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ABSTRACT Modern electrical transportation systems require eco-friendly refueling stations worldwide.
This has attracted the interest of researchers toward a feasible optimal solution for electric vehicle (EV)
charging stations. EV charging can be simply classified as Slow charging (domestic use), Fast charging
and Ultrafast charging (commercial use). This study highlights recent advancements in commercial DC
charging. The battery voltage varies widely from 36V to 900V according to the EVs. This study focuses
on non-isolated unidirectional converters for off-board charging. Various standards and references for fast
off-board charging have been proposed. Complete transportation is changed to EVs, which are charged
by the grid supply obtained by burning natural fuels, contributing to environmental concerns. Sustainable
charging from sustainable energy sources will make future EV completely eco-friendly transportation. The
research gap in complete eco-friendly transit is located in interfacing sustainable energy sources and fast
DC EV charging. The first step towards clean, eco-friendly transportation is identifying a suitable converter
for bridging the research gap in this locality. A simple approach has been made to identify the suitable
DC-DC converter for DC fast-charging EVs. This article carefully selected suitable topologies derived from
Boost, SEPIC, Cuk, Luo, and Zeta converters for clean EV charging applications. A detailed study on the
components count, voltage stress on the controlled and uncontrolled switches, voltage gain obtained, output
voltage, power rating of the converters, switching frequency, efficiency obtained, and issues associated with
the selected topologies are presented. The outcome of this study is presented as the research challenges or
expectations of future converter topologies for charging.

INDEX TERMS DC fast charging, eco-friendly EV, highly efficient, high gain, sustainable charging.

I. INTRODUCTION rise in global mean temperature, 196 countries signed the

The emission from conventional oil burnt vehicles directly
affects the air quality, affecting the ecosystem. 24% of CO2
emission is only due to the combustion of fossil fuels. The
International Energy agency reports 37.0 Giga tons of CO2
emissions expected by 2035 [1].To control the continuous
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Paris Agreement in December 2015 [2]. As an alternative
to conventional vehicles, electric vehicles are being pushed
into the market to limit their dependence on oil for trans-
portation and CO2 emissions. The inrush of EVs alone indi-
rectly reduces pollution to some extent. Countries like India
which generate electricity by burning coals that charge the
EVs, will indirectly contribute to the emission of greenhouse
gases [3].
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Environmental concerns of the conventional IC-based
automotive sector enable high EV penetration into the market
over the decade. Improved battery technology and reduced
greenhouse gas emissions have led to drastic growth in
the EV sector. Leading car manufacturers like Toyota and
Volvo are planning to move entirely to hybrid/EVs [4],
[5], [6]. Although EV are not new, the first commercial
EV were in the late 1800s and the early 1900s. How-
ever, it is unattractive due to premature technology, shorter
distance, and high cost [7]. The challenges lie with EV
charging par with the traditional refueling stations, which
takes less time. The major issues associated with EVs are
price, cover range, and a lack of charging infrastructure
(81, [9], [10].

Current EV charging is onboard, and the DC off-board
charging station is the most common mode of charging.
Onboard chargers have merits such as the choice of time
and place for charging, availability of grid supply, better
battery life, and low power level of charging [6], which causes
onboard charging to charge for the entire night; hence, it is
not a replacement for the conventional fueling method. The
DC fast chargers were placed outside the vehicle. Hence, the
power levels should be greater than 50 kW. The charging
structures can be AC and DC grid-based [7], [11], [12], [13],
[14]. The AC power distribution grid architecture has the
advantage of aripened distribution system with advanced pro-
tection technology. The DC grid architecture has numerous
virtues par with the AC grid: ease of integration of renewable
energy and storage equipment, low cost and smaller size,
better efficiency, etc [15], [16], [17], [18].

Though the number of potential barriers lines up when
considering large-scale renewable integration to the elec-
trical systems, renewable energy, such as wind and solar
supply variation has no relationship with the load variations
[19], [20], [21]. The availability of renewable energy is a
major concern, that is, solar energy depends on sunshine and
wind energy depends on wind blowing. Therefore, there is
a very good scope of research on power electronics in EV
applications [22], [23], [24].

A previously published article commented on EV charging
power converters with AC grids, standards, and fast charging
with medium voltage grids. However, no article focuses on
the off-board, AC, and DC fast-charging power electron-
ics converter topologies. To address these research gaps,
this review uncovers recent contributions with an exhaustive
study of converters for EVs. The contributions of this review
are as follows.

« A thorough examination of DC-DC converter topologies

appropriate for EV applications.

« Topologies of DC-DC converters are classified based on

voltage multiplier cells.

« Comparison of segregated topologies best suited for EV

applications.

« Identify the demerits of converter topologies.

« Research gap in the domain and suggestions for identi-

fied EV charging.
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EVs and EV rapid DC charging are discussed in Section II.
Section III thoroughly categorizes the converter topologies in
EV based on factors such as power flow direction, isolation,
and conversion stages. Section IV describes the different
Boost converter-derived or modified topologies. The several
SEPIC converter topologies derived are discussed in Sec-
tion V. Section VI explains the Cuk converter derived or mod-
ified topologies. The different derived and modified topolo-
gies of the Luo converter are discussed in Section VII. The
Zeta converter-derived or modified topologies are addressed
in Section VIII. The review view on the unsolved research
challenges is explained in Section IX. In section X, the con-
clusions of this article. Fig. 1 displays the organization of the
review article.

Il. EVs AND DC FAST CHARGING

A. TYPES OF EVs

The three types of EVs are i. Battery electric vehicle (BEV)
ii. Plug-in hybrid electric vehicles (PHEV) iii. Hybrid EV
(HEV). BEVs can be easily charged at home by plugging
them into an electrical supply. Tesla Model S, Nissan Leaf,
BMW i3, ford focus EV, etc. are commercial BEVs. PHEV
are suitable for long distances because they combine IC
engines with electrical motors [25]. This PHEV can operate in
the charge-depleting mode, that is, isolates the IC engine and
drives the wheels through battery operation until the threshold
SOC is reached. After reaching minimum SOC, it operates at
charge-sustaining mode. BMW 18, and Cadillac ELR, are a
few commonly available PHEVs. In a hybrid electric vehicle,
the ICE and electric motor operate simultaneously. Here, the
electric motor is powered only by regenerative braking and
batteries, but there is no charging facility from the Utility
Grid. AUDI Q5 hybrid, Acura ILX hybrid, and BMW active
hybrid 3 are the few available HEVs. Over 16.5 million EVs
were on the road in 2021, which tripled in three years [22],
[26], [27]. EV sales in India over the last ten years represented
in Table 1 were considered from [9], [28], and [29].

The sales of EV have grown gradually over the past ten
years as indicated in Table 1 and the year 2022, the sales
growth is 210% compared to the overall EV sales in the
past. The two-wheeler and three-wheeler sales cover 62.25%
and 33.74% respectively of the overall EV sales in the year
2022. Fig. 2 represents the Percentage Growth of EV over
the decade and Fig. 3. Represents the various types of vehi-
cle sales percentage in the year 2022 on total vehicle sales
in 2022.

B. EV CHARGING
The charging stations can be classified as slow, fast, and
ultra-fast charging based on voltage levels. The two most
common charging ways are conductive and inductive charg-
ing. The conductive charging method is more widely used
than inductive charging. On-board and off-board charging are
the two types of conductive charging [30].

Level-1 charging is slow; it takes 10-12 hours to charge
the EV battery. It connects to the EV port using a regu-
lar j1772 connection [31], [32], [33]. Though the cost was
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FIGURE 1. Review article organization.

comparatively low, the charging time was extended. This has
led to the development of a level-2 charging station. Table 2
illustrates the level of EV charging in the DC & AC distribu-
tion grids. The charging time was reduced to 4-6 hours for full
charging. Though the charging time is reduced considerably
par with slow charging, compared to conventional fueling
vehicles, charging time is still high [34], [35]. This results
in the next level of charging, called fast DC charging. The
output voltage for DC fast charging is 480 V DC or higher,
and the charging duration is around 30 minutes. DC fast
charging stations are significantly more expensive than level
1 and level 2 charging stations [31], [36], [37]. The ideal

VOLUME 11, 2023

capacity for DC fast charging is 50 kW and has recently been
upgraded to 350 kW for off-board charging. When compared
to the time necessary to recharge a traditional fuel vehicle,
the demand for ultra-quick/extremely rapid charging is need
of hour. The technical aspects of state-of-the-art DC fast
charging are presented in Table 3.

The power rating of various EV model chargers ranges
from 50 kW to 350 kW, and the ampere rating ranges from
120A to 375A. Table 4 presents various ratings of off-board
DC fast charging [35].

In the world, China and Europe held major EV charging
networks, which share 48% in China and 33% in Europe
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TABLE 1. The progress of EVs in india in over 10 years, data from vahan.

Year 2 Wheelers 3 Wheelers 4 Wheelers Buses Goqu Total % Growth
Carriers
2013 1989 36 374 1 43 2443
2014 1678 12 481 3 20 2194 -10.1924
2015 1454 5399 678 3 19 7553 244.2571
2016 1459 46561 621 4 54 48699 544.7637
2017 1523 82238 820 17 533 85131 74.81057
2018 16572 108289 988 49 657 126555 48.65913
2019 29756 131375 847 468 53 162499 28.40188
2020 28632 88227 3179 88 13 120139 -26.0679
2021 153523 153679 12112 1177 1084 321575 167.6691
2022 622337 337335 37792 1932 453 999849 210.9225
0,
f’zgglze)s 62.25% 33.74% 3.78% 0.2% 0.05% 100% 0.03%
Total 858923 953151 57892 3742 2929 1876637 1283.224
2013 1989 36 374 1 43 2443
*sales in a number of units
TABLE 2. EV charging level in AC and DC distribution grids.
Level Level 1 Level 2 Level 3
farameter v I P v I P v I P
AC Grid 120-230 16 2 240-400 80 20 480-600 100 50
DC Grid 200-450 80 36 200-450 200 90 200-600 400 240
*V-Voltage (Volt); I-Current (A); P-Power (kW)
TABLE 3. State-of-the-art DC fast-charging technical aspects.
Time to
Input Voltage  Output DC Current Efficiency . charge 200
Model Power (kW) ) Voltage (V) output (A) (%) Weight (kg) | ijeg
(minutes)
ABB Terra 50 480 (VAC) 200-500 120 94 400 72
. 380-480
Tritium (VAC)
VE30EFIL- 50 200-500 125 >92 165 72
RT 600-900
(VDC)
PHIHONG
Integrated 120 380-480 200-750 240 93.5 240 30
T (VAC)
ype
Tesla Super 380-480
Charger 135 (VAC) 50-410 330 91 600 27
EVTEC
Espresso & 150 400 (VAC) 170-500 300 93 400 24
Charge
ﬁEB Tema 350 400 (VAC) 150920 375 95 1340 10

in 2021. In 2015, the Indian government recognized the
National Institute of Transforming India (NITI) as encour-
aging eco-friendly products. Niti Aayog launched the Faster
Adoption and Manufacture of EVs (FAME). To install
2900 charging stations in 25 states of India, the FAME II pro-
gram provides a subsidiary of about 135 million USD. NHAI
set a target to install an EV charging station for every 40—60
km covering 35000-40000 km of the National Highways by
2023 [1].
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In comparison to other nations, China has already estab-
lished 51 % of slow-charging stations and 82 % of fast-
charging stations. Fast charging [7], [38], [39], wireless
charging [40], [41], [42], [43], bidirectional charging, and
medium-voltage charging [31], [33], [44], [45] have been
reported. Only a single-phase supply is available in many
locations off cities along highways. Upgrading the elec-
trical infrastructure at all locations incurs high installa-
tion costs. New battery technologies have been proposed
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TABLE 4. Ratings of off-board DC fast charging.

Characteris .
tic range Time to
Voltage Powelr cach charge to
Level (V) Leve minute of cover
(kW) 200km
charge (Minutes)
(km)
Fast 480 50 4.70 37
charging
Tesla
supercharg 480 140 13.15 13
e
Ultrafast ), 400 37.50 47
charging
% Growth
600
= 500
E 400
Q
& 300
k]
5 200
g 100
E
100 2014 2015 2016 2017 2018 2019 2020 2021 2022

Year

FIGURE 2. % Growth vs year.
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FIGURE 3. Sales percentage vs vehicle type (2022).

to cover a longer distance for a single charge. However, it
costs 50-60 % of the total vehicle cost [21], [37], [46], [47].

Ill. ROLE OF POWER ELECTRONICS IN EV
Power electronic converters play a vital role as a bridge
between the electrical power network and vehicle battery.
Therefore, power electronic converters are expected to be
highly reliable and cost-efficient [48], [49], [50]. Several
converters like DC/AC and DC/DC with various ratings are
involved in EV applications, as depicted [48], [51], [52], [53],
[54], [55], [56].

