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During the rainy season and bad weather, strong winds blowing at an airport
can cause dynamic changes in performance of the primary surveillance radar
(PSR) antenna which is driven by an induction motor (IM). Changes in
dynamic performance that occur in this IM can be in the form of changes in
PSR rotation speed, changes in torque values, and changes in stator current
values. In this article, we propose the application of the Takagi Sugeno
method to fuzzy logic indirect vector control of IM as a solution that can
reduce changes in the dynamic performance of motor as PSR drivers during
bad weather. The contribution of this research is the application of the Takagi
Sugeno method in a fuzzy inference system (FIS), where this fuzzy logic
control system replaces the conventional proportional integral (PI) controller
for indirect vector control IM. Takagi Sugeno method is computationally
efficient and works well with optimization and adaptive techniques, which
makes it very attractive in control problems, particularly for dynamic
nonlinear systems. Takagi Sugeno type FIS uses weighted average to
compute the crisp output, so the Sugeno’s output membership functions are
either linear or constant. Furthermore, Takagi Sugeno method has better
processing time since the weighted average replace the time consuming
defuzzification process. The results obtained after simulation in MATLAB
Simulink environment showed that fuzzy logic using the Takagi Sugeno
method which is used as a substitute controller for indirect vector control can
provide better performance when compared to conventional PI controllers.
These results can be seen from the response values of rotor rotation speed,
electromagnetic torque, and stator current. Overall, this research provides
discourse on improving the dynamic performance of IM through the
application of the Takagi Sugeno fuzzy logic indirect vector control method.
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1. INTRODUCTION

Induction motor (IM) is a type of electric motor that works based on electromagnetic induction. IM has a
source of electrical energy, namely on the stator side, while the electrical system on the rotor side is induced
through the air gap from the stator with electromagnetic media, so this is what can cause the motor to be named
an induction motor. The use of IM in industry is as a driver for blowers, compressors, pumps, main drivers of
production processes or mills, and so on. In this research, IM is used as a driver for primary surveillance radar
(PSR) and the problem in this research is that during the rainy season and bad weather, the wind will blow
strongly at an airport Fig. 1. For the record, if the wind is categorized as a strong wind, then the wind is moving
at a speed of more than 20 knots [1]. Wind moving at high speeds can cause dynamic changes in performance
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of the IM-driven PSR antenna. Changes in dynamic performance that occur in this IM can include changes in
the oscillation response in the system to become slower in reaching the settling time value, so that this situation
results in a decrease in the PSR rotation speed, an increase in the electromagnetic torque value, and an increase
in the current value in the stator. To prevent changes in dynamic performance that are quite large, it is necessary
to have a controller on IM with a certain method so that changes in dynamic performance that occur are smaller
than using the previous controller.

Target

ﬁ‘ R

Fig. 1. Primary Surveilance Radar (PSR) [2]

Research using the fuzzy logic method for controlling induction motors has been carried out by [3]. In
this research, the fuzzy logic block used as an IM controller is a replacement for the field oriented control
(FOC) block. The results of this research are that fuzzy logic which is used as a replacement FOC controller
can provide high dynamic performance such as faster transient response as a result of faster computing time
when compared to conventional FOC controllers. Then research using the quantum lightning search algorithm
(QLSA) method for optimizing the rotational speed control of IM has been developed and implemented in
fuzzy logic controllers to produce fuzzy membership function inputs so that in the process of computing fuzzy
rules can produce outputs that are suitable for controlling IM [4], [5].

Designing and implementing a self tuning fuzzy logic controller (ST-FLC) in indirect field oriented
control (IFOC) in IM speed controller can provide better performance when compared to conventional
proportional integral (PI) controllers [6], [7]. By using nine rules in the fuzzy logic computing process, ST-
FLC provides good performance in steady and transient conditions which can be seen in the results of response
overshoot, rise time, settling time and recovery time. Then research that analyzed the comparison of the use of
fuzzy rules with the numbers 9, 25, and 49, gave performance results that with fewer rules or simplified to 5,
7, and 9, speed control on IM was better [8]-[10].

Previous research related to the application of fuzzy logic methods in vector control such as an extended
Kalman filter (EKF) algorithm for the estimation of rotor speed of a squirrel cage IM from the measured line
currents [11]. Based on combination of the fuzzy logic approach and sensorless approach the all in real time
experience, fuzzy logic was used for the robustness regardless of the accuracy of the motors model, with the
use of Luenberger estimator for the motor’s speed estimation [12]. Use of offline fuzzy tuned PID controller
for a space vector pulse width modulation (SVPWM) fed indirect field oriented control (IFOC) of IM drive
[13]. Presentation simulation results obtained from a feedforward vector controlled IM drive under varying
operating conditions like step change in speed command and step change in torque command [14]. In these
studies [8]-[14], the method used as rules in fuzzy logic is the Mamdani method.

