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Abstract—In this fast-changing environmental condition, the
effect of fossil fuel in vehicle is a significant concern. Many
sustainable sources are being studied to replace the exhausting
fossil fuel in most of the countries. This paper surveys the types of
electric vehicle’s energy sources and current scenario of the on-
road electric vehicle and its technical challenges. It summarizes the
number of state-of-the-art research progresses in bidirectional dc-
dc converters and its control strategies reported in last two
decades. The performance of the various topologies of bidirectional
dc-dc converters is also tabulated along with their references.
Hence, this work will present a clear view on the development of
state-of-the-art topologies in bidirectional dc-dc converters. This
review paper will be a guide for the researchers for selecting
suitable bidirectional traction dc-dc converters for electric vehicle
and it gives the clear picture of this research field.

Keywords—Electric vehicle, isolated, non-isolated, bidirectional
dc-dc converter, controller

I. INTRODUCTION

N our country (India), recently revealed the National Electric
Mobility Mission, 2020. Currently, the air quality in major
cities is no longer healthy and the country badly needs to reduce
greenhouse gas emission and plan for clean mobility solutions.
Hence, our government has decided to make a major transition
to the Electric Vehicle (EV) by 2030. At present, Reva electric
car company is the only Indian car manufacturer for the electric
vehicle. India provides incentives for the purchase of an electric
vehicle and also releases tender to lay the charging
infrastructure in the country. The primary challenges faced by

India for the bloom of electric vehicle are

e Charging infrastructures are not fully expanded yet.

e Works on renewable powered charging points at the
existing fuel station are going on.

e The cost of renewable energy for the fast charging is the
biggest factors.

e Derivation and analysis of reliable and efficient topologies
of power converters are still in research and development
stage.

Taking all these factors into consideration, this article reviews
the energy sources and the topologies of the power converters
for an electric vehicle. Hybrid Electric vehicles are categorized
depending upon the type of sources, the type of traction used
and the charging facilities. The traction that is used to run the
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vehicle connecting the wheel with the power source is either an
internal combustion engine or a DC/AC motor. A vehicle that
has both an IC engine and a battery power source is called as a
Hybrid Electric Vehicle (HEV) and the same with a facility to
charge the battery is called as Plug-in Hybrid Electric Vehicle
(PHEV) because in the latter, the battery is charged only when
the engine operates. Power Train is the combination of the drive
train, power source and motor. Figure 1 shows the building
block of the electric vehicle. It consists of energy sources, power
converter, traction motor, controller and transmission system
[1]. Figure 2 presents the various loads of the electric vehicles
and the need of the traction converter.

Nomenclature
EV Electric Vehicle

HEV Hybrid Electric Vehicle

PHEV  Plug-in Hybrid ElectricVehicle

SOC State of Charge

BDC Bidirectional dc-dc Converter

BIC Bidirectional Isolated Converter

BNIC  Bidirectional Non-Isolated Converter

BIRC Bidirectional Isolated Resonant Converter
BIRSC Bidirectional Isolated Reduced Switch Converter

BIDABC Bidirectional Isolated Dual Active Bridge Converter

BIMC  Bidirectional Isolated Modular Converter

BIZSC Bidirectional Isolated Z-Source Converter

BIFBC Bidirectional Isolated Fly Back Converter

BNIRC Bidirectional Non-Isolated Resonant Converter

BNICIC Bidirectional Non-lIsolated Coupled Inductor
Converter

BNISSC Bidirectional Non-Isolated Soft-Switched Converter

BNIIC Bidirectional Non-Isolated Interleaved Converter

BNIMSC Bidirectional Non-Isolated Multiple Switch
Converter

BNICC Bidirectional Non-Isolated Cascaded Converter

BNISCC Bidirectional Non-lsolated Switched-Cap Converter

ZVS Zero Voltage Switching
ZCS Zero Current Switching
LVS Low Voltage Side
HVS High Voltage Side
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Fig. 1. Building blocks of the electric vehicle

