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Abstract

This paper presents a novel topology named a modified capacitor-assisted Z-source inverter (MCA-ZSI) based on the
traditional ZSI. The impedance network of the proposed MCA-ZSI consists of two symmetrical cells coupled with two capacitors
with an X-shape structure, and each cell has two inductors, two capacitors, and one diode. Compared with other topologies based
on switched ZSI with the same number of components used at impedance network, the proposed topology provides higher boost
ability, lower voltage stress across inverter switching devices, and lower capacitor voltage stress. The improved performances of

the proposed topology are demonstrated in the simulation and experimental results.
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I. INTRODUCTION

A voltage source inverter (VSI) has been widely adopted
in various industrial applications. However, it can only
operate in the buck mode because its peak ac output voltage
is always lower than the dc source voltage. To obtain a high
ac output voltage, an extra dc boost converter can be
connected at the rear-end VSI, which eventually increases the
cost and size of the power converter. A dead-time that can
prevent an arm short of the inverter leg may distort the ac
output voltage waveform.

The power converter used to solve the aforementioned
problems of the conventional VSI is the Z-source inverter
(ZSI) [1]. The ZSI can operate in the buck-boost mode with a
single power converter by regulating the shoot-through state,
in which the upper and lower switches of the same inverter
leg are turned on concurrently to boost the dc-link voltage of
the inverter. Moreover, ZSI can eliminate the need for a dead
time of the inverter. Owing to its unique features, it has been
utilized at the uninterruptible power supply, grid-connected
photovoltaic generation systems, wind power applications,
and electric vehicle tractions [2]-[6]. However, because the
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actual boost gain of the traditional ZSI is limited, it cannot be
efficiently applied to further applications, which require a
power converter with strong boost capability.

Recently, several ZSI-based topologies that strengthen the
boost capability have been reported. To obtain a high boost
factor with low shoot-through duty ratio, topologies with
switched-inductor (SL) or/and switched-capacitor (SC)
impedance networks based on the ZSI structure [7], [8] or
quasi-ZSI structure [9]-[11] are introduced. In [12], the
hybrid SL impedance source converter is proposed, to
independently regulate ac and dc voltages for supplying both
voltages to the ac and dc loads, respectively.

To raise the boost factor, the topologies that connect more
cells in series at the impedance network are proposed in
[13]-[16]. However, additional inductors, capacitors, and/or
diodes in the impedance network are needed to further raise a
dc-link voltage, which increase the cost and volume of the
power converter. The coupled transformer-based or
inductor-based ZSI configurations as the alternate approaches
offer a high conversion gain by adjusting a turns-ratio of the
coupled transformer or inductor [16]-[18]. In [19], the
concept of switched boost inverter is extended to the
transformer-based switched boost inverters to achieve a high
boost factor with a low turn ratio of the transformer.

In this study, topology based on the
capacitor-assisted ZSI, which is called the modified
capacitor-assisted ZSI (MCA-ZSI), is proposed to enhance

a novel
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Fig. 1. Traditional ZSI and topologies based on switched ZSI: (a)
traditional ZSI, (b) SL-ZSI, (c) EB-ZSI.

the boost capability. Comparisons with other topologies
based on switched - inductor/capacitor ZSI recognize the
improved performance of the proposed topology, as
confirmed through the simulation and experimental results.

II. REVIEW OF TRADITIONAL ZSI AND MODIFIED
TOPOLOGIES BASED ON SWITCHED ZSI

A traditional ZSI and two topologies based on the

switched-inductor/capacitor ZSI structure are shown in Fig. 1.

Fig. 1(a) shows the traditional ZSI reported in [1]. Fig. 1(b)
shows the SL-ZSI topology introduced in [7]. The impedance
network in the SL-ZSI is constructed by replacing two
inductors of the traditional Z-impedance network into two SL
cells, where each SL cell is composed of two inductors and
three diodes. Fig. 1(c) shows a novel topology called
enhanced-boost ZSI (EB-ZSI) reported in [8], which is used
to raise the boost factor. The impedance network in the
EB-ZSI contains top and bottom cells coupled to the two
X-shaped capacitor pairs, where each cell is composed of two
inductors and two diodes.

The boost factor B is expressed as the ratio between the

peak dc-link voltage Vpn and the dc input voltage Vg, and
the boost factors of the traditional ZSI, SL-ZSI, and EB-ZSI

can be as follows:
B = vﬂ ! 1

= v = =20, /T) = 2D for traditional ZSI (1)
c - 0 -
B 1+D
~1-3p forSL-ZsI @
1
B=m for EB-ZSI, 3)

where T, is the shoot-through time during one switching
interval T and D = To/T depicts the shoot-through duty ratio.

III. PROPOSED MODIFIED CAPACITOR-ASSISTED ZSI

The operating principles and modulation techniques for the
proposed MCA-ZSI are described as follows.

