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exact linearization of the machine model by nonlinear
Abstract—This paper presents a novel model reference feedback is performed and the linearized model is employed
adaptive control scheme using reference model modifisgan as a reference model. The authors of paper [3] proposed a
through fuzzy logic to control the speed of an inductin motor. model reference adaptive speed controller using neural
The scheme is developed to cope with uncertainties @&n networks. They used a robust observer to establish the
disturbances that a plant under control might undergo thata  training patterns; then, the trained neural networksuaeel
single reference model cannot handle. The main conceptthe 55 e adaptive controller to track a reference mookel f
proposed  philosophy is to ensure automatic change of @h ny,tion motor drives. A mutual MRAC has been proposed
controller parameters so that they correspond to the wrent . ) . . I
plant environment and provide an appropriate control acton to !n [4]. The SySte_m contains two 'qentmc_atlon _mOde
improve the overall control system performance. Thids carried ~ IMplement a position sensorless field-orientation rint
out through a fuzzy logic evaluation block whose inputignals ~through the identification of both rotor speed and tla¢ost
are the command signal and an auxiliary output at each resistance of an induction machine. Papers [5, 6] prdpose
sampling interval. This information is then used in tle fuzzy an MRAC that utilizes a load torque estimator and feed-
rules to compute the proper values of the referencenodel forward compensation based on neural network for induction
parameters for that instant. The effectiveness of theroposed  motor drives with time delay. To overcome the deacetim
technique is demonstrated through computer simulation. The  jnfluence on the PI controller performance, a dead time
obtained results fully confirm the validity of the proposed compensator and a model reference following controlime
scheme. .
added to the system. In [7], an adaptive fuzzy-neuralarktw

controller is proposed. The induction motor drive sysiem
identified by a fuzzy-neural-network identifier to provitte
system information to an adaptive controller so that slip
. INTRODUCTION frequency is recursively calculated using a gradient descent
. method. The generated slip frequency will make the trgckin

REAT attentlt_)n has been dev_oted tp the_: use of mode, fror (the error between the outputs of the plant amd th

control techniques when dealing W|th 5|tu_at|ons wr_]er ference model) converge to zero to obtain a setisa
speed and accuracy are important considerations, asin Bntrol performance. In [8], an adaptive fuzzy slidingdmo

case of induction motor drives. Adaptive control is ONE htrol (AFSMC) has been proposed. The AFSMC system
technique which has the important advantage that it C@Bnsists of two controllers (a fuzzy controller and a

dispense with the need to know priori bounds on the compensation controller), an estimator, an adaptive

unknown parameters [1]. mechanism and a reference model. In this case,atheot

One of th_e adapt_l\_/c_-z qontrol t.eChqu.jeS ”_‘?t hasﬁgnal received contribution from both controllers.
demonstrated its capabilities in many interesting apipdics The above research efforts [2-8] have employed different

s _th?’ model refe_rence at_japtive CO‘“FO' (MRAC). Th%ontrol algorithms and techniques but they have maiadain
objective of MRAC is to design an adaptive controllecls o gy crire of the classical MRAC system that @dia

that the behavior of the controlled plant remainselw the single reference model. The objective of MRAC hasnbe
behavior of a desirable model despite uncertainties QF.io\aq in these papers because the structure of the

variations in the plant parameters. This means that ., qlied plant matches the structure of the referemagel.

desired performance of the closed loop system is SFmCiﬁPIowever, if the parameters of the plant vary widely tiuthe
through a reference model and the adaptive system attengrté

ke th f the bl oll h t th sence of uncertainties, structural perturbations, and
to make the output o t e plant follow the output of they,;onmental changes, then a satisfactory performahthe
reference model automatically.

control systems may be obtained over one operating

In recent years, many MRAC techniques _[2'8] r_]ave beed?)ndition, but certainly will fail to provide an accepa
developed to improve the performance of induction motg{

Index Terms—model reference adaptive control, multiple
models, reference model, fuzzy logic.

