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Abstract: The Power Factor Correction (PFC) in Switched Reluctance (SR) motor
is discussed in this article. The SR motors are applicable for multiple applications
like electric vehicles, wind mills, machineries etc. The doubly salient structure of
SR motor causes the occurrence of torque ripples, which affects the power factor
of the motor. To improve the power quality, the power factor has to be corrected
and the ripples have to be minimized. In order to achieve these objectives, a novel
power factor correction (PFC) method is proposed in this work. Here, the conven-
tional Diode Bridge Rectifier (DBR) is replaced by a Bridgeless Hybrid Resonant
(HR) converter, which assists in improvising the output in a wider range. The con-
verter is chosen because of having variety of beneficial measures including high
gain. The converter’s output is fed to the SR motor by means of an asymmetric
Bridge Resonant (BR) converter. The proposed converter operates in continuous
mode of conduction with the switching frequency of 10 KHz. A hysteresis current
controller and Proportional Integral (PI) controller are utilized for reducing the
harmonics in the source current along with the regulation of output voltage. In
addition, the speed control of SR motor is accomplished by means of the Whale
Optimization Algorithm (WOA) assisted PI controller. The proposed methodol-
ogy is effective for the control of unity power factor, torque and current ripples.
The Total Harmonic Distortion (THD) of the source current is also minimized,
which suits the standard of International Electrotechnical Comission IEC
61000-3-2. By this methodology, the power factor of 0.99 is achieved with
97% efficiency and 3.92% THD. The proposed methodology is validated in simu-
lation by MATLAB and in hardware by FPGA Spartan 6E.

Keywords: Bridgeless hybrid resonant converter; switched reluctance motor; BR
converter; hysteresis current controller; PI controller; WOA

1 Introduction

The Switched Reluctance (SR) motors are applicable for the typical high-speed operations because of its
beneficial factors like robust construction, low cost, less weight, lower winding losses and variable speed
operations [1]. Though SR motors has several advantages, the torque ripple and noise makes it
disadvantageous. As SR motor is the doubly salient structured machine, the occurrence of torque ripples
is unavoidable in nature. However, these ripples are rectified either by improvising the machine design or
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by the electronic control methods [2]. Numerous torque ripple minimization techniques are discussed in
literature. Fuzzy logic algorithm, reducing the ripples, pools the unknown load torque with the produced
torque is proposed in [3]. A combined design of the machine and controller is presented for torque ripple
reduction in [4] by considering the coupling effect. The positive or negative compensations are utilized
and a hybrid chopping mode is established to drop the switching losses as discussed in [5]. Based on the
current profiling method, under normal and faulty condition the torque ripples are minimized [6].
Generally, the large number of phases in SR motors results in lower torque ripple. In [7], a new control
scheme had been presented to reduce these ripples. For minimizing the computational difficulty, a finite-
state predictive control has been utilized, which aids in reducing the torque ripples and copper losses on
the basis of sector-partition technique [8]. The optimal current profiles has been determined based on the
flux linkage features that are attained from the finite element analysis to minimize the torque ripples [9].
The Direct Instantaneous Torque Control (DITC) and Current Control (CC) have been implemented
instantaneously to control the phases, which delivers low ripple for moderate and high-speed operations
[10]. The sense coil mechanism implemented by calculating the instantaneous inductance, generates a
current profile to diminish the ripple and copper losses [11]. The PFC is necessary in SR motors and so
several topologies employed for obtaining the PFC.

