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Abstract — As environmental protection increasingly
becomes a global focus, new energy vehicles have grad-
ually emerged as a rising star in the modern transporta-
tion sector. They not only represent technological inno-
vation but also carry the hope of achieving sustainable
mobility. This paper proposes a novel dual-port inte-
grated power converter, consisting of a front-end circuit
and a traditional asymmetric half-bridge converter. By
changing the operating state of the front-end circuit’s
switch transistors, different operating modes can be
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switched. In the motoring state, there are single-power
supply mode and hybrid power supply mode, and the
converter is reconfigured into a five-level converter.
In the regenerative braking mode, there are moderate
braking mode and severe braking mode, and energy
recovery can be achieved in both modes, with the con-
verter being reconfigured into a four-level converter. The
power converter proposed in this paper can accommo-
date wide speed range regulation for both electric and
braking operations, while also recovering energy from
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regenerative braking. It has been simulated and verified
on a three-phase 12/8 switched reluctance motor, con-
firming its practicality and effectiveness.

Index Terms - Multilevel, regenerative braking,
switched reluctance motor.

I. INTRODUCTION

Against the backdrop of actively addressing climate
change and vigorously promoting energy transformation
worldwide, electric vehicles are like a rising star, rapidly
becoming the mainstream direction of the automotive
industry’s development with their significant advantages
of cleanliness, environmental protection, high efficiency,
and energy conservation, leading the transportation sec-
tor to accelerate towards a green, intelligent, and sus-
tainable future. As one of the components of the power
system of electric vehicles, the motor plays an extremely
important role. The strong magnetic field characteristics
of the permanent magnet in the permanent magnet syn-
chronous motor make its structure more compact and
capable of outputting greater power in a limited space,
which is very suitable for the lightweight and high power
needs of electric vehicles. However, its core cost lies
in the permanent magnet, which is greatly affected by
the high cost of rare earths. Thus, there is an urgent
need for a rare earth free motor, and switched reluctance
motors (SRMs) have received widespread attention in
this field. The rotor has no permanent magnets and
windings, and is made of stacked silicon steel sheets.
The stator winding structure is simple, with a low failure
rate and almost no maintenance required, which enables
it to be applied in scenarios such as high speed, high
temperature, and high torque.

SRM drive topology with multi-power supply and
multi-port has the characteristics of integration, high
reliability, and strong applicability, which has gradually
attracted the attention of scholars and engineers. In addi-
tion, in high-speed operation, the traditional SRM drive
system is usually limited by the constant DC bus voltage,
which makes the excitation and demagnetization voltage
fixed, and it is difficult to realize the rapid excitation
and demagnetization of the winding, thus affecting the
efficiency, output energy, and dynamic performance of
the motor system. A multilevel power conversion circuit
can realize the fast excitation and demagnetization of
windings, which is an effective scheme to improve the
driving performance of SRM [1].

Ali and Narimani suggested an eight-leg asym-
metric three-level power converter, which divides the
batteries into two groups and produces a similar working
mode as the traditional three-level asymmetric con-
verter. It has improved performance, reduced size, and
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is different from the series connected single battery
pack. The proposed battery pack separate connection
provides flexible control and fault tolerance for SRM
driver [2]. Hu et al. proposed a SRM drive system
for electric vehicles based on battery/super capacitor.
The system has G2V and V2H/V2G functions. The
power circuit of the motor drive system is composed of
bidirectional two quadrant front-end DC/DC converter
and SRM asymmetrical bridge converter. Through rea-
sonable control and key parameter setting, good acceler-
ation/deceleration, reversible drive, and braking charac-
teristics are obtained [3]. A highly integrated modular
converter for SRM of extended range electric vehicle
is proposed by Xia and Bauman [4]. The converter
can be realized by a standard industrial switch module,
and can flexibly realize the energy conversion between
SRM, battery, generator, and external AC power supply
through front-end circuit. In the battery driven mode,
the capacitor in parallel with the generator is natu-
rally charged and discharged, which improves the phase
voltage, accelerates the excitation and demagnetization
process of SRM, and improves the torque capacity of
SRM. In the generator driven mode, the battery also
participates in the rapid excitation and demagnetization
of SRM.