A. Operating PRINCIPLEs of Proposed MCA-ZSI

Fig. 2 shows the structure of the proposed MCA-ZSI, an
impedance network that has symmetrical top and bottom cells
coupled with two split capacitors (C; and C,) with an
X-shape structure. Moreover, the top and bottom cells have
four inductors (Ly, Ly, L3, and L), four capacitors (Cs, C4, Cs,
and Cg), and two diodes (D, and D3). The operation states of
MCA-ZSI are identical with those of the traditional ZSI,
which are classified as the non-shoot-through state and
shoot-through state.

Fig. 3 shows the equivalent circuits of the proposed
MCA-ZSI in non-shoot-through and shoot-through states.
The two X-shaped split capacitors and two cells in the
impedance network are symmetrical due to the symmetrical
structure of the proposed impedance network. When the four
capacitors (Cs, C4, Cs, and Cg) and the four inductors (Ly, L,
L;, and L) in the top and bottom cells and two spilt
capacitors (C; and C,) have the same capacitance and
inductance, we have V3= Ves = Ves= Ve, V1= Vi, = V3=
V4, and V1= Veo.

In the non-shoot-through state, the MCA-ZSI operates in
the same manner as the traditional inverter. During this state,
three diodes are forward biased, and the four inductors and
the dc input source supply the energies to the six capacitors.
The dc-link voltage feeding to the external ac load can be
obtained from the summation of three capacitor voltages. The
two inductor voltages and one capacitor current at the top cell,
X-shaped capacitor current, and dc-link voltage can be
expressed as

Vi =-Ve3 =Vesa —Veo +Vyc “4)
Via=-Vecq =Ves —Veo +Vge (5)

ic1 =—IL +ics +ige (6)

ic3 =i —i —icg, icg =ia —ica — 1 (7
Von =Vei +Ves +Vey - ®)

In the shoot-through state, the dc-link terminal is shorted
by turning on the upper and lower switching devices of any
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Fig. 3. Equivalent circuits of proposed MCA-ZSI: (a) in
non-shoot-through state, (b) in shoot-through state.

phase leg of the inverter. During the shoot-through state,
three diodes D;, D,, and D; are reverse biased and four
inductors L;, L, Ls, and L, are charged from the six
capacitors. The two inductor voltages, one capacitor current
at the top cell, and one X-shaped capacitor current are written
as

Vi1 =Ver +Vey ©)
V2 =Ver +Ves (10)
ict =iL1 —ic3 =i +ipo (11)
ic3 =—iL2, lcg =-ipy- (12)

Applying the principle that the average of the inductor
voltage over one switching cycle is zero to two inductors L,
and L, from (4), (5), (9), and (10) and using V¢; = V¢, and Vg
= Vc4 = Ves = Vg obtained from the symmetry impedance
network structure, three capacitor voltages Vcy, Ves, and Vg
at the top cell can be expressed as a function of shoot-through
duty ratio, respectively.

_(1-2D0)1-D),,

Vel d (13)
1-5D+4D%>
D(1-D
Ves =Vey - 2=D) 5 Vi (14)
1-5D+4D

Substituting (13) and (14) into (8), the boost factor of the
proposed MCA-ZSI can be derived as
_ \7pn _ 1-D

B =
Vac 1-5D+4D

(15)
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Fig. 4. Waveforms of proposed MCA-ZSI.
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Fig. 5. Capacitor voltage stress ratio of proposed MCA- ZSI
with various shoot-through duty ratios.

The ac output gain G is defined as the conversion gain of
the peak of the ac output voltage Vg to dc input voltageVyc ,

and it can be expressed as the modulation index M and boost
factor B.

G=M-B= Vac_ (16)
Vye /2
Fig. 4 shows the waveforms of the inductor current and
voltage, dc input current, and dc-link voltage. The inductor
current increases during the shoot-through state and decreases
during the shoot-through state. The dc input current is
discontinuous and can be obtained from (6) in the
non-shoot-through state. The dc-link voltage can be boosted
by adding V¢; and twice of V¢zin the non-shoot-through state.
Fig. 5 shows the ratio of the voltage stress of six capacitors
utilized at the impedance network of the proposed MCA-ZSI
to the dc input voltage with a variation of the shoot-through
duty ratio. It can be seen that the voltage stress of four
capacitors (Cz, C4, Cs, and Cg) is approximately 2.5 times
lower than the voltage stress of two capacitors (C; and C,).
Applying the principle that the average of the capacitor
current ic; over one switching cycle is zero to capacitor C,
from (6) and (11) and using i ;= i, = i.3= i4= i, obtained
from the symmetry impedance network structure, we can
derive the average of inductor current as

- 1-D .
I ZH('dc—H)- (17)