A simplified control has been implemented, which aids the converter to run in both Pulse Width
Modulation (PWM) and resonant mode for attaining minimum switching losses [12]. A topology, which
excludes electrolytic capacitors and facilitates twice-line frequency has been defended at high voltage
resulting in miniaturization and high-power factor [13]. In [14], power factor correction (PFC) has been
carried out by two controllers that are independently controlled by sliding mode control. SR motor drive
with incorporated PFC during the starting time is implemented with an effective control algorithm for
split-AC is discussed in [15]. The enactment of switched reluctance motor with CUK converter is
observed for enhancing power quality requirements is discussed in [16]. Better voltage regulation and
PFC is achieved by means of Modified Quasi Z-source Converter (MQZSC) fed SRM drive resulting in
the reduction of total harmonic distortion is discussed in [17]. PFC in SR motors is accomplished by
different converters such as CUK; CUK and Single-Ended Primary-Inductor Converter (SEPIC) [18];
modified SEPIC [19]; modified dual output CUK [20]; half-bridge dual output converter [21]. In all these
existing converters that are applicable for PFC, there exist the problem of return current and hence an
effective topology for PFC in SR motor is proposed in this work. Speed control is a vital part and
generally PI controllers and Fuzzy controllers are employed for controlling the speed of the SR motor.
The PI controller results in peak overshoot while the fuzzy controllers requires more data for processing
and so in this work, optimization techniques has been employed for tuning the PI controller parameters
[22-24].

Bridgeless HR converter is introduced in this paper in which diodes are utilized, by which the problem of
return current is eliminated; also, no additional filters are required, as the topology itself acts as a low-pass
filter because of the presence of inductor and capacitor. The proposed system operates under continuous
mode of conduction at a switching frequency about 10 KHz. PI controller incorporated with hysteresis
current controller is implemented in both converter side and the motor side which results in the power
factor improvement along with torque and current ripple minimization. In this work, power factor
correction in SR Motor is carried out by means of Bridgeless Hybrid Resonant (HR) converter. The
proposed strategy and the modeling of proposed converter, Hysteresis current control, SR motor, BR
converter and the simulation results are revealed in the upcoming sections.
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2 Proposed Methodology

As the rotor and stator of switched reluctance (SR) motor are made of silicon steel laminations, more
ripples are produced in the current and torque which results oscillations in the speed. Also because of the
usage of diode bridge rectifier (DBR) and back Electro Motive Force (EMF) in SR motors, harmonics are
induced in the source which makes the input current non-sinusoidal. Due to the presence of coils in the
stator, displacement of voltage and current takes place which affects the power factor. The diagrammatic
representation of the proposed methodology is in Fig. 1. In the conventional methods, DBR is
incorporated with boost or buck-boost or CUK or Single-Ended Primary-Inductor Converter (SEPIC) or
push-pull converters but still there exist fluctuations in the power factor. In push-pull converter, AC-DC
conversion takes place in two stages which makes the process complicated. In this paper, the diode is
replaced with insulated gate bipolar transistor (IGBT) while the converter is replaced by bridgeless hybrid
resonant (HR) converter. In this converter there exist diodes by which the problem of return current is
rectified, but harmonics are still existing in the injected current and to eliminate this, a PI controller is
instigated.
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Figure 1: Work flow of the proposed method

Actual voltage obtained from the output of bridgeless HR converter and the reference voltage of 300 V
are compared and fed to the PI controller as input. Now a hysteresis current controller is introduced which
compares the reference current with the actual current, and the generated pulses are nourished to the
bridgeless HR converter by which the voltage is retained and so the current will be pure sinusoidal and
thus the power factor correction is achieved. In the motor side, as load is applied the speed of the motor
decreases and so there exist torque and current ripples. The reference and the actual speed are analogized,
and the error is given to the PI controller in which the parameters are tuned with whale optimization and
the output is attained in terms of current. When load is applied there is a variation in the actual current.
And so, a hysteresis current controller is instigated which compares the actual and reference current and
the pulses are generated which is fed to the switching converter of SR motor. As diodes are present in the
converter setup, it is not possible for the return current to reach the source. Hence the proposed
methodology is effective for the torque and current ripple minimization with unity power factor.
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3 Modelling and Proposed Method
3.1 Bridgeless HR Converter