TABLE |
CURRENTLY AVAILABLE ELECTRIC CAR WITH ITS BATTERY AND MOTOR RATING
S.No | Vehicle Type | Power Source E?E?‘;y Motor Type Motor Rating
1. Nissan Leaf EV lithium-ion battery 40-kWh permanent-magnet synchronous AC motor | 147 hp
2. Chevrolet Bolt EV lithium-ion battery 60-kWh permanent-magnet synchronous AC motor | 200 hp
3. Chevrolet Volt PHEV | lithium-ion battery and liquid fuel 18.4 kWh permanent-magnet synchronous AC Ix 111 kw
motor/ generator 1 x 55 kW
o FC Fuel-cell stack: solid polymer
4. Toyota Mirai EV electrolyte. 153 hp Synchronous AC 152 hp
. . . 141hp(F),
5. Toyota Rav 4 HEV nickel-metal-hydride battery pack 1.6-kWh + 2 AC electric motors, , 67 hp (R)
6. Renault Fluence ZE EV lithium-ion battery 22 kWh Synchronous motor 70 kW (94 hp)
T 22 kWh& :

7. Renault Zoe EV lithium-ion battery 21 kWh Electric motor 66 kW
8. Toyota Prius HEV lithium-ion battery 0.7 kWh permanent-magnet synchronous AC motor | 71 hp
9. Honda Insight 2 HEV NiMH 13 hp DC brushless motor 13 hp
10. Mahindra Reva EV Lead-acid battery ix 6V, 200 DC motor 4.8 kW
11. Mahindra Reva-i EV Lead-acid battery ix 6V, 200 AC motor 13 kW
12. :\(/)Ir?hmdra Reval- EV lithium-ion battery 17.4 Bhp AC motor 13 kW
13. qundal . HEV lithium-ion 42 kWh permanent-magnet synchronous AC motor | 43.5 kW

loniq hybrid Polymer

Hyundai lithium-ion
14. loniq EV 28 kWh permanent-magnet synchronous AC motor | 88 kW

Electric Polymer
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Fig. 2. Various loads of the electric vehicle
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TABLE Il
CURRENT SCENARIO OF PRESENTLY AVAILABLE ELECTRIC CAR

Vehicle Year of production and Place

Current scenario

Nissan Leaf 2010 — USA and Japan

Still in production and running with upgrades to second generation from 2017

Chevrolet Bolt 2016 — Europe and North America

Still in production

Chevrolet Volt 2010 - USA

Still in production and running in second generation model with various names
such as Buick Velite 5 — China, Holden Volt — Australia & New Zealand, Opel
Ampera — Europe, Vauxhall Ampera - UK

Toyota Mirai 2015 — Japan, US, Europe

Still in production

Toyota Rav 4 1994 — Japan and Europe

Still in production and 4™ generation model is currently in production

Renault Fluence ZE 2011-2014 (Turkey), 2013 South Korea

Still in production

Renault Zoe 2012 - France

Still in production

Toyota Prius 1997 - Japan

Presently 4" generation model is on sales

Honda EV plus 1997-1999 , 300 produced

Stopped with the introduction of Honda HEV

1996-2006 , Japan

Honda Insight 2008-2014

Discontinued due to poor sales.

Mahindra Reva 2001 - 2007, India

No strong chassis and hence poor in crash test

Mahindra Reva-i 2008 India

Crash test passed and several safety features are added concerning the previous
model

Mahindra Reva L-ion 2009 India

No proper comfort and safety

Table | presents the power rating of motor and battery of the
currently available electric cars in the market. It is noted that in
most of the modern cars, lithium-ion batteries are used.
Generally, ac motors are used for traction purpose in the electric
vehicle. Recently, research is carried on with brushless dc motor
for traction purpose. Table I11 shows the present situation of the
currently available electric cars. It is observed from the table that
the present scenario of the electrically powered vehicle is

e Most of the vehicles are still in production stage
e Few vehicles are discontinued due to numerous

reasons.

