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ABSTRACT The increase in linking photovoltaic (PV) power plants to utility grids are due to the world
expansion in PV systems and its advantages of low running cost, renewable, etc. Although PV is now
considered one of the main power sources in many countries, it has low efficiency. Therefore, the big issue
to improve the efficiency is to enhance the interface inverters’ efficiency. Different inverter topologies have
been proposed to relate to the PV panels; each has advantages and disadvantages. These topologies can
be classified into two-stage and single-stage (impedance network) inverters. Impedance network inverters
overcome the problems of traditional inverters and seek to realize the advantages of a two-stage system and
reduce the number of power conversions. However, to the authors’ best knowledge, there is no comprehensive
review of the applications of the impedance source inverter for the PV system, including the control
techniques. Therefore, this paper reviewed the existing topologies by paying attention to four key research
issues: 1) various impedance network inverters and discusses the main structures from the point of view
of the PV application, 2) control techniques suitable for impedance source inverters, comparing them in
terms of complexity and theoretical performance, 3) investigation into the most important control methods
used to connect the inverter output current with the network voltage, and 4) Challenges and future direction.
Finally, this paper is provided as a brief reference to help researchers choose the appropriate impedance
source inverter topologies for their applications and the preferred control and modulation methods for this

type.

INDEX TERMS DC-AC power converters, pulse width modulation (PWM) converters, voltage-source
converters, inverters, phase control.

I. INTRODUCTION system to limit cost and power losses, and raise the efficiency

In the issue of climate change and environmental pollution
is one of the issues of international attention. Therefore, the
increase in investment shares in clean energy sources has
become a strategic target globally. PV energy systems are the
most used in both stand-alone and grid connected.

A. BACKGROUND AND CONTEXT

Research in the PV systems aims to raise the efficiency and
quality of cells, operate the PV arrays to produce their maxi-
mum power, reduce the size and number of components in the
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of the inverter used in power conversion, which is the most
important component of the system. The impedance network
inverters can be considered a promising means of converting
power between the source and load in various electrical power
conversion applications. Many structures of the impedance
networks are provided with different control methods to
use them in various applications, such as adjustable speed
engines, uninterrupted power sources (UPS), distributed gen-
eration, and Electric vehicles [1].

B. LITERATURE SURVEY
Since the first appearance of Z-source inverter (ZSI) in 2006,
many forms of modified and new impedance networks have
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been developed with (Buck and Boost) capabilities [1], [2],
(31, [4], [5], [61, [71, [8], [9], [10], [11], [12], [13], [14], [15],
[16], [17], [18]. This field is very wide and opens new doors in
power electronics for different applications. One objective of
this paper is to discuss the different topologies and then give
much focus on ZSI and studies its development since 2002.
Recently, modifications of ZSI and its new structures have
increased dramatically with the increase in publications. Over
the past two decades, nearly 2,000 papers and a summary of
Z-source impedance structures are shown in Fig. 1.
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FIGURE 1. Numbers of publications (total 2135 as of Oct. 2021).

C. RESEARCH MOTIVATIONS

PV applications are classified into stand-alone or grid-
connected PV systems (GCPVSs), where a central grid sys-
tem is designed to increase the capacity of the main grid.
Further, the number of power conversion stages for both
stand-alone and GCPVSs can be categorized into single-stage
and two-stage inverters. These classifications rely on the
voltage source inverter (VSI) or current source inverter (CSI)
as a major component. However, VSI has some drawbacks,
first, the DC input voltage must be greater than the AC
output voltage (v = % ). Second, the upper and lower
switches of the bridge cannot be operated in one phase leg
simultaneously. This may cause a short circuit to the switches
and destroy the inverter [5]. Hence, a time interval (dead time)
must be used between the switching pulses of the upper and
lower devices, which results in a distortion of the inverter’s
output waveform. Therefore, there are two ways to overcome
the problem of the DC-link voltage value. Firstly, a line fre-
quency transformer can be added on the AC side to raise and
modify the value of the AC voltage to match the grid voltage.
Secondly, a DC voltage boost converter can be added before
the inverter. To achieve the required DC voltage, resulting
in complicating the entire system, reducing efficiency, and
increasing cost [2]. However, the use of dead time is still nec-
essary if any of the above two methods are used. Therefore,
ZSI is proposed to eliminate these obstructions, using the
shoot-through (ST) states to achieve boosted DC-link voltage.
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Dead time can also be avoided since the ST state will become
part of the inverter’s operating states and the active and null
states of conventional VSI. However, the traditional ZSI has
some drawbacks, such as [1]:

o In the case of ZSI, the DC-link voltage is less than the
Z-source capacitor’s voltage, which increases capacitor
size.

« Small boosting capability.

o The ZSI input current is not continuous due to the
diode’s effect, which may be undesirable for PV.

o The inrush current in ZSI at start-up is very high.

To overcome the drawbacks of the original ZSI, much
research has been done, and a set of modified ZSI topologies
have been proposed [12], [15]. These proposals aim to raise
the efficiency of ZSI by increasing capacitance, decreasing
component stresses, and decreasing the number of switches,
switching frequency and passive components [20]. More-
over, different structures have been suggested to increase the
reinforcement capacity but did not solve other problems of
traditional ZSI [21]. Further, in [39], [43], [44], [45], [46],
and [47], other topologies have been proposed to reduce
the voltage of the Z-source capacitor, but they cannot fully
increase the boosting capacity of the inverter. Generally,
every structure has its successes and failures in solving var-
ious defects, so the optimal topology cannot be determined
easily.

D. RESEARCH AIMS

As mentioned earlier, many ZSI topologies have been devel-
oped and tweaked where each topology has its unique features
and applications that suit it best, and there is no one-size-fits-
all solution. It is expected that new ZSI topologies will be
constantly rolled out to meet and improve the performance
of the inverter for different applications. Among them is the
generation of renewable energy, such as PV, due to the unique
ability of the ZSI to boost voltage with a minimal number
of components and potentially low cost. Nevertheless, dif-
ferent modulation strategies are also needed to operate the
inverter switches and adjust them to get the required outputs
like frequency, the amplitude of voltage, and current. Differ-
ent PWM schemes can control impedance source inverters
with the same input and output relations, such as sinusoidal
PWMs (SPWM) [83], [84], [85] and space vector PWM
(SVPWM) [87], [88], [89], [90], [91], [92], [93], [94], [95],
[96], to control the output voltage. There are limited numbers
of review papers focusing on specific targets, for example,
the work in [3] studying and developing the modification
schemes suitable to this family of power inverters only. Also,
other reviews have been concerned with studying different
structures, advantages, and drawbacks [1], [3], [18], [42],
[43], [44], [56]. Further, some reviews focused on studying
reaction energy only [55]. Meanwhile, few reviews tried to
study and cover different topologies, PWM techniques, and
control strategies [5], [12], [57]. In [12] there are two-part
studies. The first part was concerned with all the topologies.
The second part gave a brief study of the control strategies on
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the DC side, and another brief for the most important methods
of PWM techniques. While they neglected the necessary
control strategies on the AC grid side. Finally, [5] is a good
review article, but it was a little old. It did not mention new
types of impedance networks such as (Y-source, T-source,
SL-ZSI, and SBI) and it did not cover the technique of
3"HI-CB-PWM. This paper presents a complete review of
the most important studies and literature specializing in the
parts of the grid-connected PV systems based on impedance
source networks (ISNs) inverters. The second section of this
paper is concerned with classifying the impedance source
networks-based inverters, describing their different struc-
tures, and then comparing them in terms of characteristics,
number of components and drawbacks. In the third section,
the paper categorizes the different modulation techniques
with detailed explanations and qualitative comparisons. In the
fourth section, what has been published in the literature from
the different control strategies that have been previously
applied are reviewed. Thus, it is within the researcher’s reach
to choose the appropriate impedance source network topol-
ogy for the target application and how to operate the inverter
switches by controlling the pulse width. Finally, determining
the control strategy that achieves the best performance for
each system stage.

Il. IMPEDANCE NETWORK CLASSIFICATIONS

The Z-source inverter (ZSI) was first introduced thirty years
ago with a unique circuit where it can boost the input volt-
age. It has been used as a single-stage inverter in different
applications, such as in the conversion systems of renew-
able energy sources. Using the Z-source impedance net-
work (ZSN) features, the inverter can be controlled in both
Shoot-through (ST) and Non-Shoot-Through (NST) states,
as will be explained later in the following section. Although
the ZSI can simultaneously perform the booting and inversion
operations, it suffers from drawbacks, such as a discontinuous
input current. This drawback is solved by deriving another
topology called the quasi-Z-source network (QZSN), intro-
duced in 2008 [5]. This circuit is characterized by continu-
ous DC input current. After that, many impedance circuits
are developed by bypassing a specific defect in the original
network to improve the inverter properties [7]. Therefore, the
main aim of this paper is to review the Impedance Source
Networks (ISNs) coupled with VSI and clarify the advantages
and disadvantages of each type [8].

