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 The compact and efficient design motivates the renewable energy-powered 

permanent magnet synchronous motor drive for electric vehicle applications. 

The available renewable energy is interfaced with a power drive by 

employing an electronic commutator such as a conventional 3-level inverter. 

But, the multilevel inverter produces favorable merits by producing staircase 

output voltage from several input direct current (DC) sources. The cascaded 

H-bridge multilevel inverter plays a significant role in many applications, 

but it was developed only for limited voltage levels. The major problem in 

cascaded h-bridge multilevel inverter (CHBMLI) requires more switching 

devices for higher voltage levels, which increases the size, cost and space of 

the electric vehicle (EV). To overcome above-mentioned problems, a new 

objective has been developed by employing the novel Reduced-switch 

multilevel inverter topology for higher voltage levels. This improves the 

voltage quality and reducing the harmonic level, and common-mode voltage 

issues. The main contribution of this work is, developing the novel 5-level, 

7-level reduced-switch multilevel inverter (RSMLI) topologies with reduced 

switching devices with favourable merits over CHBMLI topology. Finally, 

the performance of proposed novel 5-level and 7-level RSMLI topologies 

fed PMSM drive for EV system has been verified, by using 

MATLAB/Simulink computing tool, and simulation results are presented 

with comparisons. 
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1. INTRODUCTION 

In today's socio-economic outlook, the growth of a society is heavily reliant on the type of electrical 

power generation. In this regard, power engineers are being compel to produce energy by using alternate or 

renewable energy sources (RES) operated electric vehicle (EV) drive system [1][6], it reduces the usage of 

fossil fuels, and greenhouse gases [7]. Amid various RES, the solar-photovoltaic (PV) array plays a 

significant role in standalone load-connected systems due to its virtuous, eco-friendly, easy erection, low 

maintenance, flexible power source, more operating life, no fuel cost, and harmless materials [8], [9]. In this 

context, permanent magnet synchronous motors (PMSM) have greater popularity over AC/DC motors, 

because of their light/simple structures, wide speed ranges, robustness, more overload capability, ease of 

control because of high torque-inertia ratio, low inertia rotor, low noise performance, and maximum 

efficiency [10]. Nowadays, the solar-PV system produces bulk power; it can generate 35% more power the 

petrol and/or diesel-operated vehicles. The solar-PV power varies during variations in irradiance and 
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temperature levels, extracting the solar-PV power with ease controlling through a maximum-power point 

(MPP) tracker [11]. 

The obtained solar-PV power from solar roof-top is directly connected to EV batteries by employing 

a DC-DC boost converter which is directly integrated into the EV's inbuilt DC-bus for charging the batteries 

through bidirectional power flow. The available DC power at the DC bus is used to energize the stator 

windings of the PMSM drive through an electronic commutator such as a conventional 3-level voltage-source 

inverter (VSI) with a drive controller. The roof-top solar-PV-based EV charging system is depicted in Figure 1. 

The conventional 3-level VSI module has many limitations such as high common-mode voltage, 

square-wave voltage, reverse-voltage limiting on switches, more harmonic levels, high dv/dt and di/dt stress, 

and low efficiency. These limitations in the 3-level VSI module are reduced and replaced with a multilevel 

inverter (MLI) topology for high-power/medium-voltage level applications [12]. Generally, MLI offers 

affirmative advantages such as low common-mode voltage, the superior quality of output RMS voltage, 

reduced harmonic level, low dv/dt and di/dt stress and maximum efficiency. The MLI produces staircase 

voltage at output terminals from several input DC voltages which is attained by operating the respective 

switches in a definite switching pattern [13]. 
 

 

 
 

Figure 1. Roof-top solar-PV based EV charging system 
 

 

MLIs have several topologies that are categorized based on their input DC sources, which can be 

either single or multiple input sources. Some prominent topologies are, diode-clamped multilevel inverter 

(DCMLI) [14] and flying-capacitor multilevel inverter (FCMLI) [15] topologies are well-suited for 

standalone drive applications. The cascaded h-bridge multilevel inverter (CHBMLI) topology [16] is 

dependent on multiple DC sources and is ideal for industrial drive applications. The CHB-MLI topology is a 

very well-known topology throughout all MLI’s due to its compact nature, low-rated switching devices, 

simple circuitry, and ease of control. But, this CHB-MLI topology is designed only for limited voltage levels 

due to its increased number of switches for greater voltage levels which increases the cost, size, and design 

complexity of topology. The above-mentioned demerits are alleviated by introducing reduced-switch 

multilevel inverter (RSMLI) topologies; these are immensely preferable for higher voltage levels [17].  

