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Abstract. In this study, a control system is proposed for the induction servomotor to achieve the high-
precision speed tracking based on wavelet fuzzy cerebellar model articulation controller. In this proposed
scheme, the wavelet fuzzy cerebellar model articulation controller (WFCMAC) is used to imitate an ideal
controller due to it incorporates the advantages of the wavelet decomposition property with a fuzzy
CMAC fast learning ability and the smooth compensator controller with bound estimation is designed to
attenuate the effect of the approximation error caused by the WFCMAC approximator. The online tuning
laws of WFCMAC and the smooth compensator with bound estimation parameters are derived in
gradient-descent learning method and Lyapunov function so that the stability of the system can be
guaranteed. Finally, through the experimental results of proposed control system is developed for
induction servomotor is provided to verify the effectiveness of the proposed control methodology even
the dynamical model of the induction servomotor is complete unknown.

Keywords. Wavelet, Cerebellar model articulation controller (CMAC), uncertain nonlinear systems,
servomotor.

1 INTRODUCTION

In general, Field-oriented methods [1], [2] have been used in the design of induction motor drives for
high-performance applications. With these control approaches, the dynamic behavior of the induction
motor is similar to that of a separately excited dc motor. However, in the field-orientated method, the
decoupled relationship is obtained by means of a proper selection of state coordinates, under the
hypothesis that the rotor flux is kept constant. Therefore, the uncertainties of the plant, such as
mechanical parameter uncertainty and external load disturbance in practical applications are difficult to
obtain. To deal with these uncertainties, some intelligent techniques have been adopted to control the
induction servomotor drive systems [3]-[5]. Liaw and Lin [3] proposed a model-following fuzzy
adaptation mechanism to reduce the effects of parameter variations; however, the fuzzy rules must
initially be constructed by a time-consuming trial-and-error tuning procedure. Chan and Wang [4]
proposed a sliding-mode control for the rotor flux and torque using two independent control variables;
however, their control algorithm is based on the plant model. Lin et al. [5] developed a rotor time-
constant estimator based on the model reference adaptive system and designed a robust speed controller
by using fuzzy NN uncertainty observer; however, this design procedure is overly complex.

Recently, many applications have been implemented quite successfully based on wavelet neural
networks (WNNs) which combine the learning ability of network and capability of wavelet
decomposition property [6-9]. Different from conventional NNs, the membership functions of WNN is
wavelet functions which are spatially localized, so, the WNNs are capable of learning more efficiently
than conventional NNs for control and system identification as has been demonstrated in [6, 8]. As a
result, WNNs has been considerable interest in the applications to deal with uncertainties and nonlinearity
control system as is shown in [8-9].

To deal with disadvantages of NNs, cerebellar model articulation controller (CMAC) was proposed
by Albus in 1975 [10] for the identification and control of complex dynamical systems, due to its
advantage of fast learning property, good generalization capability and ease of implementation by
hardware [11-13].

In this paper, a fuzzy CMAC (FCMAC) is proposed, which incorporates the fuzzy inference system
with a CMAC. The wavelet analysis procedure is implemented with dilation and translation parameters of
a mother wavelet [14] — [18]. Then, by combining a wavelet with an FCMAC, a novel wavelet FCMAC
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(WFCMAUC) is also proposed in this paper. This WFCMAC combines the advantages of FCMAC fast
learning ability and wavelet decomposition capability for control applications. In the proposed control
scheme, a WFCMAC is utilized to mimic an ideal controller, and the parameters of the WFCMAC are
online tuned by the derived adaptive laws. Moreover, a smooth compensator with bound estimation is
design to efficiently suppress the influence of approximation error between the ideal controller and the
WFCMAC so that the system stability can be achieved. Finally, experimental results are presented to
illustrate the effectiveness of the proposed control scheme.

This paper is organized as follows: The indirect field oriented induction motor drive is described in
section II. Section III presents adaptive WFCMAC control system. Experiment results of the induction
servomotor are provided to demonstrate the speed tracking control performance of the proposed adaptive
WFCMAC system in section IV. Finally, conclusions are drawn in section V.

