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TOM TAT

Bai bdo nay dé xudt phwong phdp diéu khién triegt cho 6 tir doc truc cdu triic nguyén khoz mot
bdc tw do. Muc dich cia bai toan la diéu khién dia quay (rotor) dat duwoc vi tri mong muon. Pau
tién, mé hinh dong hoc cua 6 tir cdu tric nguyén khéi mét bdc tw do duoc xdy dung. Tuy nhién,
rdt kho dé thiét ké mét bé diéu khzén dua trén mé hinh cé thanh phan nhiéu phi tuyén bat dinh
nhue: Ton hao dong xody trong co cdu chap hanh, nhiéu tai bén ngodi va cdc tham so thay doi
trong mé hinh. Pé gidi quyet van dé nay, phwong phdp diéu khién triwot dwoc nghién ciru dong
vai tro khang nhzeu phi tuyén, ting do bén viing cho bo diéu khién. Pé kiém chirng kha nang lam
viéc ciia 6 tir cdu tao nguyén khoi, mét cdu tric mo phong dwoc thic hién trén phan mem
MatlabSimulink. Két qua cho thay 6 tir lam viéc on dinh bam theo gid tri dat mong muon va
phuwong phdp diéu khién trieot dp dung cho trieong hop ham Sigmoid dwoc dé xudt trong bai bdo
nay da cdi thién duwoc nhuwoc diém ciia ham Sign va Sat-Pi.

Tiwr khoa: Sliding mode control; Non-laminated structure; Electromagnetic bearing; Disturbances; Fractional order
derivative.

1. MO PAU

Mach tir (stator va rotor) ciia 6 d& tir thuong dugc ghép bang cac 14 thép ki thuat dé giam ton
hao dong xoay khi c¢6 tir thong bién thién trong vét liéu sat tir. Tuy nhién, ddi voi 6 tir doc truc
trong mot s6 ing dung cac co cau chap hanh thuong ciu tao nguyén khéi bic biét, do yeu cau vé
d6 bén co hoc va chi phi nén dia quay cua 6 tir doc truc thuong duoc cau tao nguyén khdi. Trong
cac ing dung clia 6 d& tir cau tao nguyén khdi hoat dong khi cp dong dién mot chiéu (DC) thay
dbi theo thoi gian vao hai dau cudn day, dong xody s& anh hudng sau sac dén hoat dong cua co cau
chip hanh va phai dugc xem xét trong mo hinh hoa hé thong va thiét ké bo diéu khién.

Mac du phuong phap diéu khién truot da ap dung cho 6 tir thong thuong khi stator va rotor
dugc ciu tao boi cac 14 thép ky thuat mong ghép lai kha nhidu. Nhung ddi véi 6 tir cu tao
nguyén khol [1-6], trong do, dong luc hoc c6 chua thanh phan dong xoay, thanh phan dao ham
cap phan sé rat it cong trinh nghién cau vé diéu khién phi tuyen no6i chung va diéu khlen truot
n6i riéng dugc cong bd. Céc téc gia chi &p dung phwong phap didu khién kinh dién trén mién tan
s6 nhu PID, FOPID [12], FBL [1] (bd diéu khién bu phi tuyén), FBL-PID [1]. Bac biét van dé
diéu khién cho nhiing ddi tuong ma dong luc hoc ¢ chira dao ham cap phan sé 1a mot van dé
méi, chi phat trién trong vong 1 thap ky vira qua. Do d6 viéc nghién ctru phwong phap diéu khién
truot cho 6 tir ciu tao nguyén khbi dé hoan thién va nang cao chét lugng diéu khién cho 6 tir cu
tao nguyén khdi 1a van dé méi va can thiét.

