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Abstract— This paper presents the design a of Fuzzy-SMC-PI otroller to improve the speed control of induction

motors. By combining a sliding mode control and a Pcontroller through fuzzy logic, the resulting regulator solves
the problems of overshoot and slow transient resp@es associated with fast response Pl controllers fransient state
and the chattering problem associated with robust lgling mode controllers in the steady state. In ths strategy,
Sliding Mode Control (SMC) is responsive during transient state while PI control becomes fully activen the steady
state area. The combination of both control strateigs through fuzzy logic provides a mean to create faybrid control

strategy that produce minimum overshoot, faster s#éling time and an almost chatter free system. Simakions of the
proposed Fuzzy-SMC-PI strategy on the flux and spelecontrollers display diminished chatter, overshootand
significant reduction of settling time. One other gnificant result of applying Fuzzy-SMC-PI strategy on the flux
component of the system is that optimum flux levek attained fairly quicker. This results in fasterrise and settling

times.
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[. INTRODUCTION

sliding mode control methodologies was demonstrated
[16-18] for versatility of electric drives. In fackeveral

The Field Orientation Principle allows engineers tattempts have been made to apply SMC to contr@dsped

focus on developing more effective control stratégythe
independent torque and flux controllers. One o$¢heontrol
strategies is sliding mode control (SMC) which ivexy
appealing control method as it is robust, easynplément
and able to create an high efficiency hardwaren@edbust,
it has low sensitivity to plant disturbances ancanpl
parameter variations. Like other control strate@MC
method is not an ideal control strategy. It hasabsshare of
inherent problems. One of these is the chatterssye.

rotor flux of induction motors but these approacivese not
free from deficiencies such as the requirementncktainty
bounds and the presence of chattering along thBngli
surface.

As an attempt to solve these deficiencies, [19duze
low-pass filter with variable bandwidth to removhet
chatter. The results of their work showed an aéfeéct
transient response and an oscillating steady sésgonse.
Reference [20] used the same filter concept bugrdened

However, this phenomenon is addressable with varioilne switching function using linear quadratic regot design
techniques such as the boundary layer method [1,giinciple. In addition, they used adaptation methtm tune

equivalent control-based method [3-5],
method [6], regular form method [7,8], disturbamegction
method [9-11] and intelligent control method [12:14h

combination with these strategies, the overallqreriince of

observeetasthe switching plane.

A boundary layer solution was used by [21] to remov
the chatter at steady state. In addition to théadimns of the
boundary layer solution, their method employed an

the SMC system is can be greatly enhanced althowgfiditional observer to estimate the acceleratidorimation

chattering is not fully removed.

of the motor because it had high frequency comptsnand

The idea of applying SMC to asynchronous electrigas difficult to measure.

drives was first suggested by [15]. When it becdeasible
and realizable, it was explored more serioushhadighties.
It was the technological advancement that creadeducive
environment for both field orientation principle dasliding
mode control strategy to move forward. The potérdia
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References [22,23] implemented a fuzzy logic cdiero
to adjust the boundary layer width according to $peed
error. The drawback of their controllers is thadépends on
the equivalent control which depends on the system
parameters.

Model reference concept was also used by [24]. They
introduced a two-degree-of-freedom linear moddbfeing
controller design to meet the prescribed tracking ad
regulation speed responses at nominal case. Toarsafe
variations from the nominal operating conditionsjGwas.
From the literature, this method can be considexedan
integral sliding mode control [25].

The idea of utilizing these methods only complisates
design of speed controllers. Furthermore, using ehod
reference strategies requires prior knowledge ef e¢kact
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parameter values of the motor under control. Thesy Rule 1: IF e is SMALL THEN i=ip 1)
model references need to be redesigned in changingrs. Rule 1: IF e is LARGE THEN i=igyc

In conclusion, the boundary layer solution and
equivalent control concept are the bases on wiielttering where e is the speed error and the input of the fuzzydogi
removal solutions are developed for the speed ebwf controller and SMALL and LARGE are defined to be its
induction motors using sliding mode control systeffise  mempership functions, illustrated in Fig. 1, witargmeters
search for a robust and accurate method can lead 0and m+ s, whiley is the degree of the memberships

complicated design methods, some of which are dighin di di th lculated trol input d
applications. Instead, this paper presents a mettoch is andlp andigyc are the calculated control input commands

simple to implement and solves the chattering mwbivhile ©f the Pl and SMC controllers respectively and redi as
maintaining the robustness of the system. The mego follows:
method is based on using fuzzy logic control to o the

vector control's Pl controller and the sliding mogpeed
controller. This method addresses both speed amxl fl
control of the induction motor system.

ip =kp etk -jedt

@)
ismc = 9- sign(e)

II. FUZZY-SMC-PICONTROLSTRUCTURE where g is the SMC constant control gain aséyn is the

Fuzzy SMC-P!I is basically a combination of SMC an8ignum function. Note that the proposed slidingfame is
Pl through fuzzy logic. The advantage of such sgwtis as designed to be the system's error, ie=e. Fig. 2
follows. The SMC is responsive during transientestaut it represents block diagram for implementation.
has an inherent chattering problem. This chatterina

phenomenon continuously created noise even undadt

state. Thus zero steady state error is not attEneafth _]L
control strategy using SMC methodology alone. Gndther . o PI Controller
hand, with Pl control strategy, zero steady statereis Signal + ~ e=s __X]:X:
achievable but the PI control strategy is notladlt ideal too.

