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Many inverter topologies are used for industrial automation, electric vehicle charging
stations, and grid integration for renewable energy. Of the different inverter
configurations, the Z-Source Inverter (ZSl) receives attention in grid integration of
battery and photovoltaic panels. This is due to the unique feature of ZSI, which allows
for voltage boost operation in addition to the traditional dc-ac conversion. The power
structure of ZSI includes an impedance network interfaced between the input dc
source and the 3-leg inverter. Switching frequency and input dc-link voltage have an
impact on the performance of the impedance network to start off with, which directly
impacts the output characteristics of the inverter as well as the sizing of the
components. The impact of the chosen switching frequency on the amount of dc-link
current and voltage stress on power electronic switches and load is carefully analyzed
in this work. The ideal best-fit values for various parameters, such as switching
frequency, modulation index, shoot-through time, and amplitude of dc-link current on
the power delivery of ZSI are also supplied with the pertinent mathematical formulas
and MATLAB/SIMULINK-based validation. The paper aims to discuss the issues
pertaining to the impact of the impedance network values on the energy supplied to
and delivered by ZSI in terms of the current drawn at the input as well as the voltage
obtained at the output. Through the presented work, an exact idea about the input
current required by the ZSI can be determined, which can assist in the selection of the
input source and its subsequent grid integration.

1. Introduction

The advent of high-power electronic devices has made it possible to convert and control
electrical power in a variety of applications, including rectifiers, inverters, industrial drives, and
HVDC transmission [1-4]. Through the implementation of a suitable inverter topology and control
strategy, it is possible to convert the direct current (DC) power derived from energy storage devices
like batteries, fuel cells, etc., as well as renewable energy sources such as solar and wind energy
into controllable alternating current (AC) output. This ac output can then be seamlessly integrated
into the existing electrical grid [5-6]. The impedance offered at the input of a voltage source
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inverter (VSI) is small, but the output voltage is independent of the nature of the load. On the
contrary, in the current source inverter (CSl), there is a huge input impedance connected between
dc source and inverter power structure, enabling the input dc current to remain constant [5-6].

The voltage source-driven converter exhibits buck and boost operation when employed in
inverter and rectifier modes, respectively. The CSI, in the context of this study, operates as a boost
converter when functioning in the inverter mode, as described by [1-5]. There are certain
limitations associated with VSI which include reduced ac voltage compared to input dc link as well
as restriction in turning on complementary switches together in any leg as it may cause an
imminent dead short circuit. A delay / dead band circuit between the gate pulses for the
complimentary switches avoids the short circuit issue. The fall in output voltage occurs as a result of
decreased use of the dc link in this operation. One limitation of CSl is that it is imperative to ensure
that at least one switch from both the upper and lower sets remain closed, as leaving any of them
open can result in detrimental effects on the source inductor and adversely affect electromagnetic
interference (EMI) performance.

The ZSI possesses a unique characteristic that distinguishes it from other inverter topologies.
Specifically, it has the capability to deliver an output voltage that can be either decreased or
increased relative to the input dc link voltage. The characteristic feature of ZSI is achieved through
the incorporation of a symmetrical impedance network comprising a switching inductor and
capacitor. The input impedance network in the Z-source inverter serves the purpose of constraining
the extent of dc link variation, achieving a level of voltage limitation that is comparable to that
observed in the VSI. Users have the ability to activate a short-circuit state in the complementary
pair of switches while simultaneously benefiting from the current limiting capability inherent in the
CSl design Peng et al., [1] and Rajakaruna et al., [7].

Consequently, the resultant voltage is amplified, thereby augmenting the operating potential of
the inverter. Furthermore, it provides a viable power conversion topology capable of modifying the
output alternating current (ac) voltage to a specific level based on the direct current (dc) link input
voltage. The determination of the output voltage level is contingent upon the short circuit states
and their corresponding short circuit timings, as stated by Rajakaruna et al., [7]. ZSI is employed
due to its unique characteristics that enable it to overcome the limitations of conventional voltage
source and current source inverters. The absence of an intermediate power converter step in the
ZSl enables the adjustment of ac voltage, hence facilitating efficient operation.

