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Abstract: Power electronics play a fundamental role for electric transportation, renewable energy
conversion and many other industrial applications. They have the ability to help achieve high
efficiency and performance in power systems. However, traditional inverters such as voltage source
and current source inverters present some limitations. Consequently, many research efforts have been
focused on developing new power electronics converters suitable for many applications. Compared
with the conventional two-stage inverter, Z-source inverter (ZSI) is a single-stage converter with
lower design cost and high efficiency. It is a power electronics circuit of which the function is to
convert DC input voltage to a symmetrical AC output voltage of desired magnitude and frequency.
Recently, ZSIs have been widely used as a replacement for conventional two-stage inverters in the
distributed generation systems. Several modifications have been carried out on ZSI to improve its
performance and efficiency. This paper reviews the-state-of-art impedance source inverter main
topologies and points out their applications for multisource electric vehicles. A concise review of
main existing topologies is presented. The basic structural differences, advantages and limitations
of each topology are illustrated. From this state-of-the-art review of impedance source inverters,
the embedded quasi-Z-source inverter presents one of the promising architectures which can be used
in multisource electric vehicles, with better performance and reliability. The utilization of this new
topology will open the door to several development axes, with great impact on electric vehicles (EVs).

Keywords: impedance (Z)-source inverter; quasi-Z-source; embedded Z-source inverter;
embedded quasi-Z-source inverter; Trans-Z-source inverter; Gamma (Γ)-Z-source inverter;
inductor-capacitor-capacitor-transformer (LCCT)-Z-source inverter; electric vehicle

1. Introduction

The strong energy demand in our society results from increased consumption and population
growth [1]. This energy demand leads to a scarcity of fossil fuels and creates ecological problems.
The automotive sector is at the heart of these concerns, and it invokes the research and development of
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technologies associated to electric vehicles (EVs). In EVs, inverters represent very important elements,
which convert DC voltage into AC voltage, to feed the electric motors. The traditional inverters are
divided in two categories: voltage-source and current-source inverters. It is known that voltage-source
inverters suffer from shoot-through problems, and limited output voltage gains while current source
converters have open-circuit problems and limited output current gains [2]. With the objective of
solving these problems, a Z-source inverter (ZSI) was firstly proposed by Peng, by coupling an LC
impedance network with the DC source, to form a novel source [3]. This topology, commonly called
Z-source, is a sort of impedance source [4]. Impedance source inverters have been considered as a good
candidate for EV applications, especially due to their ability to increase the voltage inverter output
range (very high boost factor). The ZSI can improve the stability and safety of a motor drive system
under complex conditions [5]. It overcomes voltage sags, without any additional circuits, minimizes the
motor ratings to deliver required power, enhances the power factor and reduces harmonic current [5].

Moreover, it is possible to have different configurations of Z-source inverters with the addition of
nonlinear elements, such as diodes or switches, into the impedance network, to improve the performance
of the circuit. The concept of Z-source can be used for all power conversions. After the apparition
of ZSI, various impedance source inverters have been proposed for different specified applications.
A current-fed quasi-Z-source inverter with high efficiency was developed, using reverse-blocking
IGBT for hybrid EV application [6]. It has also been used for photovoltaic (PV) cell [7]. In PV
generation plants with the conversion of the AC voltage into DC voltage, ZSIs are the best choice.
It is possible to boost the required voltage and decrease the overall size of converter systems. ZSI,
along with an LC output filter, is used to reduce the voltage harmonics of an uninterruptible power
supply (UPS) system caused by nonlinear and unbalanced load. In an ordinary UPS, transformers
or DC–DC converters are utilized to step up the voltage [8]. ZSIs have also been used for grid
applications in distributed generation systems (DGS). Normally, DGSs do not give all their maximum
output, due to the inaccessibility of sources. That makes the inverters remaining idle and producing
harmonics in output voltage [9]. To overcome this problem, DG framework in light of ZSI is
proposed [10]. Offshore wind farms are usually distant from demand centers. ZSIs used for wind
farms enable them to obtain high DC link, which further advances the quality of transmission [11].
The main impedance source inverter topologies based on the typical Z-source inverters, such as
quasi-Z-source inverters, embedded-Z-source inverters and Trans-Z-source inverters, have been
widely applied in wind energy systems [12], motor drives [13], vehicle systems [14] and solar
energy systems [15]. Other alternative impedance source inverters have been proposed, such as
embedded quasi-Z-source inverters, Y-source inverters [16], Gamma (Γ)-Z-source inverters [17] and
inductor-capacitor-capacitor-transformer (LCCT)-Z-source inverters [18].

Many control strategies have been used for impedance source network. In the literature, a lot of
small-signal analyses and mathematical models are presented for the study of the dynamic behavior of
the system. Using these models, it is possible to implement different closed-loop control strategies
with different complexities, depending on the application [19]. Traditional pulse-width modulation
(PWM) schemes can be used to control impedance source inverter switches, and their theoretical
input–output relationship still holds. The most common switching control strategies are the simple
boost method [20], maximum boost method [21], maximum constant boost method [22] and space
vector method [23]. Some of these control strategies can be compared in terms of the voltage gain [24].
Several modified PWM control techniques for impedance source inverters have been also proposed in
the literature. The objective of these techniques is to obtain simple implementation, a wide range of
modulation, less commutation per switching cycle and low device stress.

