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Abstract

The conventional hard-switching converters suffer from the limitations like the upper limit
on switching frequency, high electromagnetic interference (EMI), more switching losses,
large size, increased weight and low efficiency. To overcome these limitations, resonant
converters are popularly used in chargers of electric vehicles (EVs). However, the detailed
classification of resonant converters used in EVs is not sufficiently discussed in the liter-
ature. The guideline to select a resonant converter based topology required to charge
an EV on the basis of its rating is not mentioned. To fill this gap, this paper presents a
state-of-art literature survey of various resonant converter based topologies used in charg-
ers of EVs. This paper focuses on a detailed classification of resonant converters used in
the second stage of EV chargers. Further, it provides a guideline to designers to choose
a converter topology used in the first stage and the second stage of EV charger required
based on wattage, unidirectional and bidirectional power flow. Depending on the num-
ber of reactive elements present in a given resonant converter topology, these are clas-
sified as two-element, three-element, and multi-element resonant converters. Depend-
ing upon the connection of inductive (L) and capacitive (C) elements with respect to

transformer winding, these converter topologies are further categorized as series, par-
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allel (two-elements), inductor-inductor-capacitor (LLC) (three-element) and capacitor-
inductor-inductor-capacitor (CLLC) (Multi-elements). However, the LLC type resonant
converters offer high efficiency, zero-voltage switching (ZVS turn-on, turn-off) and low
voltage stress on switches and high power density. Therefore, this paper mainly focuses
on LLC type resonant converter topology. In addition, various modulation schemes and
control schemes for LLC, CLLC resonant converter along with control of active power and
reactive power are discussed for vehicle-2-grid (V2G) mode of operation.

Keywords: Electric vehicle, Resonant converter, LLC, CLLC converter, resonant tank

circuit.

1. Introduction

Electric vehicles (EVs) are becoming extensively popular. Due to the rapid depletion in
fossil fuels, emission of greenhouse gas (GHG) and fuel cost. It is estimated by the Stated
Policies Scenario that EV stock will be around 8 million by 2019 and is expected to expand
up to 50 million by 2025. In the same sequence, EV penetration will grow up to 140 million
by 2030. The total contribution of electric vehicles by 2030 would be approximately 7%
of the total vehicles in operation [1],[2],[3].

Chargers are required to charge the battery which is included in the EV. These EV
chargers are classified into five categories which are listed in Table 1 [4, 5]. Depending
upon the converter topology, the EV charger are classified as dedicated and integrated
types of EV chargers. In the case of a dedicated charger, a separate charger is provided
to charge the battery, while in the case of an integrated charger, an existing propulsion
equipment is used to charge the battery [6]. Depending upon the mounting of EV charg-
ers these are classified as on-board and off-board. In the case of an on-board charger, the
charging converter is mounted inside the vehicle, while in the case of an off-board charger
the charging converter is mounted outside the EV. Off-board chargers are fast chargers as
compared to on-board chargers [7]. Depending upon the connection of EV to the charg-
ing station, EV chargers are classified as inductive, conductive. In the case of inductive

charging technique, an electromagnetic field is used to transfer power from a transmitter



coil to a receiver coil. Transmitter coil is connected to the charging utility, while the re-
ceiver coil is mounted on EV. In case of inductive charging magnetic filed is responsible
for transferring the energy from the transmitter coil to receiver coil. However, in the case
of capacitive charging technique, this energy can be transferred from transmitter coil to
receiver coil with the help of an electric field. In case of conductive charging technique,
the energy required for charging the battery is transferred by the utility or main grid to the
EV with the help of an inter-connecting cable or wire. Depending upon the output, of EV
chargers these are classified as AC and DC chargers. Further, depending upon the direc-
tion of power flow EV chargers are classified as unidirectional and bidirectional chargers.
If the energy can be transferred only in one direction i.e. from grid to EV (G2V) is called
as unidirectional charger. If the energy can be transferred from grid to EV and EV to main
grid (V2G), it is called as bidirectional EV charger. The bidirectional charger are further
classified as single-stage and two-stage chargers. In the case of a single-stage charger there
is no DC-link capacitor only an isolated AC/DC converter is present. On the other hand
the two-stage has a DC-link capacitor that is huge in size and has a short lifetime [8].
The typical requirement of OBC including its power density and efficiency for each stages
are highlighted in [8].The bidirectional and unidirectional charger are further classified as
single stage and two-stage charger. The universal on board two-stage charger including a
front-end AC-DC converter and back-end DC-DC converter is shown in Figure 1. To filter
out high-frequency noise, the output EMI filter is supplied to an AC-DC converter which
has the facility of power factor correction. To maintain the ripple magnitude in the output
of the AC-DC converter within the specified limit, a dc-link capacitor of a suitable value is
connected across the output of the AC-DC converter. The output of the DC-link capacitor
is supplied to the isolated DC-DC converter which is used to charge the battery of the EV.
charges the EV battery. The outputs of the front-end AC-DC converter and back-end DC-DC
converter are regulated with the help of the controller. While isolated DC-DC converter
provides galvanic isolation. Galvanic isolation is often imposed between the high voltage
side of the battery pack and the grid-side dc link for safety purposes. However, the ve-
hicle’s chassis and low-voltage side should be galvanically isolated from the high voltage

battery.



Depending upon the output power delivered by two-stage EV chargers, these are cate-
gorized as Level-1, level-2 and level-3 chargers. Level-1 and level-2 chargers are on-board
chargers while level-3 is off-board charger [8],[9], [10]. A detailed review of on-board
charges is discussed in [8] along with the configurations, industry standards and com-
mercial list of bidirectional chargers. The issues associated with EV battery, chargers and
traction motor drives are discussed in [9] . The review on bidirectional converters based
on configurations with required industry standards is discussed in [10].

The off-board chargers have the significant benefit of being less limited by size and
weight while having the quickest charging time as compared to level-1, level-2 on-board
chargers. Level -1 on-board chargers are used in applications like home, office parking
while level-2 on-board chargers are used in public or private outlets. Level -3 off-board
chargers are preferred for commercial buildings [11], [12]. Table 2 gives details of various
charging levels of on-board and off-board chargers and the corresponding capacity of the
EV with which these EVs can be charged. The EV charger classification and the type of
plug required for each level is discussed in [11]. A detailed classification of wired and
wireless charging methods are discussed in [12].

Some of the EV models available in the market with their rated battery capacities are
also included in Table 2. Citroen vehicle (2016) has a battery capacity of 16kWh that
can be charged using power level-1. The battery capacities of Hyundai IONIQ (2016)
and Ford Focus (2017) are 30.5kWh and 33.5kWh, respectively and can be charged using
level-2. The Level-3 is used for fast charging of BMWi3 (2018) and Citroen C4 (2021)
with respective battery capacities of 42.3kWh and 50kWh [13, 14].