Research that has comparatively analyzed the application of the Mamdani and Takagi Sugeno fuzzy
inference system (FIS) in the calibration of continuous time car follower models by proposing a methodology
that allows parallel data processing and determination of the simulation model output resulting from the
application of both fuzzy techniques was carried out by [15]. In this study, the Takagi Sugeno FIS provides
more accurate compensation values, resulting in behavior that is more similar to the observed model. Then the
same research comparing the Mamdani and Sugeno methods on control systems with the addition of
proportional integral derivative (PID) compensators has been carried out by [16]-[18]. The results of this
research are that the Sugeno inference model is very suitable for nonlinear systems, which can be linearized in
finding solutions to control systems. It can be said that the advantages of the theory and application of the
Sugeno inference method include computational efficiency which can work well with linear techniques as a
substitute for PID control, has high compatibility with optimization and adaptive techniques, and guarantees
the continuity of the output surface and the suitability of mathematical analysis.
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The novelty that will be presented in this research is the analysis of IM testing which is used as a primary
surveillance radar (PSR) driver with a fuzzy logic indirect vector control using the Takagi Sugeno method.
Then the IM performance response results with the fuzzy controller are compared with the scalar controller
and conventional PI controller. The fuzzy logic indirect vector control in IM is basically a controller that
replaces the PI controller. The test analysis was carried out starting when there was no load and testing when
it was under load where there were very strong gusts of wind. Then the response results that will be analyzed
are the response to changes in rotor speed, stator current response, and electromagnetic torque response. The
contribution of this research is the application of the Takagi Sugeno method in a fuzzy inference system (FIS),
where this fuzzy logic control system replaces the conventional proportional integral (PI) controller for indirect
vector control IM. The Sugeno inference model is very suitable for nonlinear systems, which can be linearized
in finding solutions to control systems.

2. METHODS

In this research, a fuzzy logic indirect vector control simulation will be carried out on IM using the Takagi
Sugeno method with Matlab simulink, where fuzzy logic indirect vector control can be used as a solution to
reduce the response to changes in the dynamic performance of the motor as a PSR driver during bad weather.
The first step taken is to model the IM, where the motor parameter values [19] are in Appendix B, into dynamic
equations. The aim of IM dynamic modeling is to be able to determine the stator current value, electromagnetic
torque value, and other IM parameter values. After dynamic modeling, the second step is to design an IM
controller with a scalar controller, where in this scalar controller the method used is the PWM method. Then
the third step is to design indirect vector control on IM with a conventional PI controller. And the fourth or
final step is to design fuzzy logic indirect vector control on IM, where this fuzzy logic uses the Takagi Sugeno
method with 3 (three) Gaussian membership functions and functions as a replacement for the conventional P1
controller.

2.1. Induction Motor and Dynamic Modelling

Induction motor control is broadly divided into two methods, namely scalar control and vector control.
Scalar control as the basis of control is to maintain the voltage value divided by the frequency value, so that if
the voltage value increases then the frequency value must also be increased [20]-[26]. By only controlling the
constant ratio of voltage and frequency values, controlling motor rotation speed using the scalar control method
is a simple method and is widely applied in industries but will provide a slow transient response. This is what
causes the scalar control method to be less suitable when applied to motors that serve loads whose
characteristics are dynamic [27]. The methods that can be written as a sequence in building indirect vector
control are as follows.

Dynamic modeling of IM is the modeling of voltage, current and torque equations that describe the
dynamic behavior of IM which vary with time. These equations can be used to solve differential equations
where there is some complexity [19]. Changes in variables may occur and to reduce the problem of complexity
of these equations can be achieved by eliminating all inductance parameters that change with time, due to the
nature of the electric circuit which moves relatively from the motor voltage equations. The equivalent circuit
in the voltage and flux equations for an induction motor is shown in Fig. 2. For the equation of voltage and
scope flux in terminology or inductive reactance terms it can be written as

R
Vos = Tl — —
qs stqs W, ll}ds W, lpqs (1)
. w p
Vgs = Telgs + w_bll}qs + w_bll)ds 2)
. p
Vos = Tslos + —Pos 3
Wp
, W — wr) p
'U’ — T', l, + ! + — ’
qr rtqr ( wp l/) ar w, qr (4)
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Fig. 2. Arbitrary reference frame equivalent circuits for a 3 phase, symetrical IM [19]

From equations (1)-(6), where w, is the electrical angular velocity used to compute the inductive reactance
value. So then the scope flux equation in voltage units per second becomes

Vas = Xisigqs + Xp(igs + 'qr) (7)
Yas = Xislas + Xy (igs +i'ar) (8)
WYos = Xislos )

Voo = Xypl'qr + X (igs +i'gr) (10)
Var = Xipl'ar + Xp(igs + i) (11)
Wor = X'pi'or (12)