The RSMLI is the most significant topology which requires fewer switches, a very simple design, compact 

size, and reduced switch stress; maximizes efficiency levels for developing the same voltage levels at load 

terminals [18], [19]. 

In accordance with several literature studies exploring the major problems; a 5-level single-phase 

RSMLI topology is developed for medium-voltage applications in [20], by using 7 switches without any 

transformers. A solar-PV integrated single-stage 7-level MLI topology for a standalone system is proposed in [21], 

by using 12 switching devices without any clamping devices. A 7-level single-phase RSMLI topology is 

presented in [22], by employing 6 switches with an additional isolated transformer which increases the 

electromagnetic interference loss, size, and weight and is not suitable for higher levels. To establish the major 

objective, the novel RSMLI topology for the PMSM drive-fed EV system has been proposed with reduced 

switching devices and dis-integration of high-frequency isolated transformers [23], [24].  
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Most of the MLI topologies are controlled by pulse-width modulation (PWM) control methods, and 

some regular PWM methods are sinusoidal phase-shift PWM (SPSPWM) and level-shift PWM (SLSPWM) 

control methods [25][30]. But, it involves more carrier signals and complex drive circuitry for designing 

switching patterns to generate required output voltage levels [31][38]. In this work, a novel 5-level, 7-level 

RSMLI topology has been proposed by employing a reduced number of switching devices. The performance 

of proposed novel 5-level and 7-level RSMLI topologies fed PMSM drive for EV system has been verified, 

by using MATLAB/Simulink tool, and simulation results are presented with comparative analysis. 

 

 

2. PROPOSED METHOD  

Figure 2 shows the block diagram of proposed 7-level RSMLI topology. It comprises of several 

components such as input DC source, input DC capacitors, MOSFET switches, resistive load and so on. In 

general, the proposed topology requires (n-2) MOSFET switches named as Sa.1, Sa.2, Sa.3, Sa.4, Sa.5; (n+1)/2 

self-balanced input DC capacitors named as Cdca.1, Cdca.2, Cdca.3, Cdca.4, with across voltage of Vdca.1, Vdca.2, 

Vdca.3, Vdca.4 are energized by input DC voltage of 4Vdca, respectively. The magnitude of DC capacitors is 

maintained as constant with equal value regarded to common DC voltage of RSMLI topology. The voltage 

across input DC capacitors is used to attain 7-level staircase voltage at output terminals by regulating the 

respective switches in proposed 7-level RSMLI topology through appropriate switching states received from 

gate-drive circuitry. The synthesization of several input DC voltages are used to attain required output AC 

voltage Vo.AC, consisting of 7-levels such as 0Vdca, +Vdca, +2Vdca, +3Vdca, -Vdca, -2Vdca, -3Vdca, respectively. 

The mathematical relations of proposed 7-Level RSMLI topology is expressed as, 

number of MOSFET switches (Ns) is required: 
 

𝑁𝑠 = (𝑛 − 2) (1) 

 

number of input DC capacitors (NDC) is required: 
 

𝑁𝐷𝐶 =
(𝑛+1)

2
 (2) 

 

number of possible operating modes (Nm): 
 

𝑁𝑚 = 2(
𝑛+1

2
) − 1 (3) 

 

number of voltage levels at output (Vo.AC) node: 
 

𝑉𝑂 = (𝑛𝐷𝐶 × 2) − 1 (4) 
 

the switching states of proposed 7-level RSMLI is depicted in Table 1. It shows, “1” represents the ON-

switches and “0” represents the OFF-switches, accordingly.  
 