In this paper the power factor correction in SR motors is achieved by Bridgeless Hybrid Resonant (HR)
converter. The use of diode bridge rectifier is excluded in HR bridgeless converter. The diagrammatic
illustration of bridgeless HR converter is as shown in Fig. 2.
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Figure 2: Illustration of bridgeless HR converter

Here, the PWM signal given for both the switches are same. During the starting phase, the converter
drives at a duty cycle of low range. When S; and S, are ON, the converter drives in HR mode and when
they are OFF, it drives in PWM mode. It is also noted that the resonant frequency is more or less or same
as that of the switching frequency. L;, L; and C; refer to the input inductor, resonant inductor and
resonant capacitor respectively. The waveforms of bridgeless HR converter are shown in Fig. 3.
Considering the working of the converter for positive ac half-line cycle, the modes of operation of
bridgeless HR converter is illustrated as follows:

Mode 1 (t() - tl)
In this mode S}, S, — ON and the energy is stored in L;. When the current through L, reaches zero this

mode will end. The input current, current through L; and voltage across C; are given in Egs. (1)—(3)
respectively. Fig. 4 shows the operation of HR converter in mode 1.

In(t) =7t~ 1) + In(t) (M)
]Ll(f) _ _ICI(f) _ VClgmx) (2)
Vc](l) = VCl(max) [cos(a)r(t — to)) — 1] + VC](I()) 3)

Mode 2 (tl — tz)

When D5 stops conducting, the mode 2 operation starts and at this instant no current passes through the
resonant inductor and capacitor. In this mode also L; stores energy continuously which is represented in
Fig. 5. This mode ends when the switches are OFF.

Mode 3 (tl — t3)

The energy in the inductor L; is fed to the load which is illustrated in Fig. 6. This mode ends when the
switches are ON and then again mode 1 operation starts.
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Figure 3: Waveforms of bridgeless HR converter
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Figure 4: Bridgeless HR converter-Mode 1
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Under normal operating condition the Voltage-conversion ratio of bridgeless HR converter is in (5)
which resembles boost converter.
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Figure 6: Bridgeless HR converter-mode 3
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The power factor correction in SR motor is done by means of bridgeless converter. In order to attain
constant voltage from the converter, the hysteresis current controller incorporated with PI controller is
implemented. By which the output voltage is made constant and the input current is continuous.

3.2 Modeling of SR Motor

An 8/6 SR motor scrutinized in this paper which is a four-phase motor with 8 stator poles-6 rotor poles.
All phases are considered to be identical, ignoring the mutual inductance amid the phases. Equation for
applied voltage to the phase with respect to time is as follows:

dy(0,i)
dt ®)

Y = L(0,1)i ©)

V =R+
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where L is the inductance, R, and v are the resistance and the flux linkage per phase respectively. The phase
voltage in terms of inductance is given as follows:
, ~di dL(0;i .
V =R, +L(071)E+ 6(10 )wml
In Eq. (10), the terms in the Right Hand Side (RHS) signify voltage drop, inductive voltage drop,
induced Electro Motive Force (EMF) correspondingly. EMF induced is given as,

(10)

dL(0,i
e = 6(1107 l) a)ml — kbwml (11)

EMF constant

dL(0,1)
ky = 12
b 70 (12)

SR motor equivalent circuit to single phase given at Fig. 7.
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Figure 7: Equivalent circuit of SR motor-single phase
Instantaneous input current is given as follows:
, 2 2dL(0,i L. di

P;=Vi=Ry*+ 12% +L(0, )i (13)

But,
d (1 di 1 ,dL(0,i)
— (L0, ) = L(0,1)i— + = i* — 14
dt<2 (”)’) i+ 37— (14

d (1 1 ,dL(0,i)
Py = Ri* +— (= L(0,1)i* + =i — = 15
<! +dt(2 005 +37—4 (1)