This paper provides a comprehensive start-of-the-art review of impedance source inverter main
topologies and multisource EV applications. Section 1 introduces the impedance source inverters.
In Section 2, the main impedance source inverter topologies are presented. Section 3 presents the ZSIs
for EV applications, from single source to multisource feeding systems, including a specific example,
and future trends. Conclusions are drawn in Section 4.
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2. Impedance Source Inverters

2.1. Z-Source Inverter

As mentioned in the introduction, the ZSI is a topology appeared in the scientific literature,
through the work of F.Z. Peng, in the article published in 2003 [3]. This topology is characterized by
the existence of impedance network formed by the inductors and capacitors between the source of
input and the inverter stage. The ZSI has the particular ability to use inverter switches to raise the
DC bus voltage. The converter equipped with an impedance network of LC type arranged in “X”
allows the simultaneous closure of up and down switches of the same inverter arm to perform its
function of raising the voltage, vdc. Figure 1 shows the topology of bidirectional ZSI feeding AC load.
ZSI has a unique characteristic of buck–boost capability, which permits it to have wide voltage range.
Then, ZSI offers novel power conversion concept. Simultaneous triggering of both switches from the
same leg of ZSI does not cause any failure, because the inductor of current fed ZSI can sustain high
current. However, ZSI is not suitable for very low input DC voltages [25]. It cannot suppress the inrush
current and also produces discontinuous input source current [26]. There are also different grounds for
source and inverter circuits [27]. High-voltage capacitors are required, leading to an increase to the
cost and volume of the system [26]. In recent years, many Z-source single-phase inverters have been
proposed [12–18].
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2.2. Quasi-Z-Source Inverter

By rearranging the components in the Z-source network, a new topology called quasi-Z-source
Inverter (QZSI) was proposed by Anderson and Peng in 2008 [28]. It was inspired by the typical ZSI,
and it is mainly applied in motor systems, new energy systems and micro-grid systems. Quasi-source
is the first modification of the Z-source network that overcomes the drawbacks of Z-source network.
The quasi-source inverter has a lot of advantages, such as reducing the switching stress of the switches
and the passive component ratings, which enhance the efficiency and reliability of the inverter.
According to the operational modes in voltage-type or current-type and continuous or discontinuous
current, quasi-Z-source inverters can be classified into four categories. We can have the voltage-fed
quasi-Z-source inverters with continuous input current, voltage-fed quasi-Z-source inverters with
discontinuous input current, current-fed quasi-Z-source inverters with continuous input current and
current-fed quasi-Z-source inverters with discontinuous input current [27]. Different kinds of QZSI
feeding AC loads are shown in Figure 2. The QZSI topology shown in Figure 2a presents the advantage
of having a continuous input current and retains all the merits of the ZSI, making it a good candidate
for EV applications, renewable energy generation and many other power-conversion applications [29].
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2.3. Embedded Z-Source Inverter

The embedded Z-source inverter was proposed to achieve smaller volume and higher
robustness [30]. This impedance source inverter uses the concept of embedding the input DC
sources within the LC impedance network. For the situation where implicit source filtering is critical,
the embedded Z-source inverter represents one of the important alternatives. The embedded-Z-source
inverter produces continuous input current. It also maintains the features of typical Z-source inverters
and is able to produce smaller ripples of input voltage and current. It is able to draw a smooth current
from a source, without adding another component. The main inconvenient of the embedded Z-source
inverter constitutes the stress distribution among the components provided by its asymmetrical
structure. Figure 3 shows the typical topology of a two-level-embedded ZSI. Its multisource feature is
suitable for PV-power generation [30] and battery storage systems.
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2.4. Embedded Quasi-Z-Source Inverter

The embedded quasi-Z-source inverter (EQZSI) maintains the features of typical quasi-Z-source
inverter and is also able to produce smaller ripples of input voltage and continuous current [31,32].
It is able to draw a smooth current from a source, without adding other components. Figure 4 shows
typical topology of an EQZSI. In this configuration, an additional DC source is embedded in the DC
link of the classical QZSI. The concept of embedding the DC source permits to inherit the advantages of



World Electric Vehicle Journal 2020, 11, 37 5 of 17

both QZSI and embedded topologies. The EQZSI topology enables it to operate well with one or two
sources, without altering the voltage gain of QZSI topology. Its operating principle can be described in
two states: the non-shoot-through state and the shoot-through one, like quasi-Z-source network. It can
be suitable for battery storage systems and multisource power-conversion systems. Other similar
embedded topologies with one or two DC sources also exist.

