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Tom tat

Bai béo trinh bay phurong thirc thiét ké b diéu khién cho é d6 tir chi dong hai cuc (AMB) véi réng budc dap
g vj tri rotor. Truwdc tién, mé hinh déng hoc mang tinh phi tuyén cta 6 dé ttr dwoc thiét Idp. Duwa trén dang
truyén nguoc chat ctia mé hinh 6 ttr, phuong phap backstepping duoc siv dung dé thiét ké bé diéu khién
kiéu déng ngat c6 kha nang gitk truc rotor & vj tri can bang. Pham vi diéu chinh vj tri cta rotor dwoc gi6i han
bang phuong phép théng qua céc chon tmg ham Lyapunov trong qua trinh thiét ké. Tinh én dinh cda hé kin
duoc ching minh cu thé. Céc két qua cho thay tinh hiéu qua cta bo diéu khién trong viéc én dinh ciing nhuw
gi6i han quy dao cua rotor trong mét pham vi duoc dinh sén.

Tir khoa: O tir chii dong, didu khién cuédn chiéu, én dinh Lyapunov.

Abstract

A nonlinear controller design procedure for high performance 2DOF active magnetic bearings (AMB) with
rotor response constrain is presented in the paper. The nonlinear dynamics of the AMB are derived. Based
on the strictly feedback form of the AMB mathematical model, backstepping control is employed to design
the the switching type controller that can steers the AMB rotor at the origin. The overshoot and undershoot
of the rotor response are limited winthin expected value due to the selectrion of the Lyapunov candidate
function in control design process. Stability of the whole system is proven properly. Simulations show the

ability to stabilize the system of the proposed control.

Keywords: Active magnetic bearing, backstepping, Barrier Lyapunov.

1. Mé dau

Véi tng dung rong rai, 6 d& tir da va dang 1a
mdi quan tdm cua cac nha khoa hoc trong cac linh
vue, ché tao, co khi va diéu khién. Do ban chét khong
6n dinh, khong ché 6 tir ludn 14 bai toan diéu khién
nhiéu thtr thich. Phuwong thuc kinh dién dé khdng ché
6 dd tir 12 tuyén tinh hoa mo hinh 6 d& tir xung quanh
diém lam viéc rdi st dung cac 1y thuyét dicu kinh
dién nhu PID dé 6n dinh ddi tuwong [1]. Trong céc
nghién clfru cia minh, cic tic gid cua [1] trinh bay
phuong phap diéu khién bén vimng, sau khi da tuyén
tinh héa md hinh phi tuyén 6 d& tr mot bac tu do
quanh diém can béng. Bén canh viéc diéu chinh hé sb
PID @ bi luc khong cén bang va tac dong cua luc
xoay hoi chuyén, viéc diéu chinh léch tam cua truc
rotor ciing 1a mot hudng nghién ciru hop 1y khi doi
tuong AMB mudn thay dbi diém trang thai 1am viéc
theo qui dao mong mudn. Mot s6 hudng nghién ciru
tap trung vao kha ning thich nghi ciia bo didu khién
dé 6n dinh truc rotor trong diéu kién mot sé tham sb
hé thdng thay ddi [3-6].
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Mic dir viéc tuyén tinh hoa ddi tugng dem lai nhiéu
lra chon trong thiét ké phuong phap diéu khién,
nhung vé ban chét, khi tuyén tinh hoa mot d6i tuong,
ta dd duwa mot ddi twong c6 mo hinh phi tuyén tro
thanh mot dbi tuong tuyén tinh, va diéu nay chi chinh
xac khi ddi tugng lam viéc trong mot diém hay mot
s6 hitu han diém. Khi d6i twong dudi tac dong cua
nhiéu, hodc don gian thay d6i yéu cdu hoat dong
khong con nam trong lan can diém lam viée cii (hay
diém cén bang tinh), cic md hinh va phép bién doi
tuyen tinh hoa khong con gitr dugc gia tri. Nhim giai
quyét van de nay, viéc dp dung bd didu ngay trén mo
hinh phi tuyén cta dbi tugng duoc trinh bay trong [6].
Thira ké tinh than cua [6], v6i muc tiéu 6n dinh truc
nang tai vi tri can bang, trong bai bdo nay, cac tac gia
thiét ké bo didu khién cho 6 d& tir hai cuc truc tiép
trén md hinh phi tuyén cua hé théng dua trén thuit
todn backstepping cé dp dung chdn gia tri bién béng
phuong phép Barrier Lyapunov. Luat diéu khién lan
luot duge thiét ké cho ca hai cyc, tai mot thoi diém,
chi c6 mét cyc tir tham gia vao qud trinh diéu khién.
Ngoai ra, phuong phap thiét ké cung dugc thay d6i so
v6i k§ thuat cudn chiéu truyén théng nham giam
thiéu do qua diéu chinh khi nang truc rotor. Noi dung
clia bai bio dugc trinh bay trong bon phan, md dau
v6i viéc md hinh héa hé théng & phan 2. Cac budc
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thiét ké bo diéu khién dugc trinh bay chi tiét trong
ph?xn 3. Tinh én dinh cua hé kin dugc ching minh
trong phan 4, tiép theo 1a mot sé két qua md phong
dugc dua ra trong phén 5.