Il. ENERGY SOURCES FOR ELECTRIC VEHICLE:

This section discusses the present status of energy sources for
the electric vehicles and also evaluates their appropriateness and
suitability. Recently, the energy sources proposed for electric
vehicle are batteries, solar, fuel cell, capacitors and flywheel.
The study on renewable energy sources for the electric vehicle
is in infant stage whereas the other sources are most viable
energy sources. The batteries are found to be the major energy
sources due to its effective storage medium. In last decade, fuel
cells and ultracapacitors are attracting many researchers and
manufacturers owing to their reliability. In the following
section, various energy sources are discussed in detail.

A. Batteries

In surviving battery technologies for the electric vehicle, the
lithium-ion batteries are observed to be the most promising
candidate, which is more appropriate and suitable compared to

other types of batteries. This battery is noted to be more
advantageous due to its power density, energy efficiency,
charging capability and reliability [2, 3]. The four types of
lithium-ion batteries are Lithium cobalt oxide, Lithium
manganese oxide, Lithium iron phosphate and Lithium Nickel
Manganese cobalt oxide. Lithium cobalt oxide batteries are
leading type due to its good performance [3].

Recently, many works are performed and reported to increase
the lifespan of the battery. In order to increase the lifetime of the
lithium-ion battery, capacity fading analysis is carried out in the
artificial neural network to improve the State of Charge (SOC)
[4]. Battery swapping concept is an emerging promising
technology that could bring electric car revolution [5]. In [6],
optimal power dispatch is proposed to provide fully charged
batteries with multiple battery swapping stations. Model
parameters are identified to model the lithium-ion battery to
study the behaviour of the battery [7]. A fuzzy logic control is
proposed for the equalization of lithium-ion battery back to
improve the unpredictability of series-connected Lithium-ion
batteries [8]. Battery management and smart state of charge
estimation along with their challenges and possible
recommendation for the development are presented and
reviewed in this article [9]. In [10], wireless power transmission
is discussed for the battery charger of the electric vehicle. Figure
3 presents the types of batteries and capacitors used for the
electric vehicle. Thrust areas in batteries and challenges faced
are explored and presented in figure 4.
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B. Supercapacitors

The double layer capacitors are called ultra or
supercapacitors. Due it its higher capacitance value, it is
different from the ordinary capacitor. The upcoming energy
storage component in the electric vehicle is supercapacitors and
it offers a smart energy storage alternative due to their compact
size and high-power density, which is more appropriate for the
electric vehicle especially in accelerating and braking
conditions [11]. Different modeling techniques are proposed for
the supercapacitors to study the dynamic behaviour. Based on
particle swarm optimization algorithm and support vector
machine, the dynamic modelling for the super capacitor is
proposed [11]. Assessment on supercapacitors is carried out to
find its effectiveness for power demand satisfaction in electric
vehicle [12]. Prediction of state of charge in supercapacitors is
made with the combination of neural network and Kalman
filtering [13]. Vanadium oxide nanoribbon based super-
capacitors are studied and it is observed that it has higher
charging speed in [14]. Online monitoring and fault detection
are accomplished in [15, 16]. The research areas of
supercapacitor revolve around the topics listed in figure 5.

C. Renewable energy sources

As already mentioned, research on renewable energy
powered vehicles is not fully explored. Solar power assisted
balancing system for the battery in the electric vehicle is

' nérgy&orage ‘
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proposed for solar charge and storage balancing [17]. The
method for optimal scheduling is investigated to make use of
batteries and wind power generation for peak load demand [18].
A method is proposed to mitigate the voltage problem in the
distributed solar generation with high penetration level [19]. A
detailed study is carried out to assess the impact of electric
vehicle and solar investment on future electricity generation
portfolios [20]. Solar taxi can run a range of 400 km without
recharging. Solar-powered vehicles are provided with convex
solar cells to the roof of the electric vehicle. In the year 2016,
the sunswift solar car is the first road solar car in Australia.

