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ABSTRACT 

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. 

A modular multilevel converter (MMC) based switched reluctance motor (SRM) drive with 

decentralized battery energy storage system for hybrid electric vehicle applications is seen as an efficient 

system in hybrid vehicle mobility. In this drive, battery cell and half-bridge converter is connected as a 

sub-module (SM), and multiple SMs are connected together for the MMC. Flexible charging and 

discharging functions for each SM are obtained by controlling switches in SMs. Compared to 

conventional and existing SRM drives; there are several advantages of this topology. The functioning of 

the drive is effectively simulated in MATLAB and performance is evaluated. In the proposed MMC- 

based SRM drive, battery driving mode and generator control unit (GCU) driving mode, GCU- battery 

driving mode are tested. 

Keywords: Electric Vehicles, Modular Multilevel Converter, Switched Reluctance Motor, Charging- 
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1. INTRODUCTION 

The world is having a shift from conventional fuel vehicles to Electric Vehicles. The Electric mobility 

technologies are evolving very fast with rapid system implementation. In Hybrid Electric Vehicle (HEV), power 

train systems, permanent magnet motors are popular due to high torque and high efficiency.[1] The permanent 

magnet is expensive and  decreases the motor reliability and performance in high- temperature and high-speed 

operations[2]. Another option used is Switched reluctance motors (SRMs), which are known to have a more 

robust structure due to no rotor windings and permanent magnets, which can provide a more low-cost topology 

and a longeroperation time in high-temperature environments[3]. Also, they have a much wider speed range 

compared to that of other motors, which is very important for electric power-trains. Because of further 

advantages such as high torque, simple structure, high reliability, and excellent fault-tolerance ability, SRMs 

have become a promising solution for power-train systems. 3-phase full-bridge converters are used for SRM 

drives to achieve modular topology.[4] An asymmetric three-level neutral point diode-clamped converter is 

proposed to reduce the torque ripple and improve the system efficiency.[5] A dual supply buck–boost converter 

is introduced for SRM drives to provide soft starting, reduce the torque ripple, and improve the power 

density.[6] A quasi-Z source integrated converter is designed, which can reduce the DC-link capacitance and 

extend the speed range.[7] 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.[8] 

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.[9] The overall efficiency of the electrified traction 

drive can be improved due to the single conversion stage between the battery and the motor.[10] A split 

converter for four-phase SRMs is suggested for EVs, and a central-tapped winding node is used to connect the 

phase windings and converter circuit, where on-board charging is achieved.[11] A C-dump converter can be 

used with integrated charging capability. SRM drives with a front-end dc–dc converter helps to obtain variable 

dc- bus voltage and battery charging ability, while the additional use of inductors and capacitors reduces the 

power density, and the modular structure and flexible battery fault-tolerance ability are not achieved.[12] 
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Fig.1. Diagram of the three-phase SRM drive 

The advantages of the topology are as follows: 

Fig.2. Advantages of MMC Configuration 

Due to the highly modular structure, multilevel voltage, and inherently bidirectional characteristic, 

modular multilevel converters (MMCs) have been employed for ac machines to improve sinusoidal waveforms 

for performance enhancements.[13] Multilevel converter topologies have been investigated for SRMs to 

enhance the torque capability, improve the high-speed performance, and reduce the power loss for high speed 

and high-power applications.[14] By developing the MMC topology for SRM drives, the torque can be 

improved due to the multilevel voltage, the voltage stress on the switches can be reduced with flexible dc-bus 

voltage. 

2. CASCADED H-BRIDGES MULTILEVEL INVERTER 

A 1-phase structure of an m-level cascaded inverter is seen in figure below. Each separate DC source 

isconnected to a single-phase full-bridge, or H-bridge, inverter.[15] Each inverter level can generate three 

different voltage outputs, +Vdc, 0, and –Vdc by connecting the dc source to the ac output by different 

combinations of the four switches, S1, S2, S3, and S4. To obtain +Vdc, switches S1 and S4 are turned on, 

whereas –Vdc can be obtained by turning on switches S2 and S3. By turning on S1 and S2 or S3 and S4, the 

output voltage is 0. The ac outputs of each of the different full-bridge inverter levels are connected in series such 

that the synthesized voltage waveform is the sum of the inverter outputs. The number of output phase voltage 

levels m in a cascade inverter is defined by m = 2s+1, where s is the number of separate dc sources. 
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Fig.3.Single-phase structure of a multilevel cascaded H-bridges inverter [16] 

 
Fig.4.Output phase voltage waveform of an 11-level cascade inverter with 5 separate dc sources. [18] 

The main advantages of multilevel cascaded H- bridge converters are as follows [17]: 

Advantages: 

 The number of possible output voltage levels is more than twice the number of dc sources (m=2s+ 1). 

 The series of H-bridges makes for modularized layout and packaging. This will enable the manufacturing 

process to be done more quickly and cheaply. 

Fig.5.MMC-based SRM drive with six SMs for HEVs 

3. METHODOLOGY 

Figure above shows the MMC with decentralized BESS. A half-bridge converter and a battery pack Ex 

are employed as an SM, and each SM is made up of two insulated-gate bipolar transistors (IGBTs), including an 

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 
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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. As shown in Fig. 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 

anti- parallel diode. The state of the anti-parallel diode is defined as ON when there is a current flowing through 

it, and is defined as OFF with no current.  The operation states of the two-level SM under different IGBT 

switching states are shown in Fig. 4 and Table I. 
TABLE I: SM OPERATION STATES 

 
SRM drive with six SMs for HEV applications, including an 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. The MMC is composed of six SMs by using IGBTs with integrated fast recovery anti-parallel 

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 half-bridge modules are 

used to drive the three-phase 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. 

