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Abstract—Focus of this study is on a new switched-capacitor 

current-fed (CF) quasi-Z-source inverter (qZSI) topology, which 
is derived from the conventional CF qZSI. Each capacitor of the 
quasi-Z-source network is replaced by a switching-capacitor cell 
built with two capacitors and three diodes. As our steady state 
analysis of an idealized converter shows, the proposed CF qZSI 
offers an extended regulation region and increased voltage gain. 
Bi-directional power transfer and a wide regulation range fit the 
requirements set for electric vehicle applications. Operation 
modes were verified by numerical simulation in PSIM. 

Keywords—swithing-capacitors, current-fed inverters, quasi-Z-
source inverters, steady-state analysis, buck-boost inverter. 

I.  INTRODUCTION 
Invention of the Z-source inverters (ZSIs) [1] has started a 

broad research field of impedance-source (IS) single-stage 
buck-boost inverters [2]. Voltage-fed (VF) and current-fed 
(CF) ZSIs extend the operation range of voltage-source 
inverters (VSIs) and current-source inverters (CSI), 
respectively. ZSIs utilize conventional inverter stage that is 
coupled with the input by the Z-source network. Single stage 
solution has higher efficiency and lower price. Shoot-through 
and open states withstandability significantly improve the 
reliability of the VSIs and CSIs. Quasi-Z-source inverters 
(qZSIs) have been proposed to replace the ZSIs [3] that are 
further improvement of the IS technology. ZSIs suffer from 
high capacitor voltage stress in the VF topologies and high 
inductor current stress in the CF topologies. Moreover, ZSIs 
provide discontinuous input current. All these drawbacks are 
eliminated in the qZSIs, while all the advantages of the ZSIs 
are saved. Thanks to the all these features, qZSIs and DC/DC 
converters based on them have demonstrated high 
performance in the renewable energy systems [4], [5]. 

VSIs have been a conventional solution in DC/AC 
applications for many years while CSIs attracted little 

attention mostly due to lack of suitable reverse-blocking (RB) 
switches [6]. In practice, each switch of the CSI is composed 
of a diode connected in series to the unidirectional voltage 
blocking switch, like an IGBT, and this leads to increased 
conduction losses. Almost the same situation is prevailing in 
the research on impedance-source inverters [6]. VF qZSIs are 
widely investigated, while CF qZSIs have attracted only few 
research groups [6]-[11]. However, CF qZSI shows much 
better properties than many of VF ZSIs/qZSIs, especially its 
bidirectional power transfer without an additional switch 
should be underlined. Current trends in the RB-IGBT 
development forecast forthcoming expansion of this market. 
Samples are currently available from several manufacturers, 
for example from Fuji Electric Device Technology Co. Ltd. 
[6], [9]. New semiconductor devices with reduced on-state 
voltage drop could make CSI-based converters attractive for 
new applications, like renewable energy conversion systems 
[12]. CF qZSIs have intrinsic shoot-through and open states 
protection, ability to control current directly, ruggedness, 
bidirectional power transfer [6]. These features fit several 
applications, like reactive power compensator, uninterruptable 
power supplies and adjustable speed drives. 

Switched-capacitor (SC) and switched-inductor (SL) 
structures have been proposed in [13] to improve the 
performance of conventional converters in either step up or 
step down mode. SL structures were applied to VF ZSIs and 
qZSIs in order to improve step-up DC voltage gain 
characteristics [7], [14]-[15] while SC structure was 
previously applied to the CF ZSI in [7] to improved DC 
current gain in the voltage step down mode. 

In this paper SC configuration for CF qZSI is proposed for 
the first time. Similarly, improved DC current gain is expected 
that should lead to the higher modulation index as compared 
to the conventional CF qZSI at the same conditions. This, in 
turn, will improve the quality of the inverter currents and 
decrease the filter size. 
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II. FUNDAMENTALS OF CF QZSI
The conventional CF qZSI shown in Fig. 1a was proposed 

in [3]. It consists of the quasi-Z-source network (qZSN), the 
three-phase bridge and the output capacitive filter. The qZSN 
is composed of capacitors C1…C2 and inductors L1…L3. 
Neglecting ripples, currents through the inductors are nearly 
constant, assuming steady state conditions. During the 
switching period T, CF qZSI is in one of the three possible 
states: active, shoot-through or open state. Duration of the 
active state is DA·T. QZSN is connected to one or several 
output filter capacitors through the inverter stage. Capacitors 
discharge to the load, inductors supply the load. Energy stored 
in the elements of the qZSN decreases. An equivalent circuit is 
shown in Fig. 2a. Duration of the shoot-through state is DSh·T. 
The output of the qZSN is short-circuited. Capacitors 
discharge to the corresponding inductors. Thus, the energy of 
the inductors increases. An equivalent circuit is shown in 
Fig. 2b. Duration of the open state is DOP·T. The output of the 
qZSN is open. Inductors charge qZS capacitors. Thus, the 
energy of the inductors decreases. An equivalent circuit is 
shown in Fig. 2c. 