Thus, P; is given as the addition of resistive loss, rate of change of field energy yet air gap power which is
denoted by P,
1 ,dL(0,i)
Pa _ 2 ) y
2" dr

(16)
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Expression for time

=0 (17)

O
Air gap power in terms of time is expressed as,

o l 2 dL(@, l) _ l 2 dL(Qa i) . d9 _ l 2 dL(9> l)

P, = = — = m 18
2" a2 a0 a2 a0 © (18)
Thus, P, can be shown as the product of torque and rotor speed,
P, = w,T, (19)
Equating Egs. (18) and (19),
1 ,dL(0,i)
T, =i —~ 20
2" T do (20)
L 5 dL(0,i) .. . . .
The direction of current as 7 o i*. When 70 > 0, positive torque will be generated in which the

dL(0, i)
do

motoring operation takes place and when < 0, negative torque will be generated in which

generating operation takes place.

3.3 Modeling of BR Converter

The output of the converter is fed to the Switched Reluctance (SR) motor by means of Bridge Rectifier
(BR) converter. One of the advantages of using this converter is that each phase will conduct individually i.e.,
the motor can run in a single phase when the other three phases fail to operate. The schematic representation
of BR converter is shown in Fig. 8. This converter comprises two semiconductor switching devices and two
diodes in each phase. Here the windings are energized according to the rotor’s position.

Figure 8: Circuit diagram of BR converter

When winding A is energized, T; and T, are ON and when the winding is detached from the supply T; and
T, are OFF. In the OFF condition, the energy stored in the winding passes through the diodes D, and D, and
thus the return current reaches the supply. The operation is similar for the other phases also. When this topology
is applied for high-speed operations, it is noted that the stored energy should be nourished to the supply within
the available time. Usually, switching ON and OFF of the upper leg switches T, Ts, Ts, T; are based on the
position of the rotor while the controlling of the lower leg switches T, Ty, Te, Tg are based on the chopping
frequency signal. Appropriate control circuits are used for controlling the angle of conduction 6.

3.4 Whale Optimization Algorithm for SR Motor Speed Control

The SR motor’s speed is controlled through the BR converter. At the initial stage motor starts running,
but when load is applied, the speed of the motor decreases. Also, ripples are produced in the current as well as
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in the torque. To overcome this, PI controller is implemented which is tuned using whale optimization
algorithm and tuning of these controllers relies on the dynamic system response. The PI controller
controls the error and assigns appropriate signal to the system, which is represented in Eq. (21) and the
time domain representation is in Eq. (22),

U(s) = K,(1 + 1) 21

Ut) =K, [e(t) +(1/%) / edt} (22)

where K, is the proportional gain and 7; is the integral gain. The searching method is termed as bubble net
hunting method, in which numerous whales together form a loop like structure around the prey, producing
bubbles below the prey pushing them to the surface of water, so that the prey (search agent) cannot escape
and this is represented as,

X(t+1)=X*() — A.D (23)
D =|C.X*(t) — X(¢t)| (24)

Here, the current iteration is represented as 7', the position vector of the best solution is denoted by X*,
position vector is denoted by X. To get enhanced solution X *should be updated in every iteration.

The coefficient vectors A and C are given as,
A=2a.a (25)
C=2r (26)

The random vector is denoted by » and it lies in the range of [0,1], the value of a is linearly decreasing in
the range of 2 to 0 throughout the iteration. The mathematical model that defines the hunting behavior is
given as,

B X*(t) — A.D if p>05
X(e+1) = {D.ebl. cos(2im) + X*(£) if x> 0.5

The constant for defining the shape of the logarithmic spiral is denoted by b, the random number / lies in
the range of [—1,1] and p lies in the range of [0,1]. The position of the search agents is updated in each
iteration with respect to the search agent that is chosen randomly. In order to provide exploration and
exploitation the parameter « is decreased from 2 to 0.

