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Abstract: Two of the main challenges of recent electric vehicles (EVs) are the charging time and
high initial cost. To solve the problem associated with long charging time, the car manufacturers
are moving from 400 V battery EV (BEV) to 800 V BEV, which enables the utilization of multi-
level converters in EV applications. This paper presents a power conversion system consisting
of a Vienna rectifier and a two/three level hybrid inverter as a machine-side inverter to drive a
permanent-magnet synchronous motor (PMSM). The Vienna rectifier improves the quality of the
grid-side current and provides a regulated DC-link voltage. The proposed inverter, known as a
10-switch inverter, offers high output current quality with a lower number of active switches, making
it compact and cost-effective. The field-oriented control (FOC), along with the SPWM modulation,
is implemented to control the system. A reliable and cost-effective PMSM drive system demands
sensorless control; therefore, a sliding mode observer (SMO) is used to estimate the rotor position
and velocity. The accuracy of the proposed system was proved through the simulation results from
MATLAB/Simulink.

Keywords: electric vehicle; fast charging; two/three level inverter; PMSM

1. Introduction

Based on sustainable development goals, governments have forced industry to pro-
duce more green products to prevent rapid climate change and global warming [1]. Statis-
tics show that near 25 percent of carbon emissions come from internal combustion engine
(ICE) vehicles [2,3]. The environmental problems that arise from the ever-increasing con-
sumption of fossil fuels for traction applications, as well as limited natural resources, make
a shift in the car industry [4,5]. One viable solution to ease climate change problems is to
move from ICE vehicles to electric vehicles, which is a highly effective, but prohibitively
costly solution. These days, electric cars are one of the most competitive markets, which
new technologies are putting on the brink of change. The most important challenges
of electric cars are their high initial cost, long charging time, and the lack of charging
stations [6]. To address long charging time, companies such as TESLA are introducing
EVs with fast charging capability by increasing charging current. Although this method
decreases the waiting time for full battery charge, it causes more heat loss and requires a
thicker cable design, resulting in more cost and weight [7,8]. Recently, Porsche has launched
fast charging technologies using higher voltage in some luxury and sport EVs. Porsche
doubled the charging voltage of luxury EVs because, firstly, using a higher charging voltage
can provide fast charging, which significantly reduces the waiting time for full battery
charge. Secondly, the higher the charging voltage, the lower the charging current; therefore,
the system enjoys a lighter cable design and less heat loss, while fast charging typically
leads to heat generation and requires a thicker cable at 400 V EVs [9,10]. Although using a
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higher charging voltage brings invaluable benefits, it increases the battery cost and typically
requires three-level power electronics structures. Electric cars mainly consist of a battery,
an inverter, an electric motor, an onboard charger, and a control unit [11]. The inverter
is a key component in EV systems that controls the motor performance [12]. With the
emergence of new trends in semiconductors, the two-level half-bridge inverter is the most
commonly used converter in low voltage traction applications due to its simple structure
and a low number of switching devices [13]. The three-level NPC is introduced as a machine
side inverter in the EV drive system [14]. NPC inverters can provide lower current and
voltage THD (total harmonic distortion) and less voltage stress across semiconductors than
the conventional two-level inverter. Still, the benefits of multi-level converters come at the
price of having a higher number of elements. Ref. [15] introduces the Z-source converter as
am interface converter in fuel-cell battery hybrid electric vehicles. The Z-source inverter is a
single stage power conversion system that has high reliability because of its shoot-through
capability, and it also provides a boosted output voltage along with a simple structure.
Among different AC machines, permanent-magnet synchronous motors (PMSM) are a
potential choice for EVs application because of their high power density and high efficiency.
However, the usage of permanent magnets makes PMSMs more expensive than other types
of motors [16]. Therefore, sensorless control methods can act as remedies to reduce the
total cost of PMSM drive systems. Various control methods have been proposed so far
for sensorless control of AC machines. Generally, sensorless control of PMSM is classified
into non-adaptive and adaptive control methods. There are three groups of non-adaptive
methods, including estimation using phase voltage, phase current, and flux and back-EMF
voltage which are reviewed in [17–20]. These methods are quite simple, but they do not
have noise-robustness and good performance at low speed. The adaptive methods are
divided into two groups: estimation using the model reference adaptive system (MRAS)
and state observer estimation. The MRAS technique utilizes a reference model and an
adaptive model. Estimation in this method is done by passing the output error of the
reference and adaptive model through an adaptive process to bring them closer to each
other. Simple structure and easy implementation are the positive features of this method.
The disadvantage of this method is its sensitivity to changes in parameters [21,22]. In [23],
a first order sliding mode observer (SMO) is designed to estimate the PMSM rotor posi-
tion. The simple and robust structure of this method has gained considerable attention in
sensorless control of AC machines. Still, the chattering problem and the need for phase
compensation are the negative points of this method, which are solved in the later version
of SMO. The last main part of an EV is the on-board charger. Various DC-DC converter
topologies such as buck-boost, Z-source, and resonant converters are proposed for EVs
chargers in [24,25]. In [26], the authors present a bridgeless SEPIC converter as a PFC
converter in an EV charger. The usage of a bridgeless converter has the potential bene-
fits of lower conduction loss and higher efficiency. High voltage EVs with fast charging
capabilities require a cost-effective and reliable charger to enhance the power factor and
current quality on the grid-side and provide a regulated DC-link voltage. Ref. [27] reviews
several isolated and non-isolated converters that are suitable for the charging infrastructure
of EVs. Particularly, multi-level topologies such as the NPC rectifier and Vienna rectifier
are presented for fast charging applications because their dual output structure provides a
higher voltage and a low voltage stress across switching devices.

