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ABSTRACT

This paper presents a method to synthesize the adaptive sliding mode controller for a class of
MIMO Euler-Lagarance systems with variable parameters. We perform a Taylor series
expansion of a class of MIMO Euler-Lagarance systems into nonlinear state-space equations,
considering cases of varying parameters and unmeasured external disturbances. We propose a
method to identify and compensate for variable components, external disturbance based on
adaptive control theory, and RBF neural network to make the system invariant to these uncertain
changing components. We build the control law based on sliding mode control. The research
results of the paper obtained are that the adaptive sliding mode controller is adaptive, resistant
to interference, and has high control quality.
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1. INTRODUCTION

The Euler-Lagrange (EL) system is commonly found in industry, transportation, and
many other fields. The EL system has high nonlinear characteristics, and there are many
uncertain factors; in some cases, the system is affected by unmeasured disturbances.
There have been many studies on synthesizing controllers for EL systems in the past
decades with many good results. However, in the face of increasing requirements for
product quality, the study of solutions to improve control quality for the EL system
continues to be an urgent issue. The adaptive control method for the EL system has been
studied in [1-5]. The condition for the adaptive control algorithm to converge is to know
in advance the limit of the uncertain components; in many cases, this limit is not known
in advance. In [6-10], the robust control for the EL system is built based on sliding mode
control; the closed system ensures stability when the sliding mode exists on the sliding
surface. The problem with these papers is that there exists a significant chattering effect
when the uncertainty component varies greatly; this adversely affects the control quality
of the system. Below, the article proposes a method to synthesize the adaptive sliding
mode controller to overcome some of the remaining problems mentioned above.

2. SYNTHESIS OF THE ADAPTIVE SLIDING MODE CONTROL SYSTEMS

Suppose that a class of MIMO Euler-Lagrange systems has the equation:
4=M(a.g)+N(q,9)r (1)
where: q=[q,,0,,..,q,] is state vector; T =[t,,7,,...,7,] is input vector; M(g,g) € R"

n

is known vector; N(qg,q) e R™ is known matrix.

To facilitate the design process later, we set: x:[xl,xz]T, X, =X, Where:
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T 0

Xy :[X11’X12’---1X1n]T = [quz’----’qn]T ; X, :[le’xzz’"-vxzn]T :[quz’---aqn] 1
u=[u,u,,....u,]" =[t, 7. 1,1

Equation (1) is rewritten as: x =§(x,u), (2)
where &(x,u) =[£,,&,,. Epn] -

Perform Taylor expansion of equation (2) at the origin equilibrium point (xo,uo), we
have:

X =Ax+Bu+f(x), 3)
where A, B are Jacobian matrices:
& 23
A== 4 B=—
OX [ @ ou [ ()

Xg,Uo] XU

f(x) is a higher order terms of the Taylor series expansion and unknown nonlinear
function vectors.

In many cases, system (1) has time-varying parameters and impacts unmeasurable
external disturbance. From which we rewrite equation (3) into:

X=[A+AAJX+[B+ABJu+f (x)+d(t), (6)

where AeR*™" BeR*™" are constant parameter matrices; AA, AB are unknown
parameter matrices; d (t) is external disturbance vector.

Next, we solve the problem of synthesizing an adaptive sliding mode controller for
system (6) with variable parameters and external disturbance.
2.1. Algorithm for identification and compensation of uncertain parameters

We use adaptive control and radial basis function (RBF) neural networks to identify
the uncertainty components in (6). We set:

f(x)=AAx+Tf(x). (7)

Substitute (7) into (6) we have: x = Ax+[B+ABJu+f (x)+d(t). (8)
The identification model for uncertain parameters in (8) can be written:

Xm:Axm+[B+AI§]u+f(x)+a(t), (9)

where: X, = [xlm, X3 yeeey Xon ' is state vector of the model,

f(x):[fl(x),fz(x),...,fZH(x)]T is the estimated vector of  f(X);

A~

d(t)= [&1,62,...,d2nT is the estimated vector of d(t), AB is the estimated matrix of AB.