 

 
 

Figure 2. Proposed 7-level RSMLI topology 
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Table 1. Switching states of proposed 7-level RSMLI topology 
Mode Output 

voltage (VO.AC) 
Switching states 

Sa.1 Sa.2 Sa.3 Sa.4 Sa.5 

Level-1 0 Vdca 0 0 0 1 1 

Level-2 +Vdca 0 0 1 0 1 

Level-3 +2Vdca 0 1 0 0 1 
Level-4 +3Vdca 1 0 0 0 1 

Level-5 -Vdca 1 0 0 1 0 

Level-6 -2Vdca 0 1 0 1 0 
Level-7 -3Vdca 0 0 1 1 0 

 

 

The switching pattern of the proposed 7-level RSMLI topology-fed PMSM drive is controlled 

through an appropriate reference voltage signal produced by the vector-oriented control (VOC) scheme.  

To establish the switching pattern, the classical SPSPWM and SLSPWM control methods are regularly 

employed. However, it involves more carrier signals and complex driver circuitry for designing switching 

patterns to generate required output voltage levels. In this regard, a new reduced-carrier based PWM control 

method has been developed in the proposed topology; it requires fewer carrier signals and, complex driver 

design over the SPSPWM and SLSPWM methods. For generation of 7-level voltage, the proposed RCPWM 

method requires 1 reference current Vref, which is produced by VOC and 3 triangular carriers. The triangular 

carriers are named Vca1, Vca2, and Vca3 with a carrier frequency of 3,050 Hz which are disposed vertically 

and slight changes in carrier magnitudes. The switching pattern and switching states of the new RCPWM 

method of the proposed 7-level RSMLI are depicted in Figures 3 and 4. The mathematical expressions of 

new RCPWM switching pattern is presented in (5). 

 

𝑆𝑎.1 = (𝐶. 𝐷) + (𝐴. �̅�. �̅�. 𝐶̅)  

 

𝑆𝑎.2 = (𝐵. 𝐶̅. 𝐷) + (𝐵. 𝐶̅. �̅�)  

 

𝑆𝑎.3 = (𝐴. �̅�. 𝐷) + (𝐶. �̅�)  

 

𝑆𝑎.4 = (�̅�. 𝐶̅) + (𝐴. 𝐵. 𝐶. �̅�)  

 

𝑆𝑎.5 = (𝐴. 𝐵. 𝐶. 𝐷) + (𝐴. �̅�) (5) 

 

 

 
 

Figure 3. Switching pattern of RCPWM method 

 

 

The overall schematic diagram of proposed 7-level RSMLI topology fed PMSM drive powered by 

roof-top solar-PV system is depicted in Figure 5. The performance of conventional 3-level, proposed novel 5-

level and 7-level RSMLI topologies fed PMSM drive for EV system has been verified, by using 

MATLAB/SIMULINK tool, and simulation results are presented with comparative analysis. The system 

specifications are presented in Table 2. 
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Figure 4. Switching states of RCPWM method 
 

 

 
 

Figure 5. Overall schematic diagram of proposed 7-level RSMLI topology fed PMSM drive powered by roof-

top solar-PV system 
 

 

Table 2. System specifications 
S. no Specifications Values 

1 Input and output DC voltage Vin1=100 V, Vo=520 V 

2 Input DC capacitor Vdca1234=130 V, Cdca1234=1000 µF 
3 Switching frequency Fs=3050 Hz 

4 PMSM drive Po=5 KW, Nr=3,000 rpm, Rs=18.7Ω, Ls=0.0268µH,  

Voltage constant (Vpeak L-L/Krpm)=63.48 

 
 

3. RESULTS AND DISCUSSION  

3.1.  Performance of conventional 3-level VSI fed PMSM drive for EV system 

The simulation results of conventional 3-level VSI fed PMSM drive for EV system is illustrated in 

Figure 6. The 3-level VSI topology is powered with front-end DC-DC boost converter with input DC voltage 
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of Vin-100 V, delivers the required DC voltage of Vdca-520 V with a load current of Io-10 A is shown in 

Figure 6(a). In this case, the conventional 3-level VSI is act as the electronic commutator to drive the PMSM 

motor, which produces 3-level square-wave voltage of 520 V and attains sinusoidal three-phase stator current 

of 10 A is used to run the 5-kW rated PMSM motor drive is shown in Figures 6(b) and 6(c). The PMSM 

motor produced constant speed with a selected reference speed of Nr-3000 rpm is shown in Figure 6(d). 

