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ABSTRACT This paper presents an improved integrated on-board charger (IOBC) tailored for a 4-phase
switched reluctance motor (SRM) drive. The proposed IOBC is non-isolated and utilizes the totem pole
power factor correction (PFC) operation for reduced common-mode voltage. Furthermore, the proposed
system accommodates bidirectional functions, ensuring versatility during charging mode. A non-isolated
IOBC for SRM with reduced common-mode voltage and bidirectional capability has largely been ignored
in the literature. The proposed system utilizes a modified Miller converter in the motoring mode and
is easily reconfigured into a two-phase interleaved totem pole converter during charging modes without
the need for any magnetic contactors. The proposed system features zero instantaneous torque (ZIT) at
steady-state, ensuring minimal machine wear during charging modes. The proposed IOBC is controlled to
ensure symmetric positive and negative grid currents for any given rotor position (during charging), thereby
eliminating even harmonics and enhancing the power quality of grid current. The proposed system achieves
charging power twice the motoring power with parallel-connected phase windings. Ansys electromagnetic
transient simulation, MATLAB-based SRM drive simulations, experimental results, and comprehensive
comparative analysis are presented to validate the various features and effectiveness of the proposed IOBC
for SRM.

INDEX TERMS Electric vehicle (EV), integrated on-board charger (IOBC), power factor correction
circuit (PFCC), interleaved totem pole PFC converter, switched reluctance machine (SRM).

I. INTRODUCTION
As fossil fuels deplete, electric vehicles (EVs) emerge as a
promising solutionwith performance, simplicity, and reduced
fossil fuel dependency. However, challenges like high upfront
costs, long charging times, and limited infrastructure neces-
sitate research for a cleaner transportation future.

One of the key components in EVs is the electric motor,
and currently, permanent magnet (PM) machines are the
favored choice due to their high efficiency and power density.
However, there are ecological and supply chain intricacies
associated with the extraction and processing of rare earth
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minerals for PM-based motors [1]. In contrast, Switched
Reluctance Motors (SRMs) offer a robust alternative to PM
motors and inductionmotors with no PM elements or conduc-
tors on the rotor. Moreover, SRMs exhibit notable advantages
in high-speed performance, fault tolerance, and resilience
under challenging high-temperature conditions [2].

The availability of charging infrastructure remains a sig-
nificant hurdle for EVs, but an on-board charger (OBC) can
provide a reliable option for commutes within the vehicle’s
battery range. The traditional OBC typically comprises two
dedicated power converters for motor driving and charging.
In contrast, integrated on-board chargers (IOBCs) combine
these functionalities, resulting in cost savings and increased
power density of the overall system [3].
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As a result, the combination of IOBCs and SRM drives
is emerging as a promising avenue for EV applications [4].
These technological advancements have the potential to make
EVs more affordable and efficient for consumers, address-
ing some of the challenges that have traditionally hindered
their widespread adoption. Traditionally, OBCs are isolated
from the grid, but non-isolated chargers hold the advantage
of greater efficiency [5]. However, they introduce potential
safety concerns due to leakage current from common mode
voltage, as discussed in [6]. Recent research works have
identified methods to mitigate common mode voltage in non-
isolated on-board chargers, making them a viable option [7].
In the literature, it is demonstrated that compared to various
power factor correction (PFC) converter topologies (which is
part of an OBC), the totem-pole PFC has a small common
mode leakage current [8]. Additionally, the totem pole PFC
converter has higher efficiency, reduced ripple in the input AC
current, and fewer components compared to the other PFC
topologies [8].

As mentioned earlier, research exploring the use of
SRM-based IOBCs in EVs is rapidly gaining traction.
Specifically, studies presented in [9], [10], [11], and [12]
have delved into IOBCs for SRM-equipped Plug-in Hybrid
EVs (PHEVs), while research works in [13], [14], [15], [16],
[17], [18], [19], [20], [21], [22], and [23] have investigated
methodologies for SRM-equipped pure EVs.

Among the various IOBCs for SRM-equipped EVs, some
have employed machine windings as filter inductors, achiev-
ing higher power density and an increased power rating for
the OBC without significantly increasing system weight [3].
However, utilizing machine windings as filter inductors can
induce torque pulsation or rotor rotation during charging
mode. Blocking the rotor during charging may not elimi-
nate rotor vibrations and associated wear and tear in the
machine. Even when the average torque is controlled to
zero, pulsating torque may still exist, resulting in rotor
vibrations and associated wear and tear [24]. For exam-
ple, the research presented in [17], [18], and [19] utilizes
machine winding as a filter inductor during the input PFC
stage. However, these methods have unequal current dis-
tribution across the machine windings during charging,
leading to torque pulsation. To address this issue, research
in [13] and [14] has proposed using separate inductors instead
of machine windings as filter inductors during charging
mode. However, this approach increases cost and reduces
power density.