Nhimg dong gop méi cua bai bao c6 thé duoc tom tit nhu sau:

(i) Trong khi d6i véi céc tai li¢u [1-6] chi dua ra dugc lyc tir va ham truyén ciia 6 tir cau tric
nguyén khoi tren mién tan so. Trong nghlen Clru ndy, chung t6i da xay dung thanh cong md hinh
toan hoc trén mién thoi gian cua 6 tir cau tric nguyén khéi va dua ra duoc tong nhiéu phi tuyén
bao gom: Nhiéu tai bén ngoai tac dong vao dia quay, nhidu do tham sb bat dinh caa mé hinh,
nhiéu do ton hao dong xody trong co cau chap hanh 6 d& t.

(i) Trong khi céc tac gia trude day chi &p dung SMC cho  tir ciu tric xép 16p. Trong bai bao
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nay da 4p dung thanh cong diéu khién SMC cho 6 tir c6 cau nguyén khi. Véi chirc ning chinh
cua bo diéu khién truot (SMC) dong vai tro khang nhiéu phi tuyén nén SMC rit thich hop cho 6
tir cau trdic nguyén khéi c6 tong nhiéu phi tuyén nhu: Nhiéu tai tac dong bén ngoai, tham s6 bat
dinh trong mo hinh va t6n hao dong xody giy ra trong co c4u chap hanh caa 6 tir ciu trdc nguyén
khéi, diéu khién dia quay dat gia tri dat mong muén.

(iii) Trong nghién ciru nay da ap dung SMC cho trudng hop ham Sigmoid thay thé cho ham
Sign va Sat-Pi théng thuong dé khic phuc duoc cac nhuge diém cua ham Sign va Sat-Pi, cu thé:
Giam hién twong chattering, thoi gian 6n dinh nho.

Bai bao ndy dugc to chirc nhu sau: Phan 2 mo ta ngin gon md hinh toan hoc trén mién thoi
gian cua 6 tir mot bac tu do cau tric nguyén khéi. Trong phan 3. Quy trinh ap dung phuong phap
didu khlen trugt vao dbi tugng nghién caru dugc mo ta chi tiét. Két qua mo phong cua bd diéu
khién 6 tir mot bac ty do cau tao nguyén khdi trong truong hop c6 tham sb bat dinh duoc cung
cap dé chirng minh chat lugng phuong phéap diéu khién truot duge dé xuat trong phan 4. Két luan
dugc rdt ra trong phan 5.

2. MO HINH TOAN HQC

Céu tric hé théng diéu khién cua 6 tir cdu tric nguyén khdi duoc thé hién nhu hinh 1 gém:
mot dia quay co6 cau tric nguyén khoi duoc treo ty do tai mot khoang cach mong muon Xo bdi 2
nam cham dién tir hinh C ¢6 cau tric nguyén khoi.
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Hinh 1. Cdu tric hé thong diéu khién 1 cap cuc tir hinh C cdu tgo nguyén khai.
Theo [1-6] luc dién tir trén mién tan sb cua cuc tir phia trén ciu trac nguyén khi 1a:
0 0

R R
Fl(S)—Ki.m.l(S)+Kx.m.X(S) (1)

Bién doi twong duong (1) tro thanh (2):

ks

F(s)+—— =0 F(s)=K,.I(s) + K,.X(s) 2
Bién d6i laplace nguoc (2) ta duogc (3):
k d?F(t .
F(t)+  at 1/2( ) =K,.i+K, .x ©)

Tuong tu dbi voi cuc tir phia dudi ta ¢ luc dién tir trén mién tan sb:
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0 0

R R
F(s) =-K,.———=.1(s) - K,.———=.X(s) 4)
2 R + ks R® + k+/s
Twong ty nhu trén ta ¢ phuong trinh Iyc tir trén mién thoi gian d6i véi cuc tir phia dudi:
k d“2F,(t) .
Fz(t)+ET1,22=—Ki.l—KX.X (5)
Theo dinh luat Newton II ta c6 phuong trinh dong luc mo ta cuc tu:
2
m%:—c.m F.(t)—F,(t)—mg + f, 6)
Tu (3), (5) va (6) suy ra phuong trinh (7):
i . . Ckd¥x kmd**x k d"*(f)
mX = 2K,.i + 2Kx.x—C.x—E 7 RO 46T mg TR g T f, (7)

