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ABSTRACT This manuscript focuses on a multi-port non-isolated (Dual input and single output) DC/DC
power electronic interface based on Z-Quasi Resonant (ZQR) network. The converter accommodates grid
and Photovoltaic panel (PV) as its input sources. Unlike the basic DC/DC converters, the recommended
DC/DC converter requires fewer switches and provides continuous current, high gain in voltage, and minimal
voltage stress on converter switch up to 40% duty cycle owing to the presence of ZQR network. This
feature of the converter makes it to find its application in Electric Vehicle (EV) off-board charging where
high voltage gain is required. In the proposed multi-port ZQR converter, additional input and output ports
could be appended without compromising the converter’s gain and efficiency. The developed converter
can operate continuously even if any one of the input sources fails to charge the EV. The proposed
converter is mathematically modeled using basic laws that govern the converter performance and analyzed
in MATLAB simulink platform under various operating modes. A detailed analysis under steady-state,
dynamic conditions and a comparison of the developed multiport ZQR DC/DC converter with the topologies
addressed in published literature are also presented in this manuscript. In order to verify the proposed
converter performance, a prototype model of 300 W has been fabricated with switching frequency of 20 kHz.
Experimental results confirm the effectiveness of the theoretical analysis, the aforementioned advantages,
and features of the proposed multiport ZQR DC/DC converter.

INDEX TERMS Multi-port, quasi-resonant, DC/DC converter, photovoltaic, battery, electric vehicle,
charging.

I. INTRODUCTION role needs more attention on research and development

Aggregating environmental pollution due to greenhouse gas
emission, rapid rise in fuel cost, and depletion of fossil fuels
are justifiable reasons for the development of electric vehic-
ular technologies. Therefore, automobile industries have
started manufacturing EVs with clean and renewable energy
sources instead of fossil-fuel vehicles. As the deployment of
EV increases, the charging infrastructure which play a crucial
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On an average, Indian car owners drive about 35 km/day-
a range, the newly developing EVs can meet in a single
charge. Though positive evidence on EVs has become very
clear, one of the main hurdles to EV are driving range
concern and charging infrastructure. The driving range can
be improved with proper control of batteries. Conversely,
in order to overcome the charging time anxiety, chargers
capable of reducing the charging time and complying with
grid standards should be developed. Over the past few years,
high-gain DC/DC converters have attracted special attention
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in several application areas, especially in hybrid renewable
energy systems, EV charging, and grid integrated PV systems
where the generated voltage levels of the battery and the PV
panel are typically low and require a voltage lift. In such
applications, utilization of high gain converters is essential.
On the primary side, a full or half-bridge current source
circuit is proposed, with a quasi-switched capacitor circuit
on the secondary side for dual-input bidirectional DC/DC
converters in [1]. A comparative evaluation of various power
electronic topologies of the converter appropriate for EV
with a battery, EV with a plug-in hybrid powertrain, and
EV rapid charging have been reviewed in [2]. A thorough
examination of advancement needed in isolated and non-
isolated power electronic topologies for EV charging along
with soft switching auxiliary circuits have been carried out
in [3]. Two types of DC/DC converters are available: one is
isolated [4], [5] and another is non-isolated [6], [7]. For safety
concerns, some applications require isolation. Transformers
achieve a high gain in voltages and in isolated converters,
focus on providing electrical isolation between input and
output. The voltage/power gain can be easily improved with
these sorts of converters by raising the transformer turn
ratio [8]. The performance of such isolated converters can
be degraded by a huge proportion of components, significant
energy losses, and possibilities of transformer saturation.
However, if isolation is not essential, a non-isolated power
DC/DC converter comprising of a transformer-less single
circuit transfers power among the input and output. Such con-
ventional transformer-less converters are simpler, cost/space
effective, and more efficient than isolated circuits owing
to the absence of transformer saturation. However, they
deliver low voltage gain. Many architectures and different
methodologies have been implemented in the literature to
compensate for transformer-less DC/DC converters with
lower voltage gain. Switched inductor [9], [10], switched
capacitor [11], topologies in cascaded [12], lift-voltage [13],
switched boost [14], and multiply cells [15] are some
widely used methodologies to enhance the voltage gain of
the converters. Although, combining these approaches can
further improve the converter’s voltage gain, the complexity,
and expenditure eventually rise. The high gain in voltage
and efficiency of converters [16]-[18] are achieved with the
control of the coupling inductor. A bidirectional non-isolated
zero voltage transition converter for charging and discharging
energy storage devices is proposed in [19]. Basic idea of
boost DC/DC power converters with the enhancements to
modify the structure is proposed in [20]. The study is
primarily concerned with the selection of model expression
in order to avoid problems associated with state matrices
singularity. The converter with continuous incoming current
and low output current ripple capable of providing current
transfer between two interleaved modules without the use
of an additional current-sharing control method is presented
in [21]. Though interleaved boost converter (IBC) and Full-
Bridge converter (FBC) have the ability to provide high
efficiency of roughly 92% at full load, however, there exist
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switching losses in IBC [22] and the dimension of FBC [23]
rises owing to the employment of transformer with a high
frequency in conjunction with the inductor. It is indispens-
able to suppress electromagnetic interference in both the
converters. Various recharging methods mainly applicable
for off-board (direct-current) fast charging along with the
genetic algorithm to estimate the optimal charging system
size are presented in [24]. A comprehensive survey of future
perspectives of EVs based on infrastructures for recharging
PHEV/PEV batteries, energy management, vehicle-to-grid
(V2G), and requirement of collaboration, importance of
industrial information technologies are discussed in [25].
Driving range issues and charging infrastructure are the
most significant barriers to EV adoption. Chargers are
divided into three categories based on the power rating of
EV batteries: level-1, level-2, and level-3 [26]. Normally,
AC level-1 or level-2 home chargers are suitable for nocturnal
charging in downtown areas, but not for long-distance
travel. To overcome these obstacles, appropriate off-board
(level 3/DC off-board) charging stations with quick battery
charging and high output gain must be developed. A DC/DC
boost converter with high-gain in voltage, such as ZQR
DC/DC converter based on soft switching (ZQR) converter
is of good choice. But the converter proposed in [27] is a
single input single output converter. A Z-source converter
employing a unique impedance network suitable for AC/DC,
DC/DC, DC/AC, AC/AC power conversion is suggested
in [28]. The implementation of a three-level LLC converter
topology based on Si-FETs with reduced voltage strain on
the switches is discussed [29]. A reconfigured topology of the
step-up DC/DC converter with sources in parallel and output
in series using two quasi z source networks is developed
to enhance the voltage gain and decrease the voltage stress
across the power semiconductors [30]. The ZQR converter
network offers several significant features, including constant
input current, minimal capacitor voltage stress, and common
ground linking the input and output of the circuit. Because
of these benefits, this impedance network is ideal for a wide
range of applications. The converters [31]-[33] employ a
huge proportion of components, and some have a limited
potential for improvement. For example, efficiency is a
measure to select DC/DC converters for every application.
It should be greater than 75% for a typical DC/DC boost
converter. But, in such converters, the necessary output
voltage is achieved only above 0.5 duty cycle. A typical
DC/DC boost converter’s efficiency is approximately 60%
at 0.8 duty cycle, which is unsuitable for EV applications.
ZQR DC/DC converter, which increases the booster capacity
in the low service cycles, reduces voltage stress across the
switch. In general, in ZQR DC/DC converter, the desired
output voltage and efficiency above 75% can be achieved
even below 0.5 duty cycle.

