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Abstract: This research investigated a novel Z-source inverter architecture with fewer passive components. The offered
inverter has several advantages, including low-frequency switching at 50 Hz, a straightforward modulation technique,
and a constant input current. Low switching frequency results in fewer switching losses, which improves the overall
efficiency of the inverter. The adoption of a straightforward modulation method allows for more exact control of the
output voltage frequency. Because of these qualities, this inverter architecture can be employed in solar applications.
This provides a thorough examination of shoot-through and non-shoot-through modes. The comprehensive mathematical
underpinning of various modes is described here, and the established mathematical equations are shown to be consistent
with the simulation. The number of components, which is only four in number, switching frequency, and boost factor of
the presented topology prototype are compared to various well-known topologies in the literature. The power density of
the inverter is 25% higher than the topology having the fewest number of components as reported till date for a single-
phase Z-source inverter. Finally, a laboratory prototype is created to corroborate the analysis and validation of the data
reported by the MATLAB simulation.
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1. Introduction

Significant research efforts are being conducted across the world in the fields of renewable energy conversion,
electrical transportation, and a variety of other industrial uses that need power converters or inverters. As a result, there
is enormous potential for building economically viable, technically possible, efficient, and dependable power converters
[1-3].

For short-circuit protection, a dead period is necessary between switches of the same branch in a typical inverter,
resulting in distortion of the alternating output voltage waveform. The overall efficiency of the whole system reduces
when introducing an intermediary DC-DC conversion stage for a weak DC source voltage. The aforementioned issues
pushed power electronics experts to have a conversion in only one step without sacrificing the boost of the input voltage
and, therefore, having good overall efficiency [1, 4, 5]. The Z-source inverter (ZSI) was introduced for the first time
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in 2002 [1]. In Figure 1, the circuit design depicts an impedance network in the shape of an X with two capacitors and
two inductors that allow buck-boost operation in the single-stage conversion of input power. In ZSIs, power electronic
switches connected in the same branch may be switched on at the same time without jeopardising the stability and
accurate operation of the inverter.

The last decade has seen huge progress in the development of the different topologies for ZSIs. At one end, the
researchers concentrated on modulation tactics, uses in the field of technology, and modelling [6, 7], while others
worked on developing novel topologies. The majority of the work is done for three-phase ZSls, but a substantial focus
is required for the development of single-phase ZSIs in low-power or micro-renewable energy systems. This work
proposes a new single-phase, half-bridge ZSI architecture for renewable energy applications.

In [8], a design with qualities comparable to ZSI but with fewer passive components is proposed; nonetheless,
because of the increased count of active devices, the switched boost inverter (SBI) requires a superior protection circuit
than ZSI. SBI’s typical DC-link voltage is just one-tenth of that of ZSI. Topologies presented in [9] offer an elevated
boost factor when compared to traditional types, with fewer counts of passive components and high efficiency when
compared to standard ZSI. After that, a better half-bridge switched boost inverter (HB-SBI) design has been proposed
with reduced voltage pressure on capacitors [10]. In comparison to the half-bridge ZSI with two Z-networks, the
suggested half-bridge quasi-switched boost inverter (HB-QSBI) features fewer passive components. Furthermore, as
compared to standard topologies, the suggested topology provides a high voltage gain and operates in a stable region.
The topology presented in [11] offers buck-boost capabilities as well as dual grounding. Moreover, the suggested
inverter has a larger voltage gain than the quasi-Z-source inverter (QZSI) and semi-ZSI. However, this topology
contains many passive elements.

Lashab et al. [12] proposed a dual-input QZSI for photovoltaic applications. This topology intends to get greater
power out of solar panels [12]. Iijima [13] proposes a novel switching approach for a ZSI with asymmetrical shoot-
through durations to eliminate the current ripple in its connected inductors. This method offers an inductor current ripple
reduced by 26.9% compared to a conventional scheme with equivalent shoot-through intervals.