During the starting mode, the PMSM drive generates the electromagnetic torque of nearly 8 Nm and 5 Nm in 

steady-state mode attains the selected load torque of 5 Nm to drive the EV system is shown in Figure 6(e). 

The rotor angle of PMSM motor is measured by sensing the hall signals produced by hall-sensors with a 

value of 6.28 rad/sec, which represents the sequential switching and continuous clock-wise 360º rotation of 

rotor is shown in Figure 6(f). The THD spectrum of 3-level output voltage is measured as 59.62% and the 

THD spectrum of stator current of PMSM is measured as 5.29%, which un-complying with IEEE standard 

values as shown in Figures 6(g) and 6(h). 
 
 

  
(a) 

 

(b) 

 

  
(c) 

 

(d) 

 

  
(e) 

 

(f) 

 

 
 

(g) 

 

(h) 

 

Figure 6. Simulation results of conventional 3-level VSI fed PMSM drive for EV system: (a) input DC 

voltage, output DC voltage, output current; (b) 3-level voltage of conventional VSI topology; (c) three-phase 

stator current of PMSM; (d) rotor speed of PMSM drive; (e) electromagnetic torque; (f) rotor angle of PMSM 

drive; (g) THD spectrum of 3-level output voltage; and (h) THD spectrum of stator current of PMSM 
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3.2.  Performance of proposed 5-level RSMLI fed PMSM drive for EV system 

The simulation results of proposed 5-level RSMLI topology fed PMSM drive for EV system is 

illustrated in Figure 7. The 5-level RSMLI topology is powered with front-end DC-DC boost converter with 

input DC voltage of Vin-100 V, delivers the required DC voltage of Vdca-520 V with a load current of Io-10 A 

is shown in Figure 7(a). In this case, the proposed 5-level RSMLI is act as the electronic commutator to drive 

the PMSM motor, which produces 5-level stair-case voltage of 520 V and attains sinusoidal three-phase 

stator current of 10 A is used to run the 5-kW rated PMSM motor drive is shown in Figures 7(b) and 7(c). 

The PMSM motor produced constant speed with a selected reference speed of Nr-3000 rpm is shown in 

Figure 7(d). During the starting mode, the PMSM drive generates the electromagnetic torque of nearly 8 Nm 

and 5 Nm in steady-state mode attains the selected load torque of 5 Nm to drive the EV system is shown in 

Figure 7(e). The rotor angle of PMSM motor is measured by sensing the hall signals produced by hall-

sensors with a value of 6.28 rad/sec, which represents the sequential switching and continuous clock-wise 

360º rotation of rotor is shown in Figure 7(f). The THD spectrum of 5-level output voltage is measured as 

25.35% and the THD spectrum of stator current of PMSM is measured as 2.53%, which is comply with 

IEEE-519/2014 standard values as shown in Figures 7(g) and 7(h). 
 

 

  
(a) 

 

(b) 
 

  
(c) 

 

(d) 
 

  
(e) 

 

(f) 
 

  
(g) 

 

(h) 
 

Figure 7. Simulation results of proposed 5-level RSMLI topology fed PMSM drive for EV system: (a) input 

DC voltage, output DC voltage, output current; (b) 5-level voltage of proposed RSMLI topology; (c) three-

phase stator current of PMSM; (d) rotor speed of PMSM drive; (e) electromagnetic torque; (f) rotor angle of 

PMSM drive; (g) THD spectrum of 5-level output voltage; and (h) THD spectrum of stator current of PMSM 
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3.3.  Performance of proposed 7-level RSMLI fed PMSM drive for EV system 

The simulation results of proposed 7-level RSMLI topology fed PMSM drive for EV system is 

illustrated in Figure 8. The proposed 7-level RSMLI topology is powered with front-end DC-DC boost 

converter with input DC voltage of Vin-100 V, delivers the required DC voltage of Vdca-520 V with a load 

current of Io-10 A is shown in Figure 8(a). In this case, the proposed 7-level RSMLI is act as the electronic 

commutator to drive the PMSM motor, which produces 5-level stair-case voltage of 520 V and attains 

sinusoidal three-phase stator current of 10 A is used to run the 5-kW rated PMSM motor drive is shown in 

