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Abstract

This paper introduces a hybrid converter topology based on boost and push-pull configurations for electric vehicle
(EV) charging applications. In the proposed converter structure, an RCD snubber circuit is used to reduce the
thermal losses in power electronic devices and the peak voltages in individual components. Thus, by reducing the
peak voltages on the switching components, the efficiency of the proposed hybrid converter structure is increased.
The proposed topology aims to reduce the peak voltage and voltage stress on the switching components and to
reduce the losses by reducing the transformation ratio of the transformer in the push-pull converter. In addition,
another aim of the proposed topology is to provide improved continuous and rectified output current, thus
extending the system's life in applications. Moreover, the proposed converter is tested in continuous conduction
mode (CCM) and compared with similar existing designs. To verify the mathematical analysis, the 500 W output
power converter designed using the proposed hybrid estimation structure is tested in a simulation environment.
The analysis yielded continuous and direct current. As a result of the simulation analysis, a significant reduction
in the peak voltages and voltage stresses on the switching elements occurred with the proposed converter topology.
In addition, by reducing the transformer turns ratio, transformer losses are reduced.

Keywords: Boost topology, hybrid converter, push-pull topology

Boost ve Push Pull Topolojilerine Dayal Hibrit Doniistiiriicii Tasarimi

Oz

Bu makalede, elektrikli ara¢ (EV) sarj uygulamalar1 i¢in yiikseltme ve itme-¢cekme yapilandirmalarina dayali bir
hibrit doniistiiriicii topolojisi tamtilmaktadir. Onerilen déniistiiriicii yapisinda, giic elektronigi aygitlaridaki termal
kayiplar1 ve ayr1 bilesenlerdeki tepe voltajlarini azaltmak igin bir RCD soniimleme devresi kullanilmaktadir.
Boylece anahtarlama bilesenleri iizerindeki pik voltajlar1 azaltarak, Onerilen hibrit doniistiirlicii yapisinin
verimliligi artirlmaktadir. Onerilen topolojinin amac1, anahtarlama bilesenleri {izerinde olusan pik gerilimler ve
gerilim streslerin azalmak ve itme c¢ekme doniistiiriiciideki transformatoriin doniistirme oranini diislirerek
kayiplar1 azaltmaktir. Ek olarak, onerilen topolojinin diger bir amaci, iyilestirilmis stirekli ve dogrultulmus ¢ikis
akimi saglayarak uygulamalarda sistem Omriinii uzatmaktadir. Dahasi, Onerilen donistiiriicii stirekli iletim
modunda (CCM) test edilmekte ve benzer mevcut tasarimlarla karsilastirilmaktadir. Matematiksel analizi
dogrulamak ig¢in, Onerilen hibrit tahmin yapisini kullanarak tasarlanmis 500 W ¢ikis giicii doniistiirticiisii bir
simiilasyon ortaminda test edilmistir. Analiz siirekli ve dogru akim elde edilmistir. Simiilasyon analizi neticesinde
onerilen donistiiriicii topolojisi ile anahtarlama elemanlari iizerinde olusan pik gerilimler ve gerilim streslerinde

onemli bir azalma meydana gelmistir. Ayrica, transformatoér doniigtirme oraninin diisiiriilmesi ile trafonun
kayiplar1 azalmigtir.

Anahtar Kelimeler: Boost topolojisi, hibrit doniistiiriicii, itme-¢ekme topolojisi
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1. Introduction

The interest in the development of electric
vehicles (EVs) and their power-electronic
components  is  increasing  among
researchers due to the rapid pollution of the
environment by fossil fuels that is causing
mainly global warming. The rapid
transition to electric vehicles reduces the
harm to the environment (Anitha et al.,
2023). In the context of the quiet and fast
operation, fast charging, and efficiency of
EVs, a high-gain DC-DC converter, which
is a critical power electronic interface, is
required to regulate the voltage for the
electrical motor (Kumar and Krishnasamy,
2022).

Different topologies for charging circuits of
EVs have been introduced in the literature
(Choi et al., 2020; Costa et al., 2020;
Hussein et al., 2021). In general, chargers
include AC-DC converters and DC-DC
converters, which may include isolation
transformers (Choe et al., 2010; Gallardo-
Lozano et al., 2011). EV charges may also
contain boost-converter based power factor
correction components. To provide power
factors, these chargers may use
uncontrolled rectifiers connected with
boost converters, single step-up converters,
interleaved boost converters reducing the
input inductance or bridgeless circuits
(Aguilar et al., 1997; Garcia et al., 2006;
Lee et al., 2011; Musavi et al., 2011; Ni et
al., 2011). Although conventional DC-DC
step-up converters may be applied in EVs
because they offer high voltage gain, due to
the voltage and current ripples on the solid-
state switches at high-duty cycles and
unregulated characteristics during load
changes they are restricted in practice
(Belhimer et al., 2018; Sadaf et al., 2020;
Muthusamy et al., 2021).
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DC-DC converters are examined in some
concepts  such  as  unidirectional,
bidirectional, single-port, and multi-port.
The unidirectional converters allow the
power to flow from the grid to EVs, that is,
only EV batteries are charged from the grid.
In contrast to these converters, bidirectional
converters allow the power flow the grid to
EVs and from EVs to grid, meaning, at
discharge mode, EVs can inject the residual
or non-residual energy into the grid. On the
other hand, single-port converters have just
one input and one output. Also, multi-port
converters have more than one input and
output (Sassi et al., 2019; Elserougi et al.,
2022; Gopalasami et al., 2023). In terms of
soft switching and bidirectional energy
flow dual active bridge-type converters are
adopted in many applications (Xu et al.,
2023). However, high primary current
ripples and transformer leakage inductance
are its disadvantages.