For the reduction of losses, [14] proposes a new sinusoidal modulation approach. The successful implementation
of the sinusoidal modulation approach is validated using a prototype. In [15], various boost inverter topologies are
discussed for very small grid applications while having only single-stage power conversion. In [16], a new layout for
ZSIs based on the switching boost network (SBN) is proposed. The inverter in [16] is known as a dual-switched boost
inverter (DSBI). DSBI uses two cascaded switched networks to raise the SBI’s boost factor. One of the most essential
features of DSBI is that the proposed structure can be constructed even if the switched boost network is accessible as
a block with two I/O terminals. In [17], an extension of the quasi-switched boost inverter (QSBI) termed a high-gain
quasi-switched boost inverter (HG-QSBI) is presented. The boost factor of HG-SBI is 1/(1-3D) as compared to 1/(1-
2D), providing higher gain as compared to the QSBI. The input current of the inverter is continuous, and the modulation
strategy is similar to that of QSBI. However, the component count is higher than QSBI. In [18], the family of enhanced
boost QZSI inverter topologies is proposed, which have a high boost factor at a high modulation index and improved
output voltage waveform quality. In [19], a thorough investigation of multiport DC-DC converters is presented with the
latest research findings in the area. The mentioned multiport DC-DC converters are best suited for renewable energy
applications and electric vehicles. A detailed classification and characteristics of the multi-port converters are presented
in [20] to address the issues of voltage synchronisation and protection during the integration with the microgrid.

In this article, a new ZSI topology with fewer passive components is developed. The topology is suitable for use
in photovoltaic applications. The switching frequency is kept at 50 Hz, which is very low compared to the switching
frequency used in the topologies proposed in [1, 8-10]. The low-frequency results in the higher efficiency of the inverter.
The modulation technique used to generate the gate pulses for the switches is simple and easier to implement. Different
modes of the inverter are discussed in detail, and the analysis for the same is also carried out. The laboratory prototype
developed is in close agreement with the simulation developed and confirms the superiority of the proposed topology
in photovoltaic or low-power applications. The main advantages of the proposed topology are low switching frequency,
smaller size, high efficiency, and continuous current.

The organisation of the rest of the paper follows as Section 2 presents the proposed inverter topology along with
different operating modes. Performance characteristics of the proposed inverter topology are discussed in Section 3.
The results and discussion, along with validation of simulation results with hardware, are presented in Section 4. The
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conclusion of the research work has been described in Section 5.

2. Proposed topology

Two inductors (L1 and L2), two switches (S1 and S2), two sources, and one capacitor are used to realise the
proposed topology. In comparison to the standard ZSI topology as depicted in Figure 1, which is composed of fewer
counts of active and passive elements, the circuit diagram is depicted in Figure 2. The circuit draws a continuous
current, which is an advantage of the topology under consideration.
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Figure 1. Z-source topology
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Figure 2. Proposed topology

2.1 Operating modes

The proposed topology has four operating modes. The following sections discuss the various switching states as
well as a detailed analysis of the topology.

2.1.1 Circuit operation mode 1: When S1 and S2 are ON

. L . . T,
The inverter is said to be in a shoot-through state where S1 and S2 are closed for the duration of DZ?S where DT
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is the duty ratio and 7, is the switching time period. The inductor charges in this mode. When selecting the capacitor’s
value, caution should be exercised because the capacitor’s value will determine the inrush current at start-up. Figure
3 depicts an equivalent circuit for this mode. The inrush current depends on the value of the capacitor used. In the
proposed topology, the selection of the capacitor is carried out by the hit-and-trial method by using different values
and keeping close observation of the inrush current. Finally, the value of a capacitor is decided based on the trade-off

between inrush current and boosting voltage.
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Figure 3. Shoot-through state

2.1.2 Circuit operation mode 2: When S1 is ON and S2 is OFF

. L . . T, .
In mode 2, the inverter is said to be in non-shoot-through mode for the duration of 1 — DTS?S. In this mode,

switches’ states are 1 and O for S1 and S2, respectively, as shown in Figure 4. While the inductor is discharging and the
inductor’s voltage is summed up to the source voltage, the output voltage is boosted. The comparable circuit is depicted

in Figure 5.
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2
a.
T .
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Figure 4. Mode 2 circuit diagram
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L2

Figure 5. Mode 2 equivalent circuit

Voltage and current relations:

(1

I, =1p+1c
Vi=Vu+Vo @
. . . . DT, T,
After applying the Kirchhoff’s voltage law (KVL) in loop-1 for the duration of —* <t < TS’ we get
S:L*—‘”L‘ +R*1, A3)
dt
Iy =Ig+1 “4)
Putting the value of /,, in equation (3), we get
I, +1
VS:L*M_._R*[R %)
dt
/s dl,
VS:L*d—R+L*—‘+R*1R (6)
dt d
/g
I@—L*di—L*ﬂ—R*IR:o (7
dt dt