In addition, the need and systematic way of deriving
multiport converter based on dc-link inductor (DLI) concept
are presented in [34], [35]. As mentioned in the above
literature, the impediments related to the DC/DC converter
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FIGURE 2. Proposed non-isolated multi-port ZQR DC/DC converter for EV off-board charging system configuration.

used for fast charging, encourage to probe about the new
DC/DC converters at low switch voltage stress, reduced
charging time, high efficiency, and increased voltage gain.
To address these issues, a ZQR converter using a resonant
tank as buffer interface fed with multiple power sources is
proposed in this paper. The power contribution from PV
and grid is increasing to improve the quality and quantity
of the power delivered. A hybrid energy system, which
combines diverse renewable energy sources with varying
voltage/current characteristics, is essential. As shown in
Figure 3, the proposed three-port non-isolated ZQR DC/DC
converter has one PV port, a rectified output from the grid
port, and an output port. The feature of the converter thus
presented opens a new horizon in the sector of EV battery
fast charging. With this intention, the working principle, and
mathematical derivation of gaining steady-state performance
are documented in Section II. The considerations in design
and the efficiency calculation along with loss analysis are
presented in Sections III and IV respectively. To elucidate
the features, the proposed converter topology is compared to
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FIGURE 3. Proposed three port ZQR DC/DC converter.

various converters that have been published in the literature
in Section V. A prototype of the proposed converter is
realized, and the results of the experiments are presented in
Section VI to validate the simulated and theoretical analyses.
In Section VII, the dynamic behavior of the converter is
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TABLE 1. Operating modes of proposed multiport ZQR DC/DC converter.

Mode Input Output Energy flow direction Type of Mode

Mode-1 Port-1 Port-3 Grid to EV battery Figure 5 (a) Single Input Single Output (SISO)
Mode-2 Port-2 Port-3 PV to EV battery Figure 5 (b) Single Input Single Output (SISO)
Mode-3 Port -1 and Port-2 Port-3 Grid and PV to EV battery Figure 5 (c) Dual Input Single Output (DISO)

presented. Finally, the findings drawn are concluded in
Section VIII.

Il. SCHEMATIC AND OPERATION MODES OF PROPOSED
CONVERTER

Due to the widespread use of electric cars, a single
source of energy will be insufficient to satisfy the load
demand. Consequently, various energy sources need to be
combined. This paper aims to synthesize a topology converter
that can couple different power sources to EV batteries.
Figures 1 (a) and (b) indicate the power electronic interface’s
significance in the power system of an EV. Figure 2 shows the
configuration of the proposed multiport ZQR converter. The
following are some of the proposed multiport ZQR DC/DC
converter’s most notable features:

« Individual energy glide manipulates among the sources.
o Easy design, manipulation, and implementation process.
« Higher gain at a low duty cycle.

