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ABSTRACT

This paper presents a self-tuning fuzzy logic speed
controller (FLSC) with model reference adaptive control
(MRAC) for an induction motor (IM) drive system. The
MRAC is examined by output scaling the factor tuner
for optimum motor speed performance. A detailed
investigation is carried out on the scaling factor control of
the input change error and main FLSC output increment.
This proposed method utilizes seven simplified rules of
the 5 x 5 matrix membership functions to minimize the
computational burden and memory space limitations. All
simulation work is conducted using Simulink and Fuzzy
Tools in the MATLAB software and the experimental
testing with the aid of a digital signal controller board,
dSPACE DS1103. Based on the results, the output
scaling factor makes a more significant impact on the
performance effect compared to the input error scaling
factor. The input change error and output SF also exhibit
similar behavior, indicating that a large range of UoD
tuners works well in terms of capability load rejection
while a small range of UoD tuners performs well in terms
of rise time. The analysis includes no-load and load
tests to ascertain the overshoot percentage, rise time, and
settling time for transient and steady-state conditions.
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1. INTRODUCTION

Three-phase induction motor (IM) drives are the
workhorses of today’s modern industrial sectors all over
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the world. This is due to their various features and advan-
tages, such as robustness, low maintenance, and simple
design [1]. The advancement of powerful electronic and
digital signal processing technology has allowed IMs to
be used for variable speed drive applications. The speed
of the IM drive must be effectively controlled to achieve
optimal performance. The fuzzy logic controller (FLC) is
reported to have the necessary speed for non-linear pro-
cesses and some complex or ill-defined equations [2, 3].
The use of FLC produces more robust [4] performance
for speed loop control compared to the conventional
proportional integral (PI) controller, especially in terms
of the motor parameter variation or load disturbance
[5,6]. However, the drawback of the fixed-parameter
FLC is that it only produces optimum performance at
the designed speed. The performance degrades during
speed reference variation or load disturbance. In order to
overcome this issue, the FLC requires an adaptive control
mechanism to enhance speed performance over a wide
speed range and load disturbance conditions.

The FLC with a self-tuning mechanism has the ability
to update one or all of its variables online during
operation. Self-tuning methods are desired in the FLC
to assure enhanced performance over a wide speed
range and load disturbance conditions. Various tuning
mechanisms have been proposed by researchers, such as
rule organization, membership distribution adjustment,
and scaling factor tuner [7]. The most simple and
effective method involves tuning the scaling factors.
Any modification in the scaling factor will change the
adjusted universe of discourse (UoD), thereby affecting
the fuzzy output. The tuning mechanism can improve
the output control accuracy by increasing the coarse and
fine elements. However, applying self-tuning methods
to both input and output scaling factors requires high
tolerance agreement due to the opposing impacts of
the performance. Thus, a detailed investigation on the
scaling factor tuning mechanism impact is essential.

The fuzzy logic self-tuning mechanism to tune the
input and output scaling factor is discussed [8]. This
study utilizes a 5 x 5 MF for the main FLC with a 7 x
7 membership function for the output. However, this
approach requires double fuzzy rules for the main tuner
mechanism. The authors in [9] propose a first-order
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Fig. 1: Indirect field oriented control induction motor drive.

reference model tuner and focus on tuning the output
scaling factor of the main fuzzy. However, they do not
apply it to the motor model and only simulation results
are presented. Whereas the authors in [10] apply it to
the motor drive and produce significant results during
wide range speed operation by tuning the output scaling
factor.

As one of the adaptive mechanisms, the model
reference adaptive controller (MRAC) can maintain the
behavior of the controllers when the plant parameters
are unknown or change over time. The design is based
on the real system model and incorporated into the
self-tuning method, forcing the output system to follow
the reference model [11]. This method exhibits excellent
performance in terms of speed change, disturbance, and
parameter variation due to improved system robustness
[12]. Furthermore, due to its simplicity, the use of the
MRAC is justified in [13]. This method has been chosen
by researchers to adjust the system as a whole into a
self-tuning mechanism [7, 14]. However, most studies on
the proposed design tend to focus only on the rated speed
operation or small speed changes. There is also a lack of
discussion on range variable selection and fuzzy subset
distribution.

