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1. INTRODUCTION

During recent years, switched reluctance motors (SRM) have attracted wide attention because of
their simple structure and robustness, which make them economical and suitable for variable-speed drive
applications [1]. Without either a commutator or permanent magnets, the SRM structure allows it to
operate in harsh environments, thus making it very attractive for applications related to electric vehicles,
aerospace, and renewable energy systems [2]. Their tendency to develop torque ripples is one major
drawback of the SRMs, despite these advantages.

The primary sources of torque ripples in SRMs arise from the nonlinear interdependence among
rotor position, excitation current, and magnetic flux [3]. The interaction between the salient poles of the
stator and rotor leads to fluctuations in output torque, which in turn generate undesirable acoustic noise,
vibration, and mechanical stress. These features not only degrade the performance of the motor but also
limit its pervasiveness in sensitive applications [3].

The reluctance motor is a type of synchronous machine. Its stator windings are wound as field coils,
similar to those in a direct current (DC) motor, while its rotor has no coils or magnets. Figure 1 shows the
structure of a switched reluctance motor. While both the stator and rotor are salient poles, the machine is
considered a doubly salient machine.

The generated torque in a switched reluctance motor is due to reluctance torque. The rotor aligns
itself whenever diametrically opposite stator poles are energized. In a magnetic circuit, the rotor naturally
moves toward the position of minimum reluctance upon excitation. When two rotor poles align with two
stator poles, another set of rotor poles remains out of alignment with a different set of stator poles. Then these
stator poles are energized, bringing the rotor poles into alignment with them [4], [5].
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This fundamental operation is illustrated in Figure 2. Figure 2 assumes that the rotor poles ry and r;
are aligned with the stator poles ¢ and ¢’ '. When a current is applied to phase a in the direction shown in
Figure 2(a), a magnetic flux is generated through stator poles a and «’ and rotor poles r, and r2’, which
attracts rotor poles r; and ry’ toward stator poles a and a’’, respectively. Once alignment is achieved, the
current in phase a is switched off, as depicted in Figure 2(b).

Next, the stator winding of phase b is energized, causing r1 and r; to move toward b and 4’ in a
clockwise direction. Similarly, when phase c is activated, r, and r- align with ¢ and ¢', respectively. By
sequentially switching the stator currents in this manner, the rotor continues to rotate. Conversely, reversing
the switching sequence to ach, results in the rotor rotating in the opposite direction. Since the rotor movement,
and thus the generation of torque and power, is achieved by switching currents into the stator windings based
on variations in reluctance, this variable-speed motor is known as a switched reluctance motor.

Neglecting the mutual coupling between phases, the electrical equivalent circuit for a switched
reluctance motor can be derived as [5], [6]. The voltage applied to a phase is the sum of the voltage drop
across the phase winding and the rate of change of flux linkage, expressed as (1).

dA(6,)

V= R+ 1)

Where V: applied voltage to a phase, R.: winding resistance, and A: flux linkage per phase, expressed as (2).
A =iL(8,i) )
Where L is the inductance dependent on rotor position and current.

The single-phase equivalent circuit of a switched reluctance motor is derived by analyzing the
voltage applied to a phase winding. The (3) through (7) provide the mathematical formulation for this circuit.

da{L(6,i)i}

V= R+ —_ 3)
V= R+ L1005+ (22D @)
V= Ri+L(6,0)5+ (2LED (5)
V= Ri+L6,0%+ i, LD (6)
e = iW,, 20 @)

Where e represents the induced voltage in the stator winding. Hence, the switched reluctance motor is
illustrated in Figure 3.

C

6/4 Pole 8/6 Pole (b)
Figure 1. Switched reluctance Figure 2. Operation of a switched reluctance motor:
motor configuration (a) alignment of phase C and (b) alignment of phase A

Multiplying (4) by current to get the instantaneous input power to get derivative for electric torque.

e o a2 o oy di o dL(B,)
P =Vi= Ryi*+Li(6,i) il S (8)
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cop o di_di(1 o) 1.pdL(6.)
Li(6,0) dt  dt (zL(e’l)l ) 2t Tar ©)

By substituting (9) into (8), the expression for the instantaneous electromagnetic torque can be derived as
shown in (10).

1,2 4LOD)
2 dat

. di (1 N
P = R+ (3L(8,1)i%) + (10)

Where Rs i? represents copper losses, Z—i(%L(@,i)iz) represents the rate of change of field energy, and
1.5 dL(6,0)

~ i === represents the air gap power .

f=f (12)

Wm
By substituting time in terms of rotor position and rotational speed.

