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ABSTRACT This paper proposes a series of new control methods for single-phase Z-source inverters.
A detailed description of the concept and principle of each method is first presented, then a comparison
among them is conducted comprehensively. Afterwards, an optimized closed-loop control scheme with better
harmonic elimination performance is derived. Experimental results obtained from a 1kW un-isolated Z-
source inverter prototype have demonstrated the effectiveness of the proposed control method. Compared to
the conventional boost control, the proposed scheme has better performance with reduced harmonics, more

flexible voltage gain, and simple algorithm.

INDEX TERMS Z-source inverters, shoot-through states, closed-loop control, harmonics suppression,

voltage boosting.

I. INTRODUCTION

There is undoubtedly increasing installation of clean and
renewable energy sources widespread in the world because of
its benefit to the environment and high efficiency. The total
world renewable energy capacity increased from 1.06 million
MW to 2.18 million MW from 2008 to 2017 [1]. Among
them, the Photovoltaic (PV) power capacity has reached
390,625 MW in 2017, equivalent to 26 times of which
in 2008. The wind energy also reached 513,939 MW in 2017,
and Electric Vehicles (EV) has becoming more and more pop-
ular with more and more mature technology and convenient
charging. Power electronics technology and converters have
therefore played an important role in energy transfer between
the grid and each distributed source. Stable, high efficiency,
fast response and low cost converters are desired and utilized
everywhere.

Traditional full bridge inverter is a fundamental topol-
ogy for energy transforming units. However, in the control
and operation of traditional full bridge inverters, dead time
between the upper and lower switches in the same bridge
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is needed to avoid short-circuit, which may damage the
switches. The existence of dead time unavoidably brings AC
output waveform distortions [2]. On the other hand, an extra
DC-DC boost converter is usually required when the DC
source voltage is insufficient to supply the output voltage,
resulting in a two-stage system with high cost and compli-
cated control [3], [4].

Meanwhile an impedance network is often added in the
converter to offer an option for single-stage converter with
voltage buck/boosting ability [5]. The Z-Source Inverter
(ZSI) [6] and quasi-Z-Source Inverter (qZSI) [7] were thus
proposed to overcome the barriers of traditional two-level
Voltage Source Inverters (VSIs) and Current Source Inverters
(CSIs), respectively. ZSI and gZSI could achieve voltage
buck or boosting with a single-stage converter topology, thus
overcome the range limitation of output voltage gain. With
the Z-source impedance network, it is possible to turn on
the two switches in one bridge at the same time since the
input DC source cannot be short-circuited any more [6].
Moreover, the Z-source inverters ingeniously take advantage
of the shoot-through states to realize the boost function of
invention without adding extra semiconductor devices and
control circuitry [8]. Since the additional DC-DC converter
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is replaced by the Z-source topology, the power density and
efficiency could be improved. ZSI and qZSI could also be
used as Z-source or quasi-Z-source DC-DC converters easily
by adding a rectifier in the output side while the control
method remained unchanged [9], [10].

Because of the unique feature and advantages, Z-source
topology and corresponding converters have been widely
investigated in the following area:

(1) PV solar energy system [11]-[15]

(2) Motor controller [16], [17]

(3) EV charging [18]-[23]

(4) Converter in Microgrid [24]-[26]

(5) Wireless converter [27]-[30]

Investigation of ZSI and qZSI often includes their appli-
cations in PV or energy storage systems [22] with specially
designed control methods. The output voltage of Z-source
inverters can mainly be controlled with capacitor voltage
control, direct DC-link voltage control, indirect voltage mode
control and indirect current mode control [3]. Many control
methods for ZSI and qZSI have been proposed to improve
their dynamic performance. For example, PI based control
and model-predictive control as the feedback strategies for
regulating DC link voltage have been proposed and inves-
tigated in [S], [16], [31]. Besides, a fuzzy control strategy
has been introduced to improve the transient performance and
reject disturbance [32]. In [33], an adaptive tuning algorithm
for single-phase ZSI has been proposed for DC voltage source
with many fluctuations. A dual switching frequency modu-
lation algorithm for ZSI and qZSI is proposed to combine
high frequency Pulse Width Modulation (PWM) with low fre-
quency Singular PWM (SPWM) and hence reduce converter
size as it operates at high switching frequency [34]. A spe-
cial multi-input multi-output controller of grid-connected ZSI
using sliding mode has been investigated to realize a wider
operating range in [35]. A decoupled control based on sym-
metrical shoot-through is proposed for single-phase ZSI [36].
In [14], a unified control methods based on modification
of Space Vector PWM (SVPWM) for grid-connected PV
systems was proposed to decrease grid current distortion.
In [13], traditional SPWM and pulse amplitude modulation
were combined to vary the DC side voltage of qZSI, and
thus reduce both power dissipation and impedance of the
Z-source topology. Researchers have also investigated on
reducing the voltage/current stress of single-phase or three-
phase ZS1/qZSI devices [37]. Soft switching of bidirectional
qZSI has been achieved with the help of a resonant capacitor
and coupled inductors to further improve efficiency [17].
However, the above-mentioned control methods for Z-source
topology based converters sacrificed the simplicity and cost
as more passive devices are often needed.

