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1. Introduction  

An electric vehicle (EV) is a major solution to environmental problems caused by 
conventional vehicles using fossil fuel due to their utilization of renewable energy sources and 
are tagged for future mobility. Extensive research has focused on improving the performance of 
electric motors used in EV applications for optimal energy utilization, and multilevel (ML) 
inverter-fed provides a quick torque and speed response with a good dynamic performance. A 
high proportion of electric vehicles uses electric motors with high torque and efficiency as a 
major selling point. Electric vehicle manufacturing companies like Toyota Prius, Chevrolet Bolt, 
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 In recent times, intense research has been focused on the performance 
enhancement of permanent magnet synchronous motors (PMSM) for 
electric vehicle (EV) applications to reduce their torque and current 
ripples. Permanent magnet synchronous motors are widely used in 
electric vehicle systems due to their high efficiency and high torque 
density. To have a good dynamic and transient response, an appropriate 
inverter topology is required. In this paper, a five-level inverter fed 
PMSM for electric vehicle applications, realized via co-simulation in an 
electromagnetic suite environment with a reduced stator winding 
current of PMSM via the use of in-phase disposition (PD) pulse width 
modulation (PWM) techniques as the control strategy is presented. The 
proposed topology minimizes the total harmonic distortion (THD) in 
the inverter circuit and the motor fed and also improves the torque 
ripples and the steady-state flux when compared to conventional PWM 
techniques. A good dynamic response was achieved with less than 10A 
stator winding current, zero percent overshoot, and 0.02 second 
settling time synchronization. Thus, the stator currents are relatively 
low when compared to the conventional PWM. This topology 
contribution to the open problem of evolving strategies that can 
enhance the performance of electric drive systems used in unmanned 
aerial vehicles (UAV), mechatronics, and robotic systems. 
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Ford, Nissan, Honda Accord, and BMW electric car are known to use PMSM for their propulsion 
[1]. 

During the last few years, power electronics inverters have played a crucial role in the 
production of uninterruptible power supplies (UPS), variable frequency drives, high voltage DC 
transmission, induction heating EV drives, and DC source utilization [2]–[4]. And the 
development of modern power electronics devices with efficient performance in inverter-fed 
devices has multiplied [5]–[7]. When AC loads are fed through inverters, the desired voltage 
output magnitude and frequency could be attained in an effective way [8]. 

Permanent magnet synchronous motor has received attention among researchers due to its 
strategic importance in the modeling and design of electrical, electronics, mechanical and 
mechatronic systems. The permanent magnet synchronous motor (PMSM) as an AC machine is 
of profound interest for industrial applications due to its high efficiency, high torque density 
(torque to inertia ratio), and high-power density [9]–[11]. Recent research has extended the 
applications of chaos theory into the modeling of PMSM due to its dynamic characteristics, 
which possess similar characteristics to chaotic dynamics, and this holds a promising future for 
its application in robotics and unmanned vehicles [12]–[14]. The stable operation of PMSM and 
its dynamic characteristics are also essential requirements for industrial applications and have 
also received huge attention during the last decade [15]. Modern AC drives are controlled by 
different PWM techniques, and the power conversion of the AC – AC can be achieved by using 
different topologies. In recent times, Matrix converter and multilevel (ML) inverters have also 
drawn attention in the field of variable speed drives due to their enhanced static and dynamic 
responses, decreased THD, wide range of speed control, and ability to eliminate torque ripples. 
Recently, multilevel inverters have been convoluted in medium and high drives designs. The 
multilevel inverter has a reduced amount of voltage stress, fewer voltage harmonics, and 
electromagnetic interferences (EMI) on power electronics converters. The function of multilevel 
inverter in drives application is essential to generate a sinusoidal voltage out of several levels 
[16][17][18]. 

The applications of multilevel inverters are fast-growing in the industrial manufacturing 
sector due to their numerous advantages, which include the ability of its staircase waveforms 
to not only establish a better harmonic profile but equally minimizes 𝑑𝑣 𝑑𝑡⁄  stresses, reduced 
common-mode voltage, small voltage stress when compared to the overall operating voltage of 
the semiconductor devices. It also has input current with low distortion, making it possible for 
a renewable energy source to be easily interfaced [19]. The torque ripples produced by the 
PMSM and the harmonics content of the stator current are caused by the non-ideal sinusoidal 
shape of the inverters. The closer the inverter output voltage converges to an ideal sinusoidal 
shape, the lower would be the torque ripples and the harmonics contents. Torque ripples and 
harmonics content are less frequent in multilevel inverters than in the conventional three-level 
inverters during loading. Multilevel inverters are used to study desired performance during 
loading with input sully voltage. The occurrence of higher frequencies is involved in the 
conventional PWM techniques because of the unwanted harmonics at higher frequencies, which 
can simply be filtered. Thus numerous kHz can be achieved that is above the acoustic noise level. 
However, additional filters in the conventional PWM techniques can cause EMI, which 
eventually results in a change in the voltage (𝑑𝑣/𝑑𝑡). A high 𝑑𝑣/𝑑𝑡 produces common-mode 
voltages across the windings of the electric motor, which could result in damages. Therefore, 
cascaded multilevel inverter-based speed control could overwhelm the above-mentioned 
deficiencies in industrial motor drives. 