To address the mentioned challenge, various innovative
solutions have been proposed to achieve zero instantaneous
torque (ZIT) using machine windings as filter inductors.
For instance, the research in [9] and [10] aims to achieve
ZIT for a three-phase SRM by ensuring equal current
through all three machine windings. This, in contrast to the
approaches in [17], [18], and [19], gives 6 ZIT positions.
However, the proposed topology is a two-stage topology,
i.e., a diode bridge rectifier (DBR) followed by a three-phase
PFC boost converter using machine windings. For higher

efficiency, [12] suggests a bridgeless boost converter with two
phases connected in series during the charging mode. This
configuration ensures four stable positions with ZIT during
charging. However, it necessitates the use of two magnetic
contactors for reconfiguration during charging, adding to
the overall cost and bulkiness, especially when considering
their automotive-grade expense. Furthermore, the converters
in [9], [10], and [12] lack bidirectional operation capability
for OBCs.

The methods discussed in [11], [15], and [16] utilize SRM
with split-phase windings to attain ZIT during the charg-
ing mode. In these approaches, one phase is split into two
and excited during charging, providing two stable positions
with ZIT. However, these methods require a specialized
split-phase SRM and the incorporation of additional mag-
netic contactors for reconfiguration. The introduction of
split-phase windings necessitates constructional modifica-
tions, and the inclusion of extra contactors adds to the overall
expense and complexity of the system.

In [21] and [23], a four-phase SRM is reconfigured into a
bridgeless boost PFC converter without using any magnetic
contactors. Both have four stable ZIT positions. However,
both configurations have disparities in equivalent inductances
in the positive and negative cycles. This leads to even har-
monics in the grid current due to unequal current ripples
in positive and negative cycles. These even harmonics are
mitigated in [22], with the same inductance in positive and
negative cycles irrespective of the rotor position. Also, the
chargingmethodology proposed in [22] has 8 stable ZIT posi-
tions. However, in [22], the conduction losses and switching
losses are higher, with four windings and their respective
semiconductor switches conducting simultaneously. Also,
the converters discussed in [9], [10], [11], [12], [13], [14],
[15], [16], [17], [18], [19], [20], [21], [23], and [22] lack
bidirectional operation capability for OBCs. Bidirectional
operation capability for OBCs can facilitate versatile operat-
ingmodes such as returning power back to the grid, supplying
power to other loads, grid forming mode, and reactive power
compensation [25].

In [23], the motor drive converter is reconfigured into
a bidirectional single-phase totem-pole PFC converter for
charging. The totem pole configuration enables the sup-
pression of common mode voltage or current. However, the
bidirectional operation is not detailed in the paper. Also,
it requires two additional magnetic contactors. Additionally,
in [23], a conventional VSI is used to drive the motor, hin-
dering independent control of phase currents with slower
demagnetization in motoring mode.

The literature shows that the development of SRM-based
OBCs for EVs has gained significant traction. However,
existing OBC designs often face challenges in achieving
ZIT with machine windings as filter inductance. These sys-
tems often involve trade-offs between cost, complexity, and
performance. Addressing these limitations requires detailed
analysis and further research into innovative topologies and
control strategies.
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FIGURE 1. Circuit configuration for the proposed SRM drive.

This paper presents a 4-phase SRM drive with integrated
on-board charging capability. The advantages offered by the
proposed system are listed below:

1) A modifiedMiller converter is used. This ensures inde-
pendent control of phase currents and, hence smooth
control of the SRM in motoring mode.

2) This converter can be readily reconfigured as a
two-phase interleaved totem pole PFC converter uti-
lizing the machine windings as filter inductors. This
enables the suppression of common mode voltage or
current and higher efficiency compared to reported
IOBCs in the literature. No magnetic contactors are
required for reconfiguring avoids additional costs.

3) The rotor is not blocked during charging for the pro-
posed system. The instantaneous torque at steady-state
during charging is zero. There exist four stable ZIT
positions, ensuring the reliable utilization of machine
windings as filter inductors.

4) The variation of machine inductance with respect to
rotor position is considered for the controller design,
ensuring a good power factor irrespective of rotor
positions. The inductance during positive and negative
cycles is equal, eliminating the even harmonics.

5) The proposed topology is capable of operating in all
the following modes: (a) motoring mode, (b) regener-
ative breaking, grid-to-vehicle (G2V) charging mode,
(c) vehicle-to-grid (V2G) mode, (d) bidirectional DC
grid charging mode, and (e) vehicle-to-vehicle (V2V)
mode.