World Electric Vehicle Journal 2020, x, x; doi: 5 of 20 

two sources, without altering the voltage gain of QZSI topology. Its operating principle can be 
described in two states: the non-shoot-through state and the shoot-through one, like quasi-Z-source 
network. It can be suitable for battery storage systems and multisource power-conversion systems. 
Other similar embedded topologies with one or two DC sources also exist.  

 

Figure 4. Bidirectional embedded quasi-Z-source inverter topology. 

2.5. Trans-Z-Source Inverter 

In theory, Z-source, quasi-Z-source, embedded Z-source and embedded quasi-Z-source all have 
unlimited voltage gain. However, in practice, a high voltage gain can impose high voltage stress on 
the switches. To overcome the aforementioned problem, Trans-Z-source (two voltage-fed and two 
current-fed) inverters were proposed to have higher voltage gains and to keep voltage stress low with 
Z-source network reduced to one transformer (or one coupled inductor) and one capacitor [33]. 
Trans-Z-source inverters not only maintain the main features of traditional Z-source inverters, but 
also exhibit some unique advantages by increasing voltage gains and reducing voltage stress. They 
are also able to operate at very low input voltage. The Trans-Z-source network has the operation and 
working principle similar to Z-source network and also eliminates the shoot-through barriers. 
However, transformers and coupled inductors which are used in its design increase volume and cost. 
Figure 5 shows the typical topology of Trans-Z-source inverter. This topology is very suitable for 
renewable energy generation [34]. 

 

Figure 5. Bidirectional Trans-Z-source inverter topology. 

2.6. Y-Source Inverter 

Y-source inverter is designed based on the Trans-Z-source inverter. The performance of the Y-
source network inverter is close to that of the Trans-Z-source inverter. Y-source inverter topology 
was proposed in [16], using coupled inductors with three windings transformer (N1, N2 and N3). It 
has one more degree of freedom, such as the three windings and shoot-through duty cycle of 
switches. This degree of freedom permits users to choose the boost voltage comparatively to a 
classical impedance network design with boost converter. It reduces the total harmonic distortion 
(THD) of the inverter and realizes a higher voltage gain with small shoot-through duty cycle. The 
higher voltage boost and higher modulation index can be obtained at the same time with Y-source 
inverter. The Y-source impedance network also has the operation and working principle similar to 
the Z-source network. However, its leakage inductances of the coupled inductor due to 
discontinuous input current can produce the voltage overshoots [35]. With the diverse properties and 

Figure 4. Bidirectional embedded quasi-Z-source inverter topology.

2.5. Trans-Z-Source Inverter

In theory, Z-source, quasi-Z-source, embedded Z-source and embedded quasi-Z-source all have
unlimited voltage gain. However, in practice, a high voltage gain can impose high voltage stress on
the switches. To overcome the aforementioned problem, Trans-Z-source (two voltage-fed and two
current-fed) inverters were proposed to have higher voltage gains and to keep voltage stress low
with Z-source network reduced to one transformer (or one coupled inductor) and one capacitor [33].
Trans-Z-source inverters not only maintain the main features of traditional Z-source inverters, but also
exhibit some unique advantages by increasing voltage gains and reducing voltage stress. They are
also able to operate at very low input voltage. The Trans-Z-source network has the operation and
working principle similar to Z-source network and also eliminates the shoot-through barriers. However,
transformers and coupled inductors which are used in its design increase volume and cost. Figure 5
shows the typical topology of Trans-Z-source inverter. This topology is very suitable for renewable
energy generation [34].
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2.6. Y-Source Inverter

Y-source inverter is designed based on the Trans-Z-source inverter. The performance of the
Y-source network inverter is close to that of the Trans-Z-source inverter. Y-source inverter topology was
proposed in [16], using coupled inductors with three windings transformer (N1, N2 and N3). It has
one more degree of freedom, such as the three windings and shoot-through duty cycle of switches.
This degree of freedom permits users to choose the boost voltage comparatively to a classical impedance
network design with boost converter. It reduces the total harmonic distortion (THD) of the inverter
and realizes a higher voltage gain with small shoot-through duty cycle. The higher voltage boost
and higher modulation index can be obtained at the same time with Y-source inverter. The Y-source
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impedance network also has the operation and working principle similar to the Z-source network.
However, its leakage inductances of the coupled inductor due to discontinuous input current can
produce the voltage overshoots [35]. With the diverse properties and the specific future of the Y-source
network, many researchers and engineers continue to examine and modify the topology for the wide
range of power-conversion applications. Figure 6 shows the Y-source inverter main topology.
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2.7. Γ-Z-Source Inverter

Γ-Z-source inverter is also derived from Trans-Z-source inverter [36]. Two Γ-shaped inductors are
coupled in Trans-Z-source inverter to form the Γ-Z-source inverter, permitting it to increase the gain
and modulation ratio, simultaneously [36]. The Γ-Z-source network gain is increased by decreasing
the turn ratio. Figure 7 shows the Γ-Z-source inverter topology. Unlike other impedance source
inverter whose gains increase with an increased turns ratio, such as Trans-Z-source and LCCT-Z-source,
the Γ-Z-source inverter uses fewer components and a coupled transformer to achieve a high voltage
gain by lowering the turn ratio. It represents the impedance source inverter which provides a better
spectral performance. The drawback of this topology constitutes the presence of the leakage inductance
that can affect the voltage and current stress on semiconductors. This topology is more convenient for
renewable-energy generation.
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2.8. LCCT-Z-Source Inverter

