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Fuzzy logic controller (FLC) has gained high interest in the field of speed
control of machine drives in both academic and industrial communities. This is
due to the features of FLC of handling non-linearity and variations. FLC
system consists of three main elements: scaling factors (SFs), membership
functions (MFs), and rule-base. Fuzzy MFs can be designed with different
types and sizes. For induction motor (IM) speed control, (3x3), (5x5) and (7x7)
MFs are the most used MFs sizes, and normally designed based on symmetrical
distribution. However, changing the width and peak position of MFs design
enhance the performance. In this paper, tuning of MFs of FLC speed control of
IM drives is considered. Considering (3x3), (5x5) and (7x7) MFs sizes, the
widths and peak positions of these MFs are asymmetrically distributed to
improve the performance of IM drive. Based on these MFs sizes, the widths
and peak positions are moved toward the origin (zero), negative and positive
side that produces a controller less sensitive to the small error variations. Based
on simulation and performance evaluations, improvement of 5% in settling
time (Ts), 0.5% in rise time and 20% of steady-state improvement achieved
with the tuned MFs compared to original MFs.
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1. INTRODUCTION

Induction motor (IM) mainly converts electrical energy into mechanical energy and intensively
being used in various industrial and residential applications [1], [2]. This is due to its rugged construction,
robust operation, and cheap cost. IM control firstly was achieved based on V/F control method [3], then
vector control method was introduced as an advanced IM drive technique that allows stator flux and
electromagnetic torque decoupling [4], [5]. Vector control enables IM drive to be controlled like separately
excited DC machines with fast transient response and good steady-state performance [6]. There are two types of
vector control namely: indirect field oriented control (IFOC) and direct torque control (DTC). FOC works by
decoupling stator currents into flux and torque (d-g axis) components, and control them independently [7]-[9].
While DTC works based on a predefined switching table to generate switching pulses [10]. Besides vector
control methods, model predictive control (MPC) has been recently proposed with a simple design, multi
variables control, fast transient behavior and handling non-linearity restrictions [11]-[13].
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Speed control is one of the main element of IM drive which need to be controlled effectively to
obtain good performance. For decades, proportional integral (P1) controller has been the choice for speed
control of IM drive due to its design simplicity and ability to obtain a fast dynamic response with appropriate
tuning [14], [15]. However, due to the nature of Pl with fixed gains, the drive performance can be degraded
in case of parameters change, speed variations, and load disturbance [16]. Thus, a more robust controller is
required that can adapt to changes in the drive system [17]. Fuzzy logic controller (FLC) has been proposed
as an intelligent speed controller due to its ability to handle system non-linearity, parameter changes, and
speed variations [18], [19]. The significant features of FLC tend to make it a better alternative for PI
controller in vector control of IM drives [17]. The operational structure of FLC implies its ability to work in a
similar way to human decision-making [20]. FLC speed controller consists of two inputs and one output
variables, each variable is mapped with membership functions to cover its range. Fuzzy rule-base then
constructed based on expert system knowledge to decide the fuzzy output based on the current inputs [21].
Normally, FLC parameters including scaling factors (SF), membership functions (MF), and rule-base are
designed based on nominal operating conditions of the motor [22]. But, if the motor operates far away from the
nominal operating conditions, FLC parameters might not be adequate to keep the good performance of the
motor drive [23], [24]. To solve this issue, various tuning methods were proposed to update the FLC parameters
in accordance to any system changes [25], [26]. Self-tuning mechanism to tune the scaling factors of FLC were
proposed in different literature including [22], [25], [27]. Moreover, FLC rule-base modification and
simplification to maintain good drive performance in all conditions have been discussed in [26], [28]-[31].
Besides, fuzzy MFs play important role in shaping the output performance of the drive system. MFs can be in
different shapes and sizes such as triangular, trapezoidal shapes, and (3x3), (5x5), (7x7) sizes. Triangular and
trapezoidal MFs shapes are most commonly used due to less computational burden [32], also (3x3,5x5,7x7)
MFs sizes are the most standard MFs sizes for speed control of induction motor, increasing the number of
MFs beyond this does not show any significance [17], [33]. Normally, MFs are designed based on equally
distributed ranges, but for performance enhancement, MFs can be distributed asymmetrically based on the
application requirements. Thus, FLC MFs tuning and adjustment have been discussed in [32], [34], [35] to
improve the performance of IM drives. In many literature, normally the width and position of the MFs are
symmetrically designed. However, effectively changing the width and peak position of the MFs can enhance
the performance of the IM drives. A study in [36] has tuned the width of 7x7 MFs for IM drive and showed
enhanced performance compared to the original symmetrical MFs. However, the study focused on tuning the
width of 7x7 MFs only. There is lack of studies of investigating the significance of tuning MFs on the IM
drive performance with detailed analysis and different MFs sizes.