In the Figure 3 shows the designed triple port ZQR DC/DC
converter’s power circuit. This circuit consists of two power-
controlled switches (S and S»), three capacitors (Cy, Ca,
and C3), and four inductors (Lig, Lipy, L, and L3), one
uncontrolled switch D, and EV battery. The power switches
S1 and Sy are controlled switches to transfer the energy
from grid (Port 1) and PV (Port 2) to EV battery (Port 3).
Thus, grid and photovoltaic panel are connected as input
ports at portl and port 2 respectively and the EV battery
is connected as an output port at port 3. According to the
availability of input sources and according to the switching
states of switches S, S2, the proposed three-port converter
has three modes and two distinct states in each operating
mode. Figures 4 and 5 show the various modes of operation
and the equivalent circuits of the proposed converter for each
interval of the operating period. The fundamental waveforms
of the suggested converter shown in Figure 6 are related
to pulses of switches S1, S», currents of Lig, Lipy, Lo,
L3, and voltages of Cy, C,. Table 1 provides information
about the ports involved and the direction of the power flow
in the proposed multiport ZQR DC/DC converter during
different operating modes. For simplification of analysis, the
switches, diodes, inductors, and capacitors are considered to
be ideal.

A. MODE 1 SISO [SINGLE INPUT SINGLE OUTPUT]

(Vg > Vpy)

The equivalent circuit and the power flow schematic of
the proposed converter for mode-1 operation are shown in
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Figure 5 (a). In this condition, the grid transfers power to
the EV battery individually. Table 2 displays the switching
procedures of individual operating devices.

1) STATE 1

During this period 0 < T < d;T, the switches S; and
S, are turned on as shown in Figure 5 (a) (i). The current
I11, flowing through the inductor Ly, rises with a positive
slope. Capacitor C; discharges to magnetize the L, inductor
and charge the capacitor C;. As a consequence inductor
L3, and capacitor C, are discharging. It can be seen from
Figure 6 (a) that the drive pulses for S1 and S> remain the
same for State 1. The equations (1) to (5) are valid for
state 1 operation.

Ve = Viig — Ve (D
Viig = Ve + Ve @
Vip = Ve 3)
Viz = —Ves 4)
Ves = Vo (5)

2) STATE 2

During this period diT < T < T, as shown in Figure 5
(a) (ii), the enabling switch S; and turning off of switch S
result in the drop of inductor current iz, with a negative
slope. Inductor L, and capacitor C; are discharging. L3 and
(3 are charging. The steady state equations corresponding to
the state are elucidated as shown in equation (6) to (10).

Ve = Viig+ Vei (6)

Vi = Vg — Ve @)

Vi = —Vea ®)

Veir=Via— Vi3 —Ve3 =0 )

Ves = Ver — V=V (10)

The switching period terminates at the end of state 2. The
equivalent circuit of the proposed ZQR DC/DC converter
operating in this mode is shown in Figure 5 (a). The voltages
across the capacitor and the gain in voltage can be extracted as
mentioned in equation (11-14) by considering the volt-second
balance equation (1-10) of the inductor and charge second
balance of the capacitor

(I —dy1) Vint
Ver= —— 11
c1 1= 2d1) (1D
d1Vin1
Voo = — 12
c2 1 —2d1) (12)
83353
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FIGURE 5. Equivalent circuits of proposed converter (a) Mode 1 From grid (Vg) to EV battery (Load) (b) Mode 2 From PV (Vp) to EV battery
(Load) (c) Mode-3 From grid (Vg) & PV (Vpy) to EV battery (Load).

Vo1 = M (13) B. MODE 2 SISO [SINGLE INPUT SINGLE OUTPUT] -
(I =2dy) (Vev > Vg)

Viar = (d=d)Vg (14) In this condition, the PV transfers energy to the EV battery in
(1 —2dy) this mode individually
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TABLE 2. State of operation.

Input MOSFET Switches | Inductors Diode Capacitors | Battery Output Voltage
Mode
SO S: S: Li | L |L: | D G | C | Via Vo
ON ON i - i OFF T l Charging Boost
Mode 1 (Ve > Vpr) Ve
ON OFF 1 - 1 ON l T Charging Boost
Mode 2 (Vg < Vpr) OFF ON - 1 1 OFF 1 l Charging Boost
Vey
OFF OFF - 1 1 ON l T Charging Boost
Mode 3 (Vg = Ver) ON ON 1 1 1 OFF T l Charging Boost
Vg and Ver
ON OFF 1 ! 1 ON l T Charging Boost

Table representation : ON-Switch close; OFF-Switch open tCharging of inductor and capacitor; | Discharging of inductor and capacitor.

State 1 State 2 * State 1-State 2 *

State 1° State 2 ;Smte 1 State2 ' State l; State 2 ;Stme 1 Ftate 2 ] [ I
s2 ] 1 = ] | s2 | l ] | -
— — + = > > < S— le——> - 3
C 4T (-dDT . d,T «(1-dpT . t 4T WG dJ,T (Eae . T, o7 LEail t
S1 S1 S1 I
v v T ! 4“ I I I 1 ) ] ) ¢
Ing /\i/\r Iug 2 t Ing /\/\,
| | el } | }—s | | |
3 5 3 . t : - E 1 t
Tpipv ILipv

= \!/i\l/l' ‘

(a)

(b) (c)

FIGURE 6. Characteristic waveforms of proposed converter (a) Mode 1 (From grid (Vg) to EV battery (Load) (b) Mode 2 (From PV (Vpy) to EV

battery (Load) (c) Mode-3 (From grid (Vg) & PV (Vpy) to EV battery Load).

1) STATE 1

During this period 0 < T < d)T, the switches S, is turned
on and S are switched off as shown in Figure 5 (b) (i), The
voltage Vpy causes the rise in inductor current I71py with a
positive slope. Capacitor C, discharges to magnetize the L,
and charge the capacitor C;. Inductor L3 and capacitor Cp
start discharging.