The objective of the EV charger is to ensure fast charging of the battery fulfilling re-
quirements of simple design, galvanic isolation, low weight, small size and cost effective-
ness. However, the design of EV chargers suffers from key challenges like low efficiency,
nonavailability of isolation, high cost and low power density. By increasing the switching
frequency of the converter, the values of passive elements can be reduced. However, in-
crement in switching frequency leads to increment in switching losses during turn-on and
turn-off switching devices. A further issue with such a system is the reverse recovery losses

and noise caused by the output rectifiers’ high di/dt and dv/dt ratios. To overcome these



limitations, resonant circuits and soft switching techniques are widely used.
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Figure 1: General block diagram of charger

Table 1: Charger classification

Category of classification | Types

1. Dedicated
Topology

2. Integrated

1. On-Board
Mounting

2. Off-Board

1. Inductive
Connection type

2. Conductive

1. AC
Electrical connection

2. DC

1. Unidirectional
Direction of power flow

2. Bidirectional




Table 2: Details of Charger

Level types Voltage | Current | Output power level | Vehicle capacity

Level-1 (on-board) | 120V,. | 12A 1.4kW 16- 50kWh

1-phase 230V4e | 20A 1.9kW 1. Citroen C-zero (2016)
Battery capacity- 16kWh

Level-2 (on-board) | 240V,. | 17A 4kW 3-50kWh

1-phase 1. Hyundai IONIQ (2016)

3-phase 400Vq. | 32kW 8kw Battery capacity- 30.5kWh
2. Ford Focus Electric (2017)
Battery capacity- 33.5kWh

Electric vehicles are facing several technical challenges in their full adaptation, e.g.,
high charging time, range anxiety, high losses and poor efficiency of available EV charg-
ers. Resonant converters recently gained popularity owing to their capabilities to address
these EV charger’s challenges. Resonant converters can help achieve fast charging, and de-
creased losses by offering zero voltage and current switching, leading to minimizing range
anxiety. Furthermore, resonant converters also provide galvanic isolation, soft switching
and high-power density; key requirements in an EV charger. In addition, resonant con-
verters can also help to achieve V2G, and V2H mode of operations of EV chargers due to
their capability of allowing the bidirectional flow of power. Various types of EV chargers
that employ resonant converters are discussed in [15], [16], [17] and [18], [19]. The
series resonant converter (SRC) based charger is discussed in [15]. This topology is the
bidirectional type and provides galvanic isolation, soft-switching, and high-power density.
However, the control strategy used for Vehicle-to-Grid (V2G) operation which is required
for the exchange of active [15]. In [16] a half-bridge SRC that operates in Grid-to-Vehicle
(G2V), V2G, and Vehicle-to-Home (V2H) modes of operation is discussed. In addition, the
control schemes are also highlighted. A PWM-RC series resonant converter for V2G mode
[17]. An LLC and CLLC converter is also used in EVs as discussed in [18], [19].

Due to the advantages mentioned above, resonant converters are considered as an



integral part of an EV charging station.

However, the increased penetration of EVs may cause fluctuation of load, and the
scheduling of the charging of electric vehicles in charging stations may become difficult. A
bi-level optimum dispatching model is discussed in [20] for the charging station to over-
come this issue. The integrated demand response program is used which is designed to
maintain a balance between energy supply and demand while keeping user satisfaction
within an expected range.

Modulation techniques used for resonant converters are classified as Pulse width modu-
lation (PWM) and Frequency modulation (FM) techniques. However, frequency-modulated
resonant converters provide several advantages over traditional pulse width modulated
converters, including (a) lower switching losses and high efficiency. (b) ability to work at
a higher switching frequency, which helps in reduction of the size of magnetic components
and thus enhances power density, and (c) zero-voltage switching ability, that could resolve
the issues of electromagnetic interference.

The continuous growth is being observed in the area of EVs which necessitates the re-
quirement of DC-DC converters having a wide range of dc output voltage [21-26]. The
use of LLC converter for battery application is discussed in [21] and the procedure for the
optimal design of LLC converter is discussed in [22, 23]. A modification in rectifier circuit
of LLC [24] or by changing modulation scheme like PWM, phase-shifted for LLC converter
is suggested for wide-output voltage applications in [25, 26]. A novel parallel-loaded
resonant converter is suggested in [27] which is mainly used for wide-output-voltage ap-
plications.

The voltage gain of a frequency modulated LLC based resonant converter should be
high over the wide range of the switching frequency, fs. The resonant converter loses
its ZVS capability if switching frequency, f; is less than the resonant frequency, f,.. How-
ever, if the value of f, is greater than f,, the voltage regulation of resonant converter
becomes poor due to the impact of junction capacitance, (Cj) of secondary-side rectifying
diodes. The efficiency of LLC based resonant converter decreases rapidly with an increase
in the difference between fg and f,. [27]. Furthermore, the size of magnetic components

is constrained by the lower bound on fs. From the above discussion, it is observed that



the design of LLC based resonant converter suffers from various challenges. To overcome
above-mentioned limitations, various techniques are discussed in the literature which is
based on the following four methods:

1. By adjusting parameters of the tank circuit.

2. By reconfigurable circuits such as full-bridge, half-bridge, voltage doubler, voltage

quadruple etc. on the secondary side of isolation transfer.
3. By using reconfigurable circuits such as full-bridge, half-bridge etc. on the primary
side of isolation transfer.

4. By modifying the control and modulation strategies

By using a modified tank circuit in resonant converters [23, 24] or the output rectifier
[25, 26], high efficiency can be achieved over a wide range of output voltages. Reconfig-
urable resonant converter based topologies of DC-DC converters are suggested in [28-30],
which ensure a wide range of output voltages. In [28] a reconfiguration in the series con-
verter is proposed. A two-interleaved LLC converter on the secondary side with PWM
scheme. The efficiency of the converter is 97.31% [29]. A voltage quadrupler rectifier in
LLC converter is suggested [30]. In [6], various topologies of integrated on-board chargers
used for EV applications are discussed. The control techniques used for the charging EVs,
technical challenges and types of different converters used in integrated chargers are also
highlighted. The current status and future trends of bidirectional on-board chargers are
discussed in [31]. Moreover, various configurations of on-board chargers like two-stage
and single-stage are also discussed in detail. In [32], different resonant converter topolo-
gies like series, parallel, series-parallel, LCC and LLC based half-bridge topologies that are
capable to charge a Li-ion battery having a power rating of 3.2 kW and voltage 360 V used
in plug-in-EV (PEV) are compared. The two-element resonant converter topology used for
wireless power transfer (WPT) for EVs is discussed in [33]. However, the classification of
resonant converter used in EV charger application are not discussed [34].