In this study, a detailed investigation of the effects of tuning MFs on the performance of IM drive
considering different MFs sizes will be presented. Three different MFs (3x3, 5x5, and 7x7) sizes will be
tuned by changing their widths and peak positions for performance improvement. The three MFs sizes will
be asymmetrically distributed by moving their peak positions and widths toward the zero (origin), negative
and positive side, thus obtaining a robust controller less sensitive to the small error variations. The MFs
tuning process along with performance comparisons and analyses with the original MFs will be presented.
This is validated by performing simulation testing using Matlab/Simulink based on Indirect FOC of IM drive.
The rest of the paper is organized as follow: section 2 presents the mathematical modelling of IM, section 3
discusses FLC speed control design, section 4 discusses FLC MFs tuning, section 5 discusses simulation
result and analyses and lastly section 6 outlines the findings and outcomes achieved.

2. INDUCTION MOTOR MODELLING

A dynamic model of a machine must be accurately obtained in order to design an effective drive system.
Such a model can be derived employing two-axis theory (d-q) of electrical machines. There are different reference
frames which can be used to model the IM such as stationary, rotary, or synchronous reference frames [37], [38].
According to the equivalent circuit of IM as shown in Figure 1, the voltage quantities can be expressed as follow:

Vas = Ryigs + 2% — w, g )
Vas = Ryigs + 22 + 0o @)
Var = Relgr + 228 — (00, = @) gy ©)
Var = Relgr + 22 + (@, — 01)Par (4)
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Besides, the Flux equations can be expressed as:

®as = Lisigs + Liniar ®)
®qs = Lisigs + Lmiqr (6)
@ar = Linlgs + Liriar (7
@qr = Limigs + Lirigr ©))

where Vg, , VSq are the stator voltages; i 4,145 »iqr ,Llqr are the d and g axis stator current and rotor
currents. @qs ,Pqs, Par » Pqr are the stator and rotor flux. Ry, R, are the stator and rotor resistances. L, L;,
denotes stator and rotor inductances, whereas Ly, is the mutual inductance.
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Figure 1. Dynamic or d-q equivalent circuit of induction machine; (a) g-axis circuit; (b) d-axis circuit

For a singly-fed machine, such as cage motor, V4, = Vg, = 0. The rotor speed w, cannot normally
treat as a constant. It can be related to torque as:

dwm

_ dwm
dc

To =T, +] T, +2] = o)
where T, = load torque, J =rotor inertia, and w,, = mechanical speed.

Indirect FOC is based on projections where a three-phase time-invariant and speed-dependent
system is transformed into a two-coordinate, d-q time-invariant system which is similar to the DC motor
principle [39]. By representing the IM model in a rotating synchronous reference frame, the torque
component represented by i, and flux component represented by iy , the voltage equations are:

do 1 Lm .
Tdr =- ,[_r(pdr + (we — ‘*)r)(pqr + T_Tlds (10)
de 1 Lm .

djr = _T_r(qu — (we — W) Pgr + flqs (11)

¢@rq = 0and @4 = @, when the rotor flux is locked to the d-axis, hence yielding the new expression,

ids (12)
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Lm is
(we - <"~)r) = Wg = T_r(p_c: (13)

With . = % is the rotor time constant. According to (12), the value of the rotor flux, ¢, is driven by stator
flux direct axis current iz;. The electrical torque of the motor can be as expressed in the (14).

