - Switched Reluctance Motor (SRM) has many
advantages with very strong nonlinearity, hence it is difficult to
control. The paper presents a method to design a nonlinear
controller for SRM based on backstepping nonlinear control
technique. This controller is first applied to SRM which its
mathematical model is a combination of both the commutator and
the motor in the same model. The combination model of SRM
contributes to reduce the influence of nonlinearity due to the
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phuong phap thiét ké dwa trén k¥ thuat backstepping ap
dung v6i md hinh két hgp SRM. Cac ket qua nghién ctru
dugc kiém chung thong qua mé phong sb.

2. Mé hinh toan két hop ciia dong co tir tré' chuyén
mach

Mo hin}l todn cua dong co tur tro chuyén mach dugc
su dung d¢ tong hop bd diéu khién dudi dang phuong
trinh vi phén trén co s¢ cac phuong trinh co ban cua may
dién. DPong 11_15: hoc cua dong co tur tré6 bao gom cac
phuong trinh vé dién 4p, phuong trinh moé men va phuong
trinh co.

Phuong trinh vi phan mé td SRM véi m pha c6 dang sau:

dy,;
dt

ey

Trong do:j=1,2,...,m
u; la dién ap cia pha j;
R 1a dién trd pha j;
ij1a dong dién pha j;
yj tu thong pha j.
_ Tur phuong trinh (1), tir thong ciia mét pha j bat ky dugc
bicu dien:
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v, =j(uj ~Ri)dt 2)

Tt thong y; phu thude vao ca dong dién i va géc 0, nén
n6 duoc biéu dién day dii hon nhu sau: wy(i;, 6).

Phuong trinh déc tinh co cuia SRM:

d*e
dr? :Te_Tl 3

Trong do, T, 1a m6 men mét pha; 7; 1a moé men tai; J 1a mo
men quan tinh.

Theo nguyén ly chuyen d6i nang lugng xay ra trong
dong co tir tré chuyén mach, md men sinh ra chinh bang

bién thién dbi nang lugng tir trudng (W j) trong cudn day

stator theo vi tri goc rotor.

T,(0,i;)= “)

60
& do: OW,(6,i)) = j w,(0.i)di, (5)
0

~ Mo men trong SRM la ham phi tuyén theo dong dién
néu mach tur 1a tuyén tinh. Khi d6, mé men tong sinh ra
chinh bang tong mo6 men ¢ céc pha:

T,(Oiyiys.niy) = D T,(6,i)) (6)
j=1
Dé diéu khién dugc dong co tu tro chuyén mach, chiing
ta can xac dinh dugc dic tinh tir thong w; (6, i)) cang chinh
xéc cang tot. Dé thuén tién trong qué trinh nghién ctru, phat
trién cac thuat toan diéu khién, dic tinh tir thong cé thé
duogc xap xi 1a mot ham lién tyc [7], nhu sau:

v (0.i) =y, (1= )

voij=1,2, ..., m; w,lato thong bao hoa.

Nhin chung, do ciu tao dic biét cia SRM nén su hoat
dong ciia dong co nay khong gidng nhu cac dong co dién
thong thuong. Rotor cua dong co tir tré chuyén mach quay
timg goc roi rac nén ham £(6) c6 thé duge biéu dién bang
chudi Fourier:

f(H)—a+Z{b sin[nN,0—(j - 1)—]
n=1 (8)
+¢,cos[nN 60— G-
m

& do, N, la $6 cuc rotor, va néu bo qua céc thanh phén bac
cao hon trong chuoi Fourier [8], ta thu dugc ham (8) don
gian hon:

f,.(ﬁ):a+bsin[Nr€—(j—l)2—”] C)
' m

Mo men cua pha j dugc biéu dién nhu sau [9]:

AN

_ il Oy (]
76) do ———{1-[1+i,f,(D]e } (10)

T,(0.i)=

Phuong trinh khong gian trang thai cua dong co tir tr¢
chuyén mach, bao gém cac phuong trinh sau:

6 _
dt

do 1 [
- J{ZT(@;) T(Qa))}

Jj=1
-1
oy,
+ u.
oi, |

d_ () 0,
dt Oi; / 66’
M6 hinh trang thai hé truyén dong dong co tir tré

chuyén mach dugc trinh bay dudi day dwa trén [7]. Xét voi
dong co tir tré chuyén mach c6 m=4 pha, véc to trang thai

