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Abstract: This paper presents a modified sinusoidal pulse width modulation (SPWM) switching method for one-phase
and investigated two-phase impedance-source inverter structures. The proposed structure generates pulses for a quasi-
Z-source converter and this block produces a unilateral voltage sine wave in the block’s output. This signal is applied
to the inverter as its input wave. For this purpose, the novel SPWM method is proposed for power switches while
being switched complementarily. Two power switches are used in the structure to generate the pure sinusoidal output
voltage and to minimize total harmonic distortion (THD), which is an essential parameter in inverter design. The results
show that the proposed method generates the pure sinusoidal voltage and current signals for resistive and inductive
loads and pure voltage and improved current waves for capacitive loads in comparison with existing techniques, since
the THD of the output voltage and current signals is strongly affected by the dynamic loads. This method leads to
final cost improvement and reduction of the size of the system with fewer number of components, which are essential
parameters for renewable energy resource applications. A mathematical model is validated with the 2017a version of
MATLAB/Simulink and 1.51% and 1.33% THD values are reported for low and high power loads, respectively, in the
one-phase structure and 0.95% and 0.87% in the two-phase system. Finally, a 120 W prototype has been implemented
and tested. A sine-wave with 620 Vac peak to peak amplitude and 50 Hz frequency has been gained in the inverter’s
output and the quality of the voltage and current waveforms has been evaluated for different two 1.8 kΩ and 600 Ω