6) Utilizing two interleaved, parallel-connected windings
of the SRM as filter inductors enables charging power
up to twice the motoring power.

In this paper, an improved and non-isolated IOBC
based on an interleaved Totempole converter is proposed

for a 4-phase SRM, featuring ZIT during the charging mode.
Here, a detailed analysis of instantaneous torque during
charging modes is provided. Finite Element Analysis (FEA)
results and MATLAB simulation results are presented to
validate the ZIT during charging. A hardware prototype
is developed to confirm the efficacy and reliability of the
system. The experimental results for motoring mode and
charging modes (G2V and V2G modes) are also presented.

The organization of the remaining sections is as follows:
Section II details the converter’s operation and control.
Section III examines instantaneous torque under charg-
ing conditions using Ansys and MATLAB simulations.
Section IV presents experimental results. Section V con-
cludes the paper by summarizing the key contributions.

II. PROPOSED SYSTEM
Fig. 1 shows the circuit configuration for the proposed SRM
drive. It comprises a modified Miller converter-fed SRM
drive with three current sensors: CT1 for measuring phase A
current (iA), CT2 for measuring phase C current (iC ), and
CT3 for measuring the sum of currents in phases B and D
(iB + iD). In the presented drive, the converter intentionally
incorporates asymmetry with diode D11 to minimize costs,
as diodes are less expensive compared to IGBT/MOSFET.
Nevertheless, symmetry can be restored by substituting D11
with IGBT/MOSFET. The subsequent sections explain the
operating modes and control of the proposed converter during
motoring and charging (G2V and V2G) modes.

A. MOTORING AND REGENERATIVE BRAKING MODES
1) OPERATING MODES
To achieve independent control of phase currents, the phases
are shared between alternate phases as depicted in Fig. 1.
The various operating states for phase A winding during
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TABLE 1. Table showing the switching states and sensor used for each phase during motoring and regenerative braking modes.

FIGURE 2. Three operating states of phase A during the motoring and
regenerative braking modes. (a) Magnetization mode. (b) Zero voltage
mode. (c) Demagnetization mode.

TABLE 2. Machine parameters.

motoring/regenerative braking modes are illustrated in Fig. 2.
During magnetization, T2 and T3 conduct to apply the battery
voltage across the windings. In freewheeling mode, T3 is
turned off to apply zero voltage across the winding, while the
switch T2 and the diode D4 conduct for the winding current
to decay due to winding resistance. When both T2 and T3
are turned off, negative battery voltage is applied through
D4 and the reverse diode of T1 to demagnetize the wind-
ings before entering the negative torque region. The identical
approach is followed for the remaining phases as well. The
switching table and the current sensor to be read during
each switching mode are shown in Table 1. During motoring,

FIGURE 3. Control block diagram for the proposed SRM drive in motoring
mode.

FIGURE 4. Circuit configuration of the power converter during charging
mode (reconfigured version of the circuit in Fig. 1.

the phase windings are energized in the positive inductance
slope region, whereas during regenerative braking, they are
energized in the negative inductance slope region.

2) CONTROL DESIGN
Fig. 3 shows the control block diagram for the proposed SRM
drive in motoring mode. The linearized model of SRM based
on themachine parameters outlined in Table 2 is derived using
small signal analysis [26]. The obtained transfer functions are
expressed as follows:

I (s)
d(s)

=
74.07 s+ 90.33

0.0025 s2 + 2.707 s+ 9.734
(1)

ωr (s)
I (s)

=
205.9
s+ 1.22

(2)

Here, I ,d , and ωr denote the current, the duty cycle, and the
rotor speed, respectively. Whereas the ω∗

r and I∗ refers to
speed and current command signals, respectively.

The current controller (type 2 compensator) is designed
using the K-factor approach [27] to achieve a desired phase
margin of 70◦ at a loop gain bandwidth of 800 Hz (as the
switching frequency is 10 kHz). Similarly, the speed con-
troller is designed for a loop gain bandwidth of 4 Hz and with
a desired phase margin of 80◦. The obtained speed (Gmω) and
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FIGURE 5. Operating modes for phase A winding in G2V/V2G modes.
(a) While T2 is turned on during the positive cycle. (b) While T2 is turned
off during the positive cycle. (c) While T1 is turned on during the negative
cycle. (d) While T1 is turned off during the negative cycle.