2. M4 hinh héa h¢ thong 6 do tir

Pbi tuong nghién ctru 1a hé théng 6 d& tir chu
dong (Hinh 1), trong do6 tryc rotor dugc nang badi hai
nam cham dién ddi dién nhau, c6 nhiém vu git truc
rotor & vi tri cdn bang.

Hinh 1. Hé thing AMB

Phuong trinh dong hoc cua hé théng bao gdbm
phuong trinh ddng hoc cta rotor va phuong trinh dién
tir cia nam cham dién.

2.1. Phwong trinh dién tir

Goi B, la cam ung tir, H, 1a cuong do tu truong,
E la nang luong tir trudng, tich trr trong khe ho
khong khi g, 4, 1a dién tich mat ti€ép xuc cuc nam
chim, g 1a khe ho khong khi, I 1a dong dién trong
cudn ddy, N 1a s6 vong ddy, phuong trinh nang lugng
tir truong tich trl trong khe ho khong khi duogc biéu
dién nhu sau:
_1 dV = L A2 1
—EfH.B V=2 BH, A2 (1)
Néu rotor bi dich chuyén di mot khoang bang dg
thi lyc dién tir F bang véi vi phan ting phan cta nang
lugng tir truong vai khe hd khong khi dugc sinh ra:
F= (;—E =B,H A,
g E
p, N1 4,

2

2

4g
2.2. Cdac phwong trinh dong lyc hoc

Xét véi mo hinh AMB theo Hinh 1, phuong
trinh biéu dién dong hoc cia truc rotor du’(’{i sur tac
dong cua hai luc truc giao Fi, F» va Luc nhiéu tai Fq
theo dinh luét II Newton nhu sau:

mi=F—F,+F, 3)

trong do,

10

N%i*4 Y
R @
4x, 4 | x,
2.2 . \2
: 4x22 4 | x,

véi x; va x, l1a khe ho khong khi, i;, i> 1a cac dc‘mg
dién trong cac 161 cudn day twong ung va hé so
K=p,N zAg . Mat khac, theo dinh luét Kirchhoff thir

hai thu dugc phuong trinh cin bing dién ap dudi day:

u = Ri 4L, Kdh ©)
a2 d|x,
di, K d
u, =Ri, + L, —>+— 7
P T d 2 dt[xz] @

Gia thiét (x0, o, ug) dai dién cho céc trang thai danh
dinh cta hé thdng, con x;, i; va u; 1an luot 13 vi tri,
dong dién va dién ap cia cudn day thu nhét coa hé
thong AMB, twong tmg x», > va u 14 vi tri, dong dién
va dién 4p cla cudn day thu hai, tor d6 s€ thu dugc
cac phuong trinh sau:

X =Xy—Xx X, =X, +Xx ®
i =i, —1 Iy =1y+i €))
U =uy,—u Uy = Uy +u (10)

Thé cac biéu thirc (8), (9) va (10) vao (6) va (7).
Sau d(’),’ thay thé (4) Vgl (5) vao (3) nhan dugc mo hinh
phi tuyén mo ta hé thong AMB da cho nhu sau:

T=v
He 2l
dm|x,—x) xO—I—X) m
i 2(x, —x) Rz; (11)
2L, (xo ) { 2 )(D —X L)
2(x0+x) [ ) K

12:

Ri, + Vi 4+

2 (AR | 2
3. Thiét ké b diéu khién

Nhén thdy md hinh dong hoc cua h¢ thong da
cho trong hé phuong trinh (11) 1a hé phi tuyén, théa
man diéu kién truyén ngugc chat. Vi vy trong bai
bdo nay, phuong phap Barrier Backstepping s& dugc
sir dung dé thiét ké bo diéu khién véi déu vao diéu
khién 13 wu;, u>. Phuong phap thiét ké Barrier



