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ABSTRACT
This paper proposes a modular multilevel
converter
(MMC)-based
switched
reluctance motor (SRM) drive with
decentralized battery energy storage
system (BESS) for hybrid electric vehicle
(HEV) applications. In the proposed drive,
a battery cell and a half-bridge converter is
connected as a submodule (SM), and
multiple SMs are connected together for
the MMC. The modular full-bridge
converter is employed to drive the motor.
Flexible charging and discharging
functions for each SM are obtained by
controlling switches in SMs. Multiple
working modes and functions are
achieved. Compared to conventional and
existing SRM drives, there are several
advantages for the proposed topology. A
lower dc bus voltage can be flexibly
achieved by selecting SM operation states,
which can dramatically reduce the voltage
stress on the switches. Multilevel phase
voltage is obtained to improve the torque
capability. Battery state-of-charge (SOC)
balance can be achieved by independently
controlling each SM. Flexible faulttolerance ability for battery cells are
equipped. The battery can be flexibly
charged in both running and standstill
conditions.
Furthermore,
completely
modular structure is achieved by using
standard half-bridge modules, which is
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beneficial for market mass production.
Simulation carried out on a three-phase
12/8 SRM confirms the effectiveness of
the proposed SRM drive.
Keywords – MMC converter, SRM drive,
BESS system
I Introduction:
With clean energy requirements in urban
transportations, electric vehicles (EVs) and
hybrid EVs (HEVs) have received much
attention owing to their fuel-efficient
performance and protection of the
environment against exhaust emission,
which have been significantly supported
all over the world [1]-[5]. However,
considering the driving range anxiety issue
and control flexibility, HEVs have been a
compromise solution for EVs and
traditional petrol vehicles. For HEV power
train systems, permanent magnet motors
are popular due to high torque and high
efficiency. However, permanent magnets
thatmade from rare-earth materials should
be used for these motors, which are high
cost and decrease the motor reliability and
performance in high-temperature and highspeed operations. To overcome these
shortcomings, much effort is focused on
developing rare-earth-free motors for
EVs/HEVs [6], [7]. SRMs are known to
have a more robust structure due to no
rotor windings and permanent magnets,
which can provide a more low-cost

Page No: 252

JAC : A JOURNAL OF COMPOSITION THEORY

topology and a longer operation time in
high-temperature environments. Also, they
have a much wider speed range compared
to other motors, which is very important
for electric powertrains. Because of further
advantages, such as high torque, simple
structure, high reliability, and excellent
fault-tolerance ability, SRMs have become
a promising solution for powertrain
systems [8]-[10].
Some improved SRM converter
topologies have been proposed for system
performance improvements. Inthree-phase
full-bridge converters are used for SRM
drives to achieve modular topology. An
asymmetric
three-level
neutral-point
diode-clamped converter is proposed in to
reduce the torque ripple and improve the
system efficiency. A dual supply buckboost converter is introduced for SRM
drives in [9] to provide soft starting,
reduce the torque ripple, and improve the
power density. In [10], a quasi-Z-source
integrated converter is presented which
can reduce the dc-link capacitance and
extend the speed range. In [11-12]
multilevel converters are developed to
improve the phase voltage in the winding
excitation and demagnetization regions to
reduce the current rising and falling times
for high-speed operations. For EVs/HEVs,
the wide operational speed, torque
demand,
and
integrated
converter
functions in vehicular applications pose
challenges to the traction system design. A
motor drive system can be used for driving
a traction motor as well as for charging the
battery. The overall efficiency of the
electrified traction drive can be improved
due to the single conversion stage between
the battery and motor. Therefore, SRM
drives with integrated charging functions
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have been developed in [5]-[10] for
EV/HEV applications.
II LITARATURE SURVEY
This paper presents the current
research trends and future issues for
industrial
electronics
related
to
transportation electrification. Specific
emphasis is placed on electric and plug-in
hybrid electric vehicles (EVs/PHEVs) and
their critical drivetrain components. The
paper deals with industry related EV
energy storage system issues, EV charging
issues, as well as power electronics and
traction motor drives issues. The
importance of battery cell voltage
equalization for series-connected lithiumion (Li-ion) batteries for extended life time
is
presented.
Furthermore,
a
comprehensive overview of EV/PHEV
battery charger classification, standards,
and requirements is presented. Several
conventional EV/PHEV front-end AC/DC
charger converter topologies as well as
isolated DC/DC topologies are reviewed.
Finally, this paper reviews various EV
propulsion system architectures and
efficient bidirectional DC/DC converter
topologies. Novel DC/AC inverter
modulation techniques for EVs are also
presented. The architectures are based on
the battery voltage, capacity, and driving
range.
Conventional vehicles (CVs),
which use petroleum as the only source of
energy, represent majority of the existing
worldwide on-road vehicles today. As
shortage of petroleum is considered as one
of the most critical worldwide issues,
costly fuel becomes a major challenge for
CV users. Moreover, CVs emit green
house gases (GHG), thus making it harder
to
satisfy
stringent
environmental
regulations. A practical and realistic
solution lies in electric and plug-in hybrid
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electric vehicles (EVs/PHEVs). However,
lithium-ion battery storage issues and
charging issues have yet to be sorted out.
Moreover, traction inverter and electric
machine issues also need a serious
thought. The bottleneck for EVs is the
high voltage battery pack, which utilizes
most of the space and increases the weight
of the vehicle. At the same time, the large
transportation sector will rely more heavily
on electricity and related infrastructure
needed for storage and distribution. All the
above issues point towards the realization
of public and private facilities to generate
electricity locally, to recharge EVs and
PHEVs.
This paper aims to review and
present the current status and future
research
trends
for
transportation
electrification
from
an
industrial
electronics standpoint. EV/PHEV charging
infrastructure issues and related industrial
electronics solutions are presented. The
role of power electronics for onboard EV
battery energy storage and management is
presented. Finally, the paper reviews
various
EV
propulsion
system
architectures and efficient bidirectional
DC/DC converter as well as novel DC/AC
traction inverter topologies.

