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Abstract: A DC-DC converter plays a vital role in the On-Board Charger for
Electric Vehicles (EVs). Also, having the capability for bidirectional power flow
for a DC-DC converter is essential for EVs to transfer power from Vehicle-to-Grid
(V2G) and Vehicle-to-Vehicle (V2V). In this context, this paper proposes a
bidirectional DC-DC converter for the On-Board Charger for Electric Vehicles
(EVs). The proposed DC-DC converter has two paths: a lossy partial path through
two bridges, a high-frequency transformer, and a lossless direct path directly
connecting the source to the output. A 7.8 kW DC-DC converter is developed in
MATLAB/Simulink. The performance of the converter is analysed for various
operating scenarios. Further, a scaled-down hardware prototype of the proposed
converter with a power rating of 600 W has been developed. The dSPACE
controller is used to control the power flows. The prototype is tested under various
operating conditions. The experimental and simulation results show that the power
flow through the direct path is around 58 % and through the partial path around 42
%. Due to this, the overall converter efficiency of 97.8% during charging and 95.6
% during discharging cycles has been achieved. Also, as only 42 % of power flows
through the partial path, all the components' ratings and sizes are significantly
reduced. Also, the distinguishing feature is its bidirectional power flow capability,
making the EV capable of V2V and V2G power transfer. Hence, the proposed DC-
DC converter is an efficient and compact solution for an On-Board Charger for
EVs.

Keywords: Constant Current Charging, Electric Vehicle, High Frequency
Transformer (HFT), On-Board Charger (OBC), Vehicle-to-Vehicle(V2V),
Vehicle-to-Grid(V2G).

1 Introduction

In recent years, Electrical Vehicles (EVs) are fast replacing conventional
petrol or diesel-driven vehicles to substantially reduce air pollution and global
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warming and overcome the issue of fast-depleting fossil fuels [1]. Nowadays,
EVs are used for neighbourhood applications with a battery pack of 36V-72V
range [2], light EVs with 300V- 420V, and heavy EVs up to 800V [3]. Unlike the
situation at the beginning of rolling out EVs, the charging facilities have now
increased substantially, so the travel distance could be much longer. However,
EVs' weight and overall cost remain on the higher side [4]. Further, issues like
slow charging time, battery life span, charger efficiency, and compactness are to
be suitably addressed [5]. From a charger design perspective, EVs are generally
classified as On-Board Chargers (OBC) and Off-Board chargers [6, 7]. In EVs
with an OBC, the space occupied by the charger is an important constraint.
Therefore, designing and developing compact, highly efficient chargers is one of
the critical and challenging tasks in On-Board EV applications [8]. OBC
generally consist of the following power conversion stages: AC/DC rectification
and DC/DC charging. Sometimes, it can include one more DC/DC intermediate
stage [9, 10]. In each stage, compactness, higher efficiency, fast charging with
industry standards and handling safety policy makes the systems more complex
in OBC [11]. Much work has been done to improve the efficiency and power
factor of the AC/DC Stage [12, 13]. However, size reduction in this stage is quite
challenging due to the need for a high-volume capacitance [14]. In this context,
the DC/DC stage of the charger will have a crucial impact on the size and
efficiency of the OBC. Hence, many researchers focus on designing and
developing DC/DC converters for OBC in EVs.

Recently, many isolated DC-DC converter topologies have been proposed
for the DC-DC stage of On-Board EV applications [15]. A resonant type of
isolated converter design for EV applications is proposed in [16] to minimize the
switching and conduction losses. However, it has one more DC-DC stage and is
bulky. An isolated DC-DC stage of the OBC has been presented to address the
short-range Zero Voltage Switching (ZVS), duty cycle losses, and circulating
current issues. All these issues are mitigated with additional support from
Capacitor-Diode-Diode (CDD) snubber circuits and conventional Phase Shifted
Full Bridge Converter (PSFBC) [17]. A full bridge (Inductor-inductor-capacitor)
LLC resonant converter was developed for the DC-DC Stage of EVs charger with
improved efficiency [18]. However, the performance degrades if the switching
frequency is away from resonant points. The isolated topologies in [16 — 18] do
not have bidirectional power flow features. In addition, achieving higher power
density and efficiency during the charging cycle is challenging.

Nowadays, the OBC of an EV should be capable of using batteries in the
vehicle for the following uses in addition to powering the EV: (i) standalone mode
for outdoor lighting when needed, (ii) Vehicle to Grid (V2G) at peak demand
(iii)Vehicle to Vehicle(V2V) power transfer during emergencies. Bidirectional
power flow capability should be a vital feature for the DC-DC converter to be
helpful for these applications mentioned [19]. Hugo Neves de Melo et al. have
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proposed a compact non-isolated DC-DC converter for OBC with a bidirectional
power flow feature. However, this method introduces power quality issues on the
utility grid side [20]. Several DC-DC isolated bidirectional converter topologies
using soft switching features have been described recently [21 — 23]. References
[24 — 26] deal with DC-DC converter topologies to reduce the switching losses,
DC link ripple issues, and improved voltage transfer ratios for V2V integration.
However, these topologies will be affected by magnetic saturation at higher
switching frequencies [27]. Above all, the works in [16 — 27] use converters with
full power processing topology. Despite the many advantages of this topology,
designing a compact charger with high efficiency remains challenging.

