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Tom tat

Bai bao trinh bay phwong phap téng hop bo dién
khién cho 6 bi tir chii dong, M6 hinh dong hoc mang
tinh phi tuyén ctia 6 bi tir dwoc xay dung dya trén cac
dinh ludt co hoc va dién tir. Phuong phap back-
stepping duoc ap dung linh hoat dé thiét ké bo diéu
khién kiéu dong ngit c6 kha ning gilr truc rotor ¢ vi
tri can bang Tinh dting ddn cta b diéu khién dé xut
dugce kiém chimg thong qua m6 phong.

Tir khoa: O bi tir chii dong, backstepping, Lyapunov.

Abstract: The paper presents a control strategy for
an active magnetic bearing (AMB) system. The
nonlinear dynamics of the AMB are derived by
applying basic laws for electro-mechanical systems.
Backstepping control 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,
Lyapunov.
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1. Phan mé dau

O bi gén lién lich sir véi su ra doi ciia may moc ¢ cac
co cau chuyén dong. Trong subt chiéu dai lich sur nay,
¢6 rat nhidu cong trinh, nghién ciru nhim nang cao
tudi tho, giam thiéu ma sat cua 6 bi. Gan day, véi su
phat trién cua ky thuat diéu khién va cong nghé ban
dan, 6 bi tir da dan thay thé 6 bi truyén thong trong
cac hé théng doi hoi chat luong truyén dong cao, do
dn nho, hodc nhiing g dung khong duogc co sy xuét
hién cua dau bdi tron [1].

Vé6i tmg dung rong rdi va do ban chat khong on dinh,
hé théng 6 bi tir thu hut duge nhiéu su quan tam cda
cong dong khoa hoc trong linh viec mé hinh héa ciing
nhu diéu khién. Véi y tuong ap dung 6 bi tir trong hé
thdng tich trir ning lwong ding banh da, cac tic gia
cta [2] dua ra cach két hop bo diéu khién vao trong
thiét ké 6 bi bang phuong phap phan tir hitu han. Dé
tranh sy phtrc tap trong mo hinh toan hoc cta 6 bi, [3]
dua ra phuong phap thiét k& bo diéu khién ma khong
can quan tim dén mo hinh dong hoc. Trong hiu hét
c4c nghién ciru, tham sb ciia mo hinh 6 bi nhu dién
cam, dién tré hay trong lugng cua truc nang déu duge
coi 1a hing s biét trudc. Pé giai quyét van dé nay,
mdt sb thudt toan thich nghi dugc dua ra trong [4] va
[5] dé 6n dinh truc nang dudi bién dong tham sb va
ngoai lyc. Cung chung muyc tiéu nhu trén, [6] va [7]
thiét ké cac bo didu khién bén viing véi cac tac dong
ctia nhiéu loan cho 6 bi tir. Tuy nhién, higu qua cua
c4c bo didu khién nay phu thudc nhidu vao niang luc
tinh toan cua thiét bi didu khién ciing nhu c&c rang
budc $6 hoc trong hé théng, do vay, kha nang tng
dung thyc té van can duoc xem xét. Cac tac gia cua
[8] dua ra cdu tric diéu khién PID-mo di kém véi
thuat toan nhan dang cho 6 bi. Cac két qua cta nghién
clru cai thién dap tng hon khi st dung PID truyén
thong nhung lai doi hoi toc do tinh toan cao hon.

Vé&i muc tiéu 6n dinh truc ning tai vi tri cin bang, bai
béo nay thiét ké bo diéu khién cho 6 bi tir hai cuc truc
tiép trén mo hinh phi tuyén ciia hé théng dua trén
phuong phép backstepping. Tin hiéu diéu khién 1an
luot dugc thiét ké cho ca hai cuc tu theo kiéu dong
ngét. Phuong an diéu khién dwoc minh ching qua mot
s6 kich ban mé phéng cho thdy tinh hiéu qua cao
trong viéc on dinh truc nang. N¢i dung cta bai béo
duogc trinh bay trong bdn phﬁn, mé dau voi viéc moO
hinh héa hé thong & phan 2. Cac budc thiét ké bo diéu
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khién dugc trinh bay chi tiét trong phan 3. Tinh 6n
dinh cta hé kin dugc ching minh trong phan 4, tiép
theo 1a mot sé két qua md phong duoc dua ra trong
phan 5. ) X
2. MO0 hinh hoa hé théng 6 bi tir