The computational burden and/or hardware cost
presents a challenge to researchers implementing the
MRAC in real-time experimental setups, particularly
when using the Mamdani type FLC. The research in
[12,15] is only performed in simulation with a large
number of FLC rules (49 rules). While the research
in [7] uses Takagi-Sugeno type FLCs to reduce the
computational burden in real-time hardware implemen-
tation. Thus, a detailed speed behavior investigation is
conducted in this paper on the effect of MRAC tuner on
the input change error and output scaling factor. The
speed controller utilizes the Mamdani type FLC with a
simplified rules approach. A detailed investigation is
carried out using simulation and real-time experiments
with a wide variation of demand speeds.

Section 2 presents the IFOC fed by hysteresis current
controller (HCC) IM drives, while the design of the main
FLC is discussed in Section 3. Section 4 elaborates on the
design of the MRAC and tuner FLC. Section 5 analyzes

the IM drive performance based on the simulation and
experimental results. Finally, the conclusion is presented
in the Section 6.

2. INDIRECT FIELD ORIENTED CONTROL (IFOC)
FOR AN INDUCTION MOTOR

Due to its robustness and high-performance capa-
bility, the field oriented control (FOC) of induction
motors is one of the most widely used methods in
high-performance motor drive applications [16]. This
control vector is based on projections that convert a
three-phase parameter and speed dependent system into
a two-axis time-invariant system (d and g axis). Fig. 1
presents an illustration of the IFOC structure fed by the
HCC, fuzzy logic speed controller, vector transformation,
three-phase inverter, IM model.

For variable speed drive applications, the speed error
represents the deviation between the reference speed w;
and actual speed w, of the motor. The instantaneous
state, speed of error e, and change of error ce, become
the input variable processes in the main FLC block to
generate the torque current, ig;. The IM no-load current
is set as the constant value of the flux current, i:,s is
2.90. The flux and torque current (i}, iz;) components
will then flow through the inverse Park transform to
generate the three-phase current command (i;.). At
the HCC, the current error resulting from the command
currents (i) and measured stator currents (i) is used
to generate the inverter switching signals. The current
error bandwidth is set at +0.2 A. The hysteresis band
controls the switching frequency and is consequently
used to control the output of the stator voltage. It
continuously produces the voltage supply to meet motor
speed demand. Measured stator currents (iy,.) are also
used to generate the rotor flux angle 6, as in Eq. (1),
through the Clarke transformation and theta calculation.

0, = /(wr + wg)dt (1)
The slip frequency is calculated using Eq. (2).

Lm isq

wg = 2
sl T, \Pr
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Fig. 2: Internal structure of the FLC.

2.1 Induction Motor Model

The mathematical equations of the IM are modeled
based on the synchronously rotating reference frame, as
discussed in [10]. The voltage of the stator and rotor can
be expressed as follows:

) d¥ s

Vqs = Rslqs + 7 + @, ¥ 45 (3)
. d¥y

Vas = Rigs + TS + we\qu (4)
o dYy

Vor = Relgr + ar +(we — @)%, (5)
. Yy

Var = Relgr + = + (0 — a),)‘Pq, (6)

dt

Meanwhile, the stator and rotor flux equations are as
follows:

Yar = Lipigr + Lin (igs + iar) (7)
a5 = Lisigs + L (igs + iar) 3)
Wy = Lypige + Ly (igs +igr) (9)
W5 = Ligigs + Ly (igs +igr ) )

where Vs, Vg are the applied voltages to the stator, and
idss Igss idr» lqr are the corresponding d and q axis stator
current and rotor currents. Wy, ¥y, ¥gr, ¥y are the
stator and rotor flux components. Ry and R, are the stator
and rotor resistances, respectively. L;; and L, denote the
stator and rotor inductances, respectively, whereas L,, is
the mutual inductance.

The electromagnetic torque, T, developed by the
IM can be expressed in terms of flux and current dg
components as in Eq. (11):

(10

3PL
T, = - (‘{’drlqs

- 55 L - ‘"quids) (11)

3. MAIN FUZZY LOGIC CONTROLLER

The basic structure of the FLC system consists of
the knowledge base (inference engine), fuzzification, and
defuzzification, as presented in Fig. 2.

