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Abstract

Nowadays, Z-source inverters (ZSI) are one of the most emerging topologies
in field of power electronics. This paper deals with brief review of Z-source
inverter, comprehensive study of its various topologies and significance of ZSI
in modern industry. Different PWM techniques are used to obtain wider mod-
ulation range and easier real time implementation. This paper provides a sys-
tematic reference for future scientists for further development and advance-
ment of ZSI.
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1. Introduction

Voltage and current source inverters (VSI and CSI) have broad range of indus-
trial applications such as their use in special power supplies, hybrid electric ve-
hicles, distributed power systems and many more. Still they have many limita-
tions because of rapid increase in inventions like reliability issues and narrow
voltage range. Moreover, they can behave as buck or boost inverter at a time.
Renewable energy resources like offshore wind farms or photovoltaic cell gener-
ation require a converter system to convert DC into AC voltage. In traditional
converter systems, transformers are used to increase the output voltage. High
cost is needed to implement the line transformer. Moreover, it causes noise pol-
lution and has tremendous size. Transformers can be replaced by voltage or
current source inverters [1]. To overcome the aforementioned issues a novel to-
pology named Z-source inverter was proposed in 2002 by F. Z. Peng.

Z-source inverter has a unique impedance network, capacitors C, and C,
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and inductors L, and L, are connected in X-shape for coupling the power
source with main circuit of inverter as shown in Figure 1. The basic impedance
source network is the combination of two linear energy storage elements ie. L
and C. However, to improve the performance of the circuit, different configura-
tions of network are possible with the addition of non-linear elements such as
diodes or switches into the impedance network.

Boost factor B of this topology can be defined as

e 1 p D M)
v. 1-2D°' T

in
D is duty ratio and T, is interval of shoot through zero state. Modulation

index M of Z-source inverter is
M <1-D (2)

where, M is the ratio of amplitude of modulation waveform and carrier wave-
form [2]. The concept of Z-source can be applied to all power conversions. Fur-
thermore, they can be divided into two level and multilevel topologies or isolated
and non-isolated inverters. Z-source inverter has wide variety of voltage range
(between 0 and o) because of its unique characteristics of buck-boost capability.
Circuit diagram of Z-source inverter during shoot through and active states is
shown in Figure 2. During shoot through state, output terminals of network are
shorted by a switch, which reverse-bias the diode in impedance network. In ac-

tive stage, stored energy of inductors and capacitors is transmitted to the load.
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Figure 1. Basic topology of Z-source inverter.

Figure 2. Shoot through and active state.
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Several topologies using different impedance source and their industrial ap-
plications have been presented in this paper. The aim of this research is to survey
the Z-source topology briefly and to concentrate on its diverse industrial appli-
cations. Also, preferences of Z-source inverter over customary inverters for dif-
ferent applications are examined.

The rest of paper is divided into five sections. Section 2 presents related work.
Applications of Z-source inverter are introduced in Section 3, simulations and

discussion in Section 4 and conclusion is drawn in Section 5.

2. Related Work

In the recent past years, Z-source inverters have been the focus of researchers.
There are several previous works related to this topic, some of them are pre-
sented in this section.

Miao Zhu et al. [2] proposed a new switched inductor Z-source impedance
network to couple the inverter main circuit with low voltage energy source. This
inverter can increase the inversion capability to improve the traditional Z source
inverter. F.Z. Peng [3] did a quality work on Z-source inverter. He focused on an
example of fuel cell to portray its working principle.

M. Adamowicz and S. Diva et al [4] presented Trans-Z-source inverters, they
proposed two new impedance networks Ze. LCCT (inductor-capacitor-capacitor-
transformer) and LCCT-qz-source. LCCT holds two capacitors connected in se-
ries with transformer to prevent the transformer core by blocking DC current
while LCCT-qz-source contains one capacitor and combine the characteristics of
T-source and qz-source impedance network. Ali Mostaan et al. [5] developed a
novel T-Z source inverter in which inductors of traditional Z-source impedance
networks are replaced with transformers to increase its voltage gain, which is
possible by decreasing turns ratio of transformer. S.M. Dehghan et a/. proposed a
topology of Z-source inverter with two dc inputs and two ac outputs. This in-
verter can control frequency, amplitude, current of dc input and phase of ac
output. Moreover, the utmost point of preference of this inverter is that its out-
puts remain operating regardless of the possibility that one of the inputs is not
available [6]. A. Pattanaphol et al [7] used Z-source inverter to figure out the
shading issue of photovoltaic cell. Po Xu et al. [8] introduced Z-source inverter
for grid associated photovoltaic systems. To obtain the sought AC output of PV
system, DC input is controlled through shoot through state of Z-source network.
Additionally, they controlled the sinusoidal index to guarantee that system is
working in unit power factor.