_1.,dL(6,)d6 _ 1.,dL(6,0)
Pg_zl a0 dat 2" a8 Win (12)

The air gap power, Py is the product of the electromagnetic torque and rotor speed.

P, =T, W, (13)
_1.5dL(8,)
T, =i2=2= (14)

Due to the saliency of both the stator and rotor in an SRM, torque ripples are generated during the
commutation of one phase and the excitation of the next phase. The point of intersection between the two
excited phases contains the torque ripple [7], shown in Figure 4 for a certain motor operation.

The high level of torque ripples in SRMs poses a challenge to the engineers as it has a direct
influence on smoothness and efficiency during the operation of the motor. The performance and reliability
of the motor can be improved further, mainly in those applications that require precision and stability.
Traditional control approaches have been applied to overcome this problem [8]. However, most of these
methods fail to cope with the inherent nonlinearities of SRM and their dynamic response under different
load conditions, as in [3]. To reduce torque ripples, many papers have reported indirect torque ripples
minimization by current compensation profile [9]-[15]. Also, more advanced control techniques have
discussed the problem of torque ripples of SRM, offering different solutions [16]-[21].

3
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Torque ripple
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Figure 3. The single-phase equivalent circuit of Figure 4. Torque ripples of SRM
a switched reluctance motor

In this paper, a new control based on fuzzy logic control is proposed to reduce torque ripples and
enhance speed regulation in SRMs. A fuzzy logic controller is particularly effective in dealing with nonlinear
systems, while it can adapt to cope with uncertainty in the system and smoothens the control actions. In this
respect, the proposed control approach directly regulates the torque profile by comparing real torque with the
reference torque and compensates for any deviation. In this paper, the use of fuzzy logic controller (FLC) in an
SRM control system will try to achieve a much bigger reduction of torque ripples compared to traditional Pl
controllers. The performance of the proposed system is evaluated through simulations, where results will be
compared with both P1 control and traditional SRM operation without torque compensation.
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2. METHOD
2.1. Simulation setup

To ensure reproducibility and provide a clear understanding of the methodology, a detailed
description of the simulation setup is added below. The simulation was conducted using MATLAB/Simulink,
and the following tools and parameters were employed. The simulation was designed to emulate the
operation of a switched reluctance motor under varying conditions. MATLAB/Simulink R2023a was utilized,
incorporating the following key components:
- Controllers: i) fuzzy logic controller and ii) proportional-integral (P1) controller.
- Motor model: switched reluctance motor with six stator poles and four rotor poles.
- Hysteresis band current controller: maintains phase currents within a specified range to reduce torque

ripples.

The general structure of the simulation is illustrated in Figure 5. The diagram includes the SRM
model, torque controller, speed controller, and current controller. These components are interconnected to
form a closed-loop system ensuring precise torque ripple reduction and speed regulation.

2.2. Fuzzy logic speed controller

The reference speed input fed to the speed controller is to be followed by the motor speed. In this
work, a fuzzy logic speed controller is designed which provides an appropriate reference torque signal in
order to regulate the motor speed by taking the speed error as an input. Figure 6 depicts the structure of the
fuzzy logic speed controller.

The inputs to the fuzzy logic controller are: speed error (e = reference speed— actual speed), change in
speed error (Ae). The output is the reference torque, adjusting the torque of the motor to maintain the set
speed. The controller used here enhances precision by the following scaling factors: Ges = 3, Gdes= 2, Gus = 2.
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Figure 5. Simulation set up of direct torque control of SRM with torque controller
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Figure 6. Fuzzy logic speed controller

2.3. Fuzzy logic torque controller

The torque controller compensates for torque ripples by comparing the actual torque with the
reference torque and adjusting the motor current accordingly. Figure 7 shows the structure of a fuzzy logic
torque controller. The controller calculates the torque error (e = reference torque— actual torque) and
change in torque error (Ae). The fuzzy logic system adjusts the reference current signal in such a way as to
minimize the torque ripples. The scaling factors for the torque controller are: Get= 1, Gdet = 1, Ggut = 200.
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2.4. Current controller design

The current controller aims to regulate the current to the SRM such that the actual current follows
the reference current profile. This naturally becomes the basis for any torque regulation and ripple
reduction. Figure 8 depicts the scheme for current control.