From equations (7)-(12), then the equation to simulate a symmetric induction motor with an arbitrary
reference frame can be created by first solving the scope flux equation or the flux per second equation for
current so that it can be written as

1

lgs = X_ls(qu — ¥mq) (13)
1

lgs = Z Was — Yma) (14)

o 1

los = X_ISI;DOS (15)
1

i,qr =X_,lr(1/),qr_ll}mq) (16)
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) 1
Lor _X—, IOr (18)
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From equations (13)-(18), where 4 and ¥.,4, which are useful when representing saturation, are
defined as

wmq = XM(iqs + i'qr) (19)

1pmd = XM(ids + i’dr) (20)

With this dynamic modeling approach (19), (20) a three-phase winding can be reduced to a two-phase (d-
q) winding with a magnetic axis winding formed on the quadrature axis. In other words, the stator variables
and rotor variables (such as voltage, current and flux linkages) of an IM are transferred into the reference frame,
can rotate at any angular speed or remain stationary in Fig. 3. Such a reference frame is generally known in IM
analysis as an arbitrary reference frame.
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Fig. 3. Block diagram of a symmetrical 3 phase induction machine in the arbitrary reference frame [19]

2.2. Transformation abc-dq0

The transformation of a 3 phase circuit into a 2 phase reference frame was developed by E. Clarke, where
the 2 phase reference frame is the a axis and the j axis. Then, so that the transformation of the 2 phase reference
frame can be reversed in the calculation, a third variable can be added as a component of the zero sequence.
So the resulting transformation is [ faﬁo] = Tapolfanc]. where frepresents voltage, current, flux linkages, and
as a transformation matrix of T pois [28].

. 1 1
2 2
2 3 3
Taﬁ0=§0 g —g (21)
1 1 1
2 2 2

Then R.H. Park introduced a new approach to the analysis of electrical machines. Park formulated
changes in variables that replace variables such as voltage, current, and flux linkages associated with fictitious
windings that rotate on the rotor. Park refers the stator and rotor variables to a reference frame mounted on the
rotor. From the rotor's point of view, all these variables can be observed as constant values. So the resulting
transformation is in the form [quo] = Taqolfapcl, Where f also represents voltage, current, flux linkages, and
as a transformation matrix of Ty4is

21 21
cos(0) cos (9 — ?) cos <9 + ?)

2 21 21
Taq0s(0) = 3 sin(@) sin (9 - ?> sin (9 + ?) (22)
1 1 1
2 2
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2.3. Pulse Width Modulation (PWM)

Pulse width modulation (PWM) provides a way to decrease the total harmonic distortion of load current.
A PWM inverter output, with some filtering, can generally meet THD requirements more easily than the square
wave switching scheme. The unfiltered PWM output will have a relatively high THD, but the harmonics will
be at much higher frequencies than for a square wave, making filtering easier. Control of the switches for
sinusoidal PWM output requires a reference signal, sometimes called a modulating or control signal, which is
a sinusoid in this case and a carrier signal, which is a triangular wave that controls the switching frequency
[29]. Suboscillation method employs individual modulators in each of the three phases (Fig. 4(a)). Exemplified
waveforms for phase a are shown in Fig. 4(b), consisting of the sinusoidal reference voltage u *, and the
triangular carrier signal u, of frequency f;. The switched output waveform is u',. The maximum value of the

modulation index, My, 1 = % = (0.785 is reached at a point where the amplitudes of the reference and the
carrier signal become equal Fig. 4(b) [30].

/uo P

u
u' jd u

u*[2 /> o
- —

g AR
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i 1l 1,
Il | |
(a) (b)
Fig. 4. Suboscillation method. (a) Signal flow diagram. (b) Waveforms, phase a [30]

2.4. Speed Controller

A proportional-plus-integral (PI) controller is used to process the speed error between the speed reference
and filtered speed feedback signals. The transfer function of the speed controller is given as equation

K;(1+ sTy)
G = 23
() == 23)

where are the gain and time constants of the speed controller, respectively [31]. Speed control design using this
method has also been used in research on permanent magnet synchronous motors used in hydraulic pump
systems [32].

2.5. Vector Control

Vector control is broadly divided into two methods, namely direct vector control (DTC) and indirect
vector control or better known as field oriented control (FOC). In the DTC controller [33]-[38], the motor
rotation speed control system is determined by directly regulating the electromagnetic torque and linkage flux.
The electromagnetic torque and linkage flux settings are determined through voltage and frequency settings,
where the voltage and frequency values on the induction motor are determined by the inverter output value.
The inverter output value is determined by the inverter modulation pulses which activate the switches of the
inverter. Then the inverter modulation pulses in the DTC motor control method are determined from the
calculated error values between the reference torque and the feedback torque and the reference flux values and
the feedback flux.

