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Abstract—This research proposes a H® robust recurrent
cerebellar model articulation control system (RRCMACS) for
MIMO non-linear systems to achieve the robustness of the
system during operation. In this system, the superior properties
of the recurrent cerebellar model articulation controller
(RCMAQC) are incorporated to imitate an ideal sliding mode

controller. The H% robust controller efficiently attenuates the
effects of uncertainties, external disturbances, and noises to
maintain the robustness of the system. The parameters of the
controller were updated in the sense of the Lyapunov-like
Lemma theory. Therefore, the stability and robustness of the
system were guaranteed. The simulation results for the micro-
motion stage system are given to prove the effectiveness and
applicability of the proposed control system for model-free non-
linear systems.
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I.  INTRODUCTION

Most of the practical applications are non-linear systems.
The reason for this comes from the effects of friction and
damping coefficients, cross-coupling, hysteresis phenomenon,
and time-varying parameters [1-4]. The completely dynamic
model of the practical systems can’t be obtained. Therefore,
the model-based controllers cannot achieve good performance
for the non-linear MIMO systems [5-6].

To cope with the drawbacks of the model-based
controllers, many modern controllers have been developed
such as Fuzzy Logic Controller (FLC), Sliding Mode
Controller (SMC), Neural Networks (NNs), and Cerebellar
Model Articulation Controller (CMAC). In particular, the FLC
was considered an effective control method for the
uncertainties, free-model and non-linear systems. The
essential property of the FLC is that the non-linear and
uncertain parts are described as fuzzy sets and rules [7-9].
Consequently, the FLC overcomes the shortcomings of the
model-based controllers in dealing with the non-linear,
uncertainties systems. However, the performance of the FLC
depends utterly on the selection of fuzzy sets and the number
of rules. There are not specific methods that ensure the
optimal selections of fuzzy sets and rules for the controllers so
far. To achieve good performance for the practical
applications, the fuzzy sets and rules were mostly selected by
trial and error.
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To deal with the effects of uncertainties, disturbances, and
noises in non-linear systems, the SMC was developed and
applied [10-11]. The SMC guarantees response of the system
becomes insensitive to disturbances and noise in the sliding
phase. Consequently, the robustness of the system can be
guaranteed. The disadvantages and limitations of the SMC are
the chattering phenomena and the selection of the boundary of
uncertainties or disturbances. These problems are serious
difficulty and impossible tasks in realistic applications.

Along with the SMC, the neural network (NN) was used to
approximate non-linear functions to arbitrary precision.
Therefore, it has been proposed for dealing with non-linear
systems and obtained good results in realistic applications [12-
13]. The NNs, however, have shortcomings that attracted
much attention from the researchers so far. In particular, all
weights in the structure of the neural network are updated each
learning cycle, this is unsuitable for the problems requiring
real-time learning; the selection of the number of neurons and
hidden layers to achieve good performances is very difficult to
obtain in the practical applications.

In recent decades, the Cerebellar Model Articulation
Controller (CMAC) has been developed and adopted for the
complex non-linear MIMO systems due to it has superior
properties to NNs [14-17]. To improve learning capability and
dynamic response of the CMAC, the wavelet function and
recurrent technique were incorporated into the CMAC to
improve the performance of the system [18].

Although the above researches achieved good results in
designing the controllers to cope with the high non-linear
MIMO systems, the robustness of the system in the presence
of disturbances and sensor noise were not totally mentioned.

In this research, a H™ robust recurrent cerebellar model
articulation control system (RRCMACS) is proposed for the
non-linear MIMO system. Therein, the RCMAC is used to
imitate the ideal sliding mode controller to minimize error

surface and the H™ robust controller is utilized to attenuate
the effects of disturbances, uncertainties, and sensor noise

acting on the system to achieve the H™ robustness
performance for the overall system.