III.PROPOSED METHOD
In the proposed MMC-based SRM
drive, multiple working modes are
achieved, including the battery driving
mode, generator control unit (GCU)
driving mode, GCU-battery driving mode,
running charging mode, standstill charging
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mode, and battery fault-tolerance mode.
The advantages of the proposed topology
are: 1) multiple working modes can be
flexibly selected by controlling the MMC
and full-bridge converter; 2) the MMCbased topology can drive the SRM from
variable dc voltages according to the
running speed to reduce the voltage stress
on the switches which also improves the
reliability; 3) multilevel phase voltage is
achieved due to additional battery charging
in running conditions, which improves the
torque capability; 4) by using standard
half-bridge modules for both the MMC
and full-bridge converter, completely
modular topology is achieved; 5) flexible
charging functions can be directly
achieved through the proposed drive
without external ones, including the
running charging and standstill charging
modes; 6) flexible fault-tolerance ability
for each battery cell is equipped by easily
bypassing the faulty one; 7) the battery
state-of-charge (SOC) can be balanced by
controlling the sub module charging
according to the SOC level.
3.1 CONVENTIONAL SRMDRIVES
Fig. 3.1 illustrates the diagram of a
three-phase 12/8 SRM drive, mainly
including a power converter, an SRM, a
drive circuit, current sensors, a position
sensor, and a current controller. Phase
currents are detected by individual current
sensors for the implementation of the
current control strategy. Considering the
phase isolation characteristic and excellent
fault-tolerance
capability,
the
asymmetrical half-bridge converter is
usually employed for the SRM drive,
where each phase leg can be independently
controlled by two switching devices. For
the current controller, hysteresis control
method is usually used. The hysteresis
control system is a nonlinear system,
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which has excellent loop performance,
global stability, and small phase lag.
Therefore, the current hysteresis control is
inherently stable and robust to dynamic
perturbations, and the system is more
stable and has fast dynamic response due
to its inherent non-linearity.

Fig. 3.1. Diagram of the three-phase 12/8
SRM drive.
Fig. 2 shows the three switching modes of
phase A in the asymmetrical half-bridge
converter, including the excitation mode,
freewheeling mode, and demagnetization
mode. When switches S1 and S2 are both
turned on, the dc power source supplies the
current to the phase A winding, and this
phase works in the excitation mode (see
Fig. 2(a)), where the phase voltage is
positive dc bus voltage Udc; when the
switch S1 is turned off and S2 is still on,
the phase A current flows through S2 and
diode D2 in a zero-voltage loop (ZVL),
where phase A is in the ZVL mode (see
Fig. 2(b)); when switches S1 and S2 are
both turned off, the phase A current flows
back to the dc source through diodes D1
and D2, and phase A is in the
demagnetization mode (see Fig. 2(c)),
where the phase voltage is negative dc bus
voltage -Udc.