2 INTRODUCTION

A block diagram of the indirect field-oriented induction motor drive system is shown in Fig. 1,
which consists of an induction motor loaded with a DC machine, a ramp-comparison current-controlled
pulse-width-modulated (PWM) voltage-source inverter, an indirect field-oriented mechanism, a
coordinate translator, a unit vector ( cos(d,)+ jsin(d,), where 6, is the position of rotor flux) generator,

and a position controller [2], [19]. The induction servomotor used in this drive system is a three-phase Y-
connected two-pole 400W 60-Hz type. For the position control system, the braking machine is driven by
a current-source drive to provide braking torque. With the implementation of field-oriented control [1]-
[3], the mechanical equation of an induction servomotor drive can be simplified as
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Fig. 1. System configuration of nonlinear decoupled
induction motor servo drive.

Induction Servomotor Drive

Fig. 2. System configuration of nonlinear decoupled
induction motor servo drive.

JO(t)+BO(t)+T, =T, (1)
where J is the moment of inertia, B is the damping coefficient, & is the position, 7, represents the
external load disturbance, and 7, denotes the electric torque defined as:

T, = K,ig, 2

3”1’ L%n ¥
K= (T][Tj 3)
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*

,» is the torque current command, iy, is the flux current command,

Where £, is the torque constant, i
n, is the number of pole pairs, L, is the magnetizing inductance per phase, and L, is the rotor inductance

per phase. Then, the induction servomotor drive system can be represented in the following form:

6(0) :—fé(m%; —%Tl 0 /() + g () + L(x) @)

Where f(x)=-BO(0)/j ,g(x)=K, /), ult)= i, (¢)is the control effort, and L(x)=-K,/; represents

the external load disturbance and the unstructured uncertainty and due to nonideal field orientation in
transient state and the unmodeled dynamics in practical application.

The control purpose is to design a control system such that the system output can track a desired
trajectory signal @,(¢) . Define the tracking error as

0.() = 6.(t) - 0(1) (5)
Suppose that an integrated error function is defined as

s(t) = 9€ O +K0,(t)+k, I 0,(r)dr. (6)
0

where k and k, are nonzero positive constants. Assuming that the parameters of the system are well

known and the external load disturbance is measurable, from (4), a feedback linearization control law can
be obtained [15]
u =——[8 - f)-Lx)+ k5,0, ] (1)
g(x)
Substituting (7) into (4) gives
0, +k0,+k,0, =0. (8)
If /A, and k5 are chosen to correspond to the coefficients of a Hurwitz polynomial, that is, a

polynomial whose roots lie strictly in the open left half of the complex plane. However, the ideal
controller in (7) can not determine, because of L(x) is exactly unknown for practical applications. So, in

order to this problem, a proposed adaptive WFCMAC control system is shown in Fig. 2 which comprises
a WFCMAC U104 and a smooth compensator u,. as follows:

U= Upreyye Tl ©)
Where U004 1 the main controller used to approximate the ideal control in (7) and u,. the
smooth compensator is utilized to compensate for the approximation error between the ideal controller

and Uprcyyc -

3 ADAPTIVE WFCMAC CONTROL SYSTEM

3.1 Brief of the WFCMAC

The main difference between the FCMAC and the original CMAC is that association layer in the
FCMAC is the rule layer which is represented as follows.
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Fig. 3. Architecture of a WFCMAC Fig. 4. Block division of WFCMAC with wavelet
function

R if Xy is gy and X, 08 g, X, is py then Oy =wy For i=1,2,--,n, j=L2,,n,

i

k=1,2,---,n andl:1,2,--~,nknj. (10)

Where n; is the number of the input dimension, #; is the number of the layers for each input

dimension, r, is the number of blocks for each layer, / =mn; is the number of the fuzzy rules and z; is

the fuzzy set for ith input, jth layer and kth block, w is the output weight in the consequent part.

