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Abstract: The dynamic performance of speed control of an induction motor has been known to
be very sensitive to unavoidable disturbances such as unbalanced input supply and variable load
torque. The effect on the controller performance further impacts the dynamic speed response and
Total Harmonics Distortion (THD) of the system. Having a speed controller with good dynamic
performance response, reliable handling of disturbances, high system efficiency, and low THD
values is crucial in induction motor drives but challenging to accomplish. A matrix converter
could potentially address the issues due to its reliability and efficient properties. In this paper,
the Fuzzy Supervisory Controller (FSC) is embedded in a scalar control matrix converter fed
induction motor drive with Indirect Space Vector Modulation (ISVM) to produce a reliable
control system with improved dynamic performance. Reliability is evaluated by introducing
voltage imbalance on the input and output sides of the motor drive. Based on the results of this
work, the proposed controller can produce reliable speed control with good dynamic
performance, work well under disturbances, and minimize current and voltage THD levels.
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1. Introduction

Induction motors continue to be an interesting topic that attracts many researchers and
practitioners around the globe due to their prevalent uses in industrial applications as well as
electric vehicles [1], [2]. Issues that are often discussed in induction motor research include
controller response performance improvement, disturbance rejection capability, power quality
enhancement, and power electronic drive method. For the power electronic aspect of the
induction motor drives, there are several important criteria such as high-efficiency, provision of
4-quadrant motor operation, and ability to mitigate various disturbances [3], [4]. Induction
motors generally operate with a three-phase system which inherently has several types of
disturbances that can interfere with the performance of control systems and drives. These include
unbalanced input and output voltages [5], unbalanced output loads [6], nonlinear loads [7],
differences in input and output frequencies [8], circuit switch failures [9], and non-sinusoidal
waveform distortion on the input or output side [10]. Therefore, when designing a reliable
induction motor drive system, all non-ideal conditions should inarguably be taken into
consideration

When controlling the speed of an induction motor, the performance of the speed controller
will not only greatly affect the dynamic response performance, but it will also influence the
harmonic content of the motor drive system [11]. The variation of Total Harmonic Distortion
(THD) values are an indirectly effect of speed control techniques that used in induction motor
drive. The correlation between speed control and THD values begin with the stator current
compiler with the af reference frame, which is highly dependent on the rotor angular velocity
(wr) [12], while the formulation of current THD is composed of the magnitude of the stator
current value. The harmonic content of the motor drive system may reduce the supplying electric
power system power quality which may further have very dangerous consequences [13].
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Among power electronic converters used for induction motor drives, matrix converters have
been known to have simple but robust hardware on the supply and load sides. The matrix
converter with the vector modulation method offers the benefits of reducing the output current
ripple [14], ability to select appropriate vectors based on reference voltage and current [15],
eliminating commutation switch faults [16], providing power factor close to unity [17],
improving voltage transfer ratio [18], reducing losses in switching devices [19], and operating in
four quadrants [20]. This method could also be used for speed regulation applications. However,
because the variable voltage frequency is determined by a single-stage conversion switch causing
this method to have high complexity. In induction motor speed regulation applications, matrix
converters require constant changes in the frequency and voltage ratio (scalar control) [21], [22].
This technique is the simplest, most powerful, easiest to use, and effective.

Despite the ability of the conventional control system to work well for the speed regulation
of induction motors [23]. However, it suffers from the drawback of having constant control
variables even when the operating system parameters change [24]. To overcome this issue,
another controller was studied and developed that functions as a conventional control supervisor
based on plant characteristics with the task of manipulating multivariable input and output to suit
changes in the controlled plant. The study further implicates that the combination of fuzzy logic
control and proportional-integral (PI) control into FSC will provide an improved solution.

Based on the aforementioned studies, this paper discusses the FSC control system application
for matrix converter in induction motor speed drives which can span four operating quadrants,
diminish THD value, and can provide reliability by overcoming supply and load disturbances.
The overall work is done on the MATLAB Simulink platform to test and validate the proposed
induction motor drive system.