Vinz = Vepy — Ve (15)
Viipy = Vi + Ve2 (16)
Vio = Vei (17
Vs = —Ves (18)
Ves = Vo (19)

2) STATE 2

During this period doT < T < T as shown in Figure 5 (b) (ii),
S1 and S7 are turned off. The L1 py is inductive, resulting in the
drop of the inductor current with a positive slope. Inductor L
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and capacitor Cy start discharging. Inductor L3 and capacitor
C; are charging

Vinz = Ve + Ve (20)

Veipy = Ve — Ve 2D

Vi = —Vea (22)
Veir=Via—Viz—Ve3 =0 (23)
Ves = Ve — Vie—Vis (24)

The switching period ends when the second state ends.
The Figure 6 (b) shows the characteristic waveforms of the
proposed multiport ZQR DC/DC converter in mode 2. It can
be seen from Figure 6 (b) that the drive pulses from S| and $>
are the same. The capacitors voltages and the voltage gain
equation can be obtained as mentioned in equations (25-28)
concerning the volt-second balance equations (15-24) of the

83355



IEEE Access

S. Harini et al.: Novel High Gain Dual Input Single Output ZQR DC/DC Converter for Off-Board EV Charging

inductors and capacitors.

Ver = (1(1_—(1—2211‘2/1;2 (25)
Ves = (1‘12_%;2) (26)
Voo = (1(1—_61_22)6;2 @7)
Viar = (l(l__d—zz)d‘g” (28)

C. MODE 3 DISO [DUAL INPUT SINGLE OUTPUT] POWER
TRANSFER FROM GRID (V4) AND PV (Vpy) TO

EV BATTERY (LOAD)

When EV battery demand is high, the Grid and PV together
provide the sufficient power to meet the demand. In this
condition, both PV and grid supply energy to EV battery.
During this state, switch Sy is turned on.

1) STATE 1

During this period 0 < T < d3T as shown in Figure 6 c,
the switches S; and S; are turned on and the state equivalent
circuit of the converter during this operation is displayed in
Figure 5 c(i). The voltage V, and Vpy, cause arise of inductor
current I11, and Ip1py respectively with a positive slope.
Inductor Ly and capacitor C; are charging. Inductor L3 and
capacitor C; are discharging.

Inig +1n1py = Ic2 (29
I + 113 = Ic2 (30
Iy = Icy (3D

I3 = Iy + Ic3 (32)

Ics =113 — 1 (33)

2) STATE 2

During this period d3Ts < T < T, the switch S; is enabled
and S, is turned off as shown in Figure 5 c(ii). Inductor
Lyg and Lypy are inductive, resulting in the drop of inductor
current with a negative slope. Inductor L, and capacitor C
discharging. L3 and C, are charging. The capacitors voltages
and the voltage gain equations can be extracted as mentioned
in equation (38-41) considering the current-second balance
equation (29-37) of the inductors and capacitors.

Invg +1oipy = Ip + 1c2 (34)
Ico = Ip1g+1Ipy — Ip (35)
Ict = I —1Ip (36)
Icr = I(L]S _dIL)Z(V v (37

— a3 g+ pv
Vel = 38
c1 1 —2dy) (38)
d3(V g+ Vi)
Voo = ——— 39
2 (0 —2d3) (39
1-d3)V; \%8
V03 — ( 3) m1+ in2 (40)
(1 —2d3)
1—-d3)V,+V,
Vo = et (1)
(1 —2d3)
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IIl. DESIGN OF COMPONENT

A. INDUCTOR

In order to design the inductor, the current ripple of the
inductor is required. V;, = L(di/dt) into consideration, the
current ripple is expressed as in equation (42)

Vin (1 —d )
Al = —" (42)
(1 =2D)fsLy,

The inductors are designed to assure that the peak-to-
peak inductor current difference, ir|(peak-peak), does not
surpass a maximum of 20% of the average inductor current.
Furthermore, the highest feasible input voltage was employed
in the computations. Inductors L1z and Lipy are designed
as per equation (43) using the required current ripple of the
inductor and the inductor volt-sec balancing theory

By solving the equation (1-10), (15-24),inductors L;, and
L1py are designed as in equation (43 & 44).

R(1—2d)
T i %fhd
where f; indicates switching frequency.

Similarly, inductor value for L, and L3 are designed as
mentioned in equation (44).

. R(1 —2d)
s or Ly=-— (44)
x12,3%fsd

(43)

B. CAPACITOR
The capacitors are designed to assure that the peak-to-peak
capacitor voltage difference, AV¢(peak-peak) as derived in
equation (45), does not exceed 20% of the average inductor
current.
Vin(1 —d)d
AVey = (—2) (45)
R —2d)°f;C,
Capacitor Cj is designed as shown in equation (46) using
the capacitor voltage charge-sec balance and voltage ripples

d
C =
xc1%R (1 —2d) f;D
Similarly, capacitor value for capacitors C> and C3 are
designed in equation (47).

(46)

d
€2 0n) € = R —2d) /D @7

IV. EFFICIENCY AND POWER LOSSES ANALYSIS
Parasitic resistances are defined as follows for the efficiency
analysis of the proposed multiport ZQR DC/DC Converter:
rg represents switched ON-state resistances, rp for diode D
forward resistance, Vp for diode D threshold voltages, and
Rr1g, Rripv, Lp, and L3 for equivalent series resistance of
inductors Lig, L1py, Ly, and L3, respectively. The equivalent
series resistances of capacitors Cy, C», and C3 are Rc1, Rca,
and Rc3, respectively.