In the 1990s, the partial power processing concept was introduced by the
National Aeronautics and Space Administration (NASA) to make a compact and
efficient Series Connected Boost Unit (SCBU) for aircraft applications [28].
Recently a fast EV charging station has been developed using this concept [29].
However, this topology cannot provide galvanic isolation and cannot be used in
V2G applications. Moreover, duty cycle loss and circulating currents are other
drawbacks. Bhaskar et al. surveyed various non-isolated unidirectional electrical
vehicle charger topologies [30]. Non-isolation is usually thought of as a safety
concern. However, as per the safety standards such as the Society of Automotive
Engineers (SAE) SAEJ1772 and Automotive Industry Standard (AIS) AlS-138,
galvanic isolation is not required for OBC applications owing to the reason that
the battery will be floating with the body ground [31 — 33].

In this context, this paper proposes a novel non-isolated bidirectional DC-
DC converter for an On-Board Charger for EVs. The power flows in both
directions via two paths: one directly connected to the output and the other
through the bridge network. The performance of the proposed converter is
analysed by developing a MATLAB/Simulink model with a power rating of
7.8 KW and validating it for various operating scenarios. Further, the scaled-down
600 W hardware setup is built, and dSPACE is used to control the power flows.
The source voltage is 30 V DC, and the load is 48 VV/12.5 Ah battery. The
developed hardware is tested for different operating scenarios, and the
performance is validated. The proposed DC-DC converter achieves an overall
efficiency of 97% with fewer components compared to other works in the
literature. The main contribution of this work is summarised as follows:

— The proposed DC-DC converter uses a lossless direct path in addition to
the partial path comprising the bridges and transformer. At least 55% of
the power flows through this lossless direct path during charging and
discharging, so a highly efficient power transfer is achieved.

— The power flow through the lossy partial path is less than 45% during both
charging and discharging, so the rating and size of the bridge elements and
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transformer are significantly reduced. Hence, the overall size and weight
of the On-Board Charger can be significantly reduced.

— The bidirectional capability can make the EV capable of V2G and V2V
power transfer, a desirable feature for modern EVs.

The performance of the proposed DC-DC converter topology is compared
with the recent works and found to offer a high efficiency by using fewer
components and being capable of bidirectional power flow.

2 DC-DC Converter in On-Board EV Charger

Generally, the charger for an electric vehicle can be On-Board or Off-Board.
An On-Board charger is more flexible than an Off-Board charger, making it the
most sought-after charger type for EVs. The typical structure of an On-Board
Charger in an EV is shown in Fig. 1. The overall working of the On-Board
Charger is as follows. The OBC will be connected to any AC outlet at home,
charging stations, parking areas, or workplace. The AC-DC converter rectifies
the AC supply to DC and, in addition, does the power factor correction. The DC-
DC converter regulates the DC voltage obtained from the AC-DC converter to
ensure that it is compatible and controllable while charging the battery.

In the complete structure of the OBC, the DC-DC converter is directly
interfaced with the battery. Hence, the fastness of charging, the battery's life span,
and the charging efficiency will be significantly influenced by the topology and
the power processing technique adopted by the DC-DC converter. In addition, if
the EV wants to pump power back to the grid in V2G applications or pump it to
other EVs in V2V applications, the DC-DC converter should be capable of a
bidirectional power flow feature.

AC source EV with On-Board Charger

-

""" 1 EV Battery

i

1
,

DC : DC
1

‘ -
1 B

Fig. 1 — Structure of On-Board Charger in EV.
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Hence, an efficient and compact bidirectional DC-DC converter will help
improve the overall performance of the OBC and the EV and make it capable of
participating in V2G and V2V applications. Such a robust DC-DC converter is
proposed in the next section.

3 Proposed DC-DC Converter for On-Board Charger

The block diagram of the proposed DC-DC converter and the control strategy
is shown in Fig. 2. The proposed converter consists of two MOSFET-based active
bridges, a High-Frequency Transformer (HFT), an inductor, and DC filter
capacitors. The DC source is fed to the input of the source side MOSFET bridge
and feed-forward to the output of the battery side MOSFET bridge. The converter
is designed so that the power flow can be bidirectional. During charging, the
power flows from the source to the battery via two paths. One path is through the
bridges, called the partial power path, and the other is directly from the source,
called the direct power path. During discharge, the power flows from the battery
to the source via the same partial and direct paths. The power flow during
charging and discharging is controlled by the Gate Signals issued by the Single-
Phase-Shift Controller (SPSC).

DC-DC Converter

4

Battery
| -

Voltage |[|Current
Sensor (| Sensor

+

DC-Source

3;

.

ﬂ} Y
—HH

Single Phase Shift Controller

’ Vbat
Controller Selection Unit |«

A . A
Control Signals

I* 4\/]33'3—
bat Current Voltage
— *
Controller Controller &at
Ibat +

Fig. 2 — Block diagram of the proposed DC-DC converter along with control strategy.
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The SPSC is controlled either by the Voltage Controller (VC) or the Current
Controller (CC). Whether the SPSC is to be controlled by VC or CC is decided
by the Controller Selection Unit (CSU). The CSU routes the control signals from
the suitable controller depending on the voltage value at the battery terminals.

The voltage and current controllers are continuously fed by the voltage and
current of the battery by the respective sensors. In the following sections, the
functioning of each block of the diagram shown in Fig. 2 and the overall working
of the converter are elaborated in detail.