. o . . erformance under other conditions. In all such sitnafio
drives. Bellini and Figalli [2] proposed an MRAC where a here has been a need for improved control systenéina

automatically compensate for these variations. Thsslad to
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an appreciation of the need for multiple reference modet =S”_l+bn_zsn_2 +
adaptive techniques in control system design [9, 10]. P _ _ _

The approach of multiple models has been presentedwhereK jis a constant known as high frequency gain and
many papers [9-14]. However, the approach of those papers d th ficients of th
is concentrated on multiple identification models linkdthw eé”‘l""’ao and b, ,,...,0, are the coefficients of the

correspondent multiple controllers  through switchin(\?em_mm"j"‘or and the numerator of the plant's transfer
schemes. unction respectively.

In this paper, a new model reference adaptive control NOW consider a reference model that represents thiedes
scheme using on line modification of the reference inod&@jectory described by the following differential eqoas:
through fuzzy logic evaluation of the model's parameters iX,, = AX,, +br
proposed. T ©)

In this proposed philosophy, the aim is to identify the/m =h"x,
current operating condition and in turn evaluate thherer is the reference inputy,,is the output of the model,
parameters of the reference model through pre-specifieg fuz
rules so that the controller can be re-tuned to megbolaal
performance criterion. This is carried out using a fuagjc
evaluation block that receives inputs from the command The transfer function of the reference mod&f, (S)is

..... +hby, (4)

X,.is then™ state vector,Ais an N X Nmatrix, andhand b
are N vectors.

signal and an auxiliary output at each sampling interval. Z (s)
This information is then used in the fuzzy rules to pote W, (S) = K, == (6)
the proper values of the reference model parametettidior R.(8)

instant. The effectiveness of the proposed technique Here Rm(s) is @ monic polynomial of ordéY, defined as
demonstrated through computer simulation studies. T n m n-1 m

: . =s + +....t
results show that an improvement in the overall eysteqsm(s) S FTaS A (7)
performance is accomplished using the proposed adapttved Z . (S)is a monic polynomial of orden —1, defined as

controller in comparison to those utilizing either lassical 7 — on-1 m on-2 m

: ) S)=s""+b,s" +....+Db 8
model reference adaptive controller or a conventidixed m( ) n-1 0 ®)
parameters controller. whereK is a constant and a,,...,a; and

br,,...,by are the coefficients of the denominator and the

numerator of the reference model’s transfer function
respectively. The aim is to find such that the output error

Il. PrROPOSEDMRAC SYSTEM

The objective of MRAC with reference model modificati
is to design an adaptive controller in such a way that t
desired performance of the closed loop system in ea™ ¥Yp 7 Ym ©)
environment is specified through a reference model. nThéends to zero asymptotically for arbitrary initialnclitions
the adaptive system attempts to make the output of thé plamd arbitrary reference signai§t using a combined direct-

follow the output of the reference model automatically. indirect MRAC approach. This approach has been developed
dAS % %et;le:sl ;a)ﬂola_nangnf} cont_smlier at!mee.lr SISO plam [15], in which the control parameter vect@ is adjusted
.esc_n: y+ be ofiowing difierential equations- dynamically based on the output error as well as theedlo

Xp = ApXp pU loop estimation errors.

(1)
Y, = h; X, A. Structure of the control system

where Uis the input, Y, is the plant outputX_is the n" The structure of the proposed MRAC system is showngn Fi
P P 1. This control system consists of a second-orderente

state vector, Ajis an NxN matrix, and h,and b,are model, a fuzzy logic evaluation block, an adjustment
N vectors. mechanism, a plant parameter estimator, and a cartroll
The reference model will be modified to properly desctiitee

The transfer function of this SISO pIaWp (S)can be desired input/output properties of the closed-loop plant for

expressed as different environmental conditions. The identificatiof the
Zp(s) reference model parameters that suit the current emaent

W, (s) =K, (2) is performed by a fuzzy logic block that has been add#teto
Rp () structure of the classical MRAC system.