Inputs are the reference signal from the torque controller, phase currents, and rotor position
measured by the phase-lock loop (PLL) sensor. The reference current is compared to the measured phase
current. This error is then fed into a hysteresis band controller to generate gate signals for the bridge
converter. The PLL sensor provides rotor position feedback for the precise control of the commutation
angles in the motor. Figure 9 shows the hysteresis current controller.

2.5. Fuzzy logic controller design

The fuzzy controller, as illustrated in Figure 10, consists of components such as fuzzification, an
inference mechanism, a rule base, and defuzzification [22], [23]. It regulates the system output based input
reference. Both the input and output of the fuzzy controller are crisp values. The fuzzification module
converts crisp inputs into fuzzy sets, whereas the defuzzification module translates fuzzy sets back into crisp
outputs [24], [25]. The error (e) and the change in error (Ae) are input variables.

e(k) = r(k) —y(k) (15)

De(k) = e(k) —e(k — 1) (16)

2 v/ 4@«
Tq ref h
4 Rate Limiter

2000 rprmi's

G dut

Discrete
o 1
@>l> S 1y max v —1— y|—
mm 0.001=+1
Tq

G pul
Figure 7. Fuzzy torque controller
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Figure 8. Current controller

In this context, r represents the input control signal, while y denotes the system output. The indices k
and k—1 correspond to the current and previous states of the system, respectively. The membership functions
for the input variables e and Ae, as well as the output variable Au of the fuzzy controller, are defined based on
a 7x7 rule base. These values are normalized within the range [-1.2, 1.2], as shown in Figure 11.
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The abbreviations NVB, NB, NM, NS, Z, PS, PM, PB, and PVB correspond to linguistic terms:
negative very large, negative large, negative medium, negative small, zero, positive small, positive medium,
positive large, and positive very large, respectively. The rule base defines the relationship between the input
variables e and Ae and the output variable u. It determines the controller output Au based on the given inputs
e and Ae, as outlined in Table 1.

2.6. System without torque controller

For comparison, a no dedicated torque controller control system was also developed. In that case,
the motor is controlled only by a PI speed controller and a current controller, and there is no torque control
loop, and hence the torque ripples cannot be suppressed effectively. The block diagram of such a system is
given in Figure 12.
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2.7. Switched reluctance motor parameters

The motor parameters used in the simulation are summarized in Table 2. These values were taken
directly from the standard switched reluctance motor model available in MATLAB/Simulink R 2021a. Using
this predefined configuration ensures a reliable and validated foundation for simulating the performance of
the proposed control strategy.

Table 1. Rule base for output function
e NB NM NS Z PS PM PB
Ae
NB NVB NVB NVB NB NM NS Z
NM NVB NVB NB NM NS Z PS
NS BVB NB NM NS Z PS PM
Z NB NM NS Z PS PM PB

PS NM NS z PS PM PB PVB
PM NS z PS PM  PB PVB PVB
PB Z PS PM PB  PVB PVB PVB

Table 2. Motor parameters

Parameter Value Parameter Value
No of rotor poles 4 Unaligned inductance  6.7e-4 H
No of stator poles 6 DC link voltage 400 V
Stator resistance 3 ohm Maximum current 180 A
Rotor & load inertia 0.2 Kg-m? Rotor pole arc 42 degrees
Rotor & load damping 0.2 N-m/ (rad/s)  Stator pole arc 45 degrees
Aligned inductance 0.0046 H Saturated flux linkage  0.43 Wb
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Figure 12. Simulation set up of the control system without a torque controller

3. RESULTS AND DISCUSSION
3.1. Motor performance at 300 RPM

The performance of the motor at 300 RPM is depicted in Figures 13(a) and 13(b), which represent
the responses of the speed and torque, respectively, when the system is operating with a fuzzy logic
controller, with a PI controller, and without torque control.

3.1.1. Speed response

The fuzzy logic controller reaches the reference speed within approximately 0.22 seconds with a
very small percentage overshoot and smooth convergence to 300 RPM as indicated by Figure 13(a). The
Pl controller takes more time to settle, for which the settling time is approximately 0.3 seconds and
overshoots a little. The system without torque control responds very slowly with a great overshoot and a
settling time of 0.35 seconds.
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3.1.2. Torque response

Figure 13(b) also depicts that the fuzzy logic controller provides an important ripple reduction in
torque - the oscillations remain between 6 Nm to 8 Nm. The PI controller reduces torque ripples compared
to the system without torque control, but it still maintains wider variations, ripples between 6 Nm and 10
Nm. The system without torque control has the widest ripples that range between 4 Nm and 12 Nm,
showing how incompetent it is in controlling the motor torque at 300 RPM.