In this paper, a new high voltage power conversion system (PCS) is proposed for EV
applications to increase system performance on the grid and machine sides and reduce the
system size and volume. A two/three level hybrid inverter as presented in [28] is used as a
machine-side inverter. This topology uses 10 active switches and produces a combination
of three output voltage levels, which provides better voltage and current quality than
conventional two-level converters. A Vienna rectifier as a three-level and dual output
AC/DC converter is proposed as a battery charger, and a 10-switch inverter is employed to
drive a PMSM. A sensorless control scheme is developed to estimate the position and speed
of the rotor using the sliding-mode observer method. In summary, the main contributions
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of this paper are as follows: (1) proposing a reduced switch AC/DC/AC PMSM drive
with three-level outputs; (2) developing a control scheme to control grid current, battery,
and PMSM; (3) developing a sensorless controller to reduce the cost of the control system
and increase reliability; (4) making an efficiency comparison between the proposed PCS
and conventional two-level PCS.

The rest of the paper is organized as follows: in Section 2, the proposed PCS is
discussed in terms of inverter topology, modulation method, and losses. Following this
discussion, a three-phase three-level Vienna rectifier is described as a battery charger.
In Section 3, a sensorless control method is developed using the sliding-mode observer to
estimate the rotor’s position and speed. The simulation results of the proposed system are
presented in Section 4. Finally, Section 5 concludes the study.

2. Power Conversion System
2.1. Machine Side Converter (10-Switch Inverter)

The power conversion system of the 800 V electric vehicle can be seen in Figure 1. This
PCS consists of the Vienna rectifier as a three-phase onboard charger, the 800 V battery
packages, the 10-switch inverter, and a PMSM, Figures 2 and 3.

Figure 1. Configuration of the proposed power conversion system based on a 10-switch inverter for
an 800 V EV system.

Figure 2. The block diagram of the proposed control system for an 800 V EV system with a 10-switch
inverter.
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Figure 3. 10-switch inverter operation modes in two-level and three-level modes: (a) two-level opera-
tion (half DC-link voltage), (b) two-level operation (half DC-link voltage), (c) three-level operation
(DC-link voltage), (d) zero state operation.

2.1.1. Modulation

The 10-switch inverter can be modulated using a combination of three-level and
two-level carrier-based modulation techniques. The main procedure of this method was
designed based on Figure 4. Considering the particular structure of the inverter, the output
voltage can be a combination of two-level or three-level voltages. The main point in
controlling the two/three hybrid inverter is to define whether two-level or three-level
modulation should be used for each phase. The input signal of the modulation block is
a three-phase sinusoidal voltage as formulated in (1), where Vre f

a , Vre f
b , and Vre f

c are the
reference voltages of phases a, b, and, c, and m represents the modulation index. In every
60-degree sector, Vre f

a , Vre f
b , and Vre f

c are defined as the voltages with the minimum (Vmin),
medium (Vmid), and maximum (Vmax) amplitude. Upon detecting the medium voltage,
the three-level or two-level modulation is chosen according to the diagram illustrated in
Figure 4. In conventional two-level modulation, a single triangular carrier is used, while
in the modified three-level modulation, two in-phase carriers are used to modulate the
corresponding reference signal [28].

Vre f
a = m · cos(ωt)

Vre f
b = m · cos(ωt− 2π/3)

Vre f
c = m · cos(ωt− 4π/3)

(1)

1
2
+

1
4

Vmid < Vre f
n < −1

2
+

1
4

Vmid (2)

Two-level inverters have only eight switching voltage vectors, while the three-level
VSI typically presents 27 switching voltage vectors consisting of small, medium, and large
vectors, which provide much more controllability in implementing different modulation
methods. The characteristics of a 10-switch inverter makes a considerable change in
its vector diagram compared to the three-level VSI, restricting inverter performance to
producing medium voltage vectors. As indicated in Figure 5, the 10-switch inverter has
21 switching voltage vectors in its space vector diagram. Table 1 depicts the 21 switching
vectors, including 12 small vectors, six large ones, and three zero vectors. Consequently,
compared to the conventional two-level VSI, the two/three level inverter offers better
output voltage quality. Regarding of the lack of seven vectors, the inverter is still anticipated
to have almost the same output voltage and current quality compared to the three-level
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VSI [29]. Apart from the numerous benefits of the 10-switch inverter, the complex control
system could be challenging.