resistive loads in the one-phase structure. Experimental results confirm all mathematical and simulation results.
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1. Introduction
Considering the reduction in the amount of fossil fuel reserves and their damage to nature, renewable energy
sources (RESs) as alternative energy resources are emerging to ensure sustainable energy production. For
example, photovoltaic panels generate a DC voltage and need to be equipped with a boost or buck-boost
converter to enhance the level of DC voltage and an inverter block to convert the DC signal to an AC one for
household or industrial applications. Traditional voltage source inverters (VSIs) and current source inverters
(CSIs) have several common problems such as the inability to use buck-boost converters in the structure and
the necessity of applying one buck or boost converter. The VSI main circuit cannot be used for the CSI,
and vice versa, and other main circuits are not interchangeable and their reliability is affected by EMI noise.
Various studies have been done in analyzing inverter structures in order to connect to microgrid applications
[1–3]. Inverters can be divided into two categories: isolated and nonisolated structures. Isolated inverters not
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only are expensive and heavy and have larger size in comparison with nonisolated inverters, but also, because
of the existence of transformers in their circuits, normally they are not efficient [4–6]. Considering the weight,
size, and cost, isolated inverters include a high-frequency transformer that is called a fly-back inverter [7–10], a
serial connection of a DC-DC converter and a full bridge inverter [11, 12], and a serial connection of a DC-DC
converter, a transformer, and an AC-AC converter [12]. The fly-back type of inverter has several advantages
like wide input voltage range and lower voltage rating on secondary components, but it has a higher EMI value
because of the gap in the transformer and higher current ripples, and it needs a larger amount of input and
output capacitors. The efficiency of a fly-back inverter is between 75% and 80% and it is not very suitable
for RES applications [7, 8]. The application of transformerless inverters requires accurate calculation for the
connection between the input DC voltage source and the grid side, which is a well-known safety issue. For
example, if the photovoltaic panel the and grid side’s ground is not the same, a variable common mode voltage
signal will be produced and will create a leakage current that will pass through the parasitic capacitor between
the PV panel and the ground, and so the grid side’s current quality will be affected and it will increase the
EMI of the structure directly [13]. For overcoming this leakage current, usually half or full bridge converters are
applied. These converters use bipolar sinusoidal pulse width modulation or SPWM techniques. Not generating
the common mode voltage is another advantage of these inverters. The main problem of the half bridge
converter is that it needs a high DC voltage in input pins to generate a 220 Vac signal at the output; for
that, application of a serial connection between PV panels or use of DC-DC boost converters is inevitable.
Full bridge inverters need smaller DC voltages and approximately half of the DC voltage that should be used
for the half bridge converter [14, 15]. Schmidt et al. [16] presented a highly efficient and reliable inverter
concept (HERIC) structure containing from a full-bridge inverter and an AC bypass or FB-ACBP. Although
in this topology a minimized and acceptable leakage current can be obtained, the common mode oscillation
for the voltage can be addressed by considering the not-clamped potential for the freewheeling path. In [17]
a topology was presented to eliminate the common mode current, but it needs an additional power switch. A
group of transformerless inverters with flying capacitor was presented in [18] in order to evaluate and minimize
this leakage current. In several references, doubled grounded topologies are suggested to minimize the leakage
current problem. These converters have higher safety standards and are cheap and simple to investigate [19].
These topologies can produce a high voltage gain and have safety advantages, but all have complicated control
structures. Recently, especially for photovoltaic applications, the Z-source inverter type has been considered and
analyzed. The main advantage of this inverter is that leakage current and ground features are not considered
in this topology. For transformerless applications, for obtaining a qualified power factor, several important
issues like total harmonic distortion, DC current injection, and output voltage and current regulation should be
considered. In order to limit the total harmonic distortion (THD) in output current or voltage signals, various
PWM methods are intensively studied in pure sinusoidal inverters [20, 21]. For a pulse width modulation
(PWM) technique, the voltage gain is determining by calculating the ratio of the fundamental components of
the AC side’s voltage to the DC voltage of the input side. Classic sinusoidal PWM techniques normally use a
reference sinusoidal wave and a carrier rectangular wave. A comparison was done between specific harmonic
elimination (SHE-PWM) and single carrier sinusoidal PWM (PWM-SC) in [14]. The main drawback of specific
harmonic elimination pulse width modulation techniques is obtaining an analytical resolution of the system of
nonlinear equations that finally includes the trigonometric terms that ensure multiple sets of resolutions. A
voltage injection method into the reference signal was investigated in [15]. This vector includes two tuning
vectors, one for assuring the measurement time and another for maintaining the average value of the reference
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voltage vector as the countervailing vector. In the first and later periods of PWM and at the frequency of the
carrier, two least injection voltage vectors are interpolated to the reference vector and the sequence of these
vectors is directly connected to the magnitude of the harmonic terms of the voltage. This technique is complex
for the implementation affairs. A precalculated PWM method was presented in [21]. In implementations, the
existent harmonics of the DC source can introduce more noncharacteristic harmonics because of the finite DC
bus capacitance and other realistic applicable conditions. A multicell cascade inverter structure was introduced
in [22] and a repetitive control structure was illustrated in [23–25]. In all of these structures, the THD value
is around 2.23%–8.8% for voltage and especially current signals. Furthermore, cascade topologies utilize more
power switches so they have more complexity, larger size, higher price, and lower efficiency. This study presents
a novel SPWM switching method for Z-source converters connected to H bridge inverters. Based on simulation
results, when the second load is switched on, there is no difference in the output voltage signal and the change in
the current wave is observed at an acceptable level. This study has significant improvement in the simultaneous
switching of the power MOSFETs by SPWM topology. Z-source converters [26] are presented for RES-based
applications because of their performance, efficiency, and low cost. This inverter not only does not need doubly
grounded problems features and calculations, but also it has suitable power quality without applying any type
of THD limiter structures. One of the other benefits of the semi-Z-source inverter structure is that to produce
a sinusoidal voltage signal through a load we need to apply only two power switches and this can directly
decrease the complexity and total cost of the proposed structure. The facility of the proposed structure has
been considered not only for resistive and inductive loads, but also for the capacitive and combination loads. Our
other reason to work on the quasi-Z-source inverter structure is that the Z-source topology requires LC network
placement at the DC source side, so input and output are connected to the common ground point that prevents
the generation of dispersion current in the structure, which is an essential parameter in RES applications. This
study presents a novel, cheap, and small switching structure for semi-Z-source inverters that are suitable to use
in the aforementioned grid-connected applications. In the full bridge inverter structure, normally the voltage
curve is linear, so the reference waveform can be a sinusoidal signal. The proposed switching circuit implies a
modified sine wave to power switches in such a way that at the same time one switch will be in ‘on’ mode and
another switch will be in ‘off’ mode simultaneously. The mathematical side of this study is simple and novel and
a wide group of simulations for both one-phase and two-phase structures has been done. A laboratory-scaled
prototype has also been investigated for the one-phase system and confirms all mathematical and simulation
results.