3.1 Circuit of DC-DC Converter along with Battery

The circuit of the proposed DC-DC converter, along with the battery, is
shown in Fig. 3. The MOSFETS, Qi, Q2, Qs and Q4 form the H-bridge on the
source side, and Qs, Qs, Q7, and Qs form another H-bridge on the battery side.
These two H-bridges are connected by an external inductor (Lex) and an HFT.
The capacitor (Cr) is connected across the battery side H-bridge to filter the
ripple current. Similarly, the capacitor (Cr) is connected across the source side
H-bridge to filter the high-frequency ripple current. The circuit connections will
enable it to operate in Input-Parallel Output-Series (IPOS) configuration during
the charging cycle and Input-Series Output-Parallel (ISOP) configuration during
the discharging cycle.

Iie oo ip Tyat

Ql Q2
Idp J J :
Lex
a t
. + —
Vi |cu| i o |
e —_— Vap Ued — Vv Voat
b —
(=
J7# JA
[
Iy Qs Qa4
, ¥
] Lpp
g v dc
IlJ‘dt

Fig. 3 — Circuit of the proposed DC-DC Converter with Battery.

3.1.1 Operation of DC-DC Converter during Charging Cycle

During the charging cycle, the power transfer from the source to the battery
can be understood by dividing the operation of the converter in one switching
cycle into four switching modes. Each mode is defined by a unique pair of
MOSFETSs in the ON condition. The voltage of the DC source and the battery
does not vary during the switching cycle and is assumed to be constant.
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Mode l: 0 <t<tp

This mode starts with turning OFF the Q2-Qs pair and turning ON the Q1-Qa.
The Qs-Q7 pair continue in the ON state from the previous mode. The current
flow through the inductor prior to this mode was through Q2-Qs. On turning ON
the Q1-Q4, the inductor current starts freewheeling through the body diodes of Q1
and Q until the current reaches zero, as shown in Fig. 4g. After the freewheeling
action, the MOSFETs Qi-Q. start conduction, and the current through the
inductor reverses and rises gradually, as shown in Fig. 49. Hence, the total
switching interval of this mode can be divided into two intervals, 0 to t;
(freewheeling interval) and t; to t> (conduction interval). The state of the switch
during these intervals is shown in Figs. 4a and Fig. 4b. Equation (1) gives the
slope of the inductor current.

ﬂ — Vdc — n(vdc _Vbat)
dt L '

ext

(1)

From (1) we can infer that the slope of the inductor current in this mode will
be constant, as the values n, Vi, Lext, and Vpa are constant.

Mode ll:th<t<ts

The mode starts with the turn ON of Qs-Qg and the turn OFF of Qs-Q7. The
Q1-Q4 pair continues to be in the ON state from Mode I. The state of the switch
during this mode is shown in Fig. 4c. The switching action results in a change of
the voltage across the inductor. The change in voltage results in the change of
slope of the inductor current; thus, the inductor current falls gradually. However,
the slope of the inductor current throughout this mode remains constant, as can
be understood from (2).

ﬂ _ Vdc — n(vbat _Vdc)
dt L '

ext

()

Mode lll: ts<t<ts

The mode starts with the turn OFF of Q1-Q4 and the turn ON of Q»-Qs. The
Qs-Qs pair continues to be in the ON state from Mode I1. In the previous mode,
the inductor current was flowing through Q1-Qa4. On turning ON Q2 -Qs, the slope
of the inductor current changes to negative, and it freewheels through the body
diodes of the Q2-Qs pair until it reaches zero, as shown in Fig. 49. After
freewheeling, Q.-Qs starts conduction, and the current through the inductor rises
gradually in the reverse direction, as shown in Fig. 4g. The state of the switches
during these intervals is shown in Fig. 4d and Fig. 4e. The slope of the inductor
current throughout this mode remains constant, as can be understood from (3).

di_ _ —Vie =NV —Vie) 3)
dt Lext '
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Fig. 4 — Proposed DC-DC converter modes of operation
during the charging cycle with typical waveforms.
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Mode IV:ts<t<ts

This mode starts with the turn ON of Qs-Q7 and the turn OFF of Qs-Qs. The
Q2-Qs pair continues to be in the ON state from Mode I11. The state of the switch
during this mode is shown in Fig. 4f. The switching action results in a change of
the voltage across the inductor. The change in voltage results in the change of
slope of the inductor current; thus, the inductor current falls gradually in the
reverse direction. However, the slope of the inductor current throughout this
mode remains constant, as can be understood from (4).

ﬂ _ _Vdc — n(vdc _Vbat)
dt L '

ext

(4)

3.1.2 Steady-state power flow analysis during charging

The power flow from the source to the battery is analysed for one switching
cycle. The average value of the currents and voltages are considered for this
analysis. From Fig. 3, the following equations can be arrived.

e = Top + 1ap ®)

Vbat =Vdc +Vpp ! (6)

where lqc is the DC source current, Iy, is the current contributing to the partial

path power flow, lg, is the current contributing to the direct path power flow, Vipa

is the voltage across the battery terminals, V. is the voltage of the DC source,
and Vyp is the partial path output voltage.
From Fig. 3, it can be observed that,

bat * (7)
For a particular value of charging current (lpat), the power balance equation

can be arrived by multiplying (6) with lpy on both sides, as shown in (8)
Vbatlbat :Vdclbat +Vp,l (8)

pp " bat *

4o

From (8) it can be inferred that the power delivered to the battery, Ppat is
contributed by two paths: the component Vgclpat is the power contributed by the
direct path Pqgp, and the component Vplna is the power contributed by the partial
path, Ppp-out. Hence, (8) can be written as