2. Matrix Converter Drives
A. Topology

The nine switch matrix topology (3x3) is the basic topology of the matrix converter that
connects the three-phase voltage source from the grid to the load of the three-phase induction
motor. Two-way power flow by directly connecting the system input and output voltages as
illustrated in Figure 1 [25]. The switching determination is determined from the bidirectional
switch configuration in the hardware and can be used to determine the power losses of the
converter. The configuration that is often used is the common emitter. The power losses mainly
consist of switching and conduction losses of IGBT/MOSFET and diodes.
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Figure 1. Input Filters Built into Bidirectional Three-Phase Matrix Converter Topology.
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AC to DC conversion (rectifier) and DC to AC conversion (inverter) are elements of the two-
stage AC to AC conversion in conventional methods. Changing DC waveform to AC waveform
is easier than changing AC waveform and frequency to a different waveform and frequency
being the cause of this method being widely used. The two-stage method, however, translates to
larger losses than the one-stage counterpart due to the losses generated from the two converters.

B. Indirect Space Vector Modulation

The Space Vector Modulation (SVM) is the technique used to control the switching
combination in the matrix converter. Another technique called the ISVM is defined as an
equivalent circuit that combines a current source rectifier and a Voltage Source Inverter (VSI)
connected via a virtual DC link as illustrated in Figure 2. The inverting stage has six switches as
is a typical three-phase voltage source topology, S7 to S12, and the level rectifier has the same
power topology as the other six switches, S1 to S6. The possible states of the switch and the
appropriate current and voltage space vectors are determined based on the 27 switches
combinations.

S1 ) S3) S5 S7 ) S94S11
Three
Three | Phase
Phase V DC Modulation Induction
Supply l Motor
sz} 54} 56} S8 wﬁlO\[ S12
Rectifying Inverting
Stage Stage

Figure 2. Equivalent Circuit of ISVM

The input voltage vector processes the three-phase output voltage of the matrix converter,
while the output current vector processes the input current setting. The magnitude of the three
phases is transformed into the aff-axis which is used to calculate the amplitude of | mag | and
the reference angle 6. Whereas, the amplitude | mag | and the reference angle 6 are separated
into 6 vectors of voltage and current. The determination of the value and angle of a sector is
calculated by the amplitude and angle values of the currents and voltages. On / off switches of
various combinations of voltage and current sector are determined from the sector value. Based
on the process, the ISVM technique can decrease switching losses in the power converter [26].
The ISVM utilizes a reference output voltage (V") and a reference input current (/") which are
determined using the vector approach [27]. Equations (1)-(4) are used for the output voltage
reference of the voltage source inverter.

Vo* = daVa + dBV/g (1)
dg == mysin(; - 6,) @
T .
dg = 75 = mysin(6y) 3)
0<my <1 my =25 (4)
Vbc

Where d is the voltage duty cycle in @ff-axis, V is the output voltage in af3-axis, my, is the
voltage modulation index, and T is the switching time, T, is the a-axis time period and Ty is the
time period of fS-axis. ) is the voltage sector angle. The reference input current of the current
source rectifier are expressed in (5)-(8) [27].
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I} =d,l, +dsls ®)
T .

d, = F: = mcsm(g -60) 6)

ds =2 = mcsin(8c) ()

i ®)

Ipc
Where d is the current duty cycle in yd-axis, I is the input current in y§-axis, m. is the

current modulation index, and Ty is the switching time, T, is the y-axis time period and Ty is the
§-axis time period. 6, is the current sector angle.

OSmcgljm(;:

3. Fuzzy Supervisory Scalar Control

There are two methods of induction motor drives: scalar control and vector control. Scalar
control is an interesting research issue because of its ease and robustness which can produce a
minimum steady-state error. The scalar control does not require an induction motor model in
electric driving, and so it is widely used in motor speed regulation without a decoupling process.
Furthermore, conventional control systems have often been adopted by researchers to work in
conjunction with the scalar control of three-phase induction motors because they are both proven
to be effective techniques. The scalar method can be stated in (9) [28].

v,
U= LK, 9)

where ¥, is the magnetic field in the air gap, V, is the maximum voltage, and K, is the ratio of
V, to frequency f.