Despite tremendous developments in EV technologies,
apotential barrier still exists with EV battery charging (power

VOLUME 11, 2023

W HIGH
o VOLATGE
VOLATGE
vho il DG BUS
e POWER
ELECTRIONIC >
hle - INTERFACE S -~
oc J L
DC 2 =
SOLAR PV -
e | DC DC Q
i — —
o - B DC —
~ DC o —
S HIGH GAIN DC-DC
o CONVERTER

" FUEL CELL

FIGURE 4. The architecture of sustainable EV charging.

electronics converter topologies) [57]. High-performing con-
verters for battery charging play a significant role in future
developments. Charger design challenges are mainly due to
various battery voltages and power sources. The chargers
must adopt various safety standards for EVs [58]. For exam-
ple, UL 2202 ensures the protection of the charging system,
and ECE R 100 ensures electric shock protection. Various
converter topologies, such as isolated and non-isolated, uni-
directional, and bidirectional, exist to meet the requirements
of EV charging [8], [10], [56], [59].

Converters operating at high duty cycles (power switches
operate for a long period, i.e., close to the switching period),
invariably increase the voltage and current stress on the com-
ponents. Consequently, converters suffer from conduction
losses [32], [60]. The output diode will conduct opposite to
the power switch (for a shorter duration), making the diode
suffer from a reverse recovery problem. Isolated converters
provide high gain by simply altering the transformer’s turn
ratio. However, due to the transformer’s leakage inductance,
this causes enormous voltage spikes across the switches,
lowering overall efficiency. Many isolated and non-isolated
converter topologies have been reported in the literature for
high-gain applications [25], [50], [61], [62], [63].

To charge and discharge an EV’s battery, or Energy Storing
Elements (ESE), a bi - directional DC-DC converter is used
to connect the ESE and loads on the EV [64]. However, uni-
directional converters are also incorporated equally to supply
the sub-systems of the EV, such as sliding windows, side mir-
ror adjustments, wiper motors, music systems, and lighting.
The architecture of a sustainable EV charger is illustrated in
Fig.4. Various renewable energy resources are interfaced to
the low-voltage DC bus, whose voltage rating is between 12V
and to48V. The power electronic interface satisfies the EV
charger’s demand by converting low voltage to high voltage
in the range 380-400V DC.

A. CLASSIFICATION OF UNIDIRECTIONAL CONVERTER
In general, DC-DC converters are categorized as isolated
or non-isolated. Non-isolated converters are further classed

78303
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FIGURE 6. Generalized structure of the cascaded converter.

as common or floating grounds. Electrical isolation exists
between the input and load terminals of an isolated converter.
Various articles have proposed a unidirectional DC-DC con-
verter with high gain and high efficiency for various appli-
cations like renewable energy and EV. These converters are
also appropriate for achieving the high voltage demand of
EV charging applications. As illustrated in Fig. 5, isolated
and non-isolated converters are categorized as unidirectional
and bidirectional converters. Furthermore, the non-isolated
unidirectional converter subsects into single-and multistage
conversion converters.
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Single conversion converters include buck, boost, and
buck-boost converters. Cuk, SEPIC, and ZETA converters
are two-stage conversion converters. These converters are the
product of the crossbreeding of two conventional converters
and are not recommended for high-gain applications due to
the switches’ high component rating and duty ratio.

The voltage gain obtained by these converters can be
classified as low, medium, or high. A low voltage gain is
produced by derived or two-stage conversion converters, and
a medium voltage gain is obtained by quadratic convert-
ers. High-voltage conversion is achieved utilizing topologies
that include a coupled inductor, transformer, hybrid switched
inductor (SI), and switched capacitor (SC).

B. LOW VOLTAGE CONVERSION STAGES

Low-voltage boosting converters are formed by joining two
conventional DC-DC converters; hence they are considered to
be two-stage converters. The boost and buck converters form
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FIGURE 7. Various switched capacitor networks (a-h) uncontrolled switched capacitor structure, (i-n) controlled switch-based

switched capacitor structure.

the Cuk converter, which generates a step-up/down-inverting
output. The single-ended primary inductor converter (SEPIC)
produces a non-inverting step-up/down that is formed from
the conventional boost and buck-boost converters. Zeta con-
verter is another topology derived buck-boost and buck con-
verter to produce noninverting step-up/down output.

VOLUME 11, 2023

C. MEDIUM VOLTAGE CONVERSION STAGES

The gain obtained by the conventional converter does not
match the demand for moderate- or high-voltage require-
ments. Cascaded topologies have been developed to address
this gap. Many generalized constructions of the converter
cascading is depicted in Fig. 6.
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Due to the increased number of switches, inductors, capac-
itors, and diodes, a high voltage ratio can be reached at
the cost of robustness. On the other hand, losses increase
due to more components are used and thus efficiency is
reduced. Quadratic converters have been designed to alle-
viate the drawbacks of the cascade converter; however the
primary problems include voltage stress across the controlled
switches, low efficiency, and additional complexity.

D. HIGH VOLTAGE CONVERSION STAGES

The gain conversion ratio of high voltage step-up convert-
ers is high by combining basic DC-DC converter with one
or more voltage boosting networks. The voltage boosting
stages utilize a switched capacitor (SC), switched inductor,
voltage lifted inductor, voltage multiplier circuits, or a com-
bination of these circuits. The various configurations with
switched capacitors with uncontrolled switches are shown in
Fig. 7 (a-h). Fig. 7 (i-n) shows the topologies of switched
capacitor structure based on the controlled switch.

Recently, topologies that employ hybrid switched capac-
itors and switched inductors have become popular. Fig. 8
shows the(a-d) uncontrolled switch based switched induc-
tor structures. The various hybrid combinations of switched
inductors and capacitors are shown in Fig. 9. (a-j). Various
structures of hybrid switched inductor and switched capacitor
using uncontrolled switch; Fig. 9. (k-o) Various structures of
the hybrid switched inductor and switched capacitor using
a controlled switch. High-voltage converters are categorized
into five subsections as follows:

» Switched capacitor-based converters.

Switched inductor-based converters.

Transformer or coupled inductor-based converters.
Multilevel converters.

Luo converters.

V V VYV

IV. MODIFIED/ENHANCED BOOST CONVERTER BASED
TOPOLOGIES

The typical boost converter is appealing due to its simple
design, grounded switch, and simple operation for a high volt-
age gain. The greatest limitation vehicle applications, leading
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to an extend/derived/modified boost converter structure. This
develops a new topology of quadratic boost converter by
cascading voltage gain cells for large voltage gain. Many
modified DC-DC boost converters like cubic boost, quadratic
boost, cascaded inductor, integrated inductor, switched induc-
tor switched capacitor, multi-phase, multi-level interleaved,
and tapped inductor, have been reported in the literature
[65], [66], [67], [68], [69], [70], and are presented in Fig.10.
Voltage stress across the power electronic switch affects the
efficiency of the converter. As a result, the typical boost con-
verter is incapable of reaching the needed high gain. Highly
efficient converters bridge sustainable energy with electric
vehicles.

A. QUADRATIC BOOST CONVERTER (QBC) BASED
TOPOLOGIES

QBC shown in Fig. 11 (a) [71] is a non-isolated converter
that operates in low-power high-step-up applications. QBC,
like other comparable high gain topologies, suffers from
large switching and conduction losses. There are several
soft-switching strategies available for DC-DC converters.
Coupled inductors are attracting much attention among all
the zero-voltage transitions (ZVT). Quasi-resonant and semi-
quasi-resonant networks resulting in low-output voltage rip-
ples have been reported in the literature. In a conventional
QBC, the diode conduction loss contributes more to the over-
all losses. A significant reduction in diode conduction loss,
switching loss, input current ripple, and adaptive tuning of the
duty cycle for switches were the major contributions of this
study [71]. A hardware model was developed for 250 W of
output power, operating at 100kHz switching frequency with
an efficiency of 95.75%.

Fig. 11 (b) depicts a quadratic boost converter (QBC)
with quadratic voltage gain, continuous input current, low
ripple, a single switch, and low capacitor stress [72]. The
traditional boost converter yields a voltage gain of ten at an
extraordinary duty ratio, which is not experimentally conceiv-
able. A high duty ratio causes significant current stress on
power electronic switches, resulting in decreased efficiency
and increased reverse recovery issues. Switched capacitor

VOLUME 11, 2023
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FIGURE 11. Quadratic boost converter.

systems offer improved voltage gain but poor regulation. The
prime contributions of the article are as following:

1. Lower voltage stress on the DC capacitor in QBC.

2. A constant input current with minimal ripple aids in the
reduction of the input filter capacitor size.

3. Comparative analysis with ripple factor, voltages stress,
efficiency, and bode plots

4. Continuous and discontinuous conduction modes with
inductor.

The major goal is to keep a steady input current on the
capacitor with four reactive components and a single switch
under reduced voltage stress. Modeling of the converter
with small signals and DCM analysis were performed. The
dynamic response of the converter during closed-loop oper-
ation, in which the output voltage tracks the set voltage
independent of load or source disturbance. When the input
voltage was 40V and the duty cycle was 0.6, the experimental
output voltage was 237V at the output power of 200 W.

B. INTERLEAVING BOOST CONVERTER-BASED
TOPOLOGIES

The benefits of interleaving converters are very minimal
input-current ripple, convenient energy-storing devices, and
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high power-handling capability. A modified version of the
interleaving converter is presented in Fig. 12. (a) [73], which
employs two connected inductors and a voltage-multiplier
cell. For lower voltage stress on switching devices and also
for reduced ripple current, the input-side coupled inductor is
responsible. High voltage gain is achieved by the two coupled
inductors connected in series at the output. Also, these couple
inductor helps in achieving low voltage stress on MOSFET
switch. Low voltage-rated switching devices reduce switch-
ing and conduction losses. To eliminate reverse-recovery
concerns, the energy accumulated in the leakage inductance
is recovered with the help of output diode. To decrease the
switching losses, the ZCS guarantees that the power elec-
tronic switches are switched on at zero current. To attain
desired power level in medium and high power applications
and parallel converter structures are preferred due to the lim-
itations of other topologies. The voltage spikes are generated
by the leaking inductance. these causes high voltage stress
across the switch. The merits of paralleling converters are
thermal distribution, increased power, reduced current stress
on the diodes, and minimized size of power semiconduc-
tor switches. Interleaving methods minimise the size of the
input filter. Two converter topologies are provided in [74],
as shown in Fig. 12. (b)&(c) and the gain of two converters are
Vo=(n+2) Vin/(1-D) and Vo=(n+4) Vin/(1-D) respectively.
The coupling factor of all coupled inductors used was unity.
At 100kHz switching frequency, the interleaved converter’s
experimental efficiency was 98 percent, its output power
was 400 W, and its output voltage was 400V.

C. EXTENDABLE VOLTAGE MULTIPLIER CELL TECHNIQUES
A DC-DC step-up converter using an expandable voltage
multiplier cell with soft switching [75], as shown in Fig.13.(a)
achieves high gain. The converter achieves reduced voltage
stress across the switches and diodes due to the arrangement
of coupled inductors and voltage multiplier cells. This elim-
inates the reverse recovery problem. The proposed converter
was validated using a laboratory prototype rated at 500 W
at 40V input and 380V output. Compared to other converters,
ultra-high gain has been achieved using minimal switches and
components. Voltage stress is lowered on the capacitor and
inductor size. The theoretical and experimental efficiencies of
the converter are 97.23% and 96.63% at 500 W, respectively.
High gain resonant coupled inductor-based expandable con-
verter ensures soft switching for all switches and provides
high gain.

The coupled inductor was presented in [76] to produce
a high voltage gain, as shown in Fig. 13. (b). The circuit
consists of two windings. One winding is responsible for
the ZCS of the switches and diodes, while the other is used
for voltage lifting/ boosting. The high voltage gain output
voltage is obtained at a lower duty ratio for the main switch,
which reduces the conduction loss. With an input voltage
of 30V, an output voltage of 360V, and a duty ratio of
39%, an efficiency of 95.34 % was reported. The switching
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Interleaved

(a) Modified interleaved boost converter using 2 coupled
inductors [73]

L, C, D. Ly Ls Do

(b) Interleaved Boost converter for medium and high-power
applications [74]

(c) improved interleaved converter [74]

FIGURE 12. Interleaved boost converter topologies.

frequency was 100kHz and the resonating frequency was
130kHz. Soft switching in high gain converters can be
achieved by
1. Inductor method (high voltage stress on semiconductor
devices).
2. Voltage multiplier or switched capacitor (increased
components, size, and cost) Poor voltage regulation)
3. Cascade structure (high voltage stress on switches is
inevitable)
4. Multilevel structure (Increased power loss and cost)
5. Resonant method.

VOLUME 11, 2023

The major properties of the converter are illustrated in
Fig.13.(c) [77] are continuous and non-pulsating input cur-
rent, common ground, simple, high gain control, and ease of
maintenance. The voltage stress across the switch is equal to
half of the output voltage. The converter’s CCM and DCM
operating modes are thoroughly discussed. The gain achieved
in the converter is 4/(1-D) with a controlled switch and five
uncontrolled switches. The duty cycle of 0.6 yields an effi-
ciency of 94.05% for 150W output power at 30kHz switching
frequency. Here the input voltage is 10V and the output
voltage is 100V with a voltage gain of 10. The losses in the
diode, switch, inductor, and capacitor were 65%,19%,11%,
and 9%, respectively.