R = Py TR (9)

pp-out *
The overall efficiency of the converter is given by

— Pbat (10)

T]charging - V.| .
dc "dc

Here, the total input power is delivered by the DC source, P, =V,.I,. . Hence,
(10) can be written as
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P, V.l

— at —  bat " bat
1’]charging - P - V.| ' (ll)
dc dc " dc

From Fig. 3, the partial path input power, Pgp.in can be defined as
P .=V, (12)

pp-in dcpp *
During the charging, power ratios between the partial path and overall

charging output power are defined as the partial power-sharing ratio, and it can
be expressed as

P Vv
K ppsr = _bp-out _ pp —q_ Ve ) (13)
Pbat Vbat Vbat
From (8) and (12), the partial path efficiency is calculated as
P
— _ pp-out
nc-pp - . (14)
Ppp-in

Using (9-11), (13), and (14), the charging efficiency of the converter was
derived and expressed as follows as

ncharging =1- Kc-ppsr(l_ T’IC»pp) . (15)

From (15) it can be inferred that the converter's efficiency during charging is
influenced by the partial power-sharing ratio (Kec-ppsr).

3.1.3 Operation of DC-DC Converter during Discharging Cycle

In this discharging cycle, the power transfer from the battery to the source
can be understood by four switching modes of operation of the converter in one
complete switching cycle. A unique pair of MOSFETS turn ON in each mode.
The voltage of the DC source and the battery does not vary during the switching
cycle and is assumed to be constant.

Mode l: 0 <t<t;

The mode starts with the turn ON of Q;-Q4and the turn OFF of Q»-Qs. The
Qs-Qs pair continues to be in the ON state from the previous mode. The state of
the switch during this mode is shown in Fig. 5a. The switching action results in a
change of the voltage across the inductor. The change in voltage results in the
slope change of the currents i. and niy; thus, the current ni falls gradually.
However, the slope of the current ni. throughout this mode remains constant, as
can be understood from (16).

d(nip) _ Ve —NVou —Ve) (16)
dt L '

ext
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Fig. 5 — Proposed DC-DC converter modes of operation
during the discharging cycle with typical waveforms.
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Mode Il: 1 <t<t3

This mode starts with turning OFF the Qs-Qs pair and turning ON the Qs-Q>.
The Q1-Q4 pair continue in the ON state from Mode I. The current ni_ was flowing
through Qs-Qs in the previous mode. On turning ON the Qe -Q7, the current ni,
starts freewheeling through the body diodes of Qg and Q7 until the current reaches
zero, as shown in Fig. 5g. After the freewheeling action, the Q¢-Q; starts
conduction, and the current ni, reverses and rises gradually, as shown in Fig. 5g.
Hence, the total switching interval of this mode can be divided into two intervals,
ti to & (freewheeling interval) and # to #3 (conduction interval). The state of the
switch during these intervals is shown in Figs. 5b and 5c. Equation (17) gives the
slope of the ni, current.

d(niL) - Vdc — n(vdc _Vbat)
dt L '

ext

A7)

Mode lll: ts<t<ty

This mode starts with the turn ON of Q»-Qs and the turn OFF of Q1-Qa4. The
Qe-Q7 pair continues to be in the ON state from Mode Il. The state of the switch
during this mode is shown in Fig. 5d. The switching action results in a change of
the voltage across the inductor. The change in voltage results in the change of
slope of the currents i and ni.; thus, the currents i_ and ni, falls gradually in the
reverse direction. However, the slope of the inductor current throughout this
mode remains constant, as can be understood from (18).

d(niL) - _Vdc — n(vdc _Vbat)
dt L '

ext

(18)

Mode IV: ts <t <ts

This mode starts with turning OFF the Qe-Q7 pair and turning ON the Qs-Qs.
The Q2-Qs pair continue in the ON state from Mode Ill. The current ni_ was
flowing through Qs-Q7 in the previous mode. On turning ON the Qs-Qs, the
current ni, starts freewheeling through the body diodes of Qs and Qs until the
current reaches zero, as shown in Fig. 5g.

After the freewheeling action, the Qs-Qg starts conduction, and the current
ni, reverses and rises gradually, as shown in Fig. 5g. Hence, the total switching
interval of this mode can be divided into two intervals, ts to ts (freewheeling
interval) and ts to ts (conduction interval). The state of the switch during these
intervals is shown in Figs. 5e and 5f. Equation (19) gives the slope of the ni_
current.

d(niL) - Ve = NV —Vie)
dt L '

ext

(19)
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3.1.4 Steady-state power flow analysis during discharging

The power flow from the battery to the DC source during discharge is
analysed for one switching cycle. The average value of the currents and voltages
are considered for this analysis. The power delivered to the DC source is given
by

Pdc :Vdcldc' (20)
Using (5), (20) can be written as
Pdc :Vdcldc :Vdc(ldp + Ipp) . (21)

From (21), it can be inferred that the power delivered to the DC source, Pqc
is contributed by two paths, the component Vclvat is the power contributed by the
direct path Pgp, and the component Vgclyp is the power contributed by the partial
path, Ppp.in. Hence, (21) can be written as

Pdc = Pdp + I:)pp—in ' (22)
The partial path input power during discharging is
Ppp—out :Vpplbat ' (23)

During the discharging, the ratio of partial path output power and total output
power is defined as the partial power-sharing ratio, and it can be expressed as

P . |
Kd-ppsr === :_']__ﬁ . (24)
Pdc Ibat Idc
Using (12) and (23), the partial path efficiency during discharging is
P -in
Ma-pp = PL ' (25)

pp-out

Using (22 — 25), the discharging efficiency of the converter solved and
expressed as follows as

Mischarging =1- Kd—ppsr (1_ nd-pp) : (26)

From (26), it can be inferred that the partial power-sharing ratio influences
the converter's efficiency during discharge.