I11. BIDIRECTIONAL DC-DC CONVERTER (BDC)

Bidirectional dc-dc converter with isolated structure is most
popular [21-28]. However, recently many topologies are derived
with non-isolated structure. These structures attract many
researchers attention due to its simple structure and reduced
component count. Most of the topologies derived for
bidirectional dc-dc converters are discussed and analysed for
soft-switching. Figure 6 furnishes the few structures obtained
for bidirectional Isolated and non-isolated dc-dc converter. Few
researchers are trying to convert the isolated topology to non-
isolated topology within DC transformer as mentioned in figure
7()). In the conventional buck-boost converter, a DC
transformer is integrated to achieve high voltage gain.
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1) Bidirectional Non-lsolated Reduced component dc-dc
converter (BNIRC)

Figure 7 (a) presents the non-isolated bidirectional dc-dc
converter with the reduced component count. It has an auxiliary
resonant circuit which consists of an inductor, capacitor, diode
and two switches. It is used to provide zero voltage switching.
Zero current transition is achieved with the addition of a pair of
auxiliary inductors. Maximum efficiency achieved with this
configuration is about 98 % for both the boost and buck mode
operation [29]. This proposed ZVZCS technique can be
incorporated into any types of bidirectional converters to
accomplish soft switching with high efficiency. The attractive
feature the converter in [30] has high voltage gain in both the
modes of operation with reduced number of component count.

2) Bidirectional Non-Isolated Coupled Inductor based dc-
dc converter (BNICIC)

Many bidirectional non-isolated dc-dc converters are derived
with the coupled inductor in order to increase the gain in boost
mode. In [31], a coupled-inductor is introduced with three
power switches to achieve soft switching and voltage clamping.
This circuit consists of four parts named as low-voltage, high-
voltage, clamped and middle-voltage circuit. The objective of
this topology is voltage conversion ratio and the effectiveness
of the magnetic core can be increased by utilizing a coupled
inductor with low turns ratio. A coupled inductor based
bidirectional dc-dc converter is proposed with minimal
component count where two capacitors are charged parallel and
discharged in series with coupled inductor [32]. Figures 7 (b)
and (j) offer the bidirectional non-isolated dc-dc converter with
the coupled inductor.

3) Bidirectional Non-Isolated Soft-Switched dc-dc
converter (BNISSC)

Soft-switching is many incorporated to increase the
efficiency by reducing the switching loss of the converter. Many
studies are reported in the literature to achieve lightweight
converter [33-38]. Only zero voltage switching is accomplished
using active snubber circuit in [39]. Figures 7 (c) and (d) show
that the bidirectional dc-dc converter utilizes resonant circuit to
achieve soft-switching. Two identical auxiliary resonant
networks are used to acquire soft-switching in converter [40]. In
[41], the auxiliary circuit is made up of the diode to achieve soft-
switching. Zero Voltage Switching (ZVS) Pulse-width
Modulated (PWM) active clamped bidirectional converter with
the simple structure is proposed in [42]. ZVS can be easily
realised in unidirectional coupled inductor based converter
whereas, with coupled inductor based bidirectional dc-dc
converter, it is challenging to acquire ZVS. In [43], analysis and
design of ZVS technique incorporated bidirectional dc-dc
converter is carried out. Four switches high gain bidirectional
converter is proposed with ZVS at turn ON of all switches and
Zero Current Switching (ZCS) at turn OFF of all switches [44].
Research is concentrated on the ZVS technique in coupled
inductor based converter [45, 46]. In addition to the above-
mentioned article, few more articles are also referred here for
soft-switching for bidirectional non-isolated dc-dc converter
[47-54].
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4) Bidirectional Non-Isolated Interleaved dc-dc converter
(BNIIC)

Interleaved structure is generally used in dc-dc converters to
reduce the ripple in the current. To reduce the ripple in the low-
voltage side of the converter, the interleaved structure is
incorporated in [55]. Interleaving structure with the coupled
inductor is proposed and its magnetic core is simulated with
ANSYS and Maxwell-2D [56]. A non-isolated coupled inductor
based bidirectional dc-dc converter is proposed with
interleaving structure and the soft-switching is achieved in the
switches in both the directions [57]. The bidirectional converter
is also derived by combining several techniques such as the
switched capacitor, coupled inductor and interleaving structure
[58]. Figure 7 (e) depicts the circuit of interleaved converter
discussed in [55].