Yu et al. suggested a simplified dual-port driver
for flux modulated SRM with flexible charging capa-
bility for electric vehicle applications in [5]. Using
modular three-phase converter and auxiliary battery, the
corresponding pulse width modulation (PWM) control
method was studied, and a current regulator based on
VPI was proposed, which further improved the perfor-
mance of the motor, realized flexible power control and
battery charging, and a variety of driving and charg-
ing modes. Phase current regulation of SRMs driven
by traditional asymmetric half-bridge power convert-
ers (AHB) is limited by the supply voltage. Thus an
improved capacitor voltage self-balancing active boost
power converter is proposed by Han and Chen in [6].
The problems of an AHB power converter in different
phases of each phase current were analyzed, the different
working modes of the converter were studied, and the
corresponding control strategies implemented.

A motor driver for a four-phase SRM with only
two current sensors is presented in [7]. The driver
uses an asymmetric half-bridge circuit, but each current
of the two windings is detected by a current sensor,
which enables the proposed SRM driver to provide addi-
tional charge/discharge functions without adding any
additional circuit elements. Additional current sensors,
implementation of the integrated driver, and proof of
the results is provided. A modular three-port converter
with simple structure is proposed in [8], which organ-
ically combines the generator, battery, and SRM. A
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bidirectional front-end circuit with a photovoltaic (PV)
power supply is designed in [9], which integrates the
electrical components into a converter and realizes six
driving modes and five charging modes to obtain mul-
tilevel voltage and increased torque capacity. A highly
integrated solar assisted SRM drive system, which has
the functions of electric drive reconfiguration of G2V
and V2G/V2L, realizes flexible and efficient multi-mode
energy transmission between SRM, battery pack, solar
PV panel, and AC grid in [10]. In order to extend the
driving range of electric vehicles, the use of PV panels
on vehicles helps to reduce the dependence on on-board
batteries. Based on the phase winding characteristics
of SRM, a three-port converter is used to control the
energy flow between PV cells, batteries, and SRMs
in[11].

This paper is structured as follows. Section II intro-
duces the components of the power converter. Section III
gives its various working states and characteristics.
Section IV is simulation verification, and section V
draws conclusions.

II. STRUCTURE AND PERFORMANCE
ANALYSIS OF THREE-PHASE SRM

The stator and rotor of SRM are of salient pole
structure and are laminated by silicon steel sheets
(reducing iron consumption). The rotor has no wind-
ings and permanent magnets, and the structure is sim-
ple and reliable. Single-phase, two-phase, three-phase,
and four-phase structures are common, and three-phase
SRM is the most widely used. The winding current
is a unidirectional pulse current, which is provided
by the power converter [12]. According to the law of
conservation of energy and the law of electromagnetic
induction, the voltage applied to each stator winding
is equal to the sum of the resistance voltage drop and
the induced electromotive force generated due to the
change of flux linkage, and the relationship between
the voltage, current, and flux linkage of phase k of the
motor is:

) dyk

Us =i R+ 7 (1
When the given excitation current is high, the elec-
tromagnetic characteristics will show nonlinearity due
to the saturation of the magnetic core. In general, for
the convenience of calculation, the mutual inductance
between the windings of SRM is often not consid-
ered. The magnetic circuit and inductance are func-
tions of current and rotor position. Flux linkage can be
calculated by the product of winding inductance and
current:

Vi = Yi(ix, 0) = Ly (i, 0)i. (2)
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Combining Equations (1) and (2), there is an electric
potential balance equation:

Cdi )\ dip . dl,do
=L — | — — R.
Uy ( k-‘v-lkdik) ar +lkd9 ar + i 3)

Equation (3) reveals that the terminal voltage of
each phase winding in a SRM is balanced by three dis-
tinct voltage components within the circuit: the resistive
voltage drop, the transformer electromotive force, and
the motional electromotive force [13].

Given the magnetic circuit nonlinearity inherent
in SRMs, the electromagnetic torque at an arbitrary
operating point can be derived via the principle of virtual
displacement — specifically, as the partial derivative of
the magnetic co-energy with respect to the rotor posi-
tion — and is expressed by:

_OW'(0.i) 1,dL

78,1 20 2' 4o

“)
Combined with the piecewise linear model of induc-

tance, the torque expression of each interval can be
further derived. In non-overlapping/aligned areas, % =
0. Torque is zero. In overlapping areas:

dL Linax — Liin

de 6,6 =G )
where C is a constant and torque is proportional to
the square of the current. In addition, the equation of
mechanical motion of the motor is:

]i—?zTe—Ha)—TL, (6)
where J,H,®,T,, and T; are moment of inertia, vis-
cous coefficient, rotor angular velocity, electromagnetic
torque, and load torque, respectively [14].