A five-level cascaded H-bridge multilevel inverter using multicarrier pulse width 
modulation technique was proposed in [20], and the results show that the THD was reduced.  
The inverter also provided a higher output quality with relatively low power loss when 
compared to other conventional inverters of the same output quality. In [21], the researchers 
applied mathematical theory to develop a phase disposition pulse width modulation (PD-PWM) 
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technique. A sinusoidal pulse width modulation (SPWM) technique which proved that 
harmonics contents could be reduced when combined both with and without an OTT filter, was 
implemented in [22]. Generally, a five-level cascaded H-bridge asymmetrical multilevel inverter 
topology requires eight switches. However, a multilevel inverter that utilized only six switches 
for the same multilevel was achieved in [23]. A topology with PI and Fuzzy control based on a 
novel configuration of switches for H-bridge ML to give five voltage levels was reported in [24]. 
In the study, two H-bridges were combined in spilled mode to offer an output of a nine-level 
inverter. The study proposed a multicarrier-based level shifting phase disposition PWM (LS-PD-
PWM) technique aimed to reduce the percentage of THD.  The CHB inverter was overseen with 
proportional-integral (PI) and Fuzzy Logic Controller (FLC) to decrease the THD.   Several other 
authors have studied the characteristics of inverters using different design and control 
strategies. In [25], a five-level cascaded H-bridge multilevel inverter based on pulse width 
modulation, in-phase and alternate phase opposition deposition techniques were presented. 
This kind of inverter allows high power quality with low output harmonics and lower 
commutation losses when compared to their conventional counterparts. A transformer-less 
MOSFET inverter with different pulse width modulations, suitable for applications in grid-tied 
photovoltaic systems, was presented in [26]. In [27], a modified SEPIC and three-level NPC 
inverter were applied in commutation torque ripple reduction in BLDC motors. A hysteresis 
current-controlled multilevel inverter-fed PMSM drive was analyzed and designed in [28]. 

The multilevel inverter-fed systems reported in the literature resulted in less harmonic 
distortion and reduced torque ripple in the motor. However, the ripple torque generally comes 
from two different sources. The cogging ripple torque is due to the interaction of the rotor 
magnetic flux and the angular variation in the stator magnetic reluctance. An efficient approach 
to reduce the cogging ripple torque is by skewing, which may be done on the stator and the 
rotor. Skewing reduces the ripple torque effectively. However, it is complicated and may 
increase the manufacturing cost.  

In this study, the skewing to the motor is properly accounted for in the co-simulation with 
the electromagnetic suite environment. Accordingly, this study presents a five-level inverter 
that is used to drive a PMSM by co-simulation in an electromagnetic suite environment. This 
approach reduces the complexity and cost of implementation when compared to conventional 
approaches. An In-phase disposition PWM with less harmonic distortion is used with the five-
level inverter as a control technique which results in reduced torque ripples and stator winding 
current of the PMSM. As an open problem in PMSM development, the research contribution of 
this study is the possibility of application of the topology to enhance the performance of electric 
drive systems used in unmanned aerial vehicles (UAV), mechatronics, and robotic systems. 

2. Methods 

In this section, the proposed topology and modulation techniques and operation of the 

designed topology are presented.  

 In-Phase Disposition SPWM Control Scheme for a Five-level Inverter 

The proposed topology is a three-phase cascaded multilevel inverter (five-level). The 
proposed topology is shown in Fig. 1. This is based on the cells cascade connection of full-bridge 
with isolated DC source, and each cell provides two voltage levels, and the number of levels 
generated in the output voltages depends on the number of cells. 

       The number of levels (𝑛) generated in the output voltage depends on the number of cells 
(𝑘) and is expressed as: 

                                                                            𝑛 = 2𝑘 + 1                            (1) 

Where k is the number of H-bridges for each phase. 
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Fig. 1. MATLAB/Simulink model of the five-level PD SPWM  

A five-level, three-phase inverter converts the DC voltages into three-phase AC voltages. In 
which its output voltages have five levels of AC voltages expressed by 𝑉, 𝑉 2⁄ , 0 and −𝑉,−𝑉 2⁄ , 
consequently known as a five-level inverter.  