The design of an impedance network consisting of a switching inductor and capacitor at the
input of the inverter is an intricate process. Design for the said components depends on the
amount of time for which the short circuit state is going to be continued within the ZSI during every
switching cycle at the same time, and also depends on the amount of boost-up voltage to be
obtained at the output of the ZSI based on the input dc voltage [8-10]. The selection of design
parameters, apart from deciding the performance of ZSI, also provides a handful of relevant
information in terms of the sizing and energy storage capability of the impedance network. The
amount of energy stored and delivered by the impedance network as a whole, with individual
contributions of switching inductor and capacitor, decides the domain of application for the
inverter with its operational characteristics, which sheds light on the suitability of the components
in regards to accommodating it in a practical system.

In this paper, a detailed analysis of the impact of switching frequency and modulation index on
the input current drawn on dc side of ZSl is carried out. The analysis is done using the simulation
tool as well as the mathematical design of the converter. The dependence of input dc current on
various parameters is deduced, and accordingly, a detailed simulation study is conducted. The
extent of impact of individual parameters on the input dc current is looked into and accordingly
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summarized or tabulated such that inferences based on it can be drawn. The aim of the analysis
carried out is to be able to visualize the change in output of the converter due to the parameter
variation and also be able to correlate the impact of parameters on the sizing of the various
magnetic components used in the formation of the impedance network. Results and findings are
discussed with the help of graphs and waveforms for apt visualization. The best-fit values for the
switching frequency, inductance, capacitance, and switching frequency can be obtained using the
analysis presented in the paper. The purpose of this study is to explore the effects of the
inductance and capacitance of the impedance network on the energy supplied to and delivered by
ZSl in terms of the current drawn at the input and the voltage obtained at the output. Through the
provided work, it is possible to get a precise understanding of the input current needed by the ZSlI,
which can help with the choice of the input source and subsequent grid integration.

2. ZSl: Power Topology, Control and Design
2.1 7SI Power Topology

The construction of ZSl is comparable to a conventional three-phase bridge inverter with the
exception of the presence of an impedance network consisting of an inductor and capacitor at dc
link side. The power topology of the ZSI is shown in Figure 1. In comparison to the conventional
inverter power structure, the ZSI contains nine distinct switch transitions that include six active
output states, two zero output states, and one short circuit state (also called a shoot-through state)
at the dc link side for output voltage enhancement [1-3]. The desired short circuit state of ZSI is
produced by providing a gating pulse to both switches on one leg (complementary pair), and this
modality can be carried out for one leg, two legs, or all three legs of the inverter. This shorts the
supply terminals and creates the additional state leading to the extraction of higher output voltage.
The said short circuit is not permitted in the VSI as it will short-circuit the dc link terminals leading
to its damage on account of the low value of impedance provided by dc link side [11-13]. A total of
seven possible short circuit states can be realized by either engaging the short circuit in one leg,
two legs, or all three legs of the inverter. The realization of the short circuit states is ensured by the
high input impedance provided by a symmetrical network made up of inductors and capacitors. For
a particular dc link input, these short circuit states result in energy storage in the impedance
network on the dc link side, which increases or decreases the inverter's output voltage [1-3, 7-8].
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Fig. 1. Power topology of conventional Z-Source Inverter (ZSl)
2.2 Control Strategy