5) Bidirectional Non-lIsolated Cascaded dc-dc converter
(BNICC)

Cascading is usually done to increase the voltage conversion
ratio of the converter. A multistage non-isolated bidirectional
converter is proposed whose voltage gain n times of the gain of
the buck-boost converter with n+2 switches [59]. In [60], the
bidirectional converter is obtained by cascading two boost
converters and it has superior features compared to the cascaded
buck-boost converter. Cascaded converter along with
interleaving structure in [59] is presented in figure 7(f) for
reference.

6) Bidirectional Non-Isolated Switched capacitor dc-dc

converter (BNISCC)

Many topologies are explored with switched capacitor
techniques [61-63]. In [64], a switched capacitor based
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converter is proposed with bidirectional power flow. In this
article, two techniques proposed in [62,63] are integrated to
voltage regulation capability and continuous input current
waveform. Figure 7 (g) depicts the power circuit of the switched
capacitor based bidirectional converter proposed in [64]. The
boost converter is integrated with switched capacitor cell to
achieve bidirectional power flow is presented in [65].
Interleaved switched capacitors with zero current switching are
discussed in [66]. In addition to that, the modular structure is
tested for the topology to achieve high voltage gain. In [67], the
hybrid switch capacitor architecture is proposed for 42 /14 VV
dual voltage supply system for the automotive application.

7) Bidirectional Non-lIsolated Simple Circuit Structure dc-
dc converter (BNISCSC)

Bidirectional dc-dc converter with the simple structure is
proposed to reduce the weight and cost of the converter. In [68],
a topology is proposed with the single inductor, four switches
and three capacitors. The topology discussed in this article is
observed to be simple and it is also very easy to study the
behaviour of this converter with any modeling technique. A
simple structure is built with switched capacitor cell to reduce
the component rating and count [69].

B. Bidirectional Isolated dc-dc converter (BIC)

Bidirectional dc-dc converter with galvanic isolation is
typically suggested for safety in applications with battery.
Isolated bidirectional dc-dc converters with high voltage
conversion ratio are required for many applications.
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1) Bidirectional Isolated Resonant Converter (BIRC)

Soft switching is usually employed in the bidirectional dc-dc
converters to high efficiency and frequency [70]. Resonant
converters are mainstream topologies among the soft-switching
dc-dc converter. Resonant converters are proposed based on
SRC, LLC and CLLC structure. LLC resonant bidirectional dc-
dc converter is a good option for soft switching with automatic
transition between forward and backward operation [71]. Since
the control method is quite complex, CLLC resonant converters
are proposed with two resonant tanks in [72] [73]. CLTC
resonant converter with extra resonant capacitor and auxiliary
transformer is proposed in [74] and the circuit diagram is given
in figure 8 (a). It is observed that the ZV'S and ZCS are achieved
at all the ranges of loads. In addition to that, it is also noted that
the converter [74] possess higher efficiency and more suitable
for battery application. A bidirectional converter is proposed
with two conversion stages namely SRC and non-isolated
converter [75]. The volume of the converter is reduced by
designing resonant type forward converter [76]. Furthermore,
many articles are published on bidirectional isolated dc-dc
converter with soft switching technique [77-81].