The paper is organized as follows: Section 2 presents non-
linear system and proposed control system. Section 3

describes the structure of the RCMAC and the H™ robust
controller. The simulation results are provided in Section 4.
Section 5 presents conclusions and future works.
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Il. PROBLEM FORMULATION AND PROPOSED CONTROL
SYSTEM

In general, the dynamic equation of MIMO non-linear
systems including disturbances, uncertainties, and noise is
described below:

X" =Fy(X) + AF(x) + (G, (x) + AG(x))u +dn(x)
=Ry (X) + Gy (X)u + UD(x) 1)
y =X

where y=x=[x,Xp,....Xp,]' €R"0is the system output

vector, x=[x",x",...x"DT]" eR"is the system state vector,

u=[ug,Uy,...u, J' €R"is the control input vector,

Fy(x) R0 in the nominal non-linear function,

Go(x) e R""0 s the nominal gain matrix, AF(x) and

AG(x) are the changes in parameters of the Fy(x) e R"0*",

and Gy(x) e R"0M0
dn(x) = [dn,,dn,,...,dny]" € R"0 stands for external

disturbances and noise UD(X) = AF(x) + AG(x)u +dn(x) is
lumped uncertainties, disturbances, and noise. The objective
of the control system is designed so that the output signals x
can only track desired trajectories x, € R™ but also satisfy

robust performance in the presence of the uncertainties,
disturbances, and noise

respectively.

For the high-order system, the sliding error manifold is
defined [18] to reduce the order of variables during designing
and computation the control system, the sliding error manifold
has the following form:

S=e"l+Ke o)

. . n-177 .
Therein, e=X, —X andg:[e,e,...,e ] are the tracking

error and error vector of the system, respectively. Derivative
both sides of S and combination with the dynamic equation
(1), yields.

S=e"+Keé =xj -x" +K(¢)

n . 3)
= Xg - Fy(X) - G (X)u - UD(x) + K(&)

In case of the nominal values Fy(x)eR"*"0

Go'(x) e R | the lumped of external disturbances,

uncertainties, and noise UD(x)are exactly known, an ideal
sliding mode (ISM) controller is designed to guarantee the
stability of the system as follows [19]:

Uism = Go' ()] X4 - Fo (x) ~ UD() + K(&) + nsgn(S) | 0)
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Proof: According to the sliding mode control [9-10], the
Lyapunov function candidate is selected to prove the stability
of the system as follows:

V(t) = %sz 5)

Derivative two sides of Lyapunov function candidate, and
replacing uin (5) by Ug,, in (4), yields

V(t) =SS =-Snsgn(S) < -S| (6)

The stability of the system is guaranteed in case of any
n>0

However, for the complex high non-linear systems, the
external disturbances, uncertainties, and noise UD(x) cannot
be defined, measured or estimated exactly in practical
applications. Consequently, the ug, cannot satisfy the
stability and robust performance of the system. To handle
these problems, a H”robust recurrent cerebellar model
articulation control system (RRCMACS) is proposed and
depicted in Fig. 1. In this system, superior properties of the
recurrent cerebellar model articulation controller (RCMAC)
are incorporated to imitate the ideal sliding mode controller
and the H™ robust controller efficiently attenuates the effects
of external disturbances, noise, and uncertainties to a
prescribed level to maintain the robustness of the system. The
proposed control system has the following form:

Urrcmacs = Uism ~Urce ~Urcmac (7
e e e — e —— — — —— — — — — — ~N
eeeeemeeesseseseeceececceccceceececoeeoaoooe
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R
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Fig. 1. Structure of the Proposed Control System.
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I1l. THE RRCMAC SYSTEM DESIGN

A. The RCMAC

The Ugcmac With its fast learning, good generalization,
and dynamic response capability of the CMACs [18] were
utilized to mimic the ideal sliding mode controller, u,g, in the

presence of the uncertainties, disturbance, noise to minimize
the error sliding manifold, S .

The structure of the RCMACIis depicted in Fig. 2
including input Space S, association memory space A,
receptive field space R , weight memory space W, and output
spaces O .