Tir (7) bién déi twong duong tré thanh (8):

2K, . 2K C Ck d¥*x k d*?x k dY*(f, )
K=—2ri+—2xX——X— -— -g+ =A+Bx+Ei+d(x) (8
m m m MRS A RO de” O mR® at? ' m ) ®)
Trong d6: C: Hé s6 giam chin ciia dia quay [8], f 1a nhiéu tai bén ngoai, m 1a khdi lwong cua
dia quay, |, =2h+2cla chiéu dai duong tu truong cua sat tir, k duge xac dinh nhu (9) 1a h¢ )
biéu thi anh hudng dong xoay trong 6 tir cdu triic nguyén khoi.
Il b 16b*
' =2 _tan h( j g 9)
4(a +h) 3a r°a’ 2b H, My
0 1 I| \ A \ 5 ~ 2N 2i0 \ A A 2 1A 7. \ ‘A
R = 22, +— | la tong tr tr¢ tinh. K;=———— 1a h¢ so ti 1¢ véi dong dién,
HoA M #,A(R")

2
1 2Ni 4 . . A 2K
K, = 3 © | la hé so ti 1&¢ véi do dich chuyén, A=—=
(RO) \ oA m
k 3/2 k 5/2 k dlIZ f

d(x):_cod3/2x__odslzx+ 0 (2 o)
mR° dt R® dt mR®  dt’
dong xoay.

Vay (8) la dong luc hoc tong quat trén mién thoi gian cta 6 tir doc truc (1 cap cyc tur) cAu tric
nguyén khoi. Nhan thay (8) 1a mo hinh toan hoc ¢6 chira dao ham béc phan s6 3/2 va 5/2 cua d6
dich chuyén x theo thoi gian 1 nhitng thanh phan thé hién anh huéng cia dong xody trong b tir
céu trac nguyén khoi.

B=—, E=—1,
m

X 1a nhidu tai bén ngoai va nhidu do ton hao
m

3. THIET KE BQ PIEU KHIEN TRUQT

Tir (8) c6 thé tach f(x) va g(x)thanh 2 thanh phan c¢6 dinh va thanh phan bat dinh dugc thé
hién nhu (10)

2
% =(A, +AA)+ (B, +AB)X+(E, + AE).i+d(x) = A, + B.Xx+ E,.i +1(x) (10)
Trong d6: 1(x) = d(x) + AA + AB X + AEi 14 nhiu tai bén ngoai, nhidu do tham sb bat dinh

—C

N . 2K,
ctia mo hinh va nhiéu do ton hao dong xody. A = B, =—VvaE, =—"1a nhimng
m m

n

thanh phan uéc lwong duge, AA, AB va AE do thanh phan bat dinh sinh ra. 1(x) duoc coi nhu
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tong nhidu bat dinh ctia mo hinh. Pé thiét ké bo didu khién truot, viéc uwéc luong trude duoc gia
tri chan trén va chan dudi cta thanh phan bat dinh 1(X) 1a rat can thiét. Véi muc dich thiét ke
téng quat, ta gia str ton tai mot s6 K di 16n thoa man:

K> |I(x)| .
Bude 1: Thiét ké mat trugt
bat: e=x,; —X (11)
Pao ham 2 vé (11) két qua thu dugc: e=%, —X (12)
Str dung mat truot bac hai nhu sau:
s(t) = (% + ﬂje(t) (1>0) (13)

Khi trang thai hé thong & trén mat trugt s(t)=0 thi e=ae ™ nén khi t > thi e —>0. A lahé
s0 duong, dugc chon sao cho da thirc A(p) = p+ A la da thicc Hurwitz.
Buéc 2: Tim ham diéu khién i(t) dé trang thai hé thong tién vé va truot trén mit s(t).

Dé lam duoc diéu nay, nguyén ly on dinh Lyapunov dugc sir dung. Xét ham tmg vién
Lyapunov xac dinh duong:

VO=250) (14)

Pé hé théng luén 6n dinh tai s=0 thi cin phai co: V (t) = $(t)s(t) <O0.