2.6. Indirect Vector Control

In the FOC controller Fig. 5, the motor rotation speed control system is determined by indirectly
regulating electromagnetic torque and linkage flux. The electromagnetic torque and linkage flux settings are
determined by setting the stator current in the direct (d) and quadrature (¢) axes [39]-[53]. The d-axis current
(iq) represents the linkage flux component and the q-axis current (i;) represents the electromagnetic torque
component. The electromagnetic torque reference is determined by a proportional integral (PI) controller,
where the PI controller is determined by the comparison between the motor rotation speed reference and the
motor rotation speed feedback. With the constant torque angle concept, the d-axis current (i) for the linkage
flux component is equal to zero (i = 0). The g-axis current (i, ) and d-axis current (iy) that have been obtained
are then converted into a three-phase abc axis using the Clark and Park inversion transformation. After
obtaining the three-phase reference current abc, using the pulse width modulation (PWM) method, the ignition
pulses of the three-phase inverter can be determined.
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Pulse Width Modulation

Fig. 5. Indirect Vector Control [40]

The difference between the DTC method and the FOC method is that the DTC method uses switching
tables, while the FOC method uses the PWM method. The advantage of the FOC method compared to the DTC
method is that the electromagnetic torque response and rotational speed response of the induction motor are
better. Meanwhile, the disadvantage of the FOC method when compared to the DTC method is that the FOC
method requires a more complex calculation algorithm. The advantage of the FOC method compared to the
scalar control method is that it can control current with a fast response so that the FOC method is suitable when
applied to motors that serve loads with dynamic characteristics.

2.7. Takagi Sugeno Fuzzy Logic Controller
Reasoning using the Sugeno method is almost the same as Mamdani reasoning, only the output

(consequence) of the system is not in the form of a fuzzy set, but in the form of a constant or linear equation.

Takagi Sugeno proposed the use of singletons as membership functions of consequents [54]-[57]. A singleton

is a fuzzy set with a membership function that at a certain point has a value and 0 outside that point. There are

2 Fuzzy models of the Sugeno method, namely as follows:

a.  Zero Order Fuzzy Sugeno Model
In general, the zero order Fuzzy Sugeno model is: If (x;is A;)e (x,is A;)e (x3is A3)e...e (x,is A,) Then z
= k with A; is the i-th fuzzy set as the antecedent, and & is a constant as the consequent.

b.  First Order Fuzzy Sugeno Model
In general, the form of the First Order Fuzzy Sugeno model is: If (x;is A;)e (x,is A,)e® (X3i843) »...® (x,is
Ay) Then z =p; X x;+...+p, X x, + qwith A; is the i-th fuzzy set as an antecedent, and p; is an i-th
constant and ¢ is also a constant in the consequent.

c. The input of the defuzzification process is a fuzzy set resulting from the composition process and the
output is a value. For the fuzzy If Then rule in the equation RU(k) = If x; is Ay and ... and x,, is A,
Then y is By, where A, and B, respectively are fuzzy sets in U; R (U and V are physical domains), i = 1,
2,...,nand x = (xq,x,,...,x,) U and y Vrespectively are the input and output (linguistic) variables of the
fuzzy system. The defuzzification method is carried out by calculating the Weight Average (WA):

A1z + A2, + azz3+...ta,z
WA=11 242 343 n<n

(24)
a, +a, + az+... +ay,

where WA = average value, @, = predicate value of the n-th rule and z,= index of the n-th output value
(constant).

The rule reasoning process is a determination of the defuzzification method for each solution variable. At
this defuzzification stage, the values of a variable will be selected as in Fig. 6 and Table 1, which will then be
analyzed so that the result is the output of the fuzzy area. The method used in this research is the Takagi Sugeno
method, where in this method we can approach the analysis in linear equations.

/>Q<\_>

Processing

p—
c
N
N,
=
Q
]
=
o
=

Fig. 6. Fuzzy logic control Model

In Table 1, we take nine pieces of data for each data , , and . These nine data are fuzzy reasoning with three
gaussian membership functions, so there are also nine rules required. The explanation can be seen in Appendix
A. The preparation of fuzzy rules that connect input quantities and controller outputs is connected by the AND
operator, which means finding the minimum value of the input membership function. Then we will get the
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minimum value of the results and the output membership function as shown in Fig. 7. And the overall method

in this research is in the flowchart in Fig. 8.

Table 1. Data resulting from simulation processing in fuzzy logic indirect vector control

No. Aw ddw ig *
1 314 314 1143.9
2 313.91 -0.0087 13474
3 266.3 -0.0844  2309.8
4 262.56 -0.0743  2892.5
5 216.8 -0.0467  3639.2
6 200.02  -0.1525 4133.2
7 135.05 -0.13 4877.4
8 -0.825 -0.00014 5209.5
9 0.485 -0.00059 52134
' | C |
a h“"‘-,\ *' L7-
) N I T
]
- ] = |
: —] L1
9 | )/./""l | ),,.»""l

output = -2.49¢+05

Fig. 7. Membership functions fuzzy logic controller
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Fig. 8. Research system flowchart

3.  RESULTS AND DISCUSSION

v

Compare and analyze scalar controllers
winth conventional Pl controllers and
fuzzy logic confrollers

v

Analyzing rotor speed response,
slectromagnetic torque response,
and stator current response

In this research, a fuzzy logic indirect vector control simulation will be carried out on IM using the Takagi
Sugeno method with Matlab simulink, where fuzzy logic indirect vector control can be used as a solution to
reduce the response to changes in the dynamic performance of the motor as a PSR driver during bad weather

(Fig. 9).