Besides the basic ZSI and qZSI topology, more Z-source
topologies have been developed such as switched ZSI,
embedded X-type ZSI, Z-source rectifiers and Z-source
DC-DC converters [38]-[41]. These kinds of combina-
tion of Z-source topology and other modification suc-
cessfully extend the application of Z-source topology and
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brings the advantage of avoiding dead time. A three-phase
quasi-Z-source rectifier has been introduced with a special
modulation method, which realizes complete soft switching
to improve efficiency, but the grid-side current has high
harmonics [8]. A switched inductor-capacitor ZSI has also
been proposed to have greater voltage boosting ratio at lower
duty ratio, but more diodes are required in the topology [42].
Shoot-through PWM and phase shift modulation technique
were combined in a qZSI series resonant DC-DC converter
in [10] and in a switched Z-source bidirectional DC-DC
converter in [43], to achieve wider input/output range and
high voltage gain. Though those Z-source converters could
generally achieve higher power density, greater robustness,
wider voltage conversion ratio, they are complicated and
computational intensive in order to meet the special require-
ments of designated applications, have issues in conversion
efficiency, voltage stress of switches, power level limitation
and output harmonics [8], [41].

In fact, the control of switches that insert shoot-through
states always plays a key role in the overall performance
irrespective of the Z-source topology and how it is connected
to various types of converters. Thus, a series of new control
methods is proposed here and applied to single-phase ZSIs.
The proposed methods belong to direct DC-link voltage con-
trol, which has better transient response and greater distur-
bance rejection capability [3]. One of the proposed control
methods with better overall performance than the others in
the series is further studied and investigated. The proposed
control methods can achieve accurate output voltage magni-
tude with low harmonics and wide output range but simpler
control. There is no need to have a complicated mathematical
model nor tremendous calculation while the reliability and
response accuracy is ensured. The proposed methods are also
suitable for many applications, including single-phase and
three-phase inverters with wide load range in PV applications
and bidirectional Vehicle-to-Grid (V2G) system with reverse
operation as a rectifier.

This paper is organized as follows. Basic principle of
Z-source inverters is first described; five new control methods
are then proposed in Section 2. Analysis and a comparison
among the five proposed methods are given based on the
theoretical calculation and preliminary simulation results in
Section 3. System modelling is conducted and optimized
closed-loop control is derived. Corresponding closed-loop
simulation is conducted and the results are presented in
Section 4. In Section 5, a 1kW Z-source inverter hardware
platform is introduced and a series of experiments are con-
ducted. The experimental results are presented and analyzed.
Section 6 summarizes the conclusions.

II. FIVE PROPOSED CONTROL METHODS AND THEIR
COMPARISON
The fundamental topology of an un-isolated single-phase
Z-source inverter is presented in Fig. 1.

The Z-source topology is composed of inductors Lz,
Lz> and capacitors Cz;, Cz>. To ensure the symmetrical
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FIGURE 1. A typical single-phase Z-source inverter.

characteristic, the inductance of two inductors are normally
the same, i.e. Lz; = Lzp = Lz, while the capacitance of two
capacitors are also the same, i.e. Cz; = Cz» = Cz. Asym-
metric topology would lead to unbalanced operation and
difference in voltage/current stress of devices. Its output side
is connected to a classical full bridge inverter. The Z-source
topology could also be directly connected to other converter
topologies similarly to realize different characteristics easily.
The diode Dy is placed in series with the DC voltage source
to block reverse current from the Z-source topology in order
to achieve voltage boosting [43].

While an isolation transformer could be added according
to the application requirements, the basic inverter topology
without isolation as shown in Fig. 1 would be adopted in this

paper.

A. PRINCIPLE OF VOLTAGE BOOSTING

In steady state, the operation of Z-source inverter is divided
to two periods: shoot-through state and non-shoot-through
state. If the total time of shoot-through state in one
cycle is T, then the duty ratio D of shoot-through state
is:

D= T ey

In shoot-through states, the full bridge is short-circuited,

so the voltage across the Z-source topology Vz = 0. The

diode Dy is reversely biased because the voltage across the

Z-source capacitor is greater than input DC voltage as shown

in Fig. 2(a). The following equations could be obtained by
applying Kirchhoff Laws:

VIZ1 = Vcz1 = VIZ2 = V(72
iLz1 +icz1 =iz +icz2 =0 )
iz =lLz1 —iczz2 = iLz2 —icz1

In non-shoot-through states, the diode D; is forward biased
as shown in Fig. 2(b) and Fig. 2(c). Similarly, the following
equations could be obtained:

vizi = viz2 = Vae —vez1 = Vie — veza
Vz =2vez1 — Vae
3)

iLz1 =icz2 +iz
ifzo =icz1 +iz
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FIGURE 2. Current flow in different states. (a) Shoot-through state.
(b) Non-shoot-through state (T; & T4 on). (c) Non-shoot-through state
(T, & T3 on).

State space equations could be obtained:

B 2D — 1 T
0 0 0
i1 (1) b2 o
11t —
. 0 0 0
d i@ | _ Ly
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The parameters of the steady state could be obtained by
setting equation (4) to zero.

== T

. 1-D —

Ve, = Ve, = m'vdcz Vz 5)
1 _

VZ-peak = T _op Ve
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Since the duty ratio D of shoot-through state lies0 <D < 1,
it is obvious that the average and maximum value of the volt-
age across the Z-source topology Vz is boosted and greater
than input DC voltage source. The more shoot-through state
is inserted, the greater is the output voltage gain. In this way,
the Z-source inverter is able to transform a DC voltage source
to a greater AC voltage output. This process takes advantage
of the shoot-through states, which avoids the needs of setting
dead time of switches in the same bridge and improves the
stability of the inverter.