Pao ham ctia mat truot (13) theo thoi gian:

$(t) =8(t) + A8(t) = %, (t) — A — B %, — E,i(t) = 1(x) + (B, + A)&(t) (15)
Do 6n dinh cuia d6i tugng sé dat duoc khi ham diéu khién dugc thiét ké co dang:
i(t) = 1( (%)=, =B, + (8, + DE(0 + Ksign(s() (16)
g, (x

Chirng minh b diéu khién trwot théa min diéu kién truot:

Bing cach thay (16) vao biéu thirc dao ham cua mit trugt theo thoi gian (15) két qua dat
duoc:

$(t) =&(t) + 18(t) = -1 (x) — Ksign(s(t)) (17)
DoK 2|I(x)[nén  $(t) =—I(x) — Ksign(s(t)) <—zsign(s(t)) véi 7>0 va ham sb
s(t)sign(s(t)) >0 Vs(t) nén tich s% = —sKsign(s) <0 = thoa man diéu kién truot.

4. MO PHONG

Céc thong sb trong mod phong cho 6 d& tir cdu trac nguyén khdi 1 bac t do dwgc chon va tinh
todn két qua nhu bang 1:

Bing 1. Céc thong so ciia 6 do tir dé mé phong.

Mo ta thong sd Ky hiéu Gia tri
1/2 chiéu cao cta cuc tir a 7.5 mm
1/2 chiéu rdng cua cyc tr b 2.5 mm
Chiéu dai stator (hinh 1) c 20 mm
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Chiéu dai rotor (h1nh 1) h 30 mm

Do dan dién cua sit c 2.5x10° S/m
Do tir thim twong ddi e 5000

Do tir thim chan khong Ho 4nx107 T.m/A
Khbi luong rotor can nang m 2.25 kg
Khe ho khdng khi gitra stator va rotor Xo 0.2mm

S6 vong day N 1200 \VVong
Dong dién danh dinh i 02A
Dién tich mit cat ngang cuc tu A 75x10° m
Dong dién tdi da trén cuc tir i mx 1A

Tong tir trd tinh R’ 4.4563x10° A/Wb
Heé sb ti 18 véi dong dién Ki 307.7479 N/A
Heé s6 ti 18 véi d6 dich chuyén Ky 2.9309x10° N/m
Hé s giam chan cua dia quay C 0.01

Hé s dong xody k 5.1619x10* A/Wb

bé phan anh dqu d6 hiéu qua cua hé théng diéu khién dé xuit, thi nghiém dugc mo phong
trong thoi gian 2s d6i voi truong hop ham Sign va ham Sat-Pi, 0,5s doi voi truong hgp ham
Sigmoid.
Giai doan 1: Trong diéu kién ly tuong, d6i twong chi chira dong dién xody, khong c6 su tham
gia ctia nhieu tai bén ngoai va tham bat dinh cuia mo hinh.
Giai doan 2:

Nhiéu tai bén ngoai f, va tham sé bat dinh cia mé hinh AA+ABX+ AE.i = (0.15x +0.5i)
dugc thém vao tir thoi diém t=1s ddi voi ham Sign va ham Sat-Pi va 0.25s dbi véi ham Sigmoid.
M6 phong kiém ching véi ham  sign(s), véi K=20, A1=10000, f, =10,

_ 1 khis=0
SION(S)=1_1 khis<0

100 ; ; : ; ; ; ; ; ;

Nhiéu phi tuyén 1(x) (N/kg)

Thoi gian (s)

Hinh 2. Tong nhiéu phi tuyén I(x) tic déng vao dia quay.