The ISNs can be classified based on magnetic and trans-
former coupling into non-transformer-based and transformer-
based types, as shown in Fig. 2. It can also be divided into the
following groups [9]:

a) ISNs including inductive components,

b) ISNs including magnetically coupled
components,

¢) ISNs including a transformer, and

d) ISNs including an active switch.

One advantage of ISN that includes magnetically coupled
transformers is that they may have a high voltage boost factor

inductive
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FIGURE 2. Classifications of the different ISNs topologies [9].

TABLE 1. Impedance source networks classification [5].

Input current Non- transformer- Active switch
transformer based
Discontinuous| = ZSI = Trans-ZSI = SBI Typel
= Switched = Y-source = SBI Type 2
capacitor = T-ZSI = The  SL-SBI
/inductor = LCCT-ZSI type 1
= I-ZS
= T-source
Continuous | ®* Quasi-ZSI = E-ZSI = Trans. SBI
= Diode/capac | ® Trans-QZSI Typel
itor assisted = Trans-QZSI + = Trans. SBI
= E-ZSI CCM Type 2.
= LCCT-QZSI = SL-SBI type 2.

according to turn ratio. Table 1 divides ISNs into two cate-
gories according to the type of input current; discontinuous
input current (DIC) and continuous input current (CIC) [10].
In general, the impedance source inverter operates in two
modes of operation as follows:

e Same as VSI when the input voltage is higher or
equal to the required voltage level (modulation index is
M<1.

o Like a step-up transformer, when the input voltage
level is lower than the required voltage level; thus, the
VSI operates in ST mode to boost the input voltage
level.

The ZSN is the original impedance network from which
all other ISNs topologies were derived, either by modify-
ing or rearranging the locations of inductors and capaci-
tors [5], [6], [7], [81, [91, [101], [111, [12], [13], [14], [15], [16],
[17], [18], [19], [20]. Each ISN topology has specific fea-
tures to meet the needs of a particular application. The new
ISN topologies are being developed so far for the following
reasons:

« Reducing the quantity and rating of ISN components,

« Increasing the voltage gain factor,

« Realizing higher power density, and,

« Increasing the inverter efficiency.

Components such as inductances, capacitors, auxiliary
diodes, or switches can be rearranged or increased to increase
the network voltage. Fig. 3. shows the required components
for each topology. Each topology has its advantages and
disadvantages, as will be briefly discussed in the following
subsections.
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FIGURE 3. Required components for ISNs topologies.

A. NON-TRANSFORMER BASED CONFIGURATIONS

These ISNs do not contain a transformer where they consist
of only passive components. More details about these config-
urations are provided in the following sections.

1) Z-SOURCE AND Quasi-Z-SOURCE

As mentioned earlier, ZSI topology has appeared as an alter-
native to the traditional VSI or CSI. The ISN is considered a
buffer between the source and the inverter bridge. It provides
short circuits or open circuits at any time to suit the operating
mode. Conventional ZSN, shown in Fig. 4(a), suffers from
several problems, including that it draws discontinuous input
current from the source, and it is not suitable for very low
input DC voltages. Therefore, different voltage topologies
derived from the ZSI have been proposed, such as QZSI. Two
types of QZSI are shown in Fig. 4(b) and (c), where it is
used to improve the performance of ZSI and overcome its
drawbacks [5], [6]. where V;, equals the input DC voltage or
PV voltage, V. the boost voltage produced by the Z-source
impedance, V¢ the voltage across the Z-source capacitor, Do
the duty ratio of the shoot-through interval, and B the boost
factor of the impedance network.

(c) Quasi-Z-source Impendence
with lower capacitor

FIGURE 4. ZSI topologies [5], [6].
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2) EMBEDDED-Z-SOURCE NETWORK (E-ZSN) [6]

An E-ZSN provides a continuous input current to the inverter,
has a low capacitor voltage and is particularly suitable for
PV applications [12]. Figure 5(a) shows the topology of
the E-ZSN circuit. This structure reduces the voltage and
current ripple by using two independent DC voltage sources.
But it increases the number of components and their cost.
For this reason, E-ZSN is preferred in the case of PV arrays
or fuel cells. The disadvantage of E-ZSN is that it operates
asymmetrically at asymmetric input voltage. In the E-ZSN,
inductors L and L, are considered input current filters rather
than external LC filters.

3) SWITCHED INDUCTOR/CAPACITOR

Following One of the most common methods is using a
switched inductor instead of a permanent inductor which
improves the boost ratio of the inverter, reduces the stress
on the passive components and eliminates the star-up inrush
current [39], [43], [44]. The switched inductor ZSI is shown
in Fig. 5(b). The switched inductor ZSI and QZSI provide
a continuous input current and low voltage stress on the
capacitor. The embedded ZSN with a switching inductor
combines the advantages of both switched inductors ZSI
(SL-ZSTI) and (E-ZSI). Such as high boost ratio, low capac-
itor voltage stress, and low input current ripple. However,
the switched inductor topology needs many passive devices,
which increases the inverter cost. A switched capacitor can
also be used instead of a permanent capacitor to achieve the
same advantages.
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Din v !
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(a) Embedded Z-source
Impendence (b) Switched Inductor Z-source Impendence

FIGURE 5. Advanced ZSI topologies.

4) CAPACITOR/DIODE ASSISTED [14], [15]

Some capacitors and diodes are added to the QZSI circuit to
increase the voltage boost capability in this topology. Fig. 6(a)
shows the Diode Assist Extended Boost (DAEB), in which
one capacitor (C3), one inductor (L3) and two diodes (D2
and D3) are added to a conventional QZSI. Fig. 6(b) shows
the modified diode assisted (MDAEB), which is derived from
DAEB-QZSI by changing the contact points of the capacitor
Cs. Theoretically, such modifications can produce unlimited
boosting capability, but this is impossible due to power losses.
This structure is characterized by the capacitor’s high voltage
gain and low voltage stress. However, the passive components
are increased. Therefore, Capacitor Assist Extended Boost
(CAEB) topology, shown in Fig. 6(c), is preferred because
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it requires fewer semiconductor devices and has less power
loss.
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FIGURE 6. Capacitor/diode assisted topologies.

B. TRANSFORMER BASED OR MAGNETIC COUPLING
CONFIGURATIONS [1], [2]

A general method was proposed to clarify the derivation
of magnetically coupled networks in [1] and [2]. It was
found that magnetically coupled inductors and transformers
improve the voltage boosting ratio and modulation index of
the ISNs. It also decreases the passive components used in the
network, increases the quality of power density, and reduces
the system’s cost. The following sections describe the ISNs
topology based on the transformer or the coupled inductor.

1) TRANS-Z-SOURCE, TRANS-QZ-SOURCE,
TRANS-QZ-SOURCE WITH CCM [8], [17], [20]

Theoretically, the original ZSN, QZSN and embedded-ZSN
have unlimited voltage gain. However, if a voltage gains
higher than 2 or 3 will result in a higher stress voltage on the
switches. Trans—ZSN has been proposed with a discontinuous
input current [13]. Trans-QZSN, and Trans-QZSN with con-
tinuous conduction mode (CCM) have been proposed [14].
These proposals aimed to obtain higher voltage gains while
keeping lower voltage stress and reducing the ZSN compo-
nents to one coupled inductor, one capacitor, and one diode
in Trans-QZSN.

Meanwhile, an additional capacitor is added to the Trans-
QZSN-CCM. In Trans-ZSN, the boost factor is increased,
and the coupled inductors are used as energy storage. The
disadvantage of this topology is the presence of leakage
inductance. Fig. 7., shows the Trans-ZSN, Trans-QZSN, and
Trans-QZSN with CCM.

2) Y-SOURCE NETWORK [48]

The Y-source network belongs to the networks with magneti-
cally coupled components and consists of an inductor coupled
with three coupled windings (N1, N3, and N3), as shown in
Fig. 8(a). Theoretically, the proposed inverter can obtain any
voltage gain by adjusting the turns ratio and ST duty cycle of
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the switch. The disadvantage of this scheme is the presence
of leakage inductance. The disadvantage of this scheme is the
presence of leakage inductance.