This paper deals with a state-of-art literature survey of resonant converters used in EV
charging applications. The advantages and limitations offered by these converter typolo-
gies, their efficiencies and the number of passive elements required in a given resonant con-

verter topology used in unidirectional and bidirectional chargers are clearly highlighted.
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Figure 2: The structure of resonant power converter

In addition, design steps required for optimizing the size of magnetic components are dis-
cussed. Various industry standards like IEC, ISO, IEEE used in EV charging as per the type
of connectors used in EVs are listed. The main contributions of the paper are listed below:-

1. A detailed classification of resonant converters used in EV chargers is included.

2. A comparison table of unidirectional (1kW, 1.5kW, 3.3kW) and bidirectional (3.5kW,
6.6kW) chargers based on efficiency, number of resonant elements, resonant fre-
quency and battery voltage is also included. This table can be used as a guideline
to design the first stage and second stage of EV charger of a given power rating
and direction of power flow (unidirectional and bidirectional power flow mentioned
in the literature). Moreover, the contribution and limitations of various converter
topologies used first and the second stage are included. The dominant area of fu-
ture research is also identified.

3. It highlights various modulations schemes, control schemes for LLC and CLLC con-
verters. Moreover, the control schemes required for the exchange of active power
(P) and reactive power (Q) in the V2G mode of operation are included.

4. The list of commercial companies which provide EV charging facilities at various
places like homes, commercial buildings, highway corridors etc. is also included in

this paper.

2. Resonant converter classification

The schematic of resonant power converters (RPCs) including six stages is shown in
Figure 2. The first stage is the input source which can be a voltage or a current source.

The second stage is a bridge inverter which can be a half-bridge or full-bridge inverter.
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Figure 3: Classification of soft switching converter

The output of the second stage is supplied to the N*"* order resonant tank circuit formed
by inductors and capacitors. Here, N (Where N=0,1,2,- - -, N) indicates the total number
of inductors and capacitors connected in the resonant tank circuit. The next stage is the
transformer which is used to isolate one stage from another stage. In addition it, this can
be also be used for the step-up and step-down operation of system voltage. The output
of the isolation stage is supplied to the bridge rectifier stage which can be a full-bridge or
half-bridge rectifier. The output of the bridge rectifier stage is supplied to the filter stage
that includes either a low pass filter or a high pass filter. The output of the filter stage is
used to charge the battery connected in EV [35].

The soft switching based DC-DC converters. They are further categorized as resonant
power converters (RPC)s, zero transition converters (ZTC), qausi-resonant and multi-
resonant converter (QRC & MRCs) shown in Figure 3. The RPCs are classified as two-
element (second-order), three-element (third-order) and multi-element (higher order)
types of RPCs as shown in Figure 2. Two-element RPC is a second order resonant tank cir-
cuit which includes single inductor and single capacitor. Depending upon the connection
of either voltage or current source at the input port, there are eight possible configurations

of two-element RPCs as shown in Figure 4. The configurations shown in Figure 4 tank A,
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tank B, tank C and tank D are used for voltage source resonant converters, while the con-
figurations shown in Figure 4 tank E, tank E tank G and tank H are used for current source
resonant converters [35, 36]. The tank circuit of voltage source configurations shown in
Figure 4 tank A behaves like a band pass filter. Therefore, it is called series resonant con-
verter (SRC) or series resonant frequency (SRF). The configurations shown in tank B and
tank C are called parallel resonant converters (PRC) or parallel resonant frequency (PRF)
they behaves like high pass filter and low pass filter. The configuration shown in Figure 4
tank d behaves like a notch filter and is called Notch Resonant Frequency (NRF) converter.

The SRC suffers from the limitation that a wide range of frequency variation is re-
quired to regulate output voltage. At no load or light load condition, the regulation of
output voltage becomes difficult. The PRC has low efficiency and high circulating energy
at light load condition. In addition, for high voltage and contactless energy transfer appli-
cations, the SRC and PRC cannot utilize parasitic components like magnetizing inductor
in isolation transformer [33, 35]. To overcome this limitation, a three-element or higher
order resonant tank circuit based resonant converters are used as suggested in literature.
The three-element resonant tank circuits are derived by adding the third element to two-
element resonant tank circuits. It combines the advantages of both SRC and PRC. The

three element based resonant converter can be further classified on the basis of resonant
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tank circuit including two inductors and one capacitor (LLC) and two capacitor and one
inductors (CCL). Based on LLC and CCL resonant tank circuits, there are thirty six possible
configurations of three element resonant converters. However, only twenty six out of these
thirty six configurations of resonant converters are able to resonate shown in Figure 5.

The following criteria is used to form a resonant converter based on three element
resonant tank circuit [35]:

1. When the input of the resonant tank circuit is an open circuit on replacing inductors
by an open circuit and capacitors as a short circuit. This give rise to the development
of a resonant converter based configuration with voltage source used as input.

2. When the input of the resonant tank circuit is a short circuit by replacing inductors to
be open circuits and capacitors as a short circuit. That develops a resonant converter
with input as the current source.

3. If the input of resonant tank circuit is directly connected to the output, this converter
can not be used as a resonant converters.

4. If the input is voltage source the input impedance of resonant tank circuit should be
infinity at high frequency to limit the high-frequency input current of the resonant
tank circuit. At high frequency, it will approximate a sinusoidal wave.

5. When the input source is a current source, the input impedance should be zero at
high frequency to restrict high-frequency components of input voltage of resonant
tank circuit. At high frequency, it will approximate a sinusoidal wave.

The most commonly used configuration of resonant converter based on LLC resonant
tank circuits including voltage and current sources are shown Figure 5a. Similarly, the
configuration of resonant converter based on CCL resonant tank circuits including voltage
and current sources are shown Figure 5b.

The three-element (third-order) based resonant converters have more advantages like
it can operate in zero-voltage-switching (ZVS) region for large load variation, lower stress
on the diodes than two-element. However, switching and conduction loss increases when
the input voltage is high in a three-element resonant converter. Resonant converters in-
cluding tank circuits with four, five or more reactive elements are included in the category

of multi-element (higher-order) resonant converters. With a four-element resonant tank,
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Element 1 Element 2 Element 1 Element 2

Element 3 Element 3

Element 4 Element 4

(a) (b)

Figure 6: Four-element (multi-element) generalized tank circuit

the circuit lead to 182 topologies. Class-1, 2 has 42 topologies and class-3, has 98 topolo-
gies [37]. The four-element resonant tank is further grouped into three classes they are as
follows:

1. Three capacitors and one inductor (Class-1)

2. Three inductors and one capacitor (Class-2)

3. Three capacitors and one inductor (Class-3)

The generalized configurations of resonant tank circuits with four-element are shown
in Figure 6. The various variants of four-element tank circuits are discussed in [38, 39].
The relative advantage and disadvantages of resonant converters based on two-element,

three-element and multi-element tank circuits are discussed in Table 3
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Figure 7: (a) Half-bridge series-resonant converter (b) half-bridge parallel-resonant Converter

2.1. Series resonant converter

The schematic of the series resonant converter (SRC) is as shown in Figure 7a. The