2. Proposed topology derivation and analysis

Figure 1 presents the PWM waveforms applied to power switches in conventional converters, in which [0,t1 ]
and [t1 ,T] are time intervals for Q2 and Q1 conduction. While the [0,t1 ] interval is DT, the [t1 ,T] interval
will be (1–D) T. f(t) is the PWM signal.

Figure 2 illustrates the conventional Z-source converter structure and equivalent circuits for switching
period T. In the time interval in which Q1 is conducting, Q2 is the opened circuit and vice versa. This means
that only one control circuit topology will be applied to power switches at the same time. In the first interval,
while Q1 is closed, the input power supply and C2 will charge the inductors, and for the next interval, (1-D)T,
inductors will play the role of sources and they will discharge. The inductor current and capacitor voltage
reference directions are determined by considering the stable station relations.
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Figure 1. Pulse width modulation (PWM) applied to power switches. Per period (T), contains two (0,t1) and (t1,T)
intervals.

                             

(a)                                                                                                    (b)                                                                                      (c) 

Figure 2. (a) A quasi-Z-source converter structure; (b) when Q1 is conducting and (c) when Q2 is conducting.

According to these states, we can calculate the voltage gain of the structure [27] as in Eq. (1):

G =
Vo

Vin
=

1− 2D

1−D
. (1)

The voltage value across C1 and also the ripple amplitude can be found as [27]:

{
VC1 = D

1−DVin = (1−M sinωt)Vin

∆VC1 = (1−D)TsIL1

C1
= − sin ωt+M(sin ωt)2TsIo

(2−M sin ωt)C1
,

(2)

and the following can be seen:


IL1 = − D

1−D Io = −(sinωt−M(sinωt)2)Io,

IL2 = −I
O
,

∆IL1 = ∆IL2 = VinTsD
L1

= VinTs(1−M sin ωt)
L1(2−M sin ωt) .

(3)

In this condition, the output voltage value can be calculated as follows [1]:

ω = 2πf ⇒ V o = V sinωt. (4)

In Eq. (4), V, ω , and f are the inverter output voltage, angular velocity, and frequency, respectively. By
considering duty cycle D, the output and input voltage relations are linear in all full bridge converters, so to get
a sinusoidal output voltage, D must also be sinusoidal. However, the duty cycle is nonlinear in semi-Z-source
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converters; consequently, it will be necessary to obtain an improved equation including the modulation index.
According to Eq. (4), the modulation index can be defined as:

M =
V

Vin
. (5)

Since the quasi-Z-source inverter’s voltage waveform is nonlinear, the reference wave can be rewritten as below:

D =
1− |M sinωt|
2− |M sinωt|

, (6)

D′ =
1

2− |M sinωt|
. (7)

D and D’ are the duty cycle values for switches Q1 and Q2 , respectively.
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Figure 3. Voltage gain curve of Z-source converter according to duty cycle [1].

Figure 3 illustrates the voltage gain curve for the quasi-semi-Z-source converter, which shows the duty
cycle of Q1 [1]. Q1 and Q2 are working in such a way as to complement each other. With the operating of Q1

in the [0–0.66] interval, the converter can produce full bridge output voltage in [+VIN , −VIN ] limits. Output
voltage has positive values for (0<D<0.5) and negative values for (0.5<D<0.667). As can be seen for D =
0.5, the Z-source converter has no ability to produce the output voltage. Figure 4 presents the switches’ states
by the proposed sinusoidal pulse width modulation (SPWM) method.

2.1. One-phase system

Although the gate signal for Q1 can be found by both of Eqs. (6) and (7), in this stage Eq. (7) is selected
because of its simplicity. The modulation coefficient for the proposed SPWM can be changed within [0–1].
In the proposed control method, changing the ω t value, the sinusoidal voltage waveform will be obtained in
the output. As explained before, duty cycle values will be limited to [0–0.66]. The Z-source converter can be
extended to two phases, which will operate as a buck-boost converter. In this condition, duty cycle limits will
change within [0–1] and voltage gain can increase double or triple times. Figures 5a–5d illustrate the proposed

3102



GHADERI/Turk J Elec Eng & Comp Sci

Figure 4. Generated SPWM for both power switches on quasi-Z-source side.

switching SPWM method for the one-phase Z-source converter structure and the states of the inverter side
power switches for obtaining a sinusoidal voltage signal with 50 Hz frequency.

