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TOM TAT

Hiéu qua cta bo diéu khién truot dua vao xip xi hé théng mo con lic nguoc duoc
thiét ké va dénh gia trong bai bao nay. Diéu khién trugt di duoc ap dung Vao phuong phap
thiét ké tong quat, khong nhay cam Vol su khong chéc chin ciia tham s6 va nhidu ngoai.
Hé théng mo dugc sir dung dé xap xi thanh phan phi tuyén trong diéu khién truot. Bo
diéu khién truot dya vao xap xi hé théng mo duoc thiét ké dé dam bao vi tri thyc té cia
con lac hoi tu vé vi tri mong mudn trong thoi gian hitu han va giam chattering. Tinh 6n
dinh cua hé théng duoc chimg minh bang 1y thuyét Lyapunov. Céc két qua mé phong véi
MATLAB/Simulink cho thay hiéu qua ciia bo diéu khién dé xuat véi thoi gian ting dat
2.431(s), thoi gian xac lap 1a 3.668(s), d0 vot 1612 1.81 1(%) va sai sO xéc lap 14 0.001(rad)
va hién tugng chattering dugc giam.

Tir khéa: diéu khién truot, hé théng md, con lic nguoc, Lyapunov, MATLAB/
Simulink

ABSTRACT

The performance of a sliding mode control (SMC) based on fuzzy system approximation
for an inverted pendulum is designed and evaluated in this research. SMC has been applied
in the general design method and it is completely insensitive to parametric uncertainty and
external disturbances. Fuzzy systems are used to approximate the nonlinear component in
the SMC. The SMC controller based on fuzzy system approximation is designed to ensure
that the actual position of the inverted pendulum reaches the reference in a finite time
and reduces a chattering phenomenon. Based on the Lyapunov theory, the stability of the
system is proven. Simulation results in MATLAB/Simulink show the effectiveness of the
proposed controller with the rising time reaching 2.431(s), the settling time is 3.668(s),
the percent overshoot is 1.811(%), the steady state error is 0.001(rad) and undesired
chattering is reduced.

Keywords: sliding mode control, fuzzy system, inverted pendulum, Lyapunov,
MATLAB/Simulink

1. Giéi thiéu kho diéu khién do sy phuc tap, tinh khong
Con lic nguoc l1a mot hé théng rit  oOn dinh va phi tuyén cao [1-2]. M6 hinh
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con lic nguoc co thé duoc tim thiy trong
nhiéu tmg dung k¥ thuat nhu robot biét di,
van chuyén cd nhan va robot di dong [3].
N6 1a hé théng hai bac ty do (Degrees Of
Freedom: DOF), mot con lic nguoc dugc
gin vao xe day, trong d6 DOF duoc kich
hoat duy nhét cung cip chuyén dong ngang
ctia xe ddy. Muc tiéu chinh 13 6n dinh con
lic ¢ vi tri thang dimg véi bat ky vi tri ban
dau theo phuong ngang [4].

Hé thong nay da dugc nhicu nha khoa
hoc quan tdm nghién ctu va cong b
v6i cac bd didu khién khac nhau, chang
han nhu bd didu khién PD (proportional
derivative) mo trong [1], bd diéu khién
PID (proportional-integral-derivative),
LQR (Linear Quadratic Regulator) va
MPC (Model Predictive controller) da
dugc t6i wu trong [2], bo didu khién trugt
bac 2 trong [3], logic mo trong [4-5], PID
va PID bac phan s6 trong [6], NARMA-L2
v6i giai thuat lan truyén ngugc Resilient
va Levenberg Marquardt trong [7], diéu
khién thich nghi mo PID ty chinh trong
[8], diéu khién mo hinh tham chiéu mang
no-ron nhan tao trong [9], PID cai tién dya
vao chién lugc diéu khién gidm sat mang
no-ron nhén tao trong [10], bo diéu khién
md thich nghi lai trong [11] va diéu khién
truot trong [12].

Nghién ctru nay dé xuét va kiém chimg
hiéu qua bo didu khién truot dia vao xap
xi hé théng mo (goi 1a bd diéu khién truot
md thich nghi) cho con lic nguge. Bo didu
khién truot (sliding mode control: SMC)
da dugc thyc hi¢n thanh cong cho cac mo
hinh phi tuyén tinh dé dat duoc muc tiéu
va hiéu qua diéu khién [12]. Uu diém cua
SMC la bén virng, hdi tu nhanh va giadm
bac dong hoc bd diéu khién. Trong nghién
ctru ndy, SMC c6 kha ning diéu khién goc
con lic bam theo goc dat trudc. Hé thong
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mo duoc sir dung dé xap xi thanh phan phi
tuyén trong diéu khién trugt. Muyc tiéu thiét
ké ctia bo diéu khién trwot mo thich nghi 1a
diéu khién goc ctia con lic tir diéu kién ban
dau va gitr con l4c tai mot gbc cu thé so voi
phuong thang dung.