Error e and change in error ce are identified as FLC
inputs. Two different inputs provide a faster and more
accurate response [17]. The following Egs. (12) and (13)
show the relationship between error e and change of
error ce.

(12)
(13)

e(n) = w; (n) — w, (n)

ce(n)=e(n)—e(n—1)

where w; (n) and , (n) represent demand and actual
speed, respectively, while e(n) is the current sampling
error, and e (n — 1) is the previous sampling error.

The knowledge base contains the rules relating to the
inputs and output of the system. It is a procedural part
of the knowledge since it defines the implementation
control strategy. The database contains a declarative
component of information that includes the membership
functions. The formation of the MFs is an essential task
in the representation of system responses. The triangular
and trapezoidal MF shapes provide the best performance
with a lower computation burden [18]. The MFs are
arranged in a symmetrical distribution format with a 50%
overlap between the adjacent. Three triangular and two
trapezoid fuzzy sets are selected for the input and output
variables.

The proposed controller uses the following linguistic
labels: Positive Big (PB), Positive Small (PS), Zero
(Z), Negative Small (NS), and Negative Big (NB). The
two-input errors and change in error produce the 5 x 5
rule inference mechanism with IF-THEN rules governing
the relationship between the input and output variables
in terms of MF.

The rules were developed by the phase-plane-
trajectory method [19] since this methodology offers an
easy and systematic technique for relating the overall
system dynamic performance with the fuzzy knowledge
base. Due to implementation for real experimental with
a high sampling rate, the simplified technique in [20]
was applied to reduce the number of rules. Fig. 3 and
Table 1 depict the MF arrangement and rule inference
mechanism.
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Fig. 3: MF (a) error and (b) change of error and output.

In this study, the seven simplified rules are highlighted
and the Mamdani algorithm used for the inference
mechanism. For example, it shows that if the error is NB
and the change of error ZE, then the output fuzzy will be
NS.

To obtain human-like thinking, the operation should
be conducted using qualitative values. This operation is
referred to as fuzzification, mapping the input signal in
crisp form (non-fuzzy) in the universe of fuzzy, while
the defuzzification unit remaps back the inference values
from fuzzy form into a crisp signal output. The fuzzy
inference mechanism carries out control acts, such as
FLC outputs, where it performs the inference of fuzzy
rules and operating conditions [21]. These processes,
known as normalization and denormalization, are critical
for ensuring that the system operates within the FLC
range. Normalization is the transformation of the scale,
which translates the real value of the speed variable into
the normalized universe of discourse (UoD) on input.
Denormalization is the opposite of the normalization
process and used on output [21]. The normalization
and denormalization processes are shown in Fig. 3, also
known as the scaling factor (SF), impacting on the
performance of the overall system control [22].

The FLC can handle different operating conditions.
However, appropriate values of SF must be tuned to
ensure the inputs are in the UoD range [23]. According
to [24], the performance of the transient and steady-state
responses is affected when SFs are not set at the correct
value. Improper initial selection of the scaling factors
will damage the overall plant response and process [25].
Therefore, the scaling factor has an important effect on
the FLC performance [26]. Therefore, the SF should be
carefully tuned to obtain the grade performance of the
IM drive.

Scaling factors Ge and Gce are used to normalize speed
error and change in speed error, respectively. The Ge is
definable as follows:

Table 1: 5 x 5 Standard fuzzy control rules.