As shown in Figure 8, the LCCT-Z-source inverter is extended from the Trans-Z-source.
LCCT-Z-source network is an inductor–capacitor–capacitor–transformer Z-source network [17]. It can
also be represented as an integration of high-frequency transformer with quasi-Z-source inverter.
This topology produces continuous current even during light load and filters out high-frequency
ripples from source current. It is able to achieve higher voltage gain and modulation index [18].
The unique feature of the LCCT-Z-source inverter is that its network helps to prevent the transformer
core from saturation due to two capacitors, which block the source current [37], and during the boost
operation, only one inductive element is used to store the energy. The LCCT-Z-source inverter is
appropriate for renewable-energy generation and power-conversion applications.



World Electric Vehicle Journal 2020, 11, 37 7 of 17

World Electric Vehicle Journal 2020, x, x; doi: 6 of 20 

the specific future of the Y-source network, many researchers and engineers continue to examine and 
modify the topology for the wide range of power-conversion applications. Figure 6 shows the Y-
source inverter main topology. 

 
Figure 6. Bidirectional Y-source inverter topology. 

2.7. Γ-Z-Source Inverter 

Γ-Z-source inverter is also derived from Trans-Z-source inverter [36]. Two Γ-shaped inductors 
are coupled in Trans-Z-source inverter to form the Γ-Z-source inverter, permitting it to increase the 
gain and modulation ratio, simultaneously [36]. The Γ-Z-source network gain is increased by 
decreasing the turn ratio. Figure 7 shows the Γ-Z-source inverter topology. Unlike other impedance 
source inverter whose gains increase with an increased turns ratio, such as Trans-Z-source and LCCT-
Z-source, the Γ-Z-source inverter uses fewer components and a coupled transformer to achieve a high 
voltage gain by lowering the turn ratio. It represents the impedance source inverter which provides 
a better spectral performance. The drawback of this topology constitutes the presence of the leakage 
inductance that can affect the voltage and current stress on semiconductors. This topology is more 
convenient for renewable-energy generation. 

 

Figure 7. Bidirectional Γ-source inverter topology. 

2.8. LCCT-Z-Source Inverter 

As shown in Figure 8, the LCCT-Z-source inverter is extended from the Trans-Z-source. LCCT-
Z-source network is an inductor–capacitor–capacitor–transformer Z-source network [17]. It can also 
be represented as an integration of high-frequency transformer with quasi-Z-source inverter. This 
topology produces continuous current even during light load and filters out high-frequency ripples 
from source current. It is able to achieve higher voltage gain and modulation index [18]. The unique 
feature of the LCCT-Z-source inverter is that its network helps to prevent the transformer core from 
saturation due to two capacitors, which block the source current [37], and during the boost operation, 
only one inductive element is used to store the energy. The LCCT-Z-source inverter is appropriate 
for renewable-energy generation and power-conversion applications. 

 

Figure 8. Bidirectional LCCT-Z-source inverter topology. Figure 8. Bidirectional LCCT-Z-source inverter topology.

2.9. Advantages and Disadvantages of the Main Impedance Source Network Topologies

The main impedance source network topologies exhibit several advantages and disadvantages.
Table 1 shows the summary of the impedance source network topologies. Table 2 shows the main
impedance source network topologies’ advantages and disadvantages. Their applications with the
typical used power are also shown in Table 3. From the study of these various main impedance
source inverters, we can see that the EQZSI is a promising architecture for multisource EV. It presents
the advantage of having a continuous input current and retaining all the merits of both QZSI and
embedded topologies.

Table 1. Summary of the impedance source network topologies.

Impedance
Network

Figure
# Boost Factor B Switching

Devices
Number of
Capacitors

Number of
Inductors

Voltage Stress on the
Switching Device

Z-Source # 1

1
1−2D

where,
0 ≤ D ≤ 0.5

1 2 2 1
1−2D vin

Quasi-Z-Source # 2a

1
1−2D

where,
0 ≤ D ≤ 0.5

1 2 2 1
1−2D vin

Embedded
Z-Source # 3

1
1−2D

where,
0 ≤ D ≤ 0.5

1 2 2 1
1−2D vin

Embedded
Quasi-Z-Source # 4

1
1−2D

where,
0 ≤ D ≤ 0.5

1 2 2 1
1−2D (v1 + v2)

Trans-Z-Source # 5

1
1−(n+1)D

where, 0 ≤ D ≤
(n + 1)−1

n ∈ N

1 1 Integrated two
windings

n
1−(n+1)D vin

Y-Source # 6

1
1−KD

where, K ≥ 2
and

0 ≤ D ≤ 1
K

1 1 Integrated three
windings

K−1
1−KD vin

Γ-Z-source # 7

1
1−

[
1+(n−1)−1

]
D

where, 0 ≤ D ≤[
1 + (n− 1)−1

]−1

1 < n < 2
n ∈ N∗

1 2

One inductor
and one 2
windings
coupled
inductor

1
(n−1)

[
1−

(
1+(n−1)−1

)
D
]vin

LCCT-Z-source # 8

1
1−(n+1)D

where, 0 ≤ D ≤
(n + 1)−1

n ∈ N

1 2 2 n
1−(n+1)D vin
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Table 2. Summary of the impedance source network topologies’ advantages and disadvantages.

