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Fuzzy logic controller has been the main focus for many researchers and
industries in motor drives. The popularity of Fuzzy Logic Controller (FLC) is
due to its reliability and ability to handle parameters changes during load or
disturbance. Fuzzy logic design can be visualized in two categories,
mamdani design or Takagi-Sugeno (TS). Mamdani type can facilitate the
design process, however it require high computational burden especially with
big number of rules and experimental testing. This paper, develop Self-
Tuning (ST) mechanism based on Takagi-Sugeno (TS) fuzzy type. The
mechanism tunes the input scaling factor of speed fuzzy control of Induction
Motor (IM) drives Based on the speed error and changes of error. A
comparison study is done between the standard TS and the ST-TS based on
simulations approaches considering different speed operations. Speed

TS response characteristics such as rise time, overshoot, and settling time are
compared for ST-TS and TS. It was shown that ST-TS has optimum results
compared to the standard TS. The significance of the proposed method is
that, optimum computational burden reduction is achieved.
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1. INTRODUCTION

Fuzzy logic control has attracted an intensive attention in the field of motor drives [1], whether in
speed control [2] or current control [3]. It has been a reliable alternative of the proportional integral
controllers, due to its capability of handling non-linearity and uncertainty [4].Various researches have proved
the optimum performance of fuzzy logic controllers in comparison to conventional controllers [5], [6].

The workability of fuzzy logic is achieved in identical manner to human behavior. Fuzzy system
takes inputs as classical data and converts them into fuzzy data. Finally the data is process to obtain the
desired output based on a set of designed rules [7]. There are two popular type of fuzzy interface system 1)
mamdani [8] and 2) Takagi-Sugeno [9]. Mamdani fuzzy type is widely used by many researchers. [10]. [11],
However, increasing the computational burden can be a big issue especially when designing big number of
rules for experimental testing. This problem can be minimized by using TS type with the same number of
rules and functionality.

Many studies have utilized TS fuzzy type to control the IM drive system [13]-[15] .The main feature
of the TS is that singleton output membership MFs can be used. Most of the studies related to induction
motor drives utilize TS fuzzy type as speed control [16] or as tuning tool for other fuzzy type [12]. The
effectiveness of self-tuning fuzzy type has been discussed by masiala [12]. The proposed system utilized
combination of mamdani and TS Fuzzy type system. Mamdani fuzzy is applied to the main speed control
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while the TS fuzzy applied to the tuning mechanism. The system utilizes TS fuzzy with 25 rules to achieve
better performance and reduce the computational burden on the hardware.

There is a lack of studies of utilizing the TS type as speed control of induction motor drive and tune
it with the same TS type. However, a study [17] has proposed a self-tuning ST based on TS fuzzy type for
process performance improvement. The study has discussed in general the implementation of Self-Tuning
Takagi-Sugeno (ST-TS) to tune a Takagi-Sugeno fuzzy type considering a general process system. However,
the proposed system applied to the First Order and Second order with delay time transfer function. The
effectiveness of the proposed controller applied to the higher order system such as IM drive system is still
undiscovered.

This paper aims to utilize the features of TS fuzzy type in reducing the computational burden. The
TS fuzzy type are applied to the main speed controller and Self-Tuning mechanism. The Self-tuning
mechanism is used to tune fuzzy the input scaling factors. Any variation of on the speed error will be
compensated by the ST mechanism to update the scaling factors to adapt to the system variations. This
approached is aimed to achieve optimum computational burden reduction achieved and beneficial especially
for real experimental test.

The paper divided into five sections, section | review the fuzzy logic control in IM drive system and
discusses the effectiveness of TS fuzzy type. Section Il, presents the mathematical modelling of the IM drive
system along with associated equations .Section Il focus on the design producers of Takagi —Sugeno (TS) as
well as the Self-Tuning Takagi-Sugeno (ST-TS) along with corresponding membership functions and rule
bases. Section IV presents the simulations results of comparison between the Standard TS fuzzy and the self-
tuned ST-TS fuzzy. Lastly, section V conclude the of the study and highlighted the main finding obtained.