The total power loss of the switch S»(Ps) can be derived as
per equation (48).

P
Ps = Prt —- (48)

VOLUME 10, 2022



S. Harini et al.: Novel High Gain Dual Input Single Output ZQR DC/DC Converter for Off-Board EV Charging

IEEE Access

The switch S endures from a power conduction loss. (Pys)
can be computed using equation(49) & (50)

Py = rsl? (49)
P =rs (dl—o)z (50)
‘ (1—-2d)
The switching loss of the proposed converter (Psz) can be
2
Psi = fsCs ((l‘fnd)> (S
Substitute (50) & (51) in (48)
Ps = 3.15414W (52)

The overall power loss of the Diode D (Pp) can be
computed as follows:

Pp = Prrp + Prvp (53)

The diode D forward resistance loss(Prgrp) can be
computed as per the equations (54-55).

Prrp = rplj (54)

_do_ Y 55
P ((1—2d>> 43

The diode D forward voltage loss(Pryp) can be computed
as follows

Prrp =

Pryp = Vplp (56)
Substitute (55) & (56) in (53)
Pp=151W 57

The power losses of capacitors Cy, Cz, and C3 as a result of
equivalent series resistance can be obtained using equations
(58-62).

Pc = Pgrc (58)

Pre123 = Re1231¢1 25 (59)
—dlp  \*

P =R _— 60

RC1,2,3 C1,2,3 ((1 — 2Dd)> (60)

Prc1 = Prc2 = Pre3 = 1.06 W (61)

Prc12,3 = 3(Prc1,2,3) = 3.18 W (62)

The power losses of inductors Lig, Lipy, Lz, and L3 as
a result of equivalent series resistance can be obtained as
follows:

P; = PgL, (63)

Prri123 = RL1,2,31£1,2,3 (64)
A=)y’

P =R - 65

RL1.23 = RL123 ( 1 =2d) (65)

Pgrr1 = Prio> = Pgrr3 = 1.0006 (66)

Prr1,2,3 = 3(PRr1,2,3) = 3.018 W (67)

The total power losses of multiport ZQR DC/DC converter
3 3
Pross = Ps + Pp + Zk:] Prr + Zk:l Pcr  (68)
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Pross = 3.15414 + 1.5+ 3.18 + 3.018 (69)
Ploss = 10.08 W (70)

The efficiency of multiport ZQR DC/DC converter can be
defined as:

Po (1)
n=—_o"—"——""—-
PO + PLass
1
n= 10.08 (72)
1+ 5576
n=91.5% (73)

The power losses in the proposed multiport ZQR DC/DC
converter are clearly conduction losses in the inductor cables
and capacitors. Winding conduction loss becomes more
evident in maximum gain in voltage and output powers,
which is due to the matching maximum current flow.
As a result, better-graded wires for linked inductors and
significantly greater capacitors (with lower ESR) can be
employed to improve the proposed multiport ZQR DC/DC
converter’s conversion efficiency.

V. COMPARISON WITH SIMILAR CONVERTER

Figure 7 illustrates a detailed evaluation of DC/DC converters
for off-board EV battery charging. The expense of DC/DC
conversions for BEVs is an important factor to consider when
developing a charging system. The quantity of switches,
transformers, capacitors, diodes, and inductors employed in
various DC/DC converts must be used to predict a relative
cost. According to this, the calculated cost for conventional
boost converter and boost converter with resonant converter
is low since both topologies employ a lesser number of
components. Because of large component counts and the
usage of high frequency transformer or numerous inductors
in such converters, the prices are affordable for IBC [19],
[20], FBC [23], and ZVSC [2], [5]. Voltage gain is also
an important factor to consider when designing the system.
Boost converter is unique in that as it requires only a basic
control system. The EMI requirements are extremely basic.
It is cost-effective because the general circuitry is simple, but
the use of higher capacitors increases the volume, making
it unsuitable for high-power conversion. At full load, both
IBC and FBC have the potential for high efficiency of around
92 percent. Current ripples are minimal, however switching
losses exist in IBC, and the volume of FBC increases due
to the use of a high-frequency transformer with an inductor.
Both converters have the necessity for EMI suppression.
Moreover, Table 3 represents the proposed converter has a
high gain in voltage, less voltage stress and low cost. Thus,
it can be claimed that the proposed multiport ZQR converter
is suitable for dc off-board charging EV. The proposed
multiport ZQR DC/DC converter synchronized with EV
battery is simulated using MATLAB R2015a. To ensure the
accuracy of simulation, a 300 W prototype experimental is
built.
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TABLE 3. Comparison between various DC/DC converters.