Traditionally, ZSI (Zero Sequence Injection) is regulated through the use of different control
schemes, namely Simple Boost Control, Maximum Boost Control, and Maximum Constant Boost
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Control. The control approach utilized to assess the relationship between input direct current and
switching frequency and modulation index is known as Simple Boost Control (SBC) [9, 14-17]. In
order to attain the required output voltage in a Switched Boost Converter (SBC), the active states
are integrated with two adjacent active output states, zero output states, or short circuit states
within each switching cycle, as determined by the switching frequency. The switches in each phase
or legs operate during a switching cycle to achieve an even distribution of short circuit states while
maintaining a consistent overall switching length [8, 9, 18-20]. The short circuit states can lead to
the achievement of increased ac voltage compared to input dc voltage [21-25]. Figure 2 illustrates
the process of PWM generation using a simple boost control technique.
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Fig. 2. Simple Boost Control (SBC) PWM scheme

o

2.3 Impedance Design of ZSI

On account of the short circuit state, ZSI incorporates the capability of buck-boost dc-dc
converter along with that of the VSI. Selection of the inductors, L1 and L2, and capacitors, C1 and
C2, of the impedance network is critical for the desired operation of the ZSI. Looking at the power
structure of ZSI, it can be deduced that L1=L2=L and C1=C2=C as the circuit with impedance
network is a symmetrical network [9, 10]. The design equations for the ZSI are derived by analyzing
the active output, short circuit and zero output states [7-9]. The design equations having the
contribution of V; (inverter output voltage), M (modulation index), B (boosting factor), Vs (dc supply
voltage), Ds (shoot-through duty ratio), T, (shoot-through time), T (switching time) is derived based
on the said concept and the same is mentioned below:

=5 (1

2 —3V3
= =2 @)

= — (3)

73



Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 57, Issue 2 (2026) 70-79

1
-2

(4)

Also,

= (5)

= . = (6)

By using equation 5 in equation 6,

= (55 —) (7)

The Voltage gain, G, which is computed over one switching instant can be correlated with
modulation index M as:

= = (55—) (8)

On combining the equations or relations, the expressions representing the values of impedance
network components viz. inductance and capacitance can be expressed as:

3
( )= 8 (1— ) 1000000 (9)

2 a- )

( )=—3 (10)

1000

where (output current) is , P is Power rating (range 1kW - 100kW), is voltage ripple

across capacitor (range 0.5 % - 10 %) and = current ripple in the inductor (range 0.5 % - 10 %),
is load power factor

3. Results

Based on the mathematical relations derived, it is indicative that B, M and f., are not decoupled
and inter-related to each other. Figures 3, 4 and 5 shows the value of output voltage of ZSI and
input dc-link current drawn for f,w and M of 6 kHz & 0.9, 10 kHz & 0.9 and 20 kHz & 0.85
respectively. The selection of the modulation index and switching frequency is done based on the
practical constraints normally followed in a power converter circuit. While fulfilling the requirement
of output by the inverter at the application end, the order of voltage and current stress experienced
by the switches and impedance component is something that cannot be ignored. The stress in-
terms of current, voltage and heating play a vital role in effective or optimal performance of the
circuit on the desired lines. This is the primary reason for selecting the above-mentioned values and
accordingly the analysis is carried out on the simulation software or tool. Table 1 consolidates the
results for dc-link voltage, V4, input dc current, /4, output voltage of ZSI, Vin, at M of 0.9. Table 2
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consolidates the results for for dc-link voltage, Vu., input dc current, /4, output voltage of ZSI, Vin, at
different values of M. The magnetic component design, carried out as a part of this work, indicates
that /4. and fsw affects the sizing of the passive components. Higher I drawn correlates to larger
size of inductor as well as capacitor. Where-as the higher switching frequency translates in smaller
size of the passive components.
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Fig. 3. Inverter output voltage and input current at 6 kHz switching frequency and
0.9 modulation index
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Fig. 4. Inverter output voltage and input current at 10 kHz switching frequency and
0.9 modulation index