3) THE I - Z-SOURCE NETWORK [10]

In Fig. 8(b), the I'-ZSI consists of one capacitor and a
two-windings coupled transformer in the ISN to simultane-
ously increase the gain voltage and modulation index while
decreasing the number of components. The A-ZSN has a
discontinuous input current. The gain of the I'-ZSN increases
with decreasing turns ratio compared to the T-SN, trans-ZSN,
or LCCT-ZSN, whose gain increases with the ‘turns ratio [16]
The disadvantage of this topology is the presence of leakage
inductance, which may affect the voltage and current on the
semiconductor.

4) THE T-Z-SOURCE NETWORK [4], [15]

The TZ-source achieves high voltage gain by setting the turns
ratio of the transformer to greater than 1. The T-Z-source
network contains magnetic components, which are a two-
winding coupled inductor and one capacitor [17], as shown
in Fig. 8(c). The voltage gain and boost factor of T-ZSI are
higher than ZSI and QZSI. However, it has several drawbacks,
including resonant effects. Because of that, transient currents
can be high. Secondly, the substantial number of elements that
make up this network and the fact that the input current is
discontinuous.

n:1 n:1
b L, L, + [+] D Ly L +
Vm Vdc Vin 4_ Vdc
L- [e —

(b) Trans. QZSN

D L] LZ +

+

Vin - Vdc
C

L- -I_ : -1

(c) Trans. QZSN with CCM

FIGURE 7. Trans. ISNs.

5) THE LCCT-Z-SOURCE NETWORK AND LCCT-QZ-SOURCE
NETWORK [9], [3]

The LCCT-Z-source is derived from Trans-Z-source. It con-
sists of an inductor-capacitor—capacitor-transformer Z-source
network, as shown in Fig. 9(a), while the LCCT-QZSI is
shown in Fig. 9(b). The transformer used in these networks is
ideal and of high frequency. The LCCT circuit prohibits satu-
ration from occurring in the transformer core. For energy stor-
age during the boosting process, only one inductor is used.
With the combination of the inductor and the transformer in
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m=1
(¢) TZ-source

FIGURE 8. Advanced trans. ISNs.

a common core, the LCCT-ZSN realizes high voltage gain
and a higher modulation index but has a discontinuous input
current.

Meanwhile, the LCCT-QZSN collects high gain voltage
and continuous input current at any load level. It also pre-
vents high-frequency fluctuations from the input current. The
LCCT circuit can be improved by using high switching fre-
quency diodes.

(a)LCCT ZSl1 (b)LCCT QZSI

FIGURE 9. LCCT-Z-source.

C. SWITCHED-BOOSTED INVERTER (SBI) TOPOLOGIES

The switched-boosted inverter (SBI) was introduced as an
alternative to ZSI with the advantage of half number of the
passive components. The inverse Watkins-Johnson topology,
which is suitable for low power applications, is derived from
the SBI topology, as shown in Fig. 10. The impedance net-
work consists of one inductor, two diodes, one capacitor and
an active switch where the capacitor connects to the negative
terminal of the DC source, and the diode connects to the
positive terminal. This type is illustrated in Fig. 10(a) and
named SBI Type 1. The arrangement of the passive elements
is changed to present a new type called SBI Type 2, where the
diode connects between the capacitor and the positive side
of the DC source, as clarified in Fig. 10(b). It is noticeable
that SBI and ZSI in the ST state are similar in operation.
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Also, SBI could not overcome the most of ZSI drawbacks,
such as the high voltage stress on the capacitor, the low boost
capacitance, and discontinuous input current [26].

1) TRANS-SBI TOPOLOGIES

In the Trans-SBI type, the number of inductors is increased
into two in series inductors instead of one as in the original
SBI. In Trans-SBI Typel, the capacitor is connected between
the boost circuit and the positive terminal of the inverter input.
Meanwhile, in Trans-SBI Type 2, the capacitor is connected
between the boost circuit and the negative terminal of the
inverter input. Fig. 10(c) and Fig. 10(d) show these two
topologies [27].

2) SWITCHED INDUCTOR SBI TOPOLOGIES

The switched inductor boost inverter (SL-SBI) is offered
for is offered for achieving higher DC-link voltage. It is an
upgraded model from SBI, but the inductor has been replaced
by a circuit consisting of two inductors, three diodes and a DC
source. Several substructures are derived from the underlying
SL-SBI to bypass some defects by modifying the location of
the DC sources. When the DC voltage source is placed in the
place of the DCy4, a constant and continuous input current can
be obtained, and it is known as the SL-SBI Type-1. Whereas if
the DC voltage source is placed in the position of the DC5, the
input current will be discontinuous, and it is called the SL-SBI
Type-2 because the diode is connected in series with the DC
source. Further, placing the DC voltage source in the position
of DC3 leads to an input current ripple. Both structures are
shown in Fig. 10(e) and Fig. 10(f). [28].

Vin -
(a) SBI Typel

Vini_

A\ %4
(e) SL-SBI Type 1 (f) SL-SBI Type 2

FIGURE 10. Switched boost inverter (SBI).
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TABLE 2. Comparison of the configuration of ISNs.

Name D(C|L Integrated Continuous | Inrush | Commeon
winding I I, Earthing
Z51 1|22 - No Yes No
QZSI 1(2]2 - Yes No Yes
E-ZSI 1|22 - Yes Yes Yes
Trans-ZSI |1 (1] - 2 No Yes Yes
Trans-QZSI | 1| 1| - 2 Yes No Yes
LCCT-ZS5I | 1| 2|1 2 windings No No Yes
LCCTQZSI | 1| 2|1 coupled Yes No Yes
I- ZSI 1|11 inductor No Yes Yes
T-ZS1 1(2] - 2 integrate No Yes No
2 windings
Y-5I 1(1]- Integrate No Yes Yes
Jwindings
SL-ZSI 7|24 - Yes Yes No
CEAB 213|3 - Yes No Yes
DEAB 3(4]|3 - Yes No Yes
SBI 2(1|1 - No Yes No

where D is the diode, L the impedance source network inductor, and C the impedance source network capacitor. From the table
it can be concluded that the topologies derived from the ZSI construct draws a discontinuous input current and has a high inrush

current. In contrast to the topology derived from QZSI.

D. SUMMARY

Several modifications and improvements have been proposed
in the original ZSI to overcome the drawbacks of the tra-
ditional ZSI and improve its performance [8], [9]. Some
succeeded in increasing the boosting capability, and others
reduced the capacitor voltage and the start-up inrush current.
Thus, each ISNs derived from the ZSI has advantages and
disadvantages in solving the problems of the original config-
uration, so the user may not be able to select the appropriate
network in practice quickly and accurately. Hence, to help the
researcher determine the appropriate type required to achieve
the objectives of the application, Tables 2 and 3 summaries
the differences between the most famous types of ISNs in
terms of components and characteristics, respectively. In con-
trast, Table 4 compares ISNs topologies in terms of advan-
tages and disadvantages.

IIl. MODULATION TECHNIQUES

Impedance source inverters represent a different generation
of power conditioning systems called single-stage invert-
ers because they simultaneously adopt boost capability and
reversal process. Therefore, it is an alternative to two-stage
systems [1], [2], [3], [4], [5], [6], [7], [8]. Thus, the research
activities have increased to improve the performance of ZSI
from different perspectives, such as voltage gain, voltage
stresses across devices, input current continuity, and switch-
ing efficiency [5], [19], [20], [21], [22], [23], [24], [25].
Among these are the various topological improvements
already mentioned in the second section. It is noteworthy
that all these improvements did not affect the basic oper-
ating principle of the original ZSI, as shown in Fig. 11.
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This refers to using an additional switching case compared
to the standard cases of operating a three-phase voltage
source inverter (VSI). This additional state is called the shoot-
through state (ST) and is responsible for boosting the input
voltage.

During this condition, the bridge appears as a short circuit
by turning on at least two switches of the phase leg at the same
time, as shown in Fig. 11(a).

On the other hand, during the non-ST states, the bridge is
equivalent to a current source (Because the inverter bridge
operates in one of the six active states, therefore acts as a
current source that is displayed from the ZSI network. Due
to the symmetric in the circuit, both inductors have identi-
cal current value. During this mode, the DC voltage source
appears across the inductor and capacitor. The capacitor is
charged and power flows to the load through the inductor),
as shown in Fig. 11(b). In contrast to the traditional VSI,
which does not allow the presence of the ST state. Because
of the use of an impedance network, this state is allowed in
impedance network inverters and must be inserted into any
of the zero states so as not to affect the active states and,
thus, the output AC voltage. This is the function of the pulse
width modulation controllers. Three-phase impedance source
inverters can use any of the conventional modulation schemes
discussed in [5], [19], [20], [21], [22], [23], and [34], or the
SVM schemes presented in [5], [23], and [24] and hybrid
modulation (HM) proposed in [34], but the ST case may not
be taken advantage of without modifying these methods to fit
the ZSI principle of operation.

