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Abstract

This paper proposes a high step-up fully soft switched Z-source Boost DC-DC converter, which uses two resonant
paths to create soft switching conditions for switches and diodes and also increases the voltage gain. The proposed
converter only has one switch, so it has a simple structure. Furthermore, its control circuit remains pulse width
modulation. Since soft switching conditions are provided for all switching elements, the converter efficiency is
very high. This converter also has all advantages of Z-source converters. The converter is analyzed and simulated
in PSPICE software. The results confirm the aforementioned advantages and features of the proposed converter.

1. INTRODUCTION

In recent years, the use of switching power supplies
has become widespread in the industries. Therefore,
the presentation of new topologies for DC-DC
switching converters has been considered to
improve the performance of these resources [1-4].
Switching converters are divided into three general
categories of voltage-source converters, current-
source converters and impedance-source (Z-source)
converters. Unfortunately, most of the renewable-
energy sources such as; solar cells have low and
variable output voltages. As a result, using high step-
up DC-DC converters can increase their output
voltage and stabilize it [5-8]. The Block diagram of
a grid-connected standalone PV system is presented
in Figure 1. Due to the low output voltage of solar
panels, the step-up DC-DC converter is one of the
most important parts in the PV system as shown in
Figure 1. One of the main advantages of the Z-
source converters in comparison with the voltage-
source and current source-converters is the higher
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voltage gain, which allows the designers to use
fewer transformers in their topologies [9, 10].
Nowadays, reducing the volume and weight of
switching power supplies is very important in
designing. Therefore, high switching frequency is
used to implement the power supplies. However, the
use of high switching frequencies can increase the
switching losses and also reduce the efficiency of the
circuit. Thus, soft switching techniques are applied
to solve these problems. On the other hand, the use
of them is a good way to reduce radio-frequency
interference (RFI) and electromagnetic interference
(EMI) [11-18]. In today's modern converters; the Z-
source structures are highly considered for their
advantages, such as high-voltage gain, clamped
switch voltage, and higher reliability versus load
variations [19, 20]. Z-source converter that was first
suggested by Peng in 2003 [21]. Recently, lots of
topologies based on Z-source converter have been
proposed by researchers to improve the voltage gain.
Although, most of them have lots of elements, high
complexity, high volume and low efficiency [22-
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30]. The proposed topologies in [23, 25] use
transformer to create isolation between input and
output. Conduction and switching losses are high
due to use the transformer and hard switching
condition. Low switching frequency and high
number of passive elements in [27] leads to high
volume and weight for the converter. Furthermore,
its efficiency is low due to hard switching condition.
The proposed converters in [24, 26] have complex
structure and control. Besides they suffer from hard
switching condition.

In this paper, a Boost Z-source DC-DC converter is
proposed that uses soft switching techniques (ZCS
and ZVS) for the main switch and diodes. The
proposed converter is a Z-source converter that uses
the impedance source network and two resonant
paths to increase the voltage gain. The converter has
simple structure due to use of one power switch.
Moreover, pulse width modulation (PWM) control
is applied to trigger the switch. The operation modes
of the proposed converter, theoretical waveform and
simulation results are explained. Finally, the
conclusions are presented in the last section.

2. OPERATING PRINCIPLES OF THE
PROPOSED CONVERTER

Figure 2 shows the structure of the proposed
converter. It is used only one switch (Si) in the
topology. Besides, L is the input filter inductor.

AC Source

T LV DC Link o
H——pc s
el T |/ AC
- Step-Up Iavert
PV Panel Converter uverter

Loud

Figurel. The Block diagram of a grid-connected
standalone PV system

The inductances of Lq1 and Ly are equal, and they
are the main inductors of Z-source structure. These
inductors are coupled with series inductors in the
resonance paths (Lsi and Ls2), respectively. The
capacitances of C; and C; are equal, and they are the
main capacitors of Z-source structure. These
capacitors have high values, and the voltages across
them are constant and equal. Consequently, they can
be replaced with DC sources. Capacitor Cs is
connected in parallel with the switch and has small
value. C4 and Cs are resonant capacitors that are used
to provide soft switching conditions and to increase
the voltage gain. In addition, Lik1 and Lk, are
resonant inductors. D, and D, are diodes that are
placed in the resonant paths. Furthermore, D, is an
output diode that provides power transmission from
the input to the output. Moreover, C, is the output
capacitor. Inductor L also controls the current that

https://scholarworks.uaeu.ac.ae/ejer/vol25/iss3/1

flows to switch Si. The theoretical waveforms for
the proposed converter is depicted in Figure 3. This
converter has all advantages of Z-source converter,

which include:

e Higher voltage gain for the same duty
cycle.

e  Lower inrush current.

e Higher reliability (separation of load and
source from each other in case of short
circuit at the load side).

e  Lower Harmonic injection.

Second-order output filter [31].

I
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Figure 2. The proposed Z-source Boost DC-DC
converter
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Figure 3. The theoretical waveforms for
the proposed converter

In each switching cycle, the proposed converter has
two modes of operation, which will be discussed
below.