Bai bao duoc t6 chirc gdbm 5 phan: mo
hinh toan hoc va diéu khién trugt con lic
nguoc dugc trinh bay trong phan 2, phan
3 trinh bay cac budc thiét ké bo diéu khién
dua vao hé théng mo, cac két qua mé phong
va danh gia duoc trinh bay trong phan 4 va
phan 5 1a két luan.

2. Thiét ké bd diéu khién truot

M6 hinh con lic ngugc nhu Hinh 1.

A

m
L

0 -
/1<——Lo_’_'o’s| H

-
X

Hinh 1. Hé théng con Idc ngu'oc
Phuong trinh dong hoc ciia hé théng
con lac ngugc nhu (1):

{*1 e (1)
% =f(x)+g(x)u+d(r)

Trong do:

mlx; cos x, sin x

gsinx, —
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Véi x=[x x,], x la goc dao dong
va x, latoc do dao dong, m, 1a khéi lu:orng
ctia xe, m 1a khdi lugng cuia thanh con lc,
/ 1a mét ntra chiéu dai con lac va u 1a ngd
vao dicu khién.

Sai s6 duoc dinh nghia nhu (2)

e=6,-0 (2)

Trong do, 6, 1a ngd ra mong mudn, 6
la ngd ra thyc té cua con lac.

DPao ham bac mot va hai cua (2), ta
duge (3) va (4):

é=6,-6 (3)

é=6,-0 (4)
Mat truot duoc dinh nghia nhu (5):

s=é+ fe (5)
Dao ham cua (5), ta duogc (6):

§=é+ pe (6)
Thé (4) vao (6), ta duoc (7):
§=0,-6+pé )

= éd —f(x)—g(x)u —d(t)+ﬁé
Bo diéu khién trugt véi luat tiép can
tdc 6 hang duoc thiét ké nhu (8):

u :—[—f(x)Jréd + fé+nsign (s)} (8)

Luat diéu khién (8) dao bao @ hoi tu vé
6, trong thoi gian hitu han véi sai sb tién
vé& 0. Tuy nhién, thyc té didu khién cho thay
thanh phan f(x) trong (8) khong dé dang
do dac duoc. Vi vay, nghién ctru nay hudng
dén viéc xap xi f(x) bang mt hé mo.

3. Thiét ké bd diéu khién dwa vao hé
théng mo

3.1. Xép xi thanh phén khéng chdic
chin sir dung hé thong mo

Trong phin nay, nghlen ctru s€ thay
f(x) voi hé mo f(x) dé thuc hién diéu
khién héi tiép. Su dung dinh 1y x4p xi toan
cuc, ba bude duoc thiét ké nhu sau [13]:
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1. Cho x; va x,, xac dinh cac tap mo
All" va Aé" , tuong tmg, /. =1,2,...,5;

2. Thiét ké luat mo [ [ p, = pyx p, =25
N, sl
8 xay dung hé mo f(x|9f) :

RY:Néuxla 4. .x, 1a 4 thi f 1a B'
: ©)

R™:Néuxla 4 .. x,1a £ thi f 1a B”

Véi l=1,2,..,5,i=1,2,p, = p, =5.

3. St dung suy luan mo, ngd ra cua
mot hé mo nhu (8)

V6i (%) 1a ham ham lién thude
cua x,

Goi yi* 1a mot tham sb ty do va dat
trong 0 € R(ZS) Vector cot &£(x) duoge
duara Va (10) duoc viét lai nhu (11):

7 (x|6,)=67&(x)
Véi x =[x, xz]T, E(x

[1p =pxp,=25 vaphan tir /,l, lan
i=l1

luot nhu (12):

(11)

) 1a vector cot

(12)

i Zz[m )]

3.2. Thiét ké bé diéu khién truwot mo
thich nghi
] (13)

Gia sir thong s6 toi wu nhur (13):
Véi € latdp cua 0,,nghiala 6, € 2.

4 o e

@ =arg min|su
s =8 Vet P
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Thanh phan f* dugc biéu dién nhu (14): . .
F(xle,)=67¢(x) a9

f=67"&(x)+¢ (14) . )
o Bo diéu khién trugt mo thich nghi
Trong d6 x la tin hiéu ngd vao cia hé  4,0c thiét ké nhu (16):

mo, &(x) la vector mo, ¢ 1a sai sO x4p xi
ciahé mova e<¢, . u:ﬁ[—f(x)+éd+ﬁé+77sign(s)} (16)
x
Hé mo duogc sir dung dé xap xi f . Ngo £ . . )
vao hé mo duge chon 1a x =[x, xz] va The (16) vao (7), ta ¢6 (17):
ngd ra cia hé mo nhu (15):