Here R (S) is a monic polynomial of orden, defined as
R, (s)=s"+a,,s"" +...+ 4 ©)

Z ,(s) is a monic polynomial of orden —1, defined as
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Fig. 1. Structure of the proposed MRAC system

At each instant, the fuzzy logic evaluation block reeei |p this application, the plant output is the rotor speetthef
information from the command signals and an auxiliary,gyction motor, and the model output is the desired rotor
output as a criterion to modify the reference mode@sdfer gpeed. Then the controller derives the control signahat
function W, (S) so that the plant outpyt, (t) will follow  the plant closed-loop characteristics from the comnsigal

the reference model outpuy, (t) for a given command '(t) to the plant outputy, (t)is equal to the reference

signal r(t). model transfer functioWV, () .



This matching of the plant and the reference modelhere/\is a stable matrix of ordefn —1) X (N —1) such that
characteristics guarantees that the error betweéndhiputs
g the determinanksl —/\| =Z.(s)or

converges to zero with time for any given command s$ign

r(t) [13]. The symbols used in Fig. 1 are defined in the [ ]
controller structure section, Section II.C.
B. Structure of the reference models I(h-2)
The structure of the reference model in many application A = ' (15)
a second order model with properly chosen parameters. A
second order reference model is given as 0
2
w — — —
Wm(S) - n . (10) L AO Al . . . An_z_

s’ +2&w s+ a)n2
where & is called attenuationgo, is called the undamped where Ay, 4, ..., A, are the coefficients of the polynomial
natural frequency and is called the damping ratio of the N(s). which IS defined as
system. The second order system dynamic behaviothean A(S)=s""+A _,s"?+..+A,, and the vectorLis

be described in terms of the two parameters namglgnd defined as

&. The numerical value of in this instance is set to 0.7. L =[O o - 1]T . (16)
This value is chosen because it is used in most prhctica
applications. The following equations are used to adjust the controller
By assigning this value, the reference model in (IYarameters:
becomes: k =-sgnK )e(t)r -sgn(K )&k (17)
2
Wm (s) = 5 “h 5 - (1) Ho = _Sgn«p)e(t)yp +39”0<p)[590 + b;]gﬁz] (18)
s +1ldw s+, 6, = -sgnK,e(t)w, - €6, (19)
Now if we set a fixed numerical value fap,_, this will
- - _ nt _ 0, = -sgnK ) )et)w, +sgnK )b, (20)
result in a single reference model that is used in ldmsical g 21
a=-¢
MRAC. On the other hand, if we evaluate on line, that 2 (21)
a_ =-&6 22
means we will identify different values fap,. This results " ° (22)
in reference model modification, i.e., a flexible refece b-:—gel (23)
model. K, = —kek + 8,6, + 6, €6, + 8,60, b,, (24)
C. Sructure of the controller The estimation errors in the above equations are atbfas
To achieve the control objectives, the structure td t fOllOWS:
controller that was developed in [15] is considered fis th & = kK - K (25)
design. The control signal is given b 5 A m
g g g Y &6, = _KpHO ta,, e, (26)
u=0"w. (12) €6,=6,+b-b, 27)
&b, -K N K 000, +a-a, (28)

where© = [k 6, 6 6, ] is the control parameter vector Now that the overall structure of the control systeas
i [ 1 . |t been presented and explained, the remaining issue is the
with k and &, as constantst _[6’0 & gn-Z] fuzzy logic evaluation of the model parameters. Theyfuzz
and @ :[6?2 6> ... g2 ]T The regressor vector evaluation is explained in the next section because the
! . n-z " generation of fuzzy rules differs from one application to
wz[r y, @ a)ZT] , can be calculated through theanother.

following input and output filters:

. IIl. STABILITY
w, =N\w, +Lu (13)

_ Consider the proposed scheme, and the following equations
=N\w, + Lyp' (14 that represent the plant, the reference model (modified)
the classical model (unmodified) respectively.