In general, three-phase ZSI modulation schemes can
be classified into two categories: carrier-based modulation
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TABLE 3. Comparison of the characteristics of ISNs.

Name Boost factor Ve Vo ¥oiress
Z51
1 1-D 1-D V;
QZSI in
1-2D, 1-2D, 1-2D, 1-2D,
E-Z5I
Trans-ZSI =P
ranss 1 1-(n+1)D, ’ vy,
o T 1-(n+1)D, nD 1-(n+1)D,
rans-Q 1-(n-1)D, )
LCCT-Z81 1 1-D nD nV,
LCCT-QZSI 1-(n+1)D, 1-(n+1)D, 1-(n+1)D, 1-(n+1)D,
1 1-D
V.
I- ZSI — _ Ve
1 (\!I ] D, 1- n - nl—-D0D)-1
e i 1 (1+n+m)D (1 ,_ n+m ]I«"En
1-2+n+m)D, 1-(2+n+m)D, 1-(24+n+m)D,
1 1-D .'1-( *"‘lwm
Y-SI Ny =N, N; TN, - —
1-(x2"2Lp | 1- Lyp. TN,
N=n,) ey v L 1- (N3_]\,,{J
<L 751 1-D 1-D 2D 1+D,)V,,
: 1-2D,-D_? 1-2D,-D2 | 1-2D,-D2 1-3D,
P Vo= iT20 [, 2D
o 1 1-3D, 1-3D, Vin
1-3D, . 1-0 | D 1-2D,
DAEB o=1-3p | Yo=173m,

where Vi and ¥V, are the voltage of capacitors C; and C. Vs is the voltage stress on the switches. In contrast to the basic

impedance source network topologies, the transformer-based topologies and switched boost inverters have a high boosting ratio
and high gain.

i~k e i L i two categories according to the different ST states insertion
NRATEE" AR CIEY IR ARS SR CHE B methods.
15 C, ==V 15 C, == Va
+ - s - Ve
: Vin ”C Ve = Vin “(,2
- 1+
o EATI [ 3pIsNPWMC |
_VL2+1L - 'V|z+ - [
T A L, [ 1
() ST case (b) Non-ST case | 3¢ PWMC (2 insertion) | [ 19 PWMC (6 insertions)|
FIGURE 11. Modes of operation for ZSI.
| continuous | |discontinuous| | continuous | | discontinuousl
r 1 T 1 I L 1 I 1 1 1
S8 MB CB SB MB S8 MB MB
schemes and space-vector-based modulation schemes. This Ss<=S= s s s SSss <S5 s ss
= = = = = = = =
. . . . . . wI>wI5m OO0 QO c,,:|:>>(,,':l_:>oo (SRR
section provides a comprehensive review with a comparative a5%0 5¢25 8 C B8 ak22s5888 28a
. . . [ = (2] T 2 = = T T D
evaluation of these different modulation schemes to measure §883338 @3 o D 3383333 am & 5
.. ®® e DD S22 Te-FZTSC0D S
performance and show how each scheme’s properties influ- @ g8 38 = 58 B3
ence ZSI parameters, such as voltage stress across devices, -
Voltage gain value, and maximum modulation index. FIGURE 12. ZSI modulation schemes classification.
A. CLASSIFICATION OF THREE-PHASE ZSI MODULATION where SB is the simple-boost, MB is the maximum boost,

SCHEMES CB is the constant boost, SM is the sinusoidal modulation,
Fig. 12. illustrates the various modulation schemes that are THM is the third-harmonic injected modulation, SVM is
used with the three-phase ZSI, which can be classified into the space vector modulation, MSVM is the modified SVM,
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TABLE 4. Comparison of the optimization results of different approaches.

for high power applications when SCC cells are

added in stages.

Modular construction that can be incorporated

into many types of structures.

Name Advantages Disadvantages
o Bypassing VSI and CSI problems. ¢ Discontinuous input current.
e Operating both switches in the same phase and e High inrush current.
zil at the same time does not cause any damage. ¢ High capacitors voltage requires a large capacity.
o Suitable for PV applications. o ST duty ratio was less than 0.5.
e Continuous input current. o ST duty ratio was less than 0.5.
o Capacitors' ratings are decreased. o Not suitable for very low input DC voltage.
WA o Current stress is lower than ZSI.
o Suitable for PV applications.
e Draws smooth input current. e Uneven distribution of stress through the components due to
o The input current and voltage ripples are less. the asymmetric structure.
LEZAN o Suitable for PV applications. o ST's duty ratio was less than 0.5.
TS o The gain factor is higher than the ZSI and QZSI. | e Discontinuous input current.
& o The stresses through components are reduced. o Transformers and coupled inductors increase volume and
Trans-QZSI | e Suitable for PV applications. cost.
o [t achieves a high gain factor by a small ST duty | e Discontinuous input current.
ratio. o Electromagnetic interference noise impact’s reliability.
Y-Source o [t maintains a high boost factor and high
modulation index.
e Low THD in the output.
e It achieves a high gain factor with a low turn e Inductance leakage increases the voltage and current stress
I- ZSI ratio. over devices.
e Has good spectral performance.
LCCT- (ZS], ¢ High-frequency ripples are filtered in the ¢ High winding-turns ratio.
QZSI) source. o Electromagnetic interference noise impact’s reliability.
CAEB e Theoretically, unlimited boosting capability. e The passive components are increased.
& e High voltage gain o High power losses.
DAEB e Low voltage stress on the capacitor.
e Perform input operations without inductors. o Numerous components and large circuit size.
o A high switching frequency can be used to e High power loss (switching losses) as a result of the necessity
operate many stages of SCC cells. for a large number of power switches.
o Therefore, small size passive components (such | e Significant transient currents (spike current)
Switched as capacitors and inductors) can be employed.
capacitor e The capacity to multiply voltage at high gain.
inverter o Capable of producing high multi-level voltage

From this table it can be summarized that the structures which includes a transformer or an active switch to the impedance source
network structure have a high gain rate and a high boost ratio relative to the original structures such as ZSI and QZSI.
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DCCM is the dc-clamped modulation, and HM is the hybrid
modulation.,

More details about each category will be discussed as

follows:

o Two ST insertion strategies: in which three-phase mod-
ulation schemes simultaneously operate through the
three-phase legs as shown in Fig. 13(a). The ST states
immediately replace the null states (111 and 000). This
can be achieved using two straight DC lines, and the
sinusoidal modulation signals of VSI. The ST duty cycle
in this strategy is equally divided into two parts in one
switching cycle. At each part, all three legs are in ST
state, so that ST current is distributed evenly on three
legs. On the other hand, the ST state inserts additional
switch transitions. As a result, there are two more tran-
sitions in each leg than case of VSI in one switching
cycle. [18]

« Six ST insertion strategy: in which single-phase modu-
lation schemes operate through one phase at a time. The
principle of this method is that the ST states are inserted
at every transition by overlapping the upper and lower
driver signals as shown in Fig. 13(b). The transmission
intervals in one switching cycle are the same as in the
VSI. The ST state is divided into six segments, so that
equivalent switching frequency of the impedance net-
work equals six times the switching frequency. So, the
size of the inductors can be greatly reduced. [18]

(b) Six ST insertion strategies

FIGURE 13. PWM types based on ST insertion.

Each of these two categories can be divided into two sub-
categories as follows: [29]

« Continuous modulation: Two additional reference volt-
ages (Vp and V) are used with any of the reference
signals (v4, vp, vc) since the shape of V,, and V,, differs
from one controller scheme to another.

« Discontinuous modulation: One additional reference
voltage signal (V;, or V;) is used with DCCM reference
signals.

Any of the previous type also can be controlled using one

of the following modulation techniques:

« Simple Boost control (SB),
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o Maximum Boost control (MB),

o The Maximum constant boost pulse width modulation
(MCBO),

« Constant Boost control with
(THM),

« Modified Space Vector control (MSVPWM).

The literature discussed the use of the above meth-
ods in controlling pulse width modulation (PWM) in ZSI.
In fact, each method is distinguished from others in several
characteristics.

In case of using SBC or 3"9_HI-CBC, the ST ratio is
controlled by MPPT. Thus, it is suitable for PV systems.
As for maximum boost control (MBC), it is not suitable for
PV systems because the variable ST ratio with MBC will not
be able to track the reference envelope. Also, MBC requires
increasing the size of the inductors and capacitors to remove
low frequency ripples [30]. Therefore, the operating prin-
ciple of each modulation method will be briefly explained.
Moreover, a comparison of the most important differences is
introduced in Tables 3.4 and 3.5.