Impedance
Network Advantages Disadvantages

Z-Source

- Overcomes the disadvantages of voltage source and
current source inverters.
- Offers novel power conversion concept.
- Both switches from the same leg trigger at the same time do
not cause any failure.
- Inductor of current fed ZSI sustains high current.
- Benefits to motor drives and renewable-energy-generation
applications.

- Discontinuous input current.
- Not suitable for very low input DC
voltages [25].
- Cannot suppress the inrush current.
- Different grounds for source and
inverter circuits [26].
- High-voltage capacitors, which are
required, increase the cost and volume
of the system.
- The shoot-through duty ratio must
always be less than 0.5.

Quasi-Z-Source

- Continuous input current.
- Reduces passive component ratings.
- Provides lower current stress on inductors compared to ZSI.
- Shares common ground with input DC supply [26].
- Benefits to motor drives and renewable-energy-generation
applications.

- The shoot-through duty ratio must
always be less than 0.5.
- Not suitable for very low input DC
voltage.

Embedded
Z-Source

- Draws smooth current from source, without additional
component.
- Produce smaller ripples of input voltage and current.
- Suitable for battery storage systems and PV-power
generation.

- Different stress distribution among
components, provided by its
asymmetrical structure.
- Supplied current is no longer
maintained.
- The shoot-through-duty ratio must
always be less than 0.5.

Embedded
Quasi-Z-Source

- Continuous input current.
- Draws smooth current from source, without additional
component.
- Appropriate for battery storage systems and multisource
power-conversion systems.

-The shoot-through duty ratio must
always be less than 0.5.
- Not suitable for very low input DC
voltages.

Trans-Z-Source

- Increases voltage gain more than the case of Z-source and
quasi-Z-source network.
- Reduces component stress.
- Able to operate on very low input voltage.
- Suitable for renewable-energy generation.

- High gain is obtained with high
winding-turns ratio.
- Discontinuous input current.
- Transformers and coupled inductors
increase volume and cost.

Y-Source

- Very high gain can be obtained with small
shoot-through-duty cycle.
- Higher voltage boost and higher modulation index can be
obtained at the same time.
- Reduced THD of the inverter.
- Suitable for power-conversion applications.

- Discontinuous input current.
- Electromagnetic interference noise
affects its reliability.

Γ-Z-source

- High gain can be achieved by lowering turn ratio.
- Better spectral performance.
- Continuous input current.
- Convenient for renewable energy generation.

- Leakage inductance affects the
voltage and current stress over
semiconductors.

LCCT-Z-source

- Have continuous current even during light load.
- Filter out high-frequency ripples from source current.
- Appropriate for renewable-energy generation and
power-conversion applications.

- Have high winding-turns ratio.
- Electromagnetic interference noise
affects its reliability.
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Table 3. Summary of the impedance source inverter applications with typical used power.

Impedance
Network Topology

Switching
Frequency Typical Used Power Applications

Z-Source
10 kHz

15 kW (maximum output power) Electric vehicles [38]

125 kW (maximum output power) Photovoltaic and Grid systems [39]

12 kHz 4.5 kW (rated power) Wind Turbines [40]

Quasi-Z-Source

100 kHz 10.6 kW (maximum output power) Electric vehicles [41]

20 kHz 300 W (rated power) Hybrid electric vehicles [42]

10 kHz 2.6 kW (rated power) Photovoltaic and Grid systems [43]

Embedded
Z-Source 7 kHz 6 kW (maximum output power) Photovoltaic and Grid systems [44]

Embedded
Quasi-Z-Source 10 kHz 375 W (maximum output power) Photovoltaic [32]

Trans-Z-Source 20 kHz 6 kW (rated power) Photovoltaic, fuel cell and Grid system [45]

Y-Source
20 kHz 2 kW (maximum output power) Electric vehicle [46]

10 kHz 18.25 kW (maximum output power) Photovoltaic [47]

Γ-Z-source 10 kHz 3 kW (maximum output power) Photovoltaic and Grid systems [48]

LCCT-Z-source 20 kHz 4.5 kW (rated power) Permanent magnet synchronous generators [18]