Taking the Laplace transform of the equation (7) assuming zero initial condition,
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Vs %Iy (s)=sL*Ie (s) - R* Iy () =0 (8)
N

(sz*L+s*R)*IR(s)+s2*L*Ic(s):V 9)

S

Now, applying the KVL in loop-2

1
VY+R*1R+lJ.ICdt—L*d—C:O (10)
; C dt
Taking the Laplace transform of equation (10), we get
V. 1
—S+R*1(s)+i*ﬂ—s*L*1c(s)=o (11)
s C s
Te(S)s*R*C)+(1-s> *L*C)* 1. (s) =— C*V, (12)
Solving equations (9) and (12) for /(s) we get
C*v (R+s*L
]C(S): 3 % 2 S( ) (13)
STFLCHs *¥2*¥R*¥L*C+s*L+R
Taking inverse Laplace after putting the value of C =120 uF, R=10 Q, and L =9 mH:
The approximate solution of the equation is
Io(f)=3%¢ 3 *cos(647%1)+3.109*sin (647 *7) (14)

The equation (14) has mainly two components: one is decaying with a frequency of 100 Hz, and the other is
sinusoidal with a frequency of 100 Hz, which is consistent with the simulation and hardware results.

2.1.3 Circuit operation mode 3

This mode is similar to mode 1, and the inverter is again in the shoot-through state, where both switches are closed.
2.1.4 Circuit operation mode 4: When S1 is OFF and S2 is ON

In mode 4, switches’ states are 0 and 1 for S1 and S2, respectively, as shown in Figure 6. While the inductor is
discharging and the voltage across L2 is summed up to the source voltage, the output voltage is boosted, which is

similar to mode 2 operation. The equivalent circuit for this mode is also presented in Figure 7.
Voltage and current relations:

I, =1z +1, 15)

V.=V, +V, (16)
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Figure 6. Mode 4 circuit

Figure 7. Mode 4 equivalent circuit

2.2 Calculation for boost factor

For boost factor calculation, the average voltage of the inductor over time is made equal to zero. In mode 1, apply
KVL to the circuit. We get

VS = VLl (17)
Similarly, now apply the KVL to the circuit of the mode 2 equivalent circuit. We get
Vi =Vy="o (18)

Now, equate the voltage-second balance of the inductor to zero.

Dy xVy  (1=Dy)x(Vi=Vo) _ (19)
2 2
v,
v o= 20
’ 1-D 20
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D 21

st

3. Performance characteristics

In this part, different performance characteristics for the proposed topology are examined. The parameters that
are under observation are total harmonic distortion, output voltage, and boost factor. All these parameters are observed
under variation of the D,

3.1 Output voltage variation with D,,

It is apparent from the expression of output voltage as given in (4) that by increasing D,, the output voltage will
rise, as depicted in Figure 8. The D,, can be increased only up to a specific point; an additional increment in D, may
result in an unreliable operation of the inverter.

30 T T

25+ -

20 - .

Output volatge (Volts)

10 1 1 1 1 1
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
D,

st

Figure 8. Output voltage variation with D,

3.2 Output voltage variation with boost factor

40 — Output voltage at D,, = 0.2

— Pure sine wave
30

Output voltage (Volts)

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time (seconds)

Figure 9. Pure sine wave voltage comparison with output voltage
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As seen in Figure 9, the output voltage swells when the boost factor increases, but the waveform is distorted by
the sine wave voltage. Because the duration of the shoot-through is so short, it will have little impact on the inverter’s
performance. Figure 10 depicts the voltage variation at D, = 0.2 and 0.3.

40 T T T T T

T—Output voltage at D, = 0.2
—Output voltage at D, = 0.3

30

Output voltage (Volts)

1 1 1 1 1 | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time (seconds)

Figure 10. Variation of output voltage with D, = 0.2 and D, = 0.3

3.3 Total harmonic distortion and boost factor variation

As indicated in Table 1, the total harmonic distribution (THD) value of the output voltage rises as D,, is increased.
THD increases as the output voltage diverges from the pure sine wave. Figure 11 shows the THDs determined by
simulation and the power quality (PQ) analyser for D, = 0.1 and D,, = 0.2. Figure 11 shows that the findings obtained by
simulation and the PQ analyser are fairly close. The selection of DST depends on the preference given to power quality
or boosting voltage. Hence, there will be a trade-off between THD and D,,.

