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Abstract

Z-source inverters (ZSIs) provide single-stage power conversion with inherent voltage
boost capability through shoot-through (ST) states achieved using specialized PWM meth-
ods. This study compares various ST PWM strategies, Simple Boost PWM, Maximum
Boost PWM, Constant Boost Third Harmonic Injection PWM, and Space Vector PWM, for
high-voltage boost ZSI (HVB-ZSI) applications. A MATLAB/Simulink 2024a model was
developed to assess their performance in terms of output-voltage quality, THD, capacitor-
voltage stress, switch stress, and inductor—current ripple. Results indicate that while all
techniques enable ST operation effectively, their voltage stress and harmonic performance
differ notably, guiding optimal PWM selection for advanced ZSI-based systems.

Keywords: high voltage boost ZSI; PWM; THD; shoot-through control

1. Introduction

Renewable energy sources such as solar panels and wind turbines generate electricity
at variable voltage levels due to changing environmental conditions like sunlight and
wind speed [1,2]. To efficiently deliver this electricity to the grid or connected loads, it is
often necessary to increase the voltage [3]. Boosting the voltage helps match the output
of renewable sources with the required grid or load voltage. This not only ensures proper
power transfer but also reduces transmission losses and improves the overall efficiency of

T —— the system. Electricity grids operate at fixed, standardized voltage levels. Therefore, to

integrate renewable energy systems smoothly into the grid, it is important to adjust the
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output voltage of these sources to match the grid voltage. High voltage boost converters
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are used to achieve this, making the connection between renewable sources and the grid

Published: 12 May 2026 more reliable and efficient [4].
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The Z-source inverter (ZSI) has emerged as a significant innovation in power con-
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version technology, offering an integrated solution for both voltage boost and inversion
This article is an open access article

in a single stage [5,6]. This makes ZSI highly suitable for renewable energy applications
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Eng. Proc. 2026, 140, 7 https:/ /doi.org/10.3390/engproc2026140007


https://crossmark.crossref.org/dialog?doi=10.3390/engproc2026140007&domain=pdf&date_stamp=2026-05-13
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/engproc
https://www.mdpi.com
https://orcid.org/0000-0002-9174-7067
https://orcid.org/0000-0002-9008-5188
https://doi.org/10.3390/engproc2026140007

Eng. Proc. 2026, 140, 7

20f11

converter, known as the improved High Voltage Boost Z-Source Inverter (HVB-ZSI), has
been proposed in [7] to further enhance voltage gain and system performance. It employs
an input capacitor and active switches to make the current in the Z-source network flow in
the reverse direction, which makes the inverter not only have high boost capacity but also
can adapt to a wide range of load changes. The structure and operational principles of the
improved ZSI model are presented in the subsequent sections of this article.

Whereas Pulse Width Modulation (PWM) plays a pivotal role in the control of power
electronic converters, particularly in ZSIs, where it governs both the shoot-through (ST)
state and overall power conversion efficiency [8]. In ZSIs, ST states are deliberately intro-
duced within the switching cycle to enable voltage boosting [9]. The way these ST pulses are
generated and inserted into the switching sequence directly impacts the inverter’s voltage
gain, switching stress, better harmonic performance, and improved system stability [10].
Over time, several PWM techniques have been developed to effectively manage ST states
in ZSIs. Among the commonly used methods are Simple Boost PWM (SBPWM), Maximum
Boost Control PWM (MBCPWM), Third Harmonic Injection-based Constant Boost Control
PWM (THI-CBCPWM), and Space Vector PWM (SVPWM). Each technique has its own
operating principle and suitability depending on the application needs.

Although several PWM techniques have been developed for ST control in conventional
ZSIs, there is a lack of focused studies that compare their performance when applied to
advanced high-voltage gain ZSI topologies. This creates a research gap in understand-
ing which modulation technique provides optimal performance for such enhanced ZSI
architectures. This study centers around a newly proposed ZSI topology with enhanced
boost capability, offering key advantages, such as reduced voltage stress on the Z-source
capacitors and effective limitation of inrush current during startup. Various PWM-based
modulation techniques are considered for generating ST pulses suitable for this high-gain
configuration. A comprehensive discussion is carried out on the control methodology and
its impact on overall inverter performance. Comparative analysis of different ST control
strategies is presented, and the proposed approach is evaluated using detailed simulation
studies in the MATLAB/Simulink 2024a environment to demonstrate its performance and
suitability for advanced power-conversion applications. The novelty of this work is the
development and implementation of an optimized ST pulse generation strategy for an
HVB-ZSL