Figure 4. The SPWM modulation algorithm for the 10-switch inverter.

Figure 5. Switching vector diagram of different inverters: (a) three-level inverter, (b) 10-switch
inverter, (c) two-level VSI.

Table 1. Switching vectors of 10-switch inverter.

Vector Categories Space Vector Switching State

Zero Vectors (0) V0, V19, V20 PPP, NNN, OOO

Small Vectors ( Vdc
3 )

V7–V12 P-type
V13–V18 N-type

Large Vectors (2 Vdc
3 ) V1–V6

PNN, PPN, NPN
NPP, NNP, PNP

2.1.2. Inverter Losses

The input power of the inverter is expressed as (3), in which Vph, Iph, and ϕ represent
the input phase voltage, input phase current, and the phase difference between voltage
and current, respectively. Comparing the conventional 400 V EVs and the proposed system
with 800 V DC-link voltage for the same output power, the current in the 10-switch-based
system is notably lower (5), resulting in lower power loss and heat.

Pin = Vph Iph cos(ϕ) (3){
Vph,800V = 2Vph,400V

Pin
400 = Pin

800
(4)
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Iph,800V =
1
2

Iph,400V (5)

In electrical systems, losses mainly consist of switching loss (Pswitching) and conduction
loss (Pconduction), which define the system’s efficiency. Switching power loss is defined by
the power loss in turn-on and turn-off commutations. The energy loss for turn-off and
turn-on commutation is expressed in (8), where Eon, Eo f f , vds, and id denote the turn-on
energy loss, turn-off energy loss, drain-source voltage, and drain current, respectively. t10

id
and t10

vds
represent the current at 10% of peak value and the voltage at 10% of the VDC,

respectively [30].
Ploss = Pswitching + Pconduction (6)

Pswitching = Pon + Po f f (7)

Eon =
∫ t10

vds
t10
id

vds(t)× id(t)dt

Eo f f =
∫ t10

id
t10
vds

vds(t)× id(t)dt
(8)

Since the current in PMSM has a sinusoidal waveform, the total energy loss can be
described as a sine wave, with its highest amplitude occurring when the current reaches its
peak value [31].

Esw(t) = Eon(t) + Eo f f (t) = Emax sin(ωt) (9)

Ptotal
sw =

1
T

∫ T

0
fsw × Esw(t)dt =

fswEmax

π
(10)

Some approximation and linearization are required to calculate the conduction loss
for a power switch. The conduction loss is formulated in (11); the first term is the average
drain current multiplied by the drop voltage of the switch, and the second term defines
the power dissipated in equivalent drain-source resistance, where id and id,rms represent the
average and RMS value of drain current.

Pconduction = idvds + Rds(on)i
2
d,rms

(11)

3. Control Scheme
3.1. On-Board Charger

The industry has determined that EV charging systems’ interaction with the grid can
be divided into three levels regarding charging rates [11]. Therefore, the three-phase Vienna
rectifier can be categorized as Level II, with a power level up to 20 kW. The three-level
three-phase Vienna rectifier with a simple structure offers boosted output voltage and
improved current quality on the grid side. It is a well-known three-level rectifier with a
reduced switch count that has been widely used in high-power charging systems. The main
advantages of this converter are as follows:

• Low voltage stress across switches;
• Low number of active switches and high efficiency;
• Ability to balance output voltages and control the neutral point voltage.

This converter links the three-phase AC supply to the 10-switch inverter with a
maximum DC voltage of up to 800 V, making it a suitable choice for an on-board charger in
the proposed 800 V EV system. Generally, power factor correction in three-phase systems
can be accomplished using at least three active switches and a suitable control system.
Several control strategies have been presented in the literature to provide the required
power and unity power factor operation, including hysteresis current control, vector control,
and model predictive control. In this study, the power factor enhancement is done using
vector control in the direct-quadrature (d− q) reference frame. The objective of this method
is to control the d and q components of injected current to control active and reactive
power. The diagram of the grid-side control method is shown in Figure 6. It contains two
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control loops to regulate DC-link voltage (charge batteries) and grid-side power. In the id
control channel, Ibat is defined based on the nominal current of the battery to implement
the constant-current constant-voltage (CC-CV) charging control algorithm. The reference
current in the q reference frame is defined based on a reactive power setpoint equal to
zero for unity power factor operation. When voltage balancing of two output capacitors is
required, it can be achieved simply by adding a DC component to the reference currents,
as illustrated in Figure 6 [32].

Figure 6. The block diagram of the Vienna rectifier control system.