     

(a)                                                                                                                                           (b) 

       

(c)                                                                                                                                            (d) 

 Figure 5. Combination of (a) quasi-Z-source converter and H bridge inverter and (b) proposed modified SPWM
switching method typologies in one-phase system; (c) and (d) are the switching sequences for inverter switches.

This figure presents the combination of the Z-source converter structure with the H bridge inverter.
Simulation has been done in MATLAB/Simulink and the output voltage value has been adjusted to about
320 Vac root-mean-square (RMS) and 50 Hz. For the simulation, L1 and L2 values are selected as 130 mH
and C1 = 1 µF and C2 = 10 µF. The reference voltage is compared with a carrier triangle wave with 25 kHz
frequency. A voltage or current that is periodic but not purely sinusoidal will have higher frequency components
in it, contributing to the harmonic distortion of the signal. By application of Fourier analysis in our study,
we obtain about 1.51% THD for the one-phase system and a fixed value of load, since 2.23%–8.8% THD was
reported in [2, 15, 24]. Figures 5b and 5c illustrate the states of switches on the H bridge side and show that Q3

and Q4 are working in the same time interval while Q4 and Q5 will be active simultaneously in the next time
interval to produce a sinusoidal voltage value for the load. Figure 6 shows the different voltages and current
waveforms for quasi-Z-source and inverter components. Figures 6a and 6b show the voltage signals across C1
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and C2 , respectively. This figure illustrates that while a capacitor absorbs a positive voltage another one will
absorb a negative value. Figure 6c illustrates voltage waves of the inverter side power switches and can prove
our claim of a pure sinusoidal voltage wave for the load. Figures 6d and 6e present the voltage and current
waveforms for inductors and Figure 6f shows the voltages stresses on quasi-Z-source power switches.
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Figure 6. Voltage waveform across (a) C1 and (b) C2 capacitors; (c) inverter side power switches; (d) L1 and L2

inductors; and current of (e) inductors and (f) voltage across the quasi-Z-source side power switches.

Figure 7 comprehensively shows the main parameters of the converter for different types of loads in the
one-phase system. At the first step a 0.5 kW resistive, QL = 100 VAR inductive, and QC = 50 VAR capacitive
load is connected as the load to the inverter’s output. After 0.045 s the second load with the same value will
connect to the output in parallel with the first load. This figure shows that the proposed switching method has
a suitable performance and with the same voltage signal the current value will increase two times to supply both
loads. Figure 7a illustrates the output voltage of the proposed one-phase structure with a load that consists of
a serial connection of 0.5 kW resistive, QL = 100 VAR inductive, and QC = 50 VAR capacitive components.
Figure 7b presents the output voltage of the quasi-Z-source impedance converter that will be applied to the
H bridge inverter as an input voltage signal. Figures 7c and 7d show the load and inductor current waves,
respectively. The second column of Figure 7 illustrates the same values for the one-phase system by considering
the second load. As can be seen from Figures 7e–7h, voltage signals are seen without a difference at a similar
value and the current value has doubled in order to supply the total loads current.

Figure 8 presents the THD analysis results for the one-phase system with the load value described above.
Under the proposed modulation method, the output voltage has an acceptable THD value as shown in the
figure with 1.51% THD for the first load (heavy load) and 1.33% for the next step (lighter load) and with the
existence of both loads obtained.
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      (a)                                                                                                                          (e) 
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       (c)                                                                                                                              (g) 

 

         (d)                                                                                                                             (h) 

Figure 7. One-phase system results: (a) output voltage waveform, (b) output voltage signal of quasi-Z-source converter,
(c) output current waveform, and (d) inductor current signals considering the first load. (e) Output voltage waveform,
(f) output voltage signal of quasi-Z-source converter, (g) output current waveform, and (h) inductor current signals when
second load acts in parallel with the first load. Second load is applied at t = 0.045 s.

Figure 9 illustrates the performance of the projected controller circuit; as can be seen, in different times
of a switching period, the controller generates different pulses to switch on and off the power MOSFETs.