The control method for producing constant v/f as given in (9) uses slip regulation that is
illustrated in Figure 3. The reference speed (wref) compared to actual speed (w). The result of
the speed error (e), feeds to the speed control which can represent the converter voltage and
frequency. FSC combined control is used as a speed controller. The slip value setting is needed
so that the motor slip frequency does not exceed the limit of the motor operating quadrant. This
way, it achieves stable operation close to the desired reference value and dynamic speed
performance. The velocity error value is further used to represent the reference slip frequency
(wsl). This wsl signal is added to the actual motor speed (w) to determine the converter reference
frequency (f). The branching of this signal enters the v/f ratio which results in the converter’s
reference voltage (v). The v/fratio represents the voltage gain at low frequencies to keep the flux
in the motor air gap constant.

d/dt]
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Figure 3. Diagram block Fuzzy Supervisory Scalar Control (FSSC) matrix converter drives a
closed-loop system

Due to the physical construction of induction motors, their operation must follow certain
operating standards which are typically labeled as their nominal ratings. These rating values must
be considered when designing an induction motor drive. One such consideration is motor
efficiency which in motor drives is strongly tied to the harmonic content of the system especially
for operations outside the rating. Related to this, the choice of the motor drive control is important
due to the direct impact on the level of harmonics or THD produced. This correlation is based
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on the formulation of the rotor angular velocity (w,-) by modeling a three-phase induction motor
which is shown (10) [29].

d L : : 1

% = ﬁ (l‘Urals/? - l‘Urﬁlsa) - 7t0 (10)

In (10), one of the constituents for the rotor angular velocity (w,) is determined from the
stator current with aff reference frame. Meanwhile, the constituent components of the THD
calculation consist of the sum of the current In values (in this case the stator current) which is
shown in the (11) [30].

«’211\1]:21721
THD, = (11)

1
The fuzzy logic controllers are frequently used as an alternate controller because of the ease

with which they can represent the plant state to language or orally in managing and processing
system information. Fuzzy logic controllers are also known for their reliability in overcoming
systems with parameter uncertainties [31]. Additionally, since control complexity increases
when used to control complex or non-linear systems, it is less efficient to design and tune controls
manually. Hence, with the combined control of fuzzy logic and conventional control, the system
can tune the controller automatically.

The input of the fuzzy logic controller is the difference in the reference speed and the speed
sensor feedback (e) and the difference in the error value (Ae). The velocity error as a fuzzy input
is kept at zero to equal the reference speed. Moreover, the process in fuzzy logic which consist
of fuzzification, fuzzy rules, and defuzzification illustrated in Figure 4.

I
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ey oy
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Figure 4. Fuzzy Supervisory Control Structure.

Input fuzzification or membership function (MF) has a vital role that determines the degree
of membership for each state transition phase. The membership function is a curve that indicate
the mapping of input data points into their membership values (often mentioned to as
membership degrees) which have intervals between 0 and 1. Using seven triangular-shaped
functions as input membership functions results in better detection of input states. Two inputs
used are the error value (e) and the error change (Ae) for each of the corresponding output
parameters Kp and Ki. The triangle membership function converts these values into the
corresponding fuzzy values.

The basic idea of the fuzzy inference system is to incorporate human knowledge into IF-
THEN fuzzy set rules. The rules are defined after simulation and the fuzzy type Mamdani
Inference Engine is used to map the input to the appropriate output. Furthermore, the input from
the defuzzification process is a fuzzy set got from the configuration of fuzzy rules, while the
resulting output is a number in the field of the fuzzy set.