From (8) and (9), we have: &= Ae+[ AB |u+f(x)+d(t), (10)

2 L. V. Chuong, N. T. Kien, “An adaptive sliding mode ... with variable parameters.”



Research

where: e=Xx—X,; (11) AB=AB-AB_; (12)
f(x)=F(x)-f(x); (13) d(t)=d(t)-d(t). (14)
With f(x) iIs a smooth function vector, by using a RBF neural network for the

approximation. The elements of f( ) can be written:

Z i0y () +ei, (15)

(i=12..2n), (j=12,..,L ) Where L is number of basis function with a large enough

number to guarantee the error |¢|<e[", w; =const is the ideal weights. The basis
functions are selected by the following form:

¢; ()= exp(HX —Cy Hz/zcﬁ ) ' (16)

where: ¢, are the position of the center of the basis functions ¢;(x), and o, are the
standard deviation of the basis functions.

The evaluation vector f(x) is defined by (16) with adjusted weights W, :

Z 05 (%), (I=12,..,2n),(j=12,..,L). (17)

Training of the RBF neural network is implemented by adjustment of the weights W,
in comparison with the ideal weights:
The identification process will converge if e >0, AB —0, f(x) >0, d —0 which

means that the error equation (10) is stable. For equations (10), the Lyapunov function is
selected as follows:

V:eTPe+iZn:Aﬁf+iZL:v~v§+idf, (19)
i1 j1 i1 j i1

where P is a positive definite symmetric matrix. Take the derivative of both sides of the
equation (19):

V=ePererPe+ 2> S AD A, + 2503w, + Zzéd . (20)
i1 j=1 i=1 j=1

Substitute (10) into (20):
V=e'(ATP+ PA)e+2uTABTPe+2eTPf( )+2e"Pd(t)+

+2izn:A5iA +ZZZ +225& .

i=1 j=1 i=1 j=1

(21)

For (10) to be stable, from (21) to with draw the condition to V < 0:
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e (ATP+PA)e+2e"Pe<0; (22)
2n n - -
2u"ABTPe+2> > AbAb, =0; (23)
i=l j=1
L T 2n L
2| 300, S, (xﬂ S Yig -0 e
j=1 i=1 j=1
2e"Pd(t +2Zd (25)

Transform the left side of the inequality (22):
e' (ATP+PA)e+2e"Pe=—"Qe+ ZisiF—’ie <0; (26)
i=1
where Q=—(ATP+PA), suppose that A is Hurwitz matrix; P, is the i-th row of the
matrix P . Using inequality transformations [11]:
—e"Qe+ 22:8 Pe<—r. (Q)e| + Zisi HI3i H||e|| <0; (27)

i (Q) is the smallest eigenvalue of the matrix Q . From (27):

min

||e||>228 [P/ fin ( (28)
Solving equations (23-25) we have:
Ab, =—u,Pe,(i=12,...2n), (j=12,...n); (29)
W, =—Peg; (x), (i=12,..,n), (j=12,..,L); (30)
d,=-Pe, (i=12,...2n). (31)

If simultaneously satisfied (28-31), then the derivative V < 0, so the system (10) is stable.
From (12) and (29), with the attention that the matrix AB contains slowly variable
elements, i.e. Ablf ~ 0. Identify law for the uncertain parameters in the matrix AB:

Ab; = Ab; =u;Pe — Ab = [u;Pedt + Ab] (32)
Aby is initialization value.

From (13), (17), (18) and (30), because of w;=const, we have W, =0. The
nonlinear function vector identification law f(x) has the following elements:

L

f.x) = f,(x) =D W0, (x), W, =Ped; (x), (i=12,...,2n). (33)

=1

From (14) and (31), because of slow-varying external disturbance d(t)zO. The
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unmeasurable external disturbance vector identification law d(t) has the following elements:
d(t) =d, ()= [Pedt, (i=12,..,2n). (34)

The identification results in this section are used to synthesize the control law
presented in the next section.

2.2. Synthesis of the control law
Equation (8) is rewritten as: X =Ax+Bu+ABu+f (x)+d(t). (35)

We set: " =ABu+f(x)+d(t), (36)

f = [ £ ., ]T . Substitute (36) into (35), we have:
X=AX+Bu+If", (37)

I 2nx2n

where matrix has main diagonal elements I, =1,(i, j =1,2,...,2n) are rows which

corresponds to the vector f™ in the case ‘fi*‘ = 0; other elements I, =0 in the case i+ ]
and || =0.