(1)

la  x=[6,w,i,i,,i,,i,]" =[x,x,,%,%,,X5, %] . Phuong
trinh trang thai ciia dong co:
i=x, (12)

1
)C2 = 7[71(97)63) +T2(9,X4) +T3(6,X5) +T:t(9a-x5) _T;(-xla-xz)]

l//y af (XI) %1 (x
7)) ox FLEEN, 1=+ x £y ()le ™}
v ) Ny .
T e VA0l
1 v af;(x]) e
=7 fs (%) Ox r{l_[l+x5fs(xl)]e s/ )}
l//v af4 (x ) XS4 (%
f4 (x,) oOx ’{ —[1+x.f,(x))]e Ja )}
—Bx, —mglsin(x,)
_ (13)
X, = |:_l/,serx3fi<x.)fl (xl)]’l |:Rx3 . (‘//ﬁﬁ}fl (xl))(x Oﬂpilx' )xz}

+ [1//se’x‘f‘(x')fI (xl)]i1 u,
(14

(vt ) | [ Re o+ (we0) (02 x, |

e L]
(1)

e )] R (e 0 (1, 22)

+ [wse"‘if‘“‘ )f3(x] )Tl u,
(16)

= [_V/&e*)‘s.fa(ﬂ )f4 (xl):|71 |:RX6 + (leefxc.fa(x,))(xﬁ @‘%}:O)xz}

+ [l//.ye_%ﬁ‘(ll )f4 (xl ):|7] u,
(17
G do:
&

18
- (18)

=bN, cos(N,x1 —(j —1)2—”)
m
Luuy re:“mg, trong md ta khong gian trang thai trén Bx;
1a thanh phan d6i 1ap véi chuyén dong quay, trong khi mgl
la m6 men tai co hoc.
Tur (13) ta dat:



20

Phi Hoang Nha, Pham Hung Phi, Bao Quang Thdy, Pham Xuan Dat, Lé Xuan Hai

f.(x) =

8.(%) =%
fp(x) =}
8,(x) =§
f.(0) =%
8.(x) =%
fa(0) =§
84(x) =§

v,
£ () oy,

v, 9h(x)

_f12(xl) axl
AR A

| f(x) o,
[y, o)

L fzz (x) ox

A ACS)

L f22 (x) ox
of;(x)

Ws af? ('xl )

_f32(x1) axl
[y, o, (x)

_f42(x1) ox,
AR

_f42 (x) ox

N, {1_e«w}}

p—

N, (1= }}

N, {_fz (x )eﬁ“fz(xl k }:|

N, {1—e*5f3<*">}}

N, =, (e }}

N, {1_exﬁf4w}}

N, {_f4 (x, )e%fd(x')}:|

Phuong trinh (13) c6 thé viét lai thanh:
G =[ [0+ g,(0x ]+ [ £,(x0) + g,(0)x,]

L0+ 8. x|+ @ + g, (z)xé]—gxz —’"Tg’sinul)

19)

Vi phan phuong trinh (19) theo thoi gian, ta dugc:
i = £+ 8,@)x +g,(0% |+

[£,0+8,(0x, +8,(0)%, |+

[ @)+ (D% +2. (D)% |+

I:fd ) +g,(X)x+g, ()_C)x6:|

B
J

mgl

-——X, - Tcos(x1 )X,

Tir phuong trinh (14) d&én (17), ta dat:

Y I

Rx, +((//xe

i (%)
(x3 a ) X

7. =[w.e ™ )]

(@) =y, e L) ]

9 (x)
(x4 o, ) X

a0, =[w,e ™ £,

P =y, e P f(x) ]

-1

(%)
(xs a5 )xz

4.0 =[]

(20)

%31 (%) )

Re, +(p,e 5 )
4 K

Rx. + (l// e_x5f3(xl))
5 K

Rx +(l// e—m(m)
6 s

pa(x)= [_‘/’Sewﬁul)f“(xl)T (x amm)x
6 oy )72

0,0 =y, e f ]
Ta viét lai phuong trinh (14) dén (17) nhu sau:
X = p,(x)+q,(0u,
X, = P, (X)+q, (Du,
X = p (X)+q.(X)uy
Xs = Py (X)+q,(X)u,
Thay (21) vao (20), ta c6:
% =[ 0+ ,(0x, + 8,0, (1) + 8, (0)q, (2, |+