3. Z-Source Inverters for EV Applications

3.1. Z-Source Inverters for Single-Source EV Applications

The efficient use of the available resources is one of the greatest technological concerns. With the
ZSI, the improvements in DC–DC systems are going on in the field of EVs. The ZSI can regulate
the voltages and currents of the energy sources and enables bidirectional flow of power in traction
applications. In the propulsion mode, the voltage from the energy storage systems is provided by the
ZSI, in the form of three-phase voltage, to drive the motor to produce the required torque and reach
the desired speed of the vehicle. During the regenerative mode, the electric motor acts as a generator.
The regenerated energy flows backward, to recharge the energy sources. The inverter operates as
a rectifier, and the ZSI works as buck inverter, to recharge the energy sources. The schematic of the
diagram of EV system components using an impedance source inverter is shown in Figure 9.World Electric Vehicle Journal 2020, x, x; doi: 10 of 20 
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Since 2003, ZSI has been widely used in industrial applications, as well as in in a variety of other
applications. ZSI has been applied to motor drives, to overcome the restrictions of voltage source
inverter [13]. Bidirectional QZSI, which is the first modified topology of bidirectional ZSI, has also
been compared with bidirectional conventional two-stage inverter for electric traction systems [49].
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The results demonstrate that the transient and the steady-state performances are comparable for
both topologies under the same operating conditions. However, the bidirectional QZSI shows lower
inductor current ripples than bidirectional conventional two-stage inverter. The results also prove
that the bidirectional QZSI shows higher efficiency than the conventional solution. Bidirectional
ZSI, which can operate in boost mode, buck mode as a normal voltage source inverter, or a charger
mode and applied to double-ended inverter drive system, is also proposed in [50]. To investigate
the performance of locomotive drives, the ZSI has been used as a replacement for a voltage source
inverter [51].

Because of many advantages of ZSI, it is suitably applied for fuel cell. A fuel-cell configuration
using a Z-source network was represented in [52]. Three different inverters, namely a traditional
voltage source inverter, conventional two-stage inverter and ZSI applied to a fuel-cell vehicle, have been
compared [53]. The result shows that the ZSI has higher efficiency, less switching devices and more
passive components requirement than the others type of inverters.

3.2. Z-Source Inverter for Multisource EV Applications

EV performance can be influenced by a lot of factors, including size, purpose of use, environment
and driving style. For EV, these factors may lead to a deep and quick discharge rate of the battery.
EV powered by a combination of multiple sources can contribute to keep the battery in good health [54].
That also helps the battery to slowly discharge, even when the EV uses a heavy load [55]. A hybrid
energy storage system (HESS) combining two or more energy sources (batteries, ultracapacitor and
fuel cell) has been shown to be a suitable solution, as it can meet the load-power requirement needed,
depending on the characteristics of each source [56]. The conventional two-stage inverters are normally
employed in these HESS.

In order to exploit the advantages of ZSIs, ultracapacitor-battery HESS for EVs based on asymmetric
bidirectional Z-source topology has been studied [57]. The results demonstrate that the HESS with ZSI
can be integrated into the traction system to obtain better performance and lower cost than that with
conventional two-stage inverters. Furthermore, the ZSI can also be applied to hybrid electric vehicles
using a fuel cell and battery as input sources, with slight modification in its topology [58]. Nonetheless,
this configuration has some disadvantages with the obligation to use a high-voltage battery and the
fact that the DC link voltage has twice the battery voltage during regenerative braking when the fuel
cell stack is disconnected from the ZSI input terminals. This disconnection may damage the switches
of the inverter.

There are many impedance source inverters which can be used for multisource EVs, such embedded
Z-source inverter, embedded quasi-Z-source inverter and other topologies obtained with slight
modification to include a battery or an additional DC source [58]. However, a multisource supply
system for EVs with different power flows in traction and braking operations can be designed with
bidirectional EQZSI. The EQZSI is a promising architecture for the multisource electric vehicle, as it
presents the advantages of having a continuous input current and retaining all the merits of both QZSI
and embedded topology [59].

3.2.1. Bidirectional EQZSI for Multisource EV Applications

Electric Vehicle Specifications and Modeling

The reference electric vehicle is the e-TESC 4W platform, as presented in [59], with its main
parameters. In our study, a permanent magnet synchronous machine (PMSM) was used as a traction
electric motor, and its state space representation can be described as presented in [49].

Modeling of Bidirectional Embedded Quasi-Z-Source Inverter

The bidirectional EQZSI, as presented in Section 2.4, can buck and boost the input voltage in
a single stage with two control variables, namely the shoot-through duty ratio and the modulation
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index. Assuming T is one switching cycle, T0 is the interval of the shoot-through state and T1 is the
interval of non-shoot-through state, their relationship is T0 + T1 = T, and the shoot-through duty
ratio is D = T0

T . The dynamic equations can be described as shown in [59]. During the steady state,
the capacitor voltages and inductor currents can be deduced as follows: vc1 = 1−D

1−2D v1 +
D

1−2D v2

vc2 = D
1−2D v1 +

1−D
1−2D v2

(1)

iL1 = iL2 =
1−D

1− 2D
iload (2)

The DC link peak voltage, v̂dc, can be derived from the sum of two capacitor voltages, vc1 and vc2,
as follows:

v̂dc = vc1 + vc2 =
1

1− 2D
(v1 + v2) = B(v1 + v2) (3)

where B ≥ 1 is the boost factor resulting from the shoot through the period. With regards to the AC
side of the EQZSI, the peak phase voltage can be written as follows:

v̂o = me
v̂dc
2

=
me

1− 2D
·
(v1 + v2)

2
= Ge

(v1 + v2)

2
(4)

where me and Ge are the inverter modulation index and total voltage gain of the EQZSI, respectively.

