IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received February 25, 2022, accepted March 2, 2022, date of publication March 4, 2022, date of current version March 16, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3157050

Soft Switching Multiphase Interleaved
Boost Converter With High Voltage

Gain for EV Applications

NABIL A. AHMED ", (Senior Member, IEEE), BADER N. ALAJMI', (Member, IEEE),

IBRAHIM ABDELSALAM 2, (Senior Member, IEEE), AND

MOSTAFA I. MAREI 3, (Senior Member, IEEE)

! Department of Electrical Engineering, College of Technological Studies, Public Authority for Applied Education and Training, Shuwaikh 70654, Kuwait
2Department of Electrical and Control, College of Engineering and Technology, Arab Academy for Science, Technology and Maritime Transport, Cairo 2033,

Egypt

3Electrical Power and Machines Department, Faculty of Engineering, Ain Shams University, Cairo 11517, Egypt

Corresponding author: Nabil A. Ahmed (na.ahmed @paaet.edu.kw)

This work was supported in part by the Public Authority for Applied Education and Training (PAAET), and in part by the College of

Technological Studies under Project TS-21-08.

ABSTRACT In this paper, a soft switching interleaved boost converter (SS-IBC) using auxiliary resonant
circuit for electric vehicles (EV) applications is proposed. Several phases of the proposed converter can be
connected to make a multiphase interleaved boost converter. The operation of multiphase interleaved boost
converter is identical to that of the one phase boost converter. All phases are ideally identical with shifted
control signals and are controlled by PWM control strategy of equal switching frequency and duty cycle.
The proposed converter can be considered as a cost effective retrofit to the grid integrated battery charging
applications. It affords a steady electrical power for the load not only from the utility or classical energy
storage systems as batteries, but also from renewable energy systems like photovoltaic (PV), wind or fuel
cell systems. An appropriate design example demonstrates the size of the design circuit components and
parameters are investigated. Analysis, design, and simulation of the presented converter are verified using
PSIM simulation software on an 8.2 kW setup system with a conversion efficiency more than 97% over a
wide output power conversion range from rated power to a minimum power of 460 W with complete soft
switching operation. The converter performance is also validated experimentally on a downsized hardware
rated 1.0 kW and the maximum efficiency is found to be 98.78%.

INDEX TERMS Aucxiliary resonant circuit, battery charger, electric vehicle, powertrain, interleaved boost

converter, soft switching.

I. INTRODUCTION

Because of the increasing interest in environmental issues
related to ever-increasing demand for energy, the depletion of
fossil fuels and internal combustion engine (ICE) vehicles [1],
there is a great interest in renewables, integrated distributed
generators and electric propulsion. These realities demon-
strate the growing market concern to electric vehicles (EVs)
and hybrid EVs [2]. Corresponding to the demonstrated
statistics, in 2050 there will be no ICE vehicles, and
most vehicles will be either electric or plug-in hybrids
electric (PHEV) [2]. Consequently, numerous authorities
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have incentivized both the progress and the purchase of
EVs [2]. Therefore, EVs represent a great option as a mode of
transportation, although some technological issues still must
be overcome [2]. In the Europe Union, the transport sector is
responsible for one quarter of the greenhouse gas emissions,
becoming the second largest emitter of gases after energy
sector. Therefore, the Europe Union has instituted a number
of greenhouse gas reduction strategies, involving that ICE
vehicles account for only half of the urban transport in 2030,
and totally eliminated on 2050 [3].

The electric vehicle market is gradually demanding a
range of more powerful powertrains to approach improved
drivability better than or at least similar to ICE vehicles. For
more electric power propulsion in EVs, battery EV (BEV),
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FIGURE 2. Level 1 on-board EV charger.

fuel cell EV (FCEV), HEVs and plug-in HEVs (PHEVs),
a secondary high voltage battery pack must be installed to
start the engine using the inverter. The high voltage battery
pack is made up of multiple lithium-ion cells and stores the
energy needs to run the vehicle. The use of a high voltage
battery pack produces low current, high power density,
and high torque while reducing the conduction losses [4].
However, it raises the cost, weight, and size of the entire
system. Nevertheless, the boost converter is an additional
component of the system that increases the conduction and
switching losses especially at high power ratings, resulting
in reduced power conversion efficiency. Therefore, some
HEVs makers as Toyota hybrid system II, adopt the use
of boost converters to boost the low battery voltage [5].
Fig. 1 shows the schematic diagram of the typical BEV
powertrain. It consists of a high voltage battery pack, onboard
battery charger, boost converters, electric motor and power
management and control system.