3.2. Motor performance at 500 RPM

The performance of the motor at 500 RPM is depicted in Figures 14(a) and 14(b). At this speed,
the fuzzy logic controller demonstrates faster convergence to the target speed with minimal overshoot,
indicating superior dynamic performance. Additionally, the torque ripple remains well-controlled,
highlighting the controller’s ability to adapt effectively under mid-range speed conditions.
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Figure 13. Performance of SRM using fuzzy logic controller and PI controller at 300 rpm: (a) motor speed
and (b) motor torque
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Figure 14. Performance of SRM using fuzzy logic controller and PI controller at 500 rpm: (a) motor speed
and (b) motor torque
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3.2.1. Speed response

Figure 14(a) depicts that the fuzzy logic controller still remained the fastest response, where the
settling has taken place at approximately 0.25 seconds. It provides a much more accurate response by
maintaining a very low overshoot. The PI controller is much slower, settling around 0.33 seconds with
noticeable overshoot. Whereas, when considering the system without torque control, the overshot is very
large and the time for stabilization is higher than 0.35 seconds; thus, the importance of controlling torque
in the cause of speed stabilization can be evidenced.

3.2.2. Torgue response

Figure 14(b) points out that the fuzzy logic controller performs well in mitigating torque ripples at
500 RPM, maintaining fluctuations between 10 Nm and 12 Nm. The PI controller presents larger torque
ripples, oscillating between 10 Nm and 14 Nm. The motor, without torque control, produces the peak
quantity of ripples, lying within a range between 9 Nm and 15 Nm, and further shows the inability of the
system to suppress torque disturbances appropriately.

3.3. Motor performance at 1000 RPM

The performance at 1000 RPM is demonstrated in Figures 15(a) and 15(b). As the speed
increases, the complexity of controlling the SRM also rises due to more pronounced nonlinearities. The
fuzzy logic controller still maintains a faster response with lower torque ripple compared to both Pl and
uncontrolled systems, reaffirming its robustness under high-speed conditions.
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Figure 15. Performance of SRM using fuzzy logic controller and PI controller at 1000 rpm: (a) motor speed
and (b) motor torque

3.3.1. Speed response

As seen from Figure 15(a), the fuzzy logic controller maintains its superior adaptability, hence
allowing the motor speed to settle down at 0.7 seconds while maintaining the overshoot at the bare
minimum. The PI controller is settling down much later at approximately 0.75 seconds with much higher
overshoots compared to the fuzzy logic controller. The response is the slowest for the system without
torque control, which gets stabilized in more than 0.8 seconds with significant overshoot, indicating an
inability of the system to regulate the SRM at high speed.

3.3.2. Torque response

Figure 15(b) shows that the fuzzy logic controller continues its dominance over the PI controller
and the system without torque control, keeping the torque ripples in the range from 20 Nm to 24 Nm. The
P1 controller torque ripples vary within a range of 18 to 26 Nm, which indicates the inability of the PI to
cope with higher nonlinearities at 1000 RPM. The maximum torque ripple is for no torque control applied,
and it varies between 18 and 30 Nm. In practical applications, this would mean increased mechanical
stress and inefficiency.
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3.4. Zoomed-in view of torque ripples

Figures 16, 17, and 18 are enlarged torque ripple behaviors for 300 RPM, 500 RPM, and 1000 RPM,
respectively, giving further details about the effectiveness of the torque controller in suppressing ripples.
These detailed views offer a closer look at the variations across different speed levels and control strategies.
They reinforce the claim that the fuzzy logic controller consistently minimizes torque deviations, ensuring
more stable and smoother motor operation.

3.4.1. Torque ripples zoom-in view at 300 RPM

Using the fuzzy logic controller, the torque would be smoother and with a few ripples, mostly
lying between 6-8 Nm, thus providing more stability during the motor operation. The Pl controller
produces more ripples, while the oscillations are within 6 Nm and 10 Nm. Ripples are more significant and
frequent between 4 Nm and 12 Nm without torque control, which further underlines the incompetence of
the system when it comes to dealing with the torque of the motor, as shown in Figure 16.