2. HVB-ZSI

The newly developed improved high-gain ZSI topology presents an efficient and intel-
ligent solution for achieving substantial voltage boosting without introducing additional
system complexity [7]. One of the key advantages of this design is its ability to generate
significantly higher output voltage even with minimal ST duration, thereby enhancing
efficiency while reducing switching stress. A major improvement lies in the considerable
reduction in voltage stress on both the inverter bridge and the Z-source capacitors. This
not only minimizes the likelihood of component failure but also extends the operational
lifespan of critical components, leading to improved system reliability. Furthermore, this
inverter topology incorporates inherent protection against high inrush currents during
startup. An additional innovation is the integration of an input capacitor and an active
switch within the impedance network. This configuration enables current reversal within
the Z-source network, thereby enhancing the inverter’s adaptability to varying load condi-
tions. The ability to handle reverse current effectively allows the system to respond rapidly
to dynamic power demands, making it highly suitable for applications such as renewable
energy systems and electric drives. The circuit configuration of the HVB-ZSI is illustrated
in Figure 1.
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Figure 1. Circuit configuration of HVB-ZSI.

The various modes of operation of the enhanced HVB-ZSI are systematically analyzed
to understand its dynamic behavior under diverse operating conditions. This analysis
focuses on how the inverter responds to variations in load and switching sequences,
thereby highlighting its superior performance and adaptability compared to conventional
ZSI topologies. The enhanced HVB-ZSI operates through three distinct switching states:

e ST Zero-Vector State: Both switches in a phase leg are turned on, enabling energy
transfer from inductors to capacitors for voltage boosting.

e Conventional Zero-Vector States: All upper or all lower switches are on, resulting in
zero output voltage while supporting power balance and ST timing.

e  Active Vector States: These states transfer power to the AC load, shaping the output
waveform and enabling high voltage gain with enhanced modulation control.

The eight switching states of HVB-ZS], as illustrated through corresponding circuit
models in [7], encompass ST zero-vector states, conventional zero-vector states, and active
vector states.

In Figure 1, the following assumptions are made for simplification: the capacitors are
equal, i.e., C; = Cy; all inductors are identical, i.e., L; = Ly, = L = Ly = Ls = L¢; and the
corresponding capacitor and inductor voltages are also equal, i.e.,, Vc1 = Voo = Ve and
Vi1 = Vip = Vi3 = V4 = V15 = Vi = V.. With these assumptions in place, the ZSI's
operating states can be described as follows:

State 1: In this ST state, the inductors store energy while the capacitors discharge,
resulting in the inductor voltage expressed as,

Vi =Vpc+ Ve 1)

State 2: The inverter continues to operate in the ST zero-vector mode. During this
state, the capacitors in the Z-source network, along with the input capacitor, work together
to charge the inductors. As a result, the current through the inductors begins to rise in the
positive direction.

State 3: The inverter transitions to a conventional zero-vector state, and the inverter
delivers no active power to the load as switches maintain a non-conducting or balanced
state. During this state, the input voltage is given by Equation (2) and the total inductor
voltage satisfies Equation (3), indicating energy transfer from capacitors to inductors.

Vin = Vpc +2V¢ ()

3V =-V¢ 3)
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State 4: In active vector state, the inverter delivers power to the load by generating a
non-zero output voltage through proper switching. In this state; the diode current, ip > 0
and iy > ij,, also the input voltage is expressed as per Equation (4), indicating continued
voltage boost and energy transfer.

Vin = Vpc +2Vc 4)

State 5: During this state, the inverter effectively transfers power to the load, with
inductor current bounded as, % i, < ip < ij, ensuring controlled energy delivery and
stable operation.

State 6: In this operating condition, the inductor current lies within the range
0< i< %iin , indicating partial energy storage in the inductors and minimal contribution
to load power.

State 7: The inverter remains in the active vector state, with switch SW7 continuing to
stay closed, allowing sustained power transfer and maintaining the desired current flow
within the circuit.

State 8: The inverter is operating in the standard zero-vector mode, where the output
voltage is zero and the switching devices are arranged to maintain a neutral state without
delivering power to the load.

The final expressions establish the key voltage relationships in the HVB-ZSI [7]. The
capacitor voltage is defined by Equation (5), the DC-link voltage by Equation (6), and the
boost factor by Equation (7), clearly illustrating how the ST duty ratio ds; influences voltage
boosting. These equations are derived by systematically simplifying the circuit models
corresponding to switching states 1 through 8.

o 3dst
VC_1*4dst Vbe ()
C1+2dy
Vi —dec—BVDc (6)
1+2dg
- = 7st 7
B 1—4dy @

3. Overview of PWM Approaches

In the context of ZSIs, PWM techniques are not only responsible for voltage regulation
but also for embedding ST states. The way these ST intervals are generated and positioned
within the switching cycle directly affects the inverter’s boost factor, capacitor stress,
efficiency, and harmonic performance [11]. In this study, different PWM strategies are
evaluated for an HVB-ZSI topology. The goal is to determine which modulation approach
is most compatible and efficient for this improved inverter architecture.