The bi-quadratic converter reported in [78] utilizes mul-
tiple switched inductor and capacitor networks to achieve
high gain with reduced conduction loss, thereby eliminating
core saturation with improved efficiency. The topology in
Fig. 13. (d) is formed with the n-stage ST and SC network. The
experiment was conducted for n=2 with an output voltage
of 600V, power of 500 W and 50kHZ switching frequency.
The effect of parasitic components is studied and reduced
using SiC semiconductor switches. The efficiency obtained
was 95.48% at 500W power. The experiment was carried
out with an input voltage of 48V, and the observed output
voltage was 650V at a 50kHz switching frequency. This con-
verter’s primary features are a low duty cycle of the switches,
lower current stress, and enhanced efficiency. Other enticing
aspects of the converter include the use of a single control
signal and a single driver.

D. MULTI-PHASE MODIFIED BOOST CONVERTER

The batteries are the source of electrical power in the EV
system. The use of high voltage-rated energy-storing batteries
leads to a raise in cost, size, weight, low current, and high
power density. The widespread use of public charging stations
enhances efficiency, longevity, accessibility, dependability,
and costs.

The interleaved structure [79] reduce the load voltage and
line current ripple. To overcome the issues of high power
density, conversion efficiency, and current ripple, IBCs are
used for high power applications due to their low components,
increased power rating, decreased element sizing, dynamic
response, and high conversion ratio. The auxiliary resonant
circuit can eradicate the issues related to hard switching
effectively. Because of the soft switching, the converter may
function in both continuous and discontinuous conduction
modes with no circulating currents. Further, the voltage and
current stress of the switching devices are reduced. This leads
to higher switching frequencies, which reduces power loss
and increases efficiency.

For EV applications, a soft switched interleaved boost
converter with an auxiliary resonating circuit is used as shown
in Fig. 14. Several phases can be connected according to the
requirement. All the phases are identical with shifted control
signal by simple PWM control technique at similar switching
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(a) Boost based expandable voltage multiplier cell with soft switching
[75]

(c) Expandable hybrid switched inductor based Boost
converter [77]

(b). Boost deriver expandable multi-winding coupled inductor [76]

Structure of SLCN

(d). n-stage switched inductor and capacitor network [78]

FIGURE 13. Extendable voltage multiplier cell techniques based boost converters.

frequency and duty ratio. The converter may operate with
constant input, not alone from the grid but also from energy
storage systems, renewable energy sources such as solar PV,
wind, and so on. The simulation studies were carried out
with the PSIM platform for 8.2kW power and obtained 97%
efficiency. The experimental validation was carried out with
1.0kW power and efficiency was 98.78%.

The excellence of the converter is listed below:

1. Voltage gain is enhanced, component count is lowered,
and voltage stress is minimised across semiconductor
devices.

2. The built-in three-winding transformer provides
greater freedom in raising the voltage gain to the
optimum level.

3. The 3" winding of the built-in transformer performs
the trans-inverse operation so, that the turns ratio is
lower than unity.
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FIGURE 14. Boost converter with multi-phase modification [79].

4. Built-in transformer helps in reducing the size of the
core as well as core saturation is evaded.

5. The quasi-resonant operation allows the switch to oper-
ate at reduced switching losses.

6. The input filters decrease the ripple in the input current.
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E. TRANSFORMERLESS BOOST CONVERTER

A transformerless boost converter (TBC) was developed in
[80] for high gain with less stress across devices as illus-
trated in Fig. 15. (a). High voltage gain with lower voltage
stress across devices, simplified control, and improved effi-
ciency are the major benefits. The proposed transformerless
boost converter circuit derived from the traditional switched
inductor-based boost converter in that diodes have been
replaced with a capacitor and a controlled switch. Without
increasing the component count, a high er gain is achieved
compared to Simple Interleaved Boost Converter (SIBC). The
power electronics switch is intended to operate concurrently,
sharing the voltage to be handled and decreasing voltage
stress across the components. The common ground is ensured
for the load and source. A gain of 10 V was obtained with an
efficiency of 92.43% at 500 W output power. The average
current through any capacitor was zero. The shortcoming of
this converter is that the capacitor is connected directly to the
source during mode-1 operation through diode D, and switch
Sp. As a result, the transient peak current passes through the
capacitor.

A non-isolated converter using a dual switch with a switch-
ing capacitor and common ground to achieve high gain
at lower duty ratio was proposed in [81] and depicted in
Fig. 15. (b). Using the four basic voltage boosting techniques,
the duple switch with switched capacitor converter (DSSCC)
type-1 and type-2 are generated. At medium duty cycles,
these converter topologies exhibit low input current ripple
and significant voltage gain. The important features of this
converter topology are as follows:

1. High gain at medium duty cycle for the common ground.

2. Minimized input current ripple.

3. Device stress is less than half of load voltage.

4. Various ranges of supply variations can be addressed by
a small change in the duty cycle.

5. Less number of components produces the same gain
compared to the comparable topologies.

The experimental peak efficiency measured is 97% at the
output power of 120W and output voltage of 220V at 50kHz
switching frequency with the input voltage of 48V.

F. HYBRID SWITCHED CAPACITOR AND SWITCHED
INDUCTOR DERIVED BOOST CONVERTER

A hybrid boost converter with switched capacitor and
switched inductor was presented in [82] illustrated in
Fig. 16. (a). Controlling the switched inductor and switched
capacitor independently, tackles the input current ripple. As a
result, the size of the inductor is lowered in DCM operation.
Also, the current stress of the components S1, S», Dy, D3, and
C1 is decreased. The output voltage of 396V is obtained by
applying the input voltage of 100V with a 95kHz switching
frequency. The charge pump / switched capacitor is added
to the circuit to improve the voltage gain without including
inductors [83] as shown in fig 16.(b). The normal diodes may
suffer due to dynamic losses than the controlled switches.

VOLUME 11, 2023

AV

F C, o

o
%
o
=
e
ly
+

(@) Transformerless dual switch boost converter [80]

D
N 3

_f'YW'] A
| >
L, II_- 5
S, C; ) -+
D,
+ __§Vo
—_ V’:\- .__
— D, € - -
S,

(b) Duple switch with SC converter (DSSCC) type-1 [81]

DSSC -CELL

(c) Duple switch with SC converter (DSSCC) type-2 [81]

FIGURE 15. Transformerless boost converter.

Losses can be reduced by using silicon carbide (SiC) and
gallium nitrate (GaN) power diodes. To minimize the size
and weight, a common core is used for inductor windings.
The voltage gains of 7.5 and 19 are obtained with D=0.5 and
0.8 respectively. The gain can be enhanced further by cas-
cading switched capacitor cells. The experimental peak effi-
ciency was 96%, the output power was 200 W, and the output
voltage was 360V when the input voltage was 48V with a
50kHz switching frequency.

This converter architecture stands out from other reported
articles for offering higher gain due to the concept of regen-
erative boost design by incorporating switching capacitor
configuration. The topology discussed in article [84] is pre-
sented in Fig. 16. (c). The main features highlighted were low
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(g) Coupled inductor based modified Boost converter [88]

FIGURE 16. Hybrid boost converter with switched capacitor and switched inductor.

voltage stress, extremely high voltage gain, lower on-state Multistage ultra-high gain using switched impedance with
resistance, and less component count for achieving bet- single power switching device that operates with minimal
ter efficiency, which was confirmed through the hardware components and high gain with low switch voltage stress is
results. proposed in [85]. Fig. 16. (d) represents the topology. The
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TABLE 5. Review of voltage gain and voltage stress expressions of boost converter derived topologies.

REFERENCE GAIN VOLTAGE STRESS CONTRIBUTIONS
. QBC with reduced voltage stress on a posterior
capacitor.
[72] G = 1 NR . A continuous input current with minimal ripple
(1 — D)2 aids in the reduction of the size of an input filter
capacitor.
V. V. 1 1
s1 = Vsz2 = in = ;7 _ 5 -Vo
1-D 4 +22n . Low duty ratio
[73] G= 4 + 2nk Vb1 = Vpz = T-pVin =23 28" . Utilizes minimum components
1—-D 2+ 2n 2+ 2n . Simplified control and high efficiency
Voa = Vou = 75 Vin =520 Ve
. A unique interleaved soft switched boost converter
Ist G = g Vo 2V, with a simple auxiliary circuit.
[74] ond G — Dt Vs1 = Vsz2 = % :Vp1 = Vpo = 55 . Provision is included for the installation of
1D additional switched capacitor cells in order to
obtain larger voltage gains.
5n 4+ 3 . To produce a high voltage-gain resonant converter,
[76] G= 1—_D1 NR a multi-winding coupled-inductor is used.

G*4(D+(1_D)) VS=VD4=VDO=VZ—OZV[11=V02=V4_O

[77] 1—D Vpo =0
Vs | _ —bvVs | _ — Vs,
Vs = Gopyes Yp1 = Gopyz Vb2 = 153
G = 1 V. — D=2 Vs, _ Vs .y _ =DVs
[78] T (1-D)* P2 amm T 0t T a-py P8 T a-pyt
. — _—Vs . — __ Vs
;Vpe = 1-p)3 * Vb7 1-Dy*
2 Vo
[80] G:1_D Vs1 = Vs2 = 5> ;Vpa = Vpg = Vo
2Vin Vin
G=—1IN _ Vg = Vg, = Vp; = Vpp = ————
[81] (1 —2D) s1 s2 p1 Pz ™ (1 -2D)
G = 2V
[82] (1+ D) NR
_ 34D NR
(83] T (1-D)
— 1Dy . — 1 y. _ a-p?
G=_2~ D3VIN Vs1 = 2])?,1)}]/)2, Vsz = 375 Vo: Vo1 = 55 Vo
[84] a-D) Vb, = 2-D Vo; Vps = Vpy = Vps = —
G
[85] _ D®—3D?+3D+1 NR
- (1—-D)3
_ _ _Vo . _ nzVo
Vs = Vspq = B(1-D)’ Vsp1 = B(1-nz)(1-D)
86 K,K; + K;K3n; +D _ _(utnyVo _ _@+n)vo
[86] = m,{znz‘)’m B-n2)1-D) SP° = Ba—np)G-D)
_ _ (1+ D)V,
Vg1 =Vp, =50 ———
T N2+ (1+N)(3+D)
Voo = (1+ D +nD)V,
_N24+N@B+D)+D+3 2 7 N2 + (1 + N)(3+ D)
[87] - (1—-D)2 Ve = (1+N)(1 —D)V,
Pz T N2+ (1 + N)(3+ D)
Ve = (2 +n)V,
., =

* N2+ (A +N)(3+D)
2 +nl+ 2n2 + nln2V,
= Vps =

Vo N2 + (1 + N)(3 + D)

4

1+ N + 2)
G =
[88] T 1-D NR

.

Through the resonant tank, all diodes attain ZCS.

A single-switch switched-inductor and capacitor-
divided network is employed

Less a duty ratio for the switch and not using
coupled inductor or transformer.

To achieve ultra-voltage gain, many SLCN
networks are employed.
Low duty ratio

Two diodes are replaced by a capacitor and a
control switch in the switched inductor boost
converter.

Control is simple, and efficiency is high.

Low source current ripple
Continuous input current

No load voltage inversion
Two switch converter

Parallel switched capacitor and boost converter
Low cost due to hybrid structure
A small inductor and volume

A moderate number of component
Improved efficiency

High gain at minimal duty cycles.

A voltage gain is composed of fewer components.
There is virtually low voltage stress across the
switch.

Better efficiency

The active impedance network employs a single
MOSFET switch.
Uses minimal components

It is a variant of the quasi-Z-Source Network.
Circuit for Continuous Input Current and Passive
Clamping

DC-DC converter with a high step-up ratio
A limited number of components
The coupled inductor's turn ratio is higher.

Effective recycling of energy stored in the coupled
inductor

ZVS switching at turn on.

Fewer switching losses and improved power
density

*G- gain; N- number of voltage levels; D-Duty ratio; k- coupling coefficient; Vi,= input voltage Vo- output voltage; Vs - voltage stress across switch; Vp-

voltage stress across diode; NR- Not Reported
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TABLE 6. Comparison of boost converter derived topologies- based on the component count, input voltage output voltage, gain, efficiency at peak load.