It has a significant overshoot problem and has ragdo Fuzzy Controll
settling time and rise time. Comparatively, it iess$ ,:

responsive to SMC control strategy. The combinatidén Measured

both control strategies through fuzzy logic progide mean Signal Sliding Mode

Controller

to create a hybrid control strategy that produceimum
overshoot, faster settling time and an almost ehdfitee
system. The resulting hybrid system operates bgingi
between SMC and PI mode depending on the condition
imposed by external factors such as load.

Y7,
SMC-PI T

Fig. 2: Implementation of the proposed Fuzzy-SMGrethod.

lll. INDUCTION MOTORCONTROLDESIGN

In this paper, the field oriented control methodylo
shown in Fig. 3, is adopted to implement the pregos
Fuzzy-SMC-PI control method. Here, the field oresht
speed and flux controllers are replaced by theipeetive

Fuzzy-SMC-PI controllers.
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Fig. 1: Fuzzy logic membership functions.

Fuzzy-SMC-PI strategy is developed by dividing the
control region into three different regions as shawFig. 1
where e is the system’s error. The first regiorolnes pure
SMC strategy. This region is responsible in briggihe
system state to the targeted state as quickly ssifge. This
is followed by mixed strategy region which consistSMC
and PI strategies working in tandem through fuzmyid to
produce a single controller output. The objectiviethis

Speed 1

Sensor :

dq

Fig. 3: Field oriented control strategy.

However, to demonstrate the benefits of the new
controller, the conventional SMC and Pl controllene
designed and implemented in Fig. 3 as well. AssRtuhed

region is to subdue any probable over-shoot prioithe
steady state. The third and the final region is phee PI
strategy region. The output from this region seneegeep
the steady error to a minimum or eliminates itltgta

From the previous definition of the controllerfatiows
that the linguistic rules of the fuzzy logic supeory
controller should be defined as follows:

using conventional methods, SMC needs to be desitme
satisfy Lyapunov stability criterion.

A. Conventional SMC Controllers
As defined earlier, the sliding surface s of theespw
and flux ¢ is simply the respective error signal. i.e.

Sw =€p = Oref —O

S¢ = e¢ =Gref — ¢ =
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The d|scont|nuqu.s law to drive the state of theesysto Ve, = Po11€0be + Pu12(S0€0 + 308w )+ Pw2255Ss (9)
the reference state is:

i —g -sigr(s ) Once SMC is activated, two reglions ar.e consiglered;
a_ref = S =9 4) |g>m+5 and m<|[d<m+4. In the first region,ve is
'd_ref =y -S|gr(s¢) constant and hencg,, =0. On the other handvw is not
constant in the second region and this results,jj = —s,, .

By taking into consideration these facts, the foitgy
functionsV,, =05s,,> andV, =0.5s,” then solve forg,,  conditions should be met to satighg , <O:

and g4 that satisfy Lyaponov stability conditions:

To obtain gain valuesy,, and g4, design Lyaponov

Pw22 >|Parz| (10)
V, =5s,$, <0
\]¢ =548, <0 ®) My + 96 > Ve max (11)
To solve (5), use the induction motor's speed dud f oy K + (pa)llva)_max+|pa)12|(ma) +5a))) (12)
differential equations in the direct and quadratiordinates: 9o > Vo_madio ady Pyo2
d .
% =-n¢q +n7Miy, ¢q =0 m, = w_maxj pa)12|(ga)¢d (Va)_maxkia) + ga)))/Ga) (13)
(6)
do T-T, T
E = TI = a¢d|q _Tl where Vw_max :TI_max/(Ja¢d ki(u) and Gw = pw22a¢d
(ga) _Vw_maxkia))+ pa)llva;_max+| pa)12|(ma) +5a)) .
wheren =R, /L, , a = NM/JL, , R, is the rotor resistance, Similarly, the above steps can be followed to obthe

L, is the rotor inductance\ is the mutual inductance, N isgain value of the flux controllerg, . This is done by
the number of pole pairs] is the moment of inertia, anf

is the load torque. d h f h he followi b
Evaluating (5) using (4) and (6) results in thddaing 2"d € as the error olv, then the following can be

defining v4 =js¢dt, vp_ref as the reference value u&,

conditions for stable SMC speed and flux control: written:
L, Ti_max : S 0 -1 {ewﬁ}
> E;=|." |= =AsE; (14
07N g ’ L;J {”Mkw M | sp |~V O
Q)
¢d_max
9y > M By assigning the Lyapunov function