A novel WFCMAC is represented and shown in Fig. 3. It is combines a wavelet function with the
FCMAC including input, association memory, receptive field, and output spaces. The signal propagation
is introduced according to functional mapping as follows:

1. The first mapping .X : X — A: assume that each input state variable X =[X; X, -+ X, ] can be

quantized into »,discrete states and that the information of a quantized state is regarded as region a

wavelet receptive-field basic function for each layer. The mother wavelet is a family of wavelets.
The first derivative of basic Gaussian function for each layer is given here as a mother wavelet which
can be represented as follows:

F2
p (Fy ) = —Fy exp[—%k], i=1,2,m, k=121, (11)
Where Fjy, =(X; —my, ) /oy, my is a translation parameter and 0y is dilation.
2. The second mapping 4: 4 — R: the information /4 of each kth block and each jth layer relates to
each location of receptive field space. The Fig. 4 illustrates a structure of two-dimension (n; = 2)
WFCMAC with wavelet basic function with n; =3 and n, =3 case. Areas of receptive field space

is formed by multiple-input regions are called hypercube; i.e. in the fuzzy rules in (10), the product is
used as the “and” computation in the consequent part. The firing of each state in jth each layer and
kth each block can be obtained the weigh of each hypercube corresponding. assume that in 2-D
WFCMAC case is shown in Fig. 4, where input state vector is (6,3), then, the content of /th
hypercube can be obtained as follows:

b= [mpF)  For j=L2n; and k=12, n, (12)
i=1

3. Finally, The WFCMAC output is the algebraic sum of the activated weighs with the hybercube
elements. The output mathematic form can be expressed as follows:
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oy
wppeyae =0=w'b=> > wyby For j=12, - n; k=1,2,n and i=12,-,n.  (13)
J=1 k=1

3.2 Adaptive WFCMAC control system

In (7), the uncertainty is always unknown, so cannot be implemented. A WFCMAC approximator
will be used to estimate the uncertainty . By the universal approximation theorem, there exists a
WFCMAC to approximate [20].
u” =uprepac(s, W My O )+ € (14)
Where ¢ denotes the approximation error. By taking the time derivative of (6) and using (4), (5) and
(9). We have

§=0,+k0,+k,0, =1 (x)= g(xX)tyec +1,.)+ 0. — L(x) + k6, +,0, (15)
The energy function is defined as

V) =350 (16)
By multiplying both sides of (15) by s, yields

8§58 ==8f (%) = sg () Uypeyue +1,,) +5(6, —L(x) + k6, +k,6)) a7

With the energy function V(s(z)), the parameters updating law based on the normalized gradient
descent method can be derived as follows
The updating law for the 4h weight memory can be derived according to

tmen :
OS5 Orewnc _ g s o(xb, (Fy) (18)

1;‘\/j/c = _IB W a a A -
Uprcmac Wik

Where g, is positive learning rate for the output weight memory w,,.

The translations and dilations of the 4th mother wavelet function can be also updated according to

: 5 ... 0b, Of, 1-F?
}';l[jk _ —ﬂm Oss auw}-;(,MAC k. ‘{“J = —ﬂms g(x)ﬁ;/kb/k —’,’\k (19)
Otyromsc Oby Uy Oriy X =y
: 5 . 0b, Of, 1-F?
6y =, =5 Pwcwse D T __p oy b, (20)
OUyrecaac ijk afijk aai/k Ok

Where g, and p, are positive learning rates for the translation 7, and dilation G, .

3.3 Smooth compensator controller with bound estimation

The most useful property of WFCMAC is its ability to approximate linear or nonlinear mapping
through learning. In (14), the approximation error is assumed to be bounded by where is a positive
constant and denotes one norm. The error bound is assumed to be a constant during the observation;
however, it is difficult to measure it in practical applications. Therefore, a bound estimation is developed
to estimate this error bound. Define the estimation error of the bound.