2) Bidirectional Isolated Dual Active Bridge Converter
(BIDABC)

Bidirectional isolated Dual Active Bridge (DAB) converter
consist of two H-bridges and high frequency isolation
transformer. The H-bridge converter may be half bridge and full
bridge converter. Figures 8 (b) and (c) present the dual H-bridge
converters. A dual H-bridge isolated bidirectional converter is
proposed for hybrid vehicle energy management [82] [83].
Isolated DAB converters are designed with resonant structure
like LCL etc to lower the switching losses of the converter [84]
[85]. Optimized switching strategy with reduced current stress
DAB converter is proposed in [86]. Small-signal modelling with
digital control is implemented in [87]. Several control
techniques and modelling techniques are processed on DAB
isolated bidirectional converter in [88-90]. Figure 8 (d) depicts
the circuit of Unidirectional Isolated Semi-Dual converter
(UNISDC). The semi-dual semi-active bridge isolated
unidirectional dc-dc converter is the modified form of dual-
active bridge converter topology. The replacement is done on
the load side of the DAB converter. The derived topology is
named as semi-active since the four active switches of DAB

converter is replaced with two switches and two diodes. The
additional features of this topology apart from reduced number
of active switches are smaller capacitor requirement and zero-
voltage switching [95]. But this proposed topology can be used
only for unidirectional power flow applications.

3) Bidirectional Isolated Reduced Switch Converter
(BIRSC)

Bidirectional dc-dc converter with reduced component count
compared to conventional half bridge and full bridge converter
is presented in [91]. Bidirectional isolated dc-dc converter with
only four active switches is shown in figure 8 (e). A ZVS based
dual half-bridge converter with minimum number of devices is
designed hybrid electric vehicle [92]. An isolated bidirectional
converter with minimum active switch is proposed with flyback
converter, three winding coupled inductor and three switched
capacitors. This proposed converter utilizes four main switches
which is observed to be very less compared to the other isolated
bidirectional converter [93].

4) Bidirectional Isolated Z-Source Converter (BI1ZSC)

Z- Source isolated bidirectional dc-dc converter consist of H-
bridges, two switched impedance networks and high-frequency
transformer. The advantages of this converter are higher
reliability and symmetrical circuit configuration [94].
Bidirectional isolated dc-dc converter with two impedance
network is furnished in figure 8 (f).

5) Bidirectional Isolated Flyback Converter (BIFBC) and
Hybrid converter (BIHC)

The isolated bidirectional flyback-based dc—dc converter
topologies are proposed in [96]-[98] for the forward and
backward power flow. In [99], bidirectional flyback converter
is presented with digital control technique to obtain valley
switching. Figure 8 (g) presents the circuit of flyback converter
based bidirectional isolated dc-dc converter. Conventional
isolated dc-dc converters are integrated to build a novel
topology to achieve a bidirectional power flow. In [100],
forward and flyback converters are in series and parallel in the
primary and secondary side of the converter respectively. A
minimal component counts bidirectional converter presented by
combining inductor-based and switched capacitor converter
[101]. The active switches are reduced with push-pull forward
half-bridge circuit DAB converter [102].
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6) Bidirectional Isolated Modular Converter (BIMC):

Modular converters consist of series-parallel combination of
dc-dc converters and they are classified commonly into four
categories such as input-series output-series, input-parallel
output parallel, input-series output-parallel and input-parallel
output-series. The main features of modular converters are ease
of thermal design and low rating of power components. Figure
8 (h) depicts the bidirectional modular converter with N
modules [103]. A modular bidirectional converter is proposed
with the modular multilevel converter on the primary and
secondary side of the converter [104]. Similarly, the modular
converter is proposed with multiple dual-bridge series resonant
converters [105].

IVV. GENERAL DISCUSSION

In this section, the advantages and disadvantages of the
several topologies of bidirectional dc-dc converters are

D. N. JAYACHANDRAN, L. ANBAZHAGAN, AND V. KRISHNASWAMY

discussed. The control strategies adopted in both isolated and
non-isolated dc-dc converters are summarized. Furthermore, the
performance evaluation of the several reported topologies in
literature is also observed and discussed in this section.