Két qua md phong ddi voi truong hop hinh sign dwoc thé hién trén hinh 2-4. Theo hinh 2 cho
thiy tong gia tri nhiéu phi tuyén gay ra do hién tuong chattering cua dao ham cép phan sb cta do
dich chuyén géy ra la rat 16n ngay ca trong giai doan dau khong c6 nhiéu tai bén ngoai tic dong
vao dia quay va nhiéu do  tham s6 bét dinh cua thiét bi truyén dong, tuy nhién, gia tri ciing dugc
gi6i han 1(x) <60 nén van théa mén diéu kién truot. Theo hinh 3-4 cho thdy, mic du tin hiéu

thue bam tin hiéu dit sau 0.2s, dat muc tiéu cua diéu khién bam theo gia tri dat ban déu, tuy
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nhién, vi tri va dong dién didu khién déu 6 hién tuong rung (chattering), dao dong quanh vi tri
can bang rat 16n, thoi gian dé gia tri thuc 6n dinh va bam gié tri dat 16n. Dé khic phuc hién twong
nay ham chuyén mach tich phan-bao hoa (Sat-Pi) véi K =60, A=1000, f =10, ks=300, dugc
sir dung dé mé phong kiém chimg:

sign(s) khils| > &

SatPi(s) = (18)

+k j s(t)dt  khis|<e

g
g
E
=
Thoi gian (s)
Hinh 3. Vi tri ciia rotor déi véi ham sign.
1 T T T T T T T T T
g 0.
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o
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Hinh 4. Dong dién diéu khién cho déi twong doi véi ham Sign.

a 6 T T T T T T T T T

& e :

2N R RN R FAIN IR R e TR R ]
— : :
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1(5 2 L 1 1 ' L 1 1 I - L

= 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Z o

Thoi gian (s)

Hinh 5. Téng nhiéu phi tuyén I(x) tic dong vio dia qua.
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Hinh 6. Vi tri cia rotor cia doi tuong doi voi ham Sat-Pi.
~~
<
=
<
ko)
o0
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Q
a

Thoi gian (S)

Hinh 7. Dong dién diéu khién cho doi twong doi véi ham Sat-Pi.

Két qud md phong dbi voi truong hop ham Sat-Pi duoc thé hién trén hinh 5-7. Theo hinh 5
cho thiy téng gia tri nhiéu phi tuyén 5 ((N/kg) thay khong dang ké so véi gia tri (10/2.25) nhiéu
tai bén ngoai tac dong vao dia quay, didu d6 néi 1én rang, nhidu do thanh phin dong xody gy ra
12 nho hon nhiéu so v6i nhidu tai tai bén ngoai tac dong vao dia quay nén viéc gom cac dai lugng
do dong xody gay ra, tham sé bat dinh cia mé hinh, ... 1 kha thi va gia tri ciing dwoc gii han
I(X) <5 nén thoa mén diéu kién truot. Theo hinh 6-7 két qua cho thdy, tin hi¢u thuc bam tin higu
dat nhanh hon trudng hop ham sign, chi sau 0,15s dwa dia quay vé gia tri dat va da khéc phuc
dugce hién tugng rung (chattering). Tuy nhién, trong qua trinh quéa d ban dau van xuit hién sy
dao dong 1én xu6ng quanh vi tri dat 16n, hon nira, tai vi tri 1s khi c6 nhidu bén ngoai va tham sd
bat dinh cua mo hinh van xudt hién sy dao dong quanh vi tri dat, 1€ch khoi vi tri dat cta rotor va
mét 0,1s dé rotor tré vé vi tri mong muén.

20

Nhidu phi tuyén 1(x) (N/kg)

0 005 0.1 0.15 0.2 025 03 035 0.4 0.45 0.5
Thoi gian (s)