Ve, =05E,"P,E; and solving Vg, <0 for a stable
where the subscript max indicate the maximum value.
B. Fuzzy-SMC-PI Controllers
To obtain the design parameters of the contrather,PI
controller is considered first when SMC is abseBy Py22 >|p¢12| (15)

defining v = Iswdt, vw _ref as the reference value o ,

system, the following conditions result:

my +0, >V, 16
and ey, as the eror of veo  then: 0700 7 g _max (16)

: &o 0 -1 €
E,=| " |= = E 8 v + my + o
@ |:Sw i| |:a¢d kiw _a¢dkpwi||: S j| ACU @ ( ) g¢ > V¢ maxki¢ + p¢11 $_max |p¢12|( 4 ¢) (17)

- Py22nM

Now define the Lyapunov function
Ve =05E," P, E, where P=[p,1 Pu12i Po21 Po2z ] m= V¢_maxl p¢12|(77M (ki¢V¢_max+ 9¢))/G¢ (18)
is a symmetric positive definite matrixaf,;1,p,22 >0 and
Puiz = Pw21) Satisfying the  Lyapunov equationVNer® Vy_max = ba_max/(Mkig) and G, = pyonM (g

A, P, +P,A, =-Q, whereQ, is a symmetric positive _V¢,maxki¢)_ Pg11V5_max —|p¢12|(m¢ +5¢)-

definite matrix. Therefore, to implement speed and flux controliens
As a necessity for the Pl controller to be stales the induction machine, conditions (10) to (13) 4f8) to

derivative of the Lyapunov function has to be ddin (18) has to be satisfied. With these condition$hamd, an

iterative algorithm method can be used to tunehérrtthe

two controllers without affecting the stability thfe system.
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V. SIMULATIONS AND RESULTS

To verify the proposed controller, the followingte are 123 o
carried out and the performance of the Fuzzy-SMC-Pl 122 — H
. . ~— Fuzzy smc-PI
controller is compared with the performance of §WC and 122
Pl conventional controllers acting alone. The iraurc 1214 / \
motor being used in this simulation is a three pha8HP z “ I T
squi_rre!-cage _induction motor. The parameters efrtiotor % ' , P |
are indicated in Table I. g%
In this simulation, the speed reference signaleists g 12 /
120 rad/s and the flux reference signal is set.a6 Wb. % 1o
First, the simulation is performed without any eohbf the "
flux and then the flux controller is activated. Thesponse e !
for the flux is shown in Fig. 4 while the speedp@sse for ' ,
the three controllers are shown in Figs. 5 andrépfssive e 08 9 {tme(e) M 12 13
and active flux control respectively.
TABLE | Fig. 5: Speed response with passive flux control.
PARAMETERS OF THE INDUCTION MOTOR
Parameter Value
Ly 4.6 mH 125
R 0.39Q 124 / /f‘% ——
M 4 mH 115 /
N 2 (4 poles) -1 /
g1ua
J 0.0226 kg.m2 g / / ——— FUZZY SMC-PI
$1G" sMc M
% i / —Pl
g o
1 £ ///
]
i — *
0.8 / ov

0.9 t, tirﬂe (s) 11 1.2 1.3 1.4 1.5

°-7! 85 06 07 08
|
f

s
E 06 / — PASSIVE FLUX CONTROLLER
; 0.5 — PI FLUX CONTROLLER i i i
= / SMC FLUX CONTROLLER Fig. 6: Speed response with active flux control.
.':E:. 0.4 / — FUZZY SMC-PI FLUX CONTROLLER | |
0.3 / V. CONCLUSION
°-‘/ This paper presented a design method to combirle a P

and SMC controllers that posses high performances i
different areas. Pl control method is used in teady state

0 0.5 1 1.5

t, time (s) area because it gives a zero error while SMC ishaist
control strategy and provides a fast transient aese.
Fig. 4: Passive and active flux control responses. However, due to the nature of its concept, SMC aas

inherent chattering problem. This paper exploresube of
As well expected, control schemes with active fawntrol fuzzy logic approach in combination with PI contstiategy
outperform those with passive flux control in areash as to remove chattering phenomena and retain the toéss of
rise time, start time overshoot and settling tikmong the SMC control strategy. The proposed fuzzy controler
six control schemes configurations, SMC strategh active designed based on a Lyapunov stability functiort thath
flux controller, outshines other scheme in the aspé rise controllers share to achieve an overall stablerodet.
time and settling time. The proposed Fuzzy-SMC-Rsw  The simulations are performed using the proposed
consistently second best in overall performancefat, it Fuzzy-SMC-PI, SMC and Pl schemes. Comparisons are
displays the least start time over-shoot among she made with pure SMC or pure Pl control strategieke T
different configurations. However, with respect steady results indicate a promising future for the strgteg
state error, Fuzzy-SMC-PI illustrated the best gentince Depending on the tuning and the settings adopteds i
over all controllers. possible for the proposed Fuzzy-SMC-PI to havetshoise
time, faster recovery time, and minimum overshoot a
undershoot. The benefits accrued to having actreracller
for flux is shorter rise time. In applications whehere are
lots of stops and starts operations such as robotic
applications, it should contribute to smoother, endluid
motion and as a result, a better responsive system.
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