A. Review on pros and cons of Bidirectional converter
topologies
In table 111, the broad applications of bidirectional dc-dc

converters are summarized and presented. It is observed from
the table, the bidirectional converters are predominantly used in
automotive applications especially in the electric vehicle, hybrid
electric vehicle, plug-in hybrid electric vehicle, fuel cell vehicle,
etc. In addition to that, the merits and demerits are listed for
various topologies. From that comparative study, it is noted that
many researchers are working on the stresses across the
components of the topologies and also reduce the components
especially, the power semiconductors devices of the
bidirectional dc-dc converters.

TABLE Il

SUMMARY OF BIDIRECTIONAL CONVERTER TOPOLOGIES AND THEIR APPLICATIONS

Topology Ref no Advantages Disadvantages Applications
Resonant [74] o Soft switching e To improve power density e Battery applications in
[40] o Voltage and current stresses of renewable energy
[46] power switches are reduced generation systems
® High voltage gain
o Reverse recovery loss is eliminated e Plug-in hybrid electric
Coupled inductor [31] e Minimal active switches e problem associated vehicle
¢ Higher voltage conversion ratio with the leakage inductor )
o Stray energy can be recycled « Additional componentsin | * Fuel cell vehicle
clamp circuit )
Interleaved [55] * Ripples of the currentisreduced ~ |» narrow voltage conversion * uninterrupted power
e Low voltage stress of capacitors range supplies
Cascaded [59] o Dynamic switching frequency Conversion efficiencies are
modulation lower e Any energy storage systems
o [100] |~ Reduced et sveses  Inremses thocost | * Hybrid letric vehice
A energy management
[105] ¢ Reduced elec_trlc?a_l stresses applications.
o Improved reliability
Z-source [94] e Wider regulation range of voltage. | e Multiple inductor are used
e Symmetrical circuit configuration | e Circuit is quite bulky
Hybrid [100] e Soft-switching e Current stress of power | ® Energy storage system in dc
e No voltage spikes switches are higher microgrid
e Smaller current ripples
Dual H-bridge/DAB | [82] e simple circuit e High input current ripple * Battery system in the golf
[83] o low cost e Requires additional cart
[91] ¢ High power density components  for  soft-
92 switching -
%2 e High voltage spikes on | ° Avionics and space
semiconductors.

B. Performance comparison of bidirectional dc-dc
converter

Table 1V presents the comparative analysis of frequency,
efficiency, voltage and power rating of the bidirectional
converter in literature. From this comparison, it is observed
that the isolated bidirectional dc-dc converters are tested with
higher rating compared to non-isolated converters due to the
presence of galvanic isolation. It is also noted that the number

of active switches is higher in DAB and modular converter
compared to other topologies. Generally, the switching
frequency selected for the laboratory prototype testing is
between 20- 100 kHz. The counts of passive components are
reduced to the greater extent in isolated converter compared to
the non-isolated converter. In addition to that, it is determined
that the range of input and output voltage ratings is 20- 50 V to
150-300 V.
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TABLE IV
PERFORMANCE COMPARISON OF BIDIRECTIONAL DC-DC CONVERTERS IN LITERATURE

Ref no Rated Max LVS HVS No of power | No of passive Switching Galvanic
power n V) V) switches components frequency isolation
(%) (kH2)