Moreover, to gain widespread acceptance, EVs still face
some important challenges such as supplementary cost,
battery life, lack of charging infrastructure and issues related
to battery chargers. Since EVs require electric power chargers
rather than fuel filling, an additional crucial difficulty is the
significant harmonics produced by EV chargers which have
harmful effects on distribution networks [6]. This problem
can be reduced by using active converters and power factor
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correction stages as well as high quality boost converters.
Many car drivers find that charging their EV at home is
more satisfactory than frequently going a gas station, saving
time, effort as well as money. However, public charging
stations for EV’s are also becoming widespread, due to rapid
growth in EV’s market. This action creates a necessity to
develop better EV chargers in terms of efficiency, durability,
availability, reliability, and reduced price. Fig. 2 shows the
block diagram of a level 1 EV charger as an example of
on-board charger fed by one phase or three-phase power
supply [7]. It consists of an EMI filter, AC-DC rectification
stage, power factor correction stage and DC-DC boost
conversion stage as an example of on-board power converter
structure.

Numerous structures have been proposed in literature
as isolating and non-isolating topologies for boost con-
verters [8], [9]. The traditional boost structure which is
the simplest topology is not cost effective in high power
applications because of its limited voltage gain, lower
efficiency, extreme duty cycle operation and high-voltage
stress on the power semiconductor devices [10]. To cope
with these difficulties, several techniques using magnetic
coupling including coupling inductors or isolating transform-
ers coupled inductors [9], [11], [12], switched capacitor,
switched inductor and voltage doubles [13], [14]. However,
such topologies are complex structures since it need various

27699



IEEE Access

N. A. Ahmed et al.: SS-IBC With High Voltage Gain for EV Applications

Power factor Ly; D,; Output Battery
correction P} P} filter pack
Ly, D,
OV ——t —0000™ > < 0000
Ly I D3 L
—! »l o
3-phase PN N N g Pt
AC supply A
EMI [} J'J +
K-} zZ = H
H = _— o C, ZZzZ
=t Mot k)R TJER T, E
[ [ [
| A H H
VN N
y y
—_ Auxiliary resonant circuit
Diode bridge rectifier Proposed multiphase interleaved DC-DC boost converter
FIGURE 3. Proposed EV charger.
legs to attain a high voltage conversion ratio. Moreover, L, Auxiliary resonantcircuit
. . e T eeeessssssssssssssnanae 0
the leakage inductance of the coupled inductor increases 0 — > H
the voltage stress and spikes on switches [15]. Several : D, :
literatures work produce non-isolated structures [16] using : :
a one switch, or produce various configurations based on : :
traditional structures [13]. In [17], the combination of buck P : + |
. ' p— g <
cand boost converters is employed to connect PV and battery I ! Jﬁ G J v G zzz ShR
systems with various types of applications. Sz Jt :
During the past decade, various researchers have pro- Dy '
posed various converters for decreasing current ripple and i
innovative DC-DC converter topologies [18], [19] including

interleaved boost converters (IBC) [20]-[22]. IBCs are an
encouraging interface between renewable energy sources
such as fuel cells, PV, and the DC link of inverters. Due
to interleaving process, IBCs present both lower current
ripple at the supply side and lower voltage ripple at the load
side [23]. The three-phase IBC is validated by an adjustment
between size of the components, conversion efficiency,
current ripple, switch count, and cost [20]. The IBC permits
acting to the exciting difficulties in FCEV applications in
terms of power density, conversion efficiency, and current
ripple. Therefore, in high power applications, interleaving
topologies are commonly implemented as an effective
solution to overcome the problem of current ripple, decrease
element size, increase power rating, enhance dynamic
response, and achieve high conversion efficiency [24]-[29].
These new structures are good candidates towards highly
efficient vehicle powertrain and chargers. Nevertheless, more
advances towards improved outcomes are still widely open
and promising.

The auxiliary resonant circuit is an effective technique
that is widely used in switching converters to overcome the
disadvantages of hard switching PWM boost dc-dc converters
due to their high efficiency and high scalability properties.
It enables a wide range of soft switching operations under
continuous and discontinuous current modes of operation
without any circulating currents. In addition, the current
and voltage stresses in the switching devices can also be
reduced resulting in using high switching frequency, reduced
power loss and high conversion efficiency. Furthermore,
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FIGURE 4. One phase of proposed SS-1BC.

soft-switching converters can be usefully extended for the
interleaved circuit topology, that effectively reducing the
input current ripple and reducing the size of the circuit
components and increasing the converter power rating.