D=D-D 21

Where D is the estimated value of D . The smooth compensator controller is designed to compensate
for the effect of the approximation error and is chosen as

u, ==g(s)Dsgn(s) (22)
Substituting (9) into .('4) yields
0(t) = f(x)+ () (tyreppc +ttye )+ LX) (23)

After some straightforward manipulations, the error equation governing the system can be obtained
through (7), (9), (14), and (4) as follows:

§=0 +k0, +k0, =g(x)u, +e (24)
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The following Lyapunov function candidate is chosen as:
2
L=(s.D) =25 +2
2 2n,
Where 5, is a positive constant. Differentiating (25) with respect to time and using (14), (21), (24)

and (15), it can be obtained that

(25)

L:(S,D):STS'+@=ST (5—ﬁsgn(s))+2:(srs—DA

D D

Db
s, )+— (26)
U

If the estimation law is chosen as
b=—b=n, |, @7)

then (26) can be rewritten as
L=(s,D)= sTg—ﬁ"s"1 —(D—D)

s, =(s"2=Dlsl, )< (Ish, Jel, = 2l ) == (D[l Jlsl, <0 28)

Since £<0 thatis L(s(t),D(t)) < L(s(0),D(0)), it can be inferred that s(-yand D are bounded. Let
function Z=(D—|e| )s <(D-|le],)[s], < -L(s. D), and integrate function = with respect to time

IE(r)a’z' = L(5(0), D) — L(s(t), D) (29)
0
Because L(s(O),E) is bounded, and L(s(t),5) is nonincreasing and bounded, the following result is
obtained:
t
lim IE(T)dT < 0. (30)
—>0 )

In addition, since Z(r) is bounded, by Barbalat’s Lemma, it can be shown that lim=(r)=0. That is,

s(@) —>0as t — oo . As a result, the AWFCMAC system is asymptotically stable. Moreover, the tracking
error of the control system, ,(r), will converge to zero according to s(r) —»0. In summary, the
AWFCMAC system is presented in (9), where the parameters +i-, s and & of the WFCMAC controller
are adjusted by (18), (19) and (20), respectively, and the smooth compensator controller . is given in

(22) with bound estimation law of smooth compensator controller is updated by (27) . By applying these
adaptive control laws, the AWFCMAC control system can be guaranteed to be stable in the Lyapunov
sense.

4 EXPERIMENTAL RESULTS

In this section, the proposed control system is applied for the Induction servomotor speed tracking
control. Moreover, for illustrating the superior of the proposed control scheme, the experiments of the
proposed controller, the proportional-integral (PI) controller and the CMAC controller are given for
comparison. The parameters of the nominal model of the drive system are given as: K, =0.573N.m/A |
J=4.93x10°N.m.s>, B=6.24x10"N.m.s/rad. The proposed WFCMAC is characterized as in Fig. 3:
n=1,n=5, p=4,n=4,n=2,n=nn=4x1=4, k=2, k=1, =p,=p,=n,=001.
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Fig. 5. Control system for field-oriented induction
servomotor drive. Fig. 6. Image of the experimental equipment..

Some experimental results are provided to further demonstrate the effectiveness of the proposed
control design method. A block diagram and a image of the experimental equipment of the computer
control system for the field-oriented induction servomotor drive is shown in Fig. 5 and Fig. 6. The control
objective is to control motor speed to move periodically for a periodic step and to move periodically for a
sinusoidal command. For comparison, a PI controller is implemented to control the induction servomotor
first. The parameters of the PI controller are determined by trial and error to make the sinusoidal and
periodic step command tracking responses close to the desired tracking performance. The parameters of

the PI controller are chosen as k,=1.01, k, =0.02. The experimental results of the PI controller due to

sinusoidal and periodic step commands are depicted in Fig. 7. The tracking response, tracking error and
control effort, for the periodic step command are depicted in Fig. 7(a)—(c), and the tracking response,
control effort, and tracking error for the sinusoidal command are depicted in Fig. 8(a)—(c), the adaptive
CMAC control, The experimental results of the adaptive CMAC control system due to sinusoidal and
periodic step commands are shown in Fig. 9, 10. The tracking response, control effort, and tracking error
of the sinusoidal command are shown in Fig. 9(a)—(c), and the tracking response, control effort, and
tracking error for the periodic step command are shown in Fig. 10(a)—(c). For the proposed adaptive
WFCMAC control, The experimental results of the AWFCMAC control system due to sinusoidal and
periodic step commands are shown in Fig. 11,12 . The tracking response, control effort, and tracking error
of the sinusoidal command are shown in Fig. 11(a)—(c), and the tracking response, control effort, and
tracking error for the periodic step command are shown in Fig. 12(a)—(c).