FIGURE 6. Control block for G2V (positive current reference) and V2G
(negative current reference) modes.

current (Gmi) control transfer functions are as follows:

Gmω =
28.57
s

s+ 2.705
s+ 233.5

; Gmi =
8736
s

s+ 593.2
s+ 42590

(3)

The obtained controller transfer function is in the continuous
domain. This is discretized using bilinear transformation for
a sampling period of 20µs for the digital implementation of
the controller.

B. CHARGING (G2V AND V2G) MODES
1) OPERATING MODES
During the charging (G2V andV2G)modes, when the vehicle
is parked, the rotor shaft must first be disengaged from the
transmission and, hence, the wheels, allowing the rotor to
rotate freely. Then, the switch S in Fig. 1 is closed. During
steady-state operation, as the dc-link voltage exceeds the
peak grid voltage, the free-wheeling diode of T3 and the
diodeD4 remain non-conductive. Switches T1, T2, T5, T6, T7,
and T8 form a two-phase interleaved totem pole PFC rectifier,
as depicted in Fig. 4.
The operational modes of the converter in AC grid-

connected modes for phase A are illustrated in Fig. 5. The
totem-pole PFC operates in the positive and negative cycles
of the AC mains input. The current flow depends on how

T2 and T1 are switched. The switches, together with the
inductor, create a synchronous boost converter. Similarly,
phase C operates interleaved with phase A, utilizing switches
T5 and T6 with a 180◦ phase shift.
Fig. 6 illustrates the control block diagram for G2V and

V2G modes. In the positive half cycle, T2 and T6 serve as
boost switches with duty cycles d1 and d2, while T1 and T5 are
driven by complementary PWM signals (1 − d1) and
(1 − d2) respectively. Simultaneously, T8 conducts contin-
uously. In the negative half cycle, the roles reverse with
T1 and T5 as boost switches, and T2 and T6 driven by
complementary PWM signals. Throughout, T7 conducts con-
tinuously. Seamless bidirectional operation is achieved by
switching T8 during the positive cycle and T7 during the
negative half cycle of the input voltage.

2) CONTROL DESIGN
As shown in Fig. 6, the converter can operate in constant
voltage (CV) and current (CC) modes. In CV mode, the bat-
tery voltage is regulated, while in CC mode, the grid current
(or indirectly the battery current) is regulated. A second-order
generalized integrator (SOGI) based phase locked loop (PLL)
with offset rejection is designed and implemented [28]. The
reference peak current is multiplied by the sine output of the
PLL and the sign of grid voltage to get the reference current.
The measured current is multiplied by the sign of grid voltage
and compared with the reference current. In V2G mode, the
reference peak current is set to a negative value.

The machine windings have a rating of 2.5 A. In grid-
connected modes, where two windings are interleaved, the
controller is specifically designed for a rated current of
2.5 A per inductor. The small signal model for the converter is
derived based on an average inductance value [29]. The sub-
sequent sections provide a detailed discussion of the variation
of inductance with respect to the rotor position. The voltage
and current controllers shown in Fig. 6 are designed using
the K-factor method [27]. The current controller is designed
to achieve a phase margin of 60◦ at a loop gain bandwidth
of 2 kHz (as the switching frequency is 20 kHz), while the
voltage controller is designed for a phase margin of 60◦ at
a loop gain bandwidth of 20 Hz. The obtained voltage (Gcv)
and current (Gci) controller transfer functions are as follows:

Gcv =
3.976
s

s+ 8.335
s+ 47.99

; Gci =
22100
s

s+ 3366
s+ 46910

(4)

For digital implementation of the controller, the controller
is discretized using bilinear transformation for a sampling
period of 20µs.

III. DISCUSSION ON INSTANTANEOUS TORQUE
AND VARIATION OF INDUCTANCE DURING
CHARGING MODES
In charging modes, the proposed system functions exclu-
sively with two specific windings: phase A and phase C.
As a result, the torque generated is the combined sum of the
torques produced by phase A and phase C. Hence, the net
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FIGURE 7. Look-up tables (LUTs) obtained from SRM characterization
using Ansys. (a) Current LUT. (b) Torque LUT.

torque (Tnet ) is given by:

Tnet = TA + TC (5)

In chargingmodes, the Totempole PFC is controlled to ensure
equal currents in both phases’ windings, with the polar-
ity determined by the AC cycles. Nevertheless, the torque
generated per phase remains unipolar. This unipolarity is
a consequence of the torque per phase in the SRM being
directly proportional to the square of the phase current,
as illustrated in the equation below:

Tph = iph2
dLph
dθ

. (6)

Equation (6), further demonstrates that the magnitude of
torque produced per phase also increases with the inductance
slope and depends on its sign.

In subsequent sections, individual phase torques and net
torque during the charging modes are analyzed theoretically,
along with the Ansys and MATLAB Simulink simulation
results.