In this paper, a new soft switching multiphase interleaved
boost converter employing an auxiliary resonant circuit for
EV applications is presented. Most important advantages of
the proposed interleaved converter include: 1) A wide soft
switching power control range; 2) A reduction of the ripple
currents by an interleaved operation; 3) A minimization of
conduction power loss by discontinuous current operation
in the input side; and 4) A high voltage conversion ratio.
Due to these features, the proposed converter is very
convenient for high volage batteries in EV applications and
low voltage sources as PV and fuel cell systems, which
require high-voltage conversion capability. The paper is
organized as follows: proposed soft switching interleaved
boost converter (SS-IBC) topology including configuration,
operation performance and analysis is described in section II.
Detailed steady-state analysis, performance equations and
the operation modes with their equivalent circuits and
voltage and current waveforms in one switching cycle are
conducted in section III. Design consideration of circuit
parameters is carried out in section IV. Simulation results
and real measurements using experimental setup are given
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FIGURE 5. Equivalent circuit and operation modes during one switching cycle.

in sections V and VI, respectively. Conclusion remarks are
given in section VIIL.

Il. PROPOSED SOFT SWITCHING INTERLEAVED BOOST
CONVERTER

A. CIRCUIT DESCRIPTION

Fig. 3 illustrates the circuit configuration of the typical
EV charger with the proposed SS-IBC employing auxiliary
resonant circuit. Fig. 4 shows the one phase of proposed soft
switching interleaved boost converter. One auxiliary active
switch (S2), one resonant capacitor (C;) and two diodes
(D1 and D») are added to the conventional soft switching
boost converter. The proposed IBC can be operated as a
bidirectional converter if the output diode D, and diode D>
are replaced by active switches. In addition to the simplicity,
the essential characteristic of the proposed converter is the
lower current and voltage stress on the active and auxiliary
switch. The utilization of proposed resonance circuit enables
zero voltage switching (ZVS) for the switches and diodes.
Thus, resulting in higher conversion efficiency. Several
phases of the proposed converter can be linked in parallel
to develop a multiphase interleaved boost converter. The
operation of the proposed multiphase interleaved converter is
identical to that of the one phase boost converter. All phases
are ideally identical with shifted control signals and are
controlled by PWM control strategy of the equal switching
frequency and duty cycle. The PWM switching function for
all phases are equal, but phase shifted by 360/N degrees,
where N is the number of phases. The proposed converter
can be considered as a cost effective retrofit of the existing
boost converters. It offers a stable high DC voltage power
supply for the load not only from the utility or conventional
energy storage systems as battery, but also from renewable
resources like PV, FC or wind systems. Analysis, design, and
simulation of the proposed converter are carried out using
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PSIM simulation software and verified experimentally on a
hardware setup. In addition, an appropriate design example
to demonstrate the sizing of the required components and
circuit parameters is investigated. Moreover, comparison of
power conversion efficiency and the ripple factor of the
input current between the proposed SS-IBC and conven-
tional hard switching converter are considered. A high and
steady conversion efficiency more than 97% is obtained
and the ripple factor is well improved as the number of
interleaved phases increases. Furthermore, the simulation
and computed voltage and current waveforms are validated
experimentally.

B. OPERATION PRINCIPLES AND OPERATION MODES

The detailed analysis of the converter is conducted in discon-
tinuous conduction mode (DCM) under steady state operation
condition. To facilitate the analysis, all power switches and
passive elements are assumed ideal. The switching loss and
internal resistance of inductor and capacitor are considered
negligible. The operation modes are divided into five
operation modes during each switching cycle. The equivalent
circuit with the current paths during each mode are depicted
Fig. 5, while the relevant voltage and current waveforms
during each operation mode are illustrated in Fig. 6.

Mode 1 (t, < t < t;): Before the starting of mode 1,
the resonant capacitor C, is initially charged up to the output
voltage Vj and the boost inductor current iy is zero. Mode 1
starts when the main active switch S; and the auxiliary
active switch S, are simultaneously turned-on at ¢ = ¢,,. The
boost inductor current i;; and the switches currents i, iso
start to increase progressively from zero initial value and
the capacitor starts to discharge gradually from V{ to zero.
Therefore, both active switches S; and S, are turned-on at
zero current switching (ZCS) conditions. By assuming the
time origin f, = 0 for simplicity, the resonant capacitor
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voltage, the boost inductor voltage, and switches currents can
be given as follows:

Ver(t) = (Vip + V)cos(wrt) — Vip (n
vip(t) = (Vi + V)cos(w, 1) 2)

Cr .
iy (1) = is1 (1) = iga(t) = (Vin + VO)\/;SIH(CWZ) 3

where w; is the angular resonance frequency and is defined
as:

1
VLpCy

Mode 1 is completed at time #; when the resonant capacitor
is totally discharged to zero and the boost inductor current
reaches the value I7;; at the end of this mode.

