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Drive of Induction Motors Using a Pseudo-On-Line
Fuzzy-PID Controller Based on Genetic Algorithm

Taechon Ahn, Yangwon Kwon, and Haksoo Kang

Abstract: This paper proposes a novel method with pseudo-on-line scheme using the optimized look-up table based on the genetic
algorithm which does not use the gradient and finds the global optimum of an un-constraint optimization problem. The technique
is a pseudo-on-line method that optimally estimates the parameters of fuzzy PID(FPID) controller for systems with non-linearity,
using the genetic algorithm. The proposed controller(GFPID) with the auto-tuning function is applied to the on-line and real-time
control of speed at 3-phase induction motor, and its computer simulation is carried out. Simulation results show that the proposed
method is more excellent than conventional FPID and PID controllers.
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I. Introduction

Electric-power vehicles use a variety of motor drive
systems. The recent introduction of purpose-built electric
vehicles indicates that both AC induction and BLDC motors
are gaining in popularity for traction motor applicationsf]].

The induction motor control problem has been widely
studied with the objectives of obtaining better results in
terms of stability, robustness to parameters variation and
disturbances rejection. The voltage or current and frequency
are the basic control variables of the induction motor. Many
algorithms have been employed to improve the performance
of the induction motor control[2].

The 3-phase induction motor is a representative plant, and
the conventional PID controllers are used extensively in its
control[3]. They are inexpensive and very effective for
simple linear systems. Use of these conventional controllers
is often adequate when the non-linearities of process are
mild and plant operations are constrained to small region at
a nominal steady-state. Model-based nonlinear control
techniques can be used when high performance is required
over a broader range of operating conditions. However, the
approaches require an accurate model of the process. A
simpler alternative, although with some loss in performance,
is to use linear controllers with gain scheduling. The design
of discrete-time FPID controllers in various combinations
results in a new fuzzy version of the result of the
conventional PID controllers[4]. These controllers have the
same linear structure as the conventional PID controllers in
the proportional, integral and derivative parts, but have
non-constant gains, namely, the proportional, integral, and
derivative gains are nonlinear functions of the input signals.
The FPID controllers thus preserve the simple linear
structure of the conventional controllers, yet enhance the
self-tuning control capability for non-linearity[5][6].

In this paper, a pseudo-on-line method(GFPID) is pro-
posed that auto-tunes the parameters of controller by the
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genetic algorithm[7] and the fuzzy clustering technique[4],
for the improvement and optimization of systems. This
method is applied to FPID controller of the drive system of
induction motor. The proposed GFPID controller with the
auto-tuning function executes the speed control of the
system. Authors divide the region of errors that have
influence on the system parameters, into several error levels
and then make each level the optimized look-up table using
the genetic algorithm. This makes on-line and real-time
control of the drive system possible. Computer simulations
would show that the proposed controller has high
performance better than conventional FPID and PID
controllers.

II. Induction motor modeling
As the stator or rotor is assumed to have symmetrical air
gap, it is possible to express its voltage equations of the
three-phase induction motor in stationary coordinates as, bs
and cs, as follows [1][8]):

. d"a S

Vgbes = Rslabcs+ dtlh (l)
- dAa cr

Vaber = thabcr+ dtb - (2)

where  w,pee,  apee @and A, are instantaneous voltage,
current and flux linkage vectors of the rotor and stator,
respectively, in the stationary frame.

The d— g reference frames are usually selected on the
basis of convenience or compatibility with the representa-
tions of other network components. Those of the induction
machine in the stationary reference frame can be obtained
by setting.

The d— ¢ transformation matrix S, is given by:

cos(@d) cos(wt— %I ) cos(wt+ %
Sd,,Z% sin{ @?) Sin(wt*%g) sin(thr%) . 3)
1 1 1
2 2 2

The transformation equation from a—b—c to d—gq
reference frame is follows:
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Fig. 1. The scheme of control system considered.
San= Saefae 4)

where  fn is [qudfO]T-

The stater d— ¢ voltage equation in a synchronously
rotating frame can be written in terms of component 4 and
g voltages as follows:

. dA 4
Vg™ Rs lqs+ d; + we"ds (5)
. dA 4
va=Riist 3" — 0.hy 6)
where 7, and i, are the stator d- and g-axes currents,

A, and A, are the stator g- and d-axis flux linkages,
respectively.