3.2. PMSM Model

PMSMs with high power density, reliability, efficiency, and wide-speed operation are
used in various industries, including electric vehicle applications. Sensorless drive systems
typically offer higher reliability, lower initial cost, and lower maintenance costs. Since the
cost of EVs plays a considerable role in the market, sensorless control of the PMSM drive
seems to be a solution to slightly reduce the drive system’s cost. The following equations
in (12) and (13) display the PMSM dynamic model in the fixed reference frame, which is
helpful for the implementation of the sensorless control algorithm in next section. vα,β and
iα,β are the voltage and current, respectively, in the α− β frame, and ωr θr, ϕpm, r, and L
represent the rotor speed, rotor position, permanent magnet flux, and the stator equivalent
resistor and inductance.[

vα

vβ

]
= (r + L

d
dt
)

[
iα
iβ

]
+ ωr.ϕpm

[
− sin(θr)
cos(θr)

]
(12)

[
ϕα

ϕβ

]
= L

[
iα

iβ

]
+ ϕpm

[
cos(θr)
sin(θr)

]
(13)

The well-known FOC method is frequently used in PMSM control systems because of
its good transient and steady-state response, constant switching frequency, and low torque
ripple. In this method, the motor equations are transferred to the rotor reference frame
formulated in (14) and (15), where vd,q, id,q are the voltage and current, respectively, in the
d− q frame, and ωr and ϕpm represent the rotor speed and permanent magnet flux. In a
rotating reference frame, the stator current component of the first axis is proportional to
the flux linkage, and the current component of the other axis is proportional to the torque.
As in the FOC method diagram depicted in Figure 2, the reference speed is compared to
the measured speed, and the error is delivered to the speed controller. The output of this



Sustainability 2022, 14, 1620 8 of 15

controller is the reference value of iq, and for maximum torque achievement, the reference
value of id is considered zero.[

vd
vq

]
=

[
(r + L d

dt ) −Lωr
Lωr (r + L d

dt )

][
id
iq

]
+ ωr

[
0

ϕpm

]
(14)

[
ϕd
ϕq

]
= L

[
id
iq

]
+

[
ϕpm

0

]
(15)

3.3. Sensorless Control Method

Using mechanical sensors reduces the system’s reliability. The failure of a mechanical
sensor generally disrupts the whole system’s performance, since the vector control of PMSM
is entirely dependent on the rotor position. In addition, mechanical sensors require complex
wiring, control systems, and maintenance, making them less reliable than electrical systems.
In this section, a robust and reliable sensorless method using a sliding mode observer (SMO)
is designed to estimate the rotor position and velocity in PMSM. Sliding mode control
is a nonlinear method that provides high accuracy and robustness and relatively simple
implementation. It is commonly used for systems with non-precise models and high
external perturbations. The equations in (16) describe the PMSM current equation in the
stator reference frame, where iαβ, i̇αβ, vαβ, and eαβ represent the stator current and the
first derivative of the current, stator voltage, and back-EMF in the αβ reference frame,
respectively. The state equation for the estimated current is shown in (18), where ˆ̇iα,β and
r̂ denote the corresponding estimated variable. ẑα,β is the estimated back-EMF, which is
obtained by passing the error between the estimated and measured current through the
Sigmoid function defined in (20), in which k is the observer gain and a is the coefficient to
adjust the function slop [33].

i̇α =
r
L

iα −
1
L

eα +
1
L

vα (16)

i̇β =
r
L

iβ −
1
L

eβ +
1
L

vβ (17)

ˆ̇iα =
r̂
L

îα +
1
L

vα −
1
L

ẑα (18)

ˆ̇iβ =
r̂
L

îβ +
1
L

vβ −
1
L

ẑβ (19)

[
ẑα

ẑβ

]
=

[
k · H(îα − iα)
k · H(îβ − iβ)

]
= k

 ( 2
1+exp(−a·(îα−iα))

)− 1

( 2
1+exp(−a·(îβ−iβ))

)− 1

 (20)

r̂ =
1
L
[(îα − iα) · îα + (îβ − iβ) · îβ] (21)

The rotor position estimation is done by defining a sliding surface, described in (22) as
the error between the estimated current and the measured one. The controller forces the
state variable to move towards the sliding surface by restricting movement on the sliding
surface, moving the surfaces towards the equilibrium state. Therefore, the error between
the estimated and measured current becomes zero, as the sliding surface is zero in a stable
system. Figure 7 shows the diagram of the sensorless control of the PMSM, which consists
of the SMO, filter block, and the estimation block, including a phase-locked-loop.

Sn =

[
Sα

Sβ

]
=

[
îα − iα

îβ − iβ

]
(22)
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By ignoring the resistance estimation part and defining īα = îα − iα and īβ = îβ − iβ,
the Lyapunov function for investigating the sliding condition of PMSM sensorless control
is as follows:

V =
1
2

ST
n Sn , V̇ = ST

n Ṡn < 0 (23)

As has been proven in previous studies, system stability is achieved if the sliding
surface satisfies the condition in (25), which declares that the observer gain must meet the
following requirement in (26):

V̇ = [ īα īβ ]

[ r
L (îα − iα) +

1
L (êα − ẑα)

r
L (îβ − iβ) +

1
L (êβ − ẑβ)

]
(24)

V̇ = − r
L
(ī2α − ī2β) +

īα
L
(êα − kH(īα)) +

īβ

L
(êβ − kH(īβ)) < 0 (25)

k ≥ max(|êα|, |êβ|) (26)

Figure 7. Diagram of the sensorless control of the PMSM using SMO (part of Figure 2).