“

W, =

Vin
R —— 5
Vin + Vo) ®)

C
Iy = iy (1) = (/ V2 + 2V Vi), | L—h (6)

Mode 2 (t; < t < tp): This mode is the boost inductor
energy charging mode, and it is started when the voltage
across the resonant capacitor reaches zero at time ¢;. When
the resonant capacitor is fully discharged at time t, the
auxiliary diodes D; and D, become forward biased and
start to be conducting. The boost inductor voltage equals the
supply voltage, the resonant capacitor voltage is kept at zero
value and the boost inductor current is equally divided to
the parallel paths (S; — D) and (S2 — D;) and it increases
linearly as:

t=t,+ LbCrcos_l(

ver(t) =0 )

vip(t) = Vin (8)

. Vin Cr

0= [ © o
iry (1)

is1 (1) = i (1) = (10)

2

This mode is terminated when the main switch S and the
auxiliary switch S, are simultaneously turned-off at time .

1 =1, + DTy (11)

where D is the duty cycle of the main and auxiliary
switches S, 5.

The boost inductor current reaches I, at the end of this
mode.

) Vi C,
Iy =irp (1) = — (DT~ 1) +(/ V22V Vi) [ — (12)
Ly Ly
Vi V;
I = L_’: <DTX — ,/Lbcrcos—1($)>

Vin + Vo

1V + 2V f—b (13)
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Mode 3 (t; < t < t3): This mode begins when the main
switch §1 and the auxiliary switch S, are simultaneously
turned off at time #,, the resonance starts in the loop contains
input voltage Vj,, boost inductor L;, diode D, resonant
capacitor C, and diode D;. The voltage across the main
switch S7 and the auxiliary switch S, increase gradually
from zero due to the existence of the resonant capacitor
C,. Therefore, the main and the auxiliary switches S152
are turned-off at zero voltage switching (ZVS). Moreover,
the voltage across the auxiliary diodes D; and D; are zero,
therefore D1 and D; are also turned-on at ZVS. The voltage
and current relations are as follows:

[ Ly .
vip (1) = Vipcosw, (t — tp) — _C I sinw,(t — ) (14)
r

[ Ly .
Ver (1) ==Viy (1—cosw, (t—12))+ C_Ile sin w, (t —13)
r
(15)

C .
iy (1) = ,/L—;Vm sinw,(t — 1) + Ipa cos wp(t — 1) (16)

During this mode the boost inductor current reaches its
maximum value that is given by

C
I pmax = L_;V’%‘ + Isz a7

The boost inductor current can be simplified to:

Y Ié_brlLb2
Vi

in

irp (1) = Ippmaxsin { w, (t — 1) + tan (18)

During mode 3, the resonance capacitor voltage increases
gradually from zero and this mode maintains till the
resonance capacitor voltage v, (¢) reaches the output voltage
Vi and the boost inductor voltage reaches a negative voltage
equals (Vi, — V,,) at time #3.

Vot+Vin

13 = t, + DTy + /LyC, { sin™! —
Vin + 1)

VA
—tan™! - 19)

L
S

Irps

C
‘ | L—’vm sin ,(t3 — DTy) + Iy cos w,(t3 — DTy)
b
(20)

Mode 4 (13 < t < t4): This mode is the energy
discharging mode, and it begins when the resonance capacitor
voltage v.-(t) reaches the output voltage Vp at time 3.
At this moment, the conduction of diodes D; and D is
ended and they turned-off at ZVS. The main and auxiliary
switches are in off state, and the accumulated energy stored
in the boost inductor is transferred to the load via the
output diode D,. During mode 4, the boost inductor current
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gradually decreases and finally reaches zero at time #4. The
resonance capacitor and the boost inductor voltages are kept
at Vo and (Vi — V,); respectively. The voltage and current
relations during mode 4 are as follows:

ver(t) =V, (21)
vipb ) =Vin =V, (22)
. Vin - Vo
irp (1) = I (t—13) +11p3 (23)
Lplip3
=3+ —— (24)
Vo - Vin

Mode 5 (t4 < t < ts5): During mode 5, the boost inductor
current is zero and the output current takes its path through
the output capacitor C,. The boost inductor current holds zero
value till the beginning of the next switching cycle when the
switches S and S are tuned-on again at the fs.

ver(t) = Vo (25)
vip (1) =0 (26)
irp (1) =0 27

The voltage gain (V,/V;,) of the proposed converter can be
obtained from the volts balance equation of the boost inductor
voltage through one complete switching period. Using the
volt-second balance equation during one switching period,
the mean value of the boost inductor voltage Vi, 4- should be
zero. Therefore, average boost inductor voltage is given by:

1 (5
Vib,de = 7/ vip (1) =0 (28)
s JO

VLb,dc = vaCr (VOZ + 2V0Vin>

+ Vin (DT —11) — Lplppp =0 (29)