The isolated step-up DC-DC converters
have a key role in industrial applications
due to their features such as high efficiency,
high power density, high reliability, and
low electromagnetic interference. In
particular, the isolated DC-DC converters
based on the topology of half-bridge, full-
bridge, and push-pull are used to step up the
voltage level in electric vehicles, renewable
energy systems, and energy storage systems
(Xiao et al., 2022). In contrast to bridge
converters, push-pull converters have fewer
switching components and low conduction
losses, which makes them preferable for
systems with low voltage input and high-
power density (Larico and Barbi, 2011).

The push-pull converters can be basically
classified into two main categories: current-
fed and voltage-fed. Current-fed push-pull
converters offer low input current ripple,
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low diode voltage rating, low transformer
turns ratio, negligible diode ringing, low
duty cycle loss, and soft-switching in a
wide range. On the other hand, voltage-fed
converters have low conduction losses on
primer sides and can switch with low
voltage level that using switches with low
on-state resistance. However, for the
current-fed topology, high voltage spikes
occur on the semiconductors. Also, the
voltage-fed topology has disadvantages
such as high fluctuating current at input,
soft-switching in a limited range, rectifier
diode ringing, and high circulating current
(Xuewei and Rathore, 2014; Tandon and
Rathore, 2021). Some techniques such as
zero-voltage switching (2VS)
(Boonyaroonate and Mori, 2002; Chu and
Li, 2009; Yuan and Wu, 2013; Chen et al.,
2016; Xu et al., 2018), zero-current
switching (ZCS) (Sree and Rathore, 2016;
Tandon and Rathore, 2021) and active
clamp (Wu et al., 2008; Jiang et al., 2021)
are proposed to overcome these situations.

In Shoyama and Harada (1993), a current-
fed and naturally clamped based push-pull
converter is proposed which uses secondary
modulation eliminating the need for passive
snubbers and active clamps. In Tai and
Hwu (2023), the authors proposed a push-
pull converter including inductance (L) -
capacitance (C) resonant circuit for energy
systems. The converter consists of two
sides: the primary side and the secondary
side. Further, the primary side uses ZVS,
and the second part uses ZCS. The L-C-L
topology is proposed in Yuan et al. (2007)
which is located on the primary side of
push-pull converter. In Tarzamni et al.
(2007), the soft switching isolated push-
pull converter, containing three winding
transformers, is proposed. This converter
uses a voltage doubler on the secondary
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side and thus, high voltage control
efficiency can be achieved in a wide range
of input and output voltage. In Liu et al.
(2023), the authors designed a push-pull
class ¢2 converter with harmonic-based
approach. The soft switching contains zero-
voltage derivative switching (ZDS). The
DC-DC converter operates with adjustable
power while maintaining high system
efficiency with the ZDS method. A dual
close-loop and bidirectional converter is
introduced in Zhang et al. (2023). Also, the
authors considered the operation of the
push-pull DC autotransformer by analyzing
the harmonic transfer function (HTF). In
Wu et al. (2016), a push-pull converter with
active clamp is proposed using ZVS
method under wide load range.

Furthermore, the cascade connection
increases the efficiency of the converter.
However, there is no effective decrease in
the voltage stress across the switches
(Kumar and Krishnasamy, 2022). In
Mukkapati et al. (2020), a quadratic boost
converter (QBC) is proposed by combining
two converters via one solid-state switch to
overcome voltage stress and complexity. In
Singh et al. (2004) and Manjrekar et al.
(2000), multilevel converters are employed
using more than one low-voltage
semiconductor switch to ensure high power
and high output voltage. Thus, the
converters operated with AC currents with
decreased total harmonic distortion and
EMI noise. In Hussein et al. (2021), a
topology with a few semiconductor
switching components is  proposed.
However, this topology has many passive
components that affect efficiency. An
isolated interleaved DC-DC converter with
power factor correction is proposed in Choi
et al. (2020), which includes many
semiconductor components and has two
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half-bridge  voltage-fed circuits. In
Knabben et al. (2020), the authors proposed
the L-L-C topology-based converter which
used boundary/discontinuous conduction
mode and improved the power density. The
converter includes two inductors, three
capacitors and two diodes are introduced in
Elsayad et al. (2019). This converter
offered the voltage gain and decreased the
voltage stress on the power switches. A
coupled inductor connected to a voltage
multiplier circuit is adopted in Hassan et al.
(2019). Thus, the proposed boost converter
ensured a high voltage ratio and also
offered adjustable gain by adjusting the
ratio of the winging. In Shanthi et al.
(2021), extra inductors and capacitors are
used in the converter to provide effective
voltage gain. This technique significantly
reduced the voltage stress on the power
switches. In cascade structure, voltage
stress on power switches increases.
However, no advantage other than effective
voltage gain is guaranteed. Also, the current
stress on the primary side is high in L-L-C
structures that include more than one
switch. This causes the conduction losses to
increase and complicates the control of
power switches. Using extra inductors may
cause an imbalance in load current. This
causes heat increase on the component.
Moreover, extra components impose
significant limitations. Current pulsating is
inevitable while improving voltage gain.
On the other hand, secondary losses are
dominant in converters including coupled
inductors and transformers (Zhou et al.
2021; Kumar and Krishnasamy, 2022).

There are some studies in the literature
proposed about hybrid and interleaved
topologies in recent years. Qin et al. (2025)
presented a Boost-Sepic structure-based
converter which includes a soft-switching
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resonant tank. The converter gets the
voltage gain through two active switches
and a coupled inductor. An interleaved
converter is proposed (Karimi et al. 2024).
The converter has a coupled inductor and a
passive lossless clamp circuit for improving
the voltage boost ratio. A quadratic boost
converter is proposed with the voltage
multiplier cells (Li et al. 2024). A modified
hybrid Boost-Luo converter is proposed to
supply the Brushless DC (BLDC) motor
through a three-phase inverter (Maheswari
et al. 2025). The converter consists of a
voltage multiplier cell and a three-winding
coupled inductor. Alizadeh et al. (2024)
proposed a hybrid interleaved converter
with quadratic voltage gain, which includes
auxiliary elements, for renewable energy
systems. A DC-DC converter including a
phase-shifted full-bridge converter with a
half-bridge LLC converter connected in
series is proposed to provide a high output
voltage (Jeong et al. 2024).