4. Simulation Results

This section depicts the simulation results of the proposed drive system for a fast-
charging electric vehicle from MATLAB/Simulink. The simulation results were obtained
for three modes, including the motoring operation of the PMSM, regenerative braking,
and static charging operation in which the inverter and the PMSM are not working.
The presence of the Vienna rectifier on the grid-side as an on-board charger connects
the system directly to the mains. The batteries are supplied by a DC-link voltage of up
to 800 V. Then, the battery packs are connected to a two/three level inverter that feeds
the PMSM. As mentioned earlier, one of the major obstacles to adopting electric vehicles
worldwide is the long battery charging time. Therefore, new vehicles charged by higher
voltages can significantly reduce the batteries’ full charge time. Table 2 presents the charac-
teristics of the proposed EV drive system. The simulation results compare an 800 V system
with a 10-switch inverter and a 400 V system with the VSI. In the following, the simulation
results of the proposed system are described in detail to validate the statements claimed in
this paper. The 10-switch inverter can simultaneously operate in two-level and three-level
modes. In other words, one phase can be modulated by three-level modulation, and the
two other phases may be modulated as two-level. Figures 8 and 9 compare the line-to-line
voltage and the common-mode voltage of the 10-switch inverter and the standard two-level
VSI at the PMSM-rated speed of 2500 r/min, respectively. It can be seen that the line-to-line
voltage waveforms of the 10-switch inverter have three levels of voltage with higher quality.
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Figure 8. Simulation result of the 10-switch inverter with 800 V DC voltage at 2500 r/min: (a) line-to-
line voltage, (b) common mode voltage.

Figure 9. Simulation results of the two-level VSI with 400 V DC voltage at 2500 r/min: (a) line-to-line
voltage, (b) common mode voltage.

Table 2. Characteristics of the proposed drive system.

PMSM Parameter Value Control Parameter Value

PMSM Rated Speed 2500 r/min AC Input Voltage(rms) 380 V

PMSM Rated Torque 100 N·m DC-link Voltage 800 V

Rated Power 26 kW Switching Frequency 30 KHz

Stator Inductance/Resistance 1 mH/0.25 Ω k (SMO Gain) 2000

Number of Poles 8 a (Sigmoid Constant) 0.054

The DC-link voltage in the proposed drive system is twice that in the standard VSI. The
PMSMs used in this simulation are compatible with their associated systems, making way
for a lower current amplitude and lower loss in the proposed system based on a 10-switch
inverter. Table 3 represents the parameters of two PMSMs used in this study. The 800 V
system is designed based on a PMSM with higher flux linkage and higher voltage, resulting
in a lower current to provide the same output power as the 400 V system. Figure 10a,b
compares the PMSM current in the proposed 800 V EV system and the conventional EV
system with a 400 V battery pack for the same output power. Section 2 described how to
calculate the switching and conduction losses in the proposed 800 V inverter and the 400 V
VSI for nominal load. In Table 4, specific SIC MOSFETs are selected for this simulation based
on the system’s power rating and the switches’ blocking voltage. Although the number of
elements in the 10-switch inverter is higher than the VSI, the significant reduction in current
results in lower switching and conduction losses in the proposed system compared to the
conventional system shown in Figure 11a. Figure 11b depicts the efficiency curve for the
400 V VSI and the 800 V 10-switch over a wide range of load variation, which proves that
due to the fact the 800 V system has fewer losses, it offers higher efficiency. The simulation
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result of the input current and output voltage of the Vienna rectifier as an on-board charger
are illustrated in Figure 12a,b.

Table 3. Characteristic PMSM parameters for the 400 V and 800 V systems.

PMSM Parameter 400 V System 800 V System

Rated power (kW) 30 30
Rated voltage (V) 250–450 450–600
Max current (A) 150 95

Max torque (N·m) up to 150 up to 100
Max speed (r/min) up to 3000 up to 6000
Flux linkage (mWb) 45 98

Moment of inertia (kg·m2) 0.08 0.08

Table 4. Specification of selected SIC switches in the 400 V VSI and 800 V 10-switch inverter.

Inverter Leg Part Number Blocking Continuous Rds,onTopology Voltage Current Rating

VSI All three legs C3M0025065D 650 (V) 97 (A) 25 (mΩ)

10-Switch The leg with four C3M0015065D 650 (V) 81 (A) 15 (mΩ)series switches

10-Switch Legs with two C3M0021120D 1200 (V) 81 (A) 21 (mΩ)series switches

(a) (b)

Figure 10. Simulation results of PMSM phases current at 2500 r/min: (a) 10-switch inverter, (b) two-
level VSI.