2
e = %gt_rr (Pdriqs (14)

IM drive-based IFOC consists of an IM model, fuzzy logic speed controller, phase transformation,
hysteresis current controller (HCC), and three-phase voltage source inverter (VSI). The overall IM drive
system incorporating IFOC is depicted in Figure 2. The IM drive works by firstly measuring the rotor speed
and stator currents, then fed the signals to the speed controller as well as current control so switching signals
can be generated through hysteresis current control (HCC) to control the VSI which produces 3-phase
voltage to operate the motor.
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Figure 2. Overall block diagram of IM drive system

3. FUZZY LOGIC SPEED CONTROLLER

Fuzzy logic controller (FLC) is an intelligent control technique that can emulate the way of human-
decision making. FLC speed controller has three main elements, scaling factors (SF), rule-base, and
membership functions (MFs). The architecture of FLC consists of three operational tasks which are pre-
processing, processing, and post-processing. In the pre-processing stage, the input linguistic variables are
converted (fuzzified) into fuzzy variables through input MFs, this called fuzzification. In the processing, the
fuzzy rules are executed to produce fuzzy output. In the post-processing stage, the output fuzzy variable is
converted (defuzzified) into a linguistic variable through output MFs [40], [41]. The structure of the FLC
speed controller with two inputs (e, Ae) and one output (Au) Figure 3.

Fuzzy Logic Controller I
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Figure 3. Fuzzy logic block diagram

3.1. Scaling factors (SFs)

Scaling factor (SF) is a parameter gain used to adjust the value of the fuzzy variable into a
normalized range. FLC speed controller has three SFs, speed error SF (Ge), change of speed error SF (Gce),
and change of output SF (Gcu). The values of SFs are pre-calculated based on the nominal condition of the
motor. The value of Ge for 2hp IM with the parameters can be calculated based on the rated speed. The rated
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speed of the motor is 1430 rpm and considering forward and reverse operation, it will be multiplied by
constant 2 [28]:

G,=—+—=—1_=0.00034 (15)

€ T 2wemaxl  2x1430

The value of Gce can be calculated using the maximum torque equation [42], however, in this paper,
the value of Gce, as well as the value of Gcu, are set to ideal value (1) and maintain constant for all
simulation. Besides, SFs values can be obtained by a self-tuning mechanism that can compute the value
automatically during the operation. Many studies have proposed a self-tuning mechanism particularly for
output SF (Gcu) due to its significance on performance [22], [25], [43], [44].

3.1.1. Rule-base

A fuzzy rule-base is a set of IF-THEN statements used to decide the output fuzzy state based on its
input state [45], [46]. Considering FLC speed control with two inputs (e, Ae) and one output (Au), the rule-
base in the form:

Rule, = IF eis A, And Ae is B, Then Ae is C,

Where, n is the number of rules, A, B, and C are the membership function names which can be replaced by
the negative large (NL), negative medium (NM), negative small (NS), zero (ZE), positive small (PS), positive
medium (NM) and positive large (PL). There three different standard rule-base FLC for speed control of IM
drive [33] which are 9-rule (3x3MFs), 25-rule (5x5MFs), and 49-rule (7x7MFs). The rule-base is selected
based on engineering knowledge and system-expert, rule base of 3x3, 5x5 and 7x7 FLC are in Tables 1, 2,
and 3 [45], [47].

Table 1. 3x3 MFs rule-base

NL ZE PL
Ae

NL NL NL ZE
ZE NL ZE PL
PL ZE PL PL

Table 2. 5x5 MFs rule-base
E NL NS ZE PS PL

Ae
NL NL NL PS NS ZE
NS NL NS NS ZE PS
ZE NL NS NS PS PL
PS NS ZE ZE PS PL
PL ZE PS PS PL PL
Table 3. 7x7 MFs rule-base
e NL NM NS  ZE PS PM PL
Ae
PL ZE PS PS PL PL PL PL
PM NS ZE PS PM PL PL PL
PS NS NS ZE PS PS PL PL
ZE NL NM NS  ZE PS PM PL
NS NL NL NS NS ZE  PS PS
NM NL NL NL NM NS  ZE PS
NL NL NL NL NL NS NS ZE

3.1.2. Membership functions

Membership functions (MFs) are a graphical representation of the range of the fuzzy variable. It
divides the range into different widths based on the number of MFs being used. In terms of MFs shape, there are
different types of MFs including triangular, trapezoidal, sigmoidal, Gaussian, Z-shape, and S-shape MFs [48].
The most commonly used MFs in FLC speed control are triangular and trapezoidal MFs due to their high
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accuracy and less computational complexity compared to other MFs [32], [36]. In this research, only triangular
MFs will be considered and the center of gravity (CoG) algorithm is used as the fuzzification technique. There
are three popular triangular MFs sizes namely; 3x3, 5x5, and 7x7 MFs. If the width and position of these MFs
are symmetrically designed, their shape will be as shown in Figure 4. As can be seen in Figure 4, the width and
position of MFs are symmetrical in which the width between each MF is equally distributed. The current shape
of MFs is referred as the standard MFs, but effectively changing the width and peak position of MFs may lead
to enhancing the performance of the drive system. Therefore, tuning MFs can be done with asymmetrical
distribution of the width and peak position of MFs which will be discussed in the next section.