A. DEVELOPMENT OF SIMULATION MODEL
To accurately analyze the performance of the SRM during
charging mode, an appropriate model needs to be developed
using FEA [2]. For this purpose, the motor is designed using
Ansys RMxprt by providing geometric parameters of the
motor. The resulting model serves two primary purposes:
(i) to investigate the transient behavior of the rotor position
during charging usingAnsysMaxwell Transient analysis, and
(ii) to develop a MATLAB Simulink model to analyze the
voltage, current, and torque of the SRM during charging.

The 2D model of the SRM generated using Ansys RMxprt
simulation is utilized for the AnsysMaxwell simulation (with
the solution type set to Transient). The Ansys Maxwell simu-
lation results are discussed in more detail in the next section.
To derive the MATLAB Simulink model of the SRM, flux
data is extracted from the Ansys RMxprt simulation results.
The obtained flux data is then interpolated to maintain uni-
formity, and the interpolated results are inverted to generate
the phase current lookup table (LUT) data, plotted and shown
in Fig. 7(a). This LUT data facilitates the mapping of phase
current for a given flux and rotor position. Utilizing the inter-
polated flux data, the torque LUT is generated by integrating
the flux data along the current vector. The torque LUT data,

plotted and shown in Fig. 7(b), are used for calculating the
torque of the SRM for any given current and rotor position.
Utilizing the LUTs (Fig. 7), an accurate MATLAB Simulink
SRM model is derived.

B. ANSYS TRANSIENT ANALYSIS: RESULTS
AND DISCUSSION
The transient simulation for the Ansys Maxwell model is
carried out with phases A and C excited with a 4A peak
sinusoidal current, as these phases are utilized in charging.
Fig. 8(a) shows the rotor trajectory with different initial rotor
positions when the two phases are excited as mentioned
above. The phase inductance profile and torque profile of
the two phases of the SRM, along with the net torque for
the given excitation, are plotted alongside the rotor position
trajectory to provide a clear understanding. Fig. 8(b) shows
the inductance profile obtained using FEA for different phase
current values.

In Fig. 8(a), one electrical cycle is divided into four seg-
ments. From the figure, it is evident that if the initial rotor
position is in segment I, the rotor settles at stable position I.
In segment I, the slopes of the inductance for phases A and C
are opposite, resulting in opposing torques (as per (6)).
Hence, the rotor tends to settle at the position where the net
torque is zero. The same applies to segment III. Consequently,
in segments I and III, the rotor settles at the position where the
phase inductance values of the phases are exactly equal. It is
evident from the figure that if the initial rotor position lies in
segment III, the rotor settles at stable position III. Therefore,
when the rotor is at stable positions I or III,

dLA
dθ

= −
dLC
dθ

⇒ TA = −TC ⇒ T = 0 (7)

These are the positions referred to as stable position I (7.5◦)
and stable position III (37.5◦) in Fig. 8(a), with an inductance
value of 11.5 mH.

As shown in Fig. 8(a), if the initial rotor position is in
segment II or III, the rotor settles at rotor positions II and III,
respectively. In segment II, as evident from Fig. 8(a),
the C-phase torque (TC ) is low compared to the A-phase
torque (TA) since phase C is nearly in the unaligned position.
In segment II, TA is positive below stable position II and
negative beyond stable position II. Consequently, if the initial
position of the rotor is at any point in segment II, the rotor
aligns with phase A of the stator pole at position II (22.31◦)
during steady state, where the net torque is zero. Similarly,
in segment IV, the rotor aligns with phase C of the stator pole
at position IV (52.69◦), where the net torque is zero. Hence,
when the rotor is at stable positions II or IV,

dLA
dθ

=
dLC
dθ

= 0 ⇒ T = TA = TC = 0 (8)

As a result, the inductances of phases A and C differ at
these stable positions. At stable position II, the inductance
of phase A matches the aligned inductance (22.8 mH), while
the inductance of phase C corresponds to the unaligned
inductance (3.8 mH) of the SRM. Conversely, at stable
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FIGURE 8. FEA results depicting (a) rotor trajectory with arbitrary initial position plotted along with inductance and torque profiles. (b) Phase inductance
profile of the SRM for different phase currents.

FIGURE 9. Ansys FEA results showing flux lines at the stable positions.
(a) Stable Position I (7.5◦) (b) Stable Position II (22.31◦) (c) Stable Position
III (37.5◦) (d) Stable Position IV (52.69◦).

position IV, the inductance of phase C takes the aligned
inductance value (22.8 mH), whereas the inductance of phase
A takes the unaligned inductance value (3.8 mH).