The rotor d— g voltage equation in a synchronously
rotating frame can be also written in terms of component d
and g voltages as follows:

dA,,

vquRr iqr+ dtq +((l)e_ a)r)'ldr (7)
A

b= Ry iat 55+ (0 @), ®

where @, is the stator angular frequency, @, is the rotor
angular frequency and wy=(@,— @,) is the slip angular
frequency. i, and 7, are the rotor d- and g-axes currents,
Ag and A, are the rotor g- and d-axis flux linkages,
respectively.

The stator and rotor flux linkage expressions in terms of
the currents can be written compactly as follows [8]:

AaszL[s iqs+Lm( iqs+ iqr) Ads:Lk ids+Lm( ids+ idr)
Ag=Lyip+L{ietin) Ay=Lyigt+ L (it is) (9)

where, L is stator leakage inductance, L, is rotor leakage
inductance and L, is mutual inductance.

The induction motor state space modeling, which
describes its electric behavior in d—g synchronously
rotating reference frame, is written below in a standard

notation.
R+ZL.  wl. <y, wl, | .
uﬂs d d 105
Vas! —w.L RS+ZI;L& = @.L, EZL"’ T
Vor d d iy
v Rdt L, wgl, R+ pT L, oyl iyl
~oil,  E1, -wed, rR+ZL
(10

The expression for the electromagnetic torque in terms of
current as follows:

To= YL asiar = i) an

The vector control of the induction motor[3] is a very
accepted method when high performance of the system
response is required. It is based on the decoupling of the
magnetizing and torque producing components of the stator
current. Under this condition, the g-axis component of the
rotor flux is set to zero, while the d-axis reaches the
nominal value of the magnetizing flux. The torque equation
becomes as follows:

Ly, . .
To=5 5 1" Gioar— iashar) (12)

where L, is L,+ L,and P is the number of poles.
As the A, is set to zero, the torque is as follows:

Te=§7L—y(iqsﬂdf)- (13)
Then the torque component current gz, is as follows:
. L,
=5 b A Te (14)

In this paper, the above-mentioned 3-phase induction
motor is controlled using the pseudo-on-line method based
on genetic algorithm. The scheme of control system
considered is like Fig. 1.

III. The direct FPID control algorithm

In the design and stability analysis of the FPID controller,
the determination of the control gains that gave acceptable
outputs was done by manually tuning these gains until a set
that gave satisfactory outputs were obtained[9].
In general, the control input z of the fuzzy controllers is
decided by the proportional combination of error term and
derivative term of error as eqn. (15). It corresponds to the
PD of conventional PID as eqn. (16).

u= Sl(ﬂ(ei)ﬂﬂ(del)) ¢ Fuzzy> (15)
w(1) = kpel 1) + /edﬂea,t—tl ¢PD>. (16)

Because the fuzzy control input does not consider the
integral term of error in the PID control, the controller
didn't get high performance in the steady state. To obtain
the high performance, fuzzy control system carried out
separately transient control in the transient state and precise
control in the steady state. However, its control strategy is
more complex, when the controller is applied to induction
motor. Therefore self-tuning/organizing fuzzy controllers
were developed in various fields{10].

In this paper, to remove defects of the fuzzy controller,
the direct FPID controllers are designed by using the
conventional PD+] controller design method[11]. To obtain
the increment of fuzzy control input, this method directly
applies the control gains to PID control input concept. The
fuzzy reasoning is executed using the eqn. (17).

du=rk,- etk ietk,- de. (17
The values of ¢, de and e are described as follows:
ey<e<e,, (18)
deuédeﬁdem (‘9)
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leg<ie<ie,, (20)

where e,, , de, and ie, are the maximum values of
error, derivative of error and integral of error and e,, de,
and je,, the minimum values of error, derivative of error
and integral of error.