Plant y=Ay+Bu
Modified model y,, = A, Y,, + B,U
Classical model y, = Ay, + B, U

The error between the output of the flexible (modified)ded
and the output of the actual plant can be expressed as:

€=Yn~"Y

The error between the output of the classical modettzend
output of the actual plant can be expressed as:

&§=Y. "y

Finally the error between the output of the classivadlel

and the flexible (modified) model is
€& =Ye " Ynm

Assume that

e (t)is finite for all t >0

!im et)=0

and

e(t) is finite for all t >0
!im et)=0

and

&, (t) is finite for all t >0
ime,(t) =0.

| )

Then the following equations are valid

Ym(t) = expl A, (t = t))|ym(t,) +
.[:0 ediﬂ (t- r] B u(r)dr

Yo (1) = exp A, (t = to)]ye (to) +
ﬁm@Aﬁbwﬂ&yUmr

yc (tl) = exr‘{p\ntl]yc (tO) +
i;edimal—rﬂBmuUjdr

ym(tl_) = exr‘{p\ntl]ym (tO) +
Jlexd At ~]Bu(D)dz

= Ye(t)Ym(t) = Ym(t0) —€(t]) = ye(t) - €(t;)
Y (t2) = ¥e(t) = D expl A, t, - t)] eft))

This concludes that

&,(t) = Y, (1) - (1) = Y exp A, (t, —t)] e(t))

lim e, (t) = lim > exdA, ¢ -t)] e(t7) =0

Based on the above equations, the error convergesao ze
which proves the asymptotic stability of the systehemwthe
reference model is modified from one transfer functmn
another to fit the structure of the controlled plant.

IV. APPLICATION TOAN INDUCTION MOTOR

The induction motor is essentially a constant speeadmot
when connected to a constant frequency supply. But many
industrial applications, however, require several speeds or
continuously adjustable range of speeds. In the past, many
methods have been devised to control the speed of the
induction motor, but in most cases efficiency is gelhelaw
or the cost of the equipment is high.

Recently, adaptive control methods have been utilized to
improve servo drive performance and to help maintain
invariant control behavior in a wide range of opemtin
conditions, such as changes in load or motor parameters
load torque disturbances [16]. However, applying these
methods to the drive of the induction motor to achigwiek
control response has been somewhat restricted primaril
the control algorithms [16-23]. Therefore, the concdpt o
implementing a flexible model may resolve this problemd a
provide a rapid control response.

A. Induction motor dynamic model

The voltage equations for an AC induction motor on the
basis of direct and quadrature direction (d-q frame) that is
rotating synchronously with the magnetic field are given
below [16]:

Vs = Riigs T4 — W (29)
Vos = Rilgs + s + Ol (30)
0= Riy + @y ~ 0, (31)
0= Riy + ¢ + @, (32)
The system’s torque equation is:

T, —TL =Jw, +Bw,, (33)

where the flux linkages are defined in the following
equations:

l//ds = Lsids + I‘midr (34)
W = Liigs * Ll (35)
l/jdr = I‘ridr + Lmids (36)
Wy =L, + L (37)
Finally, the slip angular speed is given by:

W, =0, ~w, . (38)

For the sake of clarity and to understand the above
equations, the involved parameters are defined in regplcti

as follows. R .and R are the stator and rotor resistances per

phasel andL, are the stator and rotor inductances per



phasel _is the mutual magnetizing inductances pefunctions are proposed in this work as shown in Fig. Be T
membership function of the speed is defined over a domain

phasew,and w,are the synchronous rotating frame and sligyterval of [0,120] rad/sec, the membership function @ th

angular speeds and w_are the motor electrical and rotor!0ad torque is defined over a domain interval of [0,12] N.m