The signal propagation in the RCMAC is described as
follows:

Si(K) = Si (K) + Wi (k-1),i=1,2,...,n @)
2
Si-m;
uik(Sri)=eXp[-(”—2”‘)], k=1,2,..,n, )
Oik
n -
by = [ [uw(Sq), i1=1,2,..n,k=1,2,...n, (10)
i=1
No Np n .
0; =22 Wy [ [m(S)=w'b, j=1.2,...ng (11)
j=1k=1 i=1

Wheren,n,, and n, are the number of inputs, outputs,
and blocks in receptive space; S,,u,b, andOare the input

data including recurrent elements, Gaussian function,
overlapped receptive space, and output data, respectively; m
and o are mean and deviation of Gaussian function; w, and w

are recurrent and output weights.

o e —— —— —— —— —— —— —— — — — — —— — — —— — — —

Input  Association Me-  Receptive ~ Weight Memory  Output

Space S mory Space A Field Space R Space W Space O
v vy A4 vy vy v
| A

Wik +Z ~ Recurrent Unit :

Fig. 2. The Structure of the RCMAC.
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B. The Robust Controller Design

The RCMAC aims to imitate ug, in (4). In the case of

ideal designing, meanwhile, the parameters of the system are
exactly known, external disturbances and uncertainties are
absent. An ideal approximation controller can be described as
follows:

0 0.0 0.0 .0 0Ty.0
uRCMAC(S ,m°,6°,W . ,W )=W b +¢& (12)

However, defining exactly the nominal parameters of the
system is unobtainable in practical applications. Furthermore,
the disturbances and noise always exist in the non-linear
systems. Consequently, the estimated parameters are used
instead of nominal parameters in designing the Ugrcmacs @S

follows:
A e
Urrcmacs (S, 6, Wy, W) +upe =W b+upc (13)

Therein, S,M,6,W,,Wis an estimation of the nominal

parameters  S°,m%,6%,w°,w® and upcis the robust

controller which attenuates the effects of the uncertainties,
disturbances, and noise to guarantee the robustness of the
system. Comprising (4) and (3), the error dynamic is rewritten
as follows:

S = Gy (X)(Ujgp —U) - nsgn(S) (14)
By replacing (12) and (13) into (14), yields
S =Gy (X)(URcmac —Urrcmacs) - NSIN(S)
=Go(X)(W b’ -W'b +£-ugc)-nsgn(S) (15)
=Gy (X)(WTb° + W'D +&-upc)-nsgn(s)
Where W =w® —W,b = b® —b is an error of estimation.

According to the linearization technique, Taylor series
expansion is used to transform the multi-dimension receptive-
field space into a partially linear form. A linear approximation

of bin three variables m, sand w, has the following form:
[ablf | [able |
om 0o
: T T
5=|b, |- [%j (mo-m) =+ (ﬂj
om [m=rh oo

by
om

(60 76)\0:&

ay )’
aWI'

T
by 0_w
[M] (Wr _Wr)‘wrozwr +Th0

+
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(16)
=C"M+E"6+F W, +T,,
where 6=b0—6,6:50—&,W:W?—\i\lr,and Tho is
higher-order terms of Taylor series expansion.
c’ =—a_b1,...,%,---6b—“b S 17)
Lom om oM Jer
BT b Do | g, (18)
| Oc 06 06 lo=é
FT _ abl e abk ,ab_nb eiRninbxnb (19)
avvl’ aWr 6Wr ‘
L W =W,

Substitution C'M+E"6+F'w, +T,,and b® =b+binto
error dynamic equation (15), yields
S=Go(X)(W'b® + W'D +&-ugc)-nsgn(s)
=Gy(x) (W' (b+C"m+E"
+WT(CTM+ET6+F W, + T, ) +&-upgc)-nSgn(s)
=G,(X)(W'b+W (C"M+E"6+F w,) (20)
+W (CTM+ET6+F W,)+ w2 T, +&-ugc)-1sgn(s)
=Gy,(X)(W'b+W'(C'rr
+UD(x)) - nsgn(S)

+F W, +T,,)

T mTw
+E'6+F W,)—ugc

where UD(X)=W' (C'TM+E"6+F 'w,) +WOTTh0 +€
stands for the external disturbances, noises, and uncertainties
In other to prove the stability and robustness of the system

under the effects of disturbances, noises, and uncertainties, the
Lyapunov function is chosen as follows:

= lsTcgl(y_;)s P
2 2Ny

(21)

By selection the adaptive rules as (22)-(25), the H”
robustness performance of the system are satisfied.