Hinh 8. Tong nhiéu phi tuyén I(x) téc déng vio dia quay.
Dé khic phuc nhitng han ché trén ham Sigmoid(s) dugc st dung d& mo phong kiém chimg,
trong thoi gian 0.5s véi K =60, 4=1000, a=500, tin hiéu dat la dang ham x4=0.0001sin(31.4t),

v6i nhidu tai bén ngoai f, =10sin(100t) : Sigmoid (s) = 1 2—sa
+e
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Két qua mo phong ddi voi truong hop ham Sigmoid dbi v6i nhidu bén ngoai f,=10sin(100t)
dugc thé hién trén hinh 8-10. Theo hinh 8 cho thiy, tong gia tri cuc dai ctia nhidu phi tuyén 5
(N/kg) thay khong dang ké so véi gia tri (10/2.25) nhidu tai bén ngoai tic dong vao dia quay, diéu
d6 noi 1én rang nhidu do thanh phan dong xoay giy ra 1a nho hon nhiéu so véi nhiéu tai tai bén
ngoai tac dong vao dia quay nén viéc gom cac dai luong do dong xody gay ra, tham sd bat dinh ciia
m6 hinh, ... 1a kha thi va gié tri cling duoc gidi han 1(X) <5 nén thoa mén diéu kién truot.

B
=
>
. i-—§
0.2 1 1 1 1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Thoi gian (s)
Hinh 9. V; tri ciia rotor doi véi ham Sigmoid khi ¢é nhiéu f,=10sin(100t).
<
=
&
£
en
=
B
@)

) 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 045 05
Thoi gian (s)

Hinh 10. Dong dién diéu khién cho déi tuong doi véi ham Sigmoid khi c6 nhiéu f,=10sin(100%).
Theo hinh 9-10 cho két qua rat kha quan nhu vi mong mubn bam rat nhanh, chi sau 0.01s dé
dua dia quay veé vi tri dat, khong c6 hién tuong rung (chattering), hién tuong dao dong quanh vi
tri ban déu trong ca truong hop qua do ban déau va tai thoi diém 0.25s khi ¢6 nhiu bén ngoai va
tham so6 bat dinh tdc dong vao.

5. KET LUAN

Bai bao nay di trién khai thanh cong phwong phap SMC dé diéu khién vi tri rotor ctia 6 d& tir
mot bac tu do cAu tric nguyén khéi dé dat duoc vi tri mong mudn. Pong lyc hoc cua hé théng co
thé khong can xac dinh chinh xac va khong c6 rang bude khét khe. Céc tin hiéu diéu khién duge
thiét ké di han ché dwoc anh hudng cua thanh phan bat dinh vén 1am giam chit luong bo diéu
khién nhu: Ton hao dong xody, ma sat, nhidu tai bén ngoai va tham s6 thay d6i ctia mé hinh. Mot
ham chuyén mach tich phan bio hoa Sat-Pi va ham Sigmoid dugc st dung lam giam hién tuong
rung trong diéu khién truot. Két qua mo phong bo diéu khién SMC dbi v6i ham Sigmoid cho ket
qua tot nhit, dap ung vi tri mong mudn cua hé théng bam sat quy dao dit trong thoi gian rat
nhanh, khong c6 hién tuong rung (chattering), khong céd hién tugng dao dong quanh vi tri dat
trong ca 2 truong hop qua do ban dau va tai thoi diém 1s khi c6 nhidu tham sé bat dinh mé hinh
va nhiéu bén ngoai.

88 L. N. Hpi, ..., N. T. LAm, “Diéu khién trwot cho é tir doc truc ... nguyén khoi mot bic tw do.”
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ABSTRACT
A sliding mode controller design for non-laminated magnetic levitation systems

This paper investigates sliding mode control methods for 1-DOF non-laminated active

magnetic bearings 1 DOF. A dynamic model of non-laminated active magnetic bearings is
expressed that it is difficult to design a model-based controller under nonlinear disturbance
components such as eddy current losses in the actuator, external disturbance and uncertain
parameters. In order to solve this problem, the sliding control methods are studied to improve
the robustness of the controller. The working ability of the non-laminated active magnetic
bearings and the effectiveness of the control system are demonstrated by MatlabSimulink
software and the sliding control method applied to the case of the Sigmoid function proposed
in this paper has improved the disadvantages of Sign and Sat-Pi functions.

Keywords: Sliding mode control; Non-laminated structure; Electromagnetic bearing; Disturbances; Fractional order
derivative.
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