Assuming that all components of the MCA-ZSI are ideal,
as the dc input power is identical to the dc-link power such as
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Vyc+ igc =\7pn -lj , the dc-link current in the non-shoot-
through state is expressed as the dc input current.
|i = ﬂ i de - (18)
1-D

Substituting (18) into (17), the current stress of four
inductors can be expressed as the shoot-through duty ratio
and dc input current.

iL =(1-D)igc (19)

B. Modulation Technique

A modulation scheme for the proposed topology focuses
on efficiently embedding the shoot-through state within a
zero state to enhance the boost capability while the active
state remains fixed. The ac output gain is dependent on the
combination of M and B in (16). One switching period is
shared by the non-shoot-through state and the shoot-through
state. Thus, the ac output gain influences the modulation
techniques due to the trade-off between M and D. Among the
three carrier-based modulation techniques, namely, simple
control, constant boost control, and maximum boost control
techniques [20], the constant boost control technique reported
in [21] is utilized at the proposed topology to remove the
low-frequency voltage and current ripples and obtain a
high-voltage boost ability with low possible value of D.

The maximum modulation index with a given D can be

drawn asM =(2/ x/g)(l— D) by using the constant boost

control method. As a result, a high ac output voltage with a
given low D can be produced.

IV. COMPARISON OF PROPOSED MCA-ZSI WITH
OTHER TOPOLOGIES

This section describes a comparison analysis of
performances among the proposed MCA-ZS], traditional ZSI,
SL-ZSI, and EB-ZSI. These topologies are compared on the
basis of their boost factor, voltage stress of inverter switching
devices, capacitor voltage stress, and number of components
utilized at the impedance network.

Fig. 6 shows the boost factors of four topologies according
to a variation of shoot-through duty ratio. Among the four
topologies, the proposed MCA-ZSI has the highest boost
factor in the total range of the shoot-through duty ratio.
Therefore, the proposed MCA-ZSI can produce a high ac
output voltage with a low shoot-through duty ratio. Fig. 7
presents the ratio of the voltage stress across inverter
switches to the minimum dc input voltage with a variation of
ac voltage gain G for the four topologies. It can be noted that
the proposed MCA-ZSI has the lowest voltage stress across
inverter switching devices among the four topologies, which
can save the cost of the power converter. Fig. 8 shows the
ratio of the capacitor voltage stress to the dc input voltage
with various boost factors B for the four topologies. The
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Fig. 6. Boost factors of four topologies.
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Fig. 8. Capacitor voltage stress ratio of four topologies.

voltage stress of the two capacitors of the MCA-ZSI (C; and
C,) is the same as the voltage stress of the two capacitors of
the EB-ZSI, SL-ZSI, and traditional ZSI. The voltage stress
of the four capacitors of the MCA-ZSI (Cs, Cy4, Cs, and Cg) is
much lower than the capacitor voltage stress of the other
topologies, and the two capacitors of the EB-ZSI (Csand C,)
have the highest capacitor voltage stress.

Table I reports the comparison of the number of passive
components and diodes used at the impedance network in the
proposed MCA-ZSI, EB-ZSI, SL-ZSI, and traditional ZSI.
The number of inductors required at the MCA-ZSI, EB-ZSI,
and SL-ZSI is identical. Although the proposed MCA-ZSI
needs two or four capacitors more than the other three
topologies, four to six capacitors have low capacitor voltage
stress. Additionally, two or four diodes can be saved. In
conclusion, the total number of components utilized at the
impedance network of the MCA-ZSI is the same as that of
the other two topologies except the traditional ZSI, whereas
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TABLEI
NUMBER OF COMPONENTS AT IMPEDANCE NETWORK
Topologies  Inductors  Capacitors Diodes
MCA-ZSI 4 6 3
EB-ZSI 4 4 5
SL-ZSI 4 2 7
ZS1 2 2 3

the voltage stress of the four capacitors of the MCA-ZSI is
approximately 2.5 times lower than that of the other
topologies.

V. SIMULATION AND EXPERIMENTAL RESULTS

In order to demonstrate the enhanced boost ability of the
proposed topology, both the simulation and experiments are
performed with the following circuit parameters:

e Impedance network: L;=L,=Lz=L4,=1mH;
C1=C,=C3=Cy=Cs=Cs= 1000 pF;

e Three-phase LC output filter: L= 0.6 mH, C;= 100 pF;

e Three-phase resistive-inductance load: R = 60 Q,

L=1.2 mH;

o Switching frequency = 5 kHz.