This study proposes a hybrid DC-DC
converter based on the boost and push-pull
topologies. The conventional methods
which use individual structures have low
voltage gain at high frequencies and voltage
stress occurs on the components. Also, the
design of a transformer to step up low
voltage to high voltage levels is costly and
difficult at high frequencies. The proposed
converter combines two simple topologies,
providing high voltage gain and facilitating
transformer design. Moreover, the voltage
stress on the semiconductor components is
reduced and thermal losses are minimized.
The proposed converter consists of boost
topology on the primary side and push-pull
topology on the secondary side. The boost
side includes simple modifications such as
an extra diode and a current balancing
resistor. The push-pull side contains a filter
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composed of series L and parallel C
connected to the secondary side of the
transformer and an external filter inductor
that reduces the current ripple is connected
to the primary side of the transformer.
Furthermore, the DC-DC converter
includes RCD snubber circuits to reduce
voltage spikes across the semiconductor
components. The main contributions of the
proposed study can be given as follows:

eDifferent from the existing studies
existing in literature, the proposed
structure integrates two independent
converter topologies in a cascaded hybrid

configuration, where each topology
retains the capability to operate
independently.

eThe semiconductor power electronic

switching devices used in both structures
are controlled independently  with
different control schemes, which is a
distinctive feature compared to previous
works. This approach effectively reduces
peak voltage and voltage stress on
semiconductor switching devices both
during switching duration and when the
switches are in the off state.

eBy employing the proposed cascaded
hybrid structure, two-stage voltage level
conversion is achieved. Consequently, the
turns ratio of the transformer designed in
a push-pull converter topology is kept
low, which not only offers significant
advantages on high frequency transformer
design but also plays a significant role in
reducing eddy current and core
(hysteresis) losses.

In Section 2, the proposed converter is
introduced, and in Section 3, its operating
modes, and the design of the boost
converter and the push-pull converter sides
are discussed, the proposed circuit is
simulated in Section 4, the PID controller is
briefly described in Section 5, and the last
section contains the results and discussions.
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2. Description of the converter

The structure of the ZVS converter with a
step-up converter proposed in this study is
shown in Figure 1. The first side of
converter consists of a PWM-controlled
boost converter mentioned in Parvari et al.
(2018) that includes some modifications.
Basically, the circuit contains an RDC
snubber circuit, a semiconductor switch, a
main diode, a filter capacitor and an air
inductor. The air core inductor can prove
the semiconductors to switch at high
frequencies and reduce the charging and
discharging time of the total capacitances of
semiconductors (Yapici and Inan, 2024).
The second side of converter consists of a
push-pull converter. The basic design of the
push-pull converter is mentioned in
Jalbrzykowski and Citko (2013). However,
a snubber circuit is used for the switching
elements and a series resonant. Also, a filter
circuit is connected to the secondary side of
the high-frequency (HF) transformer as in
Tai and Hwu (2023). The main circuit of the
push-pull circuit converter side includes
two  semiconductor  switches, Ly,
inductance, C,,s capacitance, an RDC
snubber circuit, an HF transformer, a
resonant filter circuit, a half-bridge
rectifier, output capacitors and a load
resistor. C,,s is used to smooth and filter
the output voltage of the boost converter
which is applied to push pull converter as
the bus voltage. Also, L, reduces the
current ripple of the primary side of HF
transformers.

The boost converter does not need extra
parasitic capacitance. The input voltage and
input current are considered constant. The
fast recovery diode ( D, ) provides the
charging of the output capacitor. The extra
load resistor connected to the output of the
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boost converter stabilizes the output current
and prevents the second side from
overcurrent and overvoltage.

The resonant inductance L, comprises
secondary leakage inductance (L. ) and
primary leakage inductances ( L.,; and
L¢pz). Lepq and Ly, are too small and can
be neglected. Therefore, L, is equal to L

and connected in series to the resonant filter
circuit. On the other hand, the magnetizing
inductance (L,,,) of the HF transformer is
very large. Thus, the magnetizing current
can be assumed as 04 (Tai and Hwu, 2023).
An output capacitor with large capacitance
provides a constant output voltage to the
load resistance.

filter

-

L D,
S S e
1 GpT
Vi I @ —_ N[h
n —|— Co,l I:QL,l == Chus S3 S2 filter
E—— J‘L)J J‘L)__r

Figure 1. The proposed hybrid converter structure, which is composed of boost and push-pull
topology.

The duty cycles of both converter parts are
controlled by PID controllers. Note that the
switching frequencies of all switches are
the same and set to 40kHz.

There are some assumptions for operation
mode analysis simplification:

¢ All components are ideal.

¢ The input voltage is constant.

e All switches are equal and run at high
frequency.

eThe HF transformer is ideal, and the
equivalent circuit is defined with L, and
Ly,

eThe primary side turns N, = N,; =
Npa.

3. Operation modes of the hybrid
converter

The proposed converter includes a boost
converter and a push-pull converter. Switch
S1 operates with a duty cycle of 0.85, while
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switches S2 and S3 operate with a duty
cycle of 0.45 . Because, in push-pull
topology, the conversion is achieved by
switching the two different switches in one
switching period with a duty cycle cover the
half period. But it is obvious that the dead-
time is a crucial problem for the switches
during the transient state. Therefore, a
tolerance of duty cycle as 5% can be
determined for each switch. The boost side
and push-pull side are independent of each
other. The operation modes of the boost
side are examined in two intervals. Then,
the operation modes of the push-pull side
are examined in four intervals. The
switching frequencies are equal to the
frequency of the resonant circuit at the
output, so the resonant network is filtered at
high frequency and rectified by the half-
bridge rectifier to obtain DC output voltage.