The average input current [;; 4. can be obtained by
integrating iy (¢) given by equations (3), (9), (16), (23) and
(27) during each operating mode as follows:

1 (5
Iin,dc = F / iLp (t) (30)
s JO

Vin 2
CVo+ — (2 —t1)" +1Ip (2 — 11)
2Ly
1 =Gy Vip(cos(w (2 —11) — 1)

linde =71 4 112 L,Cy(sin (w (12 — 1)) D
LbILzb3
2(Vo — Vin)
Equation (31) can be simplified as:
Vo

Vin 2
I; =——12C,V, —(r —t
in,dc Vin) { Vo + 2Lb (2 l)

Ts(Vo -
+1Ip1 (2 — 1) } (32)

The input power can be given by

Vo Vin
TS(VU - Vin)

Vin

2
Ih—1t

Pin = Vinlin,dc =

{ZCrVo +
+1p1 (12 —11) } (33)
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Equation (29) is an implicit relationship in the voltage gain
of the proposed boost converter and by solving it numerically,
the voltage gain can be obtained and compared to that of
the standard boost converter. The comparison between the
voltage gain of the proposed and standard boost converter is
given in Fig. 7. It is clear that the proposed boost converter
has a high voltage gain compared to the standard one.
Comparison between voltage and current waveforms of the
proposed and conventional converter are depicted in Fig. 8.
Equations (1)-(27) have been programed and the computed
voltage and current waveforms are illustrated in Fig. 9 which
are identical to the expected voltage and current waveforms
presented in Fig. 6.

Ill. DESIGN OF CIRCUIT PARAMETERS

The values of the boost inductor L, and resonant capacitor C,
of the proposed soft switching boost converter are selected
according to the maximum and the minimum output power
corresponding to the maximum and minimum duty cycles,
Doy and Dy, respectively. These values determine the range
of the soft switching control of output power. Increasing the

VOLUME 10, 2022
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value of boost inductor leads to continuous current operation
so that the inductor current does not reach zero in mode 4.
Therefore, the switches do not turn-on at ZCS. On the other
hand, increasing the size of the resonant capacitor leads to
the resonant capacitor not being fully discharged at the end of
mode 1. This action makes it have a residual voltage and this
voltage continues until the end of mode 2. This in turn leads
to the fact that the two active switches S| and S, do not turn
off at ZVS. Consequently, the values of the boost inductor
and resonant capacitor should be designed according to these
principles.

Fig. 10 depicts the boost inductor current at different duty
cycles ranging from minimum duty cycle D, to maximum
duty cycle Dy,qx. The value of the boost inductor achieve
soft switching operation at maximum power operation is
determined from zero-current crossing in mode 4. At this
condition, mode 5 disappears and mode 4 ends exactly at the
beginning of the next switching cycle (critical discontinuous
operation). Therefore, to maintain soft switching operation
at maximum power, the maximum interval time of mode 4,
4,max, should be smaller than or equal one switching
period Ts.

14 max = Ts (34)
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In the same way, at minimum power, the minimum interval
time of mode 4 should be maintained greater than or equal to
a minimum value, #4 s, to allow the resonant capacitor to be
fully discharged before the zero crossing of the boost inductor
current.

Therefore, the condition of soft switching operation should
satisfy the following condition:

t4min < t4 =T;s (35)

From Fig. 10, it is clear that the output power of the
proposed SS-IBC can be regulated by controlling the duty
cycle of the main and auxiliary switches. With an increase in
the duty cycle, the output power grows, and with a decrease
in the duty cycle, the output power decreases. The variations
of the boost inductor current at different values of the resonant
capacitor and boost inductor values while maintaining soft
switching operation conditions are given in Figs. 11 and 12,
respectively. From Fig. 11(b), decreasing the value of the
resonant capacitor results in low value of minimum power
limit and increasing the soft switching area. However, small
values of resonant capacitor led to a high voltage change rate
(dv/dt) on the active switches at turn-off transition.

At minimum power, Pj nuin, Operation, the second and third
terms in equation (33) are too small and can be neglected.
Therefore, P, min can be simplified to:

2C, Vi, V2

TS(VO - Vin)

A minimum power of 460 W is selected in the design of
the proposed soft switching converter and the value of the
resonant capacitor can be calculated using (36) as 32 nF. This
value of minimum power is selected to be the minimum power
under complete soft switching operation conditions and the
converter is still capable to operate at small power but without
soft switching operation. From Fig. 12(b), as the value of the
boost inductor increases, the peak value of the boost inductor
current decreases but at the expense of the lengthen of the
interval time of mode 4. This action may lead to continuous
current operation and the loss of soft switching operation.
A value of 50 uH for the boost inductor is found to be proper
to keep soft switching operation at maximum output power of
8.2 kW. Fig. 13 illustrates the soft switching operation range
as a function of the resonant capacitor at a boost inductor
of 50 uH.