3.2 Power flow control

The proposed DC-DC converter has the capability to transfer power in both
directions through the partial and direct paths, as shown in Fig. 3. The governing
equation for controlling the power flow through the partial path during charging
is given by (27).

P — Vdc (Vbat _Vdc)e(l_ 6/n)
pp-out 2znnf L

s —ext

: (27)
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where the 6 is the phase shift angle in radians and, n is the turn ratio of HFT, and
fs is the switching frequency in kHz.

Similarly, the governing equation for controlling the power flow through the
partial path during discharge is given by (28).

— 2 f—
Ppp.in - (Vbat Vdc) 6(1 9/7:) . (28)
2nnf L

s —ext

Using (8), (9) and (27), the total output power contributed by direct and
partial paths during charging is given by

Vdc (Vbat _Vdc)e(l_ 6/n)
27.Cfsm-ext .

Similarly, from (22) and (28), the total output power contributed by direct
and partial paths during discharging is given by

P :V I + (\/bat _Vdc)ze(l_e/n) ) (30)
dc dc " bat ansnLeX[

From (29) and (30), it is inferred that the power transferred through the direct
path remains constant for a constant value of the charging/discharging current
(Ibat). Hence, the power flow through the partial path alone is controllable in the
total power transferred during charging and discharging. Moreover, the
controllable quantity in power flow through the partial path is the phase shift
angle (8) within a range of (—n/2, n/2). The control strategy employed for the
power flow control in the partial path is represented in Fig. 6. The function of
each block is discussed in the following subsections.

P =Vielow +

bat dc " bat

(29)
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Fig. 6 — Control strategy employed for power
flow control of the proposed DC-DC converter.
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3.2.1 Single Phase-Shift Control strategy

Single Phase-Shift Control strategy (SPSC) is the commonly used control
strategy for the configuration of the bridge network used in the proposed DC-DC
converter. In SPSC, the phase shift is created by considering the source side
bridge as a reference and controlling the phase shift angle (6) on the battery side
bridge. For power flow during the charging, the range of phase shift angle is
(0, n/2); during discharging, the range of phase shift angle is (-n/2, 0).

In the SPSC used in the proposed converter, the source side bridge is driven
by JK Flip Flop-1 and Gate Driver-1. Likewise, JK Flip Flop-2 and Gate Driver-
2 drive the battery side bridge. Hence, the phase shift angle (0) is created by the
JK Flip Flop-2, which is governed by the control signal issued by the CSU. The
functioning of the CSU is discussed in the following subsection.

3.2.2 Controller Selection Unit

The Constant Current Constant Voltage (CCCV) scheme is commonly used
to charge/discharge a battery. In this scheme, the power is controlled by any one
of the following methods: (i). Constant Current (CC)-Charging (ii). Constant
Voltage (CV)-Charging (iii). Constant Current (CC) - Discharging. Only one of
these methods can be used at any point. The CSU selects the appropriate method
of charging or discharging based on the voltage at the battery's terminals, which
indirectly indicates the battery's State of Charge (SoC).

The model of the battery used to estimate the terminal voltage based on the
SoC is given by (31) [34]

— A—a;S0C(t) SoC(t) SoC? (t) SoC3 (t)
Vcell (t) =a, ' + a, + a; —a, + ag ) (31)

where ag, a1, a2, a3, a4, and as are constants, SoC(t) is the charge available in the
battery at time t, Ve (t) battery single cell voltage at present SoC(t).

Using (31), 380 V/18.5 Ah model considered for simulation analysis. The
value of the battery's terminal voltage at 5% SoC is 355 V, and the value at 95%
SoC is 410V. The CSU chooses the CC-Charging when the value of Vpa lies
between 355V and 410V and the reference current (lya) iS positive. It chooses
CC-discharging when the Vpy is above 363 V and Iy iS Set to negative. CV-
Charging will be chosen when the value of Vy4 is above 410V. Hence, the overall
function of the CSU is to send the control signals from the suitable controller
based on the reference currents and the battery terminal voltage so that the SPSC
generates appropriate phase-shifted gate signals to vary the phase shift angle (6).

3.2.3 CC and CV Controller

The CC and CV controller are commonly used controllers for charging the
battery. They are fed by the voltage (Vpa) and current (lpa) at the terminals of the
battery fetched through voltage and current sensors, as shown in Fig. 2. Both the
controllers compare the respective quantities with the reference values and feed
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the error to their PI controllers as shown in Fig. 6. The PI controllers generate the
control signals which will be routed to the SPSC by the CSU depending on the
operating scenario.

4 Results and Discussions

4.1 Simulation results

The proposed DC-DC converter with the control strategy shown in Fig. 2 is
simulated in MATLAB/Simulink. The power rating of the DC-DC converter is
chosen as 7.8 kW. The other parameters considered are mentioned in Table 1.
The proposed converter is simulated for the following case studies of charging
and discharging, and the performance is analysed.

Table 1
Simulation Parameters.