PI-Based Controllers Design

To achieve the speed control and disturbance rejection for the EV, cascade PI controllers were
designed. The motor (PMSM) with PI control technique was adopted. The speed control scheme for
EQZSI is shown in Figure 10.World Electric Vehicle Journal 2020, x, x; doi: 12 of 20 
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3.2.2. Simulation Results and Discussion

A simulation was carried out, to validate the model of EQZSI and show its performance for
multisource EV. The bidirectional EQZSI performance depends on the selection of the parameters of
embedded quasi-Z-source network elements. There are equations which can be used to determine the
appropriate values of these parameters [60]. The critical values of the inductances and the capacitances
are used to design the EQZSI parameters by the following equations:

L1 = L2 =
Dvc1

fs∆iL1
(5)

C1 = C2 =
DiL1

fs∆vc1
(6)

where D is the shoot-through duty ratio, fs is the switching frequency, vc1 is the average capacitor
voltage, ∆iL1 is the value of inductor current ripple at peak power to certain value, iL1 is the average
current of the inductor and ∆vc1 represents the value of capacitor voltage ripple at peak power.

The simulation parameters are L1 = L2 = 230 µH; C1 = C2 = 2.2 mF. PWM carrier frequency for
three-phase inverter is 10 kHz. The control scheme is shown in Section 3.2.1. Maximum constant boost
control method as shown in [59] has been used to generate the gate signals of the EQZSI switches.

The electric vehicle motor used in the simulation is a PMSM with three phases, as defined in
Section 3.2.1. The parameters of the motor are Ld = Lq = 1 mH; rs = 0.08 Ω; p = 2; ψ f = 0.1 Wb.
The rated power is 15 kW. Figures 11 and 12 show the speed and torque waveforms, respectively.
Figures 13 and 14 represent the vdc voltage and iL1 current, as well as their references, respectively.

World Electric Vehicle Journal 2020, x, x; doi: 15 of 20 

  4rNCHbWexLMBbXgBd9gzLbvyNv2CaeHbl7mZLdGeaGqiVCI8FfYJH8 
  YrFfeuY=Hhbbf9v8qqaqFr0xc9pk0xbba9q8WqFfeaY=biLkVcLq=J 
  Hqpepeea0=as0Fb9pgeaYRXxe9vr0=vr0=vqpWqaaeaabiGaciaaca 
  qabeaadaqaaqaafaGcbaaeaaaaaaaaa8qacaWGPbWdamaaBaaaleaa 
  peGaamitaiaaigdaa8aabeaaaaa@420B@ 
  </annotation> 
 </semantics> 
</math> 
<!-- MathType@End@5@5@ --> 
 current, as well as their references, respectively. 

 

Figure 11. Motor speed and reference with EQZSI. 

 

Figure 12. Motor torque and reference with EQZSI. 

 

Figure 13. The   dcv  voltage and reference with EQZSI 

 

Figure 11. Motor speed and reference with EQZSI.

World Electric Vehicle Journal 2020, x, x; doi: 15 of 20 

  4rNCHbWexLMBbXgBd9gzLbvyNv2CaeHbl7mZLdGeaGqiVCI8FfYJH8 
  YrFfeuY=Hhbbf9v8qqaqFr0xc9pk0xbba9q8WqFfeaY=biLkVcLq=J 
  Hqpepeea0=as0Fb9pgeaYRXxe9vr0=vr0=vqpWqaaeaabiGaciaaca 
  qabeaadaqaaqaafaGcbaaeaaaaaaaaa8qacaWGPbWdamaaBaaaleaa 
  peGaamitaiaaigdaa8aabeaaaaa@420B@ 
  </annotation> 
 </semantics> 
</math> 
<!-- MathType@End@5@5@ --> 
 current, as well as their references, respectively. 

 

Figure 11. Motor speed and reference with EQZSI. 

 

Figure 12. Motor torque and reference with EQZSI. 

 

Figure 13. The   dcv  voltage and reference with EQZSI 

 

Figure 12. Motor torque and reference with EQZSI.



