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Abstract

The shoot-through (ST) states are essential for the operation of sinusoidal pulse-width-
modulation (SPWM) based Z-source inverters. However, the insertion of shoot-through
state unavoidably leads to output harmonics which is greatly affected by its distribution,
especially for bipolar modulation schemes. With quantitative analysis, this paper inves-
tigates the mathematical relationship between the output harmonics and shoot-through
states for single-phase Z-source inverters. A modified double-Fourier-transformation-
based calculation scheme is proposed to estimate the output harmonics with different
shoot-through states insertion methods. Simulations and hardware experiments with a
200 W single-phase Z-source converter under two bipolar modulation control methods
verified the accuracy of the proposed theory. The quantitative analysis would be helpful
for the design of Z-source converter’s control strategy and modulation scheme.

1 INTRODUCTION

The integration of distributed renewable energy sources into the
grid has long been a hot research topic, especially when micro-
grids are becoming more and more popular today. Power con-
verters play a critical role in the energy transmission between
distributed energy sources and the grid. With increasing dis-
tributed energy sources connected, it is essential to suppress
the output harmonics of each power converter to guarantee the
stability and quality of the grid. The output voltage and cur-
rent harmonics of traditional pulse width modulation (PWM)
full-bridge inverters have been well investigated in detail. For
example, refs. [1] and [2] propose different space-vector control
methods of three-phase inverters with the harmonics elimina-
tion capability. Meanwhile, dead time between the two switches

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the

original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. IET Power Electronics published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology.

in one inverter bridge is essential to avoid short-circuit, lead-
ing to more harmonics. The effect of dead time on output har-
monics was analysed with Fourier transformation [3], distortion
shaping [4], and other compensation methods [5–10]. An ana-
lytical technique was proposed to calculate the output harmon-
ics of an H-bridge inverter, considering the effect of dead time
in [11–13]. Overall, the theory of calculating and suppressing
output harmonics of a traditional PWM full-bridge inverter is
relatively mature.

In recent decades, the Z-source converters have been pro-
posed, which provide a single-stage voltage boosting inverter
solution without the need for dead-time. Bi-directional single-
phase and three-phase Z-source converters could be applied in
vehicle-to-grid (V2G) as electric vehicle (EV)’s chargers. How-
ever, the harmonics of Z-source converters have long been a
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problem influencing the output quality of currents injected into
the grid. There is a compromise between the efficiency and
the output harmonics in some instances. Moreover, although
dead time does not exist in the control of Z-source invert-
ers, ST states are inserted, which unavoidably produce out-
put harmonics. The distribution of ST intervals in a switch-
ing period affects the system parameters, including output
harmonics [14].

There is limited research investigating the output harmon-
ics of Z-source inverters. Ref. [15] proposed a vector modula-
tion scheme for current-fed quasi-Z-source inverters with dif-
ferent possible PWM switching sequences. By comparing the
total harmonics distortion (THD) simulation results of each
control sequence, the one with the smallest THD was adopted
in the vector modulation. However, neither quantitative calcula-
tion nor theoretical analysis of the output harmonics and THD
was included. The reasoning behind the selection of PWM
sequence leading to the smallest harmonics is desired. Simi-
larly, ref. [16] proposed a novel phase-shifted control method
with harmonics elimination capability for Z-source inverters
with three possible cases. While Case 3 in [16] with βsh > α
leads to the lowest output THD according to the computa-
tion results and experiments, there is no mathematical theory
to further support it. Ref. [17] introduced the primary ST states
insertion schemes and compared their corresponding common-
mode voltages and output harmonics for three-phase quasi-Z-
source inverters. Still, there is no analysis or investigation of
the harmonic results. In short, the output harmonics of Z-
source inverters deserve further research of in-depth quantita-
tive analysis, especially its relationship with the insertion of ST
states.

Harmonics suppression or compensation methods of tra-
ditional SPWM inverters in literature [18–20] are studied and
referred in this paper to analyse Z-source inverters because
of the similarity between the effects of dead time and ST
states on the inverter’s output harmonics. A circulating current
model was built [21] to analyse the influence of dead time with
different PWM schemes for three-phase inverters. Moreover,
a series of harmonics compensation or suppression control
approaches for conventional inverters [22–27] were proposed
for the motor drive or microgrid applications. Though the pro-
posed quantitative analysis of ST states and output harmon-
ics is inspired by the above literature for conventional PWM
inverters, the intrinsic differences between traditional inverters
and Z-source inverters have made the analysis complicated and
challenging.