4. BATTERY DRIVING MODE OF BESS 

1) Full Battery Cells Driving- When relay J is OFF and switches Sg2 is ON, the GCU SM is bypassed and the 

proposed SRM drive can work in pure- battery driving mode. Under this condition, the dc- bus voltage can be 

flexibly controlled by employing different SMs. Fig. 6 shows the working stages of the motor drive in battery 

driving mode with flexible excitation and demagnetization voltages. Fig. 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. The phase A voltage is directly the 

dc-bus voltage under this condition, which can be expressed as 

 

2) Two Battery Cells Driving With Two Additional Battery Cells Charging: 

Figure shows 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 bothturned ON, and S52 is 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 the 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. 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. Under this condition, 

the charging and discharging voltages for the dc link are 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 voltage of phase A 

can still be elevated to 4USM by phase C demagnetization, according to the current overlapping states. When the 

phase C current is larger than the phase A current in the phase C demagnetization stage, the 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 the phase 

C winding supplies the current to phase A. 
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Fig.6. Battery driving mode with flexible multilevel voltage and battery charging. (a) Excitation. (b) 

Demagnetization and battery charging. 

When the 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-ONregion, which not only improves the 

torque, but also achieves a lower excitation voltage. 

5. SIMULATION VERIFICATION 

To verify the effectiveness of the proposed MMC- based SRM drive, experiments are carried out on a 

scale-down three-phase 12/8 SRM prototype by employing six SMs for proof of concept. Table I gives the main 

parameters of the SRM. A proportional integral controller is employed to implement the closed-loop speed 

control and the current hysteresis control method is used for phase current regulation. A multichannel isolated 

oscilloscope is employed to observe the voltage and current waveforms. In the motor test bed, a Parker ac 

servomotor is used as the load, which can be controlled by a load controller inside the cabinet. A 3-DOF bracket 

can be adjusted to ensure a balanced connection between the SRM and the load motor. A high-precision torque 

sensor (Lorenz 0261Due) is used to detect the instantaneous output torque. A 2500-line incremental encoder 

(ZZU4809) is  installed on the motor bearing to detect the rotor position and calculate the rotational speed. A 

programmable dc power source is utilized to simulate the GCU part. Five 24-V battery packs are employed for 

the MMC configuration. 
Table Ii: Motor Parameters 

 
 

(a) Driven by full voltage. 

 
(b) Driven by E1 and E2 with E3 and E4 charging 
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(c) Driven by E1 with E2 and E5 charging. Fig.7. Battery driving mode at low speed 

Figure shows the experimental waveforms in the battery driving mode at low speed of 300 r/min and 2-

N·m load, where ia, ib, and ic are the currents of phases A, B, and C, respectively, Ua is the phase A voltage, iby is 

the battery current flowing through full cells, and ibyx is the battery current flowing through cell x. When all the 

battery cells are put into use, the excitation and demagnetization voltages on the phase winding are both the full-

battery voltage, and the battery cells are charged and discharged alternately in each current period, as shown in 

Fig. 14(a). When parts of the battery cells are employed as a lower voltage power supply, the motor drive can 

work under multilevel phase voltage by additional battery charging during the demagnetization process, where 

running charging is achieved. As shown in Fig. 14(b), E1 and E2 are employed to supply the power, and E3 and 

E4 are used for additional charging. 

The demagnetization voltage of phase A is directly elevated by E3 and E4 charging; the excitation 

voltage of phase A is also increased in phase A and phase C current overlapping region, when the 

demagnetization current of phase C is  larger than the excitation current of phase A. Due to the multilevel 

voltage, the excitation and demagnetization processes are both accelerated. Battery cells E3 and E4 are charged 

by the demagnetization current of each phase. In Fig. 14(c),E1 is employed as the power supply, and E2 and E5 

are used for additional charging, where multilevel phase voltage is also achieved. Therefore, in the battery 

driving mode, the dc-bus voltage can be flexibly changed according to the requirement, the voltage stress on the 

switches can be dramatically reduced, and the battery cells can be flexibly selected for additional charging 

during the demagnetization process according to the SOC level. Hence, the energy can be transferred among the 

battery cells to achieve the SOC balance. 

6. CONCLUSION 

A modular multilevel converter (MMC) based switched reluctance motor (SRM) drive with decentralized 

battery energy storage system for hybrid electric vehicle applications is seen as an efficient system in hybrid 

vehicle mobility. In this drive, battery cell and half-bridge converter is connected as a sub-module (SM), and 

multiple SMs are connected together for the MMC. Flexible charging and discharging functions for each SM are 

obtained by controlling switches in SMs. Compared to conventional and existing SRM drives; there are several 

advantages of this 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 balance can be achieved by independently controlling 

each SM. Flexible fault- tolerance ability for battery cells are equipped. The battery can be flexibly charged 

under both running and standstill conditions. Furthermore, a completely modular structure is achieved by using 

standard half- bridge modules, which is beneficial for market mass production. 
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