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Abstract

This paper presents a method for synthesizing an adaptive control system for a class of nonlinear plants with uncertainty disturbances. With
these control plants, we propose an adaptive identified law based on the RBF neural network for the uncertain disturbances component. From
the recognition results of uncertain components, the controller for the plant is synthesized based on the sliding mode control principle for the
system to track the desired state. The paper’s results are rigorously proven by mathematics; the correctness, reliability, and efficiency are
confirmed by simulation on Matlab Simulink software. The control system proposed by the article is simple, easy to implement in engineering,
has high control quality, and has good adaptability and disturbance resistance. The research results of the paper provide a new approach to
designing control systems for nonlinear plants having the impact of uncertainty disturbances commonly encountered in practical applications
such as ships, robots, and many other production systems suitable for industry.
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Céc tir viét tat
AD Adaptive control

LQR Linear quadratic regulator
PID  Proportional integral derivative
RBF  Radial basis function
RNN Recurrent neural network
SMC  Sliding mode control
Tom tat

Bai bdo trinh bay phuong phap téng hop hé thdng diéu khién thich
nghi cho mét 16p dbi tugng phi tuyén cé nhiéu bat dinh. Véi 16p dbi
tugng diéu khién trén, bai bao dé xuit mot phuong phip nhan dang
nhiéu bt dinh trén cd s& ly thuyét diéu khién thich nghi va mang
noron RBF. B9 diéu khién dugc tdng hop trén co s& phuong phép diéu
khién trugt. Luat diéu khién thu dugc dam bao hé thdng luén bam
chit theo trang thdi mong mudn. Cac két qua clia bai bdo dugc chiing
minh chit ché bing giai tich toan hoc; tinh diing ddn, d6 tin cdy va
hiéu qua dugc minh chitng bing md phdéng trén phan mém Matlab
Simulink. Hé thong diéu khién do bai bdo dé xuit don gian do d6 dé
dang thuc hién trong k§ thuat, chit lugng diéu khién cao va kha ning
thich nghi, khang nhiéu t6t. Cac két qua nghién ciu ctia bai bdo c6

thé 4p dung vao viéc thiét ké hé thdng diéu khién cho cic dbi tugng
phi tuyén c6 tic dong ctia nhiéu bit dinh thudng gip trong cdc ting
dung thyc té nhu thu thiiy, robot va nhidu hé théng san xuét khic phu
hgp trong cong nghiép.