This paper proposes a new quantitative analysis approach
for single-phase Z-source inverters based on the founda-
tion in [3] by double Fourier transformation. A compari-
son of the semi-symmetric “a+b” control method and the
asymmetric “a+b” method based on bipolar modulation is
conducted to verify the proposed approach and explain
the reason for their difference in output harmonics. The
proposed approach allows researchers to evaluate, estimate
and calculate the output harmonics of Z-source inverters
with different bipolar ST states insertion schemes more
conveniently.

FIGURE 1 Topology of a single-phase Z-source inverter

The organization of this paper is as follows: Section 1 intro-
duces the literature review and explains the importance of this
research. Section 2 analyses the ST states and their effects on Z-
source inverters with SPWM control strategy. Section 3 intro-
duces the proposed quantitative analysis method with double
Fourier transformation in detail. Section 4 presents the simula-
tion results by comparing two control methods with different
ST states insertion schemes. Experimental results with discus-
sions are presented in Section 5. Lastly, a conclusion is given in
Section 6.

2 OPERATION ANALYSIS WITH ST
STATES

2.1 Key waveforms of single-phase Z-source
inverters

Figure 1 presents a common un-isolated single-phase Z-source
inverter. There are two steady-state periods in the operation of
this Z-source inverter, namely shoot-through state (ST state)
and non-shoot-through state (non-ST state). In ST states, the
voltage across the Z-source topology VZ = 0 because the bridge
is short-circuited. Similarly, the diode Dr is blocked since VZ is
more significant than the input voltage Vin. In non-ST states,
the diode Dr is forward biased.

The duty cycle D of the ST state is greater than 0 and
smaller than 1, so the average voltage VZ must be higher
than Vin. If ST states are prolonged, Vout and voltage gain
will increase. Therefore, the single-phase Z-source inverter is
capable of inverting with boosting. This single-stage voltage
boosting inversion makes full use of ST states. The single-
phase Z-source inverter eliminates the need for dead time
between the two switches in one bridge, enhancing the system
reliability.

Among the five types of control methods of a single-phase
Z-source inverter, that is, one-cycle PWM control, modified
reference PWM, hysteresis current control, non-linear sinu-
soidal PWM and low-frequency harmonics elimination PWM,
shoot-through by overlapping of active states would lead to
minimum switching loss and higher efficiency [9, 26]. The
effects of ST states on voltage waveforms VAO, VBO and
VZ are illustrated in Figure 2. While both ST state and
dead time would lead to harmonics, only the ST state in



XU ET AL. 817

FIGURE 2 Voltage waveforms with ST states effects

FIGURE 3 Steady-sates operation modes of Z-source inverters. (a) ST
state (b) non-ST state: T1, T4 turned on as an example

Z-source inverters could lead to the voltage boosting of Vz.
As shown in Figure 2, the voltage VAB and switching states
are strongly influenced by ST states during one switching cycle.
The time instant of switching angles varies due to the pres-
ence of ST states, and the harmonic characteristics would vary
accordingly.

The operation of the Z-source inverter is classified into two
periods in steady states: ST state period and non-ST state period
[27]. The total time length of the ST state in one cycle is defined
as Ts, then the duty cycle D of the ST state is equal to Ts/T.
As mentioned before, the full-bridge is short-circuited in the ST
state, so the voltage across the Z-source topology VZ is zero.
As illustrated in Figure 3a, VZ is more significant than Vin, so
the diode Dr is reversely biased. In non-ST states, the diode Dr

is forward biased as shown in Figure 3b.
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The state-space equations are presented in (1). To obtain the
steady-state parameters, Equation (1) should be zero.

2.2 Different ST states insertion pattern

ST states are widely spread over the whole operation cycle
with the proposed control methods in [9]. In this way, the Z-
source topology could play the role of the front-end boost
converter for a DC-AC converter. The voltage across the
inverter bridge VAB shifts between +VZ, −VZ and 0, as
shown in Figure 1. This paper would introduce two ST
states methods, leading to evenly and unevenly distributed ST
states.