3.1 The operation of boost converter side
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For mathematical analysis, the definitions
of the symbols used are as follows; L, is the
inductor of the boost side, T,,, is the ON
state time, V,, ,,, is the voltage of L, at ON
state, Vs is the voltage of L, at OFF
state, V;,, is the input voltage, V,, is the
output voltage boost converter side, D is
the duty ratio, is(t) is the snubber current,
Coss Is the output capacitance of S1, I, is
the peak current of the inductor, Cs is the

Dy

snubber capacitor, Rg is the snubber
resistor, i, is the current of L,, f,, is the
switching frequency, T, is the resonant
time between Cs and Rg, P, is the output
power needed, C,, is the output capacitor
of boost convertor, I, , is the current of fast
recovery diode 1, I, , is the current of diode
2, and I,,,; is the nominal output current of
the boost side. Figure 2 indicates the
operation of the boost side.

D,
| o)

(b)

Figure 2. The operation modes of the boost side; (a) ON-state of S1, (b) OFF-state of S1.

Figure 3 illustrates the waveforms of Vg,
Vps, i, Ipp, the current pass through C, 4
(Ico1), is, the voltage of L, (Vy ), I, and
Vo - A high-value output filter capacitor
should be used to reduce the ripples of the
output current and output voltage.
However, this value is limited due to the
influence of the push-pull side filter
inductor and HF transformer. This will
cause prominent ripples in the output
current and output voltage. The Ry
resistor is constant and has a high value.
This resistor is added to protect the
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capacitor from overvoltage during idle
operation.

Time interval 1 (t, <t <t;): S1is ON
state. In this interval, i; is increased as
much as Ai;. Att = t,, snubber capacitor
Cs starts to discharge through the snubber
resistor Rg. The snubber diode Dg and the
main boost diode D, are reverse biased. D,
remains forward biased. The load resistor
Ry, of the boost side is supplied by the
output capacitor C, ;. Ai; can be obtained
as follows:
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di, (t)
dt '’

VL,on =Vin=1Lp

As taken the integration of Equation 1 a
new expression can be obtained as given
below:

Ton dlL (t) 1 J‘Ton
=— V. ondt (2)
fo dt Ly, "

From Equation 2, Ai; can be obtained as:

VinD
Lbfsw

Also, at the interval of ON state the voltage
across the Cs can be expressed as below:

(3)

Aijp = L_VL,onTon =
b

. . dVes(t)
Ves = Vo = Rsis(),  is(t) = —Cs—_— (4)
and,
COSSIka < L
i(t)z<—’) 1—eT (5)
s Coss + Cs
where,

COSS CS

To = Re———, 6
0= R G (6)

(Cs » Coss)
Time interval 2 (t; <t <t,): S1is OFF
state. In this interval, i, is decreased as
much as Ai;. Att = t,, C starts to charge
through the snubber resistor Ds. Dg and Dy,
are forward biased. D, also maintains
forward bias. Ry ; is supplied by C, ;. Ai;
is similar to the previous interval and given
as:

VD
Lbfsw

At the interval of OFF state, the voltage
across the Cs can be given as:

Aiy (7)

IL,pk

C_S t (8)

Ves = Vo —

Viorr = Vin —=Vop = Lp
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(1)

ILbmax)
ILb(min)

IL,b(max)
ILb(min)

I bmax)

Vin ‘ ‘ | ‘ ]
Vin'Vo,bf—— | | - | | |

I 0,b(max)

lo,o(min)

Vo, b(max)
Vo b(min)

th t t ()

Figure 3. The waveform of the boost side; (a)
the gate signal, (b) the voltage of drain-source,
(c) the current pass through the boost side
inductor, (d) the current pass through the main
diode, (e) the current pass through the output
capacitance of boost side, (f) the current of
snubber circuit, (g) the voltage of boost side
inductor, (h) the output current of boost side, (i)
the output voltage of boost side.

3.2 The operation of push-pull side

As previously mentioned, switches S2 and
S3 run with a duty cycle of 0.45 (see Figure
8). Figure 4 illustrates the situation of the
components of the push-pull converter
circuit under the operating modes. Figure 5
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shows the waveforms of Vi1, Vs 2, Vps 1,
Vps,2, the filter current (Irjter), Ipay Ip 2,
is, and ig, . The output signal of the
transformer is filtered at high frequency by
a resonant circuit and then rectified by a
half-bridge rectifier to obtain output
voltage. For mathematical analysis, the
definitions of the symbols used are as
follows; i;,, is the magnetization current,
i 1S the current of the series resonant
inductance of the secondary windings,
Vinpp 1S the input voltage of push-pull
converter side (Vinpp = Vop) Vour is the
output voltage of the converter, I, is the
output current, i 4 is the current of snubber
circuit of S1, i, is the current of snubber
circuit of S2, Cpss' is the output
capacitance of the each switch, Cs 4 is the
snubber capacitance of S1, Ds, is the
snubber diode of S1, Rg, is the snubber
resistance of S1, Cs, is the snubber
capacitance of S2, Ds , is the snubber diode
of S2, R , is the snubber resistance of S2,
Z, 1s the series resonance impedance, w; .
is the resonant frequency of the filter
circuit, L is the inductance of the filter
circuit, C is the capacitance of the filter
circuit, R, is the load resistance, V. is the
voltage of the filter circuit, n is the turn
ratio, Vp is the voltage between drain and

Lbus

source terminal of each MOSFET, I;;,4e 1S
the current of the diode of the half-bridge
rectifier, Vy;,4¢ 1S the voltage of the diode
of the half-bridge rectifier, T is period of
the PWM signal, P,,,; is the output power,
tq Is the dead time of both switches at the
OFF state, Cs,, is the output capacitance of
the MOSFET, R, is the A resistance, and
Z, is the characteristic impedance of the
resonant circuit.

The time intervals of the four modes are
described below.