Steady state analysis of the CF qZSI was performed in [6]. 
In fact, DA + DSh + DOP = 1 and voltage of the qZSN 
capacitors is equal to the input voltage: VC = VC1 = VC2 = VIN. 
DC voltage gain depends on the duty cycles of the active state 
and the open state: 
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From (1) it follows that DA defines the step up operation, 
while DOP defines step down operation what means that CF 
qZSI has buck-boost DC voltage gain characteristics. Since 
the qZSN is symmetrical, we can assume IL1 = IL2 = IL. Then, 
the current ratio (DC current gain) depends only on DOP: 
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DC voltage gain in the step up mode is limited to two 
because it cannot exceed the voltage sum of the quasi-Z-
source (qZS) capacitors voltage: GV-CFqZSI ≤ 2. Maximum step 
up gain can be achieved when DOP = 0 and in this mode CF 
qZSI operates like a conventional CSI. When DOP = 1-DA, it 
operates in a complete step down mode (shoot-trough states 
are eliminated). In this mode, CF qZSI feeding motor is in the 
motoring mode when DA ≥ 0.5, and in the energy regeneration 
mode when DA ≤ 0.5. This is an essential advantage  of CF  

Fig. 1. Scheme of current-fed quasi-Z-source inverter (a) and proposed 
switched-capacitor current-fed quasi-Z-source inverter (b). 

qZSI – it can work in the bi-directional mode without an 
additional switch, which is needed in VF qZSI [16]. 

III. SWITCHED-CAPACITOR CURRENT-FED QZSI
The novel switched-capacitor current-fed qZSI proposed in 

this paper is shown in Fig. 1c. Two capacitors of qZSN are 
replaced with the switched-capacitor cells: C1a-C1b-D1a-D1b-
D1c and C2a-C2b-D2a-D2b-D2c. This type of cells was proposed 
in [13] to improve the performance of step down converters. 
In the case of CF qZSI it spreads the regulation range in the 
buck mode, whereby bi-directional operation is improved. 

The proposed SC CF qZSI is in one of the three possible 
states during the switching period, similarly to the 
conventional CF qZSI. During the active and the shoot-
through state (Fig. 3a and 3b), diodes DqZ, D1b and D2b are off 
and capacitors in the switched-capacitor cells C1a / C1b and 
C2a / C2b. discharge in parallel through the corresponding 
diodes D1a / D1c and D2a / D2c. The situation is opposite during 
the open states (Fig. 3c). Diodes DqZ, D1b and D2b are 
conducting and these capacitors charge in series. 

The following steady state analysis relies on these 
equivalent circuits and on an assumption that currents of the 
inductors are nearly constant. Furthermore, qZSN is assumed 
to be symmetrical: L1 = L2, C1a = C1b = C2a = C2b. In this case 
currents and voltages in the qZSN are equal: IL1 = IL2 = IL, 
VC1a = VC1b =VC2a = VC2b = VC. Considering the volt-second 
balance over the switching period: 

Fig. 2. Equivalent circuits of the CF qZSI in: a) active state, b) shoot-through state, and c) open state. 
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From (3) it follows that the capacitor voltage depends only 
on the duty cycle of the open state: 
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The maximum input voltage of the inverter stage follows 
from (4) and Fig. 3c: VPNmax = 4·VC. This is the main practical 
restriction to the topology in particular applications. 

DC voltage gain could be found using the volt-second 
balance over the input inductor LIN:  
VIN·(DA + DSh) - VOUT·DA+(VIN - VPNmax) DOP = 0. From this: 
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DC voltage gain factor cannot exceed two for a stable 
operation, as in the case of the CF qZSI. From the ampere-
second balance of the qZSN capacitors: IL/2 (1-DOP) = (IL+IIN) 
DOP and DC current gain can be expressed as follows: 
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Both equations (5) and (6) describing the gains of the 
inverter differ from those presented in [6] for CF qZSI. Thus, 
a series of characteristics was determined and drawn to show 
the features of the proposed system in reference to CF qZSI. 
First, the 3D plot of the surface defined by (5) is shown in 

Fig. 4a. It displays how the DC voltage gain of the proposed 
SC CF qZSI depends on the duty cycles of the active and open 
states. Projection of this surface is shown in Fig. 4b, which 
shows the dependence of the DC voltage gain versus the duty 
cycle of the active state. It should be noted that it can possess 
any value inside the filled region. Moreover, the given value 
of the voltage gain may be set with different values of DA. 