The peak inductor current is the sum of the average input
current plus one-half of the peak-peak ripple and it can be
expressed as follows:

Al =2(I pp px — lin,dc) 37

The formula for ripple factor is:

(36)

Pin,min = Vinlin,dc,min =

. Al
Ripple factor =

(38)

in,dc

IV. SIMULATION RESULTS
The proposed soft switching boost converter and its mul-
tiphase interleaved converter have been simulated using
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FIGURE 11. Effect of the resonant capacitor on the boost inductor current at maximum and minimum output power, L, = 50 pH: (a) Maximum
power, (b) Minimum power.
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FIGURE 12. Effect of the boost inductor on the boost inductor current at maximum and minimum output power, C; = 32 nF: (a)
Maximum power, (b) Minimum power.

14 T T T T T T T TABLE 1. Simulation constants and circuit parameters.
Pmax
Pmin
12y Parameter Symbol Value
10k Rated power P, 8.2 kW
s DC input voltage V; 200 V
X 8r
Tq_; Soft switching area Output voltage Vo 600 V
§ 6 1 Boost inductor Ly 50 uH
Resonant capacitor C, 32nF
4+ i
Output capacitor C, 1200 uF
2r ] Load resistance () R, 100 Q
. | . ‘ | . | ‘ Switching frequency fs 40 kHz
0 100 200 300 400 500 600 700 800 5,5, IKY75N120CH3
C (nF) ) ) ’
Semiconductor devices Dy, Dy, D, | Fastrecovery diodes
FIGURE 13. Soft switching area as a function of resonant capacitor. CS241250

PSIM software [30] with the circuit constants and simulation calculation is calculated using the thermal module of the
specifications given in Table 1. The conversion efficiency PSIM program that provides a quick way of estimating the
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FIGURE 14. Simulation voltage and current waveforms from up to down: gating signal, active switch voltage and current,
input and output voltage.
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FIGURE 15. Simulation voltage and current waveforms from up to down: boost inductor voltage, boost inductor
current, resonant capacitor voltage and resonant capacitor current.

losses of semiconductor devices and the core and the winding The simulated voltage and current waveforms during one
losses of inductors. The simulation results with the voltage switching cycle at a switching frequency of 40 kHz are
and current waveforms are given and discussed in detail in shown in Figs. 14-16. From the obtained voltage and current
this section. waveforms, it is clear to observe that the representative results
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FIGURE 16. Simulation voltage and current waveforms from up to down: diode D, voltage, D; current, diode D,

voltage and D, current.
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FIGURE 17. Variation of the average input current with the duty cycle.

of voltage and current waveforms are in perfect agreement
with the expected of Fig. 6 and the computational results
shown in Fig. 9.

Fig. 17 depicts the variation of the average input current
with the duty cycle of the proposed converter and the
conventional hard switching boost converter.

The output power of the proposed converter is regulated
by controlling the duty cycle. Fig. 18 shows the output
power regulation characteristic with the soft switching
operation range of the proposed converter as compared with
the conventional one for the same parameter values. The
proposed converter draws more current at the same duty
cycles, this is because it gives more output power than the
conventional one at the same working conditions. It is clear to
note that the proposed converter delivers higher rated power
of 8.2 kW compared to 5.72 kW of the conventional one
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FIGURE 18. Output power regulation characteristic.

(about 30%) at rated power condition. Efficiency comparison
between the proposed soft switching and conventional boost
converter is shown in Fig. 19. A stable and steady high
conversion efficiency more than 97% can be obtained over
a wide output power conversion range between minimum
power of 460 W up to 8.2 kW with complete soft switching
operation.

The efficiency comparison of Fig. 19 validates the
enhanced performance of the proposed converter with
the auxiliary resonant circuit over the conventional hard
switching converter. This is suitable for battery charger
applications since the converter is required to work from
low load state to full load state. From Fig. 19, it is clear
to notice that the proposed converter has a high efficiency
compared to the conventional hard switching converter at
low and high output power ratings. Where, as the output
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FIGURE 19. Power conversion efficiency comparison.

power consumption reduces, the duty cycle D also lessens
and the turn-on time duration of the main and active switches
S1 and S reduces. When the input power consumption is
less than the minimum power given by (36), the voltage v,
across the resonant capacitor C; is not fully discharged to
zero during Mode 1. Therefore, this residual voltage across
C; appears across the switches S1 and S; at turn-off instant
preventing them from complete zero voltage switching (ZVS)
operation. This action produces a small overlap transition
between the switch’s voltages and currents waveforms at
turn-off instants. As a result, increasing the switching losses
and reduces the power conversion efficiency. Nevertheless,
these switching power losses are much less compared to
that of the hard switching operation because the residual
voltage across C; is much smaller than the voltage resulting
from hard switching turn-off operation. Therefore, this turn-
off can be considered a quazi-ZVS turn-off switching as
shown in Fig. 20(a). On other hand, at high power above
the rated power, the converter operates at continuous current
mode and the turn-on switching of the active switches S
and S occurs at a residual boost inductor current iy . This
action leads to an increase in the turn on switching losses
but it still less than that of the hard switching converter.
This turn-on switching can be considered a quazi-ZVS
turn-on.