Time interval 1 (t, < t < t;): During this
interval, S2 and S3 are turned off. ij,,
charges the drain-source capacitance of S1
as 2V pp- The changing of i;,, is given in
Equation 9. On the other hand, the drain-
source capacitance of S2 discharges. Also,
is1 and is, are given in equations 10 and
11.

nV;
igm = — — PP (t —to) —im(te) (9

Ly
. . Coss'Ipk —r
is1 = is1(to) — Coss + Cox 1—e "o1(10)
. . Coss'Ipk =
Is2 = isa(to) — Coss' + Con 1—e 7oz |(11)

1
=C I r *‘ T
Com=l i) RS Vop

—— S3 S2
Vingp  mmmpemm Chis yse %Rs‘z y st QRsa

l Tt iSZl: LCs, T iS‘1l==cs,1

l

==c[=):2 -!_ v l
!
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Figure 4. The operation modes the push-pull side; (a) OFF-state of S2 and S3, (b) ON-state of S2 and
OFF-state of S3, (c) OFF-state of S2 and S3, (d) OFF-state of S2 and ON-state of S3.

A |
| Ves1
@
Vesa
®)
| Vbsi1
o
Vpsz
@
| | ilfilter _
@
; i | ilD’l »
RN
@
N\ sy
O
| sz
| O
oty Lt s

Figure 5. The waveform of the push-pull side;
(a) the gate signal of S1, (b) the gate signal of
S1, (c) the drain source voltage of S1, (d) the
gate signal of S2, (e) the current pass through
the filter at D1 side, (f) the current pass through
D1, (g) the current pass through D2, (h) the
snubber circuit current of S1 side, (i) the
snubber circuit current of S2 side.

Time interval 2 (t; <t <t,): At this
interval, S2 is conducting and S3 is turned
off. The input current passes through Ny,
due to the ON state of switch S2. Thus, the
secondary winding of the HF transformer is
excited and current i;, flows through the
series resonant inductance of the
transformer. L, resonates with the filter
circuit. Cs; simultaneously discharges
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through Rg,, while Cs, charges through
Ds,. The snubber circuit suppresses the
high-frequency oscillation on the S1 started
at t =t;. iy, can be expressed as:

nvV; -V, =V
= PP out Le sin(n +wc(t— tl)) (12)

iy = Z,
where,

1
Wic = \/? (13)
and

1
Z. =R, +jwL, + jwL —jm, w=wy) (14)

2

1Z,] = \/ROZ + (W(Lr +1)— %) (15)

Moreover, is,(t) and is,(t) can be
defined in Equation 16 and Equation 17
given below:

(16)

!
Coss Ik

t
i, () & [ —2 P _)[1—¢ Toz 17
520 ~ (g 258 ) (1-e75)

where,

Coss'Cs 1
Tpq = Rg, —22 51 (18)
o1 51 Coss’ + Cs1
and
Coss'Cs,2
To,z = (19)

Rgp—F—+—
“Coss' + Cs2

Time interval 3 (t, <t < t3): During this
time interval, S2 and S3 are turned off. The
voltage between the drain-source terminals
of S2 is twice the input. The changing of
i;m 1S given in (20). Moreover, the drain-
source capacitance of S1 discharges.
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Furthermore, is, and i, are given in (21)
and (22).
(20)

. nVin,pp .
lim = I (t— to) - le(tO)
m

. . Coss'Ipk ——Tt
= - — —_ 0,1
Isq = is1(t2) (Coss’ TGy 1—e (21)

) . Coss'Ipk ——Tt
= —_ —_— —_ 0,2
Isp = ig,(t3) (Coss' T Css 1-e (22)

Time interval 1 (t;<t<t, ): The
operation of this time interval is analogous
to the time interval 2. S2 is turned off and
S3 is conducting. The input current passes
through N,,. Thus, the secondary winding
of the transformer is excited and i, flows
through the series resonant inductance. L,
resonates with the filter circuit. Cs,
simultaneously charges through Ds ;, while
Cs » discharges through Rg,. The snubber
circuit suppresses the high-frequency
oscillation on the S2 started at t = t5. i,
can be given as:

nVin,pp - Vout - VLC

Iy = Z sin(wyc(t — t3)) (23)

Moreover, is,(t) and ig,(t) can be
defined as in Equation 24 and Equation 25
given below:

COSS,ka .
is1(t) ~ | —F—~+||1—e Tox 24
lS,l( ) <C055, + Csll e ( )
v
is2(D) ~ == (25)
5,2

where, Z, , wyc , Top and Ty, are
mentioned previously in interval 2 and
Toqr =Topz-

3.3 Design considerations of the

converter

The design phase is discussed in two main
parts: the design of the boost side and the
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design of the push-pull side. The main
purpose is to design a hybrid converter
which has an input of 12V and an output of
~400V.

3.3.1 Design of the boost converter side of
the proposed hybrid converter

In this subsection, a boost-type converter
with an input voltage of 12V and an output
voltage of 100V and has 500W output
power capacity is designed and analyzed in
simulation. In the context of the duty ratio
of D equals to 1-V,,;/V; = 0.5, and the
switching frequency of 40kHz , from
Hauke (2009), the main parameters and
limitations of the designed boost converter
can be determined as follows:

1. The boost side main inductor L, is
calculated as:

Vout

P,
2fus 1P

maximum __
Ly =

(D(1-D)?) (26)

2. The boost side output capacitor C, ; is
defined with the equation below:

C minimum __ PoutD
0,1

B f:swAVout Vout

where, AV,,,; is assumed as 0.1 V to avoid
choosing too large capacity.

(27)

3. To define the limits of semiconductor

switch, the maximum current is
calculated as:

. AiL I tmaximum
Iswmaaamum — 7 + ou —5 (28)
where

V. minimumD
Aj, =1 = 29
lL forls (29)
and



Hybrid converter design based on...