Comparison of the DC voltage gain of CF qZSI and SC CF 
qZSI is shown in Fig. 4c. The area between the curves a and b 
is the regulation range of CF qZSI, while the area between the 
curves a and c is the regulation range of SC CF qZSI. The 
filled region shows how SC improves the regulation range of 
the proposed qZSI. The given value of the voltage gain may 
be obtained with a higher value of DA, however the introduced 
SC cells do not affect the inverter operation in the boost mode 
(gain >1). On the other hand, maximum available gain for 
negative values increases from 3 to 4. Finally, DC current 
gains are compared in Fig. 4d. The proposed qZSI operates in 
the buck-boost mode in the region DOP ≤ 1/3, while the 
conventional CF qZSI has a wider range of the buck-boost 
operation: DOP ≤ 1/2. It means that SC CF qZSI has a wider 
regulation range for the modulation index of the reference 
signal (sinusoidal). Numerical simulation showed that DOP 
cannot be equal to zero for the proposed converter because the 
SC cell needs an open state to ensure the ampere-second 
balance. Also, due to the same reason, in the boost mode, 
currents could be discontinuous that leads to more 
complicated behavior and requires additional analysis.

IV. SIMULATION RESULTS

Numerical simulation in PSIM was performed in order to 
verify buck and boost operations of the SC-CF qZSI. 
Simulation was done according to the circuit from Fig. 1c. The 
following parameters were used: LIN = L1 = L2 = 2 mH, 
C1a = C1b = C2a = C2b = 60 uF, Ca = Cb = Cc = 25 uF. Three 
resistors of 15 Ohm each connected in the star configuration 
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Fig. 3. Equivalent circuits of the SC CF qZSI in: a) active state, b) shoot-through state, and c) open state. 

SC
C

Fq
ZS

I
V

G
−

SC
C

Fq
ZS

I
V

G
−

Fig. 4. DC voltage and current plots of CF qZSIs: a) DC voltage gain surface for SC CF qZSI, b) projection of the DC voltage gain surface of CF qZSI, 
c) DC voltage gain comparison, and d) DC current gain comparison. 
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comprise the load. Switches have 3 V saturation voltage and 
diodes have 2 V forward voltage drop. Switching frequency 
equals 30 kHz. For the inverter control, sinusoidal PWM 
based on on-line pattern generator was proposed in [17] and 
modified simple boost control (commonly used for VF qZSI) 
was applied with the grid frequency 50 Hz. The inverter was 
tested for two input voltage values: 200 V for boost operation 
and 400 V for buck operation. The output voltage (peak line-
to-line voltage) should be the same in both cases (300 V). 
Simulated waveforms for buck and boost modes are shown in 
Figs. 5 and 6. Simulated average values of currents and 
voltages are presented in Table I. Simulation proves the buck-
boost characteristics of the proposed SC CF qZSI. For this 
topology, the DC current gain is the key parameter. Our 
theoretical analysis clearly predicts its simulated values. 
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Fig. 5. Simulated waveforms for the buck mode (VIN = 400 V). 
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Fig. 6. Simulated waveforms for the boost mode (VIN = 200 V). 

TABLE I.  SIMULATION RESULTS 

Parameters Boost mode Buck mode 

VIN 200 V 400 V 

IIN 16.25 A 7.93 A 

Vab (RMS) 212 V 211 V 

VC (calculated) 190.7 V (190.5 V) 349 V (347 V) 

IL 1.91 A 4.32 A 

GI (calculated) 0.118 (0.118) 0.54 (0.55) 

CONCLUSIONS 
Our theoretical analysis shows the buck-boost DC voltage 

gain characteristics and a wide regulation range of the 
proposed inverter proven by simulation. These features and 
possibility of bi-directional operation fit electric vehicle (EV) 
applications. The SC cell used in the qZSN is intended for 
buck operation. Further research will address limitations in the 
boost mode imposed by ampere-second balance in the SC cell. 
Possibilities of the proposed qZSI use in electric vehicles and 
variable-speed motor drives will be investigated. 
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