Reference[19,20] Reference [21] Reference [2,22] Reference [2,5] Proposed Converter
. 1 d 2d+1 2n (1-d)
Gain D — —_— J— = ~ 7
a-d 2-d a-d 1-3d (1-2d)
i Vin nVi, (1 + d) GV, GV vV,
Voltage stress on switch Vo = g1 —_—
2 Z-d 1-d n & (1 - 2d)
i 72 nVi, (1 + d) GVin  GY; Vi
Volt t Diod \Y —_— _— g1 —_—
oltage stress on Diode o ) a-a - & o a=zd
X 21y IoVd 21y GI Io
Current stress on switch rm— o —_ -2 —_—
1-4d 2-d (1-d+n) n 1-2d)
i To Io 2, GI To
C t str diod e -2 —_—
urrent stress on diode - 2-4 (1-d+n) n (1-2d)
Isolation No No No Yes No
04 Comparison with similar converter ‘ o Duty eycle
. control variable
9 |1 ey o
> / sigqal \
g 9% SN N PN
QD
) 88 e A R | M |\
£ 86 s, T - i
84 . . . . . .
80 ‘. Mode 1 o Mode 2 o Mode 3
78 < Dy<t
e Fatl aayr Tat Fa-ar Tar | aayr
74 0.1 0.2 0.3 0.4 FIGURE 9. PWM generator for proposed multiport ZQRDC/DC converter.
Duty Cycle
——BC IBC BCRC
FB s 7V S Proposed

FIGURE 7. Comparison with similar converter.

FIGURE 8. Experimental setup of proposed multiport ZQR DC/DC
converter.

VI. EXPERIMENTAL RESULT

The parameter used in the simulation and experiment are
tabulated in Tables 4 and 5. To validate the proposed
converter’s performance, a 300 W prototype version of the
topology shown in Figure 8 is erected and tested in three
various states.
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/47

Mode 1 Mode 2

Power flow from Grid

Power flow from Grid Power flow from PV to
to E-Vehicle battery E-Vehicle battery and PV to E-Vehicle
(SISO) (SISO) battery (DISO)

I ]

Check battery
SOC>SOC ax

FIGURE 10. Power management strategy.

The mode of operation and the appropriate choice signals
are determined by the grid power, PV power, SOC or
maximum current pre-set of the battery, and the demand of
load as shown in Figure 10. To maintain output voltage,
a simple PWM control method [28] is used, in which an
error signal is generated by comparing the output voltage to a
reference voltage. The duty ratio is calculated by comparing
this error to the fixed frequency carrier signal shown in
Figure 9. The control signals generated by the Xilinx FPGA
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FIGURE 11. Experimental results of mode-1 (a) grid voltage,, battery voltage, grid current and battery current for duty cycle 0.4 (b) Gate

pulse, inductor currents /j g, /5 and I3 for duty cycle 0.4.

TABLE 4. Parameters of proposed converter in simulation.

Parameter used Simulation
12 V (Grid) for Mode 1
: 12 V (PV) for Mode 2
T Va2 10 V (Grid) and 10 V (PV) for Mode 3
Inductors Lig, = Lipv =L2 , L3 100 uH

12.6 uF, 12.6 uF, 100 uF
25.9 V,10 Ah
20 KHz

Capacitor Ci,C2,Cs
Battery Rating
Switching Frequency fi

TABLE 5. Parameters of proposed converter in experiment.

Parameter used Experimental
12 V (Grid) for Mode 1, 12 V (PV) for
Mode 2
Input Voltage Via 10 V (Grid) and 10 V (PV) for Mode 3
Inductors Lig, = Lipv =L> L3 122 pyH

Capacitor C1,C2,Cs 10 pF,10 pF,100 pF

Switch  S1,S2 IRFP4227Pbfx2 r~=15 mQ,Cs=46 PF
. RF100INS2DFH

Diode D rp=20 mQ, Vp=0.87 mV

Battery Rating 25.9V,10 Ah

Switching Frequency fs 20 KHz

Spartan 6 are applied to power switches as gate pulses.
The gate pulses have a switching frequency of 20 kHz.
As previously stated, the proposed multiport ZQR converter
has the ability to charge EV battery at low duty cycle. The
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validation of high output gain and efficiency of multiport
ZQR converter, for different duty cycles with constant input
voltage is carried out.

In the proposed converter, two inputs(Grid and PV) are
considered. Grid is the primary power source. and PV arrays
is the secondary power source. 100 W photovoltaic (PV)
panel (Mono crystalline 100 W PV panel) is used as the
secondary source. Both input sources are set to 12 V. As an
energy storage element, a Li-ion, 25.9 V, 10 Ah battery is
used. The power management approach and strategy’s flow
chart is shown in Figure. 10. Li-ion batteries are widely used
in EV because of their superior performance. The energy
management control strategy will decide the type of input to
be interfaced to the EV battery based on the availability of the
nputs.

A. MODE-1 (GRID TO LOAD)

In this mode, the grid provide energy to the load (EV
battery). Figure 11 and Figure 15 show the simulation
and experimental results for this mode 1 operation. Grid
voltage, EV battery (output) voltage, grid and battery (output)
current are shown in Figure 11(a). Pulse generator and
inductor current are shown in Figure 11(b).For prototype,

grid voltage and current are V, = 12 V and I, = 6.6 A,
Output battery voltage and current are V;,, = 28.3 V and
83359
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FIGURE 13. Experimental results of mode-3 (a) Grid and PV voltage, battery voltage, grid and PV current and battery current for duty cycle 0.4

(b) Gate pulse, inductor currents /;1py, I;; and I3 for duty cycle 0.4.