[ £+ 8,0+ 8,(0)p, () + 8, (2)q, (X, |-

B . mgl .
7X2 —TCOS()CI))C1

2y

F @)+ 8,(0)x, +8,(0)p, () + 8, (2)q, (X, |+

F@)+ 2,002+ 2, (0)p, (1) + 8, (x)q, (s ] +

(22)
bong co tu trd chuyén mach hqat d(f)ng duoc voi
nguyén ly cap dién ap cho ting pha. Néu xét s6 pha la 4, ta
duoc u, =ku,(voij=1, 2, 3, 4); kjla khoa chuyén pha nén
chi nhan 2 gid trj 14 0 hogic 1. Phuong trinh (22) c6 thé biéu
dién lai nhu sau:
£+ 8,(0)x,+8,(x)p, () + f,(x) + &, (x)x,
52| +8,(0P, (D) + [ () + 8. (D% + 8, (0 p.(2) +

fa(x)+8,(X0)x,+ g,(x)p,(x)
J{ga (x)q,(x)k, + 8,(x)q,(x)k, + g(,(z)qﬁ(z)kg}
+8,(0)q,(X)k,
B

. mgl .
—7x2 - Tcos(x] )X,

‘ (23)
Bang cach dit ham:

Fo () + &,(0x, + 8, () p, (X) + [, () + &, (), |
F)=| +g,(X)p,(X) + f.(x) + &, (X)x; + g () p,(x) +
Fo () + &,(0)x, + 8,(X) p, (x)

8.(2)q,(0)k, + g,(x)q,(0)k, + g.(x)q, (x)k; |
+g,(X)q,(X)k,

G()_C){

Ta thu dugc dang khac cia phuong trinh (23) nhu sau:

%=Fx)+G(x) - ? X, — ngl cos(x,)%, (24)
bat:
ey B mgl _
F(x)=Fx) S5 cos(x,)x, )
g(x)=G(x)

Ta cé:
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¥, =f(0)+gXu (26)

Dé thuan lgi cho viée thiét ké, ta biéu dién (26) dudi

dang mo hinh trang thai. Pat x, = z,, ta ¢c6 md hinh trang
thai cia SRM:

27)

4 =4
L=f(x)+g(x)u
voi f(x),g(x) dwoc dinh nghia & (25).
Mo hinh (27) hoan toan phu hop s dung ky thuét
backstepping dé thiét ké b dieéu khién.
3. Tong hop bd diéu khién backstepping cho SRM
3.1. Thudt todn diéu khién backstepping

Trong ph?{n 2 cua béi bao, md hinh dong lyc hoc cta
SRM dugc bicu dien bang mo hinh trang thai (27):

3 =2, (28)
GH=f(x)+g(x)u
Do 1a mo hinh hé phi tuyén‘ truyén nguoc chit bac 2.
Theo ky thuét backstepping ta can thyc hién hai bugce thiét
ké cho hé thong nay.
Bute 1: Goi sai 1éch bam toc 46 dit z, =, 1a e, , ta cé:

6 =2,—3 (29)
Dao ham ¢, theo thoi gian ta dugc:
&=4-24,=25-% (30)

Dit e, = z, —a,, trong 46 @, 1a tin hidu diéu khién ao
cho hé con thu nhét
Thay vao (30) ta dugc:
=42, =L"¢ =6+ —1,

(31)
Dé xac dinh tin hiéu diéu khién 4o dam bao e, —0 ta
chon ham Lyapunov

L,
Vi=—e 32
56 (32)
Pao ham V| theo thoi gian ta duogc:
Vl =eé =¢ (62 +o, -2, ) = —clel2 +ee, (33)

Dé c6 (33) thi tin hiéu diéu khién o ¢6 dang nhu sau:

a =—ce 7,

(34)
Trong do, ¢, 1a hang s duong. Dé ¢, >0 thi e, >0
Buoc 2:

e,=27,—a, (35
Dao ham e, theo thoi gian ta dugc:

é,=2,—¢q (36)
Tir (28) ta co

é=2,—a = f(x)+g(x)u—q (37)

bé xac dinh tin hiéu diéu khién u dam bao e, >0,ta
chon ham Lyapunov:

1
Vo=Vi+el (38)

Pao ham theo thoi gian ta duogc:

Vz = Vl +e,6, (39)
Thé biéu thirc (33) va (37) vao (39) thu duoc:
Vz =—cel +ee, +e, [f(lc)+g(1)u—dl] (40)
Chon tin hiéu diéu khién cho hé tir (40):
__czez_el _[f(lc)_dl] 41)

g(x)

véi ¢, 1a hang so duong va:

f(x)—% i ( | /
4 6Tj 0,1']. dr,
+a); = +
-1
ot (0.i,)( o, (6.i;)
sl0)= JJZ; ai, ( oi, i

Dinh Iy: SRM c¢6 m6 hinh trang thai (28) dugc didu
khién bang bd dicu khién backstepping (41). Trong do,
¢,,c, la cac hang s6 duong dam bao hé kin 6n dinh
Lyapunov (diéu kién g(x)=0).

Chirng minh:

Chon ham Lyapunov cho h¢ kin c6 dang nhu sau:

1 1
Vza(e12+e22)=V1 Jraejzv2 (42)
Pao ham V theo thoi gian ta dugc:
Vz—clelz+elez+e2 [f(§)+g(§)u—dl] 43)

Thay u tir biéu thirc (41) vao (43) ta dugc
C6, ¢~ [f(ﬁ) -

V=—ce +ee, +ez[f(§)—

oq]—oz]]

(44)

7 2 2
V=—ce —ce; <0

Viay diéu can chimg minh da dugc ching minh.
3.2. Ciu tritc hé théng diéu khién SRM

w
wg € Backstepping u
Controller SEM
w
L
i=[iy & 3 L)

u=[u; u, Us U)T

Hinh 1. Cdu triic diéu khién SRM sir dung Backstepping

Chu trac hé thong didu khién SRM véi dau vao la gia
tri dat tbc do, ddu vao bo diéu khién backstepping la sai s6
toc d9, dién ap, dong dién va tir thong dugce thé hién trong
Hinh 1. Trong Hinh 1, bd diéu khién backstepping duoc
xdy dung trong Phan 3.1 v6i tin hidu diéu khién u trong
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biéu thuc (41). Pbi twong diéu khién chinh 1a SRM, mb
hinh SRM thé hién trong biéu thirc (28). Véi hé thong nay,
phan héi tbc do dugce do bang encoder, dong dién va dién
ap cac pha dugc do bang cac cam bién dong va ap. Gia tri
tu thong dugc xac dinh dya trén phuong trinh (7) véi cac
gia tri tire thoi theo tirng dong dién va vi tri rotor. Tin hi€u
diéu khién (41) dugc dua vao md hinh toan SRM 13 mé
hinh két hop ca khoa chuyén mach va dong co trong ciing
mot mo hinh (28). Cac két qua duogc kiém ching thong qua
mo phong trén phan mém Matlab/ Simulink véi nhiéu
trueong hop khac nhau.

4. M6 phéng kiém chirng

Céc két qua mo phong dugc thuc hién trén phan mém

Matlab Simulink. Vi mét sé cac thong sé6 SRM va tham
s6 lura chon cua bo diéu khién biéu dién trong Bang 1.

Bing 1. Bing mét s6 thong sé mé hinh SRM va bj diéu khién [17]
N,=6

SO cuc rotor

H¢ s0 m6 men quan tinh

7 =6,8x10°(kgm’)

Heé s6 tinh tir théng

a=1,5x10"(H)

Hé sé tinh tir thong

b=1,364x10" (H)

) cuc stator Ns =38

Dién tré pha R=0,05(Q2)

Hé s6 ma sat B=0,2
=0.1 =2

Dé danh gia chat lugng cua bd diéu khién backstepping
v6i mo hinh két hop ciia SRM, tac gia kiém chimng tinh on
dinh, kha nang bam tin hi¢u dat trong truong hop tde do dat

w, =30(rad / s) va w, =10cos(7t/3)(rad/s).
40
—Téc d6 goc
— \Téc do dat
©
o
53
'S, 20
<O
Le]
3
=10+
0 ‘ ‘ ‘
0 0.5 1 15 2

Thoi gian(s)
Hinh 2. Pdp img toc dp khi w, =30(rad | )

Truong hop toc d6 dat @, =30(rad / 5) , thé hién trong
hinh 2, dép tmg téc d§ cho thdy chét lugng diéu khién tot
khi lugng qua diu chinh bang 0%, thoi gian qua d6 chi
0,6s, thoi gian dap ung chi mat 0,3s.