In Figure 4, the green sawtooth curve represents the car-
rier wave with magnitude of 1, and frequency of 10 kHz in
this paper. The magnitude of the black modulation wave is a

in the range of 0 < a < 1. In Figure 4a, two modulation wave-
forms marked red and blue are generated by adding and sub-
siding a positive constant to produce overlapping active states.
The modified red modulation wave generates switching signals
of T2 and T3, while the red curve generates switching signals
of T1 and T4. If b is the positive constant, the magnitude of
the modified blue modulation wave will vary from −a−b to
a−b. Equation (2) shows the equations of the three modulation
waves.

mblack = a ⋅ sin𝜔t

mred = a ⋅ sin𝜔t + b

mblue = a ⋅ sin𝜔t − b

(2)

Figure 4b shows the modified modulation waves of the sec-
ond scheme defined by (3) with the magnitudes of waveform 1
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FIGURE 4 Modulation waveforms with different ST states insertion.
(a) Evenly distributed ST states. (b) Unevenly distributed ST states

TABLE 1 Range of modified modulation waves

Minimum

magnitude

Maximum

magnitude

Magnitude

when t = 0

Evenly distributed
ST states

Waveform 1 −a+b a+b b

Waveform 2 −a−b a−b −b

Unevenly
distributed ST
states

Waveform 1 −a+b a+b 0

Waveform 2 −a−b a−b 0

mred always larger than or equal to that of waveform 2 mblue to
produce overlapping of those two waves so that unevenly dis-
tributed ST states could be inserted.

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

mblack = a ⋅ sin𝜔t

mred = (a + b) ⋅ sin𝜔t , 0 < 𝜔t < 𝜋,

(a − b) ⋅ sin𝜔t , 𝜋 < 𝜔t < 2𝜋

mblue = (a − b) ⋅ sin𝜔t , 0 < 𝜔t < 𝜋,

(a + b) ⋅ sin𝜔t , 𝜋 < 𝜔t < 2𝜋

(3)

Table 1 summarizes the ranges of the modified modulation
waves from the two proposed bipolar modulation schemes that
effectively reduce the common-mode voltage. Their differences
in distribution characteristics and insertion patterns of ST states
are shown in Figure 5.

3 HARMONICS QUANTITATIVE
ANALYSIS

This section investigates the relationship between the output
voltage harmonics and ST states insertion pattern for bipolar-

FIGURE 5 ST states insertion pattern

TABLE 2 Definition of symbols

Symbol Definition

ωc Angular frequency (triangular carrier)

θc Phase shift angle (triangular carrier)

ωm Angular frequency (fundamental)

θm Phase offset angle (fundamental)

m Baseband index variable

c Carrier index variable

a Modulation ratio

FIGURE 6 Principle of switching angle generation

modulation based control methods of Z-source inverters by
quantitative analysis.

Based on the literature review, the double Fourier series
method has more advantages. In SPWM harmonics analysis,
different initial phase angles will not affect the result with a
modified double Fourier series method, as described below. The
harmonic voltage models with and without the influence of ST
states are created. For convenience, terms listed in Table 2 are
defined.
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Firstly, the traditional double Fourier series equation is [28]:

f (t ) =
A00

2

+

∞∑
m=1
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+m(𝜔mt + 𝜃m )]d (𝜔c t + 𝜃c )d (𝜔mt + 𝜃m )
(5)

In (4), ωm and θm represent the frequency and phase angle of
low-frequency modulation wave, while ωc and θc represent the
frequency and phase angle of the high-frequency carrier wave.
If they express periodic variables x(t) and y(t), the waveform is
presented as function f(x,y), that is, f(t) showing the relationship
between its value and time. Acm and Bcm represent correspond-
ing coefficients in the Fourier transformation. Among them,
A00/2 represents the DC component of the waveform. The
second/third line of (4) represents the modulation wave and
carrier wave baseband harmonics, the fourth/fifth line of (4)
represents the sideband harmonics around the carrier harmon-
ics [29]. The subscripts c and m represent the index number of
the carrier wave and modulation wave, which are multiples of
the two waveform frequencies.

Figure 6 shows how switching angle is generated during the
modulation of switching signals. Transforming the coefficients
Acm and Bcm into the polar form, the following equation could
be obtained:

Hcm = Acm + jBcm

=
1

2𝜋2

𝜋∫
−𝜋

𝜋∫
−𝜋

f (x, y)e j (cx+my)dxdy
(6)

where x = ωc t, y = ωm t. The harmonic amplitude Hcm meets:

Hcm
2 = A2

cm + B2
cm (7)