Let us take the 12/8 three-phase SRM (12-pole
stator, 8-pole rotor, three-phase concentrated winding)
as an example (see Fig. 1). Its core advantages lie in
the stability of operation, fault tolerance, structural reli-
ability, and wide speed regulation range. The stepping
angle is 15° (half of 30° compared with 6/4 three-
phase SRM), torque superposition is more continuous,
fundamental frequency of torque ripple is increased,
and low-speed stepping sense is weakened, which is
conducive to improving the stability of operation and
reducing vibration and noise [15].

Figure 2 shows a 3D diagram of a 12/8 three-
phase SRM static flux linkage. The data in Fig. 2 is
obtained through simulation in ANSYS, in which the
current is simulated at the interval of 0 A to 100 A,
and the rotor position is simulated at the interval of 0°
to 45°. Intermediate data points are obtained by linear
interpolation method. As can be seen from Fig. 2, the
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Fig. 1. Three-phase 12/8 SRM structure.

minimum value of the flux linkage appears in the fully
misaligned position, while the maximum value appears
in the fully aligned position. Flux linkage increases
gradually in the range 0—22.5° and decreases gradually
in the range 22.5—45°.
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Fig. 2. Three-dimensional view of the static flux linkage
of 12-8 SRM.

Figure 3 shows a three-dimensional view of its
static torque. The data in Fig. 3 is obtained through
ANSYS finite element simulation, in which the current
simulation interval is 0 A to 100 A, the rotor position
simulation interval is 0° to 45°, and the rotor angle cycle
is 45°. It can be seen from Fig. 3 that the static torque
of SRM is positive in the range 0—22.5° and negative in
the range 22.5—45°.

Figure 4 illustrates the variations in static torque and
flux linkage of the SRM under single-phase excitation,
with both parameters characterized across different rotor
angles and winding currents. It is evident that the flux
linkage magnitude of the SRM increases alongside the
winding current during the rotor’s movement from the
unaligned to the aligned position relative to the excited
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Fig. 3. Three-dimensional view of static torque of 12/8
SRM.
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Fig. 4. Phase torque and phase flux linkage at different
angles and currents: (a) static flux linkage line curve and

(b) static torque curve.

stator pole. In particular, flux linkage at the unaligned
position exhibits a linear relationship with the current,
which indicates that the motor operates in a magnetically
unsaturated state under this condition.
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III. DRIVING CHARACTERISTICS OF
DUAL-PORT INTEGRATED SRM POWER
CONVERTER

Figure 5 shows the topology of the dual-port inte-
grated SRM power converter proposed in this paper for
a three-phase 12/8 structure SRM. It is mainly composed
of front-end circuit and traditional AHB, taking into
account the electric and braking states of electric vehi-
cle operation, and can achieve energy recovery in the
braking state. The front-end circuit includes four switch
tubes, two diodes, a power supply, and a power battery.
By controlling the on and off of the front-end circuit
switch tubes, multiple functions and operating modes of
the electric vehicle can be achieved. The electric vehicle
power system based on SRM is shown in Fig. 6 [15].

Fig. 5. Topology of dual-port integrated SRM converter.

The power converter proposed in this paper includes
electric mode, multilevel mode, and hybrid power mode
of power battery. Due to the addition of multilevel mode,
the output torque and load capacity of the motor have
been significantly improved. In the power drive mode,
the battery does not participate in power supply, but
rapid demagnetization can be achieved by increasing the
demagnetization voltage through series connection of
batteries. In hybrid driving mode, the motor is driven
in series by a power source and a battery to improve
its dynamic performance [16]. The power supply and
battery can be matched according to different working
conditions to improve dynamic performance. In addi-
tion, in the braking state, it is possible to achieve two
modes of braking while also considering energy recov-
ery. Moderate braking is excited by the power supply
alone, and the battery recovers energy. Heavy braking
is excited by both the power supply and the battery,
while the battery recovers energy, to cope with different
braking situations and achieve more flexible braking.