Tap chi Khoa hoc va Cong ngh¢ 121 (2017) 009-014

Backstepping bao gom ba budc dugc trinh bay dudi
day:
Buoc 1:

Muyc tiéu diéu khién 12 diéu chinh dau ra 1a vj tri
cua rotor x theo mot gid tri dat mong muén 1a Yy(1) .
Doi v6i phuong trinh thir nhat cua hé phuong trinh
(11), gia su rang z; 1a tin hiéu sgi 1éch hé thong gitra
gid tri x va gid trj dat mong muén Y,(?) (khi Y,(z) = 0,
truc rotor cua hé¢ thong s€ dugc dwa vE vi tri can
bang)

zy=x—-Y, (12)
Chon ham Barrier Lyapunov cho hé thong la:

1 k}
V. =—1lo b
T2

13)

trong d6: k, =k, — 4, 12 mot hing sb trong z, véi
yéu cu |zl| <k, . Dao ham ca hai vé clia phuong trinh

thu duoc

7z A (V_Y;>

- 2 2
ky —z,

V,= (14)
Lok
Dua trén phu’(yng trinh sb (}4) dao ham ctia ham
Barrier Lyapunov, bién diéu khién do v dugc xac dinh
nhu sau:
v=v, =—kz (lcj—zf)—l—Yr (15)
trong d6 k; 1a hing sé duong, vq 1a gid tri dat s€ lam
chp dﬁg ra x @at du(yc‘muc tiéu dicu khién khi gia tri
bién dicu khién ao v bang gia tri vy
Buoc 2:

Tuong tu budce 1, muc ti€u diéu khién cua budc
2 1a dua gia tri bién v v& bang véi gia tri ciia bién didu
khién 4o vy trong bude 1. DSi v6i phuong trinh thir
hai ctia hé (11) dit z, 1a tin hiéu sai 1é&ch hé théng gitta
gi tri v va gia trj v (hay c6 thé goi 1a ham diéu khién
40 o) nhu sau:
(16)

Z, =V—V, =V—0Q

Ham Barrier Lyapunov méi dugc lya chon cho
budc 2 la:

V=¥ 1z (17)
2
Pao ham ca hai vé phuong trinh s6 (12) thu duoc:
f=%-Y,=z-kz(k —2) (18)

Tir phuong trinh s6 (16) d& thiy

11

19)

Z, :V—de

Pao ham phuong trinh s6 (17), sau do st dung
cac phuong trinh (16), (18), va (19) thu dugc:

212

Vv, = +2z,z
2 kbz_zlz 242
(20)
z,2z, 2 . .
= —kz+z,(v—a
khz_zlz 1“1 2( 1)

Tir phuong trinh (20) c¢6 thé chon dwoc ham v
lam ham diéu khién 4o nhu sau:

Z

2 2
ky —z,

v=2a, —kyz, — 20
voi k, 1a hang s6 duong. Nhan thdy, v 1a ham diéu
khién a0 dé v bam theo v,, qua d6 diéu khién x theo
vi tri dit Y, tir d6 c6 thé xac dinh ham diéu khién v
theo hai gia tri i; va i;. Mét khac, theo phuong trinh
thir hai cua hé phuong trinh (11) ham v ¢6 thé viét lai
nhu sau:

.2 2
b A g2 T (22)
(%, —x) (xo+x) m
v6i hé sb
K
A =— 23
' 4m 23)

R& rang, viée xac dinh ham v qua hai bién chwa
biét i; va i> 1a khé khin, do d6 can thuc hién mot
buédc chuyén ddi, dé viéc tinh toan c6 thé thuc hién
mot cach dé dang hon, tao diéu kién cho viée diéu
khién ham v theo gia tri dat. Xét théy, luc diéu khién
cudi cung tac dong l€n truc rotor bai hai cudn day dbi
nhau dugc biéu dién nhu sau: F, = F, —F, + F,

Trong trudng hop, néu dé ton tai song song cling
ltic hai Iyc F, F; tuong tmg véi ton tai hai dong dién
i; i» trong hai cudn day, thi h¢ théng vira ton dién
nang khong can thiét, lai gy khé khan trong viéc tim
ham i;, i> diéu khién ham v theo ham vg4. Nhu vay,
trong bai bao nay, dé kinh té trong qua trinh van
hanh, chién luge didu khién duge ap dung la diéu
khién luan phién hai dong dién theo kiéu dong ngit.