1. Pat van dé

Trong thuc té hau hét cic d6i tuong diéu khién déu ton tai
dic tinh phi tuyén va cdc thanh phan dong hoc bat dinh, trong
nhiéu trudng hop cé tac dong khong biét trude ctia nhiéu tir bén
ngoai [1-3]. Chinh vi viy, mot trong nhiing yéu cau quan trong
dbi v6i cac hé thdng diéu khién ty dong d6 1a phéi dng pho
dudc véi su ton tai ciia nhitng yéu t6 bat dinh clia d6i tuong va
ddng thai duy tri dugc chit lugng diéu khién cao. Céc phuong
phép diéu khién truyén théng nhu PID, LQR, gin diém cuc....
chi c6 thé mang lai hiéu qua khi cc yéu t bét dinh trong dong
hoc déi tugng 1a khong dang ké, miic do phi tuyén khong 16n.
Trong trudng hop ddi tugng c6 dic tinh phi tuyén manh, cic
yéu t6 bit dinh 16n, va/hoic c6 nhiéu tic dong tit bén ngoai thi
viéc stf dung cac bd diéu khién truyén thong sé khong mang lai
hiéu qua mong mudn, thim chi khong ddm béo tinh &n dinh.
Trong trudng hop ndy, can thiét phéi sit dung cac cong cu ctia ly
thuyét diéu khién hién dai méi c6 thé dap ving dudc nhiing yéu
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cau khat khe ctia cdc qua trinh cong nghé phiic tap. Céc nghién
ctiu trong nhitng nim gan déy cho thiy phuong phap diéu khién
thich nghi, phuong phap diéu khién trugt va phuong phap diéu
khién thich nghi trén co s6 logic m& hofic mang noron nhén tao
c6 thé mang lai hiéu qua cho 16p dbi tugng phi tuyén c6 nhiéu
bit dinh. Tuy vay, bén canh cac két qua tét dep, cac phuong
phdp nay van con ton tai mot s6 van dé chua dugc gidi quyét
mot cach thoa dang. Trong cic cong trinh [3,4], thuit toan diéu
khién thich nghi con khd phic tap véi khdi Iugng tinh toan 16n,
cling v6i d6 khi thiét ké cac luat diéu khién thich nghi can c6
céc yéu cau vé gia thiét va thong tin chinh xic cta hé thdng
va moi trudng van hanh. D€ tdng hop bo diéu khién bén viing
trén cd sd diéu khién trugt [5—8] phai biét trudc gidi han ctia
cdc thanh phan bét dinh, trong nhiéu trudng hop khong thé
truc tiép xdc dinh dudc gidi han nay. Bén canh d6, han ché
o ban ctlia cac bo diéu khién trudt d6 1a ton tai hién tuong
chattering gy ra nhiing bat 19i cho hé théng. Viéc thiét ké luat
diéu khién thich nghi m& [9—12] phu thudc vao phan tich hé
thong va tri thiic chuyén gia, do vay viéc ting dung cic bo diéu
khién nay vio viing khong c6 tri thifc chuyén gia sé gip nhiéu
kho khin. Trong cdc nghién ctiu [13, 14], thuat todn huin luyén
mang noron RNN doi héi khéi lugng tinh todn 16n, bén canh
d6 thai gian hdi tu cta thuat toan con phu thude vao cic yéu to
nhu cic trong sb khdi tao, cac hé s6 hoc,... Lut hoc cia mang
noron [15] phu thudc tryc tiép vao sai sé hé théng do d6 qua
trinh nhan dang c4c thanh phan bét dinh trong dong hoc ciia
dbi tuong lién tuc x4y ra, ngay ca khi cc thanh phan nay khong
thay d6i va da dugc nhan dang & thoi diém trudc d6. Bén canh
do, trong cac cong trinh nay luat hoc ciia mang noron con kha
phiic tap lam cho viéc thé hién ky thuit ctia bo diéu khién sé
gip nhiéu khé khin. Trong bai bdo nay trinh bay phuong phap
tong hop hé thdng diéu khién thich nghi cho mot 16p dbi tugng
phi tuyén c6 tac dong ctia nhiéu bét dinh. Hé théng diéu khién
dudc tdng hop trén co s diéu khién thich nghi, mang noron
RBF va diéu khién trugt, ddm bao cho hé théng c6 chit luong
diéu khién cao, kha ning khang nhiéu t6t. Trong cic phan tiép
theo bai bdo 1an ludt trinh bay cic ndi dung: phan 2 thuc hién
dit bai toan cho ndi dung nghién ctiu va néu cach tiép can;
phan 3 trinh bay phuong phap téng hop luit nhan dang thich
nghi thanh phan nhiéu bat dinh; phan 4 trinh bay phuong phap
tong hop luat diéu khién trugt cho dbi tugng; két qua mo phong
ki€m chiing dugc thé hién & phan 5 va cubi cling 12 phan két
luan.

2. Pat bai toan

Gia sit dong hoc ctia dbi tugng diéu khién duge mo ta bang hé
phuong trinh:

X1 =X
X)) =Xx3

()
Xn—1 =Xy

in=f(X)+b(x)u+d(x)

trong d6 x = [xy, ..., x,]” € R” la vecto trang thai; u € R 12 dAu
vao diéu khién; £ (x) # 0, b(x) # 0 1a cdc ham phi tuyén da
biét; d (x) 1a thanh phan nhiéu bat dinh va bi chin |d (x)| <
d“,m"’ X

VAn dé dit ra 1a phai téng hop dudc hé thdng diéu khién c6
chét lugng didu khién cao, kha ning thich nghi va khang nhiéu
t6t cho dbi tuong (1).