The determination of the device parameters in the Z-source
topology is not complicated. The primary principle 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 equation (6) [38] where « represents the ratio of
capacitor voltage ripple by average capacitor voltage. In this
paper, o is set as 0.1, i.e. the expected voltage ripple accounts
for 10% of the capacitor voltage. D represents the duty ratio of
shoot-through states, and fg represents switching frequency.

ic-dt  i,-D
dVe aVef;

Similarly, the inductance of the Z-source inductor could be
determined as shown in equation (7) where B represents the
ratio of inductor current by average inductor current. In this

paper, B is also set as 0.1, i.e. the expected current ripple
accounts for 10% of the average inductor current.

vy, - dt _ V_C -D
dl. — Blif;
The parameters of LC filter is determined by the desired

cut off frequency to filter harmonics as shown in equations (8)
and (9) where R represents the equivalent load impedance.

Cz =

(6)

Ly = (N

L= ®)
T o f

1
=R ©)

B. CONCEPT OF THE PROPOSED NEW CONTROL
METHODS

The key concept of controlling a Z-source topology based
converter is to take advantage of shoot-through states of
switches to boost voltage. The main difficulty is how to
reduce the harmonics and power loss while increasing the
output voltage magnitude. For controlling a single-phase ZSI
with AC output, the control methods could be classified into
five categories: one-cycle Pulse Width Modulation (PWM)
control, modified reference PWM, Hysteresis current control,
Non-linear sinusoidal PWM and Low-frequency Harmonics
elimination PWM [3]. Among various control methods of a
single-phase Z-source inverter, shoot-through by overlap of
active states leads to minimum switching loss [3], [12] thus
it is beneficial for improving the overall efficiency. In this
paper, five methods of generating the overlap of active states
based on SPWM are proposed here.
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FIGURE 3. Generation of modulation waves of asymmetric a + b control
method and corresponding gate signals.

1) ASYMMETRIC @ + b METHOD
As shown in Fig. 3, the black sawtooth curve represents
carrier wave for generating PWM signals for switches. The
red curve, which is a sine wave representing the modulation
wave for generating gate signals of switch T1 and T4. The
magnitude of carrier wave ranges from —1 to 1, and the
magnitude of red modulation wave ranges from —a to a,
where 0 < a < 1. To produce overlap of active states, another
modulation waveform is derived by subsiding a positive con-
stant b, as marked blue in Fig. 3. It is used for generating
gate signals for switch T> and T3. The magnitude of blue
modulation wave therefore ranges from —a — b to a — b.
Fig. 3 shows the overlap of switching signals by two different
modulation waves such that shoot-through states are inserted.
In the positive half cycle of the modulation waves, the mag-
nitude of red one ranges from 0 to a, while the magnitude of
blue one ranges from —b to a — b. In the negative half cycle of
the modulation waves, the magnitude of red one ranges from
0 to —a, while the magnitude of blue one ranges from —b to
—(a + b). Shoot-through states are inserted in an asymmetric
way, so this control method is called asymmetric a 4 b control
method.

2) SYMMETRIC a + b METHOD

To solve the problem of asymmetry between the positive and
negative half cycles of the shoot-through states, a modified
“symmetric a + b control method” is proposed as shown
in Fig. 4(a). In the positive half cycle, the magnitude of red
modulation wave is added with a positive constant b, while
the one of blue modulation wave is a. In the negative half
cycle, the magnitude of blue one is subsided by the constant
b. In this way, in the positive half cycle, the magnitude of
red wave ranges from b to @ + b, while the magnitude of
blue wave ranges from 0 to a. Symmetrically, in the negative
half cycle, the magnitude of blue wave ranges from —b to
—(a + b), while the magnitude of red wave ranges from
0 to —a. Shoot-through states are inserted symmetrically in

113789



IEEE Access

W. Xu et al.: A Series of New Control Methods for Single-Phase ZSls and the Optimized Operation

FIGURE 4. Generation of modulation waves. (a) Symmetric a + b control
method. (b) Semi-symmetric a + b method. (c) Asymmetric a x b method.
(d) Symmetric a x b method.

both positive and negative half cycles. However, there is a
sudden change of the modulation wave during the shifting
between positive and negative half cycles.

3) SEMI-SYMMETRIC @ + b METHOD

To reduce the negative effect of the asymmetric shoot-through
insertion of control method (1) and sudden magnitude change
of control method (2) as mentioned above, a new ‘‘semi-
symmetric a + b control method” is proposed as shown
in Fig. 4(b). There are three modulation waves. The blue
modulation wave is a standard sine wave whose magnitude
ranges from —a to a. It is used for generating switching
signals for Ty and T3. The red modulation wave is derived
by adding a positive constant b, whose magnitude ranges
from —(a — b) to a + b. It is used for generating switching
signals for T4 only. The green modulation wave is derived by
subsiding a positive constant b, whose magnitude ranges from
—(a + b) toa — b. It is used for generating switching signals
for T only. In the positive half cycle, the two maximum
magnitudes of modulation wave for bridge T/T, are a and
a — b, while the two maximum magnitudes of modulation
wave for bridge T3/T4 is @ + b and a. In the negative half
cycle, the two maximum magnitudes of modulation wave for
bridge T/T; are —(a + b) and —a, while the two maximum
magnitudes of modulation wave for bridge T3/T4 are —a and
—(a — b). In this way, the asymmetry of shoot-through state
insertion between positive and negative half cycles is offset,
and there is no sudden change of each modulation wave.