Fig. 21 shows the circuit configuration of proposed three
phase SS-IBC using the proposed one phase converter.
Figs. 22 and 23 depict the gating signal of the active switches
and the input current waveforms for different duty cycles of
0.40 and 0.61, respectively. The duty cycles for all phases are
equal and PWM switching function is shifted by 120°.

The ripple factor of different phases of the proposed
multiphase interleaved boost converter compared to the
conventional hard switching converter is illustrated in Fig. 24.
It is obvious to note that the ripple factor is highly improved
as the number of interleaved phases increases. The ripple
factor at rated power is 1.65, 0.39 and 0.29 for the one-phase,
two-phase and three-phase interleaved converters, respec-
tively, compared to 2.33 of conventional hard switching
converter.
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FIGURE 20. Quazi-soft switching of the proposed SS-IBC at turn-off and
turn-on of active switches.

TABLE 2. Scaled down prototype parameters.

Parameter Symbol Value
Rated power P, 600 W
DC input voltage V; 40V
Output voltage v, 140 V
Boost inductor Ly 80 uH
Resonant capacitor C, 50 nF
Output capacitor C, 2200 uF
Switching frequency f 25 kHz

. . S1,S; IPW60R070P6
Semiconductor devices -
D,,D,, D, | RURGS5060 ultrafast diodes

V. EXPERIMENTAL RESULTS

In order to validate the analysis, different operation modes
and the performance of the proposed SS-IBC, experimental
tests were accomplished on a downsized hardware setup
rated 1.0 kW due to the limitation of the Lab facilities.
For the specification being considered in Table 2, Infineon

27709



IEEE Access

N. A. Ahmed et al.: SS-IBC With High Voltage Gain for EV Applications

IFT

'yt
N
HH

IFT

Auxiliary resonant circuit

FIGURE 21. Circuit configuration of the proposed three phase SS-IBC.

19.4m 19.405m 19.41m

1(Lb1) 1(Lb2) I(Lb3)
60

19.415m
Time (s)

19.42m 19.425m

80

60

40

20

0
19.4m 19.405m 19.41m

19.415m

19.42m 19.425m

Time (s)

FIGURE 22. Boost inductor and input currents of proposed three phase interleaved boost converter, D = 0.40.

IPW60R070P6 MOSFETS are used for the switches S| and
S2. On Semiconductor RURGS5060 ultrafast diodes with soft
recovery characteristics are used for the diodes D, Dy and
D,. The current and voltage waveforms have been recorded
using Tektronix TDS 2024C digital storage oscilloscope.
Fig. 25 illustrates the overall appearance of the prototype
implemented in the laboratory and the parameters are given in
Table 2. The experimental results are described and discussed
in the following:

27710

The experimental voltage and current waveforms for
the one phase converter during two switching cycles at a
switching frequency of 25 kHz are shown in Figs. 26-28.
The five operation modes, which are analyzed in Section II,
are identified. The gating signal, waveforms of the active
switches’ voltage and current and output voltage are
illustrated in Fig. 25. The boost inductor voltage and
current waveforms and the resonance capacitor voltage
and current are shown in Fig. 26. The diodes D
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FIGURE 23. Boost inductor and input currents of proposed three phase interleaved boost converter, D = 0.61.
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FIGURE 24. Ripple factor of input current.

and D, voltage and currents waveforms are depicted
in Figs 27.

Fig. 29 demonstrates the simulation results at the same
circuit parameters used in the downsized hardware listed in
table 2 and relevant to experimental results of Figs. 26-28.
From these experimental and simulation waveforms, it is
obvious that the experimental results are in perfect agreement
with those of computed and simulation results given at rated
power in Fig. 9 and Figs. 14-16, respectively.

VOLUME 10, 2022
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FIGURE 25. Photo of the hardware setup.