D6i tuong nghién ciru 1a mot hé thdng 6 bi tir chu
dong (Hinh 1), trong d6 tryc rotor dugc ning boi hai
nam cham dién d6i dién nhau, c6 nhiém vy giit truc
rotor & vi tri can bang.

cugn deay U

thir hat

cugn day
thir nhat
H.1 Héthong AMB
Phuong trinh dong hoc ciia hé thdng bao gdm phuong
trinh dong hoc cua rotor va phuong trinh dién tir cua
nam cham dién.
2.1, Phwong trinh dién tir
Goi By 1a cam ung tr, Hg 14 cudng d¢ tir truong, E la
nang luong tir truong, tich trir trong khe hé khong khi
g, Ag 1a dién tich mat tiép xtic cuc nam cham, g 1a khe
hé khong khi, I 1a dong dién trong cudn day, N 1a s6
vong day, ta co:
E= % B,H,A 29 1)
Néu rotor bi dich chuyén di mot khoang bang 6g thi
lyc dién tir F bang voi vi phan timg phan cia ning
luong tir trurong vai khe hd khong khi duoce sinh ra:

SE
F=3g = BiHoA

212
_mNA
49°

@

2.2. Cac phwong trinh dong lwc hoc

Xét véi md hinh AMB theo Hinh 1, phuong trinh biéu
dién dong hoc cua tryc rotor dudi su tic dong cua hai
luc truc giao Fy, F, va trong luc P theo dinh luat II
Newton nhu sau:

mi=F —F,+P ®3)
trong do,
. . \2
E_ g N2 A, k(i '
1= 2 - ( )
4%, 41 %
. RV
£ 11g N 71,2 A, K[y .
2 2 - ( )
4x, 41X,
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VGi X1 Va X, 13 khe hé khong khi, iy, i, 1a cac dong dién
trong cdc 18i cudn day tuong Ung va hé so
K = p,N?A, (6)
Mit khac, theo diqh luat Kirchhoff thir hai thu dugc
phuong trinh can bang dién ap dudi day:

dii Kd
U =Ri+L —L+——L 7
T dt 2dt[x1] ")
. di K d
u, =Ri, + L, —*+ 8
2 T 2dt[x2] &

Gia thiét (Xo» Io, Ug) dai dién cho cac trang thai danh
dinh ctia hé thng. Tiép dén, goi Xy, i Va Uy lan luot la
vi tr, dong dién va dién ap cia cudn day thu nhat
(nam phia dudi) ctia hé théng AMB, twong tng X, iy
Va Uy l1a vi tri, dong dién va dién ap cia cudn day th
hai (nim phia trén), tir d6 s& thu dugc cac phwong
trinh sau:

X=X =X =% +X 9)
L=liy—Ii i, =iy +i (10)
U =U,—u U, =Uu,+u (11)

Thay thé cac bicu thirc (9), (10) va (11) vao (7) va (8).
Sau do, thay the (4) va (5) vao (3) nhan duge mo hinh
phi tuyén mo ta h¢ thong AMB da cho nhu sau:

X=V
K oK )P
am{x—x) 4mix+x] m
2 %, —X 12
L= % —Ri, — Vi, +u, (12)
2L, X,—Xx +K 2 Xy —X
2 X+ X . .
I, = 0 —Ri, — Vi, +U,
2L X +x +K 2 Xy —X