3.1. Rotor speed response of the IM in state 1, state 2, and state 3

The simulation model of the rotor speed response characteristics of an IM is shown in Fig. 10. The
characteristic that can be seen in this figure is that there is a time comparison between the three controllers
which can be calculated from the rise time value and the settling time value. In the initial state when the IM
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rotates without load until it reaches a steady state value of rotor speed of 1421 Rpm, the IM with a scalar
controller has a rise time value of 0.16 second. Then for IM with PI controllers they have a rise time value of
0.137 second and IM with fuzzy logic controllers have a rise time value of 0.122 second. This comparison
shows that the IM with a fuzzy logic controller has a rise time value of 12.29% faster than the PI controller and
31.48% faster than the scalar controller. The characteristics of the settling time value for IM with scalar
controllers, PI controllers and fuzzy logic controllers are 0.24 second, 0.2 second and 0.18 second respectively.
The characteristics of this settling time value show that an IM with a fuzzy logic controller has 11.11% faster
time compared to a PI controller and 33.33% faster than a scalar controller. The results of this research are that
fuzzy logic which is used as a replacement controller for FOC can provide high dynamic performance such as
faster transient response as a result of faster computing time when compared to conventional FOC controllers,
which is comparable to research conducted by [3] .

Pulse Width Modulation

. Pl
* A Fuzz i ey *
™+ O Y 'y + y
—-O—| Logic |t &!!Eil...4.
- (Controlier - IIIII

*
@ =

Fig. 9. Fuzzy logic indirect vector control

Then in the second situation, this situation describes the scenario of disturbances originating from strong
gusts of wind of 350Nm, the decrease that occurs in the IM with a scalar controller, PI controller, and fuzzy
logic controller respectively is 1317 Rpm, 1382 Rpm, and 1393 Rpm. This also shows that the IM with a fuzzy
logic controller is able to withstand a decrease in rotor speed of 1.97% to the steady state value of rotor speed
of 1421 Rpm. The reduction value that occurs in an IM with a fuzzy logic controller of 1,97% is the smallest
reduction value when compared to the value of the reduction in rotor speed with a PI controller and a scalar
controller, whose values are 2.74% and 7.32% respectively.

In the third condition (Fig. 11) where the wind gust scenario is reduced by 150Nm, the rotor speed of the
IM increases. The characteristics of the increase in rotor rotation speed until it reaches steady state can be seen
from the settling time value. The settling time values for the scalar controller, PI controller, and fuzzy logic
controller are 0.94 second, 0.9 second, and 0.88 second respectively. From the results of the settling time
assessment, it indicates that the rotor speed response with the fuzzy controller is 2.27% faster than the PI
controller and 6.82% faster than the scalar controller.
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Fig. 10. Speed performance comparison of IM at state 1 and state 2
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3.2. Electromagnetic torque response of the IM in state 1, state 2, and state 3

In Fig. 12 shows an analysis of the electromagnetic torque response characteristics of an induction motor
with a scalar controller, PI controller and fuzzy logic controller. In the figure, the electromagnetic torque
response increases until it reaches a maximum value and then decreases until it reaches a steady state. In the
first situation when starting an induction motor with a fuzzy logic controller, the electromagnetic torque
response has a maximum value of 958 Nm with a time span of 0.013 seconds and then decreases to a value of
0.26 Nm to reach a steady state with a time of 0.22 seconds. The maximum torque value of an induction motor
with a fuzzy logic controller, namely 958 Nm, is 1.69% higher than the maximum torque value of an induction
motor with a PI controller, which is 942 Nm. Meanwhile, the steady state time value with a fuzzy logic
controller of 0.22 seconds is 7,27% faster than the steady state time value for a system using a PI controller
with a time of 0.18 seconds. This faster steady state time value is related to the computing time of the system.
The control system in this research uses three Gaussian membership functions with nine rules so that the
resulting computing time is faster. As one of the conclusions of this research, it is comparable to research
conducted by [8], where in this research the method used was comparing computing time with several number
of membership functions and the number of rules used.