I, = 2.9 A at duty cycle di = 0.4 as shown in Figure 15(a).
Battery voltage is controlled by switches and the duty cycle
of switch is about 0.4. The multiport ZQR- DC/DC converter
is operating in boost mode. Figure 15 (b) shows the gate
signal, inductor current /71, Ir> and I1 3. The average current
of inductors I71gavg, IL2ave, and Iz34¢ are 6.6 A, 6.9 A and
3.9 A respectively. Capacitor voltages Cj, Cp are shown in
Figure 15(c)
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B. MODE-2 (PV TO EV BATTERY LOAD)

In this mode, the PV panel supply energy to the load (battery).
Figure 12 and Figure 16 show the simulation and experimen-
tal results for this mode 2 operation. PV panel voltage, battery
(output) voltage, PV panel, and EV battery (output) current
are shown in Figure 12 (a). The pulse generator and inductor
are shown in Figure 12 (b).Figure 16 shows the experimental
results for this mode 2 operation. Grid voltage and current

VOLUME 10, 2022



S. Harini et al.: Novel High Gain Dual Input Single Output ZQR DC/DC Converter for Off-Board EV Charging

IEEE Access

30 - T T T
= 100 w
o 2 [ Made 2 "
T -
) Mode | o
2 kB
- =
104 L L L L L L L L L U-luu L . . .
105 1.051 1.052 1.053 1.054 1.055 1.056 1.057 1.058 1.059 105 1051 1052 1053 1.054 1055 1.056 1057 LO0S8 1.059
Eluu T T T T T T ™— 30F T T T
g Mode 1 - = [ —
2 50 5 —
pt % Mode 3
pt 2 20 Vi3
g z
=l -
=
S 10
1.05 1051 1052 1.053 1.054 1.055 1.056 1.057 1.058 1.059 105 1051 1.052 1.053 1.054 1.055 1.056 1.057 1.058 1.059
0F T T ; ; - - T T
=
= Tl
s = g
T — V2 - lo3
20 i g s
z £
- =
10O 1 1 1 1 1 Y sk
105 LO51 1052 1053 1.054 1055 1.056 1.057 1058 1.059 105 L1051 LO52 1053 1054 1.055 1.056 1.057 1.058 1.059
Time(msec) Time(msec)
(a) (b)
10 LAd Ad A A ad s el ad Al sl
=
bt
é I'r|l’|’ll|l’ll‘|llrlrlﬂl’lﬂfll’lﬂl‘lﬂl|I'II‘!lII‘N'|I‘II'|ﬂl’ll‘llll’ll!rlﬂl|lII‘HI.I’II'|lll'IlHIl’Il!fIl’II\Ilﬂ
=
o]
st
10 e e T P
= ‘ MODE-2
L
= I | ! |
= L D
g | |
£ P I B B N B N W W B W f
5 —— Puise Generator
o ‘ ‘ ‘ ’ —(LIPV
—1L2
ST I I [ I | L3
AHI =
[
E [MODE-3 |
= ‘MW
bt
= !
g
£
=
o]

1.058 10581 1.0582

TABLE 6. Comparison with similar converters.

10583

10584 1.0585

Time (msec)

(c)

FIGURE 14. Experimental results of mode-1, mode-2 & mode-3 (a) Grid and battery voltage (mode-1), PV and
battery voltage (mode-2), grid, PV and battery voltage(mode-3) for duty cycle 0.4 (b) Grid and battery current
(mode-1), PV and battery current (mode-2), grid, PV and battery current (mode-3) for duty cycle 0.4 (c) Gate pulse,
inductor currents I g, Iy 1py. I and I3 for mode-1, mode-2 & mode-3.

Configuration Components No Specification Expected cost
L C D HFT S Voltage Gain(dB) Isolation Low
Boost converter[19,20] 1 1 1 0 1 6.02 No Moderate
Inter leaved boost converter[21] 3 3 2 0 2 6.02 No Low
Boost converter with resonant circuit[2,22] 3 3 5 0 2 5.42 No Moderate
Full bridge boost converter[23] 1 2 4 1 4 6.02 Yes Moderate
Isolated ZVS converter[2,5] 1 3 7 1 6 3.52 Yes High
Proposed converter (Z-QRC) 4 3 1 0 2 9.54 No Moderate

Table representation: L- inductor, C -capacitor, D -diode, HFT -High frequency transformer, S Switch

are Vpy = 12 V and Ipy = 6.9 A, Output battery voltage
and current Vj 25.8 V and I 2.4 A at duty cycle
d» = 0.4 are shown in Figure 16 (a). EV battery voltage
is controlled by switch. The Figure 16 (b) shows the gate

VOLUME 10, 2022

signal, current of inductors are /71, I; > and I 3. The average
current of inductors I71pvavg, IL2avg, and I 34y are 6.8 A7 A
and 3.8 A respectively. capacitor voltage C1, C; are shown in
Figure 16 (C).
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FIGURE 15. Experimental results of mode-1 (a) Grid voltage, EV battery
voltage, grid current, and battery current for duty cycle 0.4 (b) Gate pulse,
Inductor currents /;; P and /;5 (top to bottom) for duty cycle 0.4

(c) Gate pulse, capacitor voltage V¢ and V¢, (top to bottom) for duty
cycle 0.4.

C. MODE-3 (GRID & PV TO EV BATTERY LOAD)
In this mode, both grid and PV panel provide energy to
the load (EV battery). Figure 13 and Figure 17 show the
simulation and experimental results for this mode 3 operation.
Grid voltage, PV panel voltage, EV battery (output) voltage,
grid, PV panel, and EV battery (output) current are shown in
Figure 13 (a). The pulse generator and inductor are shown in
Figure 13 (b).