Khong mét tinh téng quét, ta phan tich nhiéu d (x) thanh cic
thanh phan:

d(X) = —a1X] —ayxXy — ... — pXy +d* (X)’ 2)

v6i d*(x) 1a thanh phan bét dinh; cac hé s6 ay,a;...a, dugc
chon sao cho da thiic p" +a,p" ! + ... + a,p + a; 1a Hurwitz.
Thay (2) vao (1) ta dugc:

X1 = X2
X)) =Xx3
3)
Xn—1 = Xpn
Xy = —aix) —apxy — ... — apxp + f(X) + b(x)u+ d*(x)
Hé phuong trinh (3) dugc viét lai nhu sau:
X = Ax+f(x) +b(x)u+d*(x), “4)
trong do:
0 1 0 0
A = E N f X) = 5
0 0 1 (x) 0
—a1 —a an |, .. F ) ]
0 0
b(x) = )=
0 0
b(X) nx1 d* (X) nx1

Tt phuong trinh (4), bai bio dé xuit phuong phap tdng hop hé
thdng diéu khién cho dbi tugng (1) nhu sau: Téng hop luit nhan
dang thich nghi thanh phan bat dinh d*(x) trén co s& mang
noron RBF; két qua nhan dang d*(x) dugc dua t6i (2) d€ xac
dinh thanh phan nhiéu d(x) va tir d6 tdng hop bo diéu khién
cho dbi tugng (1) trén cd sé diéu khién trudt.

S0 dd céu triic hé thong diéu khién cho dbi tugng (1) dugc thé
hién trén Hinh 1.

El u . X
X, «@_ KHII;]&D':RE'(JT %, = f(x)+b(x)u+d(x) >

4

Y

d(x)

= = Oy = oea = (@57,

d'(x) NHANDANG

THICH NGHI
e —_
M &, = Ax, +£(x) +b(x)u+d"(x)
~ o

Hinh 1. So db cAu triic hé théng diéu khién
cho 16p dbi tugng phi tuyén c6 nhidu bat dinh (1).

Trong céc phan tiép theo, bai bdo lan luct giai quyét cac van
dé theo céch tiép can noi trén.

3. Tong hop luat nhan dang thich nghi

M0 hinh nhan dang thanh phan bit dinh d* (x) trong phuong
trinh (4) nhu sau:

*m = Axy + f(x) + b(x)u +d*(x), (5)



72

Measurement, Control, and Automation

trong d6 xp = [xm1, . - .an]T la vectd trang thdi ciia mo hinh;
d*(x) = [o,... ,d* (x)] " 1a vecto nhén dang cta d*(x).

Tu phuong trinh (4) va phuong trinh (5) ta cé phuong trinh sai
1éch:

é=Ae+d"(x), (6)
trong d6

e=X—Xp, )
d*(x) = d*(x) —d*(x). ®)

Thanh phan nhiéu d*(x) dugc nhan dang bing mang noron
RBF. Ta biéu dién d*(x) thong qua ham cd s6 ¥;(x) va cdc
trong sb 1y twéng w; nhu sau:

d*(x) = ) wiWi(x); )
i=0

wi =const, i = 1,m véimla ) lugng ham cd sd.
Ham co s6 dudc chon dudi dang [1]:

_—
X— G
¥;(x) = exp (—H 26.’“ ) ;
1

trong d6 T; va o; 1an ludt 1a tAm va do trai rong ctia ham co sé
thy i.