SIMULATION PARAMETERS VALUE

Input Voltage (V) 240 V

External Inductor (Lext) 36 uH

HFT Capacity (VA) 3000 VA

HFT Turns ratio (n) 0.83

Switching frequency (f5) 50 kHz

Filter Capacitances (Cn, Cp) 650 pF, 450 puF
Battery capacity 380V, 18.5 Ah
Charging Current (/vat) 185 A
Discharging Current (Jvar) 18.5A

PI Controller-I kpe=2.4, kic=12.8
PI Controller-1I kpv=5.4, kiv=27

4.1.1 Steady state simulation: CC-CV Charging

In this case study, the proposed DC-DC converter's performance is analysed
during the charging cycle. The initial SoC of the battery is considered as 5%, and
the reference values are set as I'px=18.5 A and V',x=355V. The system is
simulated for a duration until the SoC reaches 95%. The variations in various
quantities were plotted and shown in Fig. 7. Overall, the charging mode was in
CC- Charging until the SoC reached 95% and changed to CV-Charging for SoC
above 95%.

From Fig. 7, the following points can be inferred regarding the performance
of the converter:

— The voltage of the battery terminals rises gradually during the charging
cycle. The voltage provided by the direct path remains constant, which is the
voltage of the DC source. However, the voltage provided by the partial path
gradually increases until the SoC reaches 95%. Hence, the voltage variation
is attributed to the controllable partial path power.
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Fig. 7 — Performance of the proposed DC-DC Converter
during the Charging Cycle.

— During the charging cycle, until the SoC reaches 95%, the current that enters
the source side bridge (lpp) and the source current (lqc) is observed to rise
gradually, whereas the current (lgp) flowing in the direct path is constant.
Interestingly, the current flowing to the battery is the current from the direct
path, i.e., lpa = ldp.

— The proposed converter generally delivers a voltage 270-420V range. The
nominal voltage of 380V,18.5Ah battery completes the charging cycle, and
the converter delivers 356-420V at 18.5A charging current. During this
charging cycle, the partial path only supports and regulates the voltage Vpy,

and it varies from 120 to 180V.The rest of voltage of fixed V=240V is
supported by the direct path.

— The power flow to the battery contributed by the direct path (Pgp) is constant
and the one contributed by the partial path (Pyp) rises gradually until the SoC
reaches 95%. Also, the partial power-sharing ratio (Kcppsr) rises gradually
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and reaches a maximum value of 0.42. In other words, the partial power path
contributes only a maximum of 42% of the total power delivered to the
battery and the direct power path contributes a minimum of 58%. Hence, the
lossy partial path contributes less than 50% of the total power, so the losses
are minimised.

— The converter's efficiency during the charging cycle stays within 97.85%.
The significant contribution to achieving the high-efficiency transfer is
attributed to the lossless power transfer through the direct path that
contributes at least 58% of the total power delivered to the battery at any
time.

From the analysis of the performance of the proposed converter during the
charging cycle, it can be observed that the power flow through the direct path is
constant throughout the charging cycle. In contrast, the power flow through the
partial path is variable and controllable. The high efficiency is significantly
attributed to the higher share of power flow through the lossless direct path.

4.1.2 Steady-state simulation: CC-Discharging

This case study analyses the proposed DC-DC converter's performance
during the discharging cycle. The initial SoC of the battery is 98%, and the
reference values are set as 1"past = —18.5 A and Vi = 412 V. Setting | v negative
means that the direction of the current is in reverse in the discharge cycle. Hence,
the current flow from the battery to the source is considered positive during the
discharging cycle. The system is simulated for a duration until the SoC reaches
10 %. The variations in various quantities were plotted and shown in Fig. 8. The
battery discharged in CC-discharging mode and ended with SoC falling to 10%.

From Fig. 8, the following points can be inferred regarding the performance
of the converter:

— The DC source voltage, the partial path, and the direct path voltage on the
source side remain constant throughout the discharge cycle. However, the
voltage at battery terminals falls gradually during the discharging cycle until
the SoC falls to 10%. Now, as the voltage of the direct path is held constant
by the DC source, the variation in the battery terminal voltage will be taken
up by the partial path voltage across the bridge on the battery side (Vpp).

— The current delivered to the DC source from the battery is contributed by the
direct path current (lgp) and partial path current (lp,). The direct path current
is constant and equal to the current flowing out from the battery terminals,
i.e., (lsp = lva). The current flow from the partial path (lpp) gradually falls,
with the SoC falling up to 10%.

— The power flow to the DC source contributed by the direct path (Pqgp) is
constant, and the one contributed by the partial path (Ppp-in) falls gradually
until the SoC reaches 10%. Also, the partial power-sharing ratio Kg.ppsr falls
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gradually from a maximum value of 0.40. At the end of battery discharge,
Ka-ppsr 1S 0.34. In other words, the partial power path contributes only a
maximum of 40% of the total power delivered to the DC source from the
battery, and the direct power path contributes a minimum of 60%. Hence,
the lossy partial path contributes less than 40% of the total power, so the
losses are minimised.

The converter’s efficiency during the discharging cycle stays within the 95%
to 95.6% range. The significant contribution to achieving the high-efficiency
transfer is attributed to the lossless power transfer through the direct path that
contributes at least 60% of the total power delivered to the DC source from the
battery at any time.
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Fig. 8 — Performance of the proposed DC-DC Converter during the Discharging Cycle.