The results displayed in Fig. 30 summarize the perfor-
mance of the proposed three phase SS-IBC at different
operation conditions of output power. The output power is
simply controlled by adjusting the duty cycle D. The 120°
phase shift in the in the boost inductor currents is shown in
Figure 28(a), (c), (e), (g) and (h). Also, it can be observed
that the converter has a continues input current. The results
in Figure 28(b), (d), (f), (h) and (j) show the proposed three
phase SS-IBC input voltage, input current, output voltage
and output current with their associated average values at
five different values of duty cycles of 0.3, (4), (45), (0.5)
and (0.55), respective. These average values are used to
calculate the conversion efficiency of the proposed converter
at different loading levels and duty cycles (efficiency is
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FIGURE 27. Voltages and currents of boost inductor (CH1., CH2) and
resonant capacitor (CH3, CH4).
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FIGURE 28. Voltages and currents of diodes D, (CH1, CH2) and
D, (CH3, CH4).

95.84% at D =0.3,97.52% at D = 0.4, 97.57% at D = 0.45,
98.78% at D = 0.5, and 98.39% at D = (0.55). Maximum
efficiency is 98.78% at power of 798 W.
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FIGURE 29. Simulation results for the downsized converter.

VI. COMPARISON WITH EXISTING TOPOLOGIES

Detailed comparison of the proposed converter with some
other soft switching converters found in the most recent
published work is listed in Table 3 in terms of topology,
number of used devices as compared to the conventional
hard switching converter, input voltage, output voltage, rated
power, switching frequency and conversion efficiency. It is
depicted that; the proposed converter has a lesser number of
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Tlik WS @ Stop A Paos: 636005 CH3

Coupling
O

B Lirnit
W

200MHz
Walts/Div
Coarsel

\‘VWWW\’ e

004
Current

as

CH1 10,04 CH2 10,04 M 10,008 CH2 ™ 1408
CH3 10004 CH4 10004 22-Feb-22 1313 =10Hz
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(CH4) of proposed three phase SS-IBC, D = 0.55.
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FIGURE 30. Experimental current and voltage waveforms summarize the performance of the proposed three-phase

SS-IBC at different operation points.
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TABLE 3. Comparison between the proposed soft switching converter with some other soft switching converters.

Devices Operation conditions No. of Max.
Ref. no. Topology Py fsw Operation Eff.
L C|D|[S| V| Vo W) | (klyy | Modes %
Proposed 1)1 [2]2]200]600 | 82 40 5 98.78
Shamsi 2331|488 | 9 | 022 | 100 7 97.6
[31], (2021) :
Tran 2131]6|2] 15 | 400 2 100 11 98.02

[32], (2020)

Jung
[38], (2011)

Rodriguez,
134], G019) 1|3]2]2|400 |80/ 10 20 - 97.5
Musbahu
B Q0T 1l2]2]1|20 |19 025 50 5 93.5
Ly n,
b L
Esteki 1 i
Bsya0in | A 3|2(4|1] 50 |100]| 02 100 7 95.8
o C.==RZy
= |
L Cs D,
—rry i} >t
§Lz [
Saravanan Ve Dy 2
peLoon | T e 3|23 ]2 0.1 24 4 92.5
ﬂ:ﬂ T
Eom ’
(371, 2012) 3 2|3 64200400 L0 30 9 96.15
D1
Tseng
(33]. 2o11) J2 34220 ] 40| 075 80 8 95%
components and superior efficiency as compared to the other Fig. 31 illustrates the efficiency comparison of the pro-
converters. posed soft switching converter with the other soft switching
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FIGURE 31. Efficiency comparison of the proposed converter with other
converters at different load conditions.

converters at different output power range. Since the power
ratings of each converter are different as shown in Table 3,
the efficiency comparison is done in terms of thee normalized
output as a percentage of the rated output power of each
converter. It can be noted that the proposed converter has a
superior efficiency characteristic among the other converters
in a wide output power range.

VII. CONCLUSION

A soft switching multiphase SS-IBC working in discontin-
uous current mode with high voltage gain using auxiliary
resonant circuit for EV applications is presented in this
paper. Operation principles, detailed analysis, voltage and
current waveforms and performance evaluation have been
investigated through simulation and experimental results. The
input current is equally divided along two parallel phases and
consequently the current stress on the controlled switches and
the conduction losses are considerably reduced. Turning on
and off of the switches can be achieved at ZCS and ZVS,
respectively and overall efficiency of the proposed converter
has been improved. Due to the soft switching operation of the
main and auxiliary switches in a wide output power control
range, the proposed converter has lower switching losses
and consequently high conversion efficiency compared to
the standard hard switching boost converter. High conversion
efficiency more than 97% has been obtained in simulation for
a wide output power range of 8.2 kW to minimum power of
460 and the.

The converter performance is also validated experimen-
tally on a downsized hardware rated 1.0 kW and the
maximum efficiency is found to be 98.78%. The proposed
SS-IBC can be considered as a cost effective retrofit for
chargers and high voltage battery in EV applications.
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