 Sinusoidal Pulse Width Modulation Technique 

The sinusoidal PWM technique matched the carrier wave of frequency (𝑓𝑐) and the 
fundamental frequency (𝑓𝑟) of the sinusoidal modulating wave and the points of intersection 
define the switching points of the inverter. This can be classified according to carrier modulating 
signals. The multiple carrier-based SPWM are classified as in-phase disposition (PD), phase 
opposition disposition (POD), and alternative phase opposition (APO). In this study, PD is 
adopted for the three-phase five-level inverter. The vital constraints of the design procedures 
are the amplitude modulation index and frequency modulation index, which are respectively 
expressed as: 

 𝑀𝑎 =
𝑉𝑟
𝑉𝑐

 (2) 

 𝑀𝑓 =
𝑓𝑟
𝑓𝑐

 (3) 

where 𝑉𝑟 is the amplitude of the reference control signal and 𝑉𝑐 is the amplitude of the 
triangular carrier signal.  𝑓𝑐 is the frequency of the carrier wave, and 𝑓𝑟 is the frequency of the 
reference signal. The relationship for the generation of triangular carrier waves using the PD 
modulation technique is given by: 

 𝑀𝑓 = 22(
𝑓𝑟

𝑓𝑐
)           (4) 

where the triangular cycle waves are 22 for each cycle of existing sine wave given respectively 
as: 
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 𝑇𝑠 =
1

𝑓𝑐
 (5) 

 𝑥 =
𝑇𝑠
4

 (6) 

Where 𝑥 is time in seconds.  

The five-level PWM level-shifted waveforms can be generated by comparing the three 
reference control signals with the four triangular carrier waves. The MATLAB/Simulink model 
used for waveform generation is shown in Fig. 1, while a comparison of the carrier and reference 
signals of the three-phase is shown in Fig. 2. The output voltage is expressed as:  

                                              𝑉𝑜𝑢𝑡 =

{
 
 

 
 
𝑉𝑑𝑐 2,     ⁄  𝑉𝑟𝑒𝑓 ,   𝑖 > 𝑉𝑡𝑟𝑖, 1   
𝑉𝑑𝑐 4,     ⁄  𝑉𝑟𝑒𝑓 ,   𝑖 > 𝑉𝑡𝑟𝑖, 2   
0, 𝑉𝑡𝑟𝑖2 > 𝑉𝑟𝑒𝑓, 𝑖 > 𝑉𝑡𝑟𝑖,3   
−𝑉𝑑𝑐 4,     ⁄  𝑉𝑡𝑟𝑖3 > 𝑉𝑟𝑒𝑓, 𝑖     
−𝑉𝑑𝑐 2,     ⁄  𝑉𝑡𝑟𝑖4 > 𝑉𝑟𝑒𝑓, 𝑖     

                                           (7) 

Where 𝑖 is phased a, b or c.  

 The Operation of the Five-level Cascaded H-Bridge Inverter  

The output voltage is obtained by adding the voltages bred by different modules. Each leg of 
the inverter is composed of a one-phase full-bridge that is linked to the load. The output voltages 
of each bridge can be fall within the range of 2𝑉𝑑𝑐, 𝑉𝑑𝑐, 0, −𝑉𝑑𝑐 and −2𝑉𝑑𝑐. The switching 
sequence of a five-level inverter is shown in Table 1. 

Table 1.  Switching States of the Five-level cascaded H-Bridge Inverter 

The Upper Cell The Lower Cell Output 
Voltage (V) S1 S2 S3 S4 S1 S2 S3 S4 

High Low Low High High Low Low High 2Vdc 

High High Low Low High Low Low High Vdc 

High Low Low High Low Low High High Vdc 

High Low Low High High High Low Low Vdc 

Low Low High High High Low Low High Vdc 

High High Low Low High Low Low Low 0 

High High Low Low Low High  High High 0 

High Low Low High Low High High Low 0 

Low High High Low High Low Low High 0 

Low Low High High High High Low Low 0 

Low Low High High Low Low High High 0 

Low High High Low High High Low Low -Vdc 

Low Low High High Low High High Low -Vdc 

Low High High Low Low Low High High -Vdc 

High High Low Low Low High High Low -Vdc 

Low High High Low Low High High Low -2Vdc 

3. Modelling of the three-phase PMSM 

The dynamics of the PMSM model are derived in order to understand the control scheme. 
The model is assumed to have a negligible permeability, saturation effect, and the flux density 
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is assumed to be radial [29][30]. The dynamic model in the  𝑑 − 𝑞 reference frame voltage and 
flux linkage of PMSM can be expressed as: 