From the analysis of the performance of the proposed converter during the
discharging cycle, it can be observed that the power flow through the direct path
is constant throughout the discharging cycle. In contrast, the power flow through
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the partial path is variable and less than 40% of the total delivered power to the
source in the complete discharging cycle. The high efficiency is significantly
attributed to the higher share of power flow through the lossless direct path.

In the next section, a 600 W power rating of the proposed DC-DC converter
is implemented in a hardware scaled-down prototype, and its performance is
validated.

4.2 Experimental results

A 600 W down-scaled prototype of the proposed DC-DC converter is
developed, and its performance is analysed. The developed down-scaled
prototype hardware setup of the proposed DC-DC converter and its DC-DC
converter layout design are shown in Fig. 9.

(b)

Fig. 9 — Experimental set up of the proposed DC-DC converter:
(a) Complete prototype hardware setup; (b) DC-DC converter layout.
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The complete design parameters considered for the development of the
hardware prototype are given in Table 2. The instantaneous voltage and current
at the battery terminals are sensed by the voltage sensor (LV25-P) and current
sensor (LA-55-P), respectively. The scaled-down values received from these
sensors are fed to the Analog to Digital Converter (ADC) port of the dSPACE
DS1103 Real-Time Interface (RTI) board. The dSPACE implements the CC and
CV controllers along with the CSU shown in Fig. 6.

The dSPACE generates a set of PWM signals at twice the switching
frequency. One PWM signal has a fixed duty ratio of 0.5, and the other PWM
signal has a variable duty ratio decided by the operating mode (i.e., CC-Charging,
CV-Charging and CC-Discharging).

Table 2
Experimental Parameters.
DESIGN ASPECTS PARAMETERS / MATERIAL VALUE
PARTS
Input Voltage (Vac) 30V
. Maximum power ratings 600 W

Converter Design Switching frequency(fs) 50 kHz

Power semiconductor (MOSFET) | IRF640N

HFT Capacity (VA) 350 VA

Turns ratio (n) 0.89
HFT design E Cpre dimension N87 Material, E42/21/20

Coil former GFR Polyterephthalate

Enameled copper wire

26 AWG

Filter Capacitance (Cn, Cp)

100V, 150uF, 63V, 100uF

Voltage 48V
Battery Specification Capacity 12.5 Ah
Type Lead Acid
Controllers PI Controller-I kpe=1.8, Kic=5
Specification PI Controller-1I kpv=2.4, ki=8
. Buffer IC SN7407
Sslfescicﬁ‘i:filfg JK flip flop CD74HC73E
Optocoupler IC HCPL 3120

The PWM signals generated by the dPSACE are fed as input to the JK-flip
flops (negative edge triggered) on the SPSC board. The JK-flip flop-1 generates
two signals at switching frequency and feeds them to the Gate driver-1, which in
turn generates two sets of PWMs for the source side MOSFETSs. The JK-flip flop-
2 also generates two signals at switching frequency and feeds them to the Gate
driver-2, which in turn generates two sets of PWMs for the battery side
MOSFETSs. The negative edge triggering employed by the JK-flip flops ensures
the required phase shift between the source and battery side bridges.

The steady-state and dynamic performance of the developed hardware
prototype converter are analysed in the following subsections.
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4.2.1 Steady-state response of the developed
hardware prototype DC-DC converter

The steady-state voltages and currents for a set reference of V' = 48 V and
I"vat = 4 A during the charging cycle is shown in Fig. 10a. Similarly, steady-state
voltages and currents for a set reference of 1'h =—6 A during the discharging
cycle is shown in Fig. 10b.
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Fig. 10 — Experimental Results during: (a) Charging; (b) Discharging.

Further, the performance of the proposed converter for various reference
values of charging and discharging currents is analysed. For different values of
the reference current Iy chosen, the overall efficiency (Mcharging, @Nd Ndischarging), the
efficiency of the partial path (nc.pp, Me-pp) @nd the partial path power-sharing ratio
(Ke-ppsr @and Kg-ppsr) Values obtained through experimentally, and their results are
presented graphically, as shown in Fig. 11.

From the results presented in Fig. 11a, it can be observed that the overall
practical system efficiency during charging is in the range of 93.5% to 97%. Also,
results show that the partial power-sharing ratio, Kc.ppsr, always stayed below 0.45.

Hence, a minimum of 55% of the power flow to the battery is always
contributed by the lossless direct power path. So, the proposed converter has
proved to be highly efficient experimentally for a wide range of operating
conditions during charging.

From the results presented in Fig. 11b, it can be observed that the overall
practical system efficiency during discharge is in the range of 95% to 97%. Also,
the partial power sharing ratio, Kg.ppsr Stayed below 0.4 always. Hence, the lossless
direct path always contributes a minimum of 60% of the power flow to the DC
source from the battery. So, the proposed converter has proved experimentally
efficient for various operating conditions during discharging.
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Fig. 11 — Steady-state performance of the proposed converter for various set
values of reference current (I"sa) during: (a) Charging; (b) Discharging.

From the experimental steady-state analysis of the performance of the
proposed DC-DC converter, it is proved that the proposed converter is highly
efficient during both the charging and discharging, with a higher share of power
flow through the lossless direct path.