Thanh phin nhan dang d*(x) ciia d*(x) dugc biéu dién thong
qua ham c6 sé (10) véi trong s6 hiéu chinh ;:

10)

A

d*(x) =

on

Wi¥i(x). an

i=0

Qua trinh nhan dang chinh la qua trinh hiéu chinh w; so v6i

* .,
Wi

w; = W;F —W; (12)
Qud trinh nhan dang s& hoi tu khi d*(x) — 0, d*(x) — d*(x)
< Ww; — 0, e — 0, c6 nghia 12 hé (6) &n dinh.

Thuat todn nhan dang thanh phan nhiéu bét dinh d(x) dugc bai
bdo dé xuét & dinh 1y sau:

Dinh ly: Thudt todn nhdn dang thich nghi thanh phdn nhiéu
bdt dinh d(x) trong dbi tugng (1):

m

d(x) = —ajx _aZxZ_---—anxn+ZW,~‘Pi(x); (13)
i=0

voi ludt cdp nhdt trong $0:

w; = P,e¥; (x); (14)

P, la ma trdn hang thit n ciia ma trdn déi xitng xdc dinh duong
P; ay,a;...a, la cdc hé s6 chon, sao cho da thitc p" + a,,p”’1 +
... +axp+ay la Hurwitz.

Chirng minh:

Déi véi hé (6) ta chon ham Lyapunov dudi dang:

Vi=ePe+) . (15)
i=0

trong d6 P 12 ma tran déi xing xac dinh duong c6 kich thude
nxn.
LAy dao ham hai vé (15) ta dugc:

m
Vi =é"Pet+e’Pe+2Y) i
i=0

(16)
Tiép tuc thay (6) vao (16):

m
Vi=(e"AT +d'T)Pe+ e’ P (Ae+d*(x)) +2) wiwi. (17)
i=0

Bién d6i (17) ta cé:

Vi =e' (ATP+PA)e+2e" Pd*(x) +2 ) v, (18)
i=0

Heé (6) sé &n dinh néu V; < 0. Tir (18) ta rit diéu kién dé V; < 0

nhu sau:

e’ (ATP+PA)e < 0; (19)
~ n .
2¢"Pd*(x)+2 ) wiw; = 0. (20)
i=0

Quay lai bat phuong trinh (19), vi A 1a ma tran Hurwitz nén:

ATP+PA =—Q; 1)
v6i Q 1a ma tran xac dinh duong.

Thay (21) vao (19) ta c6 —e’ Qe < 0, do vay (19) ludn thoa
man.

Tt (8),(9),(11),(12) va (20) ta co:

0
: n
2¢’P 0 +2Y i =0 (22)
m i=0
Y wi¥i(x)
i=0
Giai phuong trinh (22) ta dudc:
Ww; = —P,eW¥;(x); (23)
trong d6 P, 1a ma tran hang thd »n cia ma tran P.
LAy dao ham hai vé ctia (12):
W= —W. (24)

Thay (24) vao (23), chi y w* = const = w* =0, ta c6 luat cap
nhat trong s clia mang noron cho ludt nhan dang d* (x) nhu
sau:

Wi = P,eW;(x). (25)
T cac biéu thifc (2), (11), (25) dudc dua téi (14) va (13) clia
Dinh ly biéu dién luat nhan dang thich nghi thanh phan nhiéu
bét dinh d(x) cta (1).

Dinh ly dugc chiing minh.

Két qué nhin dang thanh phin nhiéu d(x) ctia Dinh 1y dugc sit
dung d€ téng hop bo diéu khién cho ddi tuong (1) dudc trinh
bay trong phan tiép theo.
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4. Téng hop luat diéu khién

Luat diéu khién cho 16p déi tugng (1) dugc téng hop trén co s&
phuong phap diéu khién trugt.
Tir két qua nhan dang (13) clia d(x) dugc dua téi (1), ta viét lai
hé phuong trinh (1) duéi dang:

- S

x =f(x) +b(x)u+d(x). (26)

voi £(x) = [x2,.0 X, f(X)]75 B(X) = [0,...,6(x)]"; d(x) =
[0,...,d(x] r
Sai 1éch gita vectd trang thai dat x4 va vecto trang théi x cla
dbi tuong (1):