GAIN
INPUT OUTPUT REPORTED PEAK n AT
REFERENCE (S) ELEMENT’S COUNT T VOLTAGE VOLTAGE WITH REPORTED COST ($) COMPLEXITY
V) V) SWITCHING POWER
FREQUENCY

e, G=15 at 94.58% at .
[84] L4;C-5,82;D5 16 24 350 oot SO0 111.6

e G=10 at 96.63% at e
[75] L-2;C-7;8-2;D-4 15 40 380 O, S0 105.6

e, G=40 at 95.2% at "
[87] L-2;C-5;82;D-5 14 15 600 e SOLH oW 94.8

e G=10 at 92.43% at .
[80] L-2;C2;82;D2 8 NR NR R oo 86.4

e G=14 at 95.48% at .
[78] L-4;C-4;8-1;D-7 16 48 650 eSOk oW 73.2

e, G=4 at 98.78% at e
[79] L-1;C-1;82,D-2 6 40 140 A i 90

. Lo, G=33 at NR at -
[85] L-3;C-5;8-1;D7 16 20 650 e soeH 00w 58.8

e G=6.25 at NR at o
[72] L2;C2;S-1;D3 8 40 250 ey 200w 87.6

G=8 at

83] L2;C4;S-1;D7 14 48 360 e SOkHy 96% at NR 56.4 *x

P G=4 at 95% at .
[82] L-4;C-3;8-5D5 17 100 396 oSk oo 732

e NR at NR .
[81] L-1;C3;82;D4 10 NR 220 P SOk 120w 98.4

e G=10 at 94.05% at "
[77] L2;C4;8-1;D5 12 10 100 30ty ow 153.6

= 0,

[74] L-4;C-4;84:D3 15 48 400 G=8.33 at 98% at 732 Kok

Fs=100kHz 400W

G=18 at NR at

4 C-4- S0 - - doksk

[76] L-4;C-4;S-2; D-4 14 20-30 NR Fs=100kHz 260W 70.8
O QAT ’ G=10 at 96.43% at .

[88] L-3; C-6; S-2; D-5 16 30-40 400 Fs=100kHz 400W 139.2
. e A, G=13.57 at 95.53% at s

[86] L-2; C-5; S-3; D-1 11 28-48 380 Fs=41lz 200W 104.4
. o G=20 at 93.2% at .

[73] L-4; C-4;S-2; D4 14 20 400 Fs=40kHz 400W 109.2

* L-No. of Inductors; C- No. of Capacitors; S- No. of switches; D- No. of Diodes; T-Total Components used; G-Gain; Fs-Switching Frequency; NR- Not
Reported; *complexity level-low, ** complexity level-moderate; *** complexity level -high; **** complexity level-extra/ultra-high

experimental validation was performed at a rated power of 63% duty ratio. The losses in the switch and diode con-
200W and 650V output voltage at a switching frequency tribute 69% of the total losses. Here, the n-stage struc-
of 50kHz. The fabricated prototype with 20V input and ture uses 4(n+3) components. The article’s discussion was
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made for n=1 so the converter uses 16 components in
total.

Modified quasi-Z-source, three winding coupled inductor,
and n-level switched capacitor for regulated output volt-
age high gain converter is presented in [86] as shown in
Fig. 16. (e). The main advantages of this converter are its
high gain, constant input current, reduced voltage stress on
switch passive clamping circuits, and improved efficiency.
The stacked n-level switched capacitor ensures high gain,
high efficiency, and a low turn ratio of coupled inductors.
Voltage boosting / enhancement may be accomplished by
varying the turns ratio of a connected inductor, the num-
ber of layers of switched capacitors, and the duty cycle.
The duty ratio of the converter can be varied from 0.1 to
0.6 which avoids the extreme duty ratio. The experimental
coupling coefficients are k1=0.992; k2=0.997; k3=0.995.
The voltage gain is unaffected by the leakage inductance. The
experimental efficiency is 98.43%, the output power is 200W
with an input voltage of 28V and output voltage of 380V and
the attained gain is 13.57.

The converter proposed in [87] has distinguishing
attributes include minimal voltage stress on the power elec-
tronics switching devices, common ground, continuous input
current and ultra-high gain. Fig. 16. (f). shows the topology
of the modified boost converter. The coupled inductor is an
optimal method of voltage boosting since a single magnetic
core can have two or three coils. Nevertheless, the number
of turns is determined by the required gain. Cascading two
classical boost converters (CBC) leads to a quadratic boost
converter (QBC). The two switches of the converter operate
simultaneously so that the voltage is shared by both switches
thereby voltage stress across the switches is reduced. The
experimental output power is 250W, the output voltage is
600V, and the input voltage ranges between 15 and 30 volts.
The obtained experimental gain is 40.

The voltage gain can be obtained by combining a quintu-
pler rectifier and coupled inductor for the reduced duty ratio
as shown in Fig. 16. (g). [88]. In this structure, the leakage
flux is recycled to the capacitor by the axillary switch to
enhance the gain. The active clamp and huge inductor also
address the voltage spikes and voltage stress across MOSFET.
This active clamp enables the soft switching of MOSFET.
The experiment efficiency is 96.43%for the output power of
400W operating at 100kHz switching frequency.

Table 5 presents the gain and voltage stress across the
switch and diode of various converter topologies discussed
under derived/enhanced/modified boost converter topologies.
The gain in any converter topology for EV DC fast charging
application is essential. The voltage stress across the reg-
ulated and uncontrolled power electronic switches must be
reduced for enhanced efficiency with high gain. The voltage
stress on the switches is determined by their position in the
converter topology.

Table 6 compares various boost converter topologies based
on the component count, input voltage, output voltage, volt-
age gain, switching frequency, and peak efficiency at the rated
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FIGURE 17. Classification of SEPIC converter derived topologies.

power, cost, and complexity level. The comparison helps us to
find the cost-efficient, less complex more efficient converter
topology that suits sustainable EV charging Applications.

G. INFERENCES

The coupled inductor lowers the needed number of switching
devices and ripple current. Switching and conduction losses
are reduced while using low-rated switching devices. The
energy stored in the leakage inductance is recycled through
the output diode during reverse recovery. ultra-high gain is
achieved with the use of minimal switching components. The
converter’s duty cycle needs to be kept below 50% for high
efficiency. It is necessary to resolve the problems caused
by hard switching of the switching devices by employing
soft switching techniques. The converter should be capable
of operating in both continuous and discontinuous modes
with no circulating currents. Without any circulating currents,
the converter should operate in both continuous and discon-
tinuous modes. Devices made of SiC and GaN can boost
efficiency while reducing loss. The converters are expected to
have minimal voltage stress across the switches, continuous
input current, common ground between input and output, and
ultra-high gain without raising component count.

V. MODIFIED/ENHANCED SEPIC CONVERTER BASED
TOPOLOGIES

The SEPIC converter has drawbacks such as high input ripple
current, voltage stress, switching losses, and reverse recov-
ery problems. The quasi-resonant operation would minimize
voltage stress on the power electronics switches and therefore
losses reduce. The inherent feature of the continuous input
current of the SEPIC converter attracts interest. To achieve
more gain, modification on SEPIC-based converters came
into existence. The various topological categories of the
SEPIC converters are shown in Fig. 17.

A. INTERLEAVED ENHANCED SEPIC CONVERTER

ZVS implemented a modified SEPIC converter working at
a switching frequency is high was discussed in [89]. The
topology proposed is presented in Fig. 18. (a). The increased
voltage gain and decreased voltage stress of the switches are
important advantages of the DCM converter. When the duty
cycle is close to unity, the discharge time for the inductor
decreases and saturates effortlessly. Capacitor-switched cir-
cuits can provide high power density as no magnetic com-
ponents are included. However, power density and efficiency
are reduced when operating at high current transients. In high
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(a). zvs implemented a modified SEPIC converter [89]
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(b). Coupled inductor-less SEPIC converter [90]

FIGURE 18. Interleaved enhanced SEPIC converter.

frequency designs, switching loss associated with hard
switching is unavoidable. Therefore, soft switching reduces
switching losses and allows the converter to work on high
frequency applications. At the rated output power of 36W,
the converter’s experimental full load efficiency is 91.8 %.

The coupled inductor-less SEPIC based topology was pro-
posed [90] as shown in Fig. 18. (b). Lower voltage stress
on the switches, constant input current, non-inverting out-
put voltage, high efficiency, and high gain are some of the
benefits of employing a non-coupled inductor-based SEPIC
converter. Since coupled inductor is not employed, no clamp
circuit is required. The two switches of the proposed circuit
use the same gate pulse. As a result, adjusting the duty cycle
yields a wide range of output voltage. The converter is simple
to control. The 40kHz switching frequency, the duty cycle
is 74.2%. The efficiency achieved is 93% at 200W output
power.

B. COUPLED INDUCTOR / TRANSFORMER-BASED SEPIC
CONVERTER

Transformer based SEPIC converter along with passive com-
ponents for improved performance in terms of high gain,
highly efficient, low voltage stress, and soft switching char-
acteristics is proposed in [91] and is shown in Fig.19. (a).
The key contributions are partially interleaved structure for
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(e). Isolated SEPIC DC-DC converter [95]

FIGURE 19. Coupled inductor / transformer-based SEPIC converter.

low parasitic capacitance and leakage inductance, improved
power density, and magnetic component optimization. The
interleaving approach is the best way to decrease leakage
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inductance. The switched capacitor generates large current
transients, lowering the power density and efficiency of the
converter. The method of soft switching of the converter has
become a prominent characteristic in the converter’s per-
formance evaluation. Devices like SiC and GaN have the
merits of fast switching and low conduction losses, making
the converters perfect for high power and high frequency
applications. The experimental efficiency obtained is 93.1%
for the 80W output power.

High frequency SEPIC operating in DCM (discontinuous
conduction mode) is proposed in [92] as shown in Fig. 19. (b).
The switched inductor, coupled inductor, and resonant cell for
zero voltage switching (ZVS) enable this converter to achieve
high voltage gain. The full load efficiency in the experiment
is 93.4 %. With a duty ratio of 50%, the voltage gain is 15.
The switching frequency is S00kHz.

The absence of magnetic components produces high gain
with high power density by switched capacitor technique
proposed in [93] is shown in Fig. 19. (c).

The distinguishing features of this converter include:

1) By reducing the magnetic turns ratio, the converter’s

voltage conversion ratio is.

2) Wide control range of duty cycle.

3) Continuous input current.

4) Because of the existence of a capacitance in the main
coil of the inductor, there is no core saturation caused.

To simplify the analysis, the following assumptions are

1) The parts are all perfect.

2) The voltage across the capacitors is assumed constant.

3) The coupling coefficient is one so leakage inductance
is zero.

The reported efficiency is 92% for the rated output power of
325W. For a 48V input, the output voltage is 400V.

SEPIC DC-DC converter with improvised coupled induc-
tor for high gain application was proposed in [94] as shown
in Fig. 19. (d). For medium voltage applications, the coupled
inductor is better suited for high voltage with minimal power
losses. Because the voltage stress on the switches is mini-
mized, which enables low-powered switches with low turn-on
resistance, making the converter efficient and cost-effective.
The indigenous contributions of the article are:

1) The converter is designed for renewable energy appli-
cations, with a nominal input voltage of 40V and an
output voltage of 400V at 400W.

2) The converter was subjected to CCM and DCM
analyses.

3) High voltage gain.

4) Enhancing the design of the inductive coupling to elim-
inate leakage inductance and voltage spikes across the
switch.

The highest reported peak efficiency is 96.2 %, with a full
load efficiency of 95.2 %. The voltage gain claimed is close
to 10.

It is reported that a topology based on an isolated SEPIC
DC-DC converter paired with a lossless snubber circuit is
used in [95] as shown in Fig. 19. e. The isolation is due to
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the coupled inductor which adds merits of galvanic isolation
and high gain. The snubber circuit compresses the switch’s
voltage stress to a low voltage. The input voltage is 48V, the
output voltage is 200V, the maximum power is 100W, and the
switching frequency is 50kHz.

C. EXTENDABLE VOLTAGE MULTIPLIER CELL TECHNIQUES
Converter [96] uses a single switch for high gain conversion
but the voltage stress across the switch is low. Fig. 20. (a).
shows the SEPIC-based extendable voltage multiplier cell
techniques. Also, the input current is continuous so, huge
filters are not essential. SEPIC converter can perform buck
and boost operations with the continuous input current. The
experiment was conducted with an output power of 110W.
The input voltage for buck operation is 22V output voltage
is 18V. The input voltage for the boost operation is 25V, and
the produced output voltage is 110V.For both buck and boost
operation, the 33kHz switching frequency and the duty ratio
for buck and boost operation are 22% and 60% respectively.
The efficiency for boost operation is 97% at 18W and the
overall efficiency of the converter is 93.3% at 110W.

A modified SEPIC converter employing a switched capac-
itor voltage double circuit [97] is shown in Fig. 20. (b).
The switched capacitor delivers superior gain while exerting
less strain on semiconductor switches. The modified cell
preserves high quality input current, which is an important
aspect of the SEPIC operating in DCM. The converter circuit
reduces voltage stress on the semiconductor devices and pro-
vides more power than the literature reported. The 1000W
output power prototype model was developed for experi-
mental validation of the proposed converter. Other technical
elements of the converter include an input voltage of 220V
and an output voltage of 800V with a switching frequency
of 50kHz.

D. HYBRID SWITCHED CAPACITOR AND SWITCHED
INDUCTOR-BASED SEPIC CONVERTERS

An isolated modified SEPIC converter is proposed in [98]
and [99]. To achieve maximum efficiency, low voltage com-
ponents and lower parasitic parameters were used. Through
the literature, the author has identified that the two separate
inductors will have separate core losses. The study has been
carried out to reduce the core losses of the magnetic ele-
ments. The feasible solution for the above-said issues was
identified and addressed by integrating the two inductors in
the same core as shown in Fig. 21. (a) [18], [19], [98], [99].
As a result, the core’s losses and volume are minimized.
At the rated load, the 36 W laboratory model has an efficiency
of 91.5 %.