§=6, —f(x)—g(x)u—d(t)+,b’e'
=0, = f (x)=| = (x)+8,+ pe+nsign(s) |~d (1) + pe a7
= —f(x)+j’(x)—77sign(s)—d(t) =—f(x)—d(t)-nsign(s)
Vi f(x)= 7 (x)=F(x)=6]"&(x)+e-6/&(x)=6/&(x)+ e
Trong d6, 8, = 8, -,
Ham Lyapunov duoc dinh nghia nhu (18) [13]: ¥ = %sz - % 1076, (18)
Trong d6 y >0
Thé (17) vao dao ham (18), ta dugc (19)

V =55+ ;/éféf = s(—f(x)—d(z‘)—nsign(s))—;/éféf

:s(—éf.f(x)—e—d(l‘)—nsign(s))—yéféf (19)
= —éf (sf(x) + ;/éf)—s(g +d(z‘) + nsign (s))
Luat diéu khién thich nghi duoc thiét ké nhu (20): 6 L = . s&(x) (20)
4

Khi do, ta c6 (21):

V= —S(a+d(t)+nsign(s)) = —s(e +d(t))—77|s|
Do sai s xap xi & du nho, ta thiét ké 7 > &y +D.Lucnay, tasé co V <0.
4. Két qua mé phéng va danh gia

So d6 mo phong bo dicu khién dé xuét trong MATLAB/Simulink dugc trinh bay nhu
Hinh 2.

/\/ ~ Mux D
o —»CON_LAC NGUOC H»{Demux

M D "
j uxppl DK_MO_THICH_NGHI f{Demux Mux J

A

BlE

Hinh 2. So @6 mé phéng bé diéu khién dé xudt trong MATLAB/Simulink
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Cac thong sd cia con lic nguoc
duogc st dung trong m6 phéng nhu sau:
g= 9.8(m/sz), m,=1(kg), m=0.1,
[=0.5van=0.1, =25, y=0.0051a
cac thong s6 cua bo diéu khién truot mo
thich nghi.

Ham lién thugc cta hé thong mo nhu
Hinh 3. Dap tng vi tri va sai s b diéu khién
dé xuat voi ngd vao since (8, = 0.1sint) dugc
trinh bay nhu Hinh 4. Két qua thé hién trén
Hinh 4 cho théy rﬁng vi tri thuc té cua con
lic (@) hoi ty vé vi tri tham chiéu voi thoi
gian tang dat 2.431(s), thoi gian xac lap la
3.668(s), d6 vot 16 1a 1.811(%) va sai s6 xac
lap 12 0.001(rad). Bén canh do, tiéu chi ITAE
(Integral Time Absolute Error) cling dugc
str dung dé danh gia hiéu qua ciia hé thong.
Mot hé thong 1a dugc coi 1a mot hé thong
diéu khién t6i wu khi cac tham sé hé thong
duoc diéu chinh dé chi sb dat dén mét cuc
tri, thuong la gia tri cuc tiéu [14]. ITAE duoc
chi dinh 14 tich phan thoi gian nhan véi sai s6
tuyét ddi nhu (22). Gia tri ITAE trong nghién
ctru nay dat 0.2102.

Ham lién thudc

TN
0.9} \
0.8 \
\\
0.7 - \
0.6 \
g \
505 \ NM
& f
=S NS
0.4} \ -
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0 g | o — — 1 —
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Hinh 3. Ham lién thuéc

Pap tng vi tri con lic ngwoc

0.1
0.05 ]
0
-0.05
— - Bd
-0.1 " L L L (4
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Vi tri(rad)

Sai s vi tri con ldc nguoc
0.02 2 Lk

oH i NSO I SN S S —
-0.02 1
-0.04 1

-0.06
0

Sai so(rad)
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Thoi gian(s)

Hinh 4. Bdp ing vi tri va sai sé con Idc nguoc
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T
ITAE = jt|e(t)|dt (22)
0
Hinh 5 trinh bay dap tmg van toc va sai
s6 ctia bo diéu khién duogc ap dung cho con
lic nguoc. van tdc thuc té cta con lic tién
vé van toc mong mudn véi sai sé khoang
0.0011(rad/s). Tin hiéu diéu khién dugc
trinh bay ¢ Hinh 6. Quan sat Hinh 6 ta thay
rang tin hiéu nay da diéu khién hiéu qua vi
tri cia con ldc va it dao dong. Két qua nay
da khic phuc duoc hién tuong chattering

\ 9
« X « R
trong diéu khién truot.
Pap ing vén tde con lic nguoc
= o1f T ! - =V .
< mong muon
B
£ 0.05 thue té
g |
2 0
-3
= -0.05
=
&
- -OI L 1 L 1 1
0 5 10 15 20 25 30
Sai s6 van téc con lic nguge
0.02 T T T T T
€
v
> 0 H
2
3 -0.02 _
3 -0.04 i
-0.06 - : - : -
0 5 10 15 20 25 30
Thoi gian(s)