SRC includes a half-bridge inverter, two-element resonant network, isolation transformer
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and rectifier. The half-bridge inverter consists of two switches including its body diode
and parasitic capacitors. The resonant tank circuit contains resonant inductor, L, and
capacitor, C,.. The reactive elements, L. and C, are placed in series with the transformer
winding and hence called as a series resonant converter. The resonant tank circuit and the
load connected at the output of the rectifier are in series. Here, the tank circuit and load
act as voltage divider. The impedance of the resonant tank can be changed by adjusting
the frequency of the driving voltage, V. The input voltage is divided between the load
and impedance of the resonant tank. The SRC acts as a voltage divider circuit. Therefore,
the DC gain of SRC is always less than unity. The value of the impedance of the tank
circuit at the resonant frequency is small. Therefore, the value of the output voltage of
the resonant converter is equal to its input voltage. Hence, the value of gain of SRC is
maximum at the resonant frequency [40, 41]. The SRC converter includes a capacitor
on the primary side of the transformer that will block the block dc component of primary
current [41]. Therefore, a low selectivity is observed in voltage gain characteristics of SRC
at no-load conditions. For this condition, the voltage gain curve appears to be a horizontal
line. Therefore, SRC cannot operate at no-load condition is one of the limitations of the
SRC converter. The other limitation is that the output filter should be able to handle high

ripple current. Therefore, SRC is not suitable for low-voltage high current applications.

2.2. Parallel-resonant-converter

The schematic of the parallel resonant converter is shown in Figure 7b. In PRC, either
one of the reactive components or both are connected parallel to the load. This configura-
tion is called a parallel resonant converter. [40, 41]. The primary side of the transformer
contains a capacitor and an inductor is used on the secondary side to match the impedance.
The limitation of the SRC converter is resolved by using PRC that in the no-load condition
it is able to regulate the output voltage. It suffers from the limitation that the magni-
tude of circulating current increases with an increase in input voltage. The magnitude of

circulating current is high as compared to SRC.
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2.3. Series-parallel resonant converter

The schematic of the series-parallel resonant converter is shown in Figure 8. It includes
three reactive elements. The resonant tank of SPRC is a hybrid formed by the combination
of SRC and PRC. An output filter inductor is added to the secondary side, similar to the
PRC, to match the impedance [40]. This arrangement eliminates the drawbacks of SRC and
PRC like no-load regulation and flow of circulating current. This can be achieved by proper
design and selection of resonant components. This series-parallel resonant converter can
regulate the output voltage in no-load condition only if the value of C,, is not too small. If

the value of C,, is too small, it will behave like an SRC [41].

2.4. LLC converter

Advantages of the series and parallel resonant converters are combined in the LLC res-
onant converter. The additional benefits of the resonant converters (especially LLC type)
imparted to EVs are elaborated in Figure 9. The LLC resonant converter helps to achieve
the zero-voltage switching (ZVS) turn-on and zero-current switching (ZCS) turn-off opera-

tion. In addition, the higher power density is achieved by operating at a higher frequency
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which will reduce the size of the transformer. Moreover, the transformer also provides
galvanic isolation. The resonant converter generates a wide-output range of voltages. By
varying the switching frequency there is a change in the impedance of the resonant com-
ponents which will result in a change in the gain of the converter. The voltage and current
waveforms of the diode rectifier do not contain any spikes. Hence it has low EMI and
harmonic pollution.

Figure 10 shows the schematic of the half-bridge LLC converter. It is divided into five
parts which are a half-bridge inverter, the resonant tank, transformer with turns ratio of
n:1 and the centre-tapped rectifier circuit, output capacitor. The load to the LLC converter
is the battery represented as a resistive load. The difference between series based reso-
nant converter and LLC resonant converter is the presence of magnetizing inductance L.
The LLC converter has three resonant component, L., C; and L,,. Here, L., C, are the
resonant inductor and capacitor and L., is the magnetizing inductance. Input to this tank
circuit is a half-bridge inverter configuration. Automatic flux balancing is possible due to
the presence of a capacitor in series with the power path. This LLC resonant converter
operates in variable frequency mode. It has two resonant frequencies. The first resonant
frequency of the LLC converter corresponds to the inductor, L, and the resonant capacitor,
C, and the resonant frequency of LLC converter correspond to L, plus L, and C,. The

two frequencies are defined as given below:-

1
fi= 2my/L,.C, ()
1
£y = 2
27 o /(L + L )Gy 2
L,/C,
Q= % 3)

The LLC resonant converter with DC-characteristics is discussed [42]. It is observed
that the peak of the gain varies as the load changes. For light load condition, the peak
approaches near to the resonant frequency, f, while for heavy load condition, the peak of
the gain approaches to the resonant frequency, f;. In addition, the gain is always unity at

the resonant frequency, f; regardless of the change in load. The characteristic waveform
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during light load conditions resembles PRC. On the other hand, during heavy load condi-

tions, it resembles SRC. The important feature of this converter is that the dc-gain can be

more than or lower than unity.

2.4.1. Working of LLC

For the operating region lying between frequencies, f; and f5, the load condition will

determine whether the converter is working in ZVS or ZCS condition. The working of the

LLC resonant converter is shown in Figure 11 and Figure 12. The inductor currents are

I and I, which are flowing through the reactive elements, L, and L,,, respectively. It

operates in three modes. Mode 1 starts when switch S, is in off-state. At that time, the

inductor
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current [, which is flowing through the reactive element, L, is negative. In mode II,
the inductor current, I, is positive and S; is in on-state, while the mode III starts when

both the inudctor current, I,. and I,,, are same [43].

S,

_@) D) TR o
v Lr v g L2 SR

M = e 1

S, :
1l.::15 %
Lm \J D

(c)
Figure 12: Working of Half-Bridge LLC Converter (c) Mode 3.

The analysis of the resonant converter including a resonant tank circuit with three re-
active elements is quite challenging. The study of LLC resonant converters [44] ensures
correctness. However, due to the complexity of the system, it cannot be easily exploited
to provide a useful design approach. For operating conditions at and above the resonance
frequency of resonant tank circuit, the fundamental harmonic approximation (FHA) tech-
nique produces satisfactory results [45]. For a wide-output range, the LLC converter with
FHA is discussed in [44]. Here, the range is expanded for frequency above the resonant
frequency. However, the ZCS for rectifier diodes is missing when compared to the zone
below resonance, there are more diode reverse recovery losses [46]. In the zone below
resonance, the FHA is still valid. However, the results produced by FHA are less accurate.
As a result, it is suitable for qualitative analysis but not for optimal design procedures.

The operating mode analysis in [47] and [48] is used to build optimal design approaches.
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These methods can produce excellent design outcomes. However, these techniques ne-
cessitate the use of complex math tools. In [49], a simple and accurate design-oriented
model is suggested and a step-by-step design technique that ensures the majority of the
benefits of an LLC converter throughout the wide output voltage range is not discussed.