Table 1. THD and boost factor variation

Dy, (%) Boost factor Ts?n?uggi)o?ly Tﬂgrg/f;s?r’ PQ
4 1.04 12.86 B
10 1.11 15.83 13.4
20 125 21.16 202
30 1.43 27.38 B,
40 1.67 36.91 )
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Figure 11. THD with (a) D,, at 0.1 by simulation, (b) D,, at 0.2 by simulation, (c) D,, at 0.1 by PQ analyser, and (d) D,, at 0.2 by PQ analyser

3.4 Losses and efficiency

In an inverter, there are mainly two types of losses: on-state losses and switching losses. In the proposed topology,
there are only two switches, hence the on-state losses of the inverter are low; furthermore, due to the low switching
frequency, the switching losses of the inverter have been reduced by a great deal, resulting in good overall efficiency as
compared to other topologies.
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4. Results and discussion
4.1 Modulation strategy for generation of control signal

The control signals to turn on and off the power electronic switches are created as per the strategy illustrated in
Figure 12. The triangular signal is first equated to two steady signals, VST1 and VST2. The strength of the two signals is
directly determined by the duration of the shoot-through duty ratio. At a shoot-through duty ratio of D, then VST1 = D,,,
VST2 =1 - D,,. By equating a sinusoidal signal to zero, a signal S is formed. S’, on the other hand, is the complement of S.
The inverter’s output frequency is 50 Hz. The proposed inverter has the advantage of switching at a very low frequency,

which decreases switching losses and boosts efficiency.

4.2 Simulation results

The topology under consideration is tested in Simulink by MATLAB to see how it performs and behaves under
various loading circumstances. Figure 13 depicts the output voltage and its fluctuation with D,,. Figure 14 depicts the
variation of capacitor current. The simulation shows that when D,, increases, the inrush current of the capacitor drops
while the root mean square (RMS) value of the output voltage increases.

VST2 _l_) GS1

COMP1

VSTI

Figure 12. Gate signals for the switch
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Figure 13. Output voltage waveform of the inverter
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Capacitor current (Amps)
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Figure 14. Variation of capacitor current (a) with D, = 0.2, (b) with D, = 0.3, and (c) calculated capacitor current as per equation (14)
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4.3 Experimental results

The laboratory prototype of the proposed topology is developed and shown in Figures 15(a) and 15(b). The output
voltage, capacitor current, capacitor voltage, and inductor voltage variations in real time are recorded and displayed.
The gating signals for the switches are generated by the dSPACE using logic in Figure 12. Variation with boost factor
and THD is also observed with the variation at D, = 0.1, 0.2, and 0.3, as shown in Figure 16.

Voltage source

(a) The laboratory prototype

(b) The laboratory prototype

Figure 15. Variation of different parameters (a) with D, = 0.1, (b) with D, = 0.2, and (c) with D;,= 0.3
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4.4 Comparative analysis

The inverter under consideration is paralleled to recent times’ topologies in the literature, and the comparison is
drawn based on the component count as shown in Table 2. There are two inductors and two capacitors in the traditional
7SI design, but one less capacitor is being used in the proposed topology. Also, as the value of the capacitor decreases,
the size of the inverter decreases. Another benefit of the topology is that the switching frequency is substantially low
when compared to the conventional frequency, and the effect of a lower switching frequency results in the proposed
inverter topology’s high efficiency. Table 3 compares the number of components, switching frequency, and values
of several passive components. There are several modulation strategies available for switching conventional ZSIs;
however, many of them fail to maintain a consistent shoot-through duty cycle, affecting the inverter’s performance. The
modulation mechanism utilised here is straightforward, with a constant shoot-through duty ratio that may be modified
as needed [21-23]. The circuit diagram of different topologies are shown in Figures 17-21. Where Figure 17 represents
the circuit diagram of the SBI topology [8], Figure 18 represents the circuit diagram of the HB-SBI topology [9], Figure
19 represents the circuit diagram of the HB-QSBI topology [10], Figure 20 represents the circuit diagram of the QZSI
topology [24], Figure 21 represents the circuit diagram of the CFSI topology [25].