Concerning asymmetric cases, two sampling points are gen-
erated in each period of the carrier wave. The modulation wave

angel yk can be expressed as

yk =
𝜔m

𝜔c
(k − 1)𝜋 (8)

where k is a string ranges from 1 to 2N, and

yk = y −
𝜔m

𝜔c
[x − (k − 1)𝜋] (9)

where a is the modulation index as described in last section.
A function r(λ) is defined with λ representing whether it cor-

responds with the rising edge or falling edge. For the rising edge,
r(λ) is equal to−1; for the falling edge, r(λ) is equal to 1. Symbol
xk is switching angle corresponds to the carrier wave, which can
be expressed as:

xk =
𝜋

2
+ (k − 1)𝜋 + r (xk )Δxk (10)

xk =
𝜋

2
a sin yk (11)

The result in (11) for switching angle is available at any initial
angle. The harmonic coefficient could be rewritten as:

Hcm =
Vinr (xk )

4𝜋2

⎛⎜⎜⎜⎜⎜⎝

2𝜋∫
0

xk∫
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Because of the symmetry feature, (12) can be simplified as:

Hcm =

N∑
k=1

r (xk )e jks𝜋e
r (xk ) js

𝜋

2
a sin yk

⋅
−Vin𝜔m

2 js𝜋𝜔c
[(−1)(Nc+m) − 1]e

− js
𝜋

2

(13)

s = m + c (𝜔m∕𝜔c ) = m + c∕N (14)

As shown above, the ST states effects lead to the time delay
Td of ua when the phase current ia is positive. In the same
way, the time delay Ts occurs when ia < 0. The effect of ST
states on switching angle xk based on the angle of the car-
rier is illustrated in Figure 7, where the symbol Δθ represents
the time delay according to the carrier wave angel. Figure 7a
shows an overview of the effect of ST states in one modulation
cycle, and Figure 7b shows a specific view during one switching
cycle.

The time delay could be expressed as:

Δ𝜃 = 𝜔cTd (15)
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FIGURE 7 ST states analysis with switching angle ak and xk.
(a) Overview during one modulation period, (b) specific view during one
switching cycle

The additional harmonic component produced by ST states
could be expressed as:

ΔHcm =
Vin

4𝜋2

2𝜋

∫
0

xk′

∫
xk

e j (cx+my)dxdy[r (xk ) − s(i )] (16)

where s(i) corresponds to the current direction. When the cur-
rent direction is positive, s(i) is defined as 1; otherwise, s(i) is
defined as −1. The switching angles with ST states are:

xk
′ = xk +

1 − s(i )r (xk )
2

Δ𝜃 (17)

The additional harmonic component of the ST states Hcm

could be obtained:

ΔHcm =
Vin

2 js𝜋

𝜔m

𝜔c

2N∑
k=1

[
e

js
1−s(i )r (xk )

2
Δ𝜃
− 1

]
⋅ r (xk )e jsxk (18)

TABLE 3 The calculation times of each item

x+y x/y sin(x)

Without ST states 3N+2 6N+10 N

With ST states 17N−3 24N+16 2N

According to (13), the harmonics do not exist as Nc+m is
the harmonic order, the term Nc+m is an odd number. The
total harmonics of the bridge voltage with ST states inserted
can be obtained by combining (13) and (18). The double Fourier
series method is adopted to calculate and investigate the effects
of corresponding modulation wave and carrier wave angles on
the output harmonics. Since both the modulation wave and car-
rier wave angles are considered, the harmonics distribution pat-
tern could be derived by double Fourier series method with the
above equations. Meanwhile, since the ratio of modulation wave
frequency over carrier wave frequency is also considered in (14),
the effect of the carrier wave ratio on output THD could also
be calculated by the double Fourier series method. Regarding
the computation burden, Table 3 shows the calculation times of
each item, including adding/subsiding, multiplication/division,
exponents, and sinusoidal calculation.

The proposed quantitative harmonic analysis approach is
suitable for bipolar-modulation based control methods of Z-
source inverters only. For unipolar-modulation, Equations (10)–
(18) and Figure 7 should be revised accordingly.

4 SIMULATION VERIFICATION

Simulations in MATLAB Simulink were conducted to verify
the proposed harmonics quantitative analysis method by pre-
senting and comparing the output harmonics of different ST
states insertion patterns. Figure 8 shows the two modulation
waves for generating evenly-distributed ST states and generat-
ing unevenly-distributed ST states, respectively.