Hence, it is clear from the above discussion that with equal
currents in phases A and C during charging mode, from any
arbitrary initial position, the rotor aligns along any one of the
aforementioned stable positions. Fig. 9 shows the steady-state
rotor positions (stable positions I, II, III, and IV) and flux lines
during charging modes. From Fig. 8 and Fig. 9, it is evident
that the maximum angular displacement from any arbitrary
initial position to the corresponding stable position is nearly
equal to 7.5◦.

C. INDUCTANCE VALUES DURING CHARGING MODE
As discussed in the previous section, designing the controller
for chargingmodes requires an accurate small signal model of

the power electronic converter. This requires the phase induc-
tance values. From the above discussion, the three potential
combinations of inductance values during charging mode are
as follows:

LA = LC = 11.5mH Pos I & III

LA = 22.8mH LC = 3.8mH Pos II

LA = 3.8mH LC = 22.8mH Pos IV (9)

The average value of inductance of a phase across the four
stable positions can be calculated as below:

Lavg =
(3.8 + 11.5 + 11.5 + 22.8) mH

4
= 12.4 mH (10)

For small signal modeling of the totem pole converter, a fil-
ter inductor value of 12.4 mH is assumed, representing the
average inductance at stable rotor positions (as in (10)).
Analysis of (9) reveals significant inductance deviations from
the average during stable positions II and IV. Consequently,
the phase with the lowest inductance value (3.8 mH) exhibits
a higher current ripple, while the phase with a higher induc-
tance value (22.8 mH) experiences a lower ripple. However,
interleaving ensures that these variations in inductance values
do not impact the power quality of the grid current during
charging mode. Furthermore, once the rotor is immobilized
(i.e., in stable positions), the inductance remains constant for
both phases during both positive and negative cycles. This
ensures a symmetric current waveform, effectively prevent-
ing the occurrence of even harmonic currents.

D. MATLAB SIMULATIONS: RESULTS AND DISCUSSION
As discussed in Section III-A, the FEA-based SRM simula-
tion model is employed in MATLAB Simulink to analyze the
converter’s performance during charging modes. Alongside
the SRM model, the converter is designed and implemented
in the MATLAB simulation. For this purpose, the DC link
capacitor (Cbat ) is designed considering a battery volt-
age Vbat ) of 400 V, a voltage ripple (1V ) of 1%, and a
minimum power (Pout ) of 1 kW. The frequency of the output
voltage ripple (fripple) is known to be 100 Hz (given the grid
frequency is 50 Hz), and the calculation for Cbat is expressed
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FIGURE 10. Simulation results showing input grid voltage, grid current,
inductor currents, A-phase and C-phase torques, and net torque for stable
positions. (a) Position I. (b) Position II. (c) Position III. (d) Position IV.

FIGURE 11. Photograph of the experimental setup.

as follows [30]:

Cbat =
Pout

2π frippleV 2
bat1V

≈ 1000µF (11)

The converter’s switching frequency during the charging
mode is set at 20 kHz. The control block diagram and con-
troller parameters utilized for the simulation are depicted
in Fig. 6 and (4), respectively. This MATLAB simulation
evaluates the performance of the designed controllers and
PFC operation in both charging modes (i.e., G2V and V2G).
Furthermore, the simulation validates and presents the phase
torque and net torque of the SRM at steady-state positions.

Fig. 10 illustrates simulation results during charging mode,
showcasing input grid voltage, grid current, inductor cur-
rents, A-phase and C-phase torques, and net torque at stable
positions I, II, III, and IV. In Fig. 10, the phase C currents
is intentionally inverted to enhance visibility. In Fig. 10(a)
(stable position-1), equal current ripples in phase A and
phase C are evident due to identical inductances (11.5 mH).
Also, it is observed that the A-phase and C-phase torques are

FIGURE 12. Experimental results during motoring mode. (a) Steady-state
speed and phase (phase A) current at a speed of 300 rpm.
(b) Steady-state speed and phase (phase A) current at a speed
of 500 rpm. (c) Speed transient for increasing speed reference
from 0 to 800 rpm. (d) Speed transient for decreasing speed reference
from 800 to 300 rpm. (e) Speed for variable speed references.

equal and opposite, leading to a net instantaneous torque that
is negligibly low and a zero average net torque. Additionally,
as evident from 10(a), during the mode transition from G2V
to V2G at 0.053 seconds, the converter exhibits seamless
tracking of the reference current, and negligible net torque
ensures no pulsation during the switching process. Fig. 10(b)
displays simulation results for stable position II, revealing
unequal current ripples due to differing inductance values (as
discussed earlier). Despite the higher phase-C current ripple
(3.8 mH), interleaved operation reduces the grid current’s
THD to 4.61% [Fig. 10(b)]. Additionally, it can be observed
that the phase A and phase C torque is low, giving negligible
net zero instantaneous torque, and zero average torque.