. : and the membership function af is defined over a domain
angular speeds, and v, are the g-axis and d-axis stator n

interval of [0,22] rad/sec. Each membership function is
voltages,i ;and i, are the g-axis and d-axis stator currentgoyered by five fuzzy sets: Very Small (VS), Small,(S
d Medium (M), Large (L) and Very Large (VL).
The fuzzy rules are derived from studying and simulating
¢, are the g-axis and d-axis stator flux linkaggg, and the response of the induction motor. A total of 25 fuzigs

Wy are the g-axis and d-axis rotor flux linkageg,and T, ~ are used to perform the fuzzy evaluation of tae value.

are the developed motor and external load torquésich fuzzy rule has the following form:
respectively. Jis the system total inertiaB is the system’s

iyandi, are the g-axis and d-axis rotor currentg,an

total viscous coefficient. The typical numerical valwé the IF Speed is X AND load torqueis Y THEN w,isZ

parameters are as follows.Rg=11Q, Ry =1.3Q,

Lg = 0.145H , Ly =0.145H Ly =0.136H whereX, Y andZ belong to th_e five fu_zzy sets. A convenient
way to present these rules is by using a fuzzy rule hase

J = 0.0027 Kg.m?, and B=0.00005&g m/(rad/seq. shown in Table .

The center-of-gravity defuzzification method is used Wwhic

b d
B. Flexible models and fuzzy evaluation can be expressed as

In this application, the concern is to maintain aiafale Elﬂici
speed as desired. The dynamic performance of the inductiéh = —; ' (40)
motor during load torque changes is strongly influenced by -%'ui

the rotor’s electric transients, which cause the hime to ] ] ] )
exhibit damped oscillations about the new operating pointheré4 is the grade of membership function at region

By using flexible models in the control scheme, thesg s the center of regiori, and n is the number of fired
oscillations can be reduced. From the new structurtbeof

flexible MRAC (Fig. 1), it can be seen that a fuzzy togi rules.
evaluation block has been added to the structure of the TABLE |
classical MRAC. The function of the fuzzy logic evaioa Fuzzy Rule Base
block is to monitor the reference input and the torquelje Load Torque
that is, the command signal and the load torque arephgs W, VS S M L VL
of this block.
. : VS VS VS S M L

f Thg reference model as mentioned earlier has thenold) Speed S VS S M M L
orm: , M S M L L VL

w, L M S M L VL
W (S) = (39) VL VL L VL VL VL

S+ 28w s+
Recall that the value of is set to 0.7, and that the outputFor example, suppose we want to know the reference model

value of e will be evaluated on line based upon the twdhat will be appropriate for a speed of 40 rad/sec anda loa
torque of 7.5 N.m. From Fig. 2, a speed of 40 rad/sec has a

membership of 0.333 in VS and 0.667 in S, ifg, = 0.333

fuzzy rule has two inputs and one output. The first input fd #s =0667. A load torque of 7.5 N.m has a
the command signal of speed, the second input is the loag¢mbership of 0833 in L and 0.167 in VL,

torque, and the single outputas, . i.e.,u, =0.833and g, =0.167. Accordingly, the rules that
To be able to write sufficient rules to perform thewill fire are:

evaluation, membership functions of speed, load torque, and

w,are established. Since the linguistic variables, Rule# 4 (VS/L) withy, = 0.333in M

membership functions, and the rule base stem from the Rule#5 (VS/VL)withu, = 0.167in L

experience of a skilled operator, depending on particular Rule #9 (S/L) withy, = 0.667in M

applications, many types of membership functions can be
defined. ~ For simplicity, the trapezoidal and triangular Rule # 10 (S/VL) withx, = 0.167in L.

inputs to the fuzzy logic evaluation block.
To evaluate the value ab_, fuzzy rules are used. Each



VS S M L VL The response is shown in Figure 3. The simulagon r
for 50 seconds, and as it can be seen from the figure the
actual output of the system (yout) followed the desired
trajectory of the reference model (Ym). It took oBlgeconds

to perfectly followed the desired output.