Figures 8(b) and 8(c). The PMSM motor produced constant speed with a selected reference speed of Nr-3000 

rpm is shown in Figure 8(d). During the starting mode, the PMSM drive generates the electromagnetic torque 

of nearly 8 Nm and 5 Nm in steady-state mode attains the selected load torque of 5 Nm to drive the EV 

system is shown in Figure 8(e). The rotor angle of PMSM motor is measured by sensing the hall signals 

produced by hall-sensors with a value of 6.28 rad/sec, which represents the sequential switching and 

continuous clock-wise 360º rotation of rotor is shown in Figure 8(f). The THD spectrum of 7-level output 

voltage is measured as 17.7% and the THD spectrum of stator current of PMSM is measured as 1.08%, 

which is comply with IEEE-519/2014 standard values as shown in Figures 8(g) and 8(h). 
 

 

  
(a) 

 

(b) 
 

  
(c) 

 

(d) 
 

  
(e) 

 

(f) 
 

  
(g) 

 

(h) 
 

 

Figure 8. Simulation results of proposed 7-level RSMLI topology fed PMSM drive for EV system: (a) input 

DC voltage, output DC voltage; (b) output current, 7-level voltage of proposed RSMLI topology; (c) three-

phase stator current of PMSM; (d) rotor speed of PMSM drive; (e) electromagnetic torque; (f) rotor angle of 

PMSM drive; (g) THD spectrum of 7-level output voltage; and (h) THD spectrum of stator current of PMSM 
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The THD comparison and graphical view of conventional 3-level VSI and proposed 5-level, 7-level 

RSMLI topologies fed PMSM drive is depicted in Table 3 and Figure 9. The proposed 5-level RSMLI 

topology produces the better reduction of THD response and attains good quality RMS voltage over the 

conventional 3-level VSI and proposed 5-level RSMLI topologies. Moreover, the stator current THD of 

proposed 7-level RSMLI topology driven by PMSM produces low harmonic content over the 3-level VSI and 

proposed 5-level RSMLI topologies. The comparison of switching devices required for 7-Level voltage under 

conventional and proposed RSMLI topologies is illustrated in Table 4. 
 
 

Table 3. THD comparison 
THD (%) Output voltage Stator current 

Conventional 3-level VSI fed PMSM drive 59.62% 5.92% 
Proposed 5-level RSMLI Fed PMSM drive 25.35% 2.53% 
Proposed 5-level RSMLI Fed PMSM drive 17.7% 1.08% 

 

 

 
 

Figure 9. Graphical view of THD comparisons 

 

 

Table 4. Comparison of switching devices required for 7-level voltage under conventional and proposed 

RSMLI topologies 
Topologies switching devices Conventional 7-level MLI topologies Conventional 7-level 

RSMLI topology 

[22] 

Proposed 7-
level RSMLI 

topology 
DCMLI 

topology [14] 

FCMLI 

topology [15] 

CHBMLI 

topology [16] 

Main IGBT switches 12 12 12 7 5 

Input DC sources 6 6 6 3 1 
Clamping diodes 30 0 0 0 0 

Balancing capacitors 0 15 0 0 0 

Body diodes  12 12 12 7 5 
High frequency transformers 0 0 0 2 0 

 

 

4. CONCLUSION  

The design, operation and performance of proposed 7-level RSMLI topology has been evaluated 

which is highly preferable for energizing the PMSM drive for EV system. Over the conventional 3-level VSI 

topology, the significant merits are compact size, fewer switches, low common-mode voltage, superior 

quality of output RMS voltage, reduced harmonic level, low dv/dt and di/dt stress and maximum efficiency, 

so on. Moreover, the new RCPWM control method using 3 carriers which have simple drive circuitry, low 

computational delay for furnishing appropriate switching pattern to 7-level RSMLI topology over the 

SPSPWM and SLSPWM methods. The proposed 7-level RSMLI topology requires very-low switching 

devices, no need of any high-frequency isolated transformers which reduces the complexity, size and cost of 

entire system. The performance of proposed 7-level RSMLI topology fed PMSM drive for EV system is 

verified, the outcome THD results are well-complying with IEEE-519/2014 standards. 
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