NB NS ZE PS PB
CE
NB NB NB NS NS z
NS NB NS | Ns* z PS
ZE NS* | NS* z* PS* | PS*
PS NS Z PS* PS PB
PB z PS PS PB PB

177

* Simplified rules

Ge — X {range of error in UoD}
e =

14
max {speed error} (14)
The IM operates with a rated speed of 1400 rpm or
146.6 rad/s. Thus, the error ranges from —1 to 1 of —146.6
to 146.6 rad/s. For normalization, the UoD range for error
is:
1 1

Ge = =
|2a)emax| 2 % 146.6

=0.0068 (15)

The coefficient of 2 is required because the operation
speed covers both forward and reverse conditions. In
order to cover the overshoot of rated speed range, MF
extends to [—2,2], as suggested in [27]. Additionally,
Eq. (16) is used to obtain the change in the speed error
scaling factor, Gce:

1
Gee = ——— (16)
|A® ]

The Gce’s first value is based on the motor parameter
rated values. The Gce’s value for minimum overshoot,
faster change, and growth is 0.3825. For the denormal-
ization design, the output scaling factor Geu is parallel to
the performance of the IM drive system. The Gcu value
is set as 1. The FLC generated a change in torque current
command by adding the FLC output, while the reference
signal and closed-loop control signal provided increment
and updated value for the torque current as in Eq. (17).

i*qs (n) = i*qs (n—1)+ Ai*qs (n) (17)

4. THE MRAC AND TUNER FUZZY LOGIC CON-
TROLLER

An additional FLC is applied, namely the tuner FLC,
to integrate with the MRAC mechanism. As a result, a
small difference in value e, (n) is produced between the
reference speed @, (n) and actual speed w, (n). The
value e, (n) refers to the input FLC tuner, as shown in
Fig. 4.

Due to the similar response pattern of the speed IM,
the reference model is formulated using second-order
general equations in the model reference block. The pa-
rameters are selected based on the actual IM parameters
to produce the optimal speed performance. The reference
model block is applied based on the general second-order
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Fig. 5: Output membership function of the tuner controller.

system listed in Eq. (18), where w,, and ¢ are the natural
frequency and damping ratio, respectively.

,°

G(§)=—"""—
© $2 + 28w, + w,2

(18)

The percentage overshoot OS and settling time are
assumed to be 1% and 0.12 s, respectively. The reference
model parameter is calculated as shown in Eq. (19)
[12,28].

1600
s2 4+ 72s + 1600

To maintain the tuner FLC input error within the UoD
range, the value error scaling factor is set at Gex = 0.225.
Other input parameters, such as the change in error SF
and MF, remain as in the previous part. While for output
the MF (UoD of «a) is set at the variable range, starting
with [0 1] followed by [0 2], [0 3], and [0 4] to examine the
effect of input and output SFs in the main FLC. Examples
of the UoD of a [0 4] are presented in Fig. 5.

The rules of the tuner FLC are determined based on
the empirical tests conducted through the simulation
process, with some considerations taken to determine the
tuning strategies as follows:

+ To improve the rise time during e, for NB or PB, « is
set at XS, to minimize the value gain for tuning the SF

G(s) = (19)

of the main FLC.

« To improve the settling time and percentage overshoot
during e, for NS or PS, a bigger value gain is required.
Thus, « is set at S.

« To maintain a stable steady-state operation during
e, for ZE, a is set at M. A smaller or bigger than
M multiplication of gain may result in oscillation or
unstable operation during steady-state conditions.

« To improve the transition period and load disturbance
rejection during e, for NS or PS, « is set at XL. Since
the value gain for tuning the SF of the main FLC
is maximized, it can recover from the loaded and
unloaded situation more quickly.

As a result, the input and output correlations of the
MF are interpreted by the seven rules of the tuner FLC,
as follows:

« Rules 1 and 2: if E is NB/PB and CE is ZE, then « is XS.

« Rules 2 and 3: if E is NS/PS and CE is ZE, then « is S.

« Rules 3 and 4: if E is ZE and CE is NS/PS, then « is XL.

« Rule 7: if E is ZE and CE is ZE, then « is M.

The technique used to examine the SF behavior of the
input change in error Gee and output Gceu, is shown in
Figs. 6 and 7.

This investigation only covers two SFs, namely input
change in error and output of the main FLC, since the
input SF error has less impact on system performance
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[29]. The output value tuner FLC, @ multiplies with
the Gce of the main FLC to examine the behavior of
the input change in error SF. To examine the output SF
behavior, the @ multiplies with Gcu of the main FLC. The
behavior of Gee and Gceu is formulated in Eqgs. (20) and
(21), respectively.