3.5 Hysteresis Current Controller for SR Motor

The reference current thus obtained from PI controller is fed to the hysteresis current controller and the
schematic representation of Hysteresis current controller (HCC) is in Fig. 9. When the motor runs at low
speed, the back-emf is minimum and so current chopping is utilized to control the current flow through
the stator winding hence, this control is chosen here. The actual and the reference speeds are analogized
at the PI controller and the resultant reference signal is fed to the HCC. From the position sensor, the
commutation controller takes the position and chooses the phase to be turned ON. Thus the 0,,, O,
reference signal from PI and the actual current are fed as the input for the HCC.

The main objective of employing Hysteresis current controller is, throughout the conduction period the
current is maintained within the hysteresis band (A7). By comparing both the currents the pure form of current
gets eliminated resulting in the ripples which are converted into pulses and then fed to the BR converter.
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Figure 9: Hysteresis current controller

4 Result and Discussion

Power factor correction in SR motors with bridgeless HR converter is proposed in this paper. The
performance of the proposed methodology is analyzed in MATLAB simulation and in hardware using
FPGA Spartan 6E. The specifications used for simulation is shown in Tab. 1.

Table 1: Specifications of proposed converter

Parameters Values
Output voltage V, 300 V
Switching frequency f; 10 KHz
Rated Output power 1000 W
Resonant Capacitor C, 1 uF
Resonant Inductor L, 6 uH

A four phase SR motor is analyzed in this work. When an input of 230 V AC is applied, initially there
exist harmonics, the voltage and current illustrations are highlighted in Fig. 10.

The output of the bridgeless HR converter is shown in Fig. 11. From the waveform it is noticed that the
output voltage settles around 0.25 s. Even though different loads are applied, the output voltage remains
unaffected.

Generally, the starting current of the motor is more and after a certain time this tends to be normal. The
analysis is done for various loading conditions. Here the waveforms for phase A are only shown, as all the
other phases resembles phase A. Fig. 12 shows the current waveforms for different loading conditions like no
load, 1, 2, 3 and 4 N-m.

Load is applied after 0.5 s and it is observed from Fig. 12, that there exist some variations and then the
motor runs in a constant speed. It is also observed that even though variable loads are applied the voltage and
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current remains unaffected. The flux waveforms of Switched Reluctance motor for different loading
conditions are as depicted in Fig. 13. The loading conditions includes no load, 1, 2, 3 and 4 N-m.

INPUT AC SOURCE VOLTAGE AND CURRENT WAVEFORM
250 T T T T 1 1 T T T

—

Voltage (V)
o
e
—
2

Figure 10: Input AC voltage and current

PFC CONVERTER OUTPUT VOLTAGE WAVEFORM
350 ' v v v '

Figure 11: Converter output voltage

The torque waveforms obtained as a result of simulation is as in Fig. 14. These waveforms are also
analyzed for different loading conditions. In the starting time the torque is more and after that it tends to
be normal.

Speed control of SR motor is achieved by means of PI controller tuned with whale optimization
algorithm and the speed waveforms observed for various loads is depicted in Fig. 15. From the
waveforms it is depicted that for any variation in load the settling time remains the same as around 0.6 s.
It is also observed that there is no problem with the maximum peak overshoot.
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Figure 12: Current waveform at different loading conditions
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Figure 13: Flux waveforms for different loading conditions

4.1 Hardware Implementation

The power factor correction (PFC) in Switched Reluctance Motor (SRM) is carried out by using of
bridgeless Hybrid Resonant (HR) converter. This is achieved by using hysteresis current controller
incorporated with Proportional Integral (PI) controller tuned by whale optimization algorithm. From the
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above simulation results it has been observed that the performance of the motor is unaffected under different
loading conditions which is validated in hardware by using FPGA Spartan 6E controller (Fig. 16a).
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Figure 14: Torque waveforms at different loading conditions
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Figure 15: Speed waveforms at different loading conditions
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Figure 16: (a) Hardware Setup (b) Input voltage (c) Input current
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Figure 17: Output voltage of converter

The input voltage and current illustrations are displayed in Figs. 16b and 16¢ and the Bridgeless HR
converter’s output voltage waveform is as highlighted in Fig. 17; it has been revealed that there are no
variation even different loads are applied.