Figure 17 shows the experimental results for this mode
2 operation. Primary source grid voltage and current are V, =
10 V and I, = 5.3 A, secondary source PV voltage and
current are Vpy = 10 V and Ipy = 5.1 A Output battery
voltage and current are V;, = 28 V and I, = 3.1 A at duty
cycle d3 = 0.4 as shown in Figure 17 (a), (b) and (c). Battery
Voltage is controlled by duty cycle. Figure 17 (d) shows the
gate signal, inductor current /114, I12 and I.3. The average
current of inductors I71gavg, IL1pvavgs IL2avg> and Ip3aye are
4.8 A,49 A, 4.9 A and 5.2 A respectively. capacitor voltage
C1, C; are shown in Figure 17 (e).

When designing a charging system for EVs, the cost
of DC/DC converters is a significant aspect to consider.
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FIGURE 16. Experimental results of mode-2 (a) PV voltage, EV battery
voltage, PV current and battery current for duty cycle 0.4 (b) Gate pulse,
Inductor currents /;1py, I} and I;3 (top to bottom) for duty cycle 0.4 (c)

Gate pulse, capacitor voltage V¢ and V¢, (top to bottom) for duty
cycle 0.4.

To anticipate a comparable cost, the quantity of switches,
transformers, capacitors, diodes, and inductors utilised
in various DC/DC converters must be reduced. Exper-
imental output results of all the three modes shown
in Figure 14 Table 6 presents the simple component and
voltage gain comparison of converter topologies discussed in
this paper

VIl. DYNAMIC ANALYSIS FOR THE PROPOSED
CONVERTER

In order to assess the dynamic behaviour of the proposed
multiport ZQR DC/DC converter the input voltage variation
is shown in Figure (18-20). The suggested multiport ZQR
DC/DC converter has an obvious rapid transient performance
for an open loop system. The proposed Multi ZQR DC/DC
converter is simulated in MATLAB-Simulink platform for
open loop.

A. CASE 1 (VARIATION IN GRID VOLTAGE)
Under steady-state condition, the grid voltage is varied
from 67% to 80% of supply voltage (15 V) (i.e 10 V
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FIGURE 17. Experimental results of mode-3 (a) Grid & PV voltage, grid & PV current, load voltage and load current for duty cycle 0.4 (b) grid & EV
battery voltage, grid & EV battery current for duty cycle 0.4 (c) PV & EV battery voltage, PV & battery current for duty cycle 0.4 (d) Gate pulse,
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to 12 V), and the grid current is varied from 8.9 A
to 10 A as shown in Figure 18. It can be seen that
the output voltage and current increase from 27.8 V to
282 V and 29 A to 5.75 A, due to variation in grid
voltage.

B. CASE 2 (VARIATION IN PV VOLTAGE)

In this case, during the steady-state condition, when PV
voltage is varied from 67% to 80% of net voltage (15 V) grid
current vary from 8.8 A to 10.1 A as shown in Figure 19.
It can be seen that the output voltage and current increase
from 27.8 Vt028.3 V and 2.8 A to 5.8 A, due to variation in
PV voltage.
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C. CASE 3 (VARIATION IN BOTH GRID

AND PV VOLTAGE)

In case 3 the grid and PV voltage are varied from 67% to
100% of supply voltage (15 V) (i.e 10 V to 15 V), grid and
PV current are varied from 8.9 A to 12.2 A as shown in Figure
20. It can be seen that the output voltage and current increase
from 27.8 Vto 28.1 Vand 2.8 A to 5.6 A, due to variation in
grid and PV voltage.

From the simulation and experimental observation of
multiport ZQR DC/DC converter for off board EV battery
charging, it can be understood that the voltage gain & the
efficiency of the proposed converter increase at lower duty
cycles. Also, it is worth mentioning that, as seen from the
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FIGURE 18. Dynamic analysis of the proposed converter in mode-1: Grid voltage, EV Battery voltage, grid current and
battery current for duty cycle 0.4.
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FIGURE 20. Dynamic analysis of the proposed converter in mode-3 - Grid voltage, PV voltage, EV battery voltage, grid current,

PV current and battery current for duty cycle 0.4.

derived performance equations, the proposed multiport ZQR
DC/DC converter has a desirable efficiency.

VIil. CONCLUSION
In this paper, a modified multiport ZQR DC/DC converter for
off board EV battery charging was proposed. The proposed
converter has the advantages of improved step-up ratio,
reduced switch voltage stress, continuous current even at
0.4 duty cycle. The converter has the feature of power
sharing between the input ports and supplying steady power
to EV battery even in the absence of any one source.
The demonstrated experimental results prove the principle
of operation and validate the presented theoretical and
simulation analyses in terms of steady state, dynamic and
loss analyses. Though the comparison of proposed multiport
ZQR DC/DC converter with conventional converters proves
the efficacy of the designed converter, it has its own limitation
of restricting the gain to three times with a single resonant
buffer unit. The abovesaid limitation can be overcome with
the inclusion of additional buffer units in parallel. Finally,
the results presented to verify the design procedure, and
performance of the converter topology confirm the suggested
topology as a viable solution for EV off board charging.

This paper has elaborated the design principle and work of
three port ZQR DC/DC converter for EV off board charging.
The research work can be extended with

(i) the analysis of high gain ZQR DC/DC converter with

multiple EVs and

VOLUME 10, 2022

(ii) developing the optimized control strategy for con-
trolling the battery charging and discharging of EV
batteries in a MIMO EV charging system.
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