3. Thiét ké bg diéu khién
Nhén théy md hinh dong hoc cua hé théng da cho
trong hé phuong trinh (12) 13 hé phi tuyén, thoa méan
didu kién truyén nguoc chat. Vi vay trong bai bao
nay, phuong phap Backstepping (theo phuong phap
Backstepping chung da duogc trinh bay trong tai liéu
[9]) s& duoc st dung dé thiét ké bo diéu khién véi dau
vao diéu khién 1a uy, Uy.
Phuong phap thiét ké Backstepping cho hé phi tuyén
AMB c6 m6 hinh nhu hé cac phuong trinh (12) bao
gom ba budc duoc trinh bay dudi day:
Buée 1:
Muc tiéu diéu khién cua chung t6i 1a didu chinh dau ra
1a vi tri cta rotor X theo mot gia tri dt mong mudn 1a
Y.(t) . B6i voi phuong trinh thir nhit cua hé phwong
trinh (12), gia sir ring z; 14 tin hiéu sai 1éch hé théng
giita gia tri X va gia tri dat mong mudn Yi(t) (khi Yi(t)
=0, truc rotor ciia hé théng s& dugc dwa vé vi tri cn
bang)
Z, =X-Y,. (13)
(dé ngén gon tir day tro vé sau: Y,(t) s& goi ngén gon
ay,)
Xét img vién ham Lyapunov cho hé thong 1a:



v, :%zf (14)
Dao ham c4 hai vé ciia phuong trinh thu duoc
V=272 =12 v-Y, (15)

Dua trén phuong trinh s (15) cha Gmg vién ham
Lyaponuv, bién diéu khién a0 v cé dugc xac dinh nhu
Sau:

v=v, =—kz+Y, (16)
trong d6 k; 1a hang s6 dwong, vy 1a gia tri dat s&¢ lam
cho dau ra x dat dugc muc tiéu dieu khién khi gid tri
bién dieu khién ao v bang gia tri vy

Buérc 2:

Tuwong ty bude 1, myc tiéu diéu khién cta budc 2 1a
dua gia tri bién v v& bang véi gia tri cta bién diéu
khién a0 vq trong budc 1. Bi v6i phuong trinh thir
hai ctia hé (12) dat 2, 1a tin hiéu sai 1éch hé thong giita
gid tri v va gia tri v, (hay c6 thé goi 1a ham diéu khién
40 04) nhu sau:

Z,=V—-Vy =V—q a7
Ung vién ham Lyapunov méi cho budc 2 1a:

1 1
V, = 5 7’ + > 222, (18)
Pao ham ca hai vé ctia phuong trinh (18) thu dugc:
vz =04 +1,1, (19)

Tiép theo, dao ham ca hai vé phuong trinh sb (13) thu
duoc:
ZIZX_Yr:ZZ_klzl (20)
Thay thé phuong trinh s§ (16) vao phwong trinh sé
(17) rat ra duoc
Gy =V, =—k +Yr (21)
Sau do, sur dung cac phuong trinh (17), (20), va (21)
dé thay vao phuong trinh (19) dé tré thanh
V,=1212+11,

=z 2,-kz +2, V—¢y (22)

=—kz’+1z, V+z +kz,—k’z, -V
Tir phwong trinh (22) c6 thé chon duge ham Vv lam
ham diéu khién ao nhu sau:
V=Y, -z, k +k, —z 1-k’ (23)
véi ki, K, 1a hing s6 duong
Nhan thy, V 1a ham diéu khién a0 dé v bam theo v, ,
qua d6 didu khién x theo vi tri dat Y, tir d6 c6 thé xac
dinh ham diéu khién V theo hai gia tri i; va i,. Mat
khac theo phuong trinh thr hai cia hé phuong trinh
(12) ham v c6 thé viét lai nhu sau:

. i,2 i2

VA Ay @9
Xg — X Xy X

Vi cac hé sb
K

Aizm (25)

R rang, viéc xac dinh ham V qua hai bién chua biét
i, va i, 12 kho khin, do d6 ta can thuc hién mot budc
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chuyén d6i dé viéc tinh toan c6 thé thyc hién mot
cach d& dang hon, tao didu kién cho viéc diéu khién
ham v theo gia tri dat.

Xét thay, lyc diéu khién cudi cung tac dong 1én truc
rotor boi 1a hai cuén day dbi nhau va duogc dinh nghia
1a bang

F=F-FK+P

Trong trudng hop, néu dé ton tai song song cung ltc
hai lyc Fy, F, twong g véi ton tai hai dong dién iy 0o
trong hai cudn déy, thi h¢ thong vira tén dién ning
khong can thiét, lai gdy kho khin trong viéc tim ham
i1, i, diéu khién ham v theo ham vg. Nhu véy, trong bai
bdo nay, dé kinh té trong qué trinh van hanh, ta s&
diéu khién luan phién hai dong dién theo kiéu dong
ngét.