Fig.3.2. Switching modes of the
asymmetrical half-bridge converter. (a)
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Excitation mode. (b) ZVL mode. (c)
Demagnetization mode.
The voltage equation for each phase can be
expressed in terms of the current,
inductance, and rotor position as

where Uk is the phase voltage, Rk is the
phase winding resistance, ik is the phase
current, θ is the rotor position, Lk is the
phase winding inductance which varies as
a function of the rotor position, ω is the
rotor angular speed, and k=a, b, c phase.
The output torque of the three-phase SRM
is the sum of individual phase torques,
which is expressed as

When a current is applied in the
inductance ascending region, a positive
phase torque can be obtained; while
applying a current to a phase winding in
the inductance descending region leads to
a negative phase torque. The mechanical
equation of the SRM is expressed as

Where Te is the output torque, Tl is the
load torque, J is the combined moment of
inertia of the motor and load, and μ is the
combined friction coefficient of the motor
and load. However, for conventional SRM
drives, the dc bus voltage is fixed and the
voltage stress on switches cannot be
reduced by changing the dc bus voltage
according to the running speed. The
multilevel phase voltage cannot be
achieved which limits the output torque in
high-speed operations. Also, the fault
tolerance for battery cells and flexible
charging functions are not achieved. This
paper proposes a MMC-based SRM drive
with decentralized battery energy storage
system (BESS) for HEVs. Compared to
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conventional and existing SRM drives, the
presented topology has several advantages,
including flexible dc bus voltage,
multilevel phase voltage, and modular
structure, fault-tolerance ability for battery
cells, flexible running charging, gridconnecting charging, and SOC balancing
capability, which will be analyzed in detail
in followings.
3.2. Proposed MMC-Based SRM Drive
Fig. 3 shows the developed MMC
with decentralized BESS. A half-bridge
converter and a battery pack Ex are
employed as a sub module (SM), and each
SM is made up of two insulated-gate
bipolar transistors (IGBTs), including a
upper switch Sx1 and a lower switch Sx2.
The output voltage of each SM is Usm,
which is determined by the SM working
state according to the on-off state of two
switches, and multiple SMs are connected
in series to form a decentralized BESS for
the total dc bus voltage Udc. In this
configuration,
battery
cells
are
decentralized by individual SMs, and each
battery cell SM can be controlled
independently.

Fig. 3.3. Developed MMC with
decentralized BESS.
As shown in Fig. 3.4, each SM is a
two-level half-bridge converter consisting
of a battery cell and two switches. In the
IGBT, there is an integrated antiparallel
diode. The state of the antiparallel diode is
defined as on when there is a current
flowing through it, and defined as off with
no current. The operation states of the two-
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level SM under different IGBT switching
states are presented in Fig. 3.4 and Table I.

Fig. 3..4. Operation states of a twolevel SM. (a) Discharging mode. (b)
Charging mode. (c) Bypass mode 1. (d)
Bypass mode 2.

TABLE I

The dc bus voltage is the sum of the SM
output voltages, given by
Where N is number of total SMs.
In order to illustrate the functions
of the proposed drive more clearly, a
simplified system with six SMs is adopted
as an example in this paper for analysis.
Fig. 5 shows a MMC-based SRM drive
with six SMs for HEV applications,
including a MMC-based decentralized
BESS and a modular full-bridge converter.
The full-bridge converter is used to
achieve a completely modular converter
structure, where the commercial power
modules can be directly used for the
proposed drive, which is beneficial for the
market mass production [42]-[44].
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Furthermore, the full-bridge converter can
also provide a flexible fault-tolerant
operation for power switch faults with
bipolar excitation [42], [43], which is
suitable for high-performance and safetycritical vehicle applications. The MMC is
composed of six SMs by using IGBTs with
integrated fast recovery antiparallel diode,
an energy storage unit including five
battery packs (E1~E5), and a GCU
including a generator (G), a relay (J), a
rectifier (RE), and a capacitor (C). In the
modular full-bridge converter, six halfbridge modules are used to drive the threephase SRM, where two half-bridge
modules are employed for one phase,
which achieves a completely modular
structure for massive production. By
employing the proposed SRM drive,
multiple working modes can be flexibly
achieved and the system performance can
be improved.