3.1. Simple Boost Control PWM (SBPWM)

In SBPWM, with 0 < dg; < 0.5, the ST pulses are inserted in the zero-vector time of the
traditional PWM waveform, which reduces the available time for active switching vectors,
thereby limiting the modulation index (M). One of the main advantages of SBPWM is its
simplicity in implementation, as it does not require complex reference-signal generation
or space-vector calculations [12]. Figure 2 shows the switching diagram of the SBPWM
switching sequence applied to the HVB-ZSL
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Figure 2. ST pulse generation of the SBPWM switching sequence implemented in the HVB-ZSI.

3.2. Maximum Boost Control PWM (MBCPWM)

MBCPWM is an advanced ST control technique used in ZSIs that maximizes the
voltage gain by fully utilizing the available zero states within each switching cycle for ST
insertion. MBCPWM achieves this boost without limiting the modulation index, thus en-
suring better output-voltage quality and higher DC-link utilization [13]. Figure 3 illustrates
the switching diagram of the MBCPWM switching sequence as applied to the HVB-ZSI.
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Figure 3. Pulse generation of the MBCPWM switching sequence implemented in the HV—ZSI.

3.3. Third Harmonic Injection-Based Constant Boost Control PWM (THI-CBCPWM)

THI-CBCPWM effectively extends the linear modulation range and allows more time
for ST pulse insertion without compromising the amplitude of the output voltage. In this
method, ds; remains constant throughout the switching cycle, which simplifies control
implementation. The key improvement brought by the third-harmonic injection is that
it allows the fundamental component of the output to increase to 1.15 due to harmonic
injection. This results in better DC bus voltage utilization and reduced THD in the output
waveform [14]. The THI-CBCPWM switching sequence utilized in the HVB-ZSI is depicted
in Figure 4.

https://doi.org/10.3390/engproc2026140007


https://doi.org/10.3390/engproc2026140007

Eng. Proc. 2026, 140, 7 60f 11
T T Ref Signal A
20 I —_ = Ref Signal B
OV Ref Signal C
[ = Carrier Wave
-20 o = Max Constant
‘ L ! L ! ! ! ! ! ! Min Constant
1 T T T T T T T T T
I I | [ —S5
05 1 I | | qlm-$
| I | I
op==-=-1, ~r====-F- |====p===H, T===-r=- | = ===
= T T T T T I T T I s
S4
05 - n
( | I | I 1 1 |
1 ¥ f ¥ ¥ ¥ ¥ f ¥ f
| ! | -=-S3
0'(5)12---.-\ I-4----+_I JI————{----I\ Ry \-Jl 1|L-_-j—35
0 0.2 04 0.6 08 1 1.2 14 1.6 18 2
Time (in sec) x10°

Figure 4. Switching pattern of the THI-CBCPWM switching sequence implemented in the HV—ZSI.

3.4. Space Vector PWM (SVPWM)

This modulation technique enables more precise control of the output waveform and
allows for more efficient insertion of ST states. A significant advantage of SVPWM is its
ability to maximize the modulation index up to M = 1.1547. Moreover, SVPWM distributes
the switching transitions more evenly among the devices, reducing switching losses and
thermal stress. This makes it ideal for the HVB-ZSI architecture that seeks not only high
voltage gain but also reduced Z-network capacitor stress and limited inrush currents during
startup [15,16]. The SVPWM control sequence applied to the HVB-ZSI is illustrated in
Figure 5.
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Figure 5. Pulse generation of the SVPWM switching sequence implemented in the HV—ZSI.