Comparison between region 1, 2 and 3 are discussed in Table 4.

Table 4: Comparison between region-1,2 and 3

Region-1 | Region-2 | Resonant region
(fs<fy) | (fs>fy) (fs= 1)
Turn-off loss (primary switches) * * % % *
di/ dt of diodes turn-off * * * * *
Circulating energy * % * * % *
Conduction loss * K K * K *
Switching loss * * * % *
Harmonics * * Kk *
Complete performance Moderate | Moderate Good

Note: [* -Low; x x -Medium; % * x -High].
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The operating frequency of the resonant converter affects the input impedance. The
expression for input impedance is given by,

Q * x? x k2 1 x* Kk

Lok Q) =Zr | maa P *~ Lt gasie

4

where, f; is the frequency of the converter. x is defined as the ratio of switching fre-
quency and f1, while k is the ratio of magnetic inductance and leakage inductance of the
transformer. The characteristic impedance of the resonant circuit is given by (4). The input
impedance can be inductive or capacitive as shown in Figure 13. L, and C, the resonant

inductor and capacitor while is the L,,, magnetizing inductance.

x =fs/f1 (5)
k=1Ln/L: (6)
ZR = “—r/(cr) 7

The equivalent circuit of LLC converter is shown in Figure 14 and first harmonic ap-
proximation circuit is shown in Figure 15. Here, V; (t), 1p1(0), vp1(D), ip2(t) represent FHA
components of supply voltage V;(t). The LLC converter is modelled as follows using the

first harmonic approximation (FHA) to simplify the analysis as shown in Figure 15
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Figure 14: Equivalent structure of LLC.

vi(t) Vo Rac

Cr | I
Figure 15: Equivalent structure of based on FHA.

2.5. CLLC converter

The LLC converter has an unsymmetrical resonant tank circuit. However, this issue

is resolved by using a CLLC converter. The full-bridge CLLC converter is shown in Fig-
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ure 16. It has four resonant components, Cp,+ Ly Lys Cys. It is controlled by a variable
frequency that covers a wide area of soft switching region during light load conditions. It
offers higher efficiency. However, its design and control is complex. A 6.6kW CLLC res-
onant converter with an efficiency of 97.85% is suggested in [50]. A comparative study
between half-bridge and full-bridge CLLC converter is carried out in [51]. The half-bridge
has high current stress and power density is also high and low cost as compared to the
full-bridge. A comparative analysis shows that the ZVS region is reduced because of the

parasitic capacitance of switches [52, 53].

3. Modulation Control Schemes

Modulation Control Schemes The efficiency of resonant converters is decided by the
power semiconductor switches and passive components. However, the modulation schemes
adopted for resonant converters have a significant impact on the efficiency of these convert-
ers. The modulation schemes which are mainly used for resonant converters are variable

frequency (VF), fixed frequency, and optimal trajectory control schemes [54].
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3.1. The variable frequency control scheme

This scheme is used to control the output voltage of the resonant converter. In this
scheme, voltage control is achieved by varying the switching frequency fs above the res-
onant frequency fr. The switches in one leg of the full-bridge resonant converter are op-
erated at 50% duty cycle and a phase shift of 180 degrees is maintained among the con-
trol signals of the other leg of the bridge. In this scheme, the on-time of the switch is
maintained at a constant value while the off-time is variable in nature. Consequently, this
scheme leads to a poor transient response of the converter. The variable-frequency scheme
is further classified as self-sustained oscillation controller (SSOC) and self-sustained phase

shift modulation (SSPSM).

3.2. Fixed frequency scheme

In a fixed frequency control scheme, the resonant converter is operated in fixed fre-
quency with an objective to ensure the ZVS operation of the resonant converter. However,
the resonant converters loss their ZVS capability under light load conditions and wide
range of variations in input voltage under this control scheme. This scheme is further
classified into three categories which are (a) schemes including phase-shift modulation
(PSM), (b) asymmetrical pulse width modulation (APWM) and (c) asymmetrical clamped
mode (ACM). The PSM control scheme is applicable to only full-bridge converters. The
phase angle, © between the control signals applied to two switches in a leg is (180-Q)
degree and the duty ratio for both switches is fixed at a value of 50 %. The operation of
resonant converters is ensured for variable the duty cycle (d) and the switching frequency
fs is selected above the resonant frequency f,. . As a result, one inverter leg will undergo

zero current switching (ZCS) and the other will undergo (ZVS) zero voltage switching.

3.3. Self-sustained oscillation modulation (SSOC)

The main aim of this scheme is to control switching frequency so that it simultaneously
ensures both voltage regulation and ZVS of the resonant converter. It consists of two
control loops which are termed as inner loop and outer loop. The function of the inner loop

is to adjust the phase shift between the resonant current (i) and inverter output voltage
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(Vap) to ensure that is lags (V41,) while the outer loop regulates the output voltage as per

the reference value.

3.4. Self-sustained phase shift modulation (SSPSM)

This scheme is formed by the combination of SSOC and PSM so as to improve the
performance of the variable frequency control scheme. The objective of this scheme is to
control the switching frequency and width of PWM pulses simultaneously which ensures
that output voltage is regulated and the ZVS operation of the converter is maintained. This
is achieved with the help of the inner loop and outer loop. The functionality of these loops

is the same as that of loops mentioned in SSOC.

3.5. Optimal trajectory control

It is also known as linear quadratic regulator (LQR). This scheme is a special case
of state-plane trajectory in which the controller follows a certain path that holds resonant
tank energy within fixed bounds. The first step is to derivea state-space model of the circuit
at one operating point. The second step is to calculate the LQR for that operating point.
This control scheme has a fast transient response subsequently followed by the SSPSM,
SSOC, then by PSM and in last by VF controller.

If the switching frequency of the resonant converter is selected above the resonant
frequency, it generates high switching losses. The increased switching losses leads to an
increment in the temperature of the device which in turn increases conduction losses. In
a similar fashion, the circulating current flowing among the converters further increases
the conduction losses. The control strategies for resonant converters should be selected in
such a way that improves the dynamic response of the converter with lower conduction
and turn-off losses. In [55], different fixed frequency control strategies are compared for
identical values of input voltage and load for full-bridge SRC. It is observed that the asym-
metrical clamped-mode (ACM) has low losses among the fixed frequency control schemes.
However, control schemes like clamped-mode (CM) and asymmetrical duty-cycle mode

(ADC) lead to the production of identical losses in the resonant converters.

28



The VE SSOC and SSPSM control schemes are compared for full-bridge series converter
in [56]. The results show that the switch stress is highest for VF control scheme (3.93 p.u)
and lowest for SSPSM (2.75 p.u). The range of conduction loss in different control scheme
like VE SSOC and SSPSM is 2.09 (p.u), 1.93 (p.u) and 1.75 (p.u) [56], [57].