Yapici and Inan /RTEU-JSE 6(1) 344-371 2025

Vout

2fswLb

4. To select diodes, the forward currents of
diodes must be equal to the
Ly ™™ S0 the minimum forward
currents of I, , and I, , are determined
as:

I maximum __
out -

) -py) 30)

I minimum __ I minimum I
D,b — ID,2 — lout

The capacitor in RCD can absorb more
energy due to the current flowing through
the diode. Moreover, during the switching
transients highest di/dt can be observed.
Thus, the recovery characteristics of
snubber diode Dg and the minimization of
the stray inductances should be considered
Sic MOSFET (2020). To determine the Cs,
Rs and Ds, it is assumed that L, is
transferred all energy to Cs. The values of
the components of the snubber circuit can
be calculated from the expressions given
below:

1. The value of the snubber capacitor Cs is
determined as:

LI
Cs > —PX (32)
VDS+ _Vout
where,
e (8)+0)
Vpst = a + Vours (33)

1+

, a? 2
Va= [Vour +; (RoffIL,pk _Vout) , (34)

Vout

@ =tan"'| 7 , (35)
W(RoffIL,pk - Vout)
. (36)
a=———,
RyrrCoss

maximum(3 1)
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and

(37)

Rosr is the resistance of semiconductor
switch while the switch is OFF state and
generally very high (Ryrr~4.10°Q). Vps+
is the upper voltage value of oscillation of
drain source voltage, V, is oscillation
voltage, @ is the phase angel between gate
signal and drain source voltage, a is the
oscillation frequency of semiconductor
switch, w is the oscillation between the
inductor and switch. The snubber resistor
Rs is determined as:

-1

D)

R < (38)

Here, V. is the discharge voltage

2. Any fast recovery diode is suitable for
the design.

3.3.2 Design of the push-pull converter
side

A push-pull-type converter with an input
voltage of 100V and an output voltage of
~400V with approximately 500W is
designed and examined in this subsection.
In the context of the signal with duty ratio
of 0.45, and the switching frequency of
40 kHz, from Tai and Hwu (2023), the
main components can be selected as the
steps below:

1. The turn ratio of the HF
transformers is determined as:
Vminimum
n= minir?:itm maximum (39)
ZVL-n’pp D
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In order to provide a hybrid converter
design which is highly efficient, in the
design procedure, the efficiency is targeted
to be kept at 85% for push-pull side,
Vingp ™ 2= (Pout/0.85)/

(input current X 2 x DMaximumy \yhere,

input current = n(Vyye/Rivad)-

V_minimum

So, Vs > 79.88V
323.53V, and Dmaximum — (45,

minimum
Vout =

2. For choosing semiconductor switches,
the voltage of drain source can be
calculated by selecting 30% more than
the input voltage, excluding the voltage
increase caused by leakage inductance.

Vps = 1.3 x 2y/naximum

inpp (40)

So, the MOSFET with a breakdown voltage
higher than 260V can be selected at

ViRgamem = 100V

3. The voltage of half-bridge diodes can be
calculated as:

Vaioge = MWVingp (41)
Pm(gximum
ou
lgiodge = v (42)
diode
where, PRgximum —q1p . Py =

500W , thus, the diode with a reverse
voltage higher than 475V and with a
forward current higher than 1.054 can be
selected.

4. The magnetizing
defined as:

inductance L, Is

| Tt
™™ 8Co

(43)

and T = 1/f , tqg = 2.5us.
sw

5. The parallel resonant capacitance of the
filter circuit is defined as:
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anrlRacQ (44)
The switching frequency over the resonant
frequency reduces the output voltage. The
output voltage can be increased by
minimizing Q. However, the frequency
range converges to the resonant frequency
at a small Q value of the gain. In this case,
the converter also operates in DCM
(discrete conduction mode). To eliminate
this problem, the Q value should be at a
value that obtains the output voltage to
provide the switching frequency while
ensuring ZVS (Ngo, 1987; Murai and Lipo,
1992; Erickson and Maksimovi¢, 2020).
Thus, for the ZVS condition to be met, f;,,
must be higher then f. (Salem et al.,

C =

2018).
Z, Ly+L
0=2,2,= [L28 @)
and
8 8 Vot
Ree = —R, =— (46)
ac 7_[2 o 7_[2 Iout

6. The series resonant inductance (L, + L)
is defined as:

1
@rfr)?c
4. The Simulation of The Converter

L +L= (47)

The proposed hybrid converter is analyzed
using MATLAB Simulink to verify the
mathematical analysis. The converter's
parameters are given in Table 1. The
current and voltage waveforms of the boost
topology which is the first part of the
proposed hybrid converter are shown in
Figure 6. The current and voltage
waveforms obtained from the push-pull
circuit of the proposed hybrid converter are
shown in Figure 7. The switching voltage
for the gate signal of the MOSFETSs is
applied as 12V.
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Table 1. The specification of the parameters.

Parameter Symbol Specification
Input voltage Vin ~12V
Output voltage Vout ~400V
Output power P, ~500W
Switching frequency fow 40kHz
Duty cycle D ~0.45
Turns ratio Ny 1:Mp 2 Ng 10:10:45
Magnetization inductance Loy, 1mH
Boost side inductor Ly 850uH
Boost side output capacitor Co1 220uF
Boost side constant resistor Ry 1 22kQ
Boost side snubber resistor R 33kQ
Boost side snubber capacitor Cs 0.47uF
Snubber resistor of S2 Rs1 270Q
Snubber capacitor of S2 Cs1 0.33uF
Snubber resistor of S3 Rs, 270Q
Snubber capacitor of S3 Cs, 0.33uF
Input filter inductor Lin 2.5uH
Input filter capacitor Cin 10uF
Output filter inductor (both side) L 44uH
Output filter capacitor (both side) C 0.1uF
Output capacitor C, 100uF
Constant output resistor R, 220Q

Figure 6 points out Vg, Vps, Vi b, Vo b, iL,
is, Ipp and I,, . Note that the initial
switching moment is ignored and S1 is
turned on with the ZVS method. Figure 6
(b) shows that the drain-source terminal
voltage is about 100V . Thus, the source
provides a current of slightly over 1004 as
seen in Figure 6 (c). The snubber circuit
connected to the switches prevented the
high-frequency oscillation on the MOSFET
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and minimized the voltage stress over the
drain-source terminal. It is seen in Figure 6
(d), that the snubber circuit draws low
current and reduces the oscillation. Then,
the snubber capacitance immediately
discharged to approximately OV through
the snubber resistance at the beginning of
the ON state interval. Figure 6 (e) and (f)
show the inductance voltage and main
diode current, respectively
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Figure 6. The boost side current and voltage waveforms. (a) the waveform of V¢, (b) the waveform of
Vps, (c) the waveform of i, (d) the waveform of i, (e) the waveform of V; ;,, (f) the waveform of I, ,,,
(9) the waveform of 1, ,, (h) the waveform of V, ,.