4) ASYMMETRIC @ x b METHOD

In the above-mentioned three control methods, the overlap of
activities is produced by magnitude difference of modulation
waves, where the difference all comes from adding or sub-
siding a constant value. The magnitude difference could also
be produced by multiplication. As shown in Fig. 4(c), the red
modulation curve is a sine wave with its magnitude ranged
from —a to a for generating signals for switch T1/T4. The
blue modulation waveform, which is used for generating sig-
nals for T,/T3, is derived by multiplying a positive constant
1 — b in the positive half cycle, and multiplying 1/(1 — b) in
the negative half cycle, where O < b < 1. Thus, the magnitude
of blue modulation wave is always smaller than red one.
Similar to the control method (1), the shoot-through states
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are inserted in an asymmetric way. In the positive half cycle
of the modulation wave, the magnitude of red one ranges from
0 to a, while the magnitude of blue one ranges from 0 to a x
(1 — b). In the negative half cycle of the modulation wave,
the magnitude of red one ranges from 0 to —a, while the
magnitude of blue one ranges from 0 to —[ a/(1 — b)].

5) SYMMETRIC a x b METHOD

A “symmetric a X b method” is proposed as shown
in Fig. 4(d). In the positive half cycle, the magnitude of red
modulation wave is multiplied by (I + b), while the one
of blue modulation wave is a. In the negative half cycle,
the magnitude of blue one is multiplied by the constant
(1 + b), while the one of red modulation wave is —a. In this
way, in the positive half cycle, the magnitude of red curve
ranges from O to @ x (I + b), while the magnitude of blue
curve ranges from O to a. Symmetrically, in the negative half
cycle, the magnitude of blue curve ranges from 0 to —[ @ x
(I + b)], while the magnitude of red curve ranges from 0 to
—a. There is no sudden change of the modulation wave during
the shifting between positive and negative half cycles because
the instantaneous values of modulation waves are still zero
despite the multiplication.

In short, parameter a represents the magnitude of modu-
lation wave, and parameter b determines the overlap of two
switches in one bridge, i.e. the shoot-through states. All the
above control methods are open-loop when @ and b are both
constant. For closed-loop control of the ZSI, @ and b could be
real-time adjusted according to the measured output voltage
via PI control or a specially designed logic to ensure that
the output voltage magnitude could catch the reference with
lower harmonics. The closed-loop control will be applied and
discussed in Section 3.

Ill. ANALYSIS AND COMPARISON OF THE PROPOSED
CONTROL METHODS

As previously described, the DC side voltage V. is boosted
to Vz by the Z-source topology with the implementation of
shoot-through states, thus the AC output voltage is greater
than the input DC side voltage. Shoot-through states are
inserted widespread the whole cycle with the proposed five
control methods.

In this way, the Z-source topology could play the role
of the front-end boost converter for a DC-AC converter.
As shown in Fig. 1, the voltage across the inverter bridge V;
shifts between + Vz, —Vz and 0. According to equation (5),
the peak value of output AC voltage V; could be obtained:

g Ym p, _ma (DD
g 2D-1

In equation (10), V,, represents the maximum value of
modulation wave, i.e. the peak value of the sine wave. V,
represents the peak value of the carrier wave. The modulation
ratio is defined as mg,, which represents V,, / V.. In the
proposed five control methods, the magnitude of modulation
wave ranges from —a to a, and the magnitude of carrier wave

Ve (10)
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FIGURE 5. Duty ratio of shoot-through state analysis.

TABLE 1. Duty ratio D and a, b values of five control methods.

a b D, D, Ds D, Ds
(%) (%) (%) (%) (%)
0.75 0.05 5 5 5 2.39 2.39
0.75 0.10 10 10 10 4.77 4.77
0.75 0.15 15 15 15 7.16 7.16
0.75 0.20 20 20 20 9.55 9.55
0.75 0.25 25 25 25 11.94 11.94

0.75 0.30 29.61 29.22  29.61 14.33 14.33
0.75 0.35 3390 32.80  33.90 16.67 16.63
0.75 0.40 3797 3593 37.97 18.77 18.44

0.80 0.05 5 5 5 2.55 2.55
0.80 0.10 10 10 10 5.10 5.10
0.80 0.15 15 15 15 7.64 7.64
0.80 0.20 20 20 20 10.19 10.19
0.85 0.05 5 5 5 2.71 2.71
0.85 0.10 10 10 10 5.41 5.41
0.85 0.15 15 15 15 8.12 8.12
0.90 0.05 5 5 5 2.87 2.87
0.90 0.10 10 10 10 5.73 5.73

ranges from —1 to 1. Therefore a is equal to the modulation
ratio my,.

Obviously the duty ratio of shoot-through states D in the
proposed control methods is directly determined by a and b.
The duty ratio D could be derived by mathematical calcula-
tion. As shown in Fig. 5, the magnitude of modulation wave
could be assumed as constant during one carrier wave cycle
since the frequency of carrier wave is much higher than that
of modulation wave. When both the two modulation waves
vary within the carrier wave range (from —1 to 1), the total
shoot-through time in one carrier wave cycle is 2 £ The shoot-
through duty ratio of one leg D1 = 2 ¢/ T. Because there are
two legs in the full bridge inverter, the whole shoot-through
duty ratio of the inverter D =2 Dy.. Sincer/t =2 R/ T,R =
2,thus D =2 Dy, =2x(r/2)=r =0>.

When the modulation waves go beyond the carrier wave
range (from —1 to 1), the above result D = b becomes invalid.
Table 1 shows some representative values of the duty ratio D
and corresponding @ and b, where D;-D5 represents the duty
ratios of shoot-through states of the five proposed control
methods respectively. Data in the table shows that for “a +
b” control methods (1) (2) and (3), whena + b < 1, the duty
ratio D is equal to the value of b, no matter what is the value
of a. When a + b > 1, D is slightly smaller than b, but still
has approximate linear relationship with b and the error is
negligible. So it is assumed that D = b in all calculation
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under any circumstance. In practices, the distortion of output
waveform would become greater when the sum of @ and b
exceeds 1. So the sum of a and b is normally set smaller than
1 in the control scheme. For “a x b” control methods (4)
and (5), the duty ratio D is influenced by both @ and b. D
has an approximate linear relationship with b, while the gain
(defined as D/b) is determined by a. For example, when a =
0.75, the gain is 0.477; when a = 0.8, the gain is 0.51.