Xét ham D 1a bién diéu khién duy nhét, dugc dinh
nghia nhu sau:

-2 -2
D= XOAi'lxz_ Al R _F (26)

X, + X mom
Thay phuong trinh s (26) va phuong trinh sé (24) thu
duoc:

D=v—g
:Yr_zz k+k, —2, 1_k12 -9

Nhu vay, khi d6 1éch x 1a mang gia tri am (tic truc
rotor c6 xu hudéng 1éch Ién phia trén cudn day tha 2 —
xem Hinh 1) thi:

(@7)

2
s i . . i
D>0 dindén i’ =0va A—>—=0
X + X
Ldc ndy, theo phuong trinh s§ (27), ham D c6 dang
nhu sau:

D= Aﬁ.ildzz
Xg — X (28)
=Y, —z, k+k, —z, 1-k* —g

Tuong ty, khi d léch x la mang gié tri dwong (tirc
truc rotor ¢6 xu hudng 1éch xuong phia dudi cuén day
thir 1) thi:

52

D <0 dindén if =0va A—2 =0
Xo — X
Két hop v6i phuong trinh (27), ham D tr¢ thanh:
D= 'Aiizdz S
X + X (29)

=Y, —z, k+k, —z 1-k? —g

r
Bang cach str dung mot ham diéu khién suy nhat D, ta
s¢ lan lugt dua ham diéu khién ao V trong mot
khoang thoi gian bét ky, chi phu thudc vao mot dong
dién duy nhat i, hodc i,. Piéu nay vira don gian hon
trong viéc tinh toan lai vira tiét kiém dién nang cho h¢
thong trong thuc té.

Budére 3:
Trong budc cudi cung nay, muc ti€u di€u khién s€ la
dua gia tri V bam theo gid tri da tim ra dugc tai
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phuong trinh (23), bién diéu khién thuc u; Va u, tuong

ung v6i dong dién tac dong ip va iz tim duoc trong hai

truong hop sau s€ dua hé thong vé vi tri on dinh.

Xét truong hop 1. x<0 hay D>0 khi do i, =0,

u,=0va

2V—g
A

Goi 23 1a sai léch gitra gid tri i,> va gia trj i,,* (gia tri

iy = X, —X

(30)

i12 tai d6 lam cho ham v dat gia tri trong phuong

trinh s6 (23)):
=i~y =i —ay (31)
Xeét tmg vién cua ham Lyapunov

1 1 1
V, = > 2>+ > z,° +§ 2} (32)
T phuong trinh s6 (20) thu dugc
2, =1,—kz (33)

Pao ham hai Yé cua phuong trinh (17), 1di thay thé
phuong trinh s6 (23) vao vé phai thi:

Z, =\'/—o'cl=’—kzzl—z1 ’ (34)
Dao ham hai vé phuong trinh s6 (31) ta co:

2, =1 —d, = 2ijl, —d, (35)
Theo phuong trinh s6 (23) thi

v=Y -z, k +k, —z, 1—k? (36)

Pao ham cé hai vé phuong trinh s (36) thu duoc:
v:vr_ k2 —7 Ktk —2,—kz 1_k12 @7

Tir phuong trinh s6 (31) rit ra dwoc

&, =1,° (38)
Theo phuong trinh thi ba ctia hé (12) co:
2 X, —X i
|1 — XO 7RI1 - KV|1 5 + ul (39)
2L X, —x +K 2 X, —X
Thay phuong trinh (30) vao phuong trinh (38) ta c6:
2

. o xo —X .
G, =— |2 y—A,

2ot A (40)
_ %XV VoA + Xo — X 2\7

A A

Ta st dung cac phuong trinh (36) va (37) thay vao
phuong trinh (40) duogc:
2 %-2-Y, z,—-kz +Y, V—A

A

Q, =

X,—2,—Y
+%[Yr_ kZZl_Zl
- ZZ_klzl 1_ I(12 ]