Hinh 5. Bdp ting vdn téc va sai s6 con ldc nguoc

s Tin hi¢u diéu khién
. ! ; : - : -

0.5

0

-0.5

0 5 10 15 20 25 30
Thoi gian(s)

Hinh 6. Tin hiéu diéu khién

Két qua x4p xi ham f{x) sir dung hé
thong md va sai s6 xap xi dugc trinh bay
& Hinh 7. Tuy van con sai sd trong xap xi
(khoang 0.1903) nhung hé thong mo ciing
da x4p xi tot ham f{x). Picu nay gop phan
cung bo diéu khién trugt didu khién hiéu
qué goc thuce té ctia con lic.
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Két qua wée lwgng ham f(x) sir dung hé thng mo

e | = = =1x
S uée lugng fx [

< :
= < £
5 Yy -
& A, /" i
£ /7
N
20 25 30

Sai s0

0 5 10 1.5 20 25 30
Thoi gian(s)
Hinh 7. Két qué va sai sé xap xi

Dap rng vi tri khi m giam 20%

Vi tri(rad)

0 5 10 15 20 25 30

Sai s6 vi tri khi m_giim 20%

L C-

0 ; 1‘0 1‘5 2\0 25 30
Thoi gian(s)
Hinh 8. Ddp ting vi tri va sai sé con Idc ngu'oc
khim_giam 20%

Pap tmg vi tri va sai sb con lic nguoc
khi gia tri m_ giam 20% va m tang gip 2 lan
duoc trinh bay nhu Hinh 8 va Hinh 9. Hinh
10 trinh bay déap tng vi tri va sai s6 con lic
nguoc khi ¢6 nhidu (gia str nhiu cam bién
vGi cong sudt 0.001w) tac dong vao ngd ra
cua hé théng. Vi tri thue té ctia con lac trong
cac trudng hop dugc khao sat van hoi tu vé
vi tri mong mudn trong thoi gian hiru han.

Pap tng vi tri khi gia tri m ting 2 lAn

0.1
0.05

Vi tri(rad)
(=]

-0.05 |

0 5 10 15 20 25 30

0.02 Sai s6 vi tri khi gia tri m ting 2 lin
: v . , . X
~ 0
3
= -0.02
& -0.04
-0.06 . : s s :
0 5 10 15 20 25 30
Thoi gian(s)
Hinh 9. Ddp tng vi tri va sai sé con Idc nguoc khim
tdng 2 ldn
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Pip ng vi tri khi ¢6 nhiéu tring

0.1
0.05

Vi tri(rad)
(=]

-0.05

0 5 10 15 20 25 30

Sai s6 vi tri khi ¢6 nhiéu tring

Sai sé(rad)
(=]
[=3
N

-0.06 - - - - =

0 5 10 15 20 25 30
Thoi gian(s)

Hinh 10. Ddp ting vi tri va sai s6 con Idc nguoc khi cé
nhiéu trdng

Céc két qua dat dugc cua bo diéu khién
dé xuat nhu trén thé hién sy phu hop, tinh
hiéu qua va tinh bén viing cua bo diéu
khién trugt mo thich nghi ap dung cho con
lic nguoc.

5. Két luan

Nghién ctru nay da thiét ké bo diéu
khién trugt dua vao xép xi hé théng mo
(goi 1a bd diéu khién truot mo thich
nghi) cho con lic ngugc. Hé thong mo
da x4p xi tét ham f(x) gop phan cing bd
diéu khién truot diéu khién hiéu qua vi
tri thuc té cta con lic. Tinh 6n dinh cua
hé théng dd duge ching minh bang ly
thuyét Lyapunov. Cac két qua mé phong
v6i MATLAB/Simulink cho thdy hiéu
qua cta bo diéu khién dé xuat véi thoi
gian tang dat 2.431(s), thoi gian xac lap
1a 3.668(s), do vot 16 1a 1.811(%) va sai
s6 xac 1ap 1a 0.001(rad) va hién tuong
chattering dugc giam. Hiéu qua cua bd
diéu khién dé xuat duoc danh gia thong
qua gia tri ITAE (dat 0.2102). Tuy nhién,
sai s6 bam va sai s6 xap xi van con xuét
hién (v6i bién d¢ khoang 0.001) chinh 1a
han ché cta bai bao. Trong thoi gian t6i,
nghién clru sé tiép tuc phat trién phuong
phap d& xuat két hop véi ung dung céc
giai thuat tdi uu dé cai thién hiéu qua diéu
khién va thuc nghiém mo hinh thyc té.
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