(a) (b)

Figure 11. Comparison of the 10-switch inverter with 800 V DC voltage and the two-level VSI with
400 V DC voltage in terms of (a) power loss for full load operation and (b) efficiency for a wide range
of load current.
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(a) (b)

Figure 12. Simulation results for the Vienna rectifier: (a) the input current of the charger, (b) the
output voltage of the charger.

Generally, a PMSM works under two main operation states shown in Figure 13:
constant torque for speed variations up to the rated speed, and the constant power region
for speed above nominal. In this study, system performance is examined at a nominal
speed of 2500 r/min. Figure 14a demonstrates the system speed response for accelerating,
constant speed, and regenerative braking operation. The output torque waveform with
torque characteristic of the brake pedal is shown in Figure 14b to investigate the system’s
response to torque changes in different operation regions. The system torque and speed
response results reveal that the proposed EV drive can adequately track the torque and
speed changes in the accelerating and braking regions. To show the effect of normal
motoring operation and regenerative braking on the state of charge (SOC) of the batteries,
the batteries’ SOCs for both systems with 800 V and 400 V battery packs are reported in
Figure 15a,b. Since the proposed system works with a higher voltage, the current amplitude
of its battery is notably lower than the current amplitude in the standard VSI, leading to a
thinner cable design and lower heat loss. Finally, the results of implementing an improved
method of conventional SMO for estimating the rotor position are presented. This method
calculates the back-EMF voltage using the Sigmoid function, which is a continuous sign
function model. The error between the measured current and the estimated current is
negligible in Figure 16a,b, which proves that the rotor position is estimated correctly.
As shown Figure 16c, the estimated rotor position and the measured one are well matched.

Figure 13. PMSM torque and power profile over a wide range of speeds.
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(a) (b)

Figure 14. Simulation results for the PMSM: (a) speed response in normal motoring operation and
regenerative braking, (b) torque response in normal motoring operation and regenerative braking.

(a) (b)

Figure 15. Simulation results of battery current and SOC: (a) 10-switch inverter, (b) two-level VSI.

(a) (b)
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Figure 16. Simulation results: (a) PMSM estimated current in alpha-beta reference frame, (b) PMSM
measured current in alpha-beta reference frame, (c) comparison of estimated and measured
rotor position.
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5. Conclusions

This paper proposed an 800 V PCS for EV applications using a 10-switch inverter.
The utilization of doubled voltage in the proposed EV system brings significant benefits,
including reduced charging time, enhanced efficiency due to the reduced switching and
conduction loss, and lighter cable design. In the 800 V EV system, three-level converters are
much more competitive compared to two-level VSIs. Therefore, the 10-switch is proposed
as a machine-side inverter, possessing fewer switching elements than other three-level
inverters. The FOC control and hybrid two-three level SPWM control the 10-switch inverter.
The switching vectors of 10-switched converters were investigated, showing that the
two/three level hybrid inverter should work under a combination of two-level and three-
level modulation. It has been illustrated that the 10-switch inverter offers lower voltage and
current THD than a standard two-level VSI. A comparison of the proposed 800 V system and
the two-level VSI has been made, describing the superior features of the proposed method
in efficiency and output current quality. Additionally, a sensorless control algorithm known
as a high-speed SMO was formulated and designed to estimate the PMSM rotor position,
which results in enhanced system reliability and reduced system cost. The simulation
results of the proposed PCS from MATLAB/Simulink validated the adequate performance
of the proposed system.

Author Contributions: Conceptualization, Z.S. and M.S.; methodology, Z.S. and M.S.; validation,
Z.S., M.S., and A.R.; formal analysis, Z.S., M.S., A.R., and H.L.; writing—original draft preparation,
Z.S.; review and editing, M.S., A.R., and H.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request due to privacy restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Omahne, V.; Knez, M.; Obrecht, M. Social Aspects of Electric Vehicles Research—Trends and Relations to Sustainable Development

Goals. World Electr. Veh. J. 2021, 12, 15. [CrossRef]
2. Towoju, O.A.; Ishola, F.A. A case for the internal combustion engine powered vehicle. Energy Rep. 2020, 6 (Suppl. S2), 315–321,

ISSN 2352-4847. [CrossRef]
3. Rezvani, Z.; Jansson, J.; Bodin, J. Advances in consumer electric vehicle adoption research: A review and research agenda. Transp.

Res. Part D Transp. Environ. 2015, 34, 122–136, ISSN 1361-9209. [CrossRef]
4. Messagie, M. Life Cycle Analysis of the Climate Impact of Electric Vehicles. European Federation for Transport and Environment

AISBL. Available online: https://www.transportenvironment.org/sites/te/files/publications/TE%20-%20draft%20report%20
v04.pdf (accessed on 30 May 2018).