Thay céc phuong trinh (34) va (36) va phuong trinh
s0 (35) ta duogc:

k+k (41
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2, = 2iji, —

4 X, —X . Kv.i;” :

_ 0 _Rij — Vo, Ui,

2L X, —x +K 2 Xg—X 2

2% -2-Y. z,-kz,+Y, V—A (42)

A
2
X —2,—Y,
T[Yr_ —K,2, =2, Ktk

-1 _klzl 1_k12 ]}
DPao ham hai vé tmg vién ham Lyapunov ¢ phuong
trinh (32) thu duoc
Vy =27 +7,2, + 257, (43)
=—kz° —k,z,° + 2,2,
v6i ham Z,duoc dinh nghia nhu trong phuong trinh
s6 (42). ,
Dya trén phuong trinh s0 (43) cua ng vién ham
Lyaponuv, bién diéu khién u; dugc xac dinh nhu sau:
Kvi 2L, x,—x +K
: 2 + dz —|(3Z3 SO—-(44)
2 X, —X 4 X=X
véi cac gid tri k;,k,,K, 12 cac hang s6 duong.
Nhu vay, trong trudng hop thir nhat x <0 hay D >0
ta da tim duoc tin hiéu diéu khién u; dé diéu khién
cho hé théng AMB 6n dinh v& vi trf can bé‘mg Xo-

u, =Ri, +

Hoan toan twong tu, véi truong hgp thee 2 véi x>0

hay D < Okhidé: i’ =0, u, =0

-2 2 V —_ A2

"= X, +X (45)
A

Goi 2, =i," —ipy” =1i,” —cx (46)

Tuong tw, nhu trong trudng hop 1 sir dung cac

phuong trinh (36), (37), (45) va phuong trinh s (46)
ta tim duoc:

o) %+x"
Q= |—7— V0
ot A
2
X+ X V X, + X
=2 "~ Vg 4>
A A
2 %, +z2+Y, z,-kz,+Y, V—g
_ 0 1 2 171 (47)
A
2
+z,+Y, .
+M[Yr_ kZZl_Zl k1+k2
A
—z,—kz 1k’ ]
Xét tng vién ham Lyapunov
V‘,zlzf—i-lzzz—i—lz2 (48)

2 2 2
Pao ham hai vé ung vién ham Lyapunov ¢ phuong
trinh (48) ta co
V, =22 +12,7, +12,2, (49)



Tur d6, c6 thé rat ra duge ham diéu khién nhu sau:
Kvi, 2L X +x +K

+—+ a3 —kK,z, ————— (50)

u, =Ri,
2 X+ X 4 % +X 1

voi cac gia tri k;,k,,k, 1a cac sb nguyén duong va d,
dugc dinh nghia nhu phuong trinh (47).

Nhu véy, tai bude cudi cung thiét ké bo dicu khién,
bién diéu khién diu véao u; va u, di 1an luot duoc xac
dinh dé thyuc hién muc tiéu diéu khién 1a 6n dinh hé
thong vé vi tri can bang.

4. Phan tich sy on dinh cia hé thong
Do h¢ thong AMB trong bai bao c¢6 sy luan phién hoat
dong gitta hai cudn day. Nhu vay, trong mot thoi
diém bét ky, chi ton tai mot dong dién duy nhét (i,
hoic i) luan phién nhau, tao lyc hut dé diéu khién va
giit rotor tai vi tri can béang.

Xét truong hop 1. X <0 hay i, =0

Ttr nhitng phuong trinh s6 (20), s6 (34) va sb (42), md
hinh phi tuyén ciia hé thdng co thé duoc viét lai nhu
sau:

4, =12,-kz
7, =-kKz -1 (51)
{23 = 2i.d, —d,
trong do:
2 X, —X i
I, = % —Ri, — Kl =+ U,
2Ly % —x +K 2 X, —X
. ZXO_XVV A2+X0—sz
o, ——2 ——— — PR —
’ A A
X=1z,+Y,
v=Y -z, k +k, —z, 1—k?
V=Y - kz-7 k+k, —2z,—kz 1-k?
. Kvi 2L, X, —x +K
U =Ri + - 2—|—d2—k3235X°—_
2 X, —X 4 %X —X i