The fuzzy sets of e, de and je are described as Fig. 2:

0 fil il
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Fig. 2. Fuzzy sets of e, de, ie.

Each fuzzy rule can be described as follows by simpled
fuzzy reasoning method.

Rule 1 : ey and de; and ie;, = f,
Rule 2 : ey, and de; and ie, = f.
Rule 3 : €qy and dem and ie() =4 f;g
Rule 4 : e; and de,, and ie, = {,
Rule 5 : e, and dey and ie, = f;
Rule 6 : e, and de, and ie,, = f;

Rule 7 : e, and de, and ie;, = f;
Rule 8 : e, and de, and ie, = f;
Fact : e de ie

The determining process of the weighting of each rule
and its consequence is drawn as Fig. 3 describe Each rule
of fuzzy inference.
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Fig. 3. [IHustration of fuzzy reasoning.

As the results of fuzzy reasoning, the output of fuzzy
controller is described as follows:

. tutfe
f =du= h“‘{"hgg - fll+f12 (2‘)
=k, etky detk ie

where,
fa=abc - fr+ab(l-c) - fh+a(l—bc- fi+all—bN1—0) - f
fo=(0—=abc - +(1—a)b(1—0) - f+(1—a)1—b)c- f;

+(1—a)(1=86)1-0) - f
hy = abct+ ab(l— o)+ a(l — bt all — b)(1—¢)

87

hy=(1—a)bc+(1—a)b(1—c)+{(1--a)l—b)c+(1—a)(l1—6(1—¢)

h“ + th: 1
e,—€
a= peye)=
e €n €
de,,— de
b= pde(de)= de,.—de,
e ic) ie,,— e
c= piey(ie) = ——F——.
e ie,, — iey

The output of fuzzy controlier, that is, eqn. (21) is used
as the control input of induction motor.

IV. Auto-tuning methods of FPID controller

1. Heuristic algorithm

Fuzzy controllers achieve inferred values of the control
inputs using triangular membership functions. Recent
literature has suggested that other forms of input
membership function can be used to provide different
properties for the controller. However, the triangular
membership functions [Fig. 4] provide an idal means of
developing control capability and so are used in general.
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Fig. 4. Scaling factors of membership function.

The change of fuzzy control in the fuzzy look-up table
have much influence on the performance of a system.
Therefore, the use of estimated control rule obtains better
results in terms of stability, robustness to parameters
variation and disturbances rejection.

A fuzzy model[11] consists of a finite number of fuzzy
implication rules. The fuzzy modelling is related to the
construction of  fuzzy rules based on a set of input
reference command signal and output measurement. Using
this input-output data set, fuzzy clustering separates this
data set into several local sets so that it provides an accurate
representation of the system's behavior. Fuzzy clustering
method, that is, a batch-mode unsupervised classification
scheme, provides a analytical way for the structure of the
fuzzy model.

As an example, we consider the Fuzzy PD control of
induction motor. The estimated look-up table of control
rules is generally tuned as Table 1(a), using the heuristic
algorithm. Table 1(b) shows the revised look-up table, when
the shaded PM in the Table 1(a) changes to the shaded PB.

Fig. 5 depicts the characteristic of induction motor speed,
according to the change of a control rule. The settling time
and the overshoot are decreased, the rise time increased, in
the Table 1(b). Therefore, according to objective function,
we can choose the PM or PB and obtain the optimal
look-up table through the iteration of the same process.
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In the paper, define the weighted objective function to
appreciate the fitness of induction motor as eqn. (22) [13].
vl k) — v, R)

Uyl B)
where s(k) is settling time, (%), rising time, ¢,(4),
maximum overshoot, and v, A k), reference speed.

F(k)=s(k)+%r(k)+10 22)

The minimum value of F is the optimal result. The fitness
of Table 1(a) and (b) is 4.65 and 4.25, respectively. Then,
the response of Table 1(b) is more excellent than (a).