The topology in the simulation is exactly the same as Figure 1.
The rated input DC voltage is 100 V, and the rated output peak
voltage is 200 V. The simulation is conducted using ode23tb
(stiff/TR-BDF2) solver with variable step and a sampling time
of 1 μs. As the output harmonics are significantly affected by the
LC filter, only harmonics of the bridge voltage VAB and dc-link
Z-source voltage VZ are analysed. Figure 9 shows the VZ wave-
forms of the evenly-distributed ST states method. As there is
little difference with the waveforms of the unevenly-distributed
ST states method, they are not presented here. During ST states,
voltage VZ is clamped to zero. In non-ST states, voltage VZ is
boosted higher than input DC voltage. Ideally, the dc-link volt-
age VZ of this inverter is a high-frequency rectangular wave,
which alters between Vin/(1-2D) and 0, as shown in Figure 2.
However, the two control methods are based on bipolar modu-
lation schemes. Since the switching frequency in simulation and
experiment is 10 kHz, which is 100 μs for a period, the ST states
occur at most four times within 100 μs considering there are two
bridges. When the modulation wave magnitude is close to 1 or
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FIGURE 8 Simulation results of modulation waveforms of two methods.
(a) Evenly-distributed ST states method. (b) Unevenly-distributed ST states
method

FIGURE 9 Simulation waveforms of dc-link voltage VZ. (a) Overview
over one modulation cycle. (b) Zoom view over six switching cycles

−1, the time slot between the two ST states will be very narrow.
For bipolar modulation, the phase transition is interrupted by
the ST states, and in such cases voltage VZ could not vary to its
steady magnitude within such a short time. There are spikes as
observed in Figure 9a whose magnitude reaches 500 V, while the
non-ST state voltage of VZ is around 240 V as marked by the
red arrow. Figure 10 presents the waveforms of bridge voltage
VAB for both evenly-distributed ST states method and evenly-
distributed ST states method, respectively. The voltage across
the inverter bridge VAB shifts between +VZ, −VZ and 0. The
peak magnitudes of VAB are also affected by the voltage spikes
of VZ.

FIGURE 10 Simulation waveforms of bridge voltage VAB.
(a) Evenly-distributed ST states method. (b) Unevenly-distributed ST states
method

TABLE 4 Comparison of calculated harmonics with simulations with
100 V input voltage

Evenly-distributed ST states

Unevenly-distributed ST

states

Harmonic

order Calculation Simulation Calculation Simulation

200 91.6% 92.9% 88.0% 88.8%

400 43.6% 43.6% 40.4% 41.5%

600 34.9% 31.1% 26.1% 28.9%

800 17.5% 16.2% 20.2% 17.8%

In particular, FFT analysis at integral times of switching fre-
quency for 1–1000 harmonic order is presented in Figure 11.
Since the switching frequency is 10 kHz, 200 times higher than
the modulation wave’s frequency (50 Hz), the harmonic at times
of 200 order is significantly high. In comparison, it is evident
that the harmonics of evenly-distributed ST states are higher
than that of unevenly-distributed ST states. This result also
matches the calculation results by Equations (5)–(16).

Table 4 listed the calculated output voltage harmonics and
corresponding simulation results at 200, 400, 600 and 800 har-
monic orders. It proves the correctness and accuracy of the pro-
posed calculation method. Moreover, it is verified that the out-
put harmonics with the evenly-distributed ST states method are
greater than those with the unevenly-distributed ST states. It is
worth noting that since this paper investigates the harmonics
quantitatively, the harmonic magnitude of inverter bridge VAB
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FIGURE 11 FFT analysis at integral times of switching frequency for
from 1–1000 harmonic order. (a) Evenly-distributed ST states method.
(b) Unevenly-distributed ST states method

is presented and compared to avoid the influence of the LC
filter.

In short, Figures 6 and 7 illustrate the correspondence
between the symbols in Fourier Equations (4)–(18) and mod-
ulation/carrier wave magnitudes and frequency. The calculation
results of two insertion methods by adopting these equations
are presented in Table 4. The significant difference between the
two insertion methods is the distribution of ST states, as shown
in Figure 5. Its reflection on the Fourier Equations (13)–(18)
could be seen in Figures 6 and 7. Figure 7a shows that the yel-
low region reflects the ST states. Its area/width represents the
duty cycle of ST states. When the width changes, ωmTd varies,
the harmonic amplitude Hcm in (13) and (18) varies. The inte-
gral of the harmonic amplitude in one modulation cycle would
lead to the difference in the calculated total harmonic magni-
tude. The calculated harmonics magnitudes in one modulation
cycle of two methods are very close to the simulation results in
Table 4.