The components size is maximum in the VF control scheme and moderates in the SSOC
scheme while its value is minimum in the case of the SSPSM control scheme. The SSPSM
control scheme is applicable to only full-bridge and the control schemes like VF and SSOC
are applicable to both half-full-bridge topologies. In [56], different control schemes are
applied to full-bridge series and parallel resonant converter and analyzed. It is observed
that (SSPSM) has good dynamic performance as compared to other control schemes. A
comparative study on different control schemes like phase-shift, frequency, and hybrid
applicable to a series resonant converter used to charge EV battery using inductive method

is discussed in [58].

4. Bidirectional Converters

4.1. Resonant converter based bidirectional EV charger

The bidirectional EV chargers based on resonant converter LLC and CLLC are discussed
in this section. A SiC-based bidirectional EV charger includes two stages, with the first
stage as boost type PFC and the second stage includes half-bridge LLC. It achieves an
overall efficiency of 96% with a variable dc-link voltage control scheme. In addition, it
is analyzed that the losses in both stages during the G2V mode of operation using the
state-space model are discussed in [59].

The current stress on switches can be reduced with the help of full-bridge LLC [60]. In a
bidirectional LLC converter, the DC-AC converter is a buck converter in discharging mode.
Therefore, the dc-link voltage must be greater than the peak grid voltage for its operation in
grid-tied mode. The voltage compensation in reverse mode has been addressed in [61] by
increasing the dc-link voltage. Therefore, DC-AC inverter can be grid-connected. In an LLC
converter, there are no blocking capacitors connected at the input of the LLC transformer

in reverse mode. The unmatched conduction period can result in a non-zero voltage-

29



second area, which may develop a dc bias current that will make the transformer saturate.
This non-zero voltage is developed due to unbalanced conduction time which is caused
by delay time difference of gate-driver circuit, uneven ON-state resistance of MOSFETs,
and turn on and turn off time of MOSFETs. This can be avoided by the driver loop delay.
It is the most important factor to remember when analyzing the dc bias current in the
reverse mode in [50]. A higher power density is achieved using CLLC converters which
are connected in the delta at the primary side while three full-bridge connected in parallel
on the secondary side. The advantage of this is that the current is equally shared in the
resonant tank. In addition, high power density (155 W/in3) is achieved through a planer
magnetic transformer that has a switching frequency of 500kHz. It has an efficiency of
97% using GaN and SiC devices in [62]. The most preferred bidirectional converter is the
CLLC (3-phase) resonant converter that operates up to a power level of 22KW.

The current stress on switches can be reduced with the help of full-bridge LLC in [60].
In a bidirectional LLC converter, the DC-AC converter is a buck converter in discharging
mode. Therefore, the dc-link voltage must be greater than the peak grid voltage for its op-
eration in grid-tied mode. The voltage compensation in reverse mode has been addressed
in [61] by increasing the dc-link voltage. Therefore, DC-AC inverter can be grid-connected.
In an LLC converter, there are no blocking capacitors connected at the input of the LLC
transformer in reverse mode. The unmatched conduction period can result in a nonzero
voltage-second area, which may develop dc bias current that will make the transformer
saturate. This non-zero voltage is developed due to unbalanced conduction time which is
caused by delay time difference of gate-driver circuit, uneven ON-state resistance of MOS-
FETs and turn on and turn off time of MOSFETs. This can be avoided by the driver loop
delay. It is the most important factor to remember when analyzing the dc bias current in
the reverse mode in [50]. A higher power density is achieved using CLLC converters which
is connected in the delta at the primary side while three full-bridge connected in parallel
on the secondary side. The advantage of this is that the current is equally shared in the
resonant tank. In addition, high power density (155 W/in 3) is achieved through a planer
magnetic transformer that has a switching frequency of 500kHz. It has an efficiency of

97% using GaN and SiC devices in [62]. The most preferred bidirectional converter is the

30



CLLC (3-phase) resonant converter that operates up to a power level of 22KW.

4.2. Control schemes of LLC and CLLC

In this section, control schemes for LLC and CLLC type converters are discussed. The
control schemes are designed with an objective to transfer maximum power from the LLC
or CLLC resonant converter to the EV battery with minimum switching losses. The main
objective of the control scheme is to provide quick charging with a reduced value of settling

time and with no overshoot or undershoot.

4.3. LLC

Different control schemes are proposed in the literature, like a phase-locked loop (PLL)
and dual closed PLL for LLC resonant converter for EV battery charger[63], [64]. The PLL
control scheme tracks the resonant frequency and ensures that a soft-switching action is
maintained. In the control scheme discussed in [63], the battery is charged in CC and
CV modes. However, the performance of the resonant converters with CC and CV modes
of operation is not included in [63]. The dual closed-loop control scheme includes two
control loops which are CC-CV and PLL control loops. The CC-CV control loop is used in
the ac-dc converter while the PLL control loop is used to track the resonant frequency in
the LLC converter. It is observed that there is a smooth transient from CC mode to CV

mode of battery charging [64].

4.4. CLLC

The various control schemes used for CLLC topology are discussed in the literature.
The maximum efficiency tracking scheme is proposed in [65]. However, it does not pro-
vide any experimental evidence to back up such a claim. The design details of the CLLC
converter are discussed in [66]. It lacks in synchronous rectification on the secondary side,
which will cause large conduction losses. The above-mentioned limitation of synchronous
rectification on the secondary side is resolved in [67]. In this scheme, the battery is charged
in CC and CV mode with the help of two-control loops, which include a linear proportional
plus integral (PI) controller implemented in the digital domain. It is observed that the set-

tling time (Ts) of the controller is within 30ms during step-up and step-down operation of
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the load. The settling time (Ts) is further reduced by using a sliding mode control scheme
for a bidirectional CLLC resonant converter, which is suggested in [68]. The magnitude of
the steady-state error is less than 0.5 %, and the settling time (Ts) is 1ms. However, using
the conventional PI control strategy, the settling time value is observed to be 0.9ms. The

overall efficiency of the CLLC converter is 97 %.

5. Control scheme for for the exchange of active and reactive power in V2G mode

of operation.