W=LpsT
nw (22)
A 1 T.A
m=—C WS (23)
Nm

Vol. 10, No. 3, 2019

6= L E"WS (24)
Mo
: 1 1.
W, =—F WS (25)
Nw

Proof: Taking derivative two sides of the Lyapunov
function (21), yields
V =STGy (X)S +ny W W + 1, M 41,6 c+nw wiw,)
=ST(Ww'b+w’ (cT~ +ET6+F W )—uRC+UD(_)) (26)

-STG0 nsgn(S) -, W nmm - Mo 6 6- Ny, wTw

Due to S"TW'b=w"bS"and S"G,'msgn(S) >0, therefore,
the equation (26) can be rewritten as below:
V <W' (bST -, W) +mT (CTWS -, )
+6" (E'WS—1,6)+ W, (FTwS—nWrwr) 27)
+STUD(X) - 5" Uge
_ I?y replacing the adaptive rules from (22)-(25) into (27),
yields

V(S,W,m,8,W,) < STUD(x)-STugc

n 28
=Z(SiUDi(§)—SiURc) 29)

i=1

Selecting control law for the robust controller as follows:

Z+1)S;
Ugc = (B ) (29)

2[3I

By replacing the U, into (28), yields

Integrating two sides of equation (30) from t=0t0 t=o0
yieldst=0

(B2 +1)S

:i(siUDi@)-s (BixDs)
i=1

1
uD; (x) — si2
:]_ i

n l |
g; -5SF 213 -B;UD; (x))? (30)

M:

L BPUD ()

2
2 2
< Z( SZ B| UI; (X) )
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n t=o0
V(T)—V(O)SZ(—% J' S?dt
i=1

t=0 (31)

B
j UD; (x)2dt)

Because of the value of the Lyapunov function,
V(T) >0, the inequality in (31) can be described as follows:

U i=np2 1 2
V(T)+i§(§tiosi dtSV(O)+;)7t;[OUDi(>_<) dt
() (32)
':”B T
%mvw Z7J UD; (x)2dt

H~—.—|

Z”: 1
=1 2

Basing on the equation of the Lyapunov function in (21),
the inequality in (32) is equivalent to the following form:

pNE }Szd
— cat <
i=1 2t=0 I

ST(0)GE(x)S(0) + — W (0)(0)
. rIW (33)
+——mT 0)M(0)+—& (0)5(0)

m o

+— L WT (o)W, (0)+ Z B j UD, ()2dt
MNw,

If the system starts with initial conditions S=0, w=0,
m(0)=0,6(0)=0,W,(0)=0then the H* robust
performance can be obtained as follows [20-21]:

sup 56 @

UDjeL,[0,T]i=1

T T
where [S| = [ S%dt, |UD|® = [ UDZdtand B;is
t=0 t=0

the prescribed attenuation level.

IV. SIMULATION AND RESULTS

To verify the effectiveness of the proposed control system,
a micro-motion stage powered by the linear piezoelectric
motor (LPM) was used to investigate the stability and
robustness of the system. The dynamic equation of LPM
including hysteresis and stiffness behavior is described as
follows [10, 18]:

(35)

where xstands for displacement of the x-axis, y-axis
respectively; M is the effective mass of the moving stage; D
is the friction coefficient; F_is external disturbance forces;
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K is the voltage-to-force coefficient; uis the control volt of

the LPMs; F, is the hysteresis frictional force given as
below:
Fy = ob+3%|+yx (36)

Where a,b,0,yand xare parameters depending on the
hysteresis loop and structure of the linear piezoelectric motor.