2. INDUCTION MOTOR MODEL

The induction motor is mathematically modelled and can be represented in various reference frame.
Different references frame of induction motor is discussed in [18], [22]. Figure 1 shows the simplified
equivalent g-axis and d-axis circuit of squirrel cage induction motor in rotary reference frame [20].
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Figure 1. Equivalent circuit of induction motor in rotary reference frame (a) g-axis frame, (b) d-axis frame

Referring to the equivalent circuit of induction motor represented in Figure 1, voltage in g-axis and
d-axis of rotor and stator can be expressed as follow:

Vo = Ll + L (i 1) (b
. dy
Vs = Rlgs + =+ W g )
dt
V.. =R +dw"5+a)ly 3)
ds s'ds dt et ds
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Vqr = Rriqr ot 4)

V, =Ry, + d(‘;’tdf + (@, — @)y ®)
And Vqr ,Vdr =0 and the flux equation as follow:

Wes = Lislgs + Ly (g, + (6)
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ds I‘Islds + I‘m(lds + Idr) 8
The electromagnetic torque can be expressed as follow:

_3PL,

e 2 2 L (l//dr as l//quds) (9)

The number of induction motor poles is represented by P, once the vector control is achieved d
frame of rotor side is zero. Hence, the motor torque is controlled by g frame of stator side as modelled in
equation 10:

3PL :
T =2l oy,
e o9 L (l//dr qs) (10)

T

The full drive system of induction motor is presented in Figure 2. The system consists of speed
controller, phase conversion, hysteresis current controller, inverter, motor and encoder.
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Figure 2. Induction motor drive based Hysteresis current controller

The FOC drive system presented in Figure 2 is based on hysteresis current controller [21]. This is
due to its simple structure, fast response and good accuracy. The inverter pulses are generated by utilizing
hysteresis band. The speed controller is designed using fuzzy logic controller. The speed error between actual
motor speed and reference speed are processed through speed controller to produce the torque current
reference current ig*. The ig* current is gathered with constant id* and transformed into three phase
quantities. These three phase quantities are the reference currents which are then compared with the three
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phase actual motor currents. The resultant of the comparison between the actual and reference currents is
then fed into hysteresis current controller to generate the required switching pulses for the three phase
Voltage Source Inverter (VSI)[19], [23].

3. SPEED CONTROLLER DESIGN

The fuzzy logic controller utilized as speed control which take two input (error and change of error)
and process them to produce the output signal .There are three steps in fuzzy logic controller, fuzzification
which convert the crisp data into fuzzy data or MF. Interface engine will combine the MFs with designed
fuzzy rules to obtain the fuzzy output. Lastly the defuzzification will convert back the fuzzy data into crisp
output data. Figure 3 shows the block diagram of fuzzy logic controller steps. There are two type of fuzzy
interface system (FIS), mamdani or Takagi-Sugeno (TS). TS fuzzy applied a singleton MFs for the output
fuzzy. The advantages of this TS fuzzy type self-tuning controller are to reduce the computational burden of
the controller. In the following section, the design process for ST mechanism will be further discussed.

Knowledge Base

Fuzzifier Interface engine Defuzzifier

Process

Figure 3. Fuzzy logic block diagram

3.1. Standard Takagi-Sugeno (TS) Design

The standard TS is same as mamdani type for the input variables. For induction motor two inputs
fuzzy with linear MFs and one output fuzzy with constant MFs. For each input and output there is a scaling
factor to adjust the factor. Figure 4 presents the block diagram of fuzzy logic controller utilized for speed
control of induction motor. Two input variables speed error (e) and change of speed error ( Ae) which need to
be converted into fuzzy variables (fuzzification), then the interface engine combines the fuzzy rules with the
MFs of the variables to produce the fuzzy output. The defuzzification process convert back the fuzzy
variables to crisp variables utilizing fuzzy rules and singleton output MFs.