3x3 MFs 5x5 MFs
4N ZE PL 1 ke NS ZE Ps PL
o 0
- 0.5 ) 0.5 1 > o5 o 05 P
e Ae Au 7x7 MFs e,Ae Au

NL NM NS ZE PS PM PL

1
" W
0 L I L L L L L 1 )

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
e,Ae Au

Figure 4. FLC MFs of inputs and output for 3x3, 5x5, and 7x7 sizes

4. MEMBERSHIP FUNCTIONS TUNINGS

The width and position of the membership functions are normally symmetrically designed. In order
to improve the dynamic performance of the IM drive, the width and peak position of the MFs can be
changed. The speed error MFs are adjusted to enhance the drive performance particularly in the proximity of
the origin point. Considering 3x3 MFs and adjusting the width and peak position of NL and PL toward ZE
for input fuzzy error (e) and changing the width of ZE for input change of error (Ae) and change of output
fuzzy (Au) as shown in Figure 5.

In addition, changing the peak values positions of the error (¢) MFs (PL, NL) toward the negative side
and narrowing down the width of ZE will produce a speed controller highly sensitive to small error negative
variation. Also, change of error (Ae) and change of output (Au) can be adjusted by changing the peak position of
PL toward the positive side, NL toward the negative side, and narrowing down the width of ZE for both. The
tuned 3x3 MFs for error (e), change of error (Ae), and change of output (Au) are shown in Figure 5.

Tuned 3x3 MFs Toward ZE

\ [ NL ZE PL . NL zE PL
0.5 0.5
0 0
1 0.5 0 0.5 1 -1 -05 0 0.5 1
Error(e) Ae,Au
Tuned 3x3 MFs toward NL & PL
1 NL ZE PL 1 NL ZE PL
0.5 0.5
0 0
A 05 0 0.5 1 -1 05 0 0.5 1
Error () Aeand Au

Figure 5. Tuned 3x3 MFs toward, ZE and (PL, NL) for error, change of error and change of output fuzzy

Considering 5x5 MFs and adjusting the width and changing the peak values position of the MFs
(NS, PS) to the ZE side for error (e) and narrowing down the width of ZE for both error (g), change of error
(Ae) and change of output (Au). This can enhance the effectiveness of the speed response with a faster
dynamic response and smaller overshoot. Apart from that, changing the peak values position of the MFs (NS,
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PS) to the NL side for error (e), changing the peak values and position of the MFs ((NS) toward the NL and
(PS) toward (PL) for change of error (Ae) and change of output (Au) and narrowing down the width of ZE for
both error (e), change of error (Ae) and change of output (Au). This can also improve the dynamic response
of the system. The tuned 5 x 5 MFs of error (), change of error (Ae), and change of output (Au) are presented
in Figure 6 for MFs tuned to ZE and MFs tuned to (NL, PL).

Similarly, for 7x7 MFs the peak position of MFs (NM, NS, PS, and PM) can be shifted toward zero
and MFs (ZE) width can be narrowed down in order to produce effective speed control with faster transient
response and stable steady-state response. In addition, the peak positions of the peak position of MFs (NM, NS,
PS, and PM) can be shifted toward NL for error (e), while the MFs (NM, NS) can be shifted toward NL and
(PS, PM) toward PL for change of error (Ae) and change of output (Au). The width of ZE is narrowed down in
both cases to make the speed controller highly sensitive to small speed variations. The adjusted 7x7 MFs for
error (e), change of error (Ae), and change of output (Au) toward ZE and (NL, PL) are shown in Figures 7.