Xét ham D 1a bién diéu khién duy nhat, duoc
dinh nghia nhu sau:

AI ilz

(% _x)z

1411022
(% + x)z

D= (24)

Thay phuong trinh s6 (24) vao phuong trinh sd
(22) thu duoc:
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. F, . Tir phuong trinh s6 (18) thu dugc
D=v——%=v—90
m 25) . 2 2
.. Z, =z, —kz | k;; — 7 (30)
=Y, 2, (k k)2 (1-K) -0 ( ) ‘
Dao ham hai v€ ctia phuong trinh (16), roi thay

Dé don gian trong tinh ton, tir ny ta goi oy thé phuong trinh s6 (21) vao vé phai thi:
m

Nhu vay, khi d léch x a mang i tri am thi: L=vea=hn T @D
.2 . X ~ A
D>0 din dén izz —0va 4 ) ——0 Pao ham hai vé phuong trinh s6 (29):
(5 +2) t=i —d, (32)

Lic ndy, theo phwong trinh 56 (25), ham D c6 Xét ham Barrier Lyapunov dugc lya chon sau:

dang nhu sau:
1 k; 1 1
Ai _ b L2, 1 »
D:Lz =y —akyz ZTIZG‘ (26) £ 210gk3_212+222+223 ©3)
(xo—x) ky, = z

o . o Dao ham ham Barrier Lyapunov & phuong trinh
Tuong tw, khi d6 léch x la mang gia tri duong Error! Reference source not found. thu dugc
(tlrc truc rotor cé xu hudng 1éch vé phia cudn day thir

.. . z . . .

1) thi: Vy=—5"5+2%+zz = —k,z} —kyz5 + 232, (34)
;2 ky —z;

1

D<0 dandén i> =0va 4 =0 .
et h Ve 4 (x, —x) Dua trén phuong trinh $0
Error! Refe;‘encg source not found. cta ham
Két hop v6i phuong trinh (25), ham D tr¢ thanh: Lyaponuv, bién dicu khién u; dugc xéc dinh nhu sau:
Ai,? . z . Kvi . 2L (x, —x )+K
D=——22 _—y —kz,——1——0 Q7w =Ri+———+ (d—kz )(0—),(32)
(xo + x) ky —z 2(x0 —x) 4(x0 _x)ll

Béng cach st dung mot hém difeu Kkhién suy nhét v6i cac gia tri k. k,,k; 1a céc héng ) duong.
D, ta sé lan lugt dua ham diu khién aov trong mot

khoang thoi gian bat ky, chi phu thude vao mot dong Nhu vdy, trong truong hop thir nhat x <0 hay
dién duy nhét i; hodc i>. D >0 ta da tim dugc tin hi¢u diéu khién u; d¢ dicu
) khién cho hé théng AMB 6n dinh vé vi tri can bang
Buroc 3: N
,-

Trong budc cudi ciing nay, myc tiéu diéu khién
s€ 1a dua gia tri v bam theo gia tri dd tim ra dugc tai
phuong trinh (21), bién didu khién thyc u; va u;  hay D <Okhido: i* =0, u; =0
twong ung voi dong dién tac dong i; va i> tim dugc

Hoadn toan twong tw, ¢ truong hop thir 2 véi x>0

trong hai trudng hop sau s& dua hé thong vé vi tri 6n . X ) . 0—v
dinh% &P ' £ ' by’ = _2(9_") he =X, - (33)
° 1
Xét truong hop 1: x<0 hay D>0 khi d6 i, =0, .
Hon Y B Goi z, =i, —i,, =i, —a, (34)
u, =0va )
Xét ham Barrier Lyapunov dugc lya chon:
) -
.2 X . . V; —
Ly, = _(Vd _9> hy =% (28) 1 k? 1 1
A A V,=—lo LA 35
] NIRRT R 4

Goi 2 1a sai léch gita gid tri 4 va gid tri i, Pao ham hai vé ham Barrier Lyapunov &
(gid tri i, tai d6 lam cho ham v dat gid tri trong phuong trinh (35) cé:
phuong trinh s6 (21)): . .
V,=—"—+2z: +zz (36)
=i, —i, =i, —a, (29) Y2 T

12
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Tt do, ¢b thé rat ra duwgc ham di€u khién nhu sau:

Kvi 2L, (xy +x 4K
w, =R, ———2—+ (dhkz, )—————(37)
T 2(x, +x )’ ok, 4(x, +x);

voi cac gid tri k,k,,k, 1a cic s6 nguyén duong.

Nhu vay, tai budc cudi cling thiét ké bo diéu
khién, bién diéu khién dau vao u; va u, di lan luot
dugc x4c dinh dé thyc hiégn muyc tiéu diéu khién 1a 6n
dinh hé théng vé vi tri can bang.