Table 2. Components count in different topologies

P densi Circuit
Topology N, Ne¢ Ny Np ow(epr . lf;lsny Boost factor di;;crlallin
. 1 .
ZSI conventional [1] 2 2 4 5 1/13 W Figure 1
1 .
SBI [8] 1 1 5 1 1/8 W Flgure 17
1
HB-SBI [9] 1 2 4 6 1/13 P — Figure 18
1-3*Dg,
1 .
QZSI [24 2 2 4 5 1/13 1Dy Figure 20
[24] 1—2%D, igure
CFSI [25] 1 1 1 2 1/5 # Figure 21
1-2*Dg,
1 .
Proposed topology 1 1 2 0 1/4 Figure 2
1-Dg,

Table 3. Comparative analysis

Topology N, N¢ L(inmH) C (in pF) Frequency (in Hz) Ny Ny

ZSI conventional [1] 2 2 5 200 10,000 5 4
SBI [8] 1 1 5 100 10,000 1 5
HB-SBI [9] 1 2 4 25 10,000 6 4
HB-QSBI [10] 2 2 2.4 47 30,000 6 4
Proposed topology 1 1 9 120 50 0 2

Volume 5 Issue 3]2024| 3075 Contemporary Mathematics



For the comparison of power density, the following procedure is used:

Step 1: Let the power handled by the topologies used for comparison be 1 p.u.
Step 2: Let the volume of each component used be 1 p.u. as well.

Step 3: The power density is calculated using the equation below:

_ Power of inventer
N, +Nc+Ng+Np

(22)

den

where N, N, N; and N, is the number of inductors, capacitors, switches, and diodes respectively.

L1

+ ;

Cl== S4 F ¥ S2

LOAD

Figure 17. SBI

al ¥
b -

. Cl g3
h 4

—'\ﬂl'w—
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+ - S2
C2

I,

| ¥

Figure 18. HB-SBI
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Figure 21. Current fed switch inverter

4.5 Potential application

The proposed topology can be used in applications where the input voltage is low but the requirement is much
higher than the input without incorporating the stage in between. The solar farm is a potential application where the
output voltage is low, but for some loads the requirement is much higher. The topology mentioned here can be used to
boost the voltage without incorporating the intermediate stage. The possible block diagram for such an application is
given in Figure 22.
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Figure 22. Block diagram for solar application of ZSI topology

4.6 Stability under sudden load variation

In order to check the stability of the proposed topology, it has been put under different sudden load variations. The
stability of the output voltage is observed when the sudden resistive load and combination resistance-inductor (R-L)
load are switched on. In the case of sudden R-L load variation, it was expected that there would be a distortion in the
output voltage waveform, but overall, the effect of a sudden change in R-L is not substantial, hence it can be concluded
that the topology is fairly stable in both conditions. The output voltage is stable under these two situations and is shown

in Figures 23(a) and 23(b).
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Figure 23. Variation of the output voltage under sudden change in (a) resistive load, and (b) R-L load

5. Conclusion

A novel ZSI topology with fewer passive components is introduced in this work. Both the switching and output
frequencies are set to 50 Hz. Because of the lower switching frequency, the efficiency of the given inverter is better than
that of traditional ZSI. The total size of the ZSI is reduced since there are fewer components. The many operating modes
of the inverter are described and illustrated here. Different operating modes are theoretically modelled, and findings
are validated using simulation results. The approach utilised to create control signals for the switches (modulation
technique) is basic and easy to implement in hardware. The architecture, as well as numerous operating modes, are
simulated in MATLAB, and a laboratory prototype is fabricated to confirm the simulation findings. The simulation
findings produced here are fairly similar to the laboratory prototype results. Furthermore, the suggested inverter’s input
current is constant. When compared to certain previously discussed topologies in the literature, the topology differs
based on parameters such as switching frequency and total number of components. The proposed inverter offers 1.25
times the power density based on the total number of four passive elements used to realise the stable operation of
the inverter. The significant boost factor of 1.11 at 0.2 shoot through duty ratio with around 15% of THD is achieved
without using any filter circuit. The best-suited application for the specification mentioned above is in a photovoltaic
power conversion circuit. However, the architecture has several limitations. For example, operation beyond shoot-
through duty ratio 0.5 is unstable since there is a chance of significant inrush current owing to the capacitor charging
for a longer duration. Second, the overall harmonic distortion is considerable, which can be decreased further by adding
appropriate load-side filters.
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