Fuzzy

Pre-proceessing Processing Post-proccessing

w

Figure 4.Standard TS for IM drive

In the preprocessing part, the crisp inputs of the speed error, e and its change of speed error Ae are
converted into to their corresponding fuzzy variable and they are defined as:
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e(k) = G,(w," (k) — w,(k)) = G, (k) (11)

(e(k)—e(k—-1)
Ts

Ae(k) = G, (12)

From the above equation, @r * and or stand for reference and actual speed respectively. Meanwhile,
(k) and (k-1) represent the current and previous state of the error. Ts represents for the sampling time. The Ge
and Gce denote the error and the change of error gain scaling factor. The maximum Ge gain is determined to
cover the rated speed using the following equation.

G, =— (13)

¢ o med

Where, w, max IS the maximum error for the rated speed operation to ensure high enough gain
applied to cover the rated speed operation and normalized the input value. For the change of error gain, Gcee
and output gain, Gecu the membership function range opted to fit the rated speed operation. The membership
function for error (e) and change of error Ae and incremental output gain, cu are presented in Figure 5. Seven
membership functions are utilized for the inputs e and Ae while 7 singleton membership functions are utilized
for the output. Universe of discourse for input is decomposed into seven fuzzy MFs for input ranging from
Negative Big (NB) into Positive Big (PB). While for the output seven singletons (constant) MFs are selected
which implies the feature of Takagi-Sugeno (TS), fuzzy type. This can minimize the execution time of the
fuzzy system.

N NB NM NS ZE Ps M -
9 E,CE
h 0.75 0.5 0.25 0 0.25 0.5 0.75 1
NBE NM NS ZE PS PM PB
1
Cu
T 075 05 -0.25 0 0.25 0.5 0.75 1

Figure 5. Inputs and output membership functions variable design 49 rules

The 7x7 mambership functions matrix results in 49 fuzzy rule set. The fuzzy rules sets designed are
presented in Table 1 for 49 rules. The rules are developed using TS-type fuzzy inference. The rules are
interpreted based on the tables for the rules design using Fuzzy Logic Tools Matlab.

Tablel. Fuzzy Rule (49)

k\ NB NM NS ZE PS PM  PB

Through defuzzification, the output current Ig* is calculated using the following equation

I (k) = 1+, (k= 1) + Geu(alq(k)) (14)

The scaling factor for the fuzzy designed are manually tuned to obtain the optimum performance for
the Gce value. While Ge value is constant based on the maximum speed error calculation. Lastly, the Gcu
value is set to 1.
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3.2. Self-Tuned ST Design (ST-TS)

The previous section discussed the design process of standard TS fuzzy or fixed gains fuzzy. It was
observed that the value of output gain (Gcu) is fixed which make the system unable to adapt online with any
changes occurs. The proposed Self-Tuning mechanism (ST-TS) focused on tuning the input scaling factors
which enable the input scaling factors Ge and Gce to adapt online in accordance to the process changes for
performance improvement. Two fuzzy system have been designed to tune the inputs scaling factor. Figure 6
presents the block diagram of the proposed self-tuning mechanism.

Rule
base(a )

Figure 6. Proposed Self-Tuning (ST_TS) mechanism

As discussed earlier, the proposed ST-TS to tune the inputs scaling factors by designing the rules
defined in terms of e and Ce for updating the scaling factors. Self-tuning method basically means that the
self-tuning of input gains based on error and change in error. According to this ST mechnasim, the input
scaling factors can be computed by utilizing the following equations:

E (k)=(a.Ge).e(k)
Ce (k)=(B.Gce)Aek)

o and B are the updating factors which used to continuously adjust the inputs scaling factors Ge and
Gce based on the errors and change of errors. Hence, the inputs scaling factors are varied and adjusted online
with any changes to the system accordingly. The membership function for a and B are presented in Figure 7.