(20)
(21)

Gee (n) = Gee(n) * «
isg (n) = iy (n — 1) + Aigg (n) » Geu » a

5. RESULTS
5.1 Software Implementation

The MATLAB/SIMULINK software was used to design
a fuzzy logic speed controller integrated with model
reference adaptive control (FLC-MRAC) to model the IM
drive system. Each part of the system was separately

developed and incorporated into the IM drive system.
Details of the IM parameters are presented in the
Appendix. The DC voltage input to the hysteresis PWM
controller is set at 537 VDC and 50 us for the simulation
sampling time. The simulation analysis was carried out
to ascertain the speed behaviors. The IM drive was
tested at low (200 rpm), medium (600 and 1000 rpm),
and rated/high (1400 rpm) speed operation to examine
the behavior of Gee and Geu and obtain the optimum
rise time, settling time, percentage overshoot, and load
disturbance effects.

The “no-load” operation refers to the investigation
of speed output without load conditions to ensure the
operability of speed controllers at the wide speed range.
The IM operates from standstill to 0.5s of the desired
reference speed. Additional performance testing is then
carried out during “loaded” operation. The controller’s
load rejection capabilities were investigated at an applied
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load of 10 Nm during 1.5 s of motor operation.

Figs. 8 and 9 show a close-up view of the FLC-MRAC
performance with different range UoDs for examining
Gce and Gcu, respectively. Tables 2 and 3 summarize the
entire performance of the FLC-MRAC for examining Gce
and Gcu, respectively, including load test conditions at
four different speeds and various UoD ranges of a.

Based on the results presented in Table 2, for the
no-load operation the UoD of a [0 1] shows the fastest
rise time at 0.121s, 0.092s, 0.08s, and 0.72s compared
to the slowest rise time recorded by the UoD of «
[0 4] at 0.3s, 0.8s, 0.31s, and 0.838s for demands at
high, medium, and low speed operation, respectively.
However, the UoD of a [0 1] shows an overshoot
in each operation of 11.8% for 1400 rpm, 17.2% for
1000 rpm, 21.4% for 600 rpm, and 20.0% for 200 rpm. In
comparison to other ranges, the UoD of @ cannot respond
to any overshoot in performance. Regarding the settling
time, it is difficult to make a comparison because all
performances are so similar.

Table 2: Performance of ST with Gce behavior.

UoD of
Measure
0-1 [ 0-2 [ 0-3 | o4
Settling time (s) 0.5 0.5 0.5 0.52
Rise time (s) 0.121 | 0.144 | 0.224 | 0.30
1400 Overshoot (%) 11.8 0.0 0.0 0.0

Speed d
pm peec drop 1060 | 720 | 540 | 430

load effect (rpm)
Settling time (s) 0.45 0.45 0.45 0.47
Rise time (s) 0.092 0.119 0.712 0.80
1000 Overshoot (%) 17.2 0.0 0.0 0.0

Speed d
pm peed crop 1047 | 702 | 523 | 420

load effect (rpm)
Settling time (s) | 0.32 | 032 | 032 | 045
Rise time (s) 0.08 0.12 0.22 0.31
600 Overshoot (%) 214 0.0 0.0 0.0
pm Speed drop 103.0 | 704 | 524 | 416
load effect (rpm)
Settling time (s) 0.30 0.28 0.30 0.31
Rise time (s) 0.072 0.140 0.742 0.838
200 Overshoot (%) 20.0 0.0 0.0 0.0
pm Speed drop 1035 | 690 | 519 | 412
load effect (rpm)

Table 3: Performance of ST with Gcu behavior.