5. Hawkins, T.R.; Gausen, O.M.; Strømman, A.H. Environmental impacts of hybrid and electric vehicles—A review. Int. J. Life Cycle
Assess. 2012, 17, 997–1014. [CrossRef]

6. Broadbent, G.; Metternicht, G.; Drozdzewski, D. An Analysis of Consumer Incentives in Support of Electric Vehicle Uptake: An
Australian Case Study. World Electr. Veh. J. 2019, 10, 11. [CrossRef]

7. Keyser, M.; Pesaran, A.; Li, Q.; Santhanagopalan, S.; Smith, K.; Wood, E.; Bloom, I.; Dufek, E.; Shirk, M.; Meintz, A.; et al. Enabling
fast charging–battery thermal considerations. J. Power Sources 2017, 367, 228–236. [CrossRef]

8. Sanguesa, J.A.; Torres-Sanz, V.; Garrido, P.; Martinez, F.J.; Marquez-Barja, J.M. A Review on Electric Vehicles: Technologies and
Challenges. Smart Cities 2021, 4, 372-404. [CrossRef]

9. Emadi, A. Advanced Electric Drive Vehicles; CRC Press: Boca Raton, FL, USA, 2014; ISBN 978-1-4665-9769-3.
10. Aghabali, I.; Bauman, J.; Kollmeyer, P.; Wang, Y.; Bilgin, B.; Emadi, A. 800 V Electric Vehicle Powertrains: Review and Analysis of

Benefits, Challenges, and Future Trends. IEEE Trans. Transp. Electrif. 2020, 7, 927–948. [CrossRef]
11. Yilmaz, M.; Krein, P.T. Review of the Impact of Vehicle-to-Grid Technologies on Distribution Systems and Utility Interfaces. IEEE

Trans. Power Electron. 2013, 28, 5673–5689. [CrossRef]
12. Abad, G. Power Electronics and Electric Drives for Traction Applications; John Wiley & Sons: Hoboken, NJ, USA, 2016.

http://doi.org/10.3390/wevj12010015
http://dx.doi.org/10.1016/j.egyr.2019.11.082
http://dx.doi.org/10.1016/j.trd.2014.10.010
https://www.transportenvironment.org/sites/te/files/ publications/TE%20-%20draft%20report%20v04.pdf
https://www.transportenvironment.org/sites/te/files/ publications/TE%20-%20draft%20report%20v04.pdf
http://dx.doi.org/10.1007/s11367-012-0440-9
http://dx.doi.org/10.3390/wevj10010011
http://dx.doi.org/10.1016/j.jpowsour.2017.07.009
http://dx.doi.org/10.3390/smartcities4010022
http://dx.doi.org/10.1109/TTE.2020.3044938
http://dx.doi.org/10.1109/TPEL.2012.2227500


Sustainability 2022, 14, 1620 15 of 15

13. Gurpinar, E.; Ozpineci, B. Loss Analysis and Mapping of a SiC MOSFET Based Segmented Two-Level Three-Phase Inverter for
EV Traction Systems. In Proceedings of the 2018 IEEE Transportation Electrification Conference and Expo (ITEC), Long Beach,
CA, USA, 13–15 June 2018; pp. 1046–1053.

14. Reimers, J.; Dorn-Gomba, L.; Mak, C.; Emadi, A. Automotive Traction Inverters: Current Status and Future Trends. IEEE Trans.
Veh. Technol. 2019, 68, 3337–3350. [CrossRef]

15. Peng, F.Z.; Shen, M.; Holland, K. Application of Z-Source Inverter for Traction Drive of Fuel Cell—Battery Hybrid Electric
Vehicles. IEEE Trans. Power Electron. 2007, 22, 1054–1061. [CrossRef]

16. Pillay, P.; Krishnan, R. Modeling, simulation, and analysis of permanent-magnet motor drives. I. The permanent-magnet
synchronous motor drive. IEEE Trans. Ind. Appl. 1989, 25, 265–273. [CrossRef]

17. Vas, P. Sensorless Vector and Direct Torque Control; Oxford University Press: Oxford, UK, 1998.
18. Bolognani, S.; Oboe, R.; Zigliotto, M. Sensorless full-digital pmsm drive with ekf estimation of speed and rotor position. IEEE

Trans. Ind. Electron. 1999, 46, 184–191. [CrossRef]
19. Xu, D.; Wang, B.; Zhang, G.; Wang, G.; Yu, Y. A review of sensor-less control methods for ac motor drives. CES Trans. Electr. Mach.

Syst. 2018, 2, 104–115. [CrossRef]
20. Lian, K.-Y.; Chiang, C.-H.; Tu, H.-W. Lmi-based sensorless control of permanent-magnet synchronous motors. IEEE Trans. Ind.

Electron. 2007, 54, 2769–2778. [CrossRef]
21. Genduso, F.; Miceli, R.; Rando, C.; Galluzzo, G.R. Back emf sensorless-control algorithm for high-dynamic performance pmsm.