The output side of Kp uses the Gaussian function which is selected based on the functioning
characteristics of its parameters. Defuzzification which converts the fuzzy output from the rule
base into linguistic parameter values that affect the PI controller. The linguistic variables used
are PS (Positive Small), PM (Positive Medium), PB (Positive Big), ZE (Zero Error), NB
(Negative Big), NM (Negative Medium), and NS (Negative Small).

As a result, the fuzzy supervisor has the expert to determine and conclude the PI control
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parameter effect values according to input conditions based on the rule-based inference system.
Therefore, the PI control parameters can be more flexible referring to the error state that is zero.
The MF fuzzy Mamdani type parameter design setting is based on the control algorithm shown
in Figure 5, which has two inputs ((e) and (Ae)) and two outputs (parameters of Kp and Ki). The
Fuzzy Inference System (FIS), membership function, and rules appearance are shown in Figure
6, respectively. All this works is done through MATLAB.
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Figure 5. FSC Matrix Converter Diagram Block.
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If {error is nm} and (derror is nm} then (kp is bj(kiis s} (1)
If (error is nb) and (derror is nm) then (kp is b)kiis s) (1)
If {error is nb} and (derror iz ns) then (kp is b)(kiiz =) (1)
If (error is nb} and (derror is ze) then (kp is b)(kiis ) (1}
If (error iz nb) and (derror is ps) then (kp is B)(kiis 8) (1)
If {error iz nb) and (derror is pm) then (kp is bjikiis 5 (1)
If {(error is nb} and (derror is pb) then (kp is b)(kiis ) (1}
If {(error is nm) and (derror is nb) then (kp is 8} (1)
9. If (error iz nm} and (derror is nmj then (kp is b} (1}
10. If (error iz nm} and (derror iz ng) then (kp is b)(kiis ) (1}
11. If (error iz nm}) and (derror iz ze} then (kp is b)(kiis s) (1}
12. If (error iz nm}) and (derror iz pg) then (kp is b)(kiis ) (1}
13. If (error iz nm}) and (derror iz pm} then (kpis B) (1)
14, If (error iz nm} and (derror iz pb) then (kp is s) (1}
5. If {error iz ns) and (derror is nb) then (kp is s)j(kiis b) (1)
16. If (error iz ns} and (derror iz nm} then (kp is 8) (1)
17. If (error iz ns} and (derror iz ng) then (kp is b) (1)
18. If (error iz ns) and (derror iz ze) then (kp is bj(kii= 3) (1)
19. If (error i ns) and (derror is ps) then (kpis b} (1}
20. If {error iz ns) and (derror is pm) then (kp is 8) (1)
21. If (error is ne) and (derror is pb) then (kp is sj(kiis b} (1)
22, If (error is ze) and (derror is nb) then (kp is sjikiis B) (1)
23. If (error is ze) and (derror is nm) then (kp is sh(kiis b} (1}
24. If (error is ze) and (derror is ns) then (kp is 8) (1)
25. If (error is ze) and (derror is ze) then (kp is b} (1)
28. If (error is ze) and (derror is ps) then (kp is 8) (1)
27. If (error is ze) and (derror is pm) then (kp is s)(kiis b) (1}
28. If (error is ze) and (derror is pb) then (kp is s)(kiis b) (1)
29. If {(error is p=) and (derror is nb) then (kp is sjikiis B) (1)
30. If (error is pg) and (derror is nm}) then (kp is ) (1}
31. If (error iz ps) and (derror iz ns) then (kpis b) (1}
32. If (error is ps) and (derror is ze) then (kp is bj(kiis s} (1)
33. If (error is ps) and (derror is ps) then (kp is b) (1)
34, If (error iz ps) and (derror iz pm) then (kp is 8) (1)
5. If (error is ps) and (derror is pb) then (kp is s)kiis b) (1)
35. If (error iz pm}) and (derror is nb) then (kp is 8) (1)
37. If (error iz pm}) and (derror iz nm} then (kp is B) (1)
38. If (error iz pm}) and (derror iz ng) then (kp is b)(kiis ) (1}
39. If (error iz pm}) and (derror iz ze) then (kp is b)ikiis ) (1}
40, If (error iz pm}) and (derror iz pg) then (kp is b)(kiis ) (1}
41, If (error iz pm} and (derror is pm) then (kp is b) (1)
42 If (error is pm) and (derror is pb) then (kp is 8} (1)
43, If (error iz pb) and (derror iz nbj then (kpis bj(kiis s) (1)
44, If (error is pb) and (derror is nm}) then (kp is b)(kiis ) (1)
5. If (error is pb) and (derror is ns) then (kp is b)(kiis ) (1)
45, If (error iz pb) and (derror is ze) then (kp iz bj(kiis 8) (1)
47, If (error is pb) and (derror is ps) then (kpis by(kiis s) (1)
43. If (error is pb) and (derror is pm} then (kp is b)(kiis 8) (1)
43_If (error iz pb) and (derror is pb) then (kp is bi(kiis ) (1)