The unidirectional EV charger has the limitation that the power flows from grid to
vehicle only. Moreover, there is an option of using the battery’s stored energy. Since EV
is parked more than 85 % of a lifetime, stored energy in EV batteries can be utilized to
support grid or to provide ancillary services. It is possible to inject energy in the utility or
main grid from the EV batteries, using a bidirectional converter

The bidirectional power flow is possible in vehicle-to-grid (V2G), vehicle-to-home (V2H),
home-to-vehicle (H2V), and vehicle-to-Vehicle (V2V) modes. In V2G mode, the EV charger
regulates the voltage and frequency of the grid. The stored energy can provide ancillary
services like harmonic compensation, reactive power support. In the V2G mode of op-
eration, the exchange active and reactive powers with the grid can be controlled using
various control schemes discussed in [69, 70], [71] and [72]. The control scheme used
for the injection of active and reactive power in V2G mode operation discussed in [72]
is shown in Figure 17. Figure 17 shows the control scheme of the AC-DC converter used
to inject active, B and reactive power, Q. The active and reactive power to be injected is
controlled by using linear PI controllers. The PI controllers minimize the difference be-
tween the actual and desired value of active P, 4 and reactive power Q.mq The output
of the PI controller used to control P is supplied to the DC-link voltage controller. The
output of PLL, reactive power controller, DC-link voltage controller is used to synthesizing
the reference value of inductor current. By minimizing the difference between the actual
ic and reference value i*c of the inductor current, the desired value of active and reactive

powers (Pcma,Qcma) to be injected in V2G mode can be achieved. The control scheme
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of the DC-DC converter used to supply the energy from the battery to the grid in the V2G
mode of operation is shown in Fig. 3b. The battery voltage is regulated with the help of
a voltage controller. The output of voltage controller act as the reference for the current
controller. By minimizing the difference between the actual value of battery current and
desired value battery current, the desired value of active and reactive power to be supplied
by the battery to the grid can be controlled. A comparison table between different control

schemes for active and reactive power exchange is given in Table 5.

6. Battery charging modes

There are various types of battery charging strategies. The battery charging strategy

refers to the shape and magnitude of the current/voltage required for charging a battery.
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Table 5: Comparison of various control schemes.

Modulation Control Converter Control V2G Control
Types Conduction loss[56], [57] LLC[63], [64] CLLC[65] [66] [68] P and Q[69, 70], [71] [72]
. 2.09 (p.u) , size of compoents is . . . . Two separate controllers
Variable Frequency Variable-DC link Maximum-efficiency (Ts)-
maximum scheme

Self -sustained 1.93 (p.u) , size of components Proportional-integral Uniform controller
Dual-Closed loop scheme

oscillation (SSOC) is moderate (PI)-(Ts)-30ms scheme

Self -sustained 1.75 (p.u) , size of components . Unified controller
Dual-Closed loop scheme  Sliding mode- (Ts)- 9ms

phase oscillation (SSPSM)  is minimum scheme

The basic battery charging strategies adopted in EV chargers are Constant Current (CC),
and Constant Voltage (CV) as shown in Figure 18. The CC and CV modes of charging
operations of batteries are discussed in [73]. A brief introduction of these modes is as

follows:

1. Constant Current Charging Method: In this method of charging, the battery is charged
in such a way that the charging current remains constant. This method is applied
when the battery voltage is far below the nominal value of its terminal voltage.
Drawback- The CC mode of battery charging may cause overheating and damage

the battery. This leads to a reduction in the useful life span of the battery.

2. Constant Voltage Charging Method: In this mode of charging, the battery is charged
in such a way that charging across the battery terminals remains constant. The
charging voltage is maintained at a slightly higher value than the nominal value
of battery voltage. During the charging process, the maximum voltage should be
applied to a certain type of battery while charging current slowly decreases as the

full battery charge approaches.

3. The CC and CV modes of operation are shown in Figure 18. This figure shows that
during the CC mode of operation, the charging current is maintained at a constant
value. The value of the battery terminal voltage rises linearly. Now, when the value
of terminal voltage’s the value becomes almost equal to 80 % of its nominal value,
the transition from CC mode to CV takes place. Now the battery voltage remains

constant, and the charging current goes on decreasing. When the battery becomes
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Figure 18: Battery charging modes.

full, the charging current supplied to the battery is reduced to zero.

Drawback- It takes a long time to charge battery fully.

7. Comparison’s of Existing Topologies

There are three configurations of LLC Converter which are compared in Table 6. It is
observed that half-bridge configuration has a lesser number of devices as compared to full-
bridge and three-level LLC. Half-bridge configuration is simple to implement. However, it
has higher stress on switches and produces ripples of large magnitude in output current.
To resolve this issue, a full-bridge LLC configuration is used. It has high reliability and low
EMI. However, the cost of LLC based resonant converter is high and difficult to design.
The TL-LLC configuration is costlier as compared to other configurations. It is suitable for
high power applications as voltage stress is half of the supply.

Table 7 shows a comparison of unidirectional converters of 1kW, 1.5kW and 3.3kW.

While bidirectional converter SR, LLC, CLLC is of 3.5kW, 6.6kW wattage is compared in
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Table 7. In [74] the first stage of this converter is interleaved boost converter and the
second stage has a full-bridge LLC converter. It has an efficiency of 95.4%. The DC-link
capacitor is bulky and has high current flows during starting which causes the temperature
to rise and reduces the charger life. However, details of the first stage performance is not
discussed sufficiently in the literature. A full-bridge LLC converter with variable dc-link is
preferred in the second stage. The maximum efficiency of the converter is tracked [75].
A hybrid converter formed by combining SRC plus LLC resonant tank circuit is dis-
cussed in[76] for the second stage. It has an efficiency of 96.8%. The disadvantage is that
number of transformers increases to two and resonant components to five. For a charger
having a power rating of 1.5kW wattage is discussed in [77]. The first stage is a PWM rec-
tifier with boost PFC, while for the second stage, a half-bridge LLC converter that charges
a lithium battery of 320- 420 V. Here power factor is improved with hysteresis current con-
trol. The author has not discussed the efficiency of the converter and losses calculation.
The unidirectional charger of power rating of 3.3kW is discussed in [78]. The charger is
used to charge lithium-ion of 250- 400V. The second stage of the charger has a full-bridge
LLC with the highest efficiency of 98.2%. In the first stage, the SEPIC PFC converter is im-
plemented in [79] and full-bridge LLC for the second stage. In addition, the new control
method is proposed to track the maximum point in the LLC converter. However, details of
THD, the efficiency of the first stage and its designing steps are not included. From Table 7,
it is observed that by using variable dc-link voltage control scheme, maximum efficiency
of LLC converter can be tracked. In addition, the LLC topology has a lower value of L, as
compared to the hybrid combination (SRC+ LLC) that lowers the circulating current.
Now in Table 7, a comparison of bidirectional converters having power ratings of 3.5kW
and 6.6kW is included. A turn off-delay in bidirectional Series resonant converter having
a power rating of 3.5kW is implemented along with its proposed configuration that will
expand the voltage gain of the converter [80]. The performance details of the first stage
and control scheme and the addition of an auxiliary inductor are few negative impacts.
In [81], for bidirectional LLC converter of power rating of 6.6kW has an efficiency of
96.37% in charging mode. Its efficiency is 96.87% @3kW in discharging mode. For L,=
8.5uE C,= 33nF and L,, = 24uH and resonant frequency f,= 300kHz and that charges a
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battery of lithium-ion with voltage range of 240- 420V. The limitation is that an additional
non-isolated DC-DC converter is added between two stages that adds extra cost and size.
In [82] and [61], implemented totem pole bridgeless for the first stage and second stage is
full-bridge LLC converter. Here, both converters are having different control schemes. The
highest power density of the charger is 56 W/in3 in [61]. A full-bridge CLLC converter
is referred to as the second stage in [83] with the efficiency of 96% and power density
-37 W/in3. The limitation is that the number of resonant components increases to 4 and
transformers to 2. Moreover, the details of the performance of the first stage are not
included.