As shown in Fig. 21. (b) For higher voltage gain, a single
switch with a coupled inductor, a voltage multiplier, and an
improved passive lossless clamp circuit are used is proposed
in [100]. The leakage inductance of the coupled inductor
ensures that the controlled switch turns on and off at zero
current.
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(b). Modified SEPIC converter with switched capacitor [97]

FIGURE 20. Extendable voltage multiplier cell techniques based SEPIC.

There is no issue with reverse recovery. Since coupled
inductor slackens the slope of all the diodes. The experimen-
tal model is developed for the rated power of 160W at an
output voltage of 200V while the input is 20V at the switch-
ing frequency of 60kHz yielding an efficiency of 97.8%.in
[101] as shown in Fig. 21. (c). For many applications like
DC homes, Electric vehicles, DC microgrids, etc., high gain
converters are employed as a bridge. The coupled inductor
or transformer based isolated topologies are bulky besides
the voltage spikes introduced by them. Although isolated
converters obtain significant voltage gain by modifying the
inductor’s turns ratio, leakage inductance is unavoidable and
necessitates clamping circuits. The non-isolated converter is
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a more compact and efficient solution for high gain applica-
tions. Although isolated converters obtain significant voltage
gain by altering the turns ratio of the inductor, leakage induc-
tance is unavoidable and necessitates clamping circuits are:

1) Reduced control complexity due to the usage of a single
switch.

2) Input current is continuous.

3) High voltage conversion ratio.

4) Maximum input source utilization.

The experimental validation provides 91.4% efficiency at
100W output power for transforming 24V input to 172V
output.

The converter [102] is shown in Fig. 21. (d). For high gain
and constant input current, it has two voltage multiplier units
and a coupled inductor. The passive clamp circuit is utilized
for voltage gain as well as to minimize voltage stress on
the switch by reducing the coupled inductor’s leakage induc-
tance. As a result, the controlled switch’s conduction loss is
reduced. The lowered voltage stress on the diode mitigates the
reverse recovery problems. The input current should be con-
tinuous and ripple-free for improved input power regulation.
The suggested converter’s major advantages are high gain,
minimal ripple continuous input current, and low voltage
stress. The laboratory model was designed for a 245W output
power. The achieved efficiency is 93.5 % for a 20V input
voltage and a 300V output voltage at a duty ratio of 62 %.

SEPIC three-phase high power factored converter is shown
in Fig. 21. (e), operating in DCM is presented in [103]. DCM
operation delivers input current with low harmonic content
that is in phase with the input voltage in the absence of any
current control. The absence of bulky filters and 3rd-order
harmonics free input current are the main features of SEPIC
converter-based AC-DC converters The experimental model
is developed for the output power of 3000W and has achieved
a peak efficiency of 95.85%. For the input voltage of 220V,
the output voltage obtained is 400V.

E. QUASI-RESONANCE OPERATION SEPIC CONVERTER

A modified SEPIC converter using a single switch converter
is shown in Fig. 22. (a), for high voltage conversion, is pro-
posed in [104]. Voltage multiplier cells with switched capaci-
tors boost voltage gain while decreasing voltage stress across
the power switch. Quasi resonant circuit ensures zero current
switching of all the power electronics switches. The experi-
mental validation has been carried out for 200W output power
and the reported efficiency is 94.4%. The output voltage of
250V is produced for a 20V input voltage. The switching
frequency is 55kHz, with a duty ratio of 55%.

Fig. 22. (b) shows the Modified SEPIC converter for
high performance with inherent high gain proposed in [105].
Because soft switching reduces losses and electromagnetic
interference, this converter is ideal for high power density
applications. The diode reverses recovery current is reduced,
and the leakage inductance allows ZCS operation even in
CCM. At ZVS, the switch turns on and off, and the voltage
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LX D2 C2 D3

e

D ¥
Ly
VIN—_:
— =:+C1 S@H}

(c) . Modified SEPIC converter based hybrid Sl and SC [101]

(e). AC-DC SEPIC converter based hybrid SC and Sl for EV charging

applications [103]

FIGURE 21. Hybrid switched capacitor and switched inductor-based SEPIC converters.

across the switch is half of the output voltage. Peak efficiency
is stated to be 97% for 180W output power.

A single high-step-up switch DC-DC converter based on
SEPIC converter is proposed in [106] as shown in Fig. 22. (c).
The coupled inductor and voltage Tripler unit are responsible
for high voltage gain. Quasi-resonant operation of leakage
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inductance of coupled inductors and capacitors reduces
the switching losses. The suggested converter has signifi-
cant drawbacks such as high input ripple current, voltage
stress, switching losses, and reverse recovery voltage. The
quasi-resonant operation decreases losses by reducing volt-
age stress on the power electronics switches. At the rated
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TABLE 7. Review of sepic converter derived topologies’ voltage gain and voltage stress expressions.

REFERENCE GAIN VOLTAGE STRESS CONTRIBUTIONS
Extended ZVS switching
Low switching loss
3V, Hybrid control method
1
[89] Vo=Vp =V, + ) NR GaN switches — costly
Relatively less efficiency
Usage of partially interleaved transformer
D+D Vot = Vest + Viop:Vome =
G=m+1) (—(D T Db ) +1) w1 VC51 4 VLZP_ bMz Planer components -compact
d cs2 T Vizss . .
[91] Dy +D, +Ds <1 T D Vo = Vo — Veu GaN switches and planner magnetic
components -costly
2(D + Dy) Integrated inductor to reduce power
= ﬁ +1 density
[98], [99] Dy +D _?_ Dy 1-D NR Reduced magnetic components losses
r <
1
6= 1-D (2kn(1 —sz) (m+ 1)V, The voltage stress across the switches is
+1 4+ Dk + nDk Vo= Vg =————— i
[106] Do ST 17D+ "(Z-D) ra.ther conmderfablg .
(041D +1 Ripple current is significantly notable
n
Gigeat = ———(—*2n
1-D
Vo Used regenerative passive losses less
2+n(1+D) Vos = Vo2 = VD1(1= §+n+nD; passive circuit
— +n - .
[100] G= —q-5 + 2n Vps = Vpo = oo Vol No reverse recovery problems in Diodes
The new structure was developed
D Simple circuit.
[101] G= a-oye NR Continuous input current
Low voltage stress with high voltage gain
Although the converter operates in both
G _ 2n+1+D V. _ Vin+Vo, _ VNtV CCM and DCM, integrating a switched
(92] ce (1-D) S1S2 7 Hme1)” ML T H(ny1y” inductor with a coupled inductor-based
G _ (4n+3)+ (D +Dg) —Ds VbMapo = %J'IVO); modified SEPIC converter
= G n+
DeM 1—(D+ Dg) + Ds () ZVS can only be performed in the
discontinuous mode.
The decreased voltage stress on the
switches, as well as the noninverting
3D+1 Vbss1 = Vpssz = %; output voltage,
G= _ 2V, Low conduction losses
[90] 1-D Vba = Voo =255 Simple control
During the turn-off operation, there is no
voltage overshoot for the switches.
b Wide control range
93] nn_ 1 NR Easy operation
G=1+ 1—-D Vin Less complex
3D More number so devices used
[96] G= 1D NR Low switching stress for the switches.
Vs = Vpc
_ (1 — N34) Vour
2+ (2—-D)N,; — (1 + D)N3;
Vpy . A three-winding build in transformer is
[104] _2t (2—=D)Np; —(1+D)Ny; 2+ Ny — (1 +D)Ny, utilized for higher voltage gains

T2+ (2-D)Nyy; — (1+D)Ng; VT o
Vb2 = Vo
1+ Ny —Ngy
= — — Vour
2+ (2—-D)N,; — (1 + D)N3,

(1-D)(1—Nsy) Low sized core
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TABLE 7. (Continued.) Review of sepic converter derived topologies’ voltage gain and voltage stress expressions.

Lower component count

Ve = Vin . Vo, = — nVin
. G = 1+n ST (1-py D1 D3 ™ (1-p) e Higher power density
(4] (- _ (+n)Vin, R
(1-D) Vb2 = )’ e  Voltage Gainup to 10
e Used Loss less snubber circuit
n,D e  Highly efficient
[95] G= NR
(1-D)
Vo . Relatively complex
[97] _ D?Ro Vs = Vo = 3" +Vin; e  Operating in fixed duty cycle and reduced
4Leqfs Vis = Vop = 2\%+VIN; losses
e  High efficiency
G= 1 e  How power density
[105] (1+D) NR e No load limited
e No high static gain technologies used
G+ntl e Higher power density
[102] G=2+4+n+ Dn+1) Vs = Sper ViVp =24+ e Lowduty cycle
1-D % e Losses due to switching are high
. The need for current control is eliminated
[103] G= D |3Rg(La + Loa1) NR e Low duty cycle
2 LaLoaifs e The gate driver’s complexity

*G- gain; N- number of voltage levels; D-Duty ratio; k- coupling coefficient; Vi,= input voltage V- output voltage; Vs - voltage stress across the switch;
Vp-voltage stress across diode; NR- Not Reported.

100W output power, the output voltage achieved for an input
voltage of 18V is 250V. The reported efficiency of the con-
verter is 97.4% at the switching frequency of 40kHz.

Table 7 shows the gain and voltage stress between the
switch and diode of several SEPIC converter topologies.

Table 8 analyses several SEPIC converter topologies based
on component count, input voltage, output voltage, volt-
age gain, switching frequency, peak efficiency at rated
power, cost, and complexity. The comparison assists us in
determining the most cost-effective, less complicated, and
efficient converter topology for sustainable EV charging
applications.

F. INFERENCES

Without using magnetic components, switched capacitor cir-
cuits may deliver large power densities. A switched capacitor
and inductor both charge and discharge in parallel. There
should not be any magnetic element core saturation. The cou-
pled inductor is more suitable for high voltage applications
with fewer power losses. The snubber circuit minimises the
voltage stress on the switch to a minimum. To achieve optimal
efficiency, a low-voltage component with less parasitic fea-
tures was used. By wrapping the inductors on a single core,
core losses of the inductor and coupled inductor will also be
decreased. The non-isolated converter is more compact and
effective for high power applications. Quasi-resonant circuits
provide high voltage gain and minimal voltage stress over
power electronics switches.
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VI. MODIFIED/ENHANCED CUK CONVERTER BASED
TOPOLOGIES

The classical Cuk converter is capable of converting
low-voltage input to high voltage output at an extreme duty
ratio. Therefore, it introduces high current and voltage stress
on the switching devices, thereby the efficiency of the con-
verter is reduced. The Cuk converter fails to provide common
ground between load and source due to its reverse polarity
nature though it provides continuous input current and high
efficiency in a lower duty ratio. Non-pulsating output and
input currents with low Electromagnetic Interference (EMI)
are the merits of the Cuk converter. Fig. 23 shows the classi-
fications of Cuk converter derived topologies.

A. CUK+ LUO CONVERTER

For high gain applications, a transformerless Cuk converter
is used with a positive super lift Luo converter is pro-
posed in [107] and is illustrated in Fig. 24. This converter’s
major advantages include continuous input current, normal-
ized voltage stress on the switches, size reduction of energy
storage devices, common ground, and high gain with high
efficiency. The Cuk converter provides continuous input cur-
rent and high efficiency in a low duty ratio but fails to
provide common ground to the load and source due to its
reverse polarity nature. This shortcoming can be matched by
integrating the Luo converter. The experimental validation of
the converter was carried out with an input voltage of 40V,
and the output voltage obtained is 120V.
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TABLE 8. Sepic converter derived topologies- comparison based on the component count, input voltage output voltage, gain, efficiency at peak load.