Scalar control
P1 controller
Fuzzy logic controller

Torque electromagnetic (Nm)

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
time (sec)

Fig. 12. Electromagnetic torque (T, ) performance comparison of IM at state 1 and state 2
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Fig. 13. Electromagnetic torque (T, ) performance comparison of IM at state 3

Then in the second situation, when there is an increase in load due to strong wind gusts equivalent to 350
Nm, there appears to be a slight difference in the electromagnetic torque characteristics, a system with a fuzzy
logic controller experiences an increase faster than a system with a PI controller. In the first, second, and third
conditions as found in Fig. 12 and Fig. 13, the oscillations that occur in the system with the fuzzy logic
controller are smaller compared to the oscillations that occur in the system with the scalar controller. So, if this
is applied in real situations, an induction motor with a scalar controller will have noisy operations in its working
operation which is caused by quite large oscillations in the rotor.

3.3. Stator current response of the IM in state 1, state 2, and state 3

In Fig. 14 shows the stator current characteristics of an induction motor from initial starting to steady
state conditions. At the time of initial starting, the three stator currents reach a maximum value of 183.4
Amperes with a time span of 0.135 seconds to reach steady state with a value of 8.3 Amperes. The maximum
stator current value with a fuzzy logic controller of 183,4 Ampere is 11.8% lower than the maximum stator
current value with a PI controller which is 164.1 Ampere. Meanwhile, the steady state time value with a fuzzy
logic controller, namely 0.135 seconds, is 25% faster than the steady state time value with a fuzzy logic
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controller with a time of 0.18 seconds. In the steady state condition, each stator current obtained is 36 Amperes
with a scalar controller, 23.4 Amperes with a PI controller, and 22.2 Amperes with a fuzzy logic controller. So
if the results of this calculation are used as a comparison in percentage units, it is with the fuzzy logic controller
that the stator current is recorded at 38.3% lower than the scalar controller and 5.13% lower than the PI
controller.

Scalar cotrol -]
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Current Stator (Amp)

time (sec)

Fig. 14. Stator current (i, ) performance comparison of IM at state 1

and state 2
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Fig. 15. Stator current (i, ) performance comparison of IM at state 3
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In Fig. 14 which shows when there is an increase in load due to strong wind gusts and in Fig. 15 when
there is a decrease in wind gusts, both only show a slight difference in the characteristics of the stator current
between the system with the fuzzy logic controller and the system using the PI controller. When there is an
increase in wind gusts which is equivalent to an additional load of 350 Nm, the system that uses a fuzzy logic
controller has a stator current value which was initially steady state at 7.2 Ampere, increasing to 19.3 Ampere
in 1.54 seconds. Meanwhile, the system that uses a PI controller has a stator current value that was initially
steady state at a value of 7.2 Amperes, increasing to 21.2 Amperes. So the system that uses a fuzzy logic
controller has a stator current value of 9.9% lower than the system that uses a PI controller. This lower current
value shows that the fuzzy logic indirect vector control on the IM has a lower heat value, so this lower heat
value will result in more efficient consumption of electrical power. And with the Takagi Sugeno inference
method, it has the advantage of computational efficiency which can work well for nonlinear systems [16]. As
a correlation to the stator current, the total harmonic distortion (THD) is directly proportional to the stator
current where the fuzzy logic controller has the lowest THD value, namely 15.67% (Fig. 17) compared to the
scalar controller and the controller which are respectively equal to 24.96% and 21.97% (Fig. 16).

FFT analysis

FFT analysis
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Fig. 16. Total Harmonic Distortion (THD) in (a) scalar controller, (b) PI controller
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FFT analysis
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Fig. 17. Total Harmonic Distorsion (THD) in fuzzy logic controller

4. CONCLUSION

Based on this research, the results have been obtained that when strong gusts of wind occur, the IM with
a scalar controller experiences a speed decrease of 104 Rpm from the initial steady state value. To overcome
this problem, the fuzzy logic indirect vector control methodology in IM using the Takagi Sugeno method is
used to reduce the oscillation response faster and it can reduce the decrease in rotor rotation speed when strong
wind gusts occur. In this research, the results also showed that the dynamic response of the fuzzy controller
was faster when compared to the conventional PI controller. With the Takagi Sugeno inference method, it has
the advantage of computational efficiency which can work well for nonlinear systems, so it can be used as a
method in optimization systems. From some of the results of the discussion previously explained, it can be
concluded that the proposed controller, namely fuzzy logic indirect vector control on IM with the Takagi
Sugeno method, can significantly reduce the system oscillation response to be 6.82% faster when compared to
the scalar controller, and can reduce the decrease the rotor rotation speed when strong gusts of wind occurs is
1.97% of the IM steady state speed of 1421 Rpm. Future research efforts may be to develop artificial neural
networks, where this artificial neural network is to optimize fuzzy logic computing using the Takagi Sugeno
method.
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APPENDIX. A
In Table 1, we take nine pieces of data for each data Aw, dAw, and i, *. These nine data are fuzzy reasoning
with three membership functions, so there are also nine rules required. The explanation is as follows:
1. Data point Aw = 314, dAw = 314, and i, *= 1143.9
1.1. Making fuzzy sets and inputs
There are 2 fuzzy variables that will be modeled, namely:
- Aw consists of 3 fuzzy sets, namely N (Negative), Z (Zero), and P (Positive).
- dAwconsists of 3 fuzzy sets, namely N (Negative), Z (Zero), and P (Positive).