Truong hop toc do dit , =10cos(zt/3)(rad /s), thé
hi¢n trong hinh 3, dap tmg tbc do cho thiy chét luong diéu
khién t6t, tin hiéu nhanh chong bam theo gia tri dat hinh sin.

Khi c6 nhiéu tic dong 1én tin hi¢u diéu khién c6 dang
nhu hinh 4a, tin hiéu nhicu 1 30V, x¢t tai thoi diem 1s, dap
Umng toc do trong truong hop nay bi mat 6n dinh khi luvong
qua diéu chinh vot 1én 34,5 (rad/s) twong tmg 15%. Sau do,
chi mat thoi gian )géc lap 1a O,fls hé tbéng da on di‘nh (hir}h
4b). Nhu vay, chat lugng diéu khién cua bo dicu khién

backstepping kha tbt, dap ung duoc véi nhiéu.
15 :

Q)
©
©
T
0
(o]
O
L]
(o]
3
l_ z
pr =To6c d0 goc
15 = Téc do dat
-20 ‘ : :
0 0.5 1 1.5 2
Thoi gian(s)
Hinh 3. Dap img toc dj khi e, =10cos(zt /3)(rad / s)
40 T i
30 - o
>
D 20
=
z
10+
0
0 0.5 1 1.5 2
a) Thoi gian(s)

40 :
=—TGoc d§ goc
= Téc do dat

@‘ 30 = = - - _\—
©
o
g
S 20t
«O-
]
8
= 10+
0 ‘
0 0.5 1 1.5 2
b) Thoi gian(s)

Hinh 4. Ddp iing toc do khi @, =30(rad | s) v6i nhiéu diéu khién
20

—Thc d6 goc
= 1Téc do dat

-
o

Tbc d6 goc(rad/s)
o

0 05 1 15 2
Thoi gian(s)
Hinh 5. Ddp img téc dj khi @, =10cos(zt/3)(rad / 5)
VvGi nhiéu diéu khién

Tuong tu, khi xét nhidu téc fi(f)ng 12 nhiéu tin hiéu diéu
khién (25V) nhu Hinh 4a, véi toc d6 dat co bién dang hinh
sin @, =10cos (7t /3)(rad / 5), dap tmg toc d6 nhu trong
Hinh 5. Xét tai thoi diém 1s kich tin hi¢u nhidu diéu khién,
toc d6 nhay vot tir 10 (rad/s) 1én 12 (rad/s), sau d6 nhanh
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chong bam theo quy dao dat. Bo diéu khién backstepping
mot 1an nita thé hién kha nang diéu khién tot voi ca tin hi¢u
dau vao c6 dang hinh sin.
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Xét truong hop nhidu 1a nhiéu tréng co bién do thay doi
lién tyc (Hinh 6a), kha nang dap tng toc do trong trudng
hop nay cua b diéu khién backstepping the hién trong Hinh
6b v6i toe do dat 1a hang ) ®, =30(rad / s) va Hinh 7 v6i
toc do dat 1a hinh sin @, =10cos(71/3)(rad / s) . Két qua
cho thay, déap tmg téc' do trong ca hai truong hop tin hi¢u
dat khac nhau 1a rat tot, d§ nhap nhé cua tin hiéu dap Gng
nho, luén bam sat tin hiéu dat.

Cac lgét qua m6 phong dap ung tég do cua dong co tur
trg chuyén mach sir dung b6 dicu khién backstepping voi
cac truong hop toc do dat khac nhau, nhicu tac dong khac
nhau cho thay, chat luong bd di€u khién backstepping rat
t6,t. Hon nira, bd diéu kh@én backste;pping su dung mo hinh
ket hop cia SRM mot lan nita khang dinh tinh chinh xéc
cia m6 hinh va tinh phu hop cua ky thuat diéu khién
backstepping véi doi tugng nay.

5. Két luan

Bai bao trinh bay chi tiét mé hinh két hop ciia dong co
tir tr& chuyén mach, d6 1a mé hinh két hop ca khoa chuyén
mach va dong co trong cung mot mo hinh toan. Ky thuéat
diéu khién phi tuyén backstepping 1an dau dwoc sir dung
v6i md hinh nay dé diéu khién toc do. Két qua mo phong
cho thdy, chét luong didu khién t6t ciia bo diéu khién
backstepping va tinh chinh xdc cia mé hinh két hop SRM,
ngay ca khi c6 nhiéu loai nhidu khac nhau tac dong.
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