If a is too great, for example a exceeds 1, there will be
a long period that the modulation wave is always greater
or smaller than the carrier wave, then the output harmonics
would undoubtedly increase. If a is too small, the output
voltage magnitude will be smaller because of the feature of
traditional SPWM as shown in equation (10). In traditional
SPWM method, the output voltage magnitude is equal to the
DC source voltage multiplies the modulation ratio which is
defined as V,, /V,, i.e. parameter a in the proposed control
method. The main advantage of Z-source inverters is that
it could boost voltage without an additional DC-DC boost
converter. If a is smaller, say smaller than 0.7, the output
voltage will be smaller, thus the advantage becomes less
noticeable. Even a greater value of b could boost the voltage,
it leads to greater harmonics, and negates the benefit of
boosting voltage. Therefore, in normal operation, the value of
a shall be in the range of 0.7 to 1 to guarantee low harmonics
and adequate voltage output. Therefore, 0.75, 0.8, 0.85 and
0.9 are evenly sampled within this range for the evaluations
in Table 1.

To give an intuitive view, a 3-D image showing the rela-
tionship between shoot-through states duty ratio D and cor-
responding a, b parameters are presented in Fig. 6. Since the
three “a + b”” control methods have similar characteristic of
the D — a — b relationship, the image of semi-symmetric a+b
method is selected as the representative. The horizontal axles
are a axle and b axle, while the vertical axle shows the value
of duty ratio D derived by different combinations of a and b
as shown in Fig. 6(a). It is obvious D is equal to the value of
b regardless of the value of @ whena + b < 1. Whena + b
> 1, there is a slight drop of D, i.e. duty ratio is smaller than
b slightly.

The two “a x b’ control methods also have similar char-
acteristic of the D — a — b relationship, so the asymmetric
a x b method is selected as the representative in Fig. 6(b).
The duty ratio D is always slightly smaller than 5/2 no matter
whether @ + b < 1 or not, regardless of the value of a. But
the error is not significant, so the analysis could be simplified
that D = b/2 in calculation.

To testify the effectiveness of the proposed control meth-
ods, a series of open-loop simulations of a single-phase
Z-source inverter with a resistive load have been conducted
in Matlab Simulink. The input DC voltage is 250V, and
expected output peak voltage ranges from 150V to 350V.
The frequency of modulation wave is 50Hz. The load is a
pure resistor of 60€2 so the rated output power is 806 W when
the r.m.s. value of output voltage is 220V. The output power
ranges from to 520W to 1.02kW accordingly.
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FIGURE 6. Relationship between shoot-through states duty ratio D and
parameter a & b. (a) Semi-symmetric a + b methods. (b) Asymmetric a x
b methods.
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For single-phase Z-source inverters, switching loss would
account for a large portion of total power losses. How-
ever, because of its unique feature of inserting shoot-through
states, soft switching cannot be easily applied. Therefore,
the switching power loss would undoubtedly increase with
the carrier wave frequency, although a higher carrier wave
frequency would decrease the harmonics of the output voltage
and current as it produces more accurate instantaneous pulse
width modulation. As a compromise, SkHz is selected as
the carrier wave frequency which is typically used in PWM
scheme and the harmonics of simulation result is also satis-
factory. The parameters of Z-source inductors and capacitors
are determined by equation (6) and (7), Lz = 300uH,
Cz = 1410uF. The harmonics of output voltage is also
influenced by the LC filter design. The parameters of filter
inductor and capacitor are determined by equation (8) and (9),
Lf = 3.3mH, C; = SuF.

Firstly, a and b of each control methods are adjusted to
achieve an AC output peak voltage of 311V, which meets the
common AC voltage requirement of 220V rms. The output
voltage waveforms of different control methods are presented
in Fig. 7. Different combinations of @ and b values might
produce the same output voltage level but different harmon-
ics, and the combination which produces less harmonics is
selected and presented in Fig. 7.

Itis obvious that both control methods produce high quality
sinusoidal waveforms with little distortion within the boost-
ing range. The Total Harmonics Distortion (THD) of the
five control methods ranges from 1% to 4% approximately.

113792

Output Voltage (V)

1
0.12 0.125 0.13 0.135 0.14 0.145 0.5 0.155 0.16

time (s)

(@)
utput Voltage‘(V)
300
200
w |/ /
L/ \ ’
0
\\ \
-100 \ \\
-200 \ A
00 N\ \\
I I I I | | | |
0.12 0.125 013 0.135 0.14 0.145 015 0.155 0.16
time (s)

,,,,,, - ’ " time (‘s‘;
(©

FIGURE 7. Open-loop simulation results of output voltage waveform.

(a) Asymmetric a@ + b method (red), symmetric a + b method (blue) and
semi-symmetric a + b method (green). (b) Asymmetric @ x b method (red)
and symmetric a x b method (blue). (c) Asymmetric a + b method (red)
and asymmetric a x b method (blue).

The waveforms are categorized into three groups in order to
compare and analyze the minor difference of each control
methods in detail.

In Fig. 7(a), the waveforms of three “a + b’ control
methods are presented together to show the result difference
of asymmetric, symmetric and semi-symmetric methods. The
three waveforms almost overlap exactly during the valleys,
but are different during the crests. The symmetric control
method reaches voltage peak a bit earlier than asymmetric and
semi-symmetric control methods. The waveforms of sym-
metric and semi-symmetric control methods are symmetric
during the positive and negative half cycles, while the one of
asymmetric control method is not symmetric vertically.