Dé chig minh sy 6n dinh ciia hé thong (51), xét ing
vién ham Lyapunov sau:

1 1 1
Vewr = 5 Z12 + E ?22 + E Z32 ’ (52)
Pao ham ca hai vé ctia phuong trinh s6 (52) thu dugc:
Vewr = 2 + 2,2, + 2,24 (53)
=—kz° —k,z2,° —k,z,°

do k;,k,,K, 1a cic hing s duong nén Vg, <0
H¢ phi tuyén cho boi hé phuong trinh s6 (51) 1a 6n
dinh theo ti€u chuan 6n dinh Lyapunov.
Twong tw: xét truong hop 2: x>0 hay i, =0
Tt nhiing phuong trinh (20), (34) Va (46), md hinh
phi tuyén cua hé thong c6 thé dugc viét lai nhur sau:

2, =12,—kz,

2, =—k,z,—17, (54)

2, ="2i,1, —ag
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trong do:
2 X+ X K.vi
l, = % — — 2 2+U2
2L, X, +x +K 2 X0+X
Xo +X V X, +X
Gg=2—— VA, +————
’ A A
X=z+Y,
V=Y, -z, k +k, —z, 1—k?
V=Y - k-7 k+k, — z,—kz 1-k?
: Kvi 2L, X, +x +K
u, = Ri, + Y >+ a,—k,z, L
2 X+ X 4 % +X 1

Dé chimg minh su 6n dinh cia hé thong (54), xét (mg
vién ham Lyapunov sau:

1, 1., 1

-, +=-2,"+=12 55

2 1 2 ’ 2 2 4 , ( )
Pao ham ca hai vé ctia phuong trinh s6 (52) thu dugc:

=271 +2,7,+12,%,

VCM2 =

Y
CM2 (56)
=—kz° —k,z,° —k,z,?
do k;,k,,k, 14 cic hing sé duong nén V,,, <0
H¢ phi tuyén cho boi hé phuong trinh s6 (54) 1a 6n
dinh theo ti€u chuan 6n dinh Lyapunov.

5. Két qua mb phéng
Vi cac thong so6 da cho ¢ bang 1:
Bdng 1: Cdc thong so

Théng s6 Pon vi
Khe ho khong khi danh dinh (g) 0.001m
S6 vong day trong mdi cudn (n) 400
bién tro cuon day (R) 2 Ohms
Dién tich mat cit ngang khe hé | 0.000625m”
khang khi (A)
Khdi lwong rotor (m) 11 kg
Vi tri ban dau cua rotor (x) -0.0009 m
Do tr tham cua khe ho khéng khi | 1.256E-6
(1)

Gia thiét, thoi diém ban dau tryc rotor dang nam cach
vi tri can bang 0.9 mm (nim sat véi cudn day thir
nhat). Khi c6 tin hiéu diéu khién, bo diéu khién lam
viéc va nang truc rotor dén vi tri can béng.

g e |
H e o) G |
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H.2  Dap ing dong dién.
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H.3 Do dich chuyén cua truc rotor.
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H.4  Dap ung dién ap.

Két qua mo6 phong nhan théy, su hiéu qua cua bd diéu
khién trong viéc 6n dinh vi tri rotor. Pap tmg dong
dién va dién 4p hoan toan phu hop véi diéu kién thyc
te.
6. Keétluan

Phuong phap thiét ké phi tuyén cho 6 bi tir chu dong
hai cuc da duoc dé xuét trong bai bao. Tin hi¢u diéu
khién duéi dang dién ap kiéu déng ngit duoc dé xuit
dua trén phuong phap backstepping trén mé hinh phi
tuyén cta hé. Tinh 6n dinh cua hé thong kin duoc
ching minh bang giai tich va minh hoa qua md
phong. Hudéng nghién ctru kha thi tiép theo cia bai
b4o s& nham vao kha nang thich nghi cua hé vdi cac
bién dong cia tham s6 va nhiéu loan.

Loi cdm on: Cac tac gia xin gui 101 cdm on td1 Vién
K¥ thuat diéu khién va Ty dong hoéa — Truong Pai
hoc Bach khoa Ha Noi vi da hd trg nhom tac gia trong
qua trinh nghién ctu.
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