Fig. 3.5. MMC-based SRM drive with six
SMs for HEVs.
A battery energy storage system for EVs is
composed of several battery packs
connected in series to satisfy a voltage and
capacity
specification
[45],
[46].
Therefore, each battery pack can be easily
connected
with
a
converter
for
independent control [47], [48]. For MMC
topologies, the battery packs can be
connected with MMC submodules for
conventional AC motor drives in EVs [39],
[49], [50], allowing high flexibility for the
discharge and charge of each battery pack.
In these papers, to reduce the complexity
of the converter circuit for analysis, four to
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six submodules are usually adopted for
phase for the proof of concept. Therefore,
in this paper, in order to explain the
principle of the proposed SRM drive more
clearly with reduced complexity, six
submodules connecting with five battery
packs and a GCU are just adopted for
analysis and experiments. However,
MMCs show excellent expansibility [39],
[49], [50]. Hence, more flexible dc bus
voltage, multilevel voltage, battery
discharging and charging, and battery fault
tolerance ability can be further achieved by
employing more battery submodules for
the proposed SRM system.
3.3. Battery Driving Mode
3.3.1) Full Battery Cells Driving When the
relay J is off and switch Sg2 is on, the
GCU SM is bypassed and the proposed
SRM drive can work in pure-battery
driving mode. In this condition, the dc bus
voltage can be flexibly controlled by
employing different SMs. Fig. 6 presents
the working stages of the motor drive in
battery driving mode with flexible
excitation and demagnetization voltages.
Fig. 6(a) shows the condition that E1~ E5
are all employed for excitation, where
switches S11, S21, S31, S41, and S51 are
all turned on, and S12, S22, S32, S42, and
S52 are all kept off for the phase winding
excitation; in the winding demagnetization
mode, the current flows back to the power
source through S11, S21, S31, S41, and
S51, as shown in Fig. 6(b). For this
condition, the discharging and charging
voltage for the dc link is given by

The phase A voltage is directly the dc bus
voltage in this condition, which can be
expressed as
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3.3.2) Two Battery Cells Driving with
Two Additional Battery Cells Charging
Fig. 3.6(c) and (d) present the
conditions that two battery cells are
employed for the winding excitation, and
additional two SMs are employed to
improve the voltage for winding
demagnetization and achieve battery
charging during running conditions. For
example, E1 and E2 are used to supply the
power to the motor, and E3 and E4 are
employed to increase the demagnetization
voltage, where S11 and S21 are both
turned on, and S52 are also turned on to
bypass the E5 SM. In the excitation mode
of phase A, the current flows through S11
and S21, the diodes in S32 and S42, and
the bypass switch S52 to phase A
converter, as shown in Fig. 6(c); when
phase A is turned off, the demagnetization
current goes through the bypass switch
S52, the diodes in S31 and S41, and
switches S11 and S21 to the power source,
as shown in Fig. 3.6(d). The
demagnetization voltage is elevated by E3
and E4, where the multilevel phase voltage
can be achieved to accelerate both the
excitation and demagnetization processes
for torque improvements, and also E3 and
E4 can be charged by the demagnetization
current. In this condition, the charging and
discharging voltage for the dc link is given
by

The phase A demagnetization
voltage is directly increased to -4Usm due
to additional battery cells charging.
Although the dc bus voltage is only 2Usm
in the discharging mode, the excitation
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voltage of phase A can still be elevated to
4Usm by phase C demagnetization,
according to the current overlapping states
[24], [29]. When phase C current is larger
than phase A current in the phase C
demagnetization stage, phase C winding
works as a current source to supply the
current to phase A and simultaneously
charge the battery. Because the phase C
winding is under the demagnetization
voltage -4Usm due to the battery cell E3
and E4 charging, the phase A voltage can
be elevated to 4Usm when phase C
winding supplies the current to phase A.
When phase C current decreases to be
smaller than phase A current, the dc-link
power source and phase C both supply the
current to phase A, and the phase A
voltage returns to 2Usm. Hence, after the
excitation current quickly established at
the beginning of the turn-on region with an
increased voltage, the phase voltage can
immediately decrease to the power supply
voltage in the main turn-on region, which
not only improves the torque, but also
achieves a lower excitation voltage.
Therefore, multilevel phase voltage
is achieved in the proposed drive and the
phase A voltage can be expressed as