Figure 10 shows a comparison between this approach and the proposed methods in [1], [20], and [26] for
resistive loads. As can be seen, significantly better results are reported in the sinusoidal state. The method in [1]
presents a controller that can trace the frequency deviations, but it seems that because of derivative operations
it is slow. The method of [1] needs high DC voltages in the input block, and efficiency is higher for higher
values of DC input voltages and lower for small DC voltages. The work in [26] presents an optimization of a
buck-boost converter by applying a capacitor at the output of the converter and control of the switch is done
by sampling the capacitor’s voltage, but in this study, by considering a fixed DC voltage at the input of the
converter that can obtained by a boost converter, the switching method has been improved, and as the result,
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(a) 

 

(b) 

Figure 8. Fourier analysis for one-phase approach at (a) 0.5 kW, QL =100 VAR, and QC = 50 VAR and (b) when the
second load with the same value acts in parallel with the first load. Second load is applied at t = 0.045 s.

better THD values of output voltage and current signals for resistive and dynamic loads have been obtained.
While the voltage waveform of capacitive loads can be the same as for the inductive loads, the current waveforms
of capacitive loads completely depend on load conditions and values in any converter.

2.2. Two-phase system

In Eq. (8) and Eq. (9), V1 and V2 are the output voltage of the first and second blocks, respectively, and V12

is the output voltage. By considering the proposed two-phase Z-source topology and adjusting the modulation
index per phase, by changing the input voltage VIN , output voltage magnitude will be fixed.
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(b) 

 

(c) 

Figure 9. (a, b, c) Controller’s ability to generate correct and accurate pulses for both power switches.

 

 

 

 

 

 

 

 

 

 

 

 
 

(a)                                                                                                                                                                                                               (b) 

 
Figure 10. Comparison between proposed structure and methods presented in [1], [20], and [26] for quality tests for
the output voltage and current signals.

V1 = |V sin(ωt)| , (8)

V2 = |V sin(ωt+ 180)| , (9)
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V12 = Vac = V (|sin(ωt)| − |sin(ωt+ 180)|) = 2V |sin(ωt)| . (10)

            

Figure 11. Extended two-phase structure with H-bridge inverter block for proposed method.

 

Figure 12. Combination of proposed controller, quasi-Z-source converter, and H-bridge inverter structures in two-phase
mode.

The next step of the simulation has been done for the two-phase topology with H bridge inverter. Figure 11
illustrates the connection between the extended two-phase system with the H bridge inverter block and output
load. Figure 12 shows the extended two-phase inverter structure with the controller diagrams. As can be seen,
by considering the input voltage as 469 VDC, the output value will gain 625 Vac. Figures 13a–13h illustrate the
simulation results for the output voltage and current waveforms and output voltage and inductor currents of
quasi-Z-source side waves of the extended two-phase topology for the first and second loads; as can be seen, when
the second load is applied after 45 ms from the initial point, no considerable change appears in voltage waveforms
but the load current signal will be about once greater. Also, for both quasi-Z-source blocks, generated voltage
waveforms are shown, and it can be seen that the structure creates two symmetric and inverted waveforms at
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the entrance of the H bridge inverter block. Figures 13a and 13e illustrate the output voltage of the proposed
two-phase structure with the same load used in the one-phase system, respectively. Figures 13b and 13f show
the output voltage of the dual quasi-Z-source impedance converter blocks that will be applied to the H bridge
inverter as input voltage signal in the presence of the first and second loads, respectively. Figures 13c and
13g show the load current waves for these two different load values and it can be seen that the load current
value has been doubled by the second load. Figures 13d and 13h show the inductor current waveforms for both
quasi-Z-source converter blocks.

 

 

(a)                                                                                            (e) 

 

(b)                                                                                             (f) 

 

(c)                                                                                              (g) 

 

(d)                                                                                             (h)  

Figure 13. Two phase system results: (a) output voltage waveform, (b) output voltage signals of quasi-Z-source
converter blocks, (c) output current waveform, and (d) the inductor current signals for 0.5 kW, QL = 100 VAR, and
QC = 50 VAR). (e) Output Voltage waveform, (f) output voltage signals of quasi-Z-source converter blocks, (g) output
current waveform, and (h) inductor current signals when second load acts in parallel with the first load. Second load
value is the same as the first load and is applied at t = 0.045 s.