Table 1. Change of tuned look-up table.

de
(5]

NB |[NB | NB | NB|NB|NM| NS | ZO
NM|{NB | NB|NB|NM| NS |ZO | PS
NS |NB | NB|NM|NS|ZO | PS | PM

ZOI!NB | NM| NS |ZO | PS {PM | PB
PS |{NM| NS |ZO | PS |PM | PB | PB

PM|NS|ZO|PS |PM| PB | PB | PB
PB | ZO | PS PB | PB | PB | PB

@

NB |NM| NS |ZO | PS |PM| PB

dl \B|NM|Ns |zo | ps | pm | B

NB|NB | NB|NB|NB|NM| NS | ZO
NM|NB | NB{NB |NM| NS | ZO | PS
NS|NB|NB|NM|NS|ZO | PS | PM
ZO|NB|NM|NS|ZO | PS |PM| PB
PSINM|NS|ZO | PS ([PM| PB | PB
PM| NS |ZO | PS |PM|PB | PB|PB

PB | ZO PB | PB | PB
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Fig. 5. Motor speed response by change of fuzzy
control rule.

The heuristic method generally shows that the control
system not only have a good response but also keep the
stability of system. But this method need the expert with
much information for induction motor.

2. Genetic algorithms

Genetic algorithms (GAs) [7][12] are directed to random
search techniques, which can find the global optimal
solution in complex multidimensional search spaces. GAs
employ different genetic operators to manipulate individuals
in a population of solution over several generations to
improve their fitness, gradually. Normally, the parameters to
be optimized are represented in a binary string.

To start the optimization, GAs use randomly produced
initial solutions created by random number generator. This
method is preferred when a priori knowledge about the
problem is not available.

The flow chart of GAs [7] is shown in Fig. 6 in general.
Three genetic operators are used, in order to generate and
explore the neighborhood of a population and to select a
new generation. These operators are reproduction, crossover
and mutation. After randomly generating the initial
population of N solutions, the GAs use the three genetic
operators to yield N new solutions at each iteration. In the
selection operation, each solution of the current population
is evaluated by its fitness value obtained from a objective
function. Individuals with higher fitness value are selected
for survival of next generation.

[ Start j
|
| Initialize the Population j

l Compute Fitness Value ]

Performance
Satisfactory

Reproduce/Select String
to Create New Mating Pool

!

Geunerate New Population
by Crossover and Mutation

Fig. 6. Flow chart using GAs.

In this paper, to easily conduct the crossover operator,
input variables are multiplied by 1000, roundoff the
fractions, transformed into integer and converted to binary
digital system. This integers become new input variables.
Takagi's formula[13] is used as the objective function that
defined by function of input variables like eqn.(23).

F(B) =V (e(B)* + de( )2+ ie( k)% (23)

where (%), de(k) and ie(k) is error, derivative of error
and integral of error as input variables, respectively. The
number of populations use 10 and the number of
chromosomes gain 20 through the conversion of five
decimal places to binary. Selection of genetics uses
probability theory and random variable. The crossover and
mutation rates also use random variable. The algorithm is
repeated until a predefined result has been produced.
Through the genetic algorithm, a look-up table is made of
the optimized results and it is used to the On-line system.
Each table consists of 125, 17000 and 1000000 databases
that is divided into 5, 30 and 100 levels for each of input
variables, that is, e(k), de(£) and je(£). Each level is
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Fig. 7. Motor speed response of tuned fuzzy rule
using GAs.

divided by proportion to the square of error for steady state.
The scope of e(k) is chosen to set the difference between
reference speed and initial speed as -100% and 100% over-
shoot as 100%. The scope of de(%) is chosen to set 1000
as 100% and -1000 as -100%, because de(k) approaches to
infinity. The scope of je(%) is chosen to set 1 as 100% and
-1 as -100%, because de(%) is limited from -] to 1.