5 EXPERIMENTAL RESULTS

Experiments were conducted to further verify the proposed the-
ory and provide more accurate harmonics results. As shown in
Figure 12, a 200 W single-phase Z-source inverter was built

FIGURE 12 Hardware setup

TABLE 6 Models and attributes of devices

Device Model Attributes

Half-bridge modules Wolfspeed KIT8020
CRD8FF1217P-1

Maximum VDS 1200 V
Continuous ID 10 A

Anti-parallel diode C4D20120D Drain current: 20 A

Input diode Dr IXYS DSEI2 × 31-10b Reverse voltage 1000 V
Forward current 60 A

Z-source capacitors CZ Aluminium electrolytic
capacitor

2200 μF, 450 Vdc

Output filter capacitor
Cf

Aluminium electrolytic
capacitor

80 μF, 260 Vac

and tested. The models of key power components are listed
in Table 6. The controller is DSP28335. The diameter of the
insulated copper wire in the two Z-source inductors is 0.5 mm
to reduce the skin effect. Open-loop experiments were con-
ducted and only the output voltage waveforms are presented
in Figure 12 to compare output harmonics.

Detailed parameters of the circuit are listed in Table 5. The
primary principle of designing these Z-source unit parameters
CZ1, CZ2, LZ1 and LZ2 is to enable the storing and transferring
of energy in order to boost output voltage and limit the voltage
ripple. The desired capacitance of the Z-source capacitor could
be determined as shown in (19), where α represents the ratio
of capacitor voltage ripple by average capacitor voltage. D rep-
resents the duty ratio of shoot-through states, and fs represents
switching frequency.

CZ1 = CZ2 =
iC ⋅ dt
dVC

=
iL ⋅ D

𝛼VC fs

(19)

Similarly, the inductance of the Z-source inductor could be
determined as shown in Equation (20) where β represents the
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TABLE 5 Parameters of hardware experiments

Parameters Values

Input DC voltage Vin 100 V

Rated Vout (peak) 200 V

Rated Vout (r.m.s.) 141 V

Switching frequency of carrier
wave

10 kHz

Inductance of Lz1, Lz2 280 μH

Capacitance of Cz1, Cz2 2200 μF

Inductance of Lf 330 μH

Capacitance of Cf 80 μF

Load resistance per phase Rload 100 Ω
Rated output power Pload 200 W

ratio of inductor current by average inductor current.

LZ1 = LZ2 =
vL ⋅ dt

d IL
=

VC ⋅ D

𝛽IL fs

(20)

The parameters of the LC filter are determined by the desired
cut off frequency to filter harmonics as shown in Equations (21)
and (22) where R represents the equivalent load impedance.

Lf =
R

2𝜋. fc
(21)

Cf =
1

2𝜋.R fc
(22)

Figure 13 shows the input voltage Vin (light green) and out-
put voltage Vout (blue) waveforms at rated steady operation
state. A voltage probe is connected to the load resistor to show
the output voltage waveform in the oscilloscope. The waveform
of oscilloscope was then exported for post-analysis in MAT-
LAB. The scope in Simulink replayed this waveform and calcu-
lated the THD value, then presented in Figure 14. The output
voltage harmonics positively correlate with the shoot-through
duty cycle when the control method of evenly-distributed ST
states is adopted. For unevenly-distributed ST states, the THD
varies when the duty cycle is small, while it positively corre-
lates with the duty cycle when more ST states are inserted. This
result matches the calculated conclusion and the simulations as
described before. The overall THD is kept at a low-level lead
by the output LC-filter, while the comparison of its harmonic
feature remains.

6 CONCLUSION

The mathematical relationship between the output harmonics
and ST states with quantitative analysis for bipolar-modulation
based Z-source inverters is described. A modified double-
Fourier-transformation-based calculation scheme is proposed

FIGURE 13 Output voltage waveform at rated output power
(a) evenly-distributed method (b) unevenly-distributed method

FIGURE 14 The THD of output voltage versus the ST states duty cycle
(a) evenly-distributed method (b) unevenly distributed method

to estimate the output harmonics with different ST states inser-
tion methods. It is verified by simulation and hardware experi-
ments that the calculated harmonics magnitudes with ST states
inserted match the experimental results well. For SPWM based
single-phase Z-source inverters, the harmonics of unevenly dis-
tributed ST states mentioned in this paper is lower than that
of the evenly distributed one. The proposed quantitative har-
monics approach for single-phase Z-source inverters provides
a helpful tool for design of bipolar-modulation based control
methods in order to estimate and reduce the output harmonics.
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