Omar Ellabban et al. [9] proposed a technique to control the speed of motor
using bidirectional Z-source inverter. They likewise exhibited a strategy to con-
trol AC current for connecting inverter with grid during charging and discharg-
ing mode of battery. R. Senthikumar et al projected a Z-source inverter for un-
interruptible power supply (UPS) applications. By using this topology EMI im-
munity and reliability of inverter increases and power conversion is possible in

single stage [10]. Z-source nine switched inverter is proposed by U. Supatti ef al
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in [11] for hybrid battery gasoline vehicles. Z-source network helps to maintain
dc link voltage greater than terminal voltage. It can operate as a boost inverter
when battery is in state of discharge otherwise it will be a buck inverter.

Above mentioned valuable works help to visualized the importance of Z-source
inverter over conventional inverter. Working principle of ZSI is described in
next section and role of Z-source inverter in different industrial applications are

presented in this paper.

3. Applications of Z-Source Inverter

There are numerous industrial applications of Z-source inverter. Some of them

are stated in rest of the paper.

3.1. Adjustable Speed Drives

Adjustable speed or motor drives use Z-source inverter to overcome the restric-
tions of VSI. An inductor is normally used in voltage source inverter to enhance
the power factor but still it has complications like voltage sag, line harmonics
and limited obtainable output voltage [12] [13]. Main circuit configurations of
traditional and Z-source ASD system are shown in Figure 3.

It is clear from comparison of above figures that

1) Z-source ASD system has small capacitors connected with diodes at rectifi-
er-bridge contrary to conventional ASD scheme.

2) In Z-source ASD systems Z-source impedance network connects rectifier
with three phase inverter while an inductor is utilized as a part of traditional
ASD framework for this reason.

In Z-source ASD systems voltage may increase due to line inductance during
shoot through state that’s why capacitors are used with diodes. Only those phas-
es that have maximum potential difference can conduct the current from AC
line to DC side. Therefore, diodes of rectifier-bridge reverse biased and turned

off. The remaining diodes direct and convey current in active stage, which
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Figure 3. (a) Traditional ASD systems; (b) Z-source ASD systems [9].
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usually discontinue conducting in traditional ASD system relying on voltage lev-
el of capacitor. During zero state the two diodes conducts inductor current and
reduce the harmonic reduction, while in shoot through state, rectifier-bridge has
no association with AC line because leading diodes turned off. In [14], relation-

ships for shoot through states and capacitor voltage are expressed as

TO
T B+1
Ver =Ve, =Ve :—-I;-Vo :TVO 3)
1-22
T
B=— 1o @)
1-22
T
V, =135V, (5)
When, boost factor is more than 1, V,, is explicated as
2B
V. =BV, =——V, 6
dc 0 B+1 c ( )

where, Bis known as boost factor, V|, is line to line rms value of generator, V,
is DC voltage source of rectifier and V, is voltage across the capacitors
(V, =V, =V, ). In nut shell, Z-source ASD framework has numerous points of
interest over conventional motor drive systems. It prevents the system from vol-
tage sags, diminish the harmonic current and any required output current can

also be obtained.

3.2. Offshore Wind Energy

More than 100 GW can be obtained from wind energy throughout the world.
Offshore wind farms are usually distant from demand centers. Formerly, in or-
der to interface with power transmission networks transformers were used to
require high voltage gains [15] [16]. Then to get rid of huge transformers and to
reduce the cost, traditional current and voltage source converters were used. In
order to further advance the quality of transmission, high voltage DC link is as-
sociated with wind farms through Z-source inverters [17]. Figure 4 shows Z-source
and current source inverter used for this purpose.

The above figure clearly depicts that CSI topology is more complex than ZSI
network. It includes four inverters at rectifier side and to simulate power level
each CSI is connected with a generator. Additionally, switches like GTO or dio-
des in series with switches are required, so that they can with stand with reverse
current. Thus, overall installation cost increases. VSI have fewer limitations than
CSI but ZSI is the best choice for this network [18] [19].