The proposed power converter has a total of six
working states: power excitation, power demagnetiza-
tion, hybrid excitation, hybrid demagnetization, zero
voltage demagnetization, and energy recovery. The elec-
tric mode includes five working states, and the braking
mode includes four working states. The components
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Fig. 6. Electric vehicle power system.

used in the power converter proposed in this article are
shown in Table 1.

Table 1: Composition of power converter compo-
nents [17]

Component | Type Number | Quantity
Mosfet IRFP4668 10
Diode RURGS8060 8

A. Single power drive mode

In single power drive mode, there are three states:
power excitation, zero voltage freewheeling, and power
demagnetization, as shown in Fig. 7. In the excitation
state of the power supply, the current passes through
the asymmetric half-bridge circuit, flows through the
negative pole of the power battery, and then forms
an excitation circuit through the reverse diode VDg
connected in parallel with the switching transistor 7j,
and the current rises rapidly. The voltage applied to the
winding at this time is Upc, as shown by the red dotted
line in Fig. 7. Afterwards, by controlling the switching
tubes 11,73, and T5 separately, the A, B, and C phase
windings are controlled for zero voltage freewheeling,
resulting in zero winding voltage, as shown by the blue
dotted line in the Fig. 7. In demagnetization mode, the
control switch tubes 73 and Ty are turned on, and the
phase current forms a demagnetization circuit through
the switch tubes Ty and Tjg. A reverse voltage —Upc is
applied to the winding for reverse demagnetization, as
shown by the green dotted line in the Fig. 7. Therefore,

Fig. 7. Working status of power drive.



in the electric single power supply mode, only the T3 and
T1o switching tubes need to be controlled to conduct.

B. Hybrid driving mode

In hybrid driving mode, there are three states:
hybrid excitation, zero voltage freewheeling, and hybrid
demagnetization, as shown in Fig. 8. In this mode, the
power supply is connected in series with the battery,
and both the excitation voltage and demagnetization
voltage are increased, achieving fast excitation and fast
freewheeling, improving the output capability of the
motor torque and enhancing the dynamic performance of
the motor. In excitation mode, current flows through the
switch Ty and the AHB converter to form an excitation
circuit, achieving fast excitation. The voltage applied to
the winding is the sum of the power supply voltage and
the battery voltage Upc + Up, as shown by the red dotted
line in the Fig. 8. We can control the A, B, and C phase
windings for zero voltage freewheeling by separately
controlling the switching tubes 71,73, and 75, as shown
by the blue dotted line in Fig. 8. In demagnetization
mode, the current passes through the reverse diode VD7
of the switching tubes T3 and Ty to form a circuit for
demagnetization, achieving rapid demagnetization in the
reverse direction. The voltage applied to the winding
is —(Upc + Ug), as shown by the green dotted line in
Fig. 8. Therefore, in the hybrid power supply mode of
electric state, only the two switching tubes 73 and Ty
need to be controlled to conduct.

Fig. 8. Working status of hybrid drive.

C. Moderate braking mode

During normal braking, the SRM speed is low and
the back electromotive force is small. A combination
of current chopping control (CCC) and PWM is used
to control the on-off of power devices through PWM
signals, stabilizing the braking current at the set value
and maintaining a constant braking torque. In normal
situations where braking is required, power excitation
can be used to apply voltage Upc to the winding during
the rise of the inductor, generating braking current. In
the decrease interval of the inductor, negative torque and
generating current can be generated to reduce the speed
and charge the battery. Due to the combination of front-
end circuit and traditional asymmetric half-bridge, phase
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overlap can be achieved in the braking state. In normal
braking mode, when phase A recovers energy and phase
B excites, the phase overlap situation is shown in Fig. 9.

Fig. 9. Phase overlap under moderate braking condi-
tions.

The blue dashed line in Fig. 9 indicates that the B-
phase winding is being excited, and the switching tubes
T3 and T4 are open, causing a rapid increase in winding
current. The red dashed line indicates that the A-phase
winding is undergoing energy recovery, and the braking
energy flows to the battery through switch tube 77.