(d)
Figure 6. Fuzzy System (a) FIS Editor (b) Membership Function Kp (c) Membership Function
Ki (d) Rules of FSC.

= m ook w MR

4. Analysis

As explained above, the 3x3 matrix converter drives without output filter were designed and
modeled through computer simulation with parameters such as input voltage supply and motor
capacity as shown in Table 1. Since the matrix converter is a direct AC—AC converter, the source
waveform will greatly affect the output waveform especially when connected to a non-linear
load such as a three-phase induction motor. Therefore, knowledge of how the matrix converter
drive responds under three-phase source-side and load-side disturbances will be important to
understand the complete operating behavior of the drive.

Source side disturbance in the form of unbalanced input voltage has been known to increase
the THD levels in the input current and the output voltage of the motor drive converter. This
occurs since additional frequency components beyond the fundamental component appear in the
input current and output voltage waveforms as evident by the distortion of the waveform from
the ideal sinusoidal shape. The presence of harmonics will further degrade the input power factor
of the drive system. Therefore, evaluation of the impact of unbalanced source disturbance to
THD input current (THD;,,), output voltage (THDy ), and output current (THDy,,,;) will also
be important in understanding the operating behavior of the matrix converter for motor drive. As
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part of this study, tests were carried out in a wide range of operating quadrants of the motor. In
particular, tests that introduced a three-phase source with phase A under 10% nominal voltage,
equivalent to the amplitude of 279.9 V, were conducted.

Table 1. System Parameters.

Parameters Values
Line-to-line input voltage (V1I) 311V
Frequency (f) 50 Hz
Output power (Pout) 4 kW
RMS voltage (Vrms) 400 V
Stator resistance (Rs) 1.405 Q
Rotor resistance (R1) 1.395 Q
Stator inductance (Ls) 5.839 mH
Rotor inductance (Lr) 5.839 mH
Number of pole pairs (p) 2
Mutual inductance (Lm) 172.2 mH
Moment of inertia (j) 0.0131 kg.m?

The proposed system performance testing was then carried out by applying the following two
conditions:

1. Dynamic speed (four-quadrant operation) with the unbalanced input voltage.

2. Constant speed with load-side disturbance and unbalanced input voltage.

For system performance comparison, simulation of the proposed system uses two controllers,
PI controller and FSC. Speed measurement feedback from the speed sensor and setpoint is used
as an input to both controllers. Figure 7 depicts the first case that looks at the dynamic speed
response with unbalanced voltage disturbances in the four quadrants of motor operation. The test
was simulated for 4 s during which a change in speed and operation of the motor was introduced
atevery 1 s interval.

To observe the dynamic operation of the drive, the forward acceleration starts from a
stationary state until it reaches 1200 rpm (0 — 1 s) where the FSC has a lower overshoot value
than that of the PI control with a difference of 7.17 %. To further evaluate the response, the
forward motor operation was slowed down starting from 1200 rpm to 300 rpm (1 — 2 s) where
the FSC yields a smaller undershoot than the PI control does. Likewise, in the reverse motoring
operation, the speed is accelerated at -500 rpm (2 — 3 s) and the reverse operation is slowed down
by -120 rpm (3 — 4 s), which results in the FSC overshoot value that is smaller than that of the
PI control.