4. Comparative Analysis of PWM Techniques for HVB-ZSI Control

The graphical presentation illustrates the analytical relationships between various
inverter performance parameters and the modulation index (M). Specifically, Figure 6a
shows the variation in duty ratio with modulation index, Figure 6b presents the boost
factor versus M, Figure 6¢ depicts voltage gain versus M, Figure 6d illustrates voltage stress
on the topology versus M, and Figure 6e shows capacitor-voltage stress versus M. It is
observed that different PWM techniques yield different values of modulation index for
the same shoot-through duty cycle. Based on the insights obtained from these graphical
analyses, a comparative evaluation of inverter performance parameters has been compiled
and presented in Table 1.
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Table 1. Comparison table.
Parameters SBPWM MBCPWM THI-CBCPWM SVPWM
Voltage boost factor, B 142dg —V/3M V3-M 107—9v3M
8 ’ 1—4dst 2V3M—n 2M—\/3 18V3M—87
i _ 27—3/3M V3M 3, 2r-3V3M
ST duty ratio, ds; 1-M oM 1-v3M 3 x 2 3v3M
. 3(1-M) 61—9v/3M 6—3v/3M 18w—27/3M
Capacitor voltage, V: M3 123V 43t 36VAM-16
Gain, G M X B Mrm—+/3M? V3M—M? 10tM—9+/3M?
’ 2v3M—nt 2M—+/3 18v/3M—87
Voltage stress on inverter bridge High Moderate Moderate to Low Moderate
. . Reduced due to TH
Voltage stress on Z-network capacitor High Moderate S Moderate
injection
Modulation index range Uptol Uptol.l Uptoll Up to ~1.15
Complexity of implementation Simple Moderate Moderate High

5. Result and Discussion

To evaluate the suitability of different PWM techniques (SBPWM, MBCPWM, THI-
CBCPWM, and SVPWM) for this inverter, comparisons should be made based on the
quantitative and qualitative criteria. A simulation model of a three-phase HVB-ZSI, con-
figured according to the parameters in Table 2, has been created in MATLAB/Simulink to
study its performance across various PWM modulation techniques presented earlier.

Figure 7 demonstrates the enhanced operational performance of the proposed HVB-
ZSI [7] compared to conventional ZSI models, as reflected in the improved diode current
profile, reduced voltage stress across the active switch, and smoother current transition
through the switch, demonstrating the effective current transfer mechanisms and clamping
action inherent in the HVB ZSI topology.

Figure 8a—d presents the simulation results for four different PWM techniques:
SBPWM, MBCPWM, THI-CBCPWM, and SVPWM. These results include waveforms of
the dc-link voltage, one-phase output voltage, inductor current, and capacitor voltage,
highlighting the dynamic response of each method. Subsequently, Figure 9a—d provides
the FFT analysis of the output line-to-line voltage for the same techniques, allowing for
comparison of harmonic distortion levels. Finally, Figure 10 illustrates the ripple current
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through the Z-network inductors under each PWM scheme, further emphasizing the impact
of the modulation strategy on current quality and overall inverter performance. The THI-
CBCPWM technique exhibits the lowest ripple amplitude, indicating more stable inductor

current behavior and reduced stress on the passive components. The key observations are
included in Table 3.

Table 2. System parameters.

Parameter Specification
DC supply 100V
Output frequency 50 Hz
Switching frequency 10 kHz
ST Duty Ratio 0.1925
Z-network capacitor 1200 uF
Z-network inductor 0.5 mH
Rioad 150
Lioad 23.13 mH
Power factor 0.9
ST Duty Ratio 0.1925 *

* ST duty ratio taken from reference no. [7].

Vollage (nV) ~ Curent n A)

Curtent (in A)

200 |

nn n.n n_nj

100

600 f
400 [

200
o

3

Diode Current

Active Switch VVoltage

Active Switch Current

.8

0.8001 O0.8002
Time (in sec)

0.8003

Figure 7. Waveform for diode current, voltage across the active switch (SW7), and current through
the SW7 switch.

Table 3. HVB-ZSI results with different PWM strategies.

Parameter SBPWM MBCPWM THI-CBCPWM SVPWM

ST Duty Ratio, ds 0.1925 0.1925 0.1925 0.1925
Modulation Index, M 0.8075 0.977 0.9324 0.8983
DC-link Voltage ( Vi) 6134V 603.6 620.3V 6114V
Inductor-Current Ripple (p—p) 25A 37.68 A 2945 A 6.023 A
Capacitor Voltage (V) 210.6 V 2512V 2131V 1511V
Output Voltage THD (%) 71.62% 71.62% 71.62% 66. 25%
Line Current THD (%) 0.94% 0.94% 0.94% 0.89%

Ve, Peak 390V 420V 385V 280 V

Inrush Current at stat-up 195 A 250 A 200 A 150 A
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https://doi.org/10.3390/engproc2026140007

Eng. Proc. 2026, 140, 7 9of 11

10
5

vV

n

(

Voltage

Voltage
(in V)
n S

Mag (% of Fundamental)

Mag (% of Fundamental)