D. Heavy braking mode

In emergency situations where strong braking is
required, the power supply is connected in series with
the battery and voltage Upc + Up is applied to the
winding during the rise of the inductance to jointly
excite it, achieving a rapid increase in braking current
and generating negative torque quickly. This can greatly
improve the braking performance of the motor and,
while ensuring braking, the braking energy can still be
recovered by flowing through the switch tube 77 to the
battery. In heavy braking mode, when phase A recovers
energy and phase B excites, the phase overlap situation
is shown in Fig. 10.

Fig. 10. Phase overlap under heavy braking conditions.

Similar to Fig. 9, the blue dashed line in Fig. 10
indicates that the B-phase winding is being excited, and
the switching tubes 73 and T, are open, causing the
winding current to rise more rapidly. The red dashed line
indicates that the A-phase winding is undergoing energy
recovery, and the braking energy is still flowing to the
battery through switch tube 77.
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E. Converter driving characteristics

The proposed switched reluctance power converter
adopts different working states according to different
operating conditions, as shown in Fig. 11.

Strong
: Hieh seed } braking
Low speed stage | Acceleration phasc,‘I‘i‘h‘rﬁz;m\““:‘;“, Hybrid | Braking stage |
powersupply | Hybrid power supply ' | power | powersupply | End
| A | supply  nergy recovery|
I I | energy | I

Starting phase

power supply
y supply

Fig. 11. Working modes under different working condi-
tions.

In the starting and low-speed states, power supply
is used for this condition, with power excitation and
demagnetization [18]. Power batteries can be connected
in series for demagnetization. In the rapid acceleration
stage and high-speed stage, a hybrid driving mode is
adopted, in which the power supply and battery are
connected in series to participate, and the power supply
and battery are connected in series to jointly excite and
demagnetize, thereby increasing the excitation voltage
and demagnetization voltage and improving the output
performance of the motor. In the case of heavy braking, a
multilevel SRM power converter can ensure the simulta-
neous use of two power sources during motor operation
by mixing power and battery excitation, and recovering
battery energy. We can select the appropriate conduction
mode based on the current speed, torque error, and rotor
position to achieve stable operation of the motor at
low speeds and timely tracking of the required current
value at high speeds, thus suppressing torque ripple. This
multiple power supply mode enables the motor power
converter to adapt to complex and changing working
conditions, improve the efficiency and stability of motor
operation, and is widely used in motor drive systems
encountered in various complex working conditions of
electric vehicles.

IV. SIMULATION RESULTS

A 1 kW three-phase 12/8-pole SRM was modeled in
MATLAB/Simulink, and the proposed highly integrated
converter was validated. The rated voltage of the motor
is 96 V, The moment of inertia J is 0.01 Kg - m2, and the
friction coefficient D is 0.00032 N - m - s/rad, the battery
voltage Up and power supply voltage Upc were set to
36 V and 60 V, the battery capacity is 5.4 Ah, initial
state-of-charge is 60%, respectively, and the load torque
was set to 3 N -m. The electric mode adopted CCC, and
the hysteresis current bandwidth was set to 1.5 A. Low-
speed and high-speed operation were considered in the
simulation. The motor section is shown in Fig. 12.
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Fig. 12. 12/8 SRM section.

The motor adopts CCC current chopper control
and obtains the reference current value I, through
proportional-integral-derivative (PID) control. When the
phase current reaches I,,, the power switch of that
phase is turned off, the power supply is cut off, and
the current is attenuated through the freewheeling diode.
When the phase current drops to I, turn on the power
switch and the current rises again. Cycle the above
process to make the phase current fluctuate within the
range [Inin, Imayx], achieving stable control of the current
amplitude. The opening angle of the motor in this
simulation is set to —5°, and the closing angle is set
to 15°.

The single power drive mode is suitable for start-
ing and low-speed states. When the motor rotates to
600 r/min, the speed diagram and torque diagram are
shown in Fig. 13.

The winding voltage in single power mode is shown
in Fig. 14. It can be seen that the winding voltage mainly
varies between 0 V,60 V, and —60 V, with an excitation
state of 60 V. When the phase current reaches the
reference current, it transitions to a freewheeling state
of 0 V. When the phase reaches the turn off angle, the
winding demagnetizes and the phase voltage is —60 V.

When the motor rotates to 1200 r/min, the speed
diagram and torque diagram are shown in Fig. 15.