Similar waveforms are observed at stable positions III
and IV (Fig. 10(c) and Fig. 10(d)), following patterns seen
in stable positions I and II, respectively. From Fig. 10(b)
to Fig. 10(d), it is also observed that seamless tracking of
reference current and negligible instantaneous torque persist
during transitions from G2V to V2G and vice versa across
stable positions II to IV.

IV. EXPERIMENTAL RESULTS
To validate the efficacy of the proposed motor drive with
IOBC capability for an SRM-based EV, an experimental
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prototype is set up in the laboratory, featuring a 1-hp SRM
coupled with a separately excited DC machine as shown
in Fig. 11. The parameters of the motor employed in the
experimental setup are detailed in Table 2.

In the experimental setup, a 0-750V, 15A regulated power
supply (with voltage setting ranging from 350 to 400V) is
used to emulate the battery for testing the motor drive and
V2G functionality of the proposed system. For validating the
performance of the system in G2Vmode, a resistor bank with
a rating of 100�, 5A, is used and connected at the DC link
to dissipate the power drawn from the grid. The motor drive
prototype comprises six SKM50GB12T4 IGBT legs (rated
1200 V, 50 A) equipped with Skyper 32R drivers. An incre-
mental encoder (ERA50T) with a resolution of 1024 PPR is
connected to the motor shaft to detect precise rotor position.
Additionally, three hall current sensors (LA25P) are utilized
to measure the phase currents, as shown in Fig. 1. MCP6022
op-amp-based differential amplifier circuits are employed
for signal conditioning in the current and grid-side voltage
sensing circuits. A DSP microcontroller TMS320F28379D is
employed for the digital control implementation of the entire
system.

A. MOTORING MODE
The proposed drive in motoring mode is analyzed for steady-
state and dynamic performance. To enhance the dynamic
performance of the drive, integrator anti-windup using the
back-calculation method for the speed loop is incorporated
into the closed-loop control system depicted in Fig. 3.

Fig. 12 displays closed-loop steady-state and dynamic
waveforms during motoring mode. The efficacy of
closed-loop current control is evident in Fig. 12(a) and 12(b),
depicting speed and phase current profiles at reference speeds
of 300 rpm and 500 rpm, respectively. Fig. 12(c) reveals that
with a speed reference of 800 rpm, the motor settles within
1.52 seconds with minimal overshoot. Similarly, Fig. 12(d)
demonstrates a 2-second settling time with a 100 rpm under-
shoot at a reference speed of 300 rpm, while the motor
operates at 800 rpm. Fig. 12(e) showcases successful tracking
of the reference speed, demonstrating the efficacy of the
designed controllers (shown in (3)). Integral anti-windup
implementation effectively mitigates windup effects, con-
tributing to improved control performance for the drive.

B. G2V AND V2G MODES
To validate the performance of the experimental prototype of
the proposed IOBC’s during charging modes, a single-phase
autotransformer was employed to connect the AC supply
to the converter. The converter, configured in a totem pole
arrangement, is operated in closed-loop with two levels of
interleaving. The obtained experimental results, showcasing
basic waveforms, switch stress, and output voltage, are pre-
sented in Fig. 13. Fig. 13(a) illustrates the input voltage
and duty cycle waveforms for T2 and T6, while Fig. 13(b)
depicts the output waveform of the PLL, along with the
two inductor currents and the grid current. It is evident that

FIGURE 13. Experimental results showing waveforms in G2V/V2G modes
for a grid reference current of 4 A. (a) Grid voltage and duty cycles
for T2 and T6. (b) PLL output, inductor currents (iA and iC ), and grid
current (iGrid ). (c) Voltage across T2 and T6. (d) Battery voltage (Vbat ) and
battery current.

interleaved operation effectively reduces the ripple in the grid
current compared to the two inductor currents. Fig. 13(c)
demonstrates the voltage stress across the low-side switches
(T2 and T6) and highlights the interleaved operation of
the switches with 20 kHz switching frequency. Fig. 13(d)
presents the output DC-link voltage and the dc current. Over-
all, the waveforms presented in Fig. 13 closely align with the
theoretical analysis and effectively demonstrate the perfor-
mance of the designed controller.