Speed Response with Disturbance

' - nref
1200 =i
—nFSC
1000 [
E
2 300 ,1 8
0 |
-120 -
-500 - A .
1 L 1
0 1000 2000 3000 4000
Time (ms)

Figure 7. Four Quadrant Speed Response with Unbalanced Input Voltage Disturbance.
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Unbalanced input voltage occurs when the network is connected with an unknown amount
of nonlinear load. In addition, an unbalanced input voltage also occurs when there is a short
circuit which results in distorted current and voltage waveforms [32]. Furthermore, the three-
phase voltages from the grid supply in practice are likely to be unbalanced due to the uneven
distribution of the loads. Figure 8 shows the input and output phase current responses when
continuous unbalance input voltage is applied throughout the simulation time. The result shows
that the initial percent overshoot and undershoot from the FSC is lower than that from the PI
control.

Input current waveforms as depicted in Figure 8 (a) are observed to be stable due to the
constant input frequency of 50 Hz. On the other hand, output current waveforms fluctuate in line
with the changes in the output frequency, as shown in Figure 8 (b). When the steady-state is
reached, the two controllers produce practically the same amplitude. Table 2 summarizes the
responses and performance of the two PI controls and the FSC.

Input Current Response with Disturbance

—iinP
- —iinFSC
20 .
[«}]
= |
E
S’ ‘ J]L | (Ataaaty “'I‘
< O AR i
=
S -101| .
&
20+ < >« > < > < -»
1200rom 300rom -500rom -120rom
-30 .
0 1000 2000 3000 4000
Time (ms)
(a)
Output Current Response with Disturbance
40F ‘ ‘ ‘ —ioutFSC
300 —ioutPl
’ﬂE 20 \I i
g
£ 10 ‘ }
<
S it Wi /)
E 0 ‘ 4 i ‘/\I\I\I\I\N\I\J m AR ﬂ NV/AVAN /
= .10
[oN
2 ol
< -20
O oorom . 3000m . s00rom . 120r0m |
40 & I I I S|
0 1 2 3 4
. Time (s)
(b)
Figure 8. Four Quadrant Current Response with Disturbance (a) Input Current (b) Output
Current.
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Table 2. Dynamic Speed Performance in Four Quadrants of Motor Operation
with Unbalanced Voltage Disturbance.

Setpoint | Overshoot (%) Rise Time (ms) | Settling Time (ms) ErSr;rteSEcz/z:;i y I}; (;tfacl)lrri(:r)lrcee

(pm) 55 PI_| FSC PI FSC PI__|FSC| PI | FSC PI
1200 4.83 12.00 | 95.517 | 72.425 | 173.489 | 213307 | 0 1.17 | 269.05 | 285.86
300 19.23 33.57 | 35.088 | 39.142 | 74.074 | 144.814 0 13.00 | 109.35 | 184.42
-500 6.52 17.90 | 27.290 | 27.426 | 93.567 | 187.867 0 4.60 | 120.92 | 215.52
-120 4.50 16.72 | 31.189 | 31.321 | 54.581 | 101.761 0 5.58 | 85.82 | 133.31

The second performance test was done with three-phase source-side and torque load-side
disturbances. The test was carried out at a constant motor speed of 500 rpm. Figure 9 illustrates
the constant speed test by adding a load torque disturbance of 20 Nm for 0.2 s (0.4 - 0.6 s). The
system test is implemented in the nominal speed reference of the induction motor (1500 rpm)
which has an impact on reducing the speed to 1465 rpm. The performance of the two controllers
yields a graph with the same decrease in speed (35 rpm). For the performance of the induction
motor load stator current, shown in Figures 9 (a) and 9 (b), the overshoot and undershoot
percentage generated by the FSC has a lower value when compared with those from the PI
control. However, when state steady is reached, the second controller has approximately the

same amplitude as the higher FSC ripple.