X=x—Xx4. 27
Ta chon mat trugt [16, 17]:

§— CR, (28)
trong @6 C = [c,,¢p1, ..., c1] 1a ma tran tham s6 mit trugt dugc

chon sao da thic p" + clpn_l +...4+cp—1p + ¢, la Hurwitz.
Déi véi mit truct (28) ta chon ham Lyapunov [16, 17]:

1
V2 = 7S2.

: (29)

DE ton tai ché do truct doi héi phéi théa man diéu kién [17,18]:

Vo =55 <0. (30)
Tix biéu thiic (30) ta c6:

s = —ksgn(s). 31
trong d6 k 14 hé sb duong nhé. Mit khic tir (28) ta c6:
§=CX. (32)

L4y dao ham hai vé (27) va thay vao biéu thic (32) ta dugc:

C(x—%4) = —ksgn(s). (33)
Tiép tuc thay (26) vao (33) ta c6:

C [£(x) +b(x)u+d(x) — %4] = —ksgn(s). (34)
Tir (34) ta thu dudc luat didu khién truot:

u=[Ch(x)] " [-CE(x) — Cd(x) + Cxs —ksgn(s)]. (35

D€ giam thi€u hiéu ting chattering do ham lay d4u sgn(s) ta c6
thé thay thé bing ham gan ding sgn () véi o 12 hé s6
duong nho.

Nhu vy, bai bao d dé xuét Dinh ly vé luat nhan dang thanh
phan nhiéu khong biét true va téng hop dugc luat diéu khién
trugt cho déi tugng (1). Céc bidu thic (13), (14) va (35) cho
thiy hé thong diéu khién do bai bdo d& xuit la don gian do d6
d& thé hién ky thuat.

Dé minh chiing tinh diing dan, do tin cdy va hidu qua ctia thuit
toan diéu khién da dé xuét, trong phan tiép theo bai bo thuc
hién méd phong cac két qua thu dugc bing phan mém Matlab
Simulink.

~ N
[s]+oc?

5. Két qua mo phong

Xét md hinh hé con lic ngudgc trén Hinh 2 c6 phuong trinh
dong hoc [16]:

X1 =X )
{xz =f(x)+b(xX)u+d(x) (36)

trong d6 x; 1 géc giita con lic ngugc va phuong thang diing
[rad]; x» 14 van tbc goc [rad/s]; m. = 1.0 [kg] 1a khoi lugng
xe; m = 0.1 [kg] 1a khéi lugng ciia con lac; [ = 0.5 [m] 12 nita
chiéu dai cta con lic; g = 9.81 [m/s?] 1a gia tc trong trudng;
u [N] 1a lyc tac dong vao xe.

F%) gsinx; — mlx3 cosx; sinxy /(me +m)
X) = :
1(4/3 —mcos?x; /(m¢+m))

(37

B cosxy /(me+m) :
b(x)= 1(4/3 —mcos?x; /(me+m))’ -

Thanh phan nhiéu bét dinh dudc gia sit nhu sau:

d (x) = +0.8x] +0.2sinx3 +0.5sinx; cosxy+
+2.2sin(¢) + 1.5sin (0.8t + 7/3) +
+1.8sin (0.3t +7/6) .

(39)

Hinh 2. M6 hinh hé con l4c ngudc.

Thuc hién md phong hé thdng didu khién cho con lic ngudc
(36) trén phan mém Matlab Simulink.

St dung thuét toan nhan dang thich nghi (13), (14) cia Dinh
1y, két qua nhan dang thanh phan nhiéu bit dinh d (x) va sai s&
nhan dang dudc thé hién trén Hinh 3, Hinh 4.