Figures 14a and 14b present the THD values for the output voltage in the two-phase system with the
load values described above. For the first load 0.95% THD has been gained and for heavier loads and when the
second load acts in parallel with the first load, the structure gives 0.87% THD.
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(a) 

 

(b) 

Figure 14. Fourier analysis for two-phase approach at (a) 0.5 kW, QL = 100 VAR, and QC = 50 VAR and (b) when
the second load with the same value acts in parallel with the first load. Second load is applied at t = 0.045 s.

3. Experimental results

To verify the theoretical and simulation results, a 120 W laboratory prototype has been implemented. Figure 15
illustrates the proposed structure and controller circuit in the one-phase system. For this purpose, IXTQ460P2
power MOSFETs, two 130 µH iron toroid core type inductors compatible with working to a maximum of 200
kHz, and two 1 µF and 10 µF capacitors respectively for C1 and C2 are applied. Converter components
are selected to work at 120 W with about 660 V peak to peak AC output. The controller structure uses a
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PIC12F629, 8 pin microcontroller, and TLP250 as the power MOSFET driver. As output load, two resistive
loads with 1.8 KΩ and 600 Ω have been used for THD evaluation.

(a)                                                                                 (b)                     (c)

Figure 15. (a) Implemented prototype, (b) THD analysis for heavy loads, and (c) light loads in one-phase topology.

Two different loads have been selected to evaluate the performance of inverter ability to produce sinusoidal
voltage and current waveforms. In the first stage, a 1.8 KΩ load has been selected in the structure’s output, and
in the second state, a 600 Ω resistive load has been added in parallel with the first load. Figure 13 illustrates
the results. No change in voltage waveform is reported when the second load is placed in the circuit. Figure 16a
presents the current waveforms of the inductors. Around 250 mA of ripple has been reported for these currents.
Figure 16b illustrates the drain-source voltages across the quasi-Z-source power MOSFETs and Figure 16c shows
the voltage on the inverter side power switches. As can be seen, a waveform with 50 Hz frequency and 310 V
peak value has been given across the power MOSFETs and it gives 620 Vac as output voltage across the load
as illustrated in Figure 16d.

      

 

 

  

 

 

 

                                       (a)                                                           (b)                                                                  (c)                                                           (d) 

Figure 16. (a) Inductor current waveforms, (b) drain-source stresses on power MOSFETs on quasi-Z-source side, (c)
voltage signals of inverter side MOSFFETs, and (d) output voltage and current waveforms.

Figure 17 presents the efficiency diagram for the proposed switching method and the methods introduced
in [1], [20], and [26]. Simulations have been done for all presented methods but only [1] has experimental results.

4. Conclusion
In this study, a modified SPWM technique is introduced for a Z-source-based inverter structure in order to
get pure sinusoidal voltage and current waveforms for inductive and capacitive loads that can easily solve the
nonlinear voltage gain problem with minimum THD. One of the most important advantages of the proposed
method is applying the circuit with the optimal number of components for both inverter and controller struc-
tures. Especially in RESs, this feature is critical since they produce low amounts of power. As previous studies
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Figure 17. Efficiency comparison between proposed switching method and [1], [20], and [26] (a) according to (q)
simulation and (b) experimental results.

reported a THD rate of about 2.23% to 8.8%, 0.87% to 1.51% THD was obtained in this study for one- and
two-phase topologies. One of the novel aspects of the proposed switching method is the absence of harmonic
elimination circuits and strategies. In addition, unlike the traditional single-phase impedance source topologies,
power switches of this structure are switched complementarily without applying any extra shoot-through state
switching. As many of the new energy sources such as photovoltaic panels can produce limited values of input
DC voltages and powers, high values of power losses can be reported because of the high amount of current
in inductors. The proposed two-phase Z-source topology allows adjustment of the modulation index per phase
by changing the input voltage VIN and has presented a switching method that fixes the output voltage at
about 310 Vac for dynamic loads by changing the load current according to load value at the expense of system
complexity and cost. A group of simulations has been done in MATLAB/Simulink for both semi-Z-source and
proposed switching structures. The 120 W implemented prototype’s test results confirm all the theoretical and
simulation results. Where the output voltage and current waveforms present 50 Hz signals, optimized THD and
a good level of quality for these waveforms have been gained.
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