It can be seen in Figure 6 (g) that the boost
side output current fluctuates due to the
value of the push-pull side inductance.
Although this situation is expected, the
ripple of the output current is increased due
to the low inductive value. If the inductance
value is selected as large enough, the
voltage oscillation of the push-pull side
switches increases. The necessity of this
inductance is stated below. It can be seen in
Figure 6 (h) that the boost side output
voltage is about 100V As seen in Figure
7(a) and (b), the duty cycle ratio is selected
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as 0.45 and a dead time interval is allowed
between the turn-on and turn-off states of
the MOSFETS. Thus, the saturation of the
HF transformer can be reduced. Figure 7(c)
and (d) show the drain-source terminal
voltage of switches S1 and S2, respectively.
The drain-source terminal voltages are
equal to approximately 2V;, ,,,,. Since the
LC filters connected to the HF transformer
output are equivalent, the current of only
one filter is shown in Figure 7 (e). Figure 7
(M, (g) and (h) show the currents passed
through the diodes and the output voltage of
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the proposed converter, respectively. As a
result, the output voltage is obtained as

approximately 400V.
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Figure 7. The push-pull side current and voltage waveforms. (a) the waveform of V54, (b) the
waveform of Vs ,, (c) the waveform of Vp 1, (d) the waveform of V) ,, (e) the waveform of I 4, (f)
the waveform of I ,, (9) the waveform of ¢, (h) the waveform of Iy, 4, (i) the waveform of I ,,
() the waveform of V,,,,, (k) the waveform of i ;, (I) the waveform of i ,.

Converter efficiency at different duty
cycles for the boost side is given in Table 2.
At a duty cycle of 0.85, the converter
exhibits an efficiency of approximately
72%. Although the proposed converter can
achieve a maximum efficiency of up to 92%
on the boost side, in practical applications,
the efficiency tends to decrease due to
losses in the inductor typically present in
boost converters. It can be seen from
Equation 48 that the resistance of the
inductor r;, reduces efficiency. The voltage
gains and efficiency characteristics of

conventional boost converters considered
in practical applications are illustrated in
Figure 8 (Hart, 2011). As shown in Figure
8(a), the voltage gain is higher when the
duty cycle is around 0.85. Moreover, Figure
8(b) indicates that the efficiency is higher
within the duty cycle range of 0.8-0.9.

1
1+ 7Ripaq(1 = D)2

n (48)

where, 7 is the efficiency, R;,qq4 iS the load
resistance

Table 2. The efficiency analysis for different duty ratios of boost side.

Duty Boost Side

Cycle P;(W) OUtpzj\}vl;ower P,(W) V,(V) Nboost (%) npushpull(%) n(%)
0.1 59.11 50.33 9.01 53.85 85.1463 17.8820  15.2259
0.2 76.15 66.26 12.01 61.4 87.0125 18.1105 15.7584
0.3 101 89.03 15.77 71 88.1485 17.7131 15.6139
0.4 139.9 127.79 22.01 84.12 91.3438 17.2236 15.7327
0.5 208.47 187.99 33.08 10294 90.1760 17.5967  15.8680
0.6 325.62 296.87 54.66 129.26 91.1707 18.4121 16.7864
0.7 548.81 501.9 194.74 174.2 91.4524 38.8006 35.4840
0.8 627.01 576.36 416.45 264.08 91.9220 72.2552 66.4184
0.85 690.22 638.5 492.11 360.05 92.5067 77.0728 71.2976
0.9 807.92 742.64 495.12 401.23 91.9200 66.6703 61.2833
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Figure 8. Boost converter for a nonideal
inductor. (a) Output voltage; (b) Boost
converter efficiency.

In Figure 9, output power, output current
ripple, ripple voltages on switches and
maximum output voltage changes are
analyzed using different duty cycles. It
should be noted that the values in the figure
are given as per unit (p.u.). The proposed
hybrid converter operates more stable with
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D= 0.45 and provides higher power to the
load. Moreover, with the duty-cycle of
D=0.45, less output current ripple and
lower voltage stress are observed between
drain-source  terminals of  switches.
However, itis provided that a voltage above
400 V at the output of the converter with the
duty-cycle of D=0.48 since approximately
400V output voltage is obtained from the
converter when the duty-cycle of the
switching period is taken as at D=0.45.
With this output voltage, the proposed
converter provides approximately 500W
output power. With the proposed hybrid
converter, it is achieved that the operation
performance with less than 1% output
current ripple and 0.5080 p.u. voltage
ripple occuring between drain-source
terminals of switch S1. In addition, during
the operation with the duty-cycle of D =
0.45 there is a voltage ripple of 0.4454 p. u.
measured from between the drain-source
terminals of S2 and S3 switches and thus it
can be concluded that lower voltage stress
is generated on the switches S1, S2 and S3
rather than the case of operating the duty-
cycle D=0.48. Moreover, Table 3 shows the
output voltage, power, and efficiency at
different duty cycles for push-pull side. The
output voltage and load current waveforms
of the proposed hybrid converter are given
in Figure 10 and Figure 11. and these
figures show the effectiveness of the
proposed converter.



Hybrid converter design based on... Yapici and Inan /RTEU-JSE 6(1) 344-371 2025

0,5080
0,5260
0,5850
0,6285

maximum amplitude ~ 0,8733 0,900 voltage ripple of VDS====D=0.2

of Vo (p.u. S1) (p.u. —— D=
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Figure 9. The changing of the output power, the output current ripple, the ripple voltages on switches
and the maximum output voltage at various duty cycles.