The main difference between unidirectional (LLC, SRC+ LLC) and bidirectional (SRC,
LLC and CLLC) EV chargers converters is the direction of flow of power, type of converter
used in the first stage and second stage, switching frequency and battery voltage. For
unidirectional converter in the first stage (AC-DC) interleaved boost, rectifier boost and
SEPIC with PFC are preferred. In the second stage (DC-DC), a half-bridge, full-bridge-LLC
or hybrid converter can be preferred. With resonant frequency f, = 200kHz and battery
voltage around 320V-400V for (1 kW, 1.5kW) and 250V, 100- 400V (3.3kW). Furthermore,
variable dc-link and maximum point tracking point approaches can be used to extract the
maximum efficiency of the second stage converter. In a bidirectional converter, the first
stage (AC-DC) is of Totem pole bridgeless or interleaved totem bridgeless pole type. For
the second stage (DC-DC) full-bridge LLC, SRC and CLLC are preferred. With f,=300kHz,
the battery voltage varies from 200V, 240V- 420V, 500V. In discharging mode, the DC-AC
converter is in buck mode. For (V2G) mode, the dc-link voltage must be higher than the
peak grid voltage. This is accomplished via a voltage compensation approach that raises
the dc-link voltage. It is observed that the value of L, is high in series resonant converter

as compared to LLC converter [52].

7.1. List of companies that install EV charging stations

The list of companies that install EV chargers is represented in the appendix. There are

4 major companies which are Pod point, ABB, eo and efarady. The Ev chargers are provided
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Table 7: Comparison table of unidirectional and bidirectional EV charger topologies

Ref. no | Wattage Efficiency (%) Lr Cr Lm Fr X | Battery voltage | Total no. of reso- | Advantages Disadvantage
(kw) (uH) (nF) (uH) (kHz) W) nant components
(Lr+ Lm+ Cr) and X
Unidirectional
[74] 1 95.4 62.51 10 160 200 1 | 320-420 lithium | 1+1+1=3,1 1. 1%t Interleaved boost. 1. There is no details of THD perfor-
ion 2. 2" Fyll bridge LLC. mance of first stage.
3. Complete design guideless 2. For second stage design steps,
for both stages losses calculations
[75] 1 2.1% at heaviest | 31.7 20 107.6 | 200 1 | 320-420 1+1+1=3, 1 1. 1% 1. There is no details of THD perfor-
load and 9.1% in 2. 2" Full bridge LLC. mance of first stage.
light load 3. By means of variable dc-link 2. For second stage design steps,
method maximum efficiency losses calculations
of LLC converter is achieved.
[76] 1 96.80% Lrl- Crl- 80 200 2| - 24+1+42=5, 2 1. 1 1. The negative impacts that the num-
63.4, 10, 2. 2nd Hybrid (SRC+ LLC) ber of transformer increases (2),
Lr2- Cr2- 3. Reduces the turn Off current, resonant component increases (5).
31.7 20 circulating current and peak 2. There is no details of THD perfor-
current of the MOSFET. mance of first stage.
[77] 1.5 - 33.42 18.95 133.68 | 200 1 | 320- 420 1+1+1=3, 1 1. 1% Rectifier and boost PFC 1. Absence of efficiency and losses

2. 2" Half bridge LLC

3. First stage boost converter
Power factor is improved
with hysteresis control and

second stage LLC converter

calculation.

2. Half bridge LLC converter is used.

Continued on next page
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Table 7 - continued from previous page

Ref. no | Wattage Efficiency (%) Lr Cr Lm Fr X | Battery voltage | Total no. of reso- | Contribution Limitation
(kw) (uH) (nF) (uH) (kHz) W) nant components
(Lr+ Lm+ Cr) and X
[78] 3.3 Peak- 98.2% 26.25 40.33 133.1 150 1 | 250-400, 1+1+1=3, 1 1. 1% 1. No analysis of core loss, switching
Lithium ion 2. 2" Fyll bridge LLC and conduction loss
3. The worst case operating 2. For wide voltage gain variations. it
point is used for design pur- is necessary to vary fs widely with
pose and worst case condi- respt to voltage gain. This will re-
tion for primary side (ZVS) duce the efficiency and undermines
are analyzed. the soft switching
3. There is no details of THD perfor-
mance of first stage.
[79] 3.3 Efficiency Improve- | 31.7 20 107.6 | 200 1 | 100-400, 14+1+1=3,1 1. 1% SEPIC PFC 1. No analysis of core loss, switching
ment 4.4% at heav- Lithium ion 2. 2" Full bridge LLC and conduction loss
iest 16.5% lightest 3. The worst case operating 2. For wide voltage gain variations. it
load situation point is used for design pur- is necessary to vary fs widely with
pose and worst case condi- respt to voltage gain. This will re-
tion for primary side (ZVS) duce the efficiency and undermines
are analyzed. the soft switching
3. There is no details of THD perfor-
mance of first stage.
Bidirectional
[80] 3.5 97.90 36 71 500- - 1 | 250- 400 1+2+1=3, 1 1. 1% 1. There is no details of THD perfor-
La- 2. 2" Full bridge TFD-BSR mance of first stage and control
500 3. Proposed a new configura- strategy.
tion that expands the volt- 2. Additional auxiliary inductor.
age gain of series converter

Continued on next page
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Table 7 - continued from previous page

Ref. no | Wattage Efficiency (%) Lr Cr Lm Fr X | Battery voltage | Total no. of reso- | Contribution Limitation
(kw) (uH) (nF) (uH) (kHz) W) nant components
(Lr+ Lm+ Cr) and X
[81] 6.6 96.37 @6.6kW | 8.5 33 24 300 1 | 240- 420 1+1+1=3,1 1. 1% Totem pole bridgeles PFC 1. Additional non-isolated DC-DC
in charging mode 2. 2" Fyll bridge LLC converter between the first stage
96.87 @3kW dis- 3. Proposes a OBC with first and second stage.
charging interleaved totem bridgeless
PFC and mode -switched
DC-DC converter.
[82] 6.6 95.5 @6.6kW charg- | 12.8 49.9 22 300 1 | 240- 420 1+1+1=3,1 1. 1% Totem pole bridgeless 1. Design steps of LLC converter is ab-
ing mode, 96.6 PFC sent and loses calculation.
@3.3kW  discharg- 2. 2™ Full bridge LLC 2. Control scheme along with mathe-
ing mode, 97.80, matical models to calculate the SR
power density- on-time online. In reverse mode,
36.3W/in3 the LLC’s transformer dc bias is ex-
amined.
[61] 6.