World Electric Vehicle Journal 2020, 11, 37 13 of 17

World Electric Vehicle Journal 2020, x, x; doi: 15 of 20 

  4rNCHbWexLMBbXgBd9gzLbvyNv2CaeHbl7mZLdGeaGqiVCI8FfYJH8 
  YrFfeuY=Hhbbf9v8qqaqFr0xc9pk0xbba9q8WqFfeaY=biLkVcLq=J 
  Hqpepeea0=as0Fb9pgeaYRXxe9vr0=vr0=vqpWqaaeaabiGaciaaca 
  qabeaadaqaaqaafaGcbaaeaaaaaaaaa8qacaWGPbWdamaaBaaaleaa 
  peGaamitaiaaigdaa8aabeaaaaa@420B@ 
  </annotation> 
 </semantics> 
</math> 
<!-- MathType@End@5@5@ --> 
 current, as well as their references, respectively. 

 

Figure 11. Motor speed and reference with EQZSI. 

 

Figure 12. Motor torque and reference with EQZSI. 

 

Figure 13. The   dcv  voltage and reference with EQZSI 

 

Figure 13. The vdc voltage and reference with EQZSI.

World Electric Vehicle Journal 2020, x, x; doi: 15 of 20 

  4rNCHbWexLMBbXgBd9gzLbvyNv2CaeHbl7mZLdGeaGqiVCI8FfYJH8 
  YrFfeuY=Hhbbf9v8qqaqFr0xc9pk0xbba9q8WqFfeaY=biLkVcLq=J 
  Hqpepeea0=as0Fb9pgeaYRXxe9vr0=vr0=vqpWqaaeaabiGaciaaca 
  qabeaadaqaaqaafaGcbaaeaaaaaaaaa8qacaWGPbWdamaaBaaaleaa 
  peGaamitaiaaigdaa8aabeaaaaa@420B@ 
  </annotation> 
 </semantics> 
</math> 
<!-- MathType@End@5@5@ --> 
 current, as well as their references, respectively. 

 

Figure 11. Motor speed and reference with EQZSI. 

 

Figure 12. Motor torque and reference with EQZSI. 

 

Figure 13. The   dcv  voltage and reference with EQZSI 

 
Figure 14. The iL1 current and reference with EQZSI.

The results point out the ability of the inverter to respond quickly to the mechanical load and
provide a DC bus constant voltage over all the power-demand profile. These results verify the
bidirectional EQZSI as an alternative inverter for multisource EVs. The disparity of voltage levels
and currents between the sources (fuel cell, batteries and ultracapacitors) and the loads of the EVs
(traction motor and auxiliaries) requires the use of power converters. This kind of power-converter
architecture provides a new interesting resource for on-board energy management in multisource EVs.
The bidirectional EQZSI can enhance the performance of the EV by optimizing the electric power
consumption and extending its driving range.

3.3. Future Trends

The concept of impedance source inverter has clearly opened up a new area of research in the
field of power electronics. The study in Section 2 provides only a brief summary on topologies
of impedance source inverters. It also shows the modifications that are possible to have with ZSI.
Any topology possesses its own unique features and adapted applications. New impedance source
inverters’ topologies may continue to appear to meet needs and improve performance in different
applications. EVs, motor drives and renewable energy generation will be perspective applications
for impedance source inverters, as impedance source inverters have a unique voltage buck–boost
ability with minimum number of components and potential reduced cost. The control strategy is very
important, as it ensures reliable and efficient operation of the impedance source inverter. The impedance
source inverter system’s performance will be improved with novel control method. The use of a control
method such as model predictive control (MPC) can contribute to enhance impedance source inverter
system performance. The cost function of MPC is fundamental to the system performance, and different
constraints can be added to improve the complete functioning of the system. The performance of
impedance source inverters will also be enhanced with the new power electronics devices, such as
the SiC and GaN, since they have high switching frequency, high temperature capacity and expected
low cost. That can contribute to achieve smaller size for passive components of impedance source
inverter, to reduce its cost and to increase its efficiency. The design of new impedance source inverters
has attracted more and more attention from scientists and engineers. Impedance source inverter is still
progressing in terms of topologies and applications.
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4. Conclusions

A comprehensive start-of-the-art review of impedance source inverter main topologies was
presented. The impedance source inverter for EV application and for other applications was outlined.
Several topologies of ZSI were investigated. Many impedance source inverters were compared,
in order to choose the best, most efficient and most convenient inverter topology for multisource EV.
In the literature, a lot of approaches have been proposed, and their benefits and drawbacks were
identified. The advantages and disadvantages of the impedance source inverter main topologies
were presented. The impedance network becomes popular by the fact that it has specific features
and attractive power-conversion ability. Impedance source inverters overcome many problems of
traditional inverters. Since the apparition of Z-source network, numerous contributions in the literature
modifying the basic topology to suit the needs of many applications have been proposed. It has been
advanced to quasi-Z-source network, embedded Z-source network, embedded quasi-Z-source network,
Trans-Z-source network and many other types of Z-source network topologies. The EQZSI is one of the
promising architectures which can be used in EV multisource, with better performance and reliability.
The utilization of this new topology will open the door to several development axes, with great impacts
on EVs. Various researchers continue to work toward the modification of impedance source inverter
main topologies, to increase their performance and applicability.
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