 {
𝑉𝑑 = 𝑟𝑖𝑑 +

𝑑

𝑑𝑡
𝜆𝑑 −ωλ𝑞

𝑉𝑞 = 𝑟𝑖𝑞 +
𝑑

𝑑𝑡
𝜆𝑞 −ω𝜆𝑑

 (8) 

Where the 𝑑 − 𝑞 flux linkage of the three stator windings are expressed as 

                                                                     {
𝜆𝑑 = 𝐿𝑑𝑖𝑑 + 𝜆𝑝𝑚

𝜆𝑞 = 𝐿𝑞𝑖𝑞
                                                                        (9) 

Where the 𝜆𝑑, 𝜆𝑞  are the 𝑑 − 𝑞 axis inductances of the stator winding and 𝜆𝑝𝑚 is the rotor 

magnetic flux linkage. The electrical torque, expressed in qd0 rotor reference frame by 
neglecting the harmonics and zero-sequence components, are expressed as: 

 𝑇𝑒 = (
3

2
) (
𝑃

2
) (𝜆𝑚

𝑟 𝑖𝑞𝑠
𝑟 ++(𝐿𝑑 − 𝐿𝑞)𝑖𝑞𝑠

𝑟 𝑖𝑑𝑠
𝑟 ) (10) 

 𝑇𝑒 = 𝐽 (
2

𝑝
)𝑝𝜔𝑟 + 𝐵𝑚 (

2

𝑝
)𝜔𝑟 + 𝑇𝐿 (11) 

The expression (11) described the mechanical model of the motor, where J is the inertia, 𝐵𝑚 
is a damping coefficient and 𝜔𝑟 is rotor speed. The expression can be rewritten as a two-coupled 
first-order equation as given in (12) and was used to simulate the model using the PMSM 
parameters given in Table 2. 

  {
𝑝𝜔𝑟 =

𝑇𝑒−𝑇𝐿−𝐵𝑚𝜔𝑟

𝐽

𝜃𝑟 = ∫𝜔𝑟𝑑𝑡
 (12) 

Table 2.  Parameters of the PMSM 

Parameters Values 

Stator Resistance ( Rs) 1.6 Ohm 

Direct axis inductance ( Ld) 0.006365 H 

Quadrature axis inductance ( Lq) 0.006365 H 

Flux 0.1852 Wb 

Inertia (J) 0.0001854 Kgm2 

Friction coefficient (B) 5.39e-05 

No. of Poles (P) 4 

4. Numerical Simulation Results 

The model was developed and co-simulated in the electromagnetic suite (ANSYS MAXWELL) 
and MATLAB/SIMULINK to validate the effectiveness of the proposed scheme for PMSM. Fig. 2 
shows a comparison of the three-carrier signal and the three-reference signal for the five-level 
inverter. The output voltage of a three-phase five-level inverter fed PMSM using PD PWM 
techniques for a period of 1ms and amplitude of 20 V is shown in Fig. 3. The Fast Fourier 
Transform (FFT) analysis is shown in Fig. 4 with 35.24% THD. 
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Fig. 2. Comparison of the carrier signal with the reference signal 

 

Fig. 3. Dynamics of the output voltages of the Five-level, three-phase inverter 

 

Fig. 4. Depiction of the Fast Fourier Transform analysis 
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The motor dynamics was evaluated when a load torque of 3 N-m was applied. The observed 
currents were low, which transmute to high efficiency as a result of low losses. The motor 
started and synchronized in less than 0.2ms, and the load had no effect on the rotor speed, as 
depicted in Fig. 5. The electromagnetic torque of the motor was zero immediately after the 
motor synchronized. Fig. 6 is a comparison between the stator current of the proposed model 
and the conventional PWM motor-fed. 

 

Fig. 5. Electromagnetic torque, rotor speed and Phase – A stator current 

 

Fig. 6. Dynamics of the Stator current of the proposed model and conventional PWM 

5. Conclusion and Future Work 

     A numerical study of a five-level inverter fed PMSM via co-simulation using in-phase 
disposition PWM techniques as the control strategies were proposed in this paper. The ANSYS 
MAXWELL electromagnetic suite provided the numerical simulation environment without the 
need to build a prototype. The effectiveness of the control strategy confirmed that the method 
minimizes the THD in the inverter circuit and eliminates the torque ripples of the PMSM even 
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as the efficiency is enhanced. The stator current was relatively low when compared to those 
obtained in conventional motors. The performance of the proposed model demonstrates its 
usefulness in EV and robot manufacturing. The future work will be focused on how to extend 
the frontiers of the dynamics of the PMSM generated using the proposed method to the realm 
of chaos theory. 
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