From the hardware implementation of the proposed methodology, the waveforms for Current Fig. 18a,
Flux Fig. 18b, Torque Fig. 18c, Speed Fig. 18d are observed and it has been noted that the motor speed is not
affected though there occurs oscillations in the current, torque and flux.

The power factor and total harmonic distortion (THD) illustration are given in Figs. 19a and 19b
respectively; it has been noted that the THD of 3.92% is observed which shows the effectiveness of the
methodology.

4.2 Comparative Study

The enactment of the proposed Hybrid Resonant (HR) converter is analogized with that of SEPIC, push-
pull and boost converters in case of efficiency, power factor, voltage gain and THD as depicted in Fig. 20.
From Fig. 20a, it has been observed that the efficiency of the proposed converter is 97% while the other
converters show relatively lesser efficiency. The comparison of power factor for different converters is
given in Fig. 20b and it has been observed that the power factor of 0.999 is accomplished.
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POWER FACTOR WAVEFORM
Fundamental (50Hz) = 5.76 , THD= 3.92%
] A — R -
':_E-‘ 1 5 ......... B T T becenneen -
o
£
-]
g
w
k3
£
2
] MR T (L A v — Eeeeeeeees Beeeean -
: ! : } : § : : 9 k. 1 Lx PO
- 0'1 "‘) u" r“ 0‘ l,'{_ 0*, I.'ﬁ 35 3 0 200 400 600 800 1000
D 3 D 5 ) 6 ) - F ncy
Time (s) requency (Hz)
(@ (b)

Figure 19: (a) Power factor representation (b) THD

While comparing the voltage gain of various converters, it has been revealed that the voltage gain of HR
converter is obtained as 14, which is relatively more when analogized with other converters as displayed in
Fig. 20c. Fig. 20d represents the THD observed for different converters while the THD of the proposed
converter is observed as 3.92%. Tab. 2 shows the comparison of different converters based on the devices

used and its complexity.
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Table 2: Comparison of different converters

S.  Type of converter No. of No. of  No. of No. of Output voltage Complexity
No switches  diodes  inductors capacitors polarity level
1 BL Buck-Boost Two Four Two One Negative High
2 BL CUK Two Four Four Three Negative High
3 BL SEPIC Two Four Four Three Positive High
4 BL ZETA Two Four Four Three Positive Low
5 BL LUO Two Four Four Three Negative Low
6 BLCSC Two Four Two Three Negative High
7  BL Interleaved  Four Four Two Two Positive High
push-pull
8  Proposed HR Two Four Two Two Positive Low
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5 Conclusion

The power factor correction of switched reluctance motor with a bridgeless hybrid resonant (HR)
converter is analyzed in this paper, in which the problem of reverse current is eliminated by the use
diodes in the converter; also, the converter operates under continuous mode of operation with a high
voltage gain. The hysteresis current controller is utilized which assists in making the input current
sinusoidal while the voltage and current are in-phase resulting in the improvement of power factor. The
speed of the SR motor is retained with the assistance of proportional integral (PI) controller tuned with
Whale Optimization Algorithm through simulation in MATLAB. The system has been verified for
different loads and it has been observed that the speed of the motor remains without any change. As
power factor correction (PFC) is the foremost intent of this paper, the power factor has been observed as
0.99 while the efficiency of HR converter is observed as 97% with a total harmonic distortion (THD) of
3.92% which satisfies the IEC 61000-3-2 standards. Also, the comparison of the existing converters with
the proposed converter is shown which proves the superiority of the proposed methodology.
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