INPUT GAIN REPORTED P
REFEREN R OUTPUT WITH EAK T AT
CE(S ELEMENT’S COUNT T VOLTA VOLTAGE SWITCHING REPORTED CosT ($) COMPLEXITY
®) GE POWER
FREQUENCY
G=10 at o
89 L-3; C-3; S-2; D-2 10 12 12 Fs=1MHz 91.8% at 87.6 K
36W
D=0.5%
. Q. G=8.33 at 93.1% at s
[91] L-1; C-5; S-1; D-4 11 24 200 Fs=1MHz SOW 67.2
G=5 at o
98 L-1; C-4; S-1; D-2 8 24 120 Fs=1MHz 91.5% at 58.8 K
36W
D =0.45%
G=13.89 at o
[106] L-1;C-5; S-1; D-4 11 18 250 Fs=40KHz 9?'()60/\"Vat 67.2 ok
D=0.55%
G=10 at N
[100] L-1; C-5; S-1; D-4 11 20 200 Fs=60KHz 9?‘030/\"Vat 67.2 **
D =0.55%
G=7.17 at N
[101] L-1; C-3; S-1; D-3 8 24 172 Fs=50KHz 9115‘0/\"Vat 54 *
D=0.7%
G=15 at
. Lan. Fs=500KHz 93.4% at .
[92] L-2; C-4;S-2; D-3 11 12 180 D = 0.445. S4W 86.4
0.615%
G=12.5 at
[90] L-3; C-3; S-2; D-2 10 20 250 Fs=40KHz 93% at 200W 87.6 **
D =0.742%
G=8.34 at
[93] L-3; C-3; S-1; D-2 9 48 400 Fs=100KHz 94% at 400W 69.6 *
D =0.62%
G=4.4 at N
[96] L-4; C-6; S-1; D-3 14 25 110 Fs=33KHz 931'130/\"Vat 97.2 *x
D =0.6%
G=12.5 at o
[104] L-1; C-5; S-1; D-4 11 20 250 Fs=55KHz 9;6‘0/\"Vat 67.2 *xE
D=0.55%
G=10 at N
[94] L-1;C-3; S-1; D-2 7 40 400 Fs=100kHz 92'()20/\"Vat 52.8 *
D=0.5%
G=4.17 at N
[95] L-1;C-3; S-1; D-2 7 48 200 Fs=50kHz 931'50/\"”“ 52.8 *
D=0.41%
G=3.64 at o
[97] L-3;C-8;S-2; D-12 25 220 800 Fs=50kHz 913(')?)&? 129.6 Hokkk
D=0.35%
G=6.67 at
[105] L-1; C-3; S-2; D-1 7 30 200 Fs=70kHz 97% at 180W 69.6 *
D=0.73%
G=15 at o
[102] L-2; C-5;S-1; D-4 12 20 300 Fs=50kHz; D = 9;f5<’vat 75.6 *
0.62%
G=1.82 at N
[103] L-9; C-8; S-3; D-6 26 220 400 Fs=50kHz; D = 9;53&? 190.8 HHE
0.35%

* L-No. of Inductors; C- No. of Capacitors; S- No. of switches; D- No. of Diodes; T-Total Components used; G-Gain; Fs-Switching Frequency; NR-
Not Reported; *complexity level-low, ** complexity level-moderate; *** complexity level -high; **** complexity level-extra/ultra-high
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(a). Soft switched Modified SEPIC converter [104]
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(c). Coupled inductor and voltage Tripler [106]

FIGURE 22. Quasi-resonance operation SEPIC converter.

| Cuk Converter Derived Topologies |

¥ v ¥ ¥
Integrated Cuk & Integrated Cuk Isolated Cuk Hybrid Switched
Luo and Boost Impedance

FIGURE 23. Classification of Cuk converter.

B. MERGED QUADRATIC BOOST AND CUK

Two non-isolated DC-DC high gain converters combine the
advantages of quadratic boost and Cuk converters, such as
high step-up voltage and easy control owing to shared ground
[67]. Fig. 25. (a) shows the hybrid Quadratic boost con-
verter 1 (HQBC type -1) and hybrid Quadratic boost con-
verter 2 (HQBC type-2) shown in Fig. 25. (b). Multiphase
converter reduces the current ripple and enhances the power
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FIGURE 25. Quadratic DC-DC Boost-Cuk HQBC converter.

handling capacity. The two topologies are termed hybrid
Quadratic boost converter 1 (HQBC type-1) and HQBC
type-2. A detailed study has been carried out to analyze
these topologies’ operation in both CCM and DCM modes.
Experimental validation of both HQBC type-1 and HQBC
type-2 was carried out with the output power of 250W and
obtained 94.07% & 94.02% as the efficiencies respectively.
The output voltage achieved for a 24V input voltage is 200V
with a switching frequency of 20kHz and a duty ratio of 64%.

C. CUK CONVERTER BASED ON A HYBRID OF SWITCHED
INDUCTOR (SI) AND SWITCHED CAPACITOR (SC)

Switched inductor (SI), switched capacitor (SC), voltage
multipliers, and voltage lift converter topologies minimize
voltage stress on semiconductor devices. To combine the
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FIGURE 27. Isolated Cuk converter [109].

INPUT FILTER

advantages of the switching inductor, capacitor, and Cuk
converter, this article [108] proposed a Cuk converter with
hybrid switched inductor and switched capacitor as shown in
Fig. 26. The merits can be listed as

1) Output current that does not pulse.

2) The regulated and uncontrolled switches are subjected

to low voltage stress.

3) Minimal current stress.

4) The operation is simple.

5) High voltage gain and efficiency.
The experimental efficiency of the converter reported is
97.86% for a 200W output power. With an input voltage of
37.4V, the output voltage is 400V at a switching frequency
of 100kHz, and the duty ratio is 58.7 %. The total benefit
obtained is 10.69.

D. ISOLATED CUK CONVERTER

The isolated Cuk converter with different filter topologies
was applied and analyzed in [109]. Fig. 27 shows the isolated
Cuk converter. The primary feature is the design of the state
space average model of this converter with filters for its
transfer function using small signal analysis. The SiC power
switch is used to study the performance of the converter with
filters. The efficiency reported is 86% at the output power
of 50W.

Table 9 shows the gain and voltage stress across the switch
and diode of various converter topologies covered in the
section derived/enhanced/modified Cuk converter topologies.

Table 10 analyses several Cuk converter topologies based
on component count, input voltage, output voltage, voltage
gain, switching frequency, peak efficiency at rated power,
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| Zeta Converter Derived Topologies |

X
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Zeta Boost Impedance

Bridge-less Zeta

FIGURE 28. Classification of Zeta derived converter.

cost, and complexity. The comparison assists us in deter-
mining the most cost-effective, less complicated, and effi-
cient converter architecture for sustainable EV charging
applications.

E. INFERENCES

For converting low voltage input to high voltage output, the
conventional Cuk converter offers a high duty ratio capacity.
As aresult, the switching devices are subjected to high current
and voltage stress, which lowers the converter’s efficiency.
Due to its reverse polarity, the Cuk converter cannot establish
a common ground between the load and the source, even if
it offers continuous input current and high efficiency at a
reduced duty ratio. High gain is supposed to have properties
such as continuous input current, normalized voltage stress
on the switches, size reduction for energy storage compo-
nents, a common ground, and high gain with high efficiency.
A simple control circuit should be employed. Voltage lift
switches and switched inductors decrease voltage stress on
semiconductor devices. Making use of the SiC power switch.

VII. MODIFIED/ENHANCED ZETA CONVERTER BASED
TOPOLOGIES

Zeta converter can generate regulated output voltage above
and below the input voltage as SEPIC converter. The merits
of the Zeta converter over the SEPIC converter are lower
output voltage ripple and simple compensation. Apart from
the merits, the Zeta converter has a few demerits like high
input voltage and a large flying capacitor. The classification
of Zeta derived converter for EV charging is represented in
Fig. 28.

A. HYBRID SWITCHED INDUCTOR AND SWITCHED
CAPACITOR-BASED ZETA
A single switch Zeta converter for high voltage gain with
low voltage stress, as shown in Fig. 29. (a). A single switch
Zeta converter is proposed in [110] for high voltage gain
with reduced voltage stress as presented in Fig. 29. (a). The
assumptions made for analysis are 1) the capacitor’s ripple
voltage is negligible 2) all the devices are ideal. The proposed
Zeta converter is studied in both CCM and DCM operations.
The benefits of the proposed Zeta converter are as follows:
1) Since the converter employs a single switch, the drive
and control are simple and cost-effective.
2) The number of fundamental cells varies depending on
the application.
3) A low-duty cycle is used to produce the high voltage
gain.
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TABLE 9. Review of Cuk converter derived topologies’ voltage gain and voltage stress expressions.

REFERENCE GAIN

VOLTAGE STRESS

CONTRIBUTIONS

2-D

[107] - (1-Dy

Ghgge1 = (1-D)?
1+D

1-Dy

[67]
Ghgac1 =

[59] Vy=dV,+dy.

[108]

1+4+D(1-D)

1
Vg; = —ViniVs, =
s1 = 7p VINsVs2

1
Vo = —Vin; Vpz = ——
D1 = 75 VIN > VD2

@2-D
Vb3

NR

NR

NR

1
R Vins

)
Vin

. High step-up voltage gain with
minimal voltage stress, non-
pulsating output current

e Current stress has been reduced
across the component.

. Simple to use

. Simple control

. Conduction voltage drops in the
active switch, diodes, and
inductor parasitic resistors lead to
deviation in the calculated values

e Common ground

. Large input sources can be
accommodated.

. Because the output inductor is
shared with the input ports, the
number of components is
reduced.

e All ports have continuous current
with low ripple.

. Each input has its own power
control.

Simple operation and control.
Continuous input current
Common ground

Reduced current stress across the
component

*G- gain; N- number of voltage levels; D-Duty ratio; k- coupling coefficient; Vi,= input voltage V- output voltage; Vg -voltage stress across the switch; Vp
- voltage stress across the diode; and NR stands for Not Reported.

TABLE 10. Cuk converter derived topologies- comparison based on the component count, input voltage output voltage, gain, efficiency at peak load.

GAIN REPORTED

PEAK 1 AT
REFERENC s INPUT OUTPUT WITH
ELEMENT’S COUNT T REPORTED ~ COST($)  COMPLEXITY
E(S) VOLTAGE  VOLTAGE SWITCHING POWER
FREQUENCY

. Lan. G=3 at 90% at .
[107] L-2; C-3; S-2; D-3 10 120 360 Fs—45kHz 100W 80.4

. .Q1- G=8.34 at 94% at o
[67] L-3; C-4; S-1; D4 12 24 200 Fs=20kHz 250W 78

e man. G=19at 92.7% at -
[59] L-3; C-3; S-2; D-1 9 18-30 1 FS=20kHz 100W 75

e, G=10.7 at 97.86% at "
[108] L-3; C-5; S-2; D-4 14 374 400 Fs=100kHz 200W 102

. e, G=3.08 at 86% at .

[109] L-2+1; C-3; S-1; D-1 5 130 400 Fs=42kHz S0W 85.2

* L-No. of Inductors; C- No. of Capacitors; S- No. of switches; D- No. of Diodes; T-Total Components used; G-Gain; Fs-Switching Frequency; NR-
Not Reported; *complexity level-low, ** complexity level-moderate; *** complexity level -high; **** complexity level-extra/ultra-high

The highest experimental efficiency is 94.3 % for an output

power of 240W with a voltage source of 48V and an output

voltage of 240V with a duty cycle of 74%.
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Based on the coat circuit, a bipolar high step-up Zeta buck-

boost converter is proposed in [111]. The coat circuit is useful

for reducing voltage stress and increased high gain. This
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COAT CIRCUIT

(b). Single switch Zeta converter for multi outputs [111]

FIGURE 29. Hybrid switched inductor and switched capacitor-based Zeta
converter.

suggested design has a major advantage in that the posi-
tive and negative voltages of the converter’s bipolar output
voltage are automatically equalized. Fig. 29 (b) depicts a
single switch Zeta Buck-Boost (ZBB) converter-based coat
circuit. capable of high voltage gain and bipolar output. The
assumptions listed for simplified analysis are:
1) All the elements are ideal, and all the parasitic effects
are eliminated.
2) The capacitor ripple voltage effects are insignificant
due to large capacitance.
3) CCM mode is used by the converter.
The benefits of the converter mentioned are:
1) Without any additional switch, drive, and control cir-
cuitry, this converter produces bipolar outputs.
2) The use of the Coat circuit reduces the voltage load on
the switches.
3) According to the application requirements, the positive
and negative cells can be extended.

B. HYBRID ZETA-BOOST CONVERTER + SWITCHED
INDUCTOR

Hybrid Zeta and Active-quad-switched-inductor are pro-
posed in [112] for high gain voltage as presented in
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FIGURE 30. Hybrid Luo converter [112].

Fig. 30. High voltage gain is achieved with the use of
high frequency transformers, multistage diodes, and capac-
itor circuits with continuous input and output currents.
If the duty cycle of the converter is increased in order
to achieve high voltage gain, the performance of the con-
verter will decline. To counteract voltage spikes caused by
isolated converters, a clamping circuit must be incorpo-
rated, reducing efficiency. The Luo converter can provide
high voltage gain. However, complexity, volume, cost, and
losses rise, while efficiency declines. The integrated Zeta
active quad-switched inductor network has several features
includes:

1) Excessive gain.

2) Input current that is constant.

3) Inductor with a low current rating.

4) Devices with low current/voltage ratings.

The experimental efficiency recorded is 92.93 % for a
500W output power and a 50V input voltage, resulting in a
400V output voltage.

C. TRANSFORMERLESS ZETA CONVERTER
A Transformerless Zeta converter configuration is proposed
in [113] for high gain application as shown in Fig.31. The
converter topology is very simple; because it employs a single
adjustable switch, the complexity of the drive and control
circuits is minimized. Both CCM and DCM modes may
be used to study the converter. For the simplified analysis
purpose, the assumptions made are:
1) Since all of the capacitors utilized are huge, the capac-
itor voltage is ripple free.
2) All the controlled and uncontrolled switches are
ideal.
The Zeta converter presented has the below listed merits
1) Buck-boost ability
2) Continuous output current
3) The DC insulation between input and output is compa-
rable to the various transformerless high gain topolo-
gies documented in the article’s literature.
The claimed efficiency for the 200W output power is 96 %.
At a switching frequency of 40kHz, the output voltage is 80V
for a 36V input voltage.
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TABLE 11. Review of Zeta converter-derived topologies’ voltage gain and voltage stress expressions.