4. Phan tich sy 6n dinh ciia hé théng

Do hé théng AMB trong bai bdo c6 su luan
phién hoat dong giita hai cun ddy. Nhu vay, trong
mdt thoi diém bat ky, chi ton tai mot dong dién duy
nhét (i; hodc i;) luan phién nhau, tao lyc hut dé dicu
khién va gilt rotor tai vi tri can bang

Xét truong hop: x <0 hay i, =0

Tur nhirng phuong trinh s0 (18), ) (31) va sf)
(38), md hinh phi tuyén cua hé thong cé thé dugc viet
lai nhu sau:

z
z, = —k,z, k2—122
b 1
Z3 =1 Z:Id
(39)
trong do:
. 2(x—x) | o Kvi
1 1 1
2L (xy—x)+K 2(x, —x)’
iy=—v Yy 0 f vd(%_ ))
N A 2 fa (i, -0)
x=z+Y,
. . z
Vg = Vg —kyzy — pE _122
bl 1
iy =t k2 e kg )

2L — K
=Rj +L|_ (?f—kszz )M
z(xo —x) 4(x0 —)c)l1

Dé chimg minh sy 6n dinh cua hé thong (39),
xét ham Lyapunov sau:

13

Lo b +12+lz
2 gk2 2Ty

(=ky k) Vers = (40)

Pao ham c4 hai vé cua phuong trinh ) (40) thu duoc:
z
kb2| - Z]

= _klzl

Ver = >+ 2,2, + 232,

(4D
—k,z,} —kz]

do k,,k,,k, 1a cac hing s6 duong nén 7, <0. Do
qua diéu chinh trong qué trinh qua do cia vi tri truc
rotor khong vuot qua khoang dugc chung minh
trong [9]. HE phi tuyén cho boi hé phuong trinh s6
(39) 1a 6n dinh theo tiéu chuan on dinh Lyapunov.
Tinh 6n dinh cta hé thong trong truong truong hop:
x>0 hay i, =0 duoc chimg minh hoan toan tuong
tu.

5. Két qua md phéng
Bang 1. Thong s6 6 d& tir

Thong s6 Pon vi
Khe ho khong khi danh dinh (g) 0.001m
Sb vong day trong mdi cudn (n) 400

Dién tro cudn day (R) 1 Ohms
Dién tich mdt cit ngang khe ho | 0.0001m?
khong khi (A)

Khbi lugng rotor (m) 11 kg

Vi tri ban dau cua rotor (x) 0.0006 m
Do tir tham khe ho khong khi (o) 1.256*10°
Nhiéu (N) 255N

Gia thiét, thoi diém ban dau truc rotor dang nim
cach vi tri cin bang 0.6 mm. Khi c6 tin hiéu diéu
khién, bo diéu khién 1am viéc va dua truc rotor dén vi
trf cin bang.
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]
il (o)
g
5
+
3
A
P |
| ]|
o—
[= [E] =] [k [=E] oz nE [:&] 0z os 1
T (z)

Hinh 2. B¢ dich chuyén cua truc rotor.

Ui

T(=)

Hinh 3. Dap mg dién ap u; (den) va u, (do).

I(A)

o oz [-%] =] oa ae o a H

T (s}

Hinh 4. Dap tmg dong dién i, (den) va i, (d06).

Két qua md phong nhan thdy, su hiéu qua cia
bd diéu khién trong viéc 6n dinh vi tri rotor. D6 qua
diéu chinh dugc kiém soat tét thé hién sy hiéu qua
ctia phuong phép didu khién. Pap tmg dong dién va
dién ap hoan toan phi hop voi diéu kién thyc té. Két
qua mod phong ciing cho thiy tinh bén viing ciia hé
kin khi c6 nhiéu Iyc 25,5N tac dong 1én hé.

6. Két luan

14

Phuong phép thiét ké phi tuyén cho 6 d& tir chu
dong hai cuyc mot bac tu do da dugce d& xuét trong bai
bao. Tin hidu diéu khién dudi dang dién ap kiéu dong
ngit dwoc dé xuit theo phuong phap backstepping
chin diu ra ap dung trén moé hinh phi tuyén cua hé.
HE qua cua k¥ thuét trén 1a viéc gidi han duoc do qua
diéu chinh dau ra cua hé théng. Tinh 6n dinh cua hé
thong kin dugc chimg minh bang giai tich va minh
hoa qua md phong. Hudng nghién ctru kha thi tiép
theo clia bai bo s& nham vao kha nang thich nghi ciia
hé v&i céc bién dong cta tham s6 va nhiéu loan.
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