Under Unbalanced Voltage and Load Disturbance Response using Pl Control

B T e e —vn
3¢ e ]
Tig)a (ms)
B e T =
L e —— U Cam—
0 100 200 300 400 TimE;O?mS) 600 700 800 900 1000
(b)

Figure 9. 500 rpm Constant Speed Performance with Load-sided 10 Nm and Unbalanced

Voltage Disturbances (a) PI Control (b) FSC.
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The high performance in speed and torque from the matrix converter drive is highly desirable

since it will make the drive particularly suitable for improved industrial process control and high
voltage applications such as large motors variable speed drives. Figure 9 shows balanced
sinusoidal output currents are obtained that have the same phase with their corresponding input
voltage as well as with the input current.
Figure 10 illustrates the comparison in the speed response produced by the two controllers. In
the top graph, the FSC speed overshoot has a lower value when compared to the PI control.
However, in the lower graph, the FSC torque ripple has more oscillation than the one resulted
from the PI control.

Speed Response Comparison

FON A\
g 400 S i
Qe S s nref
o —200F N
0 —nFSC
Torque Response Comparison
20 C T = RAonAR,

|

'20 C | | | | |
0 200 400 600 800 1000
Time (ms)
Figure 10. Detailed Comparison of Speed and Torque Responses of Two Controllers.

Torque
(Nm)
(=]

The PI controller used in the matrix converter - ISVM requires tuning the parameters for each
speed setpoint change to get a satisfactory response. The other determining parameters for the
performance comparison are the results of the THD value between the FSC and PI control which
is shown in Table 4. The observed THD values came from the input current (THD;;;,), output
current (THD,,,:), and output voltage (THDy,,;). The input voltage harmonics ((THDy ;) are
not displayed because the system gets a voltage source for which the ideal frequency is 50 Hz.
The THD value is observed at a constant low-speed setpoint which at this speed requires special
treatment due to the torque-speed limit characteristics, the varying stator parameters, and poor
motor performance [33].

Harmonic values represented by THD with three-phase source and load torque were observed
at all times with unbalanced voltage and load disturbances (0.4—0.6 s) and afterload disturbance,
but still with an unbalanced voltage source (0.7 - 1 s) to further evaluate the recovery response
of the proposed controller. The THD performance evaluation is shown in Table 4, which shows
that from 0.4 - 0.6 s FSC resulted in much lower harmonics than that of the PI control.
Meanwhile, from 0.7 - 1 s, the THD from FSC was observed to be greater than that of PI control
with the maximum difference of 4.31%.

Table 4. Evaluation of THD Value at 500 rpm Constant Speed with Load-sided 10 Nm and
Unbalanced Voltage Disturbances.

THD
Condition Iin (%) Tout (%) Vout (%)
FSC PI FSC PI FSC PI
Unbalanced 11.38 | 9.43 | 19.87 | 15.56 | 9.71 8.53
Unbalanced + Load disturbance | 49.76 | 50.43 | 369.32 | 653.48 | 402.69 | 740.86
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5. Conclusion

Based on the results of performance tests conducted on the proposed motor drive system
under various unbalanced voltage and load torque disturbances, the induction motor dynamic
speed control has been achieved. The reference speed is set at dynamic and constant speeds with
the source unbalanced condition was set with phase A voltage kept under 10% with concerning
to the other two phases. Upon input and output disturbances, overshoot, undershoot, settling
time, rise time, and steady-state error resulted from the FSC have lower values than those
produced by the PI control. It was further noted that at the time of the disturbance, the Total
Harmonic Distortion (THD) of the FSC matrix converter without filter output was better than
the one resulting from the PI control. Based on the results of this study, the proposed FSC
embedded in a scalar control matrix converter fed induction motor drive with Indirect Space
Vector Modulation (ISVM) is a reliable speed control with minimum THD value and it has
demonstrated its ability to mitigate the dynamic performance under the various input and output
disturbances.
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