From (3) the boost factor for inverter used in wind energy can be derived as

1 V4
1_2T?0 3V3M -7
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Figure 4. (a) CSI for offshore wind energy; (b) ZSI for wind energy.

where,

T, _27-3J3m ®
T 2

T
?0, is average of shoot through duty ratio for MBC [11].

3.3. Vehicular Applications

Nowadays, one of the greatest issues of world is preservation of energy. For this
purpose, new improvements in DC-DC systems are going on, especially in field
of electric vehicles.

Hybrid electric vehicle (HEV) can saves energy in many ways. They have re-
generative brakes that charge the battery of vehicle by converting its kinetic
energy into electric energy. Some HEV generate electricity by rotating the shaft
of generator using its own combustion engine. Plug-in hybrid electric vehicle
(PHEV) combines both attributes of hybrid and electric vehicles. It has internal
combustion engine of HEV and like electric vehicles a plug to connect with the
external electric power source. PHEV use batteries that are rechargeable.

Hybrid electric vehicles can be classified into three categories i.e. series, paral-
lel and parallel-series hybrid. In series hybrid, internal combustion engine (ICE)
drives generator which charge the battery to give power to inverter which in turn
can drive the motor. So, in this topology mechanical energy is converted into
electrical energy and then again into mechanical energy to drive the vehicle. In
parallel hybrid, wheel is directly driven by ICE. The generator/motor is also

coupled with ICE, which can provide or retrieve the power, as required. To take
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advantage of both topologies, both configurations are combined in series-parallel
hybrid system.

The major power converters used in these topologies were PWM inverters or
DC-DC boosted PWM inverter. Traditional PWM inverter should be large
enough to handle the voltage variations of battery. Boosted PWM inverter has an
extra DC-DC stage to overcome this problem but reliability of system reduces
due to this stage and it also increases the complexity and cost of system [20] [21]
[22]. Currently, Z-source inverter is used to overcome the disadvantages of con-
ventional inverters.

Boost factor during shoot through state in ZSI can be defined as [23]

T
polo_ 1 )
T 1-2D,

1<B<w,0< Dg%

where, T, and T, is time interval during switching state for shoot-through
and non-shoot through states and D, is the duty cycle.

In [24] bidirectional Z-source inverter (BZSI) based model of HEV and PHEV
are suggested as depicted in Figure 5. With the use of BZSI, speed of induction
motor (IM) for HEV can be controlled more efficiently. Moreover, as BZSI can
be charged at night thus, bidirectional battery charger of PHEV is replaced with
BZSI so that it can be used in peak demand hours.

The proposed models can extend the productivity of the vehicle. Production
cost can be reduced by implementation of these models because less number of

components is used in ZSI systems as compared to other topologies.

3.4. Photovoltaic Cell

A photovoltaic (PV) cell, also called the solar cell converts the solar energy into

electrical energy. Use of photovoltaic systems is increasing day by day due to its

(b)
Figure 5. (a) ZSI for HEV; (b) ZSI for PHEV.
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numerous advantages. Solar modules are now used to provide electricity for res-
idential as well as for commercial purposes [25]. PV cells are connected in pa-
rallel and series to form a module and then many modules combine together to
form a panel [26]. For development less costly and highly efficient PV systems,
maximum power point tracker (MPPT) algorithm has been proposed. Mostly
the inverter system connected with PV array is composed of MPPT, boosting
circuit and a filter which connect the load with DC source [27] [28].

In photovoltaic cell generation plants, to convert the AC voltage into DC ZSI
are best choice. They can boost the required voltage and decrease the overall size
of converter system. In conventional converter systems, 20 kW inverter is needed
for 10 kW photovoltaic system. KV A requirement of ZSI is minimal. The proposed
model is shown in Figure 6. By utilizing this framework, 10 kW inverter is
needed for a 10 kW PV system, which means KV A rating remains the same [29].

Boost factor for simple boost control method can be determined as,

1 T gy (10)
2M-1'T
For maximum boost control system [30],
1 Vs
1 =
B= 3 (11)

1200 Aam -1z
T 3

Traditional converters have many challenges regarding control and modula-

tion strategy, which can be overcome by using Z-source inverter.

3.5. Uninterruptible Power Supply Application

An uninterruptible power supply (UPS) provides power to the load when main
grid fails. Transformers or DC-DC converters are used to step up the voltage in
ordinary UPS [31].