UoD of «
Measure
0-1 [ 0-2 [ 0-3 | o4
Settling time (s) 0.373 0.227 0.349 0.349
Rise time (s) 0.143 0.151 0.162 0.172

1400 Overshoot (%) 7.43 0.0 0.0 0.0
rpm Speed drop

134.0 73.0 49.0 37.0

load effect (rpm)
Settling time (s) 0.338 0.219 0.326 0.26
Rise time (s) 0.117 0.127 0.145 0.157

1000 Overshoot (%) 10.1 0.0 0.0 0.0
rpm Speed drop

131.6 70.3 47.7 36.6

load effect (rpm)
Settling time (s) 0.316 0.365 0.474 0.517
Rise time (s) 0.123 0.122 0.141 0.153
600 Overshoot (%) 8.47 0.0 0.0 0.0
pm Speed drop 1292 | 690 | 48 | 362
load effect (rpm)
Settling time (s) 0.30 0.22 0.30 0.35
Rise time (s) 0.126 | 0.142 | 0.156 | 0.162
200 Overshoot (%) 5.3 0.0 0.0 0.0
pm Speed drop 1292 | 685 | 468 | 350
load effect (rpm)

The results in Table 3 indicate that the UoD of «
[0 1] gives an underdamped performance response with
a recorded average overshoot in each speed operation of
7.83%. However, it has a better rise time compared to
other UoDs of a. Regarding settling time, the UoD of
a [0 2] gives a good performance in three out of four
operations with 0.227s, 0.219 s, and 0.22 s for 1400 rpm,
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1000 rpm, and 200 rpm, respectively.

Operating at a speed of 600 rpm, the fastest settling
time was recorded by the UoD of « [0 1], namely 0.316s.
In terms of no-load performance, the Gee is better than
Gcu, exhibiting the fastest rise time of 15.4%. As a
result, the behavior of both SFs in the no-load operation
indicates an inversely proportional relationship between
the UoD of « and rise time. Consequently, increasing the
UoD of @ will reduce the rise time response.

According to the results, the speed drop load effect
from Tables 2 and 3 can be seen in both performances,
with the SF Gce and Gcu effect exhibiting a similar
pattern. The UoD of a [0 4] recorded the lowest speed
drop, followed by the UoD of a [0 3], UoD of a [0 2], while
the largest speed drop is exhibited by the UoD of « [0 1]
in each speed operation. This demonstrates that the load
rejection capability is directly proportional to the UoD of
a range. Increasing the UoD of « range will increase the
load rejection capability of the drive. In comparison, the
results for load rejection capability indicate that the SF

Table 4: Hardware performance of ST with Gce behavior.

UoD of «
Measure
0-1 [ 0-2 [ 0-3 | o4
Settling time (s) 0.414 0.420 0.510 0.573
Rise time (s) 0.133 0.209 0.341 0.381
1400 Overshoot (%) 11.98 0.0 0.0 0.0

pm Speed drop 91.0 | 67.0 | 520 | 91.0

load effect (rpm)
Settling time (s) 0.402 0.432 0.592 0.617
Rise time (s) 0.104 0.216 0.358 0.425

1000 Overshoot (%) 14.7 0.0 0.0 0.0
rpm Speed drop

77.1 62.5 52.7 77.1

load effect (rpm)
Settling time (s) 0.378 0.403 0.587 0.673
Rise time (s) 0.108 0.233 0.355 0.443
600 Overshoot (%) 11.48 0.0 0.0 0.0

rpm Speed drop
72.7 48.2 38.5 58.0
load effect (rpm)
Settling time (s) 0.256 0.321 0.706 0.473
200 Rise time (s) 0.095 0.201 0.291 0.411
rpm Overshoot (%) 12.3 0.0 0.0 0.0

Gcu gave a better performance with leads SF Gee 13.9%,
12.9%, 13.0%, and 15.0% for 1400 rpm, 1000 rpm, 600 rpm,
and 200 rpm speeds, respectively.

5.2 Hardware Implementation

The dSPACE DS 1103 and an interface drive board
modules are connected to the structure of the hardware
control system. To generate the required signals to drive
the IM, feedback current and speed (read by sensors)
are connected to dSPACE DS 1103. Others, like the
inverter module with VDC, gate drives, VSI, current
sensor, encoder, IM, and load parts of the hardware
required to run the drive system of the FLC are shown
in Fig. 10.

To implement the real hardware and validate the
simulation results in the previous section, the same
fuzzy parameters, namely scaling factors, membership
functions, and fuzzy rules were used in the experimental
hardware. The performance analysis, carried out using
different UoDs of a for Gce and Gcu in each speed
operation, is shown in Figs. 11 and 12, respectively.
Tables 4 and 5 present the performance data on the
hardware drive.