Tuned 5x5 MFs toward ZE

T T r . . - 1
1ML Ns ZE PS L NL NS ZE PS PL/
0.5 1 05
0 0
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Error (e) Aeand Au
Tuned 5x5 MFs toward NL & PL
JNL NS ZE Ps P, NL NS ZE ps P
0.5 0.5
0 0
-1 -0.5 0 0.5 1 4 05 0 0.5 1
Error (e) Aeand Au

Figure 6. Tuned MFs toward ZE and (PL, NL) for error, change of error, and output fuzzy

Tuned 7x7 MFs toward ZE

1 NL " NMNSZEPSPM PL e NM NS ZE PS pm PL
0.5 05t
0 0
- -0.5 el 0.5 104 0.5 0 05 1
rror (e
(el Tuned 7x7 MFs toward (NL&PL) Aeand Au
4N NmMns ZE PS PM PL JLNL_ NM NS ZE ps Pm__ PL
0.5- 0.5
0 0
-1 0.5 0 0.5 1 - 0.5 0 05 1
Error (e) Aeand Au

Figure 7. Tuned 7x7 MFs toward, ZE and (PL, NL) for error, change of error and change of output fuzzy

5. RESULTS AND DISCUSSIONS

In order to validate the effectiveness and workability of the adjusted MFs, an induction motor drive
based on indirect field-oriented control (IFOC) is considered to conduct simulation analyses. An IM drive
system is designed based on 2hp IM (parameters Table 4) in MATLAB/Simulink with FLC speed control
using fuzzy logic toolbox. Performance analysis is conducted considering three different types of MFs (3x3,
5x5, and 7x7) and comparing them with proposed tuned MFs. Similar machine and simulation parameters are
considered for both original and tuned MFs in order to make a fair comparison. The performance
comparisons are done in terms of speed, current, and torque responses. For all the waveforms, a step of
forward speed (1400rpm) is applied at (0.5s) and rated torque (10 Nm) is applied at (1.5s), then reverse speed
(-1400rpm) is applied at (3s). The proposed tuned MFs show improved dynamic performance compared to
the original MFs in terms of transient response, overshoot, and steady-state response.
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Considering 3x3 MFs, the speed performance comparison of original MFs (FLC-9), Tuned MFs
toward ZE (FLC-9-MF1), and tuned MFs toward, NL for error, NL, and PS for change of error and change of
output (FLC-9-MF2) are shown in Figure 8 (a). As can be seen from the speed response, FLC-9-MF1 shows a
faster response with almost zero overshoot during forward and reverse speed operations. However, FLC-9-MF2
shows a faster response with little overshoot during forward speed operation but records slow response during
reverse (negative) speed operations. This because MF2 is tuned toward the NL side which makes the speed
controller more sensitive to negative speed variations. To reduce the effects of high sensitivity toward negative
speed variations, only MFs for error shifted toward the NL side, while for change of error and change of output
MFs were tuned toward NL and PL side accordingly. In addition, both FLC-9-MF1 and FLC-9-MF2 have
shown superior performance over the original MFs (FLC-9) during forward speed operations and during load
disturbance. Apart from this, the stator phase a current and electromagnetic torque responses are shown in
Figures 8 (b) and (c). Both tuned MFs showed good performance over the original MFs.
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e FLC -9-MF 2|
T

3.5 4

1.5 2
Time (seconds)
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Figure 8. These figures are: (a) speed performance, (b) stator phase A current, and
(c) torque response of original and tuned 3x3 MFs
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Table 4. Induction motor parameters

Parameter Value Parameter Value
Rated Voltage (V) 380 Vac Stator Resistance (R;) 345Q
Poles (P) 4 Rotor Resistance (R,.) 3.6141 Q
Fundamental Frequency (F;) 50Hz Stator Inductance (L) 0.3246 H
Rated Speed (wy) 1430 rpm Rotor Inductance (L,.) 0.3252 H
Maximum speed (Wqx) 1500 rpm Magnetizing Inductance (L,,) 0.3117H
Rated current (is)/ (ig) 4.62 A/6.4A  Inertia (J) 0.02 kgm?
Rated Torque (T,) 10N.m Viscous Friction (B) 0.001Nm/(rad/s)
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Figure 9. These figures are (a) speed performance, (b) stator phase A current,
(c) torque response of original and tuned 3x3 MFs
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In addition, the original and tuned MFs 5x5 showed similar performance as MFs 3x3 in which the tuned
MFs produced good responses compared to original MFs. Figure 9 (a) shows the speed performance comparison
of original and tuned MFs 5x5, while Figures 9 (b) and 9 (c) present the performance comparison of the stator
phase (A) stator current and electromagnetic torque responses. As for 7x7 MFs, the tuned MFs showed improved
performance over the original MFs in terms of fast dynamic response, stable steady-state response, and good load
disturbance rejection. The speed performance comparison of original and tuned 7x7 MFs is presented in