The winding voltage in single power mode is similar
to Fig. 14. From Fig. 14, it can be seen that in single
power drive mode, the motor speed can quickly increase
to 1200 r/min and remain stable.

As shown in Fig. 16, in the single power excitation
mode, when the target speed is 1600 r/min, the motor
cannot reach the target speed and the torque ripple
increases. With the conduction angle unchanged, the
motor output is close to the limit. In the hybrid driving
mode, the simulation results of the target speed of
1600 r/min are shown in Fig. 17. When the target speed
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drive mode motor: (a) speed waveform diagram and
(b) torque waveform diagram.
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Fig. 14. Single power drive winding voltage.

remains constant at 1600 r/min and the load torque
increases by 6 N -m, the simulation results are shown
in Fig. 18.

By comparison, it can be seen that when using the
hybrid mode, both the excitation voltage and demagne-
tization voltage are significantly increased. Under the
same load torque, higher speeds can be achieved and

| L I L L I
0 0.1 0.2 03 04 0.6 0.7 08 0.9 1

05
T(s)

(2)

Fig. 15. Simulation results of a 1200 r/min single power
drive mode motor: (a) speed waveform diagram and (b)
torque waveform diagram.

061 062 063 064 065 066 067 068 069 0.7 071
T(s)

(b)

Fig. 16. Simulation results of a 1600 r/min single power
drive mode motor: (a) speed waveform diagram and
(b) torque waveform diagram.
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Fig. 17. Simulation results of a 1600 r/min hybrid drive
mode motor: (a) speed waveform diagram and (b) torque
waveform diagram.
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Fig. 18. Simulation results of load torque 6 N-m at a
speed of 1600 r/min: (a) speed waveform diagram and
(b) torque waveform diagram.
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acceleration is faster. At the same time, larger output
torque can be obtained while reducing torque ripple,
greatly increasing the overall performance of the motor.

In the context of brake simulation, braking com-
mences when the motor speed reaches 2200 r/min.
Under moderate braking mode, the motor simulation
results are shown in Fig. 19.

2500F T T T T 3

\
}l
N
/
/
/
/
//
1
/
/

¢
N
A

Speed(r/min)
g & &
7 >
|

T(s)

8

Current(A)
g &

Fig. 19. Simulation results of moderate braking: (a)
speed waveform diagram, (b) battery SOC, and (c)
charging current waveform.

Load torque is still 3 N - m, motor speed rises from
0 to 2200 r/min at 0.8 s, and then starts braking. In the
moderate braking mode, the motor is braked to 0 r/min
at 2.05 s, and braking time is about 1.25 s. SOC of
the power battery is initially 60% and, after recovery
of the braking dynamic energy, battery SOC increases
from 60% to 60.155%, as shown in Fig. 19 (b). Energy
flows towards the battery, and the charging current of the
battery is shown in Fig. 19 (c).

In heavy braking mode, as shown in Fig. 20, the
motor speed rises from 0 to 2200 r/min at 0.8 s, and
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Fig. 20. Simulation results of heavy braking: (a) speed
waveform diagram and (b) battery SOC.

then starts braking. At 1.05 s, the motor was braked
to O r/min, and the braking time was about 0.25 s. At
the same time, the power battery recovered energy, and
the battery SOC increased. During this braking process,
the SOC of the battery increases from 60% to 60.024%,
and the recovered energy is relatively less compared to
moderate braking.

Compared with moderate braking, heavy braking
can significantly improve the braking performance, so
as to cope with the complex working conditions of
electric vehicles and recover energy at the same time.
The proposed converter has been effectively verified in
terms of braking.

V. CONCLUSION

This paper proposes a dual-port integrated switched
reluctance motor power converter for electric vehicles,
which takes into account the electric and braking state
of electric vehicles. By controlling the switching state of
the front-end circuit, it can flexibly realize energy con-
version between the battery, switched reluctance motor,
and power supply. It not only improves the performance
of the motor system under operating conditions, but also
realizes the energy recovery function, realizes flexible
driving and flexible braking, obtains multilevel voltage,
increases torque capacity, and improves the dynamic
performance of the motor as a whole. At the same time,
this paper theoretically analyzes a switched reluctance
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motor under different working conditions, and carries
out the simulation of electric and braking to verify the
effectiveness of the converter.
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