According to Figs. 11 and 12, both scaling factors
produces similar pattern performance behavior under
simulation in all speed ranges when compared to the
range for the UoD of a, except Gee [0 4], demonstrating
a fluctuating response in steady-state conditions. This
is because the coefficient [0 4] is large and beyond the
UoD boundary of Gce in the main FLC. In addition, the
performance response to hardware implementation is
quite slow compared to simulation in terms of rise time.
As a result, the percentage overshoot and settling time
recorded were lower than the simulation. The overshoots
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Fig. 11: Hardware performance of the FLC-MRAC with
different ranges for the UoD of a to Gce SF: (a) rise time
response and (b) speed drop effect load response.

at 1000 rpm in hardware were 2.5% and 8.1% lower than
the simulation results for Gee and Geu, respectively.

Due to the limitation of the load bank, load testing
could only be performed up to 600 rpm. For load testing,
a similar response was recorded to the simulation result
for the UoD of @ [0 4], indicating a dominant speed drop
load effect in all ranges of demand speed. However, the

Table 5: Hardware performance of ST with Gcu behavior.

UoD of
Measure
0-1 [ 0-2 [ 0-3 | 04
Settling time (s) 0.50 0.436 0.430 0.470
Rise time (s) 0.198 0.220 0.236 0.252
1400 Overshoot (%) 4.29 0.0 0.0 0.0
e Speed drop 1060 | 67.0 | 520 | 470
load effect (rpm)
Settling time (s) 0.427 0.416 0.422 0.458
Rise time (s) 0.194 0.210 0.226 0.244
1000 Overshoot (%) 2.50 0.0 0.0 0.0
pm Speed drop 871 | 527 | 430 | 381
load effect (rpm)
Settling time (s) 0.407 0.407 0.448 0.454
Rise time (s) 0.187 | 0.216 | 0.238 | 0.246
600 Overshoot (%) 2.53 0.0 0.0 0.0
pm Speed drop 824 | 482 | 336 | 287
load effect (rpm)
Settling time (s) 0.297 0.337 0.316 0.333
200 Rise time (s) 0.167 0.204 0.197 0.223
rpm Overshoot (%) 2.55 0.0 0.0 0.0

Gce recorded the smallest speed drop load effect for the
UoD of a [0 3]. However, the experimental results show
a distorted response in the undershoot region compared
to simulation. The additional mechanical coupling effect
and measurement noise in the real setup is the cause of
such distortion.

Finally, Fig. 13 captures the IFOC scheme for rated
speed, demonstrating that torque and flux currents have
no relationship. It is clear that the torque current of the
Gcu leads the torque current of the Gee.

6. CONCLUSION

This paper reports the results of simulation and exper-
iments to investigate the behavior of the scaling factors
for fuzzy logic speed control with model reference adap-
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response and (b) speed drop effect load response.

tive control (MRAC). The MRAC technique is presented
in this paper as an additional strategy to overcome issues
with the fixed parameters of the FLC and adapted to allow
for parameter changes. The 72% reduction in the seven
rules implemented in 5 x 5 matrix of the membership
function could contribute to a reduced computational
burden. According to the simulation and experimental
results, a similarity in behavior exists between the input
change in error and output SF. Consequently, the rise
time and settling time are increased with a rise in the
SF. However, the overshoot is reduced. The output
scaling factor has a greater significant impact on the
performance effect compared to the input error scaling
factor. Moreover, there is a clear agreement that the
FLC with the MRAC approach is optimum for wide speed
operations, requiring a small range UoD of tuner for
input change in error SF due to the increasing rise time,
and a large range UoD of tuner output SF due to capability
load rejection.
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APPENDIX

Table 6: Inductor motor specifications.

Motor specifications ‘ Value
Rated voltage 380V
Rated frequency 50Hz
Poles 4
Rated speed 1430 rpm
Stator resistance 3.45Q
Rotor resistance 3.6141Q
Stator inductance 0.3246H
Rotor inductance 0.3252H
Magnetizing inductance 0.3117H
Inertia 0.02 kg-m?
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