Smaller the size of the passive components forming the impedance network of the ZSI, better
the levels of efficiency as well as order of energy delivered at the output of the inverter which will
suffice the need of the application. The constraint on size of the impedance network components
leads to better chances of accommodating the said components in the hardware setup of the
system where space constraint plays a vital role. The reduction in size of impedance network
components on account of selection of higher switching frequency as well as modulation index
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leads to significant reduction in the order of current drawn by the said network. This reduction in
the value of current drawn contributes in reducing the order of losses incurred in the system as well
as amount of heat generated by the system which indirectly affects the output range of the inverter

in-general.
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Fig. 5. Inverter output voltage and input current at 20 kHz switching frequency and

0.85 modulation index

Table 1

Result for shoot-through index of 0.9 at various switching

frequencies

Vac (V) Jow (kHz) Lic (A) Vin (V)
140 6 24 233
140 8 15.8 190
140 10 13.8 185.5
140 12 11.5 178
140 14 11.9 178.1
140 16 9.7 172.5
140 18 10 170
140 20 9.1 166
Table 2

Output of inverter at different switching frequencies and
shoot-through indices

Vie (V) M fsw (kHz) lac (A) Vin (V)
140 0.9 6 21 230
140 0.9 8 16.5 195
140 0.9 10 14 185
140 0.87 15 13 198
140 0.88 15 13 190
140 0.86 15 14 208
140 0.86 16 13.2 205
140 0.86 17 12.6 202
140 0.85 18 12.8 210
140 0.85 19 12.4 207
140 0.86 19 11.7 198
140 0.85 20 11.9 205
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Further analysis for the same load at different switching frequencies and various shoot-through
indices have also been carried out and the results are tabulated as follows. As clearly indicated in
the mathematical relations, the variation in switching frequency leads to variation in output voltage
of the inverter even if the modulation index is kept constant. Figure 6 shows trend for variation of
output voltage with variation in switching frequency at 0.9 modulation index. Table 1 consolidates
the above-mentioned variation. Similarly, the consolidated switching frequency variation and
shoot-through index variation is tabulated in Table 2 below. The tabulated results and the exhibited
waveforms provide an idea about the value of input current drawn from the source based on the
value of modulation index as well as switching frequency selected. Based on this study, the rating
and specification of the dc source which can act as a prospective source whose power can be
extracted and integrated with the grid can be arrived upon. The said study also provides
information about the suitability of the dc source like battery or photovoltaic module which can be
integrated with the ZSI based on the order of current which is a function of the switching frequency
and modulation index of the control strategy.
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Fig. 6. Result analysis for 0.9 shoot-through index at different switching frequencies

4. Conclusions

The analysis and simulation results reveal that switching frequency and modulation index have
significant impact on the value of current drawn by the VSI from the dc-link. The input dc current
drawn by the converter as well as the switching frequency selected as part of control strategy
affects the sizing of impedance network components. Higher dc current results in increased size of
the inductor and capacitor as the stress on the component increased significantly. This is on
account the fact that the input dc current drawn by the converter increases significantly with
increase in the short circuit stage time duration. To be able to withstand the said short circuit
current and be able to store the energy, a high amount of inductance is required. Similarly, this
larger time duration of short circuit stage resulting in higher input dc current also increases the
output ac voltage of the converter which is primarily due to higher dc voltage generated at the
impedance network. This higher dc voltage has to be stored in energy form across the capacitor
which eventually affects the sizing of capacitor too. As the current drawn, inductance value and
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capacitance value is increased, the overall loss incurred during operation of the converter also
increases leading to significant increment in the component sizing. Conversely, higher switching
frequency results in reduced size of the passive components. A trade-off is expected to ensure that
the output voltage of the ZSI is not compromised at the same time a higher input current is not
drawn for a given range of switching frequency and modulation index. From the tabulated results,
the best fit values are determined. In addition to this the results also helps in determining the rating
and specifications of a potential dc source whose power can be drawn from and incorporated into
the grid. The aforementioned study also provides details on the compatibility of the dc source, such
as battery or photovoltaic module, which can be paired with the ZSI. The compatibility of the dc
source, such as battery or photovoltaic module, depends on switching frequency and modulation
index of the control strategy.
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