Z-source inverter can provide higher peak to peak output voltage than tradi-
tional inverters. ZSI along with LC output filter can be used to reduce the voltage
harmonics of UPS system caused by non-linear and unbalanced load. Figure 7
displays the proposed topology for this purpose [32] [33]. The latest bi-directional
topology is proposed in [34] in which Z-source inverter is used to buck or boost
the output voltage. Figure 8 shows the circuit diagram of UPS system.

The recommended system possesses a couple of Z-source networks and two

full-bridges on both sides of the battery (with its charging mechanism). The

FINDWENT.

T

PV array Z- source Inverter

Figure 6. ZSI for PV systems.
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Figure 7. ZSI for LC filters.
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LOAD

Figure 8. UPS system with Z-source network.

bridge on the left side of the battery rectifies the main AC voltage and then the
Z-source network following it will maintain its power factor, then the second
Z-source network boost or reduce the voltage and permit it to other bridge,
which act as an inverter and again converts the DC voltage into AC. When main
power supply dies, battery supplies power to the circuit according to its potential
and UPS provides voltage to the load. Output voltage of inverter can be deter-

mined as
V, =+/3 %vi (12)

Hence, by using Z-source network any phase legs can be short circuited to al-
low the boost up ability of inverter and no dead time is compulsory due to this
special feature of ZSIL.

3.6. Grid Applications

Traditional inverters are used to interface grid with distributed generation sys-
tems (DG). Their fundamental reason for existing is to convey active power to
the grid. Sometimes because of inaccessibility of sources, DG systems do not
devote their maximum output and in this case inverters remain idle, which may
cause harmonics in output voltage [35] [36].

In [37] DG frameworks in light of Z-source inverter is proposed to defeat the
aforementioned issues. Figure 9 demonstrates the principle hardware of grid
associated ZSI network.

The suggested network operates in two modes. Desired amount of power is
transmitted to the grid by DG network in first mode. High pass filters are used
to reduce harmonics of current in first mode while harmonics of voltage in
second mode. So, 1st mode is referred as current improvement mode and 2nd as

voltage improvement.
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Figure 9. ZSI with grid.

Along these lines, by evacuation of harmonics of current and voltage, overall
power quality is enhanced by utilizing ZSI.

3.7.Fuel Cell

Fuel cell acquires electricity through chemical reaction of oxidizing agents like
oxygen and hydrogen ion. Fuel cell can just produce electricity until inputs are
available. It compromises of two electrodes with a layer of electrolytes. Oxygen is
sustained to cathode electrode while hydrogen fuel to anode. The electrolyte on-
ly allows positive ions to flow from anode to cathode and act as an insulator for
electrons. These electrons moved to cathode side through an external electric
circuit to stable the system [38] [39] [40].

The Z-source inverter is fascinating for three fundamental reasons [41].

1) To control the output voltage, the customary PWM inverter has only one
control opportunity. However the Z-source inverter has modulation index and
shoot through state.

2) Z-source inverter can buck or boost the output voltage same as other in-
verters with the benefit of its single stage, i.e. cost effective and less complex.

3) Reliability; Momentary shoot through state cannot destroy the inverter as
for a significant period of time both devices of phase leg can be turned on.

In [42] a fuel cell configuration having a Z-source network has been depicted.
From Figure 10 it is clear that the system comprises of a fuel cell, diode, Z-source
network and L-C filter. Z-source inverter directly boosts the dc voltage from fuel
cell by taking advantage of shoot through state. Filters are used to restrict the
harmonics of output voltage of inverter.

During shoot through state, average current value through switches can be
described as [43]

I, ==, (13)

And average current through diode and inductor is equal to ratio of maxi-

mum power and input voltage,

p
IL:ID:V_O (14)

3.8. Energy Storage Application

To fulfill the energy demand, continuous generation of electricity is mandatory.

Without energy storage an efficient energy management is not possible.
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Figure 10. Fuel cell network.

Assorted types of energy storages are needed which can make grid more reliable
and productive. Electrochemical batteries and super capacitor technologies are
most renowned and promising technologies nowadays. Electrochemical energy
is accomplished in galvanic cell, usually its battery reagents are well defined like
Pb, Ni and Cd whereas super-capacitors work on the principle of electrostatic
energy storage. In super capacitors electrodes store positive and negative charges
and an electric field is created [44] [45] [46].