3" Harmonic Injection

1) SIMPLE BOOST CONTROL (SBC) [6]

This technique is the simplest PWM method to control the
ZSI [20]. Two values V;, and V,, are used as ST modula-
tion signals. As shown in Fig. 14., the positive and negative
peak values of these signals are greater than or equal to the
peak values of the three-phase sinusoidal reference signals.
ST only occurs when the carrier signal is greater than V;, or
less than V. Otherwise, it works like conventional sinusoidal
pulse width modulation (SPWM). Fig.14 shows the simple
boost pulse width modulation process and how to get the
shoot-through interval.

1 1 1 I I

FIGURE 14. Description of the SBPWM.

2) MAXIMUM BOOST CONTROL (MBC) [25]
Fig. 15. shows the MBC technique. Compared with the SBC
technique, MBC keeps the six active states of ZST unchanged
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and converts all zero (null) states to ST (zero) states. Thus,
the maximum gain G value for any modulation index M
is achieved without distorting the resulting signal. The ST
modulation signals are not two fixed lines but the positive
and negative envelopes of the three-phase reference signals.
ST occurs when the carrier signal is greater than the positive
envelope or less than the negative envelope. Since the duty
cycle of ST differs in each cycle. So, the mean value of ST
during the cycle is considered to calculate the gain.

The ST state is repeated periodically every /3. Assuming
that the carrier signal frequency is much higher than the
modulation signal frequency, the equation for the ST during
one switching period in the interval (/6 and 7/2) can be
formulated as follows:

2 — (Msint) — Msin (6 = %))
2

The average duty ratio of shoot-through can be formulated as
follows:

D.(0) =

ey

Z 2 — (Msinf — Msin (6 — 2z )
_1/2 ( 3>d @

signals

L L L L L
[ 0.005 0.01 0.015 0.02 0.025 0.03
Time (sec)

FIGURE 15. Description of the MBPWM.

But in the MB method, due to the periodic variation of the
operating ratio Dy, (t) per %, the inductor current has a current
ripple equal to six times the load frequency, which raises the
required inductance value.

3) MAXIMUM CONSTANT BOOST CONTROL (MCBC) [26]
Fig. 16. shows the MCB technique, which realizes the most
voltage gain and keeps the ST duty ratio constant. Maintain-
ing the ST constant reduces size and cost while increasing the
voltage boost of any modulation index results in less voltage
stress over the switches.

As in the earlier methods, there are five modulation signals:
three sinusoidal references and two ST envelopes. ST occurs
when the peak of the carrier wave is greater than V), or less
than V. Otherwise, the inverter is operated as in traditional
SPWM control.

The variable B is figured out and kept constant by main-
taining D, as constant. The main target of the MCBC is to
achieve maximum boost while keeping it constant through-
out, which helps to drop the current and voltage ripples that
appear in the MBC technique. The frequency of the upper
and lower envelops curves is three times the output frequency
[8]. There are two half-periods for both curves in a cycle.
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The ST modulating signals (V, and V,,) are expressed as the
following:

. 2 T
vpzﬁM+Ms1n< —?> 0<0<> 0
0

V, = Msing % <6 <2 ()
= Msinf — —
P 3- 73
) 2w T
Vo=Msin(6—-") 0<6<Z ®)
3 3
21

Q)

The duty ratio of the ST is still constant since the dis-
tance between V, and V, curves is always constant and
equal V3 m.

1

—Va
—Vb

Ve
——carrier
——Vp

|
] L s A e e V‘v.‘\VMV

-0.37 0.375 0.38 0.385 0.39 0.395 0.4
Time (sec)

signals
o

FIGURE 16. Description of the SBPWM.

4) CONSTANT BOOST WITH THIRD HARMONIC INJECTION

The MCBC method described above can be modified by
a third harmonic injection [31]. Where the three sinusoidal
signals of the phase voltage are injected by a third harmonic
component with a value equal to % of the fundamental signal,

as in Fig. 17. At % the value of V, reaches (“/T§m), which
is the maximum possible value, while V}, is at the lowest
value, which is equal to (—‘/T§m). Therefore, to control the
ST time using 31 H, only two DC voltages (V,, and V) are
needed. Thus, it corresponds to the MCB control method in
calculating the voltage gain. The difference is that the mod-
ulation index m is larger, which increased from one to ().
The voltage gain G can be varied from (0 to co) smoothly by
changing the value of m.

L L

i |
—Va
—Vb
0.5 Ve
Carrier

- vp
0 Vn

signals

-0.5

R [ L Y Y A A A
2 2.002 2.004 2.006 2.008 2.01 2.012 2014 2.016 2.018 2.02

Time (sec)

FIGURE 17. Description of the THI-CBPWM.

5) MODIFIED SPACE VECTOR CONTROL (MSVC) [28]
Space vector pulse width modulation (SVPWM) technology
is commonly used because of the higher modulation index
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FIGURE 18. Description of MSVPWM.

TABLE 5. Comparison of modified PWM techniques [24].

5 SB MB MCB 31 MSV
Ype
PWM PWM PWM MCBC PWM
—3y3 _3 M —3v3
B il 2m-3vV3M 2-V3M 1-3t 2m—3v3M
2m 2 2 2m
B 1 m 1 1 L
2M -1 3W3M -1 V3M -1 V3M -1 3WVIM -1
G M M M M nM
2M -1 WAM-1 VM -1 V3M -1 3W3IM-n
A0~ [0
Vo | @e-nv | 3367, (- | (Ee-nw | DT
n n
2 Z
M 1 1 1 — -
V3 V3

MBC and MSVPWM have the largest voltage gain at a
given M, followed by CBC, 3rd HI-CBC, and finally SBC.
Also, in the case of the same voltage gain factor G, MBC
and MSVPWM have less voltage stress above the switches
than SBC and CBC.

bands (0 < m < %) in the linear region. Compared to
SPWM, it supplies lower current harmonics. It has eight space
vectors (six active vectors) and (seven null vectors). For ZSI,
MSVPWM is used to obtain ST states as part of the switching
pattern. The ST periods are included during the periods of null
vectors of the total period 7, while the active state times 77,
T» and Tz are unchanged, as seen in Fig. 18.

Two types of MSVPWM can be used. The first pattern is
based on the partial conversion of null states to ST states.
In this pattern, the ST period of T}, is limited to % of the period
of the null state T},. That is, null states are not completely used
as an ST. This limits the achievement of higher values of gain.
Therefore, it has been modified into the second pattern, where
zero states are completely converted to ST. Thus, the gain of
this pattern is higher than the gain of the first pattern.

Although MB-PWM has the highest voltage gain rate and
boost ratio. However, it is not suitable for PV applications.
Because the ST duty ratio is determined by the MPPT algo-
rithm which targets the DC reference voltage at the maximum
possible power output is achieved. CBPWM or MSVPWM
is preferred because they achieve a relatively high gain and
an appropriate voltage boost ratio and are suitable for PV
applications.
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TABLE 6. Advantages and disadvantages of PWM techniques [27].

Name | Advantages Disadvantages

e V. ripple is low. * Much higher Vppp55 0n

- e High peak voltage across bridge switches.
switches for same operating point. | ® Lower G factor for given M.
PWM
¢ Low impedance network size. * Much higher switching losses
due to higher V.-
* Lowest Vp,.o55 for the same V. * Not suitable for PV systems,
but with a variable Dgr. due to variable Dgr.
* [ntroduces low switching losses. * Low-frequency ripples in dc-
MB
o Largest G factor for any M. side, which increases capacitor
PWM :

* Useful for high-speed motor drives size.
due to high frequency.  High impedance network size.

* High THD in output.

* Relatively lower THD in load o Slightly higher Vg5, but with

current. constant Dgr.
MCB | * Most G and constant Dgp. * Complex to implement.
PWM | e Switching losses less than MSVC

& SBC but higher than MBC.

* Low peak voltage at same
operating point.

* Normal impedance network size. » Veripple is slightly higher.

* Low impedance network size. ® High V4, g, With constant Dgg.

= Largest G factor for any M. * Switching losses higher than

MSV | eHigherM.(0 < M < .%} ME.
i

PWM s . * High THD in output.
in linear region.