E,CE

-0.25 0 0.25 0.5 0.75 1 1.25 1.5

vB

E,CE

1 2 . 3 4 5

Figure 7. Membership function for updating factors a,

4.  SIMULATION RESULTS

MATLAB/SIMULINK environment has been utilized to develop the fuzzy system as well as to
model the IM drive system. Two different algorithms have been designed which the standard Takagi- Sugeno
(ST) and Self-Tuning Takagi-Sugeno (ST-TS). Both methods tested under different speed operations and
subjected to load. 49 rules fuzzy were utilized through all the testing .The advantage of ST-TS is producing
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lesser computational burden utilized due to the singleton output membership functions. In addition, ST-TS
system is able to increase the accuracy of the system performance.

4.2. No-load Operations
The speed performance of TS and ST at 400,900 and 1400 rpm with no load is presented in Figure
8, 9, 10 respectively. The selected speed ranges cover from low to rated speed operations.

Speed Speed
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Figure 8.Speed response at 400rpm Figure 9. Speed response at 900rpm
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Figure 10.Speed response at 1400rpm with close up view

Figure 11 shows the phase A output current for the both controllers at 1400 rpm with maximum
current at starting 10A. In addition, the torque output of TS and ST-TS are compared and presented in Figure
12, in which the ST-TS is better than TS with lesser torque ripple. Both torque and current performance
shown typical correlation between torque, current and speed bahaviour of motor drive system. Thus,
validated the simulation system developed.The performance analysis for the two algorithms in terms of rise
time, settling time and overshoot for the speed response in reverse and forward operation is presented in
Table 2. The speed performance analysis shows that, ST-TS is superior in term of rise time, settling time as
well as percent overshoot. The ST-TS overshoot with only 15 rpm beyond the reference while TS overshoot
with 49 rpm beyond the reference.

\ Current Torque

l "[=Ts-Tuned 40 ' ' ' !
—TS

—TS
—TS-Tuned| |

20r

Amplitude
, Amplitude

0.95 1 105 L1 115 12 -40 ’ ’ : :
Time (seconds) 0 2 #ime (seconds? 8 X
Figure 11. Output of phase a current Figure 12. Torque output
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4.2. Loaded Operation

A load was applied to the system to observe the reliability of the controllers and their stability to
changes in terms of speed, currents as well as torque produced. The speed response at 1400 rpm with load
applied is presented in Figure 13.

Speed with load

2000 T 0
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-2000; 2 8 10

4Time (secondGS)
Figure 13. Speed response at 1400rpm with load
The ST-TS speed has speed drop of 24 rpm in 0.51s before return to its steady state condition, while

the TS speed dropped is 35 rpm with recovery time of 0.56s.The phase A output currents and torques during
load are presented in Figures 14 and 15 respectively.
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Figure 14.Currents response with load Figure 15.Torques response with load

5. CONCLUSION

In conclusion, this paper presented a comparative study between standard fuzzy logic and Self-
tuning fuzzy logic based on Takagi-Sugeno fuzzy interface type applied to the speed control of induction
motor drive. Takagi-Sugeno (TS) is fuzzy type that utilizes singleton output membership function and
reduces the fuzzy computational burden. Speed, torque and currents performance have been compared for
two controllers in terms rise, settling time and percent overshoot. In all cases, ST-TS controller showed
superior performance due to its ability to adjust the input scaling factors online in accordance to variations in
speed error and change of speed error of the system.

APPENDIX A: INDUCTION MOTOR PARAMETERS
Vs (rated)=380V,fs(rated) =50Hz,P(poles)=4,or (rated)=1400,Rs=3.45, Rr=3.6141, Ls=0.3252H,
Lr=0.3252H, Lr=0.3117H, J=0.3252H=0.02kgm"2
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