Mode 1 (to<t<ti1): During this mode, switch S; is
turned off, while output diode D, is forward biased
to transfer the power from the input to the output.
Furthermore, a resonance between capacitors C, and
Cs and inductors Lo, Ls; and Lsy occurs. Therefore,
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the inductor currents are decreased, and the
capacitor voltages are increased. If the initial
voltages of the capacitors C4 and Cs are equal to -
Vca (0), then the following equation is obtained.

Vea(t) = Ves (D) = —Via(0) cos wpq (t — o) 1

Since the circuit has symmetric structure, then C; =
Colg=Lg=LgyLlsa=Lsa=Ls, Ca=0Cs, L =
Like = Lk As a result, the following equation is
obtained.

C,
Ceq1 = 7 Leq1 = ZLS + L2 2
1 Leql
WO = ——— 7., = 3
’ &Y. CeqlLeql ' C'3q1
Ve (0)

D

i () =is(H) = — sin wyq (t — to)

rl

The voltage across capacitors C; and C; are always
constant, and these capacitors can be assumed like a
DC voltage source. Moreover, the current flows
through input filter inductor L; is constant and is
equivalent to a DC current source. During this mode,
diodes D; and D, are reverse biased and the current
that flows through resonant inductors Lk and Lk
is zero.

Leq = n2 LS 5

I
Iey = Ica = Lin = 2I¢y + 1 = 21y +H 6

Capacitor Cs is very small. Thus at the beginning of
this mode, it is charged in a short time and the
voltage across it will be equal to V,. Therefore, no
current flows through the capacitor during this
mode. This mode ends when the voltage across
capacitors C4 and Cs reaches to its maximum value
(Vca (0)) and the current that flows through
inductors L, Lsi and Ls; reaches zero. At the end of
this mode, output diode D, is turned off under ZCS
condition. The duration of this mode is determined
as follows. The equivalent circuit for mode 1 is
depicted in Figure 4.

1 7
ty —ty = 2r,
Mode 2 (ti<t<tz): This mode starts when switch S;
is turned on at ty. It is turned on under ZCS condition
because the currents flow through inductors Ly, Lsi,
and Ls; are zero. When switch S; is turned on, two
resonant paths are created. The first resonance starts
between capacitor C4 and inductors Ls; and Liki
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through diode D, and switch S;. Therefore, diode D,
is turned on under ZCS condition. This is done
because the diode is connected in series with
inductor L1, which has zero current at t;.
Similarly, the second resonance starts between
capacitor Cs and inductors Ls; and Lk through
diode D, and switch S;. Consequently, diode D is
turned on under ZCS condition. This phenomena
occurs because the diode is connected in series with
Furthermore, the currents of inductors Lk and Lk
are increased sinusoidally.

Figure 4. The equivalent circuit for mode 1

I-‘eq2 = Ly + Lsq 8
1 Leq2

W,y = —— 7., = 9
r2 C4Leq2 r2 C4,

Vea (D) = Ves (1) = Vg (0) cos wpp (t—t4) 10

Vc4(0)

T2

iLs(®) = i(® = sin wy, (t —t;) 11

Lk = likg = lie = Isg = Iy + 2l 12

During this mode, output capacitor Co supplies the
load, while output diode D, is reverse biased. This
mode ends when the voltage across capacitors Cq
and Cs reaches -Vcs (0), while the resonance
currents that flow through inductors Lsi, Ls2, Lia
and Lk are zero.

1

=— 13
zfrz

t—t

Since switch S; is turned on, the voltage across
capacitor Cs, which is connected in parallel with the
switch is zero during this mode. As a result, at the
end of this mode, switch S; can be turned off under
ZVS condition. The equivalent circuit for mode 2 is
depicted in Figure 5.

3. SIMULATION RESULTS

A 120W of the proposed Z-source Boost DC-DC
converter is designed and simulated. The input



Emirates Journal for Engineering Research, Vol. 25 [2020], Iss. 3, Art. 1

voltage of the converter is 48 volts, and its output
voltage is 384 volts.
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Figure 5. The equivalent circuit for mode 2

The switching frequency is 100 kHz for the switch.
The type of diodes and switch are selected based on
the voltage and current stresses [32]. Circuit
parameters with details including type of materials
and their values based on the design considerations
are presented in Table 1.

Figure 6(a) shows the voltage and current
waveforms of switch S; and their zoom versions are
depicted in Figure 6(b). According to the converter
operation, switch S; is turned on under ZCS

Table 1-Parameters of the

condition. This is done because the current flows
through inductors L, Ls: and Ls; is zero. Based on
the converter operation in mode 2, switch S; is
turned off under ZVS condition. This phenomena
occurs because the voltage across capacitor Cs that
is connected in parallel with the switch is zero.
Figure 7(a) shows input filter inductor current 11
waveform, which has a low ripple and indicates the
converter operation in the CCM mode. Furthermore,
Figure 7(b) shows the voltages across capacitors C
and C,, which have constant values. Figure 8(a)
shows inductor current I, waveform. The voltage
across resonant capacitors (Vcs = Vca) is shown in
Figure 8(b), which is sinusoidal due to the resonance
operation of the converter and varies between V¢4
(0) and -Vc4 (0). The values of the input and output
voltages are shown in Figure 9(a). Moreover,
resonant inductors currents I i = I waveforms are
shown in Figure 9(b), which are sinusoidal due to the
converter operation. The voltage across capacitor Cs
is similar to the voltage across switch S;. Figure
10(a) shows the voltage and current waveforms for
diodes D; and D», which are similar to each other.
Besides, their zoom versions are depicted in Figure
10(b).