Table 3. The efficiency analysis for different duty ratios of push-pull side.

fluctuation Voltage

Duty . Voltage ripples
rate of I,,,;, ripple of S1 0 V,(V) P,(W) Mpushput(%)
Cycle (%) (%) of S2&S3 (%)
0.2 44.60 91.00 91.60 306.0642 371.4244  57.1415
0.3 6.20 58.50 58.40 384.2517 419,4241  64.5268
0.43 1.30 52.60 46.20 342.2320 488.8320  75.2049
0.45 0.60 50.80 44.54 391.5987 511.7280 78.7274
0.48 17.90 62.85 61.52 392.4805 501.6960 77.1840
out
400 : —_—
300
200
100 - .
O ' -
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Figure 10. Output voltage of proposed converter.
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Figure 11. Output current of proposed converter.
Also, the efficiency of the proposed results of the comparison are given in Table
converter is compared to other converter 4.

topologies that existed in literature. The

Table 4. The comparison of the main parameters.

Number of
Num Numbe Inductor,
ber Switchi Voltage rof Coupled Numb
Converter of o Loss Stress of Voltage Gain Capacit Inductor, er of
Swit & Switches sr and Diode
ches transforme
s
Luo-Boost 2 Low v, 2n+D+3 4 3 3
[K] 2n+D+3 1-D
Three for S1:
Phase Vi 3D + D%+ n(1 — D)
Parallel 3 Low D D(1-D) 4 4 3
Boost for S2, S3:
Converter V.
N i
[N] 1D
for S1:
Quadratic Vi 1+n(2 — D)?
Boost 1-D — Nz
Converter 2 Low for S2: 1-D) 6 3 5
[H] v,
(1-D)?
1
Hybrid )
1—KD
Converter 4 Low - Lo+ L 4 3 2
[D] K==t 3
Ly~ L,
_ V
Boost-Luo 1 Low o 3+2n,+n, 5 1 5
[E] 3+2n, +n. 1-D
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Interleaved @-D)y; 1+n(1-D)
Boost [L] 2 Low G5y (1-D)? 4 . !
ny
—@+2D)|1
Phase- < 4 ( ) (
Shifted
[G] DR R TR 72 L
A= nLleukageIafs
for S1:
Vi
Proposed 1-D -~
Converter 3 Low for S2, S3: (1-D)(1-Dy) 4 3 !

v,

n

*nand n; {i = 1,2,3} are the turn ratios, D is the duty ratio.

5. Design of The Controller

The proposed hybrid converter comprises
three semiconductor switches, which are
controlled using the Pulse Width
Modulation (PWM) technique. Through
this method, the output voltage can be
regulated and maintained at a desired
constant value by adjusting the duty cycle
of the PWM signal. The control strategy
involving the PWM signal and duty cycle is
illustrated in Figure 12. As shown in Figure
12(a), to maintain a constant output voltage
on the boost side, V1 is subtracted from a
reference voltage V;..r;. Simultaneously, in

-

Figure 12(b), to ensure voltage regulation
on the push-pull side, V,,; is subtracted
from another reference voltage V,..r,. The
resulting error signals in both cases are fed
into PID control blocks. Subsequently, the
output signals from the PID blocks are
limited by a saturation block, and the
constrained signals are compared with a
carrier signal at the switching frequency in
the corresponding comparator blocks. As a
result, PWM signals are generated, which
are then used to control the semiconductor
switches.

»,=0

Carrier

1

D1

Saturation [0, 0.9]

d
Kdae(f)

(@)
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Figure 12. PID controller for the control strategy; (a) PID controller of boost side, (b) PID controller
of push-pull side.

The parameters of the PID controller for the
transfer function are given as below:

K; 0.001
Kpy+—+Kis=10+——+3s  (49)

where, K, is proportional constant, K; is
the intergral constant and K, is the
derivative constant.

6. Conclusions

In this study, a hybrid DC-DC converter
design including boost and push-pull
converter topologies is proposed with the
purpose of operation with the load of
required approximately 500W medium
power. The proposed hybrid converter is
designed by a cascade structure in which
the DC bus voltage of the push-pull
converter is regulated and boosted with a
DC-DC boost converter. The novel hybrid
converter is implemented in simulation the
performance tests are realized in
simulation. With the proposed hybrid
converter, it is aimed to reduce the voltage
stress that may occur on semiconductor
switching devices placed on the converter
hardware. It is observed that the voltage
stresses and the peak voltages that occur
between the terminals of the switches and
increase related to the operation voltage are
significantly reduced with the proposed
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novel hybrid converter. Thus, the difficulty
of the converter design, including the HF
transformer, is also alleviated. Furthermore,
by reducing the transformer turn ratio, eddy
current and core (hysteresis) losses are
significantly minimized. The determined
parameters of the proposed hybrid
converter are analyzed, and it is seen from
the simulation results that the proposed
hybrid converter operates stable with these
parameters. The duty-cycle of the boost
side switch is determined as D=0.85 while
the push-pull side switches are D=0.45.
With these conditions, the proposed
converter provides 400V output voltage.
An LC filter composed of a leakage
inductance L, and capacitor Cp, is used
on the primary side of the transformer. In
this way, the ripple of the output current of
the boost converter reduces. In addition, an
external LC filter circuit is used on the
secondary side of the HF transformer in
order to reduce the losses that arise from the
ZV'S switching on the primary side of the
HF transformer and the ZCS switching on
the secondary side. As a result, the switches
have soft switching that allows operation at
high frequencies. Thus, the losses of the
switches can be reduced. The proposed
hybrid topology provides a high-power
density and has a compact structure. The
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proposed topology can be used in various
applications such as energy storage in
power systems, maximum power point
tracking part of the photovoltaic system and
uninterruptible power supply. The future
studies will be on the real-time
implementation and performance tests of
the proposed novel hybrid converter under
different load conditions. Also, the
converter will be improved in the context of
higher power density.
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