 Large oscillations i both

Ve & Vi

IV. CONTROL STRATEGIES FOR GRID CONNECTED
SYSTEMS
The task of a grid-connected PV system is to convert DC
power produced by the PV array into AC power that can
be fed into the grid. Thus, the control unit design aims to
provide the maximum power from the PV arrays with the
desired power factor and low harmonic distortion (THD) in
the output. The designed controller must follow the reference
and be able to reject disturbances. To implement a good
ZS1 behavior control strategy, it is necessary to formulate
a good dynamic model of the inverter. Several small-signal
analyses and mathematical models have been presented in the
literature to study the overall system’s performance.
Meanwhile, mathematical models have been presented in
the literature to study the system’s dynamic behavior, which
can be used in control strategies [23], [26], [66], [67], [68],
[69], [70], [711, [72], [73], [74], [75], [76], [77]. In gen-
eral, M and Do are the primary control variables in ZSI.
Meanwhile, the capacitor voltage or DC-link voltage and
the output voltage of the inverter must be controlled. The
inductor’s internal resistance and the capacitor’s equiva-
lent series resistance also influence the dynamics of the
impedance source networks and thus are taken into consider-
ation while modeling the small-signal [67], [68], [69], [70].
Parameter values affect system performance, so designers
try to choose component values and consider design con-
straints [12], Table 7 shows the result of changing the values
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TABLE 7. Changing the parameter effect values on the system [12].

Parameters change| _Effect on system dynamics

Item Change Settling ~ Natural System Other
time frequency dampi
L Increase Increase Decrease Decrease | Increase phase deficit to

less than minimum.
* Increase oscillatory
response.

C Increase Increase Decrease Increase |e Increase rise time.
D, Increase Increase Decrease » Increase phase deficit to
less than minimum,
R, Increase Increase |e Increase phase deficit to
less than minimum.
» Increase current ripple in
C.
T Increase Increase |e Increase phase deficit 1o

less than minimum.
* Increase voltage ripple
across L

of these parameters on system dynamics, such as feedback
control bandwidth, ripple content, component size and cost,
damping factor, resonance frequency, and output matching
for the required voltage. Several control methods have been
proposed in the literature to achieve the desired performance
and control the DC-link voltage and AC output voltage of
the impedance source inverters [28], [29], [31], [32], [33],
(341, [71] [78], [79], [801, [81], [82], [83], [84], [85], [86],
[871, [88], [89], [90], [91], [92], [93], [94], [95], [96], [97].
In all these control methods, there are two control degrees of
freedom (D, and M). The DC-link voltage is controlled by
the ST duty ratio Do and the modulation index M controls
the output voltage.

In several recent publications, feedback control strategies
for the impedance network inverters captured researchers’
attention [28], [29], [31], [32], [33], [34], [71] [78], [79],
(801, [81], [82], [83], [84], [85], [86], [871, [88], [89], [901,
[91], [92], [93], [94], [95], [96], [97]. It compares the out-
put parameters like voltage and current of the inverter and
the input parameter like DC-link voltage with the reference
values to produce a three-phase sinusoidal reference signal.
Based on this signal and the ST duty ratio signal (D,), the
MPPT controller provides the necessary pulses to switch
the IGBTsS in the inverter H-bridge using PWM technology,
as mentioned in [41]. The general diagram of the different
control parts used in the grid PV system is shown in Fig. 19.
They are summarized as follows:

o The DC side control aims to boost the DC-link voltage
(V4c) and maintain it as a constant, the boost ratio (B) is
controlled by controlling the ST duty ratio (Do), and
the outer loop control is adopted for controlling the ZSI
capacitor voltage (V).

o The AC side control converts the DC voltage into AC
voltage and achieves the unity power factor. The inner
current loop is adopted to ensure that the inverter current
can follow the AC grid voltage [78].

A. THE DC CONTROL STRATEGIES

In As mentioned earlier, the PV array voltage is controlled by
the ST duty cycle to track the maximum power points. There
are four linear methods to control the DC-link voltage (Vg4c)
of ZSI, as shown in Fig. 20, which are:
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Control Parts
1

[ |
DC side control AC side control
[ l 1
MPPT control DC voltage control
ST control PLL control

Current control

FIGURE 19. Feedback control strategy parts.
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FIGURE 20. DC-link voltage control types of the ZSI [5].

1) CAPACITOR VOLTAGE (V¢) CONTROL [29], [32], [33],
[34], [78], [79], [80], [81], [82], [83]

The capacitor voltage is controlled by adjusting the ST duty
ratio where a PID controller is used and setting the modula-
tion index to equal (1 — D,). the gains of the PI controller can
be obtained by try and error with saturation or by a neural
network to achieve a wide-bandwidth control. In addition,
a non-linear control method was used to control the V.,
such as the sliding mode control method, the neural network
controllers and so on. Fig. 21. sets out the different non-linear
controllers.

Non-linear control method
Fuzzy logic Control
values _, Artificial Intelligence __, switching
Vin,Ve,la —  Sliding Mode Control — control
measured Model-Predicting ~ — signal
V. calculated Control

Reference

FIGURE 21. Non-linear control methods.

2) INDIRECT CONTROL OF DC-LINK VOLTAGE [83], [84]

A PID-like fuzzy control unit is employed to control the mean
value indirectly Vg4.. In [84], the peak of DC-link voltage
(vac(peak)) is indirectly controlled through controlling the
peak of inverter output voltage (v4.) using a PI control unit
to adjust M, while Do is calculated by measuring the PV
voltage (Vi,) and comparing it to the desired peak of DC-link
voltage (v4c).

3) DIRECT CONTROL OF DC-LINK VOLTAGE [31], [85]
The vy is directly controlled through the adjusting value
of the Do. The v4. value can be measured by an additional
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circuit due to its pulsating shape and hence complicating the
control algorithm. On the other hand, it can be estimated by
measuring V;, and V., while vg. = 2V, — Vj,.

4) UNIFIED CONTROL [86], [87]
Unified control is used to simultaneously regulate the modu-
lation index and the ST duty ratio. This is done by controlling
the AC output voltage with a single PI control unit. The
previous control methods share that they use the single-loop
DC-link voltage control technique, where the DC-link voltage
is directly affected by the changes in the PV input voltage,
while the ST ratio is considered a command signal for the
control method. It also suffers from two challenges in the case
of high-power inverters.

« Inductor current is uncontrolled and can be overloaded

during the transient mode.

« Finite stability limits.

Fig. 22. and Fig. 23. show the scheme of the single con-
trol loop (SCL) and the double control loop (DCL) system,
respectively [32].

Vin,VCaV c
d PI _.D° To PWM

* % k
A% iIl)V CaV dc

FIGURE 22. Single loop control system.

rf' ~ — D
|

Vin,VCanc PI L PI o
% % ST duty
Vi Ve, Vide I . | ratio

Inner current loop

FIGURE 23. Double loop control system.

Therefore, double-loop voltage control in high power
inverters is preferred to overcome these drawbacks. it is noted
that the input inductor current (/7 ) is the command signal for
the control method. As shown in Fig. 23, the control process
is divided into an inner and outer loop [26]. The inner loop
determines the DC-link voltage and ensures instantaneous
response while controlling /7 and V. using a PI controller.
On the other hand, the PI control method enhances stability in
the outer loop. Table 7 reviews the previous control methods
and their characteristics.

B. GRID SIDE CONTROL STRATEGY

The control strategy for the grid side or the AC side is imple-
mented in the dg-axis frame, where the three-phase quantities
are transformed into a frame of reference with a shunt matrix
given in Table 8 [37]. A phase-locked loop (PLL) controller
synchronizes the inverter’s output current with the grid volt-
age, thus achieving the unity power factor.
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1) PHASED LOCKED LOOP (PLL)

The PPL is needed to know the angle of the grid voltage
and hence generate the reference signal with a similar angle.
Therefore, the current can be in phase with the grid voltage,
as shown in Fig. 24, and hence the unity power factor can
be achieved. So, the PLL is used to generate this signal
which is used as a reference signal and sent to the current
controller.

-6 L L L L L L L L L
0 0.02 0.04 0.06 0.08 0.1

Time(sec)

FIGURE 24. Active current signal with the grid voltage.

Similarly, for reactive power control, the PLL is used to
generate a signal which is 90° out of phase with the active
voltage, as shown in Fig. 25.

Va (grid)
— la(inv)

Va(v)/1a(A)

1

L L 1

0.06 0.08 0.1
Time(sec)

6 . I . .
0 0.02 0.04

FIGURE 25. Reactive current signal with the grid voltage.

There are two ways to implement the PLL; open-loop and
closed-loop.