PARAMETERS

Power Switch (S1)

Diodes (D1, D2, Do)

Inductor (L>)

Resonant Inductors (Liki, Lik2)

Coupled Inductors

(Lst, Ls2)

(Lq1, Lg2)

Turn Ratio

Input Filter Inductor (L)

Capacitors (Cy, C2)

Resonant Capacitors (Cs, Cs)

Capacitor (Ca)

Output Capacitor (Co)

400\

» VIMACHS)

4V :
100.000ms 100.005ms 100,01 0ms 100,01 5my 100.020ms
oHINNY) Time
(a)
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- 5
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200V
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Figure 6. (2) The voltage and current waveforms of switch S;, (b) zoom version

Based on the converter operation in mode 2, these
diodes are turned on simultaneously under ZCS
condition. This is due to series connections of
resonant inductors Lk with diode D; and Lk with
diode D, which has zero current when switch S1 is
turned on. Moreover, the diodes are also turned off
under ZCS condition. Figure 11(a) shows the
voltage and current waveforms of output diode Do.
Furthermore, their zoom versions are depicted in
Figure 11(b).

Due to resonance between inductors Ly, Lsi, and Ls;
and capacitors C4 and Cs, the current that flows
through them reaches zero at t;. As a result, diode D,
is turned off under ZCS condition. Furthermore,
diode Dy is turned on when switch S; turns off. The
diode is turned on under ZCS condition because the

L LA
|

RRRN

200,0007ms 200.0400ms 200.0800ms 200,1200ms

|
40mA

S (LE] Time

(@)

current that flows through inductors L, Lsi, and Ls;
that are connected in series with diode D, reaches to
zero again. Consequently, the power is transferred
from the input to the output. The comparison of
proposed ZS DC-DC converter with other similar
topologies are also presented in Table 2. Due to the
operation of the auxiliary cell to create soft
switching conditions for all semiconductor devices,
the efficiency curve for the proposed Z-source Boost
DC-DC converter versus conventional Z-source
converter is depicted in Figure 12. As shown in this
figure, the efficiency of the proposed converter at
nominal power (120 watts) is 96%, which indicates
the good performance and a significant reduction of
losses in the proposed converter.

48015V : T
- {A\ ﬂ(\ {‘\ n\ ﬂ n\ {‘\ ﬂ
48000V
47.990V
|
|
|
1 i
47930V ¢ - - :
280405 ms  200.0600ms 200.0500ms 200.18%0ms Z00.1200ms
1 Vi4:2C1B) Time

(b)

Figure 7. (a) Input filter inductor current 1.1 waveform and (b) Voltages across capacitors C; and Cs
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Figure 8. (a) Inductor current 1,2 waveform and (b) Voltage across resonant capacitors (Vcs = Vca)
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Figure 10. (a) Voltage and current waveforms for diodes D1 and D», (b) zoom version

me 3 HDIZ:AN)

ERIEY

208l -

 VIRI:2,DISAN) v
o |

100.000ms  100.005ms  100.010ms  100.01Sms  100.020ms 100.003001ms 100.01000ms 100.01200ms 100.01400ms
+ HDIS:AN) Time PVRIZDISAN) 1DISANS Time
(@) (b)

Figure 11. (a) Voltage and current waveforms of output diode D,, (b) zoom version

SEL>> SZIA

https://scholarworks.uaeu.ac.ae/ejer/vol25/iss3/1



Rezvanyvardom and Mirzaei: Analysis and Design of a Soft Switching Z-Source Boost DC-DC Converter

Table 2. The comparison between proposed ZS DC-DC converter and other similar topologies

Ref [23] Ref [24] Ref [25] Ref [26] Ref [27] forr?\%)fti(:
Voltage gain 16 10 15 15.2 7.8 8
Isolation between input Yes No Yes No No No
and output
Input current Continuous Continuous | Discontinuous | Continuous Continuous Continuous
4 Diodes 4 Diodes 2 Diodes 5 Diodes 6 Diodes 2 Diodes
Components 1 Switch 1 Switch 1 Switch 1 Switch 2 Switches 1 Switch
3 Inductors 4 Inductors 2 Inductors 3 Inductors 2 Inductors 8 Inductors
5 Capacitors | 6 Capacitors | 3 Capacitors | 7 Capacitors | 2 Capacitors | 5 Capacitors
Output power 300 W 100 W 500 W 150 W 3 KW 120 W
. Vo \ V, V, 1+D V.
Switching voltage stress o 0 0 . o
n(1+D) 1-4D 1-2D 1-2D 1-3D " 1-2D
Soft switching condition No No No No No Yes
Switching frequency 50 KHz 30 KHz 10 KHz 40 KHz 5 KHz 100 KHz
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