The experimental results indicate that the high-accuracy (3.31 RPM and 18.5 RPM mean-square
errors for sinusoidal and periodic step commands, respectively) trajectory tracking responses can be
achieved by using the proposed AWFCMAC control system for different reference trajectories. This
response is acceptable for the desired fast accurate servo system. Comparing to the PI and the adaptive
CMAC controller, the tracking error has been much reduced, and the control chattering has been
eliminated by using the proposed AWFCMAC. Moreover, the performance measure comparisons of the
PI controller, adaptive CMAC controller and the proposed AWFCAMC for the tracking of sinusoidal and
periodic step commands are shown in Table 1. This table indicates that, comparing the proposed
AWFCMAC controller with the PI controller and the adptive CMAC controller, mean square errors have
been reduced for the sinusoidal and periodic step commands, respectively. This indeed confirms the
performance improvement of the proposed AWFCMAC control system.
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Fig. 8. Experimental results of PI system due to sinusoidal commands.
(a) Tracking response. (b) Control effort. (c) Tracking error.
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Table 1: Performance measures of the PI controller and AWFCMAC controller

Sinusoidal command PI Controller ACMAC Controller AWFCMAC Controller
MSE 5.6 RPM 4.12 RPM 3.31 RPM
Periodic step command PI Controller CMAC Controller AWFCMAC Controller
MSE 55.7 RPM 19.8 RPM 18.5 RPM
5 CONCLUSION

In this paper, an Adaptie WFCMAC system was proposed to control the rotor speed of an indirect

field-oriented induction servomotor drive system. The proposed control system is composed of a
WFCMAC and a smooth compensator with bound estimation. This WFCMAC is a generalization
network of an FNN, a WNN, and a CMAC. The parameters of the proposed WFCMAC control system
are tuned on-line and the system’s stability has been proven in the Lyapunov sense. In addition, have
demonstrated the effectiveness of the proposed control system. Thus, the proposed control system has the
salient merits of model-free control design and favorable tracking performance. Aside from the Induction
servomotor, the developed control technique can be applied to any servo control system.
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PIEU KHIEN BAM PUOI WFCMAC THiCH NGHI CHO
HE THONG TRUYEN PONG DPONG CO SERVO CAM UNG

Tém tit. Trong nghién ctru ndy, mot hé thong diéu khién dwoc dé xuit cho dong co servo cam ung dé
dat duoc bam dudi tdc do chinh xic cao dua trén WFCMAC. Trong so d6 dé xuét, bo diéu khién
WFCMAC duoc str dung dé bat chude bo diéu khién 1y tuong do nd két hop cac wu diém cua tinh chat
phan rd ham wavelet voi kha niang hoc nhanh cia CMAC mo va mot bo diéu khién bu tron véi ude lugng
gidi han dugc thiét ké dé lam giam sai sd xap xi gay ra boi WFCMAC. Cac luat diéu chinh truc tuyén cac
tham sb cua WFCMAC va b bu tron dugc tim thay dua trén phuong phap giam do dbc va ham
Lyapunov dé 6n dinh cua hé théng duoc dam bao. Cubi cung, thong qua két qua thyc nghiém cua hé
thong diéu khién dé xuat dugc phat trién cho dong co servo cam tng dugc cung cip dé kiém chirng hiéu
quéa cua phuong phip déu khién dé xuat tham chi mé hinh dong luc hoc ciia hé dong co servo cam ng
hoan toan khong biét.

Keywords. Wavelet, CMAC, hé thong phi tuyén khong chic chan, Pong co servo.
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