In general, the LPM is a complex and high non-linear
system. According to the dynamic equation of the non-linear
MIMO system (1), the dynamic equation of the LPM can be
rewritten as follows:

D K
+—2u+UD( 37

[0] 0]
where D,, M,, and K, are nominal values of D, M
and K, respectively.
Fio *Fio
UD(X) = -M—+f(D, F..F_ . K,t) denotes the
0

uncertainties due to change in parameters, disturbances, and
noises. This equation is used to build the simulation program
for the proposed control system.

& X

% =-

The initial parameters are used in simulation as follows:

M, = 5kg D, = 66*10°[N.sec/ m] K, = 3[N/Voli],
Ny =N =N =Ny, =0.01,n =2,n, =11,n,=2, K=0.5,
f=0.1and 1.

~1010101010.10.10.10.10.10.1,0.1
10.1,0.4,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1 |’

|-1-0.8,-0.6,-04,-0.2,0,0.2,0,4,0,6,0.8,1
| -1,-0.8,-0.6,-0.4,-0.2,0,0.2,0,4,0,6,0.8,1

10.3,0.3,0,30.3,0.30,3,0.30.30,30.30.3
10.3,0.3,0,3,0.3,0.3,0,3,0.3,0.3,0,3,0.3,0.3 |’

~10101010.10.10.10.10.10.10.10.1
" 10.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1
The effects of uncertainties, external disturbances, and
noise, UD(X) was generated by a random signal with
mean = 5and variance = 5. Sample time = 0.01s.
The simulation results of the RRCMACS due to periodic

step commands were represented in Fig. 3 for the X-axis and
the Fig. 4 for the Y-axis.

Fig. 5 and Fig. 6 represent the simulation results of the
RARCMAC due to sinusoidal command in the X-axis and the
Y-axis, respectively.
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Fig. 3. Tracking Response, Tracking error and Control Effort of RRCMACS Due to Periodic Step Command in the X-Axis in Case of [3 =0.1 and [3 =1.
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Fig. 4. Tracking Response, Tracking Error and Control Effort of RRCMACS Due to Periodic Step Command in the Y-Axis in Case of B =0.1 and [3 =1.
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Fig. 5. Tracking Response, Tracking Error and Control Effort of RRCMACS Due to Sinusoidal Command in the X-Axis in Case of B =0.1 and [3 =1.
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Fig. 6. Tracking Response, Tracking Error and Control Effort of RRCMACS Due to Sinusoidal Command in the Y-Axis in Case of [3 =0.1 and B =1.
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The simulation results showed that the RRCMACS
achieved good tracking responses in the X-axis and the Y-
axis. The control system obtained the stability and robustness
in the presence of uncertainties, UD(x)at t; =235sto

t, = 245sand t; = 465s to t, =475s for both periodic step
command and sinusoidal command. The performance of the

control system was better as the attenuation level of the H™
robust controller smaller.

V. CONCLUSION AND FUTURE WORKS

In this paper, the RRCMACS was proposed for the non-
linear MIMO system to achieve the stability and robustness in
the presence of uncertainties, external disturbances, and noise,
UD(x) . The proposed control system comprised the RCMAC

and the H™robust controller. Therein, the RCMAC was
utilized to imitate the ideal sliding mode controller to

minimize the error sliding manifold, and the H” robust
controller aims to attenuate the effects of uncertainties,
external disturbance, and noise to the prescribed attenuation
level. The simulation results of the LPM powered micro-
motion stage proved the effectiveness of the proposed control

system. In addition, the UD(x) stands for the inherent complex

properties of the non-linear MIMO systems. Therefore, the
proposed control system can handle other non-linear MIMO
systems. However, this research needs to mention the
responses of the hardware equipments to apply for the real-
time control system.
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