First Method:

The three-phase voltages (v4, vp, vc) are converted to
two-phase voltages (vq, vg), and substitute the values for the
two voltages (ve, vg), in the equation 8 = cos ™! (v,//(v2 +
v%)), angle information (f) can be obtained, which in turn
is used to generate the reference signal for current in both
the active and the reactive power, as shown in Fig. 26(a).
Nevertheless, this method is not used in many situations due
to some drawbacks such as:

o The algebraic method with the simple mathematical

operation.

o The open-loop system makes the system prone to go into

unstable situations and critical network conditions.

o This PLL cannot withstand surges, harmonics, noises,

and spikes.

o Drift the angle, which means that PLL output may pro-

duce wrong angle information.
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Va Vo
o EE—
Vo b v Cos (v, /(W 2+v2) —0
Ve ] abc —L
(a) Open loop
Va .
1 ap 4 dq - wt wt AC

Vo —p v v 3
B q Sin ——p
Vo ] abc af 9—» Pl — J
RC
wt vy =0 COS —t

AC= active component
RC= reactive component

(b) Closed loop

FIGURE 26. PLL method.

Second Method:

Also like the previous method, starting by converting
three-phase voltages in the normal frame (v, vp, V) into
a two-phase voltage in the stationary frame (va, Vﬁ), and
then to a two-phase voltage in a synchronous frame (vq, vg),
as shown in Fig. 26(b), which shows the closed-loop PLL
method, also Fig. 27(a), which shows the phasor dia-
gram of the (o, B) axis, grid voltage, (d, q) axis, and
the angle wt, which is the angle between d-axis and (&)
component.

VB

q-axis
Va(grid)

Va(grid)
Vg //d:uix
! wt Vo

(b) Modified phasor diagram in
case of v; = 0

(a) Phasor diagram
FIGURE 27. PLL Theory.

The phasor diagram shows that the d-axis does not com-
pletely align with the grid voltage, so non-zero values of
the voltages of the d-axis and g-axis appear. But using some
control mechanism, the g-axis voltage goes to equal zero,
which will adjust the phasor diagram so that the grid voltage
aligns perfectly with the d-axis. The new phasor diagram is
shown in Fig. 27(b).

It is clear from the modified phasor diagram that the d-
axis voltage and the g-axis voltage are equal to zero, and the
angle ( wt) is changed to a new value. This new value of the
angle ( wt) can be used to generate the active and reactive
components.

From the PLL scheme, the PI controller is used to keep
the g-axis voltage equal to zero, so the reference value of the
g-axis voltage must be zero. The output of the PI controller
is sent to an integrator to find the angle ( wt) and finally use
the (sin and cos) functions to generate the active and reactive
components, which are the final output of the PLL where the
active component is aligned in phase with the d-axis, and the
reactive component is aligned in phase with the g-axis.
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2) TWO-LOOPS CONTROL STRATEGY
Usually, a double-loop or two-loops control strategy is
used: [37]

o The inner control loop in current that adjusts the grid
current ensures power quality, current protection, and
the function of harmonic compensation and dynamics.

o The outer control loop in voltage controls the DC-link
voltage and works to balance the power flow through the
inverter. It aims to maintain system stability with slow
dynamics.

However, other control strategies have been used in the dif-
ferent literature, such as:

o The current injected into the grid is indirectly controlled
in the outer control loop for DC-link voltage with an
inner control loop in power.

o The outer control loop is in power with an inner control
loop in the current.

But all previous control strategies can be implemented with
three frames of reference:

o The synchronous frame,

o The fixed frame,

o The normal frame.

The control carried out through these frames of reference is
shown in Fig. 28(a, b, c).

u—farh)
Q Iy
— ©
\2 L Talq Vd Vq
Q I V¢ PWM
q

(a) Synchronous rotating frame control structure

(b) Stationary reference frame control structure.

1a A 1, V, I
Q- =R
s i, o Ve

icip o | PLL

PWM
(c) Natural reference frame control structure.

FIGURE 28. Reference frames control. [38].

3) CONTROL REQUIREMENTS
Generally, a PI controller with grid voltage feedforward is
used for current-controlled PV inverters, [ 38] but this method
has the following drawbacks:
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« A steady-state error occurs when the PI controller traces
the sinusoidal reference.

« The system’s ability to reject disturbance is poor due to
a bad integrator performance.

Therefore, two methods have been proposed to bypass these
shortcomings, which are:

o Generalized integration: This means using a double inte-
grator that achieves infinite gain at a certain frequency,
called the resonant frequency, and thus, can be used as
a notch filter to compensate for harmonics in a highly
selective manner. [12]

« P 4 resonance controller: A stationery frame regulator is
used, and the PI controller used as a DC compensator is
converted into an equivalent AC compensator having the
same frequency response characteristics at the desired
bandwidth. [39]

4) DECOUPLING CONTROL OF THE CURRENT LOOP

In Fig. 29(a), if v40, Vbo, Veo, are the output voltages of the
inverter and were V,, Vj, V., are the three-phase voltages of
the grid, L, = Lp = L. and they are the inductances of
the line filter, r, = r, = r. are the internal resistances
of the inductors, and finally i,, ip, i, are the inverter output
currents. The voltage equations in the normal (a, b, ¢) frame
of reference can be formulated as follows [65]:

dig .
Vi = Veos (wt) = —L—4v4p — T4iq4

dt
2 di
Vi, = Veos(wt — _7'[) = —Lﬁ‘i‘vsz — "pip )
3 dt
Ve = Veos(or + 2y = —1 %4 ‘
.= —_—) = — L — 0 — Fele
¢ cos(w 3 dr Veo cle

where V is the peak voltage of the grid phase and w is the
angular frequency. The previous equations can be converted
to dq synchronous frame of reference as follows:

dig . .
Vg = Ld——a)qu + rgig +vg
! ®)

dig .
Vg = LE_led + rgig + vy

We can find that in the d-q frame, the current is coupled
in the d-q axis, which brings difficulty in the design of the
controller. Therefore, it is necessary to obtain a method for
separating or decoupling the control [9]. Suppose:

Vi =va—wLizg + Avg

. )
V4 = vg—wLig + Av,

Thus, we get:

dig .
Avg = L— + rgig
di (10)

q .
Avg=1L 7 + rqig
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Using the PI controller, the equation can be formulated as
follows:

Ki .. .
Avg = (K, + g)(ld —iq)
K .. .
j)(lij —ig)

where K, is a proportional gain and K is an integral gain of
PI controller. Substituting (42) into (43) we get the following
matrix:

(11
Avy = (K +

K;
dig —R-I—(Kp—i-g)
—_— 0 .
dr | _ L " |:ldi|
iy R+ Ky + ) | L
dt 0 S
L
Kp+5) [ 7
+M[.‘j (12)
L Iy

This realizes the process of controlling the current loop
disconnection. As shown in Fig. 29-b.

S S;

Din
e
DC source b O~ Vb %‘
Vin G, T
L, ST Seft S
Y
VSI

Z-source Impendence

(a) GCPVSs based on ZSI

(b) Current control loop [68].

FIGURE 29. Decoupling control of the current loop. [38].

5) ACTIVE AND REACTIVE POWER CONTROL
Active and reactive power control is critical in a grid-
connected PV system. Generally, all the radiation absorbed
from the PV array is converted into active power by the
grid-connected PV system and is taken away from reactive
power generation. This gives designers and users the abil-
ity to control the system and adjust its performance easily.
However, the widespread development in grid-connected PV
systems, especially in places far from the main grids or
those connected to sub-grids only, has made reactive power
compensation and harmonic tuning another major considera-
tion. The three-phase inverter circuit can be compatible with
the three-phase reactive power compensator. It can output
reactive power and reduce current distortion to the grid by
appropriate control of the inverter currents [60], [61].

Some studies have combined ZSI with reactive power
compensation or harmonic tuning. The firing time has
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been combined with sinusoidal pulse width modulation
(SPWM) [62], [63]. A standardized grid-connected photo-
voltaic system control with reactive power compensation and
harmonic tuning based on ZSI has been proposed [64].

6) ANALYSIS OF ACTIVE AND REACTIVE POWER OF PV
SYSTEM

Fig. 30. shows the Thevenin equivalent circuit for the grid-
connected PV system where the Z, = X, + R, is the
equivalent impedance of the grid side [60].

FIGURE 30. Thevenin equivalent circuit of grid-connected PV system.

When the unity power factor is adopted to control the PV
system, the grid voltage V),, changes to AV),, so the identical
current also changes to Alj, as follow:

AP, Vy(cosP + jsind)
Sk

where, AP), is the change in PV output active power, V), is
the rated voltage at the point of common coupling (PCC), Sk
is the short circuit capacity, Q is the equivalent impedance
angle, and Al is the change in the active current of the PV
system. According to the previous equation, when the PV
output is greater than a certain value, the PCC voltage is
higher than the normal values. Furthermore, when the PV
system is connected to the reactive power voltage control
mode, the change in the grid voltage can be expressed by:
AV, = ASpyVpylcos(@ + 0) + jsin(D + 0)] (14)
Sk
where, AS), is the change in active power generated by
the PV system , 6 is the power factor angle of the system
connected to the PV grid, and Al is the change in the reactive
current in the PV system, from (46), the path of change is
shown in the Fig. 31.