When the number of levels increases, the excellent result
can be obtained. But increasing levels cause that the
performance is getting bad, owing to large computer
capability and the low access speed. Therefore it is to be
suitable to select levels between 30 to 100.

Table 2 shows scaling factors in the case of 5 input
levels. The increase of levels makes only the table more
complex.

In the Fig. 7, the pseudo-on-line method, that is, GFPID,
uses the proposed look-up table based on the genetic
algorithm. This method gives more performance than GAs

Table 2. Results of optimization using 5-level.

y . 41 tevel 1 | level 2 | level 3 | level 4 | level 5
level 1] 0.0018 | 0.0037 | 0.0024 | 0.0104 | 0.0028
level 2| 0.0043 | 0.0063 | 0.0052 | 0.0098 | 0.0050
level 1[level 3| 0.0036 | 0.0044 | 0.0039 | 0.0073 | 0.0049
level 4] 0.0078 | 0.0094 | 0.0081 | 0.0135 | 0.0095
level 5| 0.0040 | 0.0064 | 0.0049 | 0.0080 | 0.0078
level 1] 0.0019 | 0.0037 | 0.0023 | 0.0094 | 0.0028
lovel 2| 0.0044 | 0.0064 | 0.0052 | 0.0098 | 0.0051
level 2 [level 3| 0.0037 | 0.0050 | 0.0039 | 0.0084 | 0.0049
level 4 0.0078 | 0.0095 | 0.0081 | 0.0138 | 0.0095
level 5| 0.0040 | 0.0065 | 0.0050 | 0.0082 | 0.0030
level 1] 0.0020 | 0.0038 | 0.0023 | 0.0094 | 0.0029
level 2| 0.0044 | 0.0064 | 0.0052 | 0.0085 | 0.0050
level 3 [level 3| 0.0038 | 0.005! | 0.0040 | 0.0085 | 0.0050
level 4| 0.0079 | 0.0095 | 0.0082 | 0.0138 | 0.0095
level 5| 0.0042 | 0.0066 | 0.0051 | 0.0083 | 0.0031
level 1] 0.0019 | 0.0037 | 0.0024 | 0.0092 | 0.0028
level 2| 0.0043 | 0.0063 | 0.0051 | 0.0086 | 0.0049
level 4]level 3| 0.0038 | 0.0061 | 0.0041 | 0.0084 | 0.0049
level 4] 0.0078 | 0.0094 | 0.0094 | 0.0135 | 0.009
level 5| 0.0040 | 0.0064 | 0.0051 | 0.0082 | 0.0030
level 1] 0.0018 | 0.0036 | 0.0023 | 0.0091 | 0.026
level 2| 0.0042 | 0.0063 | 0.0050 | 0.0085 | 0.0048
level 5 [level 3| 0.0037 | 0.0059 | 0.0041 | 0.0082 | 0.0049
[level 4] 0.0077 | 0.0096 | 0.0093 | 0.0130 | 0.0029
Tlevel 5| 0.0038 | 0.0062 | 0.0050 | 0.0081 | 0.0025
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on the on-line or off line. Heuristic algorithm that changes
fuzzy control rule to the experience knowledge, have good
performance in the steady-state error, but do not give so
good performance in the transient-state error. The
pseudo-on-line method provides good performances in the
steady-state and transient-state errors.

V. Simulations
Several simulations have been carried out to examine the
feasibility of the proposed pseudo-on-line algorithm for
induction motor system that is described as the type of
fifth-order nonlinear differential equation. Using the
Runge-Kutta method, the numerical solution was obtained.

d . . 2. . .
L= —ELr—h::(R\L,xﬂs+ @ LY i~ R Lig+ &L Loiag— L, V)

G ia= e (- @it R s 0L Lyt R L= L, V)

A ie= 7 (RELia= w,LLyiat R Liy= 0LLiy~L,Vy)

-d. i :—71

at " L L,-Ll,
3Ly, . . R

% w,= 7]'(1,,31,,,7 1,151,,)—11j w,-»%,' T,. (24)

(= @, LLnie— Rlyig+ @, L,L i+ R.Lig—L, Vg

Torque equation can be as follows[8]:

To=4 5 4 (bois buri) (25)
where ¢= w,A, w,=2nf,,.q electric radians per second
and f,,., being the rated frequency in Hertz of the
machine.