DC Link Voltage Vout L-L

r ! 3 DC Link Voltage Vout L-L
00 g;1000r o _1000] - ! 8o 1000 :
@ o
E 2 g B
0 > 7-1000 3T > 000!
Capacitor Voltage " Inductor Current Capacitor Voltage , Inductor Current
00 £ 200] - £z 2
00 g% 100h. g2 200’”-—-—-———-————-—- 52 10,
0! ‘ 8 <0 i >o < 0 R ] 8 £ 0: " /
0 05 1 0 02 04 06 08 1 e 0 Time o sec) 1
Time (in sec) Time (in sec) med
(a) (b)
DC Link Voltage Vout L-L » )
1000 g i o 1000f S 00 DO Link Volage S om; ot
o) < £ 5w
~ . ¢ - TR
o g =
0 : S = 000 3 g
Capacitor Voltage Inductor Current S Capacitor Voltage z ) Inductor Current
400 € ~ 200 £ 20 £ :3
200’\ o 100l‘ & 100 RN
0 S5E 0 S
0 05 1 © 0 05 1 S 0 02 o4 06 08 1 3 o 02 o4 06 08 1
. _' . .. Ti : Time (in sec)
Time (in sec) Time (in sec) me (nsec
(0) (d)
Figure 8. Simulation results in case of (a) SBPWM, (b) MBCPWM, (c) THI-CBCPWM, (d) SVPWM.
Fundamental (50Hz) = 508 , THD= 71.62% - . Fundamental (50Hz) = 508 , THD=71.62%
30 ‘ ' ' ' , s = 1
=
20 R = =20 1
10 - f g 10 §
° 0 2000 4000 6000 8000 10000 ;Tc“; ° [e] ' 2000 I 4000 6000 8000 1 OIO(')O
Frequency (Hz) Frequency (H=)
(a) (b)
Fundamental (50Hz) = 508 , THD= 71.62% "_.cg
: . . . S __Fundamental (50Hz) = 540.3 , THD= 66.25%
20 B _‘.é
e 10
=
. . . . " b = o L L
0 o 2000 4000 6000 8000 10000 = o 2000 4000 6000 8000 10000
Frequency (Hz) = Frequency (H=z)
(0) (d)
Figure 9. FFT analysis of output line-to-line voltage in case of (a) SBPWM, (b) MBCPWM,
(c) THI-CBCPWM, (d) SVPWM.
30 Current Ripple 100 Current Ripple
< <
=] <
z 20 NWNVVVVVVVVVVVVY Z 4
3 5
S S
0.8 0.8002  0.8004  0.8006  0.8008 0.8 0.802 0.804 0.806 0.808 0.81
Time (in sec) Time (in sec)
(a) (b)
§ Current Ripple
= 40 Current Ripple = 30
= =
R S A Y Y Y A = NANANAENENAENANA N
= = 20 b
g 20 g
© 0.8 0.8001 0.8002 0.8003 < 10

0.8 0.8002 0.8004 0.8006 0.8008
Time (in sec)

(c) (d)

Figure 10. Ripple current through Z-network inductors in case of (a) SBPWM, (b) MBCPWM,
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6. Conclusions

Simulation results confirm that different PWM strategies significantly impact the HVB-
ZSI's performance in terms of voltage gain, shoot-through duty ratio, THD, and device
stress. Notably, the THI-CBCPWM technique provides the highest dc-link voltage (620.3 V)
and maintains a moderate inductor—current ripple (2.945 A) and a low-line current THD
(0.94%), making it suitable for high-voltage applications requiring voltage boosting with
acceptable current quality. MBCPWM delivers the highest capacitor voltage (251.2 V) but
suffers from excessive inductor current ripple (37.68 A) and high inrush current, which may
lead to stress on components. SBPWM and SVPWM show relatively balanced performance;
however, SVPWM demonstrates the lowest line-current THD (0.89%) and lowest inrush
current (150 A), making it favorable for applications focused on current quality and soft-
start behavior. Overall, THI-CBCPWM emerges as the optimal PWM technique for the
HVB-ZS], offering the best compromise between high voltage gain, controlled ripple, and
low harmonic distortion, making it highly suitable for renewable energy systems and
industrial motor drives where efficient voltage boosting and power quality are critical.
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Abbreviations

The following abbreviations are used in this manuscript:

ST Shoot-Through

7SI Z-source Inverter

HVB-ZSI High Voltage Boost Z-source Inverter
SBPWM Simple Boost Pulse Width Modulation
MBCPW Maximum Boost Control PWM

THI-CBCPWM  Third Harmonic Injection-Based Constant Boost Control PWM
SVPWM Space Vector PWM
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