3.3.3) One Battery Cell Driving with
Two Additional Battery Cells Charging
Fig. 6(e) and (f) illustrate that only E1 is
employed to supply the power, and E2 and
E5 are used for charging, where S11 is
turned on, and S32 and S42 are also turned
on to bypass E3 and E4. When phase A is
in the turn-on region, E1 provides the
current flowing through the switch S11,
the diodes of S22 and S52, and switches
S32 and S42, as shown in Fig. 6(e); when
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phase A is turned off, the current goes
back to the power supply through S42 and
S32, the diodes of S51 and S21, and the
switch S11, as shown in Fig, 6(f). In this
condition, E2 and E5 are employed to
additionally increase the demagnetization
voltage, which are also charged by the
demagnetization current. The discharging
and charging voltage for the dc link in this
condition is given by

Similarly, the phase A voltage can be
expressed as follow

Fig.3.6. Battery driving mode by
employing different SMs. (a) E1~E5 are
all employed for excitation. (b) E1~ E5 are
all employed for demagnetization. (c) E1
and E2 are employed for excitation. (d)
E1, E2, E3, and E4 are employed for
demagnetization. (e) E1 is employed for
excitation. (f) E1, E2, and E5 are
employed for demagnetization.
Therefore, in pure-battery driving
mode, by controlling the switches in SMs,
the battery cells can be flexibly selected
for both excitation and demagnetization,
and the dc bus voltage can be flexibly
controlled according to low-speed and
high-speed operations. In the phase turn-on
region, k1 SMs can be put into used for
excitation, as shown in Fig. 3.7(a); while
additional k2 SMs can be used to increase
the demagnetization voltage and achieve
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battery charging in the phase turn-off
region, as shown in Fig. 3.7(b). For idle
battery cells, the lower switches in
corresponding SMs are turned on to make
the SMs work in bypass mode; for the
battery cells that used to enhance the
demagnetization voltage for the torque
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improvement, the demagnetization current
can flow through upper switches in SMs to
achieve battery charging. Battery SOC can
be balanced by employing the higher-SOC
battery cell for discharging and the lowerSOC battery cell for charging.

IV Simulation Results:
In below figure.3 proposed simulation results Ia, Ib and Ic are represents the phase
currents Va, Vb and Vc are phase voltages for better understanding only Vb phase is
highlated. Iby reprents the battery current.

Volume XIII, Issue VIII, AUGUST 2020

Page No: 260

JAC : A JOURNAL OF COMPOSITION THEORY

ISSN : 0731-6755

Fig.17 (a, b, & c) Performance of battery driving at full voltage
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Fig.3(a, b, & c) Performance of battery driving with E1 and E2 with E3 and E4 charging

Volume XIII, Issue VIII, AUGUST 2020

Page No: 262

JAC : A JOURNAL OF COMPOSITION THEORY

ISSN : 0731-6755

Fig.4(a, b, & c) Performance of battery driving with E1 with E2 and E5 charging
3) Modular structure is achieved by using
V CONCLUSION
In this paper, a MMC-based SRM drive is
standard half-bridge modules, which is
proposed for HEV applications, which not
beneficial for the market mass production.
only improves the motor system
4) Flexible charging functions are
performance with variable dc bus voltage
achieved, including the running charging
and multilevel voltage, but also achieves
and standstill charging. The battery can be
flexible charging functions and battery
directly charged by the demagnetization
fault-tolerance ability. In the proposed
current during the running condition or
drive, the MMC is employed for the
braking process. In standstill conditions,
BESS,
where
battery
cells
are
the battery can also be charged from the
decentralized by SMs. In order to achieve
GCU or grids through the proposed drive
a modular structure, the full-bridge
without external ones.
converter is used to drive the motor.
5) Flexible fault-tolerance ability for
Multiple modes/functions can be achieved
battery cells is achieved by controlling the
by controlling the SMs in the MMC,
switch in corresponding SM.
including the battery driving mode, GCU
6) Battery SOC balance can be easily
driving mode, GCU-battery driving mode,
achieved by selecting the charged battery
running charging mode, standstill charging
cells according to the SOC level, no matter
mode, and battery fault-tolerance ability.
in running or standstill charging
The main contributions and advantages of
conditions.
this paper are as follows:
1) Flexible dc bus voltage is achieved by
Although this work has targeted
selecting the working SMs according to
electrified vehicle applications, the
the running speed, which can reduce the
developed technology can also be applied
voltage stress on the switches and also
to other applications, such as more-electric
improve the system reliability.
aircraft, traction drives, and electrical
2) Multilevel phase voltage is obtained by
ships.
employing additional battery cell charging
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