[74] 5 kw 95.9 42-58 380-420 | 8 4 160 Yes

[40] 200 W 97 60 300 7 11 100 No

[46] 200 W 97.77 48 160 4 3 50 No

[31] 2 kw 96.3 48 360 3 4 100 No

[106] 800 W 95 24 200 4 3 100 No

[55] 1 kW 95.21 50-120 400 5 6 20 No

[82] 10 kW 80 200 8 2 20 Yes

[91] 1.6 kW 92 26 116 4 6 20 Yes

[29] 150 W 98.2 50 120 4 5 100 No

[83] 100 W 98.8 750 750 8 4 20 Yes

[59] 500 W 97.1 20-30 270 6 5( 4 stage) 100 No

[103] 110 W 89 60 120 4AN+4 2 20 Yes

[68] 200 W 94.8 24 200 4 4 50 No

[94] 85 10 40 8 8 5 Yes
[100] 300 W 93.5 10-15 150 4 1 50 No

[99] 2.5 kw 89 24 2500 2 3 50 Yes

TABLEV

SUMMARY OF CONTROLLERS FOR BIDIRECTIONAL DC-DC CONVERTERS

Ref Type of controller To control Type of topology employed
no
[107] | Simple PI controller e Gain scheduling Interleaved bidirectional boost converter
e  Duty cycle presetting
[108] | Current controller e To provide good dynamic Switched-capacitor bidirectional
response converter
[109] | Decoupled power flow e To acquire fast dynamic response Three port isolated bidirectional
management converter
[110] | DSP controller e Power flow control Multi-input isolated bidirectional
converter
[111] | Varying phase angle control e Power flow control Isolated bidirectional converter
[112] | Dual Phase-Shifted Modulation e Optimization of voltage stress Two-level DAB isolated converter
Strategy
[113] | High-frequency link o To decrease the circulating current | Isolated DAB converter
fundamental optimal strategy e To increase the efficiency
[114] Pulse width modulation plus e To reduce current stress Isolated bidirectional converter
phase-shift control e To reduce conduction losses
[115] Novel dual-phase-shift control e To eliminate reactive power Isolated DAB bidirectional converter
e To increase the efficiency
[116] | Digital adaptive control e Soft-switching Non-isolated bidirectional converter
[117] | Expended phase-shift control e To reduce power circulating flow | Isolated bidirectional converter
e Improves reliability
[118] Unified phase-shift control e Optimizing the current stress Isolated DAB bidirectional converter

C. Controllers for bidirectional dc-dc converters

Recently, many modulation strategies are proposed for
isolated bidirectional DAB converter. In table 5, most
predominantly used control technique for isolated bidirectional
converters are phase-shift control. Several phase-shift controls
like single phase-shift, Dual phase-shift and extended phase-
shift are used to achieve higher efficiency, improves the
regulation and to obtain soft-switching. In addition to that,
several control techniques are proposed for the non-isolated
converter to acquire good dynamic response.

V. CONCLUSION

This paper discusses the different topologies of bidirectional
dc-dc converters. In literature, a comprehensive evaluation is
made and the topologies are categorized as seven main groups
of isolated and non-isolated bidirectional dc-dc converters.
Furthermore, the advantages and disadvantages of each
topology with their applications are also discussed which
facilitate the researchers and engineers to distinguish the
attributes of each topology. It also helps the power electronic
designers and researchers to select the right topology for the
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necessitated application. Based on the observation made on the
electric vehicle and its essential equipment, it is found that

(1]
[2]

(3]

[4]

[5]

(6]

[7]

(8]

e A lot of thrust areas in energy sources and power
architectures in the electric vehicle needs to
investigate. Researchers are concentrating on the
reliability of the battery and exploring about the
materials in the battery cell. Several research topics are
revolving around the supercapacitors and they are
needed to be fully explored. Finally, the integration of
renewable energy sources with the electric vehicle is
recently attracting many engineers to work on this area.

e Hard switching is usually not preferred for dc-dc
converter because it leads to higher power losses. Most
of the isolated and non-isolated bidirectional
converters are derived with resonant techniques to
achieve higher efficiency. Interleaving technique is
also incorporated to remove the current ripple. To
increase the features of the bidirectional converter, two
or more techniques are integrated.

e Galvanic isolation in bidirectional dc-dc converter is
closely related to the safety of the system. The gain of
the converter can be adjusted in the buck and boost
mode by varying the transformer’s turns ratio in
isolated converter. Wider voltage conversion ratio in
the non-isolated converter is a more significant
challenge in the bidirectional dc-dc converter. Coupled
inductors are added to derive non-isolated bidirectional
converter with higher conversion ratio.

e The future scope in both the bidirectional isolated and
non-isolated converters are modelling the converters to
study about their dynamic performance. Still soft
computing techniques are not fully explored in these
converters to attain fast dynamic response and other
essential features.
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