Figure 10 (a), while the stator current and torque response are shown in Figures 10 (b) and 10 (c).
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Figure 10. These figures are (a) speed performance, (b) stator phase A current,
(c) torque response of original and tuned 3x3 MFs
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In order to emphasize the superiority of tuned MFs over original MFs for IM drives, numerical
comparisons between them are conducted in terms of rise time (Tr), settling time (Ts), overshoot (OS) and
torque ripples. The numerical analyses of original MFs and tuned MFs are shown in Table 5 for 3x3 MFs,
5x5 MFs and 7x7 MFs. Based on the obtained numerical results of all properties, it is observed that, tuned
MFs have improved the performance for all three MFs sizes (3x3), (5x5) and (7x7). The settling time (Ts)
has improved with tuned MFs compared to the original MFs with 5% for 3x3 MFs, 3.48% for 5x5 MFs and
3.68% for 7x7 MFs. Besides, the overshoot (OS) has improved with 80.6% for 3x3 MFs, 78.52% for 5x5
MFs and 50% for 7x7 MFs. The torque ripples have improved with around 20% for all three MFs types.
Original and tuned 7x7 MFs have bigger overshot but smaller settling and rise time than 3x3 and 5x5 MFs,
this because 7x7 MFs cover bigger error range and to reduce the overshoot, MFs of Ae and Au have to be
tuned more toward zero, but this will increase the settling time, thus must maintain balance between
overshoot and settling time, where smaller settling time of (0.1152s) was obtained with minimum overshoot
of 0.2063% of the tuned 7x7 MFs. In summary, it is proven that, tuning the MFs by effectively changing
their distributions enhanced the performance of IM drive during the dynmic and steady-state operations.

Table 5. Numerical comparison of tuned and original MFs

operty (Ts) seconds (Tr) seconds 0OS (%) T-ripple
Metho

3x3 MFs 0.1243 0.0940 0.3469 2.7493
Tuned 3x3 MFs 0.1181 0.0936 0.0673 2.1746
5x5 MFs 0.1203 0.0940 0.3469 2.6203
Tuned 5x5MFs 0.1161 0.0931 0.0745 2.1398
7X7 MFs 0.1196 0.0935 0.4125 2.5351
Tuned 7x7 MFs 0.1152 0.0921 0.2063 2.1138

6. CONCLUSION

Induction motors have various range of applications and their control systems are getting great
attention from researchers and industries, due to their simple and rugged construction and less maintenance.
A motor control system implies controlling the speed, torque, current, and/or flux of the motor. Speed control
is normally achieved with a conventional controller like PI controller. But, for more adaptive control, fuzzy
logic controller (FLC) is used that can handle non-linearity, parameters change, and speed variations. FLC
comprises scaling factors, membership functions (MFs), and rule-base. Fuzzy MFs can have different shapes
and sizes depending on the system requirements. Also, the widths and peak positions of MFs can be
distributed symmetrically or asymmetrically. In this study, asymmetrical distribution of MFs widths and peak
positions is considered based on three different MFs sizes (3x3, 5x5, and 7x7). For each MF size, two
different distributions are considered as MFs distributed toward the origin (zero), MFs distributed toward the
negative and the positive sides. These MFs distributions (tuned MFs) for each MF size 3x3, 5x5, and 7x7 are
simulated based on IM drive system and compared with original MFs. Performance comparisons between
original MFs and tuned MFs in terms of dynamic and steady-state characteristics. Based on, the simulation
and numerical results, tuned MFs have improved the dynamic response compared to the originals MFs with
5%, 3.48% and 3.68% settling time improvement and 80.6%, 78.52% and 50% overshoot improvement for
3x3, 5x5 and 7x7 MFs respectively. Also, the steady state response with tuned MFs has improved compared
to the original MFs, where around 20% torque ripple improvement was recorded for all three MFs types.
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