In Fig. 7(b), the waveforms of two “a x b” control meth-
ods are presented together to show the result difference of
asymmetric and symmetric methods. The waveform shape
of asymmetric control method is slightly wider than the one
of symmetric control method. The waveform distortion of
asymmetric one is also greater than the symmetric one.

In Fig. 7(c), the waveforms of asymmetric “a + b”” and
“a x b” control methods are presented together to show the
result difference of “a 4+ b” and “a x b” methods. The
waveform of “a x b’ method reaches peak value earlier than
“a 4+ b” in the positive half period, but later in the negative
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FIGURE 8. FFT analysis results of five open-loop control methods at rated power.
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half period. This is because the phase delay caused by the
SPWM when shoot-through states are inserted unevenly due
to different control methods. The distortion of “a x b”
method waveform is greater than the one of ““a + b’ method.

FFT analysis results of the five proposed control methods
at rated output voltage are shown in Fig. 8. It shows that the
even order harmonics, especially the 214 order harmonics,
of asymmetric “a + b” method and asymmetric “a x b”
method are not well suppressed. This is caused by the asym-
metry of shoot-through states distribution between positive
half cycles and negative half cycles. Instead, in the other three
symmetric or semi-symmetric methods, there is little even
order harmonics. As shown in Fig. 8, the 7 and higher order
harmonics are very small and almost filtered totally by the
LC output filter. Therefore, only 3" and 5™ order harmonics
magnitude are presented when a = 0.8 as shown in Fig. 9. The
3" order harmonic of all methods increase with the value of
parameter b because more shoot-through states are inserted.
Among the five control methods, the 3" order harmonics of
semi-symmetric a + b method is the lowest because of its
symmetry and continuity of inserting shoot-through states.
For the three “a + b” control methods, the 5™ order harmonic
is relatively stable and there is no apparent relationship with
b. In contrast, the 5% order harmonic increases with b in the
two “a x b”” method.

Fig. 10 shows a series of closed-loop simulation results
when load resistance R changes. The rated load resistance
is 60€2, and simulation results are presented when the load
resistance increases to 3002 and reduces to 12€2. The input
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voltage Vg is 250V, and the reference output voltages are
260V, 310V and 360V respectively. These amplitudes and
corresponding voltage boost ratios lie in the most common
range in practical operation of Z-source inverters. The THD
values are obtained from the FFT analysis function in Matlab
Simulink by calculating the last ten cycles of output volt-
age waveforms in steady state. Obviously, the THD of each
control method increases with the output voltage magnitude.
Although the THD of semi-symmetric a + b method is
not always the lowest in all cases, it is still obvious that it
shows better overall performance over harmonics suppression
among the five methods in quite a wide range. It is also clear
that the two ““a x b’ methods have higher THD than the three
“a 4 b methods. The green bars in Fig. 10 shows that when
the voltage boost ratio is high, the THD of asymmetric a x
b method is the largest, and the THD of semi-symmetric a +
b method is the smallest. When the boost ratio is relatively
low, the difference among the THD values of each method
is not significant because the shoot-through duty ratio is low.
The influence of different shoot-through-insertion methods
on THD is not significant enough. The three “a + b’ control
methods have better performance in restraining harmonics,
especially the semi-symmetric one.

In short, among the five proposed control methods, the
semi-symmetric control a + b method shows the best per-
formance. Its THD is only 1.04% when the output voltage
is 311V, boosted from the 250V DC source. There is no
sudden change during the shift between positive and negative
half periods compared to the symmetric “a + b” control
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FIGURE 10. Comparison of output voltage THD among the five control methods under different load cases.

method, and the magnitude of modulation waves are the
same in the peak and bottom. The shoot-through states are
inserted more evenly compared to the ““a x b’ methods. More
simulations with different settings of system parameters have
been conducted and given consistent THD results to conclude
that semi-symmetric a + b method has better performance
on harmonics. Theoretically there could also be a “‘semi-
symmetric a X b control method”, but it is not considered
since “a x b” brings more harmonics unavoidably compared
to corresponding “a 4+ b’ one. The semi-symmetric a + b
control method is preferred and further studied in detail in
the following section.

There is little difference among the five proposed control
methods in their performance on switching loss. The major
difference of the five proposed control methods is the distri-
bution of shoot-through states, which mainly affects the har-
monics as described above. Therefore, all the five proposed
methods have similar power loss performance.

IV. MATHEMATICAL ANALYSIS AND OPTIMIZED
CONTROLLING SCHEME

A. CLOSED-LOOP CONTROL ANALYSIS

According to equation (10), the output voltage of the
semi-symmetric control method for a single-phase Z-source
inverter could be written as:

a-(b-1)
2b—1

where a = m, and b = D according to conclusions drawn
from Table 1. Equation (11) is accurate whena < 1 and a +
b<1

The output voltage magnitude is able to vary from O to
infinite theoretically, thus the converter achieves wide voltage
range of operation. However, when the output voltage was
too low, the inverter would work in light-load condition thus
the efficiency would be limited. When the output voltage as
well as boost ratio was too high, much more shoot-through
states were inserted and output voltage harmonics would be
very high. Therefore, there is an output range where the
Z-source inverter works in good condition. The relationship

Ve (11)

Vour -peak =
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FIGURE 11. Output voltage magnitude and corresponding a & b values of
the Semi-symmetric control method.

between output voltage and variables a, b in open-loop oper-
ation is presented in Fig. 11 according to the data collected
by simulation in the above section. Both equation (11) and
Fig. 11 clearly show that output voltage magnitude is in
positive correlation with both variable @ and b.