The control law (37) can be considered as follow: u=ug, +Uu,, (38)
where ug, is the sliding mode control law, u, is a control law for the compensation of

uncertain components. Substitute (38) into (37):
X=Ax+Bu,_+Bu, +If", (39)
From (39), we can see those uncertain elements in f~ will be compensated with the
condition:
Bu, +I1f" =0. (40)
Next, we have to generate signal vector u, satisfying equation (40); we choose:

u, =—Kf", (41)

where K is the gain matrix.
From the identification results in (32), (33) and (34), we replace f* with f*(36):

f =ABu+f(x)+d(t), (42)
From (41) and (42), we have the signal vecto[ fed to the input of (39) to
compensate for the uncertain elements as: u, = -Kf", (43)
Substitute (43) into (39), we have: x=Ax+Bu,, —Kf +If". (44)
From (44) we can see that f~will be compensated with the condition:
—BKf" +1f" =0. (45)
To generate a satisfactory compensation signal (45), we must have: BK =1. (46)
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From (46), we choose K =B", where B" is the pseudo-inverse matrix of B [11].

From (42) and (43), with attention to (45) and (46), we have the control law for the
compensation of the uncertain elements.:

u, :_K[[Aﬁu}u{ﬁ (] +[a (t)ﬂ; (i=12...20); (j=L2..n).  (@7)

With the signal vector u_ (47) fed to the input of the plant, the uncertainty elements
are compensated, and then (39) becomes:
X = AX+ Busmc ' (48)

Next, the system (48) of control rules is built based on sliding mode control. The error
vector between the state vector and the desired state vector X, :

X=X—=X4 > X=X—-X;. (49)
Substitute (49) into (48): X =AX+Bu,,, +AX, —X, . (50)
For (50), the hyper sliding surface is chosen as follows [12]: s=CX, (51)

where C is the parameter matrix of hyper sliding surface and choose C such

that det(CB)=0; s:[sl,sz,...,sn]T. (52)

The next problem is to define the control law ug,. which ensures movement of the
system (50) towards the hyper sliding surface (51) and keep it there.
if s#0

if s=0'

S

u
The control signal ug,. can be written by: u_,, :{ (53)

eq

u, is the control signal that moves the system (50) towards the hyper sliding surface
(51); u,, is the equivalent control signal that keeps the system (50) on the hyper sliding
surface (51).

From (53), we can rewrite: ug . =u,, +U,. (54)
u,, is defined in [12]: $=Cx =0, (55)
From (50) and (55), we have: C(AX+Bu,, +AX, —X, )=0. (56)

From (56), the equivalent control signal can be defined as follows:
U,, =—[CB] ' [CA%+CAx, —CX,]. 7)

Next, we define the control signal u, that moves the system (50) towards the hyper

sliding surface (51). For the hyper sliding surface (51), the Lyapunov function can be
selected by:

V =s's/2. (58)
Condition for the existence of slip mode can be written: V =s'$<0. (59)
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From (50), (51), (54) and (59), we have:
V =57 C(A%+Bu,, +CAx, —CX, )+ CBu, | <0. (60)

Attention to (56), inequality (60) can be written as: s" [CBu,|<O0. (61)

So to satisfy the condition (59), from (61) can be defined as follows:
u, =—[CB][8sgn(s,),8san(s,),....8sgn (s )I', (i=12,...n); (62)
o is a small positive coefficient. Substituting (57) and (62) into (53), the control signal
can be defined by ug,. as follows:
—CB]'[8sgn(s,),8sgn(s, ),....8sgn (s, )] if s=0
) {—[CB]l[CAYH CAX, —Cx,] if s=0’ (63)
(i=12..,n).

smc

Thus, the article has synthesized the control law for the class of EL systems with a
model (1). Control law (38), where u_ and ug, are defined in expressions (47) and (63).
3. RESULTS AND DISCUSSION

Suppose that a MIMO Euler-Lagrange system has the equation:
G, = (qlq2 +q5 +0.2)+(1+ qf‘)rl +1,
t, = (0,4, +O.4)+(l+ g’ )1:2 1 (9
Let X =[x, %] X, =X, where: X =[%1 %] = [0, 0,1
X, = [0 %] =[6,6,] ; u=[u,u,]" =[1,,7,]". Perform Taylor series expansion of
equation (64) at the origin equilibrium point (X,,u,)=(0,0). Assuming there are

higher-order terms of the Taylor series expansion, uncertain nonlinear function vectors,
and external disturbance. We have:

0 0 1 0 00
o 0 0 0 1 ‘e 00 U

15 0 -25 0 11

0 -15 0 -25 01
0 0 (65)
0

" 0.05x,; +0.075x,, +0.05X,, +0.05sin (X, ) +1.5%, —1.5x,, + 2.5%,, —2.5X,, " 0.15sin(0.2t)-0.12 |

0.075X,, +0.05X,,X,, +0.05sin (—X,; ) +1.5X;, + 2.5X,, 0.2sin(0.1t)+0.5

In the case of AA=0, AB=0, and the desired signal q, =X, =1.5
4, = X1, = 0.6, using the controller (38), simulation results are shown in figure 1.
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Figure 1. Simulation results for the case AA=0,AB=0.
Attention to (6), the uncertain parameters matrices are assumed:

0 0O 0 O 0 O

AA = 0 0 00 ; (66) AB = 0 0 . (67)
06 0 -1 0 04 04
0 06 0 -1 0 04

In the case AA, AB varies according to (66), (67) and with the desired signal
Qg1 = Xgn =1.5, 0, = X4, =0.6, using the controller (38), simulation results are shown
in figure 2

3
2
1
1]

1] 5 10 15 20 T"i: @ 30 35 40 45 50 0 5 10 15 20 T"i: © 30 35 40 45 50
(a) (b)
Figure 2. Simulation results for case AA, AB change according to (66), (67).

Simulation of the case of variable parameter components AA=0, AB=0: Fig. 1(a)
shows that the identification results are asymptotic to the uncertain elements, and the
adaptive compensation error is close to zero. Fig. 1(b) shows that the tracking quality of
the desired signal meets the requirements. Simulate the case when there are variable
parameter components AA, AB: Fig. 2(a) shows the result of identification -
compensation of uncertain elements; Fig. 2(b) shows the state vectors of the system
tracking to the desired signal vector, control quality is guaranteed. The simulation results
have proved the correctness of the algorithm proposed by the article.

4. CONCLUSIONS

The article has synthesized an adaptive sliding mode controller for a class of MIMO
Euler-Lagarance systems with variable parameters. The EL equation is converted into a
nonlinear equation of state by the Taylor series expansion method. Synthesized
algorithms identify the components of uncertainty and thereby generate signals to
compensate for their effects. The convergence domain of the algorithm is the entire state
space except for the neighborhood of origin whose radius is close to zero. When the
adaptive algorithm converges, the uncertainty elements are compensated so that the
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chattering effect in the sliding mode control law is reduced to a minimum. The proposed
control system is adaptive, resistant to interference, has high control quality, and
overcomes some disadvantages in [1-10]. Simulation results have confirmed the
correctness and effectiveness of the proposed control systems.
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TOM TAT

Tong hop bd diéu khién thich nghi truwot
cho mgt 16p hé Euler-Lagrange mimo ¢6 tham so thay doi

Bai bdo gidi thiéu mét phiwong phdp tong hop bé diéu khién thich nghi trieot

cho mot lop hé Euler-Lagarance MIMO c6 tham s6 thay doi. Chiing tdi thiee hién
khai trién Taylor lop hé Euler-Lagarance MIMO thanh dang hé phwong trinh
trang thdi phi tuyén, cé tinh dén truong hop c6 tham s6 thay doi va chiu ciia nhiéu
ngoai khong do dugc. Chiing 10 dé xudt phwong phdp nhdn dang va bu trir cdc
thanh phan thay doi, nhiéu ngodi trén co so Iy thuyét diéu khién thich nghi va
mang no ron RBF lam cho hé tré nén bdt bién véi cdc thanh phan thay doi bat
dinh nay. Ludt diéu khién duoc chung toi xdy dung trén co so diéu khién truot. Két
qud nghién civu ciia bai bdo thu dwoc la bé diéu khién thich nghi truot ¢6 kha ning
thich nghi, khdng nhiéu va cé chat lwong diéu khién cao.

khoa: Euler-Lagarance; Diéu khién thich nghi trugt; Mang noron RBF.
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