3.4.2. Torque ripples zoom-in view at 500 RPM

At 500 RPM, the fuzzy logic controller has strict control from 10 Nm to 12 Nm ripples. It proves
its effectiveness in the limitation of mechanical perturbations. The PI controller gives the ripples between
10 Nm and 14 Nm, while the most significant ripples are given by the system not under torque control,
which also fluctuates between 9 Nm and 15 Nm, as shown in Figure 17.

3.4.3. Torqgue ripples zoom-in view at 1000 RPM

At 1000 RPM, the fuzzy logic controller again shows its excellence in performance as the ripples
remain between 20 Nm to 24 Nm. Larger torque ripples oscillate between 18 Nm and 26 Nm in case of the
Pl controller, while system without torque control shows the worst performance with ripples from 18 Nm
to 30 Nm. This is shown in Figure 18.

3.5. Comprehensive comparison of controllers

Table 3 provides a quantitative comparison of the performance metrics of the fuzzy logic controller,
Pl controller, and the system without torque control. The comparison is made for different speeds. The
performance metrics include settling time and torque ripple amplitude.

~——Fuzzy contro
“ 300 RPM —Witout control||
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Torque

‘V'Wt’v"f’!"v'“"" i
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Figure 16. Zoom in view of the torque ripples of the SRM at a speed of 300 RPM
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Figure 17. Zoom in view of the torque ripples of the SRM at a speed of 500 RPM
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Figure 18. Zoom in view of the torque ripples of the SRM at a speed of 1000 RPM

Table 3. Comparison of performance for different control technigues

Controller 300 RPM 500 RPM 1000 RPM
Fuzzy logic controller  Settling time: 0.22 s Settling time: 0.25 s Settling time: 0.7 s
Torque ripple: 6-8 nm Torque ripple: 10-12 nm  Torque ripple: 20-24 nm
PI controller Settling time: 0.3 s Settling time: 0.33 s Settling time: 0.75 s

Torque ripple: 6-10 nm  Torque ripple: 10-14 nm  Torque ripple: 18-26 nm
Without torque control ~ Settling time: >0.35s  Settling time: >0.35 s Settling time: > 0.8 s
Torque ripple: 4-12 nm  Torque ripple: 9-15 nm Torque ripple: 18-30 nm

3.6. Discussion on the importance of torque control
From the results, one can very clearly understand the underlying significance of having a torque
controller fuzzy-based one at that-in an SRM's control scheme:

- Settling time: The fuzzy logic controller provides a much faster and more stable response for all the
speeds tested, with a minimum overshoot and steady-state error. Without torque control, poor response
creates an overall delay with larger oscillations.

- Torque ripples reduction; The torque ripple is directly compensated by the fuzzy logic controller, and
the achieved torque ripples are much smaller compared with that of the PI controller. And even the PI
controller presents some improvement compared with the system without torque control, which has
very high torque ripples and provides high mechanical stress, resulting in reduced efficiency after time.

- Adaptability: Fuzzy logic controllers are very effective in dealing with the nonlinearities of the SRM,
accentuated at high speeds. It is due to this adaptability that the smooth operation of the motor is
guaranteed, along with better energy efficiency and reduced wear of the system.

4. CONCLUSION

A new technique is introduced in this paper for controlling torque ripples of SRMs by
incorporating torque control, fuzzy logic, and speed control methods. The novelty in the research work lies
in using a dedicated torque controller that dynamically adjusts the magnitude of the torque applied with
the explicit aim of minimizing ripples, hence improving the performance characteristics of the motor very
significantly. A combination of these controllers provides a robust system that can handle the inherent
nonlinearities in SRMs and improve both speed regulation and torque ripple reduction.

The proposed system, implemented with a fuzzy logic controller along with a torque control loop,
offers smoother operation of the motor by direct compensation for torque deviations in real time. This
leads to lower ripples, especially in the higher speed range, thereby reducing mechanical stresses and
acoustic noise. Besides, the control system with fuzzy logic is highly adaptable; it reacts very fast to every
change in speed as well as operating conditions. It would ensure faster convergence to the desired speed
with a minimum overshoot and steady-state error for speed control.

A combination of a torque controller using fuzzy logic with conventional PI controllers ensures high
performance in systems compared to the ones without torque control. The configuration reduces torque ripples
while improving general motor efficiency and can be an excellent choice for applications needing high precision,
smooth operation, and low noise. These results confirm that the proposed approach represents a considerable
contribution to the SRM control strategies for torque ripples reduction and speed regulation improvement.
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