The closed-loop control could be achieved by adjusting the
value of b using a PI controller according to equation (12).

b =bo+ G(s) - (Urs — Uo) 12)

The transfer function diagram is shown in Fig. 12(a). The
green block represents the final gate-signal generation which
is shown in detail in Fig. 12(b). Four gate-signals are gener-
ated by the input variables @ and b.

B. OPTIMIZED CONTROL

Different values of @ and b may lead to the same voltage gain,
however the corresponding harmonics might be different. The
relationship between the THD of output voltage and variables
a, b in open-loop operation is presented in Fig. 13. Similarly,
the THD is in positive correlation with variable b which has
much greater influence on the THD than a as it directly affects
the length of shoot-through states. The relationship between
THD and variable @ depends on variable b.
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FIGURE 12. Diagram of closed-loop semi-symmetric a + b method.
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FIGURE 13. The THD of output voltage and corresponding a & b values of
the semi-symmetric control method.

To reduce harmonics, a step-change optimization scheme
of the above mentioned closed-loop control method is pro-
posed. The controlling logic diagram is shown in Fig. 14.
In the closed-loop control scheme, b is adjusted by the PI
calculation while a is a given default value based on expe-
rience. As shown in Fig. 14, when b is adjusted to a certain
value which ensures the output voltage match the reference
magnitude, the THD of output voltage is calculated and saved
as Hy. Then a is subsided with a small step value which is
marked as agep. According to the closed-loop PI control logic,
b will slightly increase to make the output voltage equal to
the reference value. When the new values of @ and b become
stable, the THD of output voltage is calculated again as &, and
compared with the previous THD H.

If the harmonics became smaller, then the above proce-
dures would be executed again because at this stage a smaller
value of a lead to a lower THD. If the harmonics became
greater, the value of a should be increased to reduce harmon-
ics, so a is added with the constant ag,p, and then repeat the
above procedures.
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FIGURE 14. Logic diagram of optimized control to reduce harmonics.

According to simulation results, the scheme could reach
stable values of @ and b which produce least harmonics within
20 iterations. The program is conducted every 0.1s, which
is equivalent to five output voltage cycles. Therefore, when
there is no other disturbance such as in input voltage or load
resistance, a is constant over time except during the first
2 seconds of the reference voltage change. The variable b
would become stable normally within five cycles to catch the
output voltage magnitude. When there are any changes in the
input voltage or load resistance, the output voltage magnitude
and the THD would change, then @ and b will be adjusted
automatically by the control logic in Fig. 14. In steady state,
the variation of b is very small and could be neglected as the
variation has little effect on the duty ratio of shoot-through
states.

The closed-loop simulation results for a pure resistive load
are presented in Fig. 15. The reference peak voltage changes
from 280V to 300V when t = 0.5s. As Fig. 15 shows, the prac-
tical output voltage magnitude varies from 280V to 300V
smoothly and reached stable state within three cycles.

The proposed control method is also applicable when the
Z-source inverter is connected to inductive loads, motors or
some non-linear loads such as a rectifier bridge with capacitor
and resistor, but equations (8) and (9) for the design of the LC
filter should be modified accordingly. In this case, the value
of a and b would vary over time as the impedance of load
changes.

V. EXPERIMENTS

A. HARDWARE SETUP

To verify the proposed control theory, a 1kW single-phase Z-
source inverter is built and tested. Fig. 16 shows the experi-
mental prototype in which the full bridge topology is com-
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FIGURE 15. Simulation of closed-loop control. (a) Output voltage curve
when reference voltage ranged from 280V to 300V [0.48s, 0.56s].
(b) Specific view of voltage magnitude.

FIGURE 16. Experimental hardware.

posed by two Wolfspeed KIT8020 CRD8FF1217P-1 half-
bridge modules. In those modules, the model of switches is
silicon carbide MOSFET C2M0080120D whose maximum
Drain-Source voltage is 1200V and continuous drain current
is 10A. The type of anti-parallel diode is C4D20120D whose
drain current is 20A. The input diodes are IXYS DSEI2X31-
10b whose reverse voltage is 1000V and continuous forward
current is 60A. A DSP28335 module generates the gate
signals for the four switches by GPIOO, GPIO1, GPIO2,
GPIOS ports (EPWMI1A, 1B, 2A, 3B). The Z-source capac-
itors are KEMET ALS30A471DA200 aluminum capacitors
with a rated voltage of 450Vdc. The Z-source inductor is
winded on a ferrite core with 25 turns. The output filter capac-
itor in the secondary side is 260Vac aluminum electrolytic
capacitor. The diameter of the insulated copper wire in the
two Z-source inductors is 0.5mm to reduce the skin effect.
The output filter inductor is winded by Liz wire with 58 turns
whose outer diameter is 3.9 mm. The instant output voltage

113796

TABLE 2. Parameters of hardware experiments.

Items Value
Input DC Voltage 250V
Output AC Frequency 50Hz
Rated Output AC Voltage (p-p) 311V
Output AC Voltage Range (p-p) 150 - 350V
Switching Frequency SkHz
Inductance of Lz, Lz, 300uH
Capacitance of Cz,, Cz, 1410pF
Inductance of L¢ 3300puH
Capacitance of Cy 8uF
Resistive Load 60Q
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FIGURE 17. Four gate signals with shoot-through states. (a) Overall view.
(b) Particular moment.

magnitude is collected by a hall sensor LV25-P and send to
ADC port of the DSP control board. The DSP scales the
analog signal which ranges from 0 to 3V into real voltage
magnitudes, and then r.m.s value of output voltage magnitude
and the THD are calculated in order to derive parameters
a and b, and generate the four gate signals. The DSP pro-
gram is generated by the build function in Matlab Simulink.
Detailed parameters of devices and experiment setting are
listed in Table 2.