A. Variable Aw

To represent Aw variables, a Gaussian curve is used, a membership function:
—(x=0)?
f(x,0,c) =e 202 . Foru,y 0 =53.49; and ¢ = -0.8247; u,,, 0 = 53.49; and ¢ = 156.6; and
Uyp 0 =53.49; and c =314.
If Aw = 314 then the fuzzy membership value in each set is:

Fuzzy set N, f,,y [314] = 0.0000028 ; Z, [4,y7 [314] = 0.6034; and pt,,p [314] = 1

B. Variabel dAw

To represent dAw variables, a Gaussian curve is used, a membership function:
—(x=0)?
f(x,0,¢) =c 202 . For tg,no =53.39; and ¢ =-0.2413; pugnz0 =53.39; and c=156.9; and
Uawp 0 =53.39; and c =314.
If dAw = 0.00001679 then the fuzzy membership value in each set is:
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Fuzzy set N, [,y [314] = 0.0000030; Z, 4y, [314] = 0.6057; and P, j1,,p [314] = 1

1.2. Fuzzy operator aplication

First rule; [R1]if Aw is N and dAw is N then lq * = Xq; the operator used is AND, then:
ol = Upredikatr1 = Min (Uyy [314], Ugwn [314]) = (0.0000028; 0.0000030) = 0.0000028
Second rule: [R2] if Aw is N and dAw is Z then i, * = X,; the operator used is AND, then:
02 = Upredikatrz = Min (Uyy [314], Uawz [314]) = (0.0000028; 0.6057) = 0.0000028
Third rule: [R3]if Aw is N and dAw is P then lq * = X3; the operator used is AND, then:
03 = Upredikatr3z = Min (Uyy [314], Ugwp [314]) = (0.0000028; 0.9999) = 0.0000028
Fourth rule: [R4] if Aw is Z and dAw is N then Lq * = X4; the operator used is AND, then:
04 = Upredikatra = Min (Uyz [314], Ugwn [314]) = (0.6034; 0.0000030) = 0.0000030
Fifth rule: [R5] if Aw is Z and dAw is Z then [q * = X5; the operator used is AND, then:
05 = Upredikatrs = Min (Uyz [314], Ugwz [314]) = (0.6034; 0.6057) = 0.6034

Sixth rule: [R6] if Aw is Z and dAw is P then i * = X¢; the operator used is AND, then:
06 = Upredikatre = Min (Lyz [314], Lawp [314]) = (0.6034; 0.9999) = 0.6034

Seventh rule: [R7] if Aw is P and dAw is N then i, * = x7; the operator used is AND, then:
07 = Upredikatr7 = Min (Uyp [314], Ugwn [314]) = (0.9999; 0.0000030) = 0.0000030
Eighth rule: [R8] if Aw is P and dAw is Z then i * = xg; the operator used is AND, then:
08 =Upredikatrs= Min (Lyp [314], Uawz [314]) = (0.9999; 0.6057) = 0.6057

Ninth rule: [R9] if Aw is P and dAw is P then i, * = Xo; the operator used is AND, then:
09 =Upredikatro= Min (Lyp [314], Lawp [314]) = (0.9999; 0.9999) = 0.9999

1.3. Defuzzy
Defuzzy method used is a weighted average, obtained:
0.0000028.x; + 0.0000028.x, + 0.0000028.x3+...+0.9999.x9
Z= 0.0000028 + 0.0000028 + 0.0000028+...40.9999 “l
0.0000028.x; + 0.0000028.x, + 0.0000028. x3+...+0.9999. x4
2= 0.0000028 + 0.0000028 + 0.0000028+...4+0.9999

*
(25)
= 11439

After we get the 1st equation, in the same way, then we take the second data for the second equation, and up
to the ninth data for the ninth equation. We can summarize this analysis as:

2. Data point Aw = 313.91, dAw = —0,0087, and i, *= 1347.4

_0.0000028.x; + 0.0000028.x, + 0.0000028.x3+...+0.0000031. x9
= 0.0000028 + 0.0000028 + 0.0000028+...+0.0000031

= 13474 (26)