REFERENCE GAIN VOLTAGE STRESS CONTRIBUTION
2D
G= (1-D) (buck) 1 . Simple control and drive circuits
[110] 1) Vs =Vp = mvo . Bipolar buck-boost converter
G =P (boost)
(1-D)
. Without the use of multiplier
_ mD . circuitry, voltage gain is high.
P~ (1-D) (positive) . Input current is continuous,

[111] Gy = 1n7DD (negative) NR e Inductor with a low current rating,

=D e Devices with low voltage/current

ratings.

1+ 5D + 2D? s = 1+D e Low swi.tch?ng losses

[112] = W (1-D) e  Control is simple
v 2 e  simple topology
= ——
1-D
. Reduced number of the output
2D 1 inductor
[113] G= m Vs =V = 1-D Vin . The controller is simple since it uses
similar pulses
N,D e Low switching losses
[114] G= N.(1-D) NR e Low current rating inductor,
1

*G- gain; N- number of voltage levels; D-Duty ratio; k- coupling coefficient; Vi,= input voltage V- output voltage; Vs - voltage stress across the switch;
Vp-voltage stress across diode; NR- Not Reported

TABLE 12. Zeta converter derived topologies- comparison based on the component count, input voltage output voltage, gain, efficiency at peak load.

GAIN REPORTED

REFERENCE INPUT OUTPUT WITH PEAK 1 AT
ELEMENT’S COUNT T  VOLTAGE VOLTAGE REPORTED COST ($) COMPLEXITY
(s) SWITCHING
V) V) POWER
FREQUENCY
ot G=8.34 at 94.2% at oo
[110] L-4; C-6; S-1; D-3 14 48 400 Fs=100kHz 300W 97.2
PP G=8 at 92.93% at I
[112] L-5; C-3; S-2; D-8 18 50 400 Fs=50kHz S00W 111.6
et G=2.23 at 97% at o
[113] L-3; C-4; S-1; D-2 10 36 80 Fs=40kHz 200W 75.6
L-M+n; C-2(m+n)- G=4.17 at 95.1% at ok
(i 1;S-1; D-M+n ! 48 200 Fs=100kHz 400W 102
. . . —, — NR at *3k
[114] L-1;C-3;S-2; D4 10 12 48 G=4 at Fs=NR 1000W 69.6

* L-No. of Inductors; C- No. of Capacitors; S- No. of switches; D- No. of Diodes; T-Total Components used; G-Gain; Fs-Switching Frequency; NR-
Not Reported; *complexity level-low, ** complexity level-moderate; *** complexity level -high; **** complexity level-extra/ultra-high

D. BRIDGELESS ISOLATED ZETA + LUO CONVERTER

Reference [114] proposes a Bridgeless (BL) isolated
Zeta-Luo converter for power factor control on the sup-
ply side for EV charging applications illustrated in Fig.32.
The single inductor shared by two converters for both
cycles improves efficiency. For all operating conditions, the

VOLUME 11, 2023

measured power quality is within the limitations established
by the suggested IEC 61000-3-2 norm. The Zeta and Luo
converter offers extraordinary improvement in power qual-
ity, load regulation and low charging current ripple. The
substantial features of the proposed charger configuration
are:
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FIGURE 31. Non-isolated buck-boost converter Based on Zeta
converter [113].

FIGURE 32. Bridgeless (BL) isolated Zeta-Luo converter based EV
charger [114].

1) The reduction in the overall size of the converter is due
to the sharing of a single inductor at the output of Zeta
and Luo converters.

2) Efficiency is improved due to the reduction of
components.

3) Converter operates in DC mode due to magnetizing
inductor in the isolated converter.

4) A simplified simultaneous pulse has perfect control
over the power factor.

Table 11 presents the gain and voltage stress across the
switch and diode of various converter topologies discussed
under derived/enhanced/modified Zeta converter topologies.

Table 12 compares various ZETA converter topologies
based on the component count, input voltage, output voltage,
voltage gain, switching frequency, and peak efficiency at
the rated power, cost, and complexity level. The comparison
helps us to find the cost-efficient, less complex more effi-
cient converter topology that suits sustainable EV charging
applications.

E. INFERENCE

The converter’s closed-loop control is utilized to comprehend
the dynamic behavior of the converters. The high frequency
transformer and multistage diode and capacitor circuits offer
significant voltage gain. A clamping circuit must be added
to avoid voltage spikes produced by non-isolated converters,
which will decrease efficiency. If the high gain output voltage
is reached by raising the duty cycle of the converter, the
converter’s performance will suffer. The drive and control
circuits’ complexity will be reduced. The CCM and DCM
modes can both be used to investigate the converter’s perfor-
mance. The power quality obtained is within the limitations
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FIGURE 33. Classification of Luo converter derived topologies.

given by the required IEC 61000-3-2 standard for all operat-
ing conditions.

Vill. MODIFIED/ENHANCED LUO CONVERTER BASED
TOPOLOGIES

At a low duty cycle, the Luo converter may give high gain
and good efficiency. When compared to boost converters,
Luo converters have a higher conversion ratio, higher power
density, more efficiency, and a more inexpensive construction
[115]. However, this converter’s drawback is a relatively low
output current, which renders the Luo converter ineffective.
It is combined with a buck converter to enhance performance.
As a result, the Luo-buck integrated topology will enhance
the crucial factors that make the traditional Luo converter
effective. To make the Luo converter suitable for the EV
charging application, literature reports various modifications
listed as shown in Fig. 33.

A. LUO INTEGRATED CONVERTERS

A Multiport Converter integrated buck and Super lift Luo
converter is proposed in [116] as shown in Fig. 34. (a).
The electric motor, audio system, and light all operate at
different voltage levels in the EV. The SLBC (super lift with
buck converter) produces two step-up voltages and one step-
down voltage. The duty cycle of the switches D1 varies from
60-80% for the fixed D2=50%. The various combinations of
the duty cycle were analyzed. The gain for step up is 6 and
2.3 for step down. For a 150W output power, the experimental
efficiency is 93 %. The step-up and step-down output voltages
for a 12V input are 25V and 5.2V, respectively. The essential
characteristics include ease of control, a wide voltage range
with enhanced gain, and reduced conduction loss.

The bridgeless modified Luo converter is presented in
[117] to provide vigorous charging action across a wide input
voltage range, as illustrated in Fig. 34. (b). The main goals of
the article are:

1) Removal of input diode.

2) Less number of components operating in a single

switching cycle.

3) The input filter is not required because of the input

inductor of the modified Luo converter.

4) Both switches use the same gate pulse, which makes

control simple.

5) The output inductance provides continuous current

though the converter is operating in DCM.

6) Conduction losses are reduced.

The experimental validation is configured to charge
48V/100Ah with an output power of 850W. The DC link
voltage is 300V, and the switching frequency is 20kHz.
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FIGURE 34. Luo integrated converters.

Cuk with a positive output super lift Luo converter for a
transformerless high gain is proposed in [107] as shown in
Fig. 34. (¢). This converter’s characteristics include constant
input current, low voltage/current stress, decreased size of
energy storage parts, common ground, high gain, and high
efficiency. The Luo converter can provide high gain with
high efficiency at a low duty cycle. The voltage lift is used
for obtaining high gain at a reduced component count. The
capacitor voltage (VC1) of the Cuk converter is similar to
the capacitor voltage of a typical boost converter. The two
switches operate simultaneously hence, the control complex-
ity of employing two switches is reduced. The theoretical
efficiency is more than 80%. The switch’s duty cycle is 67 %.
At a rated power of 200W, the input voltage is 20V and
the output voltage is 120V. The switching frequency of the
converter is 100kHz.

B. INTERLEAVED LUO CONVERTER
A New interleaved Luo converter is proposed [118]
for a pre-regulated power factor built for EV battery
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FIGURE 35. Interleaved Luo converter [118].

charging. Fig. 35 shows the interleaved Luo converter for the
pre-regulated power factor. Interleaving two Luo converters
helps in effective charging at high power. The reduction in
the switch’s current stress reduces conduction loss. Hence,
efficiency is increased. The converter operates in DCM for
the zero switching of the switch and the improvement of
the reverse recovery of the diode. The high power rating
and voltage lifting features of this Luo converter make it
appropriate for an improved power factor-based EV charger.
The input current of the two-phase interleaved Luo converter
is continuous with lower input current, and the battery life is
extended.

The commendable features of this Luo converter are

1) Since the Luo converter interleaves, the input current is
split, reducing the switch’s current stress.

2) Reduced current stress allows for the use of low-rated
switches, which decreases the cost, size, and efficiency
of the converter.

3) Interleaving reduces the input current ripple.

4) Due to the low output ripple, the size of the DC link
capacitor was also lowered.

For the rated output power of 750W, the converter’s experi-
mental efficiency is 91.89 %. The input voltage is 220V, the
supply frequency is 50Hz, and the output voltage is 300V.

C. MULTI-OUTPUT LUO CONVERTER

Super lift Luo converter, flyback, and coupled inductor-based
enhanced multi-output converter integrated is presented in
[119] as shown in Fig. 36. To achieve great efficiency, the
coupled inductor’s leakage inductance is regenerated. As a
result, the voltage spike caused by leakage inductance is han-
dled, and it will no longer arise across switches. The positive
output super lift Luo converter has remarkable advantages
such as high efficiency, superior power density, and high gain.
As the inductors are wound on the same core, the size of the
converter is reduced.

For analysis the following assumption was made:1) con-
verter operates in CCM 2) the forward voltage drop of the
diode is equaled to the resistance drop and coupled inductor
and capacitor effects are eliminated. The connected induc-
tor has no effect on the voltage stress across the switches.
The voltage stress on the switch, on the other hand, is fully

78329



IEEE Access

R. Venugopal et al.: Review on Unidirectional Non-Isolated High Gain DC-DC Converters

FIGURE 36. Multi-Output Luo converter [119].

determined by the duty cycle and input supply. The exper-
imental model was developed for 110W output power, and
the reported efficiency is 92.5%. For the input voltage of 12V,
multiple output voltages obtained are 48V,36V, and 24V at the
switching frequency of 115kHz.

D. SWITCHED IMPEDANCE BASED LUO CONVERTER
Modified Luo converter for EV charging system to provide
high voltage gain, low voltage stress on switches, decreased
capacitor stress, and reduced component count is proposed in
[120] as shown in Fig. 37. (a). The substantial challenge faced
while integrating sources like batteries and supercapacitors
with traction motors is inevitable. The article’s significant
contributions include:

1) The capacitor voltage stress of the modified Luo con-

verter is reduced.

2) The failure of the capacitor depends on the voltage

stress of the capacitor.

3) Cascading for high gain, high power applications.

Fig. 37. (b) shows the type-1 Switched Impedance based
Luo converters and Fig. 37. (c) shows the type-2 Switched
Impedance based Luo converters. AC -DC isolated bridge-
less (BL) positive Luo converter for light vehicle applications
is proposed in [121]. The main contributions are:

Simple, cost-effective, and reliable charging solution for
light electric vehicle applications.

Positive output Luo voltage polarity utilizes minimum
devices.

Enables soft switching, size reduction, high frequency dis-
continuous inductor current mode (DICM)

The prototype model was tested at various testable
conditions.

The suggested converter has a laboratory efficiency of
91 % for a rated output power of 150W. For the input of
220V, 50Hz single phase supply obtained output voltage level
is 85-265V while the switching frequency is 20kHz. The 24 V
battery is taken as a load for laboratory validation.

Table 13 presents the gain and voltage stress across the
switch and diode of various converter topologies discussed
under derived/enhanced/modified Luo converter topologies.
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(c) Switched Impedance based Luo converters type-2 [130]

FIGURE 37. Switched impedance based Luo converter.

Table 14 compares various Luo converter topologies based
on the component count, input voltage, output voltage, volt-
age gain, switching frequency, and peak efficiency at the rated
power, cost, and complexity level. The comparison helps us to
find the cost-efficient, less complex, more efficient converter
topology that suits sustainable EV charging applications.

E. INFERENCE

It is expected that the integration of power sources like
batteries and supercapacitors with traction motors will have
significant challenges. Simple, affordable, and reliable charg-
ing solution for applications involving light electric vehicles
provided by a modified Luo converter. To achieve great effi-
ciency, the coupled inductor’s leakage inductance is recy-
cled. As a result, the voltage spike generated by leakage
inductance is managed and will not occur across switches.
The coupled inductor’s leakage inductance is recycled to
attain high efficiency. The voltage spike induced by leaking
inductance is dealt with and will not arise across switches. It is
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TABLE 13. Review of Luo converter-derived topologies’ voltage gain and voltage stress expressions.