Anyhow, power electronics equipment is used for conversion purpose. Usual-
ly a very low single cell voltage is required for storages, therefore, VSI require
other conversion stages to step down the voltage. Low frequency transformer or
another DC-DC converter is normally required but they decrease the conversion
efficiency and raise the cost of system.

Z-source inverter is additionally valuable for energy storage applications. For
this purpose a three phase bidirectional ZSI is proposed, as demonstrated in
Figure 11.

The basic topology of Z-source inverter transfers energy only in one direction
Le. DC to AC side. Three phase inverter can change the direction of current but
the only difficulty is input diode, which assumes to be an imperative part in
boosting of voltage. Therefore, to change ZSI into bidirectional network without
evacuation of diode, anti-parallel transistors are used.

Voltage across inverter-bridge should be consistent during shoot through

state, to acquire required voltage across the capacitor [47].

B+1
Vc = Bchc' Bc = 2 (15)

3.9. Special Application

Among several applications of Z-source inverter , “Voltage sag compensation” is
the most vital in light of the fact that about 92% of electrical disturbances in
power system are because to voltage sag. Consequently, it is a reason of extreme
economical losses. Voltage sag is actually fall of voltage amplitude, ie. between
0.1 puto 0.9 pu [48].

For voltage sag compensation, dynamic voltage restorer (DVR) is the most ef-
fective device. It is used to inject an appropriate voltage quantity in series with
supply [49] [50]. In conventional DVR system usually VSI topology is used to
obtain voltage with less harmonics but this topology limits the capability of DVR
because it steps down the output voltage. Now a day’s Z-source inverter is used

to conquer this issue as it can boost the output voltage during shoot through
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Figure 11. Bidirectional ZSI.

state without damaging switches of inverter. Figure 12 shows this network, which
has evacuated the issue of constrained achievable output voltage [51].
Average voltage across inductor during shoot through and non-shoot through
time can be determined as
T
V=—~1YV (16)
c Tl _To dc

Boost factor on DC side can be defined as
1
_2My

T
where 7T is total time while T, and T, is time during shoot through and

B= (17)

non-shoot through states.

4. Simulations and Discussion

Three different PWM control methods Ze. simple boost control method (SBC),
maximum boost control method (MBC) and maximum constant boost control
method (MCBC) are used to insert shoot through state in ZSI and to obtain
wider modulation range as described in Table 1.

In SBC, the circuit turns into shoot through state when triangular wave is
greater than or lower than reference line. MBC method is used to achieve re-
duced voltage stress and desired voltage gain. In this method, all zero states are
turned into shoot through states. This control method is usually feasible for high
frequency applications. In MCBC method, shoot through duty ratio remains
constant and maximum voltage gain can be achieved [52].

Voltage gain of ZSI is G = MB. Shoot through duty ratio versus modulation
index and graph of voltage gain versus modulation index of all control methods
are shown in Figure 13.

To verify the shoot through control methods for ZSI, some simulations have
been done on SIMULINK MATLAB. The perimeters used for impedance net-
work are L, =L,=1x10°H and C,=C,=1000x10"° F. Input DC voltage
provided is 100 V and 200 Hz frequency is used. Figure 14 shows the output

voltage and current waveforms for all control systems.

5. Conclusion

In this paper, recent research on Z-source inverter and its numerous industrial

applications has been studied and discussed. Nine most important industrial
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Table 1. PWM techniques.

Vi

PWM techniques
Shoot through control method
SBC MBC MCBC
Shoot through duty ratio (D) 1-M M w
2z 2
M M M
Volt: i _— —_— —_—
oltage gain (G) 2M 1 N Jam -1
1 V4 1
B t fact —_— —
oost factor (5) 2M -1 33aM -7 NIV
7G 1
Modulation inde — —
. x (40 261 N J3G -1
LLinE | 1 J : LOAD I]
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L}
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'
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Inverter E DVR
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Figure 12. DVR connected power system.
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Figure 13. (a) Mverses D; (b) G versus M.
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applications of ZSI have been presented and it is noted that buck boost capability
of ZSI and its operation during shoot through state have made it unique from all
other converters, that’s why it’s used in modern industry in increasing day by
day. To analyze the topology of this inverter, three PWM boost control methods

are applied to obtain required output.
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