A. Simulation Results

The simulation studies are carried out on the open loop
control of the proposed topology in PSIM program,
neglecting the equivalent series resistances (ESRs) in the
inductors and capacitors and the forward voltage drop of
switching devices and diodes. Fig. 9 shows the simulation
results when M = 0.91, D = 0.214, and Vg4 = 50 V. The
capacitor voltages V¢; and Vezare put up to 200 V and 75 V
from the dc input voltage of 50 V, respectively, and the peak
of dc-link voltage is 350 V. The ac output voltage with 190
Vrms can be produced. From Fig. 9(b), during shoot-through
state, the dc input current is zero, and the inductor current
increases while the dc-link voltage is zero. The dc-link
voltage has a peak voltage and the inductor current decreases
in non-shoot-through state. The average inductor current is
approximately 15 A, which can be calculated by multiplying
the average dc input current at non-shoot-through period (19
A) by the non-shoot-through duty ratio (1 — D) = 0.786 from
(19).

Fig. 10 shows the simulation waveforms when M = 0.93, D
= 0.195 at the same dc input voltage as 50 V. The
shoot-through duty ratio is reduced from 0.214 to 0.195. Thus,
the capacitor voltages V¢; and V¢ decrease from 200 V and
75 V to 135 V and 45 V, respectively, where Vs is slightly
lower than the dc input voltage. The ac output voltage is
shrunk to 128 Vrms in spite of increasing the modulation
index M from 0.91 to 0.93, because the dc-link voltage
decreases from 350 V to 225 V as D decreases from 0.21 to
0.195.
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Fig. 9. Simulation waveforms of MCA-ZSI at M = 0.91, D =
0.214: (a) capacitor and dc input voltages, ac output voltage and
current (b) dc input and inductor currents, dc-link current and
voltage.

To summarize the simulation results, Table II describes the
values of capacitor voltages, dc-link voltage, ac output
voltages, and inductor current at the two operating conditions.

B. Experimental Results

In Fig. 11, the experimental system setup built in the
laboratory is shown. It consists of three-phase inverter,
impedance network, LC filter, RL load, and DSP control
board. The 32-bit DSP TMS 320F28335 is utilized to
generate the PWM signals including the shoot-through state.

Fig. 12 shows the experimental results of the identical
operating conditions with the simulation results shown in Fig.
9. As shown in Fig. 12, the capacitor voltages V¢; and Vg are
raised to 195 V and 72 V, respectively. The dc-link voltage
can be put up to 6.8 times from 50 V dc input voltage, and the
RMS value of line-to-line voltage filtered by an LC filter is
185 V. The a-phase output current i, has a nearly sinusoidal
waveform with an RMS value of approximately 1.8 A. This
value lags to the line-to-line voltage by more than 30°. Fig.
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Fig. 10. Simulation waveforms of MCA-ZSI at M = 0.93, D =
0.195: (a) capacitor and dc input voltages, ac output voltage and
current (b) dc input and inductor currents, dc-link current and
voltage.

TABLEII
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Fig. 11. Photograph of experimental system setup.
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Fig. 12. Experimental results of MCA-ZSI at M = 091, D =
0.214: (a) two capacitor voltages, dc input and dc-link voltages,
(b) ac output voltage, filtered ac output voltage, and phase
current, (c) inductor current, dc-link current, and voltage.

12(c) shows the experimental waveforms of inductor current,
dec-link current, and dc-link voltage during three switching
cycles.

Fig. 13 shows the experimental results of the identical
operating conditions with the simulation results shown in Fig.
10. As shown in Fig. 13, the dc-link voltage can be put up
approximately 4.25 times from 50 V dc input voltage, and the
ac output voltage and current, inductor, and dc-link currents
are decreased due to a low shoot-through duty ratio. Fig. 14
describes the efficiency of the proposed MCA-ZSI with a
variation of output power at different shoot-through duty
ratios. It can be noted that the proposed MCA-ZSI has more
than 82% efficiency, and the efficiency at D = 0.15 is higher
than that at D =0.2.

In comparison to simulation results, the capacitor, dc-link
voltages, and ac output voltage of the experimental results are
slightly lower, owing to ESRs in the inductances and
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Fig. 13. Experimental results of MCA-ZSI at M = 0.93, D =
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Fig. 14. Efficiency of MCA-ZSI with different shoot-through
duty ratios.

capacitances and the forward voltage drop of diodes and
switching devices. It can be noted that the experimental
results are nearly consistent with the simulation results and
theoretical analysis.

VI. CONCLUSIONS

This paper proposed an MCA-ZSI topology used to
improve the boost capability. Comparing the two different
topologies based on switched ZSI, we find that the proposed
MCA-ZSI topology has higher boost factor, lower voltage
stress across switching devices, and much lower voltage
stress of four capacitors, whereas the total number of
components used at the impedance network is identical with

that of the other topologies. As validated by the experimental
results, the dc-link voltage can be raised by approximately
6.8 times, and the ac output voltage with 185 Vrms can be
generated from 50 V dc input voltage at a low shoot-through
duty ratio of 0.214. The proposed MCA-ZSI has more than
82% efficiency. The proposed topology is suited to renewal
generation systems with a low-voltage source.
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