Voltage source frequency @ can be related to the rotor
frequency w, as follows[14]:
we:%fi% cdgtw,. (26)
Table 3 shows the rated values and the nominal
parameters of a tested machine. Simulation results are
depicted in Fig. 8 ~ 13, when the motor speed is changed
from -600[rpm] to 600[rpm], applied the control techniques
proposed in the previous section. In these figures, 30 levels
case is compared for the given method in viewpoint of

Table 3. Motor parameters.

Normal OQOutput Py 1.IKw
Normal Rotational Frequency 1000RPM
Stator Resistance R 0.28420Q
Rotor Resistance R, 0.2878 2
Stator Inductance Lis 0.02827H
Rotor Inductance Ly 0.02827H
Mutual Inductance L 0.02682H
Leakage Coefficient o 0.116
Number of Pole Pairs p 3
Moment of Inertial J 0.0179Kg-m*
Stator Current Las 15.4A
Stator Voltage Vs 137V
Natural Frequency W, 160 rad/sec
Damping Coefficients ) 0.539
Electrical Time Constant Te 5.37 msec
Mechanical Time Constant Twm 6.73 msec
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motor speed and torque component current. We use also
eqn.(27) as performance index (PI) of induction motor.

PI= f Ve @7

where, e is error of motor speed.

As shown in Fig. 8~10 with no load, the proposed
controller reduces the rise time and improves maximum
overshoot. But the torque component current has a little
non-linearity. To compare with no-load, each method shows
almost same performance. But torque component current
had a little amplitude of bias.

As shown in Fig. 11~13 with load, the proposed
controller has the same performance for the rise time and
the performance index. But this method improves maximum
overshoot and settling time. The torque component current
has a little non-linearity, that is, the torque component
current oscillates in the steady state. This is a general
characteristic of powerful controller like fuzzy controller
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Fig. 9. Torque component current (x-sec., y-mA, No
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that the small errors occur the large reactions.

Table 5 represent abilities of each controller for no load.
The GFPID method gives good results in rise time and
settling time.

Table 6 represent abilities of each controller for load. The
propose method especially gives good results in rise time
and settling time.

Table 5. Ability of each controller for no load.

Evaluation | Estimated | Rise Maximum SettlingW
Method Value (PI)| Time(s)| Overshoot(%) | Time(s)
PID 13.577 | 0.640 44 1.844
FPID 12.425 | 0.639 43 1.728
GFPID 11.532 | 0.634 1.9 1.324

Table 6. Ability of each controller for load.

Evaluation | Estimated| Rise Maximum |Settling
Method Value(PI) | Time(s)| Overshoot(%) | Time(s)
PID 13.834 | 0.641 4.5 3.557
FPID 12.664 | 0.639 44 1.794
GFPID 11.624 | 0.635 1.9 1.328

V1. Conclusions

This paper proposed a novel method with on-line scheme
using look-up table based on the genetic algorithm. This
technique is an pseudo-on-line method (GFPID) that
optimally estimate the parameters of FPID controller for
speed control of induction motors with nonlinear plant using
the genetic algorithm.

To prove the high performance, the proposed controller is
applied to the induction motor for the speed control and its
computer simulation is carried out.

The results of the controller are as follows:

1) The speed control of induction motor showed that the

proposed controller gains optimal performance with load
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and no load obtained.

2) Through the division of input parameter region and
optimal look-up table, on-line real time control with off-line
performance was possible based on genetic algorithm.

3) The proposed controller achieved high performance
better than conventional PID controllers. Especially, It
obtained the high performance of rising time, overshoot and
settling time at transient state when the level of input
variable increased.

4) The proposed controller with auto-tuning method
proved that it is possible to control the speed for electric
vehicles with drive system of induction motor.
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