REFERE

NCE GAIN VOLTAGE STRESS CONTRIBUTIONS
e  Lower input and output current ripples
e  Simplicity in control
[116] G = 2—D, . Current flows through less number of
'T1-D, components over one switching interval
e  Reduction in conduction loss
. Low switch stress and turn-on capacitive
p
G _ (2-D)[(M+1) —D] Ve = Vin losses
[120] EVEN 1-D)?2 51 — e  The three-coupled inductor uses a single
G (2 - D)(M + 1) _ (2 - D)VIN core.
= S2 = A K X
obD (1-D)? : (1-D)? . Simple and cost-effective
. Simple architecture,
G. = 2D.c _ DN, . Least cost
[119] LT p 2 , NR e Minimal capacitor stress
Gy = N e  Improved controllability
=D e Very low-duty cycle
e  Continuous output current;
v e The switches and diodes are subjected to
IN .
_ @-D). Vg1 =Vpy = a-oy low voltage strains.
T a-py? Vg = Vpy = ViN_, e  Low current stress throughout the
[107] Gpem = %; (Z—D)(\III_ND)Z components
! Vb3 = (-2 ° . Operational simplicity;
e  Voltage gain and efficiency are both
high.

*G- Gain; N- Number of Voltage Levels; D-Duty Ratio; k- Coupling Coefficient; V;;= Input Voltage V- Output Voltage; Vs - Voltage Stress across the
Switch; Vp-Voltage Stress in a Diode

TABLE 14. Luo converter derived topologies- comparison based on the component count, input voltage output voltage, gain, efficiency at peak load.

INPUT OUTPUT GAIN REPORTED PEAK 1 AT
» n
Refz)ence ELESAIFETT s T  VOLTAGE VOLTAGE SWXICT:ING REPORTED  COST ($) E%MPLEX
(\%) V) POWER
FREQUENCY
G=4 at o
[119]  L-1:C4:S-1:D-4 10 12 48 Fs=115kHz NR% at 612 -
e 110W
G=137 at ,
[118]  L-4C-3:;82;D2 11 220 300 Fs=20kHz 91.89% at 9% xx
e 750W
G=9 at o
[120]  L-3:C-5:S2;D-4 14 12 108 Fs=50kHz Nl;(,‘;,“ 102 *
D =25%
G=2 at Fs=NR o
[116]  L-2:C-3;8S2;D3 10 12 25 D =DI=30 9?'550/\";‘ 80.4 xox
D2-60%
G=6 at o
[107]  L1-2;C-3;82D3 10 20 120 Fs=100kHz ~80% at 88.8 wox
P 200W

* L-No. of Inductors; C- No. of Capacitors; S- No. of switches; D- No. of Diodes; T-Total Components used; G-Gain; Fs-Switching Frequency; NR-
Not Reported; *complexity level-low, ** complexity level-moderate; *** complexity level -high; **** complexity level-extra/ultra-high

expected that the integration of power sources like batteries modified Luo converter. To achieve great efficiency, the cou-
and supercapacitors with traction motors will have significant pled inductor’s leakage inductance is recycled. The voltage
challenges. Simple, affordable, and reliable charging solution spike caused by leakage inductance is handled, and it won’t

for applications involving light electric vehicles provided by a appear across switches. The converter’s size has decreased

VOLUME 11, 2023 78331



IEEE Access

R. Venugopal et al.: Review on Unidirectional Non-Isolated High Gain DC-DC Converters

TABLE 15. Effective converters for dc fast charging in practical on large scale.

GAIN REPORTED

REFERENC INPUT OuTPUT WITH PEAK 1 AT
ELEMENT’S COUNT T REPORTED  COST ($) COMPLEXITY
E(S) VOLTAGE  VOLTAGE SWITCHING
POWER
FREQUENCY

PP G=6.25 at NR at s
[72] L-2; C-2; S-1; D-3 8 40 250 Fs=50KkHz 200W 87.6

PP G=6.67 at 97% at o
[105] L-1; C-3; S-2; D-1 7 30 200 Fs=70kHz: 130W 69.6

PP G=19 at 92.7% at .
[59] L-3; C-3; S-2; D-1 9 18-30 18-30 FS=20kHz 100W 75

e, G=13.89 at 96.6% at .
[106] L-1; C-5; S-1; D-4 11 18 250 Fs=40KHz: 100W 67.2

P G=8.34 at 94.2% at -
[110] L-4; C-6; S-1; D-3 14 48 400 Fs=100kHz 300W 97.2

* L-No. of Inductors; C- No. of Capacitors; S- No. of switches; D- No. of Diodes; T-Total Components used; G-Gain; Fs-Switching Frequency; NR-
Not Reported; *complexity level-low, ** complexity level-moderate; *** complexity level -high; **** complexity level-extra/ultra-high

since the inductors are coiled on the same core. The voltage
stress at the switches is unaffected by the associated inductor.

However, the duty cycle and input supply have no effect
on the voltage stress on the switch. The switch’s current
stress is lowered, minimizing conduction loss and enhancing
efficiency. The converter increases diode reverse recovery
by operating in DCM for switch zero switching. This Luo
converter is suitable for enhanced power factor based EV
chargers because of its high power rating and voltage boost-
ing capabilities. The characteristics of this converter include
a steady input current, low voltage/current stress, smaller
energy storage parts, common ground, high gain, and high
efficiency. The Luo converter has a high gain, high efficiency,
and low duty cycle capability. Using the voltage lift makes it
possible to get a high gain with fewer components.

Various high gain converter topologies were studied in this
article, and the majority of the converters were considered
to be suitable for EV DC charging applications. A converter
may be selected depending on EV system requirements such
as voltage gain, efficiency, ripples, and compatibility. A dis-
cussion on the mentioned dc-dc converters for EV-sustainable
dc-dc fast charging applications, the aforementioned selec-
tion factors and the corresponding converters have been pre-
sented as follows. The component count comparison is the
primary and simple approach to analyzing the suitability
of the converter for any application. To attain high voltage
gain, the increased use of diodes, switched inductors [77],
[82], [83], [108], [112], switched capacitors [77], [82], [83],
[97], [108], output rectifiers, stacked structures, integrated
cells [10], [98], and clamp circuits [122] is unavoidable.
Passive components, particularly magnetic cores, are the
most effective means of measuring the volume and weight
of the converter. The use of multi-winding magnetics [73],
[75], [86], [87], [93] like a coupled inductor, conventional
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transformer, and built-in transformer helps in increasing the
voltage gain. Furthermore, increasing the degree of freedom
of the converter results in high efficiency if the parasitic
inductance is recycled. The Magnetic coupling-based con-
verters find a wide range of applications in EV fast charging
applications, renewable energy systems and microgrids [9],
[10], [17], [47], [68], [88]. Furthermore, these converters are
used in data centres, telecommunications, physics, and high-
power supply.

Multistage is also known as cascading [75], [78], [79],
[86], [119]. It is developed by connecting the identical or
different high step-up converters serially. The problem of
lower efficiency due to converter multiplication can be solved
by driving the low voltage stage at a high frequency and
the high voltage side at a low frequency. The main chal-
lenges of the non-isolated high gain converters are high input
current and its high ripple, making the input components
design complex and increasing the size. To overcome these
concerns, interleaving [73], [79], [91], [118] is recommended
by connecting two or more identical converters in parallel at
the input and extending this till the output port. Interleaving
helps:

(1) to reduce the diodes’ reverse recovery

(2) to increase power density

(3) in enhancing the reliability of the converter

(4) in achieving the wide operation range

(5) to reduce passive component size.

Multilevel topologies require fewer magnetic components,
which reduces weight and EMI. Multilevel topologies [78],
[79], [86], [119] have been offered as a common and practical
solution for high voltage stress on output port components
while preserving high voltage gain.

In some works, ST and SC are incorporated to obtain higher
gains. Switched inductor and switched capacitors are made
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to charge in parallel and discharge in series [77], [82], [83],
[97], [108] and SI [77], [82], [83], [108], [112]. The essential
aspects of SI and SC structures are outlined below.

(1) Requirement of magnetic inductors is eliminated since
switched capacitor is used for power transmission. Hence, it is
cheaper and reduced weight. EMI is also reduced.

(2) SCs have a less power density compared to the power
density of SI. To reduce the switching losses and voltage
spikes across the devices, switching frequency has to be
high.

(3) The use of coupled inductors in SI networks [75],
[77], [82], [83], [108], [112] improves voltage gain, reduces
use of magnetic cores, makes simple with variable turns
ratio of coupled inductor, the reverse recovery issue of
diode is eliminated, provided the leakage inductance is
recycled.

(4) The SI and SC circuits offer cascade, integration, and
modularity capabilities, allowing them to achieve significant
voltage gains.

(5) By adding a tiny resonant inductor to selected SC cells,
the switching devices achieve zero current switching (ZCS)
[21], [71], [79], [88], [92], [105], makes this suitable for oper-
ating at high power density and high switching frequency.

(6) the VMC are expected to be located after the main
power switch, in order to minimize the voltage stress [73],
[75], [79].

Despite their shortcomings, most non-isolated high gain
DC-DC converters are appropriate for EV rapid charging
applications [7], [64], [121].

To optimize an EV charging system, it is important to use
a highly efficient converter that has high voltage gain, creates
low semiconductor stress, and produces minimal voltage and
current ripple. While high-order SC and SI cells can enhance
voltage gain, they also increase the number of components.
Some converters use snubbers and clamp circuits to reduce
voltage stress, decrease switching loss, and improve effi-
ciency and power density. Based on these considerations,
the best converters for EV Sustainable DC Fast Charging
Applications reviewed in this paper have been identified, one
from each group, and presented in Table 15.

IX. RESEARCH OPPORTUNITIES

» Many Boost, SEPIC, Cuk, Luo, and Zeta derived con-
verter topologies were developed and reported for high
gain applications with various duty cycles ranging from
0.33 to 0.8. Efficiency suffers due to the significant
conduction losses when the converter operates with a
duty cycle of more than 0.5.

» Cascading converters develop quadratic and cubic con-
verters. The gain achieved by the quadratic converter is
higher than the conventional boost converter. However,
voltage stress and high current are the major drawbacks.

» The quasi-resonant-based reduces switching losses and
attains high gain. But it increases the complexity of the
converter.
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TABLE 16. Design considerations for the converters.

Design .
Considerations Details
Size Size, weight, power density, and energy density
. Power loss, electrical insulation, switching
Electrical . .
erformance frequency, current rating, voltage rating, and EMI
p (Electromagnetic Interference)
Thermal Circulation of temperature, thermal Resistance, heat
management Capacity, and Thermal Expansion Coefficient
Mechanical Vibration and Shock from outside
strength
Reliability Temperature Lifespan, and Power Cycling

» In the coupled inductor structure, the voltage and current
stress of the switches are limited. Nevertheless, major
problem with coupled inductor structures are loss due to
the leakage. To address this issue, an additional clamp-
ing circuit to reuse the leakage energy is required but this
again increases the complexity and controllability of the
converter.

» Though the interleaving technique has reduced rip-
ple current for high-power applications, the num-
ber of switches used is high compared to the gain
achieved.

» Switched impedance like SC based topologies, capacitor
charges in parallel, and discharges in series. Here, the
voltage regulation is poor. Therefore, this methodol-
ogy cannot be used individually. However, this can be
integrated with other topologies which can have proper
output voltage regulation.

» SI (switched inductor) based topologies charge paral-
lelly and discharge serially the stored energy but the
number of switches increases the cost, switching, and
conduction losses.

Table 16 lists various consideration for designing the con-
verters for EV DC fast charging applications which are size
(reflects on the cost of the converter), electrical performance
(ensure the requirement of the EV charging are met), thermal
management (ensures the capability of the converter to with-
stand the temperature variation in and around the converter),
mechanical strength (ensure the converter capability to with-
stand the external or internal shock and vibrations), reliability,
manufacturability.

X. CONCLUSION

With superior wisdom of consciousness on environmental
impacts due to fossil fuel and to reduce the dependency on
conventional fuels reviewed the suitability of the DC-DC
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converters interfacing the renewable/ sustainable sources for
DC fast charging of EVs is attempted. In this article, the vari-
ous standards and technical specifications of DC fast charging
are presented along with the importance of power electronics
in EV charging applications. the various topologies based
on Boost, SEPIC, Cuk, Luo, and Zeta converters were dis-
cussed in detail with experimental parameters. Tabulated the
expressions for the voltage gain and stress across controlled
and uncontrolled switches with merits and limitations of the
mentioned converter topologies were presented. A compar-
ison table compares the total component count, input volt-
age, output voltage, power, and efficiency of the various
topologies of Boost, Cuk, SEPIC, Zeta and Luo converters
separately.

The existing topologies that face issues like high ripple
input current, low impedance, voltage stress and current
stress, leakage inductance, etc. were also discussed. The
usage of coupled inductors introduces leakage inductance
which requires active clamp circuits for attending the leakage
inductance. The attempted leakage inductance increases the
voltage stress across the switches and reverses the recovery
problem in diodes. The primary objective of the converter
should be significant gain along with excellent efficiency
in a small size and weight. The increase in element count
increases the loss therefore the efficiency can come down/
reduced, also size and weight increase.
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