IEEE Trans. Ind. Electron. 2009, 57, 2092–2100. [CrossRef]
22. Kivanc, O.C.; Ozturk, S.B. Sensorless PMSM Drive Based on Stator Feedforward Voltage Estimation Improved With MRAS

Multiparameter Estimation. IEEE/ASME Trans. Mech. 2018, 23, 1326–1337. [CrossRef]
23. Liang, D.; Li, J.; Qu, R.; Kong, W. Adaptive second-order sliding-mode observer for pmsm sensorless control considering vsi

nonlinearity. IEEE Trans. Power Electron. 2017, 33, 8994–9004. [CrossRef]
24. Metwly, M.Y.; Abdel-Majeed, M.S.; Abdel-Khalik, A.S.; Hamdy, R.A.; Hamad, M.S.; Ahmed, S. A Review of Integrated On-Board

EV Battery Chargers: Advanced Topologies, Recent Developments and Optimal Selection of FSCW Slot/Pole Combination. IEEE
Access 2020, 8, 85216–85242. [CrossRef]

25. Vu, H.; Choi, W. A Novel Dual Full-Bridge LLC Resonant Converter for CC and CV Charges of Batteries for Electric Vehicles.
IEEE Trans. Ind. Electron. 2018, 65, 2212–2225. [CrossRef]

26. Singh, B.; Kushwaha, R. A PFC Based EV Battery Charger Using a Bridgeless Isolated SEPIC Converter. IEEE Trans. Ind. Appl.
2020, 56, 477–487. [CrossRef]

27. Tu, H.; Feng, H.; Srdic, S.; Lukic, S. Extreme Fast Charging of Electric Vehicles: A Technology Overview. IEEE Trans. Transp.
Electrif. 2019, 5, 861–878. [CrossRef]

28. Mihalache, L. A Hybrid 2/3 Level Converter With Minimum Switch Count. In Proceedings of the Conference Record of the 2006
IEEE Industry Applications Conference Forty-First IAS Annual Meeting, Tampa, FL, USA, 8–12 October 2006; pp. 611–618.

29. Najafi, P.; Houshmand Viki, A.; Shahparasti, M.; Seyedalipour, S.S.; Pouresmaeil, E. A Novel Space Vector Modulation Scheme for
a 10-Switch Converter. Energies 2020, 13, 1855. [CrossRef]

30. Taha, W.; Nahid-Mobarakeh, B.; Bauman, J. Efficiency Evaluation of 2L and 3L SiC-Based Traction Inverters for 400V and 800V
Electric Vehicle Powertrains. In Proceedings of the 2021 IEEE Transportation Electrification Conference & Expo (ITEC), Chicago,
IL, USA, 21–25 June 2021.

31. Berringer, K.; Marvin, J.; Perruchoud, P. Semiconductor power losses in AC inverters. In Proceedings of the Conference Record of
the 1995 IEEE Industry Applications Conference Thirtieth IAS Annual Meeting, Orlando, FL, USA, 8–12 October 1995; Volume 1,
pp. 882–888.

32. Hang, L.; Li, B.; Zhang, M.; Wang, Y.; Tolbert, L.M. Equivalence of SVM and Carrier-Based PWM in Three-Phase/Wire/Level
Vienna Rectifier and Capability of Unbalanced-Load Control. IEEE Trans. Ind. Electron. 2014, 61, 20–28. [CrossRef]

33. Kim, H.; Son, J.; Lee, J. A High-Speed Sliding-Mode Observer for the Sensorless Speed Control of a PMSM. IEEE Trans. Ind.
Electron. 2011, 58, 4069–4077.

http://dx.doi.org/10.1109/TVT.2019.2897899
http://dx.doi.org/10.1109/TPEL.2007.897123
http://dx.doi.org/10.1109/28.25541
http://dx.doi.org/10.1109/41.744410
http://dx.doi.org/10.23919/TEMS.2018.8326456
http://dx.doi.org/10.1109/TIE.2007.899829
http://dx.doi.org/10.1109/TIE.2009.2034182
http://dx.doi.org/10.1109/TMECH.2018.2817246
http://dx.doi.org/10.1109/TPEL.2017.2783920
http://dx.doi.org/10.1109/ACCESS.2020.2992741
http://dx.doi.org/10.1109/TIE.2017.2739705
http://dx.doi.org/10.1109/TIA.2019.2951510
http://dx.doi.org/10.1109/TTE.2019.2958709
http://dx.doi.org/10.3390/en13071855
http://dx.doi.org/10.1109/TIE.2013.2240637

	Introduction
	Power Conversion System
	Machine Side Converter (10-Switch Inverter)
	 Modulation
	Inverter Losses


	Control Scheme
	On-Board Charger
	PMSM Model
	Sensorless Control Method

	Simulation Results
	Conclusions
	References