[

Al
)

u(speed

Case 2:

This case shows the response of the control system t
constant speed input of 40 rad/s. As shown in Figure 4, the
(a) output speed of the induction motor follows the desired speed
of the reference model. The simulation ran for 50 rsés0
and the controller was capable of driving the erromween
the outputs within two seconds.

0 20 50 65 80 100 120
Speed (rad/sec)

Vs S M L VL

[

Case 3:

Figure 5 shows a response comparison of the induction
motor speed using the classical model reference adaptive
control (MRAC) and the proposed flexible model reference
0 05 1 4 7 10 12 adaptive control (FMRAC) when there are no any

Torque (N.m) disturbances applied to the induction motor. This case/sh
) the tracking ability of the proposed FMRAC for a var@bl
speed input. As it can be seen from the figure, the FRIRA
outperformed its counterpart. The MRAC was unable to
VS S M L VL handle the speed change from 80 to 100 rad/s as well as the
FRMAC.

w(Torque)

[

Case 4:

This case study was performed to show the effectivesfess
the proposed control system even with disturbances applied
the induction motor. The system operating conditiores ar
shown in Table II.

1(UNF)

0 8 12 14 16 18 24
Undamped Natural Frequency (rad/sec)

(©) The simulation is performed for 50 seconds. The speed
Fig. 2. Membership functions (a) speed (b)uerdc) undamped natural command is 50 rad/sec for the first 10 seconds, followed by
frequency. 80 rad/sec for the next 10 seconds, then 100 rad/sec for the
next 20 seconds followed by 20 rad/sec for the last 10
seconds. To simulate a disturbance, a load torque of isN.m
Now, applying the center-of-gravity defuzzification resuft applied at 5 seconds and removed after 10 seconds. Another
the value ofw, =145. Therefore, the reference model forload torque of 10 N.m is applied for the last 20 seconds.
this condition will be: The simulation has been carried out using the popular
classical MRAC that utilizes a fixed reference moded the
proposed flexible MRAC (FMRAC).

W, (8) = — 21025 _
s° +20.3s+21025
. . TABLE II
C. Smulation study System Operating Conditions
Simulation study was carried out through four cases to show Time Desired Time Load
the effectiveness of the proposed scheme. The foes cas Range Speed Range Torque
as follows: (sec) (rad/sec) (sec) (N.m)
0-10 50 0-5 0
Case 1. 10-20 80 5-15 1
This case shows the ability of the proposed contrstesy 20-40 100 15-30 0
scheme in tracking a sinusoidal reference input 40-50 20 30-50 10

r(t) =1+ 2sing)
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(8]
As mentioned earlier, the dynamic performance of the
induction motor during load torque or speed changes |
strongly influenced by the rotor’s electric transientdich
cause the machine to exhibit damped oscillations abaut th
new operating point. The conducted simulation has shot?
that the classical MRAC could not handle these osidtia
as well as the flexible MRAC (FMRAC) as shown in Figur [11]
6. The FMRAC outperformed its counterpart because the
. . 12]
flexible model possesses the capability to properly reptes
the plant in different environments. This charasterihas
led to the elimination of the overshoot and to a &narror [13]
between the output of the plant and its counterpart of the
desired trajectory. Comparison of the errors of MR&f |14
FMRAC is shown in Figure 7. In addition, it resulted in a
faster system response and an accurate control acfioe.
control signals of both the FMRAC and the MRAC arevah
in Figure 8.

(18]

[16]
V. CONCLUSION

A new flexible model reference adaptive control usinéﬂ]
fuzzy logic evaluation of reference model parametersdkan

presented. This scheme has been developed to cope With

complex and difficult environmental conditions that thanpl
under control might encounter. The main concept of tH&f]

proposed scheme is to ensure an automatic change of the

controller parameters so that they correspond to tineerct  [20]
plant environment and provide an appropriate control mctio
to improve the overall control system performancee Thyy
results show that an improvement in the overall gyste
performance is obtained using the proposed flexible mod[g&]
reference adaptive controller in comparison to using it
counterpart of classical model reference adaptive dtertro

scheme. [23]
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