0 2 4 6 8 10 12 14 16 18 20
Thoi gian (s)

Hinh 3. Két qua nhan dang thanh phan nhiéu bat dinh d (x).
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. ; ; 1 — —
4 6 8 10 12 14 16 18 20
Thoi gian (s)

Hinh 4. Sai s6 nhan dang thanh phan nhiéu bét dinh d (x).

Két qua trén Hinh 3 cho thiy ring thanh phan nhiéu bét dinh
d (x) da dugc nhan dang theo ding thuat todn da dé xuit véi
dd chinh xdc cao, sai s6 nhan dang da tiém can gia tri 0 thé
hién trén Hinh 4.

V6i vi tri ban dau cla con lic tai xg = [-7,0]", thuc hién mo
phéng véi vi tri dit clia con lac tai x4 = 0 [rad], két qui dap
ting vi tri ctia con lic dugc thé hién trén Hinh 5, tic dong diéu
khién u (35) thé hién trén Hinh 6.

]T

0
I,
A =14
E =1
2

3 ]

1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Thoi gian (s)

Hinh 5. Dép tng vi tri cGa con l4c (36) so véi vi tri dit
X1d = 0 [rad].

—
=
T T
H
| I

Bién do (N)
(=)

D o=

S o

I —
1 1

1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
Thoi gian (s)

Hinh 6. Luit diéu khién trugt u (35).

Tir két qua mo phong trén Hinh 5 cho thiy vi trf ctia con lic x;
da nhanh chéng tién t6i vi tri diit x;q = 0 [rad] v6i hién tuong
chattering trong luat diéu khién trugt dudc gidm xudng mic t6i
thiéu thé hién trén Hinh 6.

Tiép tuc mo phong véi vi tri dit clia con lac [16]:

x1qa = 0.1sin (¢) [rad].

Két qua bam vi tri dit ctia hé (36) thé hién trén Hinh 7, tac
dong didu khién  (35) thé hién Hinh 8.

Ciac két qua mo phong trén Hinh 7 cho thiy ring véi tic
dong diéu khién u (35) do bai bdo d& xuit vi tri clia con
lic x; da nhanh chéng bam chit theo quy dao vi tri dit
x14 = 0.1sin (¢) [rad], cing v6i d6 Hinh 8 cho thiy hién tugng
chattering ctia luat diéu khién trugt (35) van 1a khong déng ké.
Céc két qua mo phong trén phan mém Matlab Simulink cho
dbi tugng con lic ngudc (36) mot 1an nita dd minh chiing tinh
ding dan, do tin cdy va hiéu qua clia phuong phap téng hop hé
théng diéu khién cho 16p dbi tuong phi tuyén cé nhiéu bat dinh
(1) do bai bdo da dé xuét.

T T T T T T T T T
] - i -
=0 |
]
Na) 1 =X1d
N -
Sab .
3 I .
1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Thoi gian (s)

Hinh 7. Dép ting vi tri ctia con lic (36) so véi vi tri dit
x14 = 0.1sin(¢) [rad].

—
S S

Bién do (N)
5 o

[
=3

0 2 4 6 8 10 12 14 16 18 20
Thoi gian (s)

Hinh 8. Luat diéu khién trugt u (35).

6. Két luan

Bai bio da tdng hop dudc luat diéu khién thich nghi cho mot
16p d6i tugng phi tuyén c6 nhidu bét dinh (1). DA dé xuét va
chiing minh dugc Dinh 1y vé lut nhan dang thanh phan nhiéu
bat dinh. Tir két qua nhan dang, luat diéu khién cho 16p hé
(1) dugc téng hop trén co s& diéu khién trugt v6i hién tugng
chattering dudc giam xudng tbi thidu. Cac thuit ton diéu khién
thu dugc don gian, do d6 dé dang thuc hién trong ky thuat. Hé
théng diéu khién bai bao dé xuit c6 chit lugng diéu khién cao,
kha niing thich nghi va khang nhiéu tét. Két qud mo phong mot
14n nita d3 minh ching tinh diing din va hiéu qua ctia phuong
phép dé xuit.
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