B. EXPERIMENT RESULTS

As mentioned above, the closed-loop control of semi-
asymmetric a + b method with THD optimization is adopted
in the experiments. The waveforms of four gate signals are
presented in Fig. 17.
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FIGURE 18. Output voltage waveforms. (a) Output voltage and current
waveform (311V, rated). (b) Output voltage waveform (282V). (c) Output
voltage waveform (339V). (d) Output voltage waveform (350V, maximum).

@ oV

In steady state, the variable a is almost constant and vari-
able b varies periodically with a small range. As shown
in Fig. 17(a), the yellow, blue, purple and green curves repre-
sent gate signals of Ty, T», T3 and T4 respectively. The ratio
of on-state duration keeps varying because of the feature of
SPWM. The waveforms at a particular moment are presented
in Fig. 17(b). It is obvious that gate signal for T; and T3 are
complementary, and there is an overlap between T and T» in
the leading bridge, T3 and T4 in the lag bridge. Shoot-through
states are inserted in this way.

The rated output peak-peak voltage is set as 311V, which
is equivalent to an AC current of r.m.s. 220V. The boost ratio
is 1.24, and output voltage has good quality with a THD
of 2.42%. According to the record of the DSP control board,
the variable a is stable at 0.82 and b has an average value
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FIGURE 19. Experimental waveforms. (a) Inductor voltage V4, ; (green)
and inductor current Iz ; (purple) in steady state. (b) Inverter bridge
voltage V; (green) and input current I;, (purple) in steady state. (c) Output
voltage waveform V,; (blue) and output current waveform I, (light blue)
when V¢ varies from 220V to 270V (r.m.s value) in transient state.

of 0.102. The voltage boost ratio match the equations and
simulation results well. The THD of output voltage is a bit
higher than one of simulation possibly caused by potential
noises and parasite inductance. The output voltage and cur-
rent waveforms are presented in Fig. 18(a). The load current
waveform is exactly the same shape and phase with voltage
waveform as it is a pure resistive load.

To further test the boost function, the reference voltage is
set as 282V and 339V respectively as in the simulation. The
output voltage waveforms are presented in Fig. 18. According
to the DPS record, the variable a = 0.77 and b = 0.075 when
Vour = 282V; a = 0.84 and b = 0.099 when Vot =
339 V. When the output voltage reaches 339V, the THD of
output voltage is 2.56%. Waveforms of output voltage are
presented in Fig. 18 (b) and (c) respectively. It shows that
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FIGURE 20. Comparison of THD among different control methods.

the harmonics is kept in a relatively low level. The range of
output voltage is flexible. If desired output voltage is smaller
than input voltage, no shoot-through state is required and it
could be realized simply by adjusting the variable a. However,
if the output voltage and power were too low, the efficiency
would drop. If the desired output voltage were greater than
1.4, the harmonics of output voltage would increase. In this
prototype, the maximum output voltage is set to 350V. Exper-
imental result is shown in Fig. 18(d). In this case, the output
harmonics THD = 2.79%, a = 0.84, b = 0.103.

In steady state, the waveforms of Z-source inductors volt-
age and current Vi z and Iy z, input current Ij, and inverter
bridge voltage V7 are presented in Fig. 19 respectively. The
blue curve represents gate signal Vg of switch T3, and the
light blue curve represents gate signal Vs of switch T in the
same bridge.

In Fig. 19(a), the green wave represents voltage Viz; of
inductor Lz and purple wave represents current Iy 7| passing
through it. During shoot-through states, there is a sudden
increase of inductor voltage as one of the inverter bridge
is short-circuited. The current also increases rapidly. During
non-shoot-through states, both voltage and current drops to a
normal value of conventional SPWM-controlled power trans-
ferring.

In Fig. 19(b), the green wave represents inverter bridge
voltage Vz and purple wave represents input current Ij,.
During shoot-through states, one of the inverter bridge is
short-circuited so the voltage Vz would decrease to zero.
The input diode is reversely biased and input current Ij, is
zero. During non-shoot-through states, voltage Vz increases
to normal value, which is boosted and greater than input
voltage V4. The input current increases once the diode D,
is forward biased.

In Fig. 19(c), transient waveforms are presented where the
blue curve represents the output voltage waveform and the
light blue curve represents the output current waveform. The
r.m.s value of reference voltage increased from rated 220V to
270V. It shows that the output voltage reaches new reference
smoothly within four cycles.

Compared to conventional simple boost control [34] and an
adapted tuning control method [33], the experiments above
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proved that the proposed control method have better ability
of harmonics elimination as shown in Fig. 20, where the
horizontal axis represents boost ratio and the vertical axis
represents the THD of output voltages with different control
methods.

VI. CONCLUSION

In this paper, five new open-loop control methods for single-
phase Z-source inverters are proposed, analyzed and com-
pared with each other. The semi-symmetric a + b control
method performs better than the other four, and is further
investigated and modified to a closed-loop PI control method.
Simulation demonstrated that the output voltage magnitude
could catch the reference very well and accurately with a
wide load range. A 1kW prototype was built and experiments
were conducted to verify the theory. The total harmonics
distortion of output voltage is suppressed to within 3% when
the output voltage gain is lower than 2, which is smaller than
conventional control methods. In conclusion, the proposed
method is able to maintain its simplicity while satisfactory
results can be achieved without any additional circuitry or
algorithm.
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