AVpy = ARy +jX,) = (13)

0 Al

Sy

FIGURE 31. Vector analysis diagram for voltage change caused by the PV
system.

As per Fig. 31, when the PV output active power is
increased, the AV), is at the top of the x-axis. This means
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that the grid-connected inverter’s reactive power can be reg-
ulated and keep the PCC voltage constant. When AV, at
point A in Fig. 34., the V), will equal V. Therefore, the
grid-connected PV system must fully use the inverter’s reac-
tive power control to implement reactive power and voltage
regulation [60]

7) ACTIVE AND REACTIVE POWER CONTROL OF ZSI

Relying on the instantaneous power theory, the relation of
instantaneous active power p and reactive power q with grid
voltage Vy and V, can be formulated in the synchronous
frame of reference (d — q) as follow [63], [64]:

3
P= E(led + Vyly)
3 (15)
q= E(leq + Vyla)

where I; and I, does ZSI produce the active and reactive
output currents. Since the grid voltage q is zero, (15) can be
simplified to

3
P= EVdId

: (16)
q = EVqu

So, the active and reactive power of the ZSI can be con-
trolled by adjusting the active current /; and reactive current
I, produced by ZSI in a synchronous frame of reference.
The ZSI mathematical model can be formulated as men-
tioned before in equations (9) and (10), which means that the
inverter output currents I and I, can be controlled separately
from the reference current signals /7 and I; as shown in
Fig. 31. Finally, the active and reactive power of ZSI can be
controlled.

V. CHALLENGES AND FUTURE DIRECTIONS

From the above it is clear that achieving all the advantages
and overcoming all the disadvantages through one ISN design
is impossible. Hence, several models have been proposed
to complement the shortcomings of ZSI topologies depend-
ing on the intended application. The main challenges are
increasing efficiency and reducing the system’s overall cost.
But the efficiency of the inverter requires a balance between
increasing the advantages and reducing the disadvantages,
for example, increasing the gain factor to the extent that the
switches withstand voltage stress without damage. From the
above, the passive components, such as capacitors and induc-
tors, are the major contributors to the total cost of inverter
design. The performance of the inverter is also closely related
to the number of switches used in the design. Hence, a trade-
off must be ensured while forming the impedance network
with active and passive components.

Moreover, the control techniques used in the system, will
greatly affect the performance of the inverter in terms of
losses. Therefore, in future work, researchers can use the
active component based on GaN and SiC, which may reduce
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TABLE 8. Review of previous ZSI control strategies.

Control Sense Control
method Controller type Signal variable Drawbacks Ref.
e Controller is designed based on a second order
model.
+
SCL +PID Ve Do e Modified simple boost control is implemented. 78]
e Consider dynamics of impedance network only.
. e Estimate Vc-link by measuring Ve and Vin.
SCL + PID VM mode: o Vin controller small- signal model [98]
V; and Vin . ; L
e Good input and load disturbance rejection.
+ i . .
SCL PI. with Ve: vo (2, b, D, e Controller is not designed. [99]
saturation c)
e Controller is designed by ANN.
e Capacitor voltage is linearly controlled by K =
VCa 170 (aa by Ve
SCL + PI %) D, v [81]
e Enhances disturbance rejection from load and
V. control input variations.
(indirect)
SCL nonlinear (gain V.. v, (ab e Complicated control algorithm.
scheduling + state ¢ ‘;) > D,& M |e Controller is very stable in steady state operation. [26], [27], [28]
feedback) control e Not suitable for rapidly varying reference point.
MCLA+ P for inner vy : E/htlgﬁlte ttral}sfer of :lc-sll(c.le disturbance to ac side.
currentand PI for | ‘¢ > 'ef | p g v [° BXeeientreierence tracking - , [29], [34]
outer voltage loop | > icf(ab,0) e rejection of disturbances arising from input and
output sides
e Controller is not designed or tuned by ANN.
V;, Vin and e Achieves better steady and transient performance
i D, and stability compared to single-loop control. 291, [30], [31]
DLC + PI e Enhances disturbance rejection
PM : . .
CPM mode e Increases the phase margin and offers simple
V., Vin and . [79]
i, compensator design
v e Controller is inaccurate due to non-linear relation
de—link between V. and V.
e Controller is not designed.
+ . . .
SCIéonl:rlglglzzy D, e Modified simple boost control is implemented [32]
Indirect e Improve transient response
V. control e Enhances disturbance rejection
e Simplifies controller design
SCL + PI with Viac—tink e ST is not controlled.
; M : : (33]
saturation e controller is not designed.
e Extrinsic complicated sensing circuit.
+ ,
SCL+PID Vac-tink D,y Controller is not designed. (341 [81]
v e Modified simple boost control is implemented.
de-link e Improves transient response.
+ . L
Direct Vg, DCL +PI D.&M e Enhances disturbance rejection. 331
control e Simplifies controller design.
DCL+PI for outer Vac—tink
Ve loop, and P for D, e A simple control of the ZSI. [36]
inner current loop.
Unified Vp(a, b, ¢) V* with e Controller is not designed. [37]
control MSVM e Used for isolated loads.
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TABLE 8. (Continued.) Review of previous ZSI control strategies.

e Controller designed from large-signal model of
converter.
e Stable and robust to large parameter, line, and
D, &M | load variations. [86]
Yoa.b.0) e Fast response, less current ripple when subject to
large load/source variations.
e Complex control algorithm
e Simple and easy to implement.
Indirect V;;{ SCL + PI with D e Performs rough regulation. [33]
control saturation vin and v, ° e Did not consider the impact of impedance
network (RHP pole etc.) in stability.
Vin, U, Vo(a,b, e Low cost and ease of digital implementation.
e Battery-assisted QZSI control which controls the
SCL+ P ! ) D. state (I;}f/” charge (SOC) of the battery and the power (861
and io a.b. ¢) injected into the grid.
In(.iirect e Controller designed from large-signal model of
Vin, lin, Vo » converter.
lo Sliding mode (SM) | Vin, {in. Vo(a.b, e Stable and robust to large parameter, line, and
) D, &M | load variations. [321, [77], [78]
control e Fast response with less current ripple when
subject to large load/source variations.
e Complex control algorithm.

TABLE 9. A summary of the reference frames used for grid-side control. [37].

Feature(s) Synch. Reference frame Stationary reference frame Natural reference frame
Transformation dq0 af0 abc
Control . . .
variables DC Sinusoidal 19, 3¢ variables
Controller(s) PI PR (PL, PR, hysteresis)
Controller o Suitable to sinusoidal
.. Suitable for DC quantity. Suitable for AC
characteristics . .
e High gain at wr, ess=0
Grid phase
angle PLL & arctangent function PLL & arctangent function PLL & arctangent function
extraction
Modulation Yes, for switching the Yes, for switching the power No, power devices are
necessary power devices. devices. switched directly.
e Voltage feedforward is e Uncomplicated control. e Extremely complex
requisite for cross e @ is not requisite. control.
Evaluation coupling. e 0 is not requisite.
o 0 is requisite for o Separate control of each
estimate. phase.

component losses and improve the efficiency, reliability, and
power density of these inverters. Accordingly, the expansion
of this work can be predicted by considering the following

objectives:

« Work on developing impedance source network models

of the whole system.

VI. CONCLUSION AND PERSPECTIVES

« Replacing two-stage inverters with ISNs reduces con-
verter loss and improves the reliability and power quality

in terms of boost factor, the voltage stress on compo-
nents, the total number of devices, and most importantly,
inverter efficiency.
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Since the first model of ISNs appeared, wide areas of research
have opened up for many improvements and modifications
to the inverter chassis models. In this review, an overview of
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several models of impedance source network inverters devel-
oped from the original ZSI or semi-ZSI format is presented.
In fact, although it has not received enough attention, the
EB-QZSI inverter has many advantages in the field of energy
conversion, and they are summarized in Table No. four. This
review also provided a compilation of the modified PWM
techniques to suit impedance source network inverters that
have been addressed in the literature with their applications
and advantages for specific goals and objectives for their
essential role in improving inverter performance. Hence, the
study concluded that MCBC and MSVC may be the best
performers in terms of ST work ratio, effort gain, and rein-
forcement ratio.

Finally, the study presented a proposal for an integrated
inverter input and output control technology. Including
DC-link voltage control methods, current control techniques,
in addition to clarifying the concept of decoupling control in
order to achieve the best performance of the grid connected
system.
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