4.2.2 Experimental response for Step Change in battery
reference current during Charging and Discharging

The scaled-down hardware setup of the proposed DC-DC converter has been
analysed for the step change in the battery reference current (I"va) during charging
and discharging. The initial 1", Was 6.25 A during charging, and a step change
to 4 Ais given at ticc. The values of voltages and currents reached a steady state
after a short transient period, as shown in Fig. 12a. Similarly, the initial 1" Was
9 A during discharge, and a step change to 6 A is given at tig.. The values of
voltages and currents reached a steady state after a short transient period, as
shown in Fig. 12b. From Figs. 12a and 12b, it can be inferred that the proposed
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converter can adapt to the changing reference currents and provide a stable
operation.
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Fig. 12 — Step changes response of the proposed DC-DC Converter during:
(a) Charging; (b) Discharging.

The proposed DC-DC converter has many advantages, such as high-power
density, wide operating voltage range (270 —420V), higher efficiency, and
bidirectional power transfer capability. The voltage range supports the charging
of EV batteries at a maximum power of 7.8 kW. The power transfer feature offers
the design of compact and high-efficiency bidirectional OBC for upcoming EVs.

A possible concern about the proposed converter would be the absence of
galvanic isolation between the battery and the DC-DC converter. However, as per
the safety standards SAEJ1772 and AIS-138, galvanic isolation is not mandatory
for OBC [31 — 33]. Safety is ensured since the battery terminals always float on
the vehicle's body. Furthermore, SAEJ1772 standard OBC has five terminals, i.e.,
phase, neutral, Connection Switch (CS), Protection Earth (PE), and Control Pilot
(CP) terminals [35]. The PE terminal of the OBC will take care of the protection
from electric shock. Hence, the non-isolation of the DC-DC stage will not be
problematic for an OBC that complies with the SAEJ1772 standard.
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5 Comparison with Other Similar Work

From an On-Board EV point of view, the DC-DC converter should have the
least number of components to reduce the charger's overall weight, which can
influence the vehicle's kWh/mile.

Also, it is expected to deliver power at high efficiency, as is the case with
any power conversion equipment. In addition, the DC-DC converter should have
bidirectional power flow capability if the EV desires to have V2G and V2V power
transfer capability. In this regard, the performance of the proposed DC-DC
converter is compared to other recent works and presented in Table 3.

Table 3
Comparison with Similar works.

Proposed
Ref. [6] [11] [12] [13] | [16] | [17] | [18] [23] converter
Semiconductor
Devices (Nos) 14 12 10 14 14 12 12 16 8
Inductor
(Nos) 3 2 2 3 3 2 1 - 1
Capacitors (Nos) 5 2 4 3 8 2 2 4 2
Transformer (Nos) 2 1 1 1 2 1
Total Components 24 17 17 21 27 17 17 22 12
Switching frequency 150-
(kHz) 40 - 450 200 | 200 [ 200 110 300 50
Fixed D uty No Yes No Yes No No No No Yes
ratio
Isolation Yes No Yes Yes | Yes | Yes Yes Yes No
Input Voltage (V) 400 1327(;_ 3471%_ 1402% 700 | 390 400 400 240
250- | 270- 120- | 50- | 250- | 320- | 250-
Output Voltage (V) 450 | 430 36-72 375 | 650 | 420 420 450 270-420
Power Rating (kW) | 3.7 3.7 3.7 1 20 1 33 6.6 7.8
Current ratings (A) 8.5 13.8 50 2.5 30 2.5 825 | 14.6 18.5
Bidirectional power No No No Yes No No No Yes Yes
transfer
Direct power No No No No No No No No Yes
transfer
Charging cycle
Efficiency (%) 98.3 | 97.6 96 93.5 97 95.1 | 96.3 96 97.8
Discharging cycle
Efficiency (%) NA NA NA NA | NA [ NA NA - 95.6

NA-Not Applicable, as those configurations do not support bidirectional feature
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From the detailed comparison presented in Table 3, it can be inferred that
the proposed DC-DC converter uses the least number of components and can
provide an efficient power transfer compared to the existing works. Using fewer
components reduces cost, so an efficient charger at a lower price is possible. Also,
the proposed converter has a bidirectional power flow feature. In contrast, the
converters in the other works do not have a bidirectional feature, which plays a
vital role in incorporating the V2G and V2V power transfer features in EVs.
Hence, it has been shown that the proposed DC-DC converter will be an efficient
and compact solution for On-Board EV applications with V2G and V2V power
transfer capabilities.

6 Conclusion

This paper proposes a novel bidirectional DC-DC converter with partial and
direct power flow paths for an On-Board Charger for EVs. The performance is
validated in simulation for various operating scenarios and is an efficient solution.
A prototype DC-DC converter using the proposed topology with a rating of 600W
is developed to validate experimentally. The prototype's performance is tested for
steady-state and step change conditions and found to adapt to step changes and
provide a stable operation. The noteworthy observations from the results can be
stated as follows:

— In the proposed DC-DC converter, only 35-42% of the power is transferred
through the partial path, and a significant share of 58-65% is transmitted
through a lossless direct path during the charging/discharging cycle. Hence,
an efficiency of 95-95.6% during the charging cycle and 97.85% during the
discharging cycle has been achieved.

— The reduced power flow through the partial path significantly reduced the
rating of semiconductor switches and the size of the passive components and
HFT.

Based on the comparison with similar works, it has been shown that the
proposed DC-DC converter uses the least number of components, has
bidirectional power flow capability, and can achieve high efficiency. The highly
efficient power processing capability at a reduced size can significantly reduce
the overall costs of chargers and electric vehicles. Hence, the proposed DC-DC
converter for an On-Board Charger provides an efficient and compact solution
for the modern electric vehicle and makes it capable of V2G and V2V power
transfer.
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