3. Data Point Aw =266.3, dAw =-0.0844, and i * =2309.8

_0.0000037.x, + 0.0000037.x;, + 0.0000031.x3+...+0.0000031. xg
Z= 0.0000037 + 0.0000037 + 0.0000031+...+0.0000031
4. Data point Aw = 262.56, dAw = -0.0743, and i, * = 2893.5
_ 0.0000052.x; + 0.0000052.x, + 0.0000031.x3+...40.0000031. x4
B 0.0000052 + 0.0000052 + 0.0000031+...40.0000031
5. Data point Aw =216.8, dAw =-0.0467, and i, * = 3639.2
_ 0.00025.x, + 0.00025x, + 0.0000029. x3+...40.0000029. x4
a 0.00025 + 0.00025 + 0.0000029+...+0.0000029
6. Data point Aw =200.02, dAw =-0.1525, and i, * = 4133.2

_0.00085.x; + 0.00085x; + 0.0000028.x3+...+0.0000028. xg
Z= 0.00085 + 0.00085 + 0.0000028+...+0.0000028

=2309.8 (27)

=2892.5 (28)

=2892.5 (29)

= 41332 (30)
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7. Data point Aw = 135.05, dAw =-0.13, and i, * = 4877.4

~0.00397.x; +0.0132x, + 0.0000028.x3+...+0.0000028.x9 4877 .4 31)
z= 0.00085 + 0.00085 + 0.0000028+...+0.0000028 - '

8. Data point Aw =-0.825, dAw =-0.00014, and i, * = 5209.5

0.9999.x; + 0.0133x, + 0.0000031.x3+...+0.0000030. xq
z= = 5209.5 (32)
0.9999 + 0.0133 + 0.0000031+...+0.0000030

9. Data point Aw = 0.485, dAw = -0.00059, and i, * = 5213.4

0.9997.x; + 0.0133x, + 0.0000031.x3+...+0.0000031. xq
z= = 52134 (33)
0.9997 + 0.0133 + 0.0000031+...+0.0000031

The nine equations above are then arranged into a matrix A.x = C, where:

A
r0.0000028 0.0000028 0.0000028 0.0000030 0.0132 0.0132 0.0000030 0.0132 0.9999
0.0000028 0.0000028 0.0000028 0.0132 0.0132 0.0000031 0.9999 0.0133 0.0000031
0.0000037 0.0000037 0.0000031 0.1221 0.0132 0.0000031 0.6719 0.0132 0.0000031
0.0000052 0.0000052 0.0000031 0.1396 0.0131 0.0000031 0.6287 0.0131 0.0000031
=1 0.00025 0.00025  0.0000029 0.5296 0.0131 0.0000029 0.1907 0.0131 0.0000029
0.00085 0.00085  0.0000028 0.7184 0.0131 0.0000028 0.1024 0.0131 0.0000028
0.0397 0.0132 0.0000030 0.9221 0.0132 0.0000030 0.0037 0.0037 0.0000030
0.9999 0.0133 0.0000031 0.0132 0.0132 0.0000031 0.0000030 0.0000030 0.0000030
L 0.9997 0.0133 0.0000031 0.0141 0.0133 0.0000031 0.0000035 0.0000035 0.0000031-
X = [x1 Xy X3 X3 X5 Xg X7 Xg xg]T
C=1[11439 13474 2309.8 28925 3639.2 4133.2 48774 52095 5213.4]"
Ax=C>x=A"1¢C;
X
=[4.343e + 04 —5.978¢+05 —291.9 -7609 2.027e+05 2039 2.699e+ 04 —4.028e+ 05 2.544e + 04]"
X1 = MF1 = 4.343e + 04 Xg4 = MF4 = —-7609 X7 = MF7 = 2.699%¢ + 04
Xy = MFZ = —-5.978e+5 X5 = MFS = 2.027e + 05 Xg = MF8 = —4.028e + 05
X3 = MF; = —291.9 Xg = MFg = 2039 Xo = MFy = 2.544¢ + 04
APPENDIX. B

To initialize the simulation model, a three-phase induction motor is used following the following specifications:
Power motor : 5 Hp; terminal voltage: 220 Volt; number of poles: 4; frequency: 60 Hz

Dc current test, V. = 13.8 Volt; I;. = 13.0 Amp.

Blocked Rotor Test, Vy,,. = 23.5 Volt; I, = 12.9 Amp; Py, =469 Watt; £ =15 hz; Slip =S =5.3% = 0.053.
After carrying out calculations to determine the characteristics of the induction motor, it is obtained
1,=0.5308 Q; r',= 0.4146 Q; X;,=0.2365 Q; X';,= 0.2365 Q; X,,=32.3639 Q

NOMENCLATURE
s stator resistance H inertia constant
T rotor resistance lasVas  stator d-axis current dan voltage
T.  torque electromagnetic  iamVar rotor d-axis current dan voltage
T, load torque lgs:Vqs  Stator g-axis current dan voltage
X5 stator leakage reactance iqrVer  rotor g-axis current dan voltage
X'y rotor leakage reactance  J inertia of motor
Xm  magnetizing reactance Ly stator self inductance
ALY flux linkage L' rotor self inductance
@,  nominal speed rad/sec Ly mutual inductance
w-  rotor speed rad/sec P number of poles
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