Fig. 14 illustrates the steady-state grid current for various
grid currents in charging modes. A negative current reference
triggers the transition from G2V to V2G mode. THD mea-
surements of grid current for different reference values are
performed using a Fluke Power Quality Analyzer. The worst
harmonic distortion recorded is 8% for a current of 1.4 A
(Fig. 14(a)), while the lowest harmonic distortion is 3.5%
for 4.6 A (Fig. 14(c)). These THD values adhere to IEEE
519-2022 standards. Remarkably, the converter smoothly
achieved PFC operation without any significant torque pul-
sation in the machine during charging modes. Additionally,
Fig. 14 illustrates symmetric current waveforms with equal
ripples in positive and negative cycles. This is further con-
firmed by the absence of even harmonics in the power quality
analysis.

Efficiency is evaluated in both G2V and V2G modes
with varying loads, as depicted in Fig. 15. Notably, effi-
ciency peaked at 65% load and dropped to its lowest point
at 30% load for both modes. In G2V mode, the system
achieved a maximum efficiency of 95.7% and a minimum
of 95.23%, while in V2G mode, it demonstrated a peak effi-
ciency of 95.43% and a minimum of 94.96%. These findings
underscore the system’s robust performance across varying
load conditions.
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TABLE 3. Comparison of different IOBCs utilizing machine windings as filter inductors for SRM based EVs.

FIGURE 14. Experimental results showing grid voltages and current
waveforms in G2V/V2G modes for different reference grid currents.
(a) 1.4 A. (b) 2.83 A. (c) 4.6 A. (d) 5.3 A. (e) -2.12 A. (f) -3.18 A. (g) -3.9 A.
(h) -5.2 A.

Table 3 provides a comprehensive comparison of the
proposed IOBC’s features against other reported IOBCs
for SRM-based EVs. The comparison is based on vari-
ous key criteria, including instantaneous electromagnetic

FIGURE 15. Efficiency vs load curve obtained from experimental results.

torque production during charging, even harmonics, power
electronic component count, magnetic contactor usage, bidi-
rectional capability, and power capacity. From Table 3,
it can be inferred that the proposed SRM drive with
IOBC capability (with interleaved totem pole PFC opera-
tion) exhibits bidirectional power transfer with a capacity
twice that of the traction power. Other SRM-based OBCs
reported in the literature do not exhibit bidirectional capa-
bility. Additionally, the proposed OBC has the advantage
of reduced common-mode voltage with the totem-pole PFC
converter [8]. During charging mode, the system achieves
ZIT operation, eliminating torque pulsations. By employing
equal filter inductance values in both positive and negative
cycles during charging modes, the proposed converter main-
tains symmetrical grid current, effectively suppressing even
harmonics. Furthermore, the absence of additional magnetic
contactors for reconfiguration contributes to the system’s
cost-effectiveness.

V. CONCLUSIONS
In conclusion, this paper introduces a novel IOBC system
specifically designed for a 4-phase SRM drive. The pro-
posed IOBC employs amodifiedMiller converter inmotoring
mode and seamlessly transitions to a two-phase interleaved
totem pole converter during charging modes, eliminating the
need for magnetic contactors. Leveraging interleaved totem
pole PFC operation, the system attains commendable power
quality, heightened efficiency, and reduced common mode
leakage currents in charging modes (G2V/V2G).
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This versatile IOBC demonstrates bidirectional capability,
accommodating various operational modes, including G2V,
V2G, V2V, etc., although the G2V and V2G functionalities
are exclusively validated in this study. The IOBC’s circuit
configuration and control ensures ZIT for the motor dur-
ing charging, mitigating wear and tear induced by torque
pulsations. The system’s performance is further substanti-
ated through simulations conducted using Ansys and Matlab
Simulink, validating its efficacy in charging modes.

Experimental results from the hardware prototype of the
IOBC affirm the SRM drive’s performance in both driving
and charging modes. Key findings from the theoretical anal-
ysis, simulation and experimental results include:

1) ZIT on the motor during charging modes.
2) Grid current THD below 5% under near-rated

conditions.
3) PFC operation (>0.99 power factor) ensuring enhanced

power quality in the grid current during charging.
4) Equal inductance in positive and negative cycles of

the grid voltage, resulting in symmetrical grid currents
with no even harmonics.

5) Usage of zero magnetic contactors for transitioning
from motoring to charging modes.

6) Bidirectional operation with minimum number of
power electronic components (i.e. 9 switches and
3 diodes).

7) Peak efficiencies of 95.7% in G2V mode and 95.43%
in V2G mode.

8) Precise tracking of motor speed reference with supe-
rior dynamic performance (settling time = 1.52 s and
100 rpm overshoot) in motoring mode.

In summary, the proposed IOBC system demonstrates
robust performance across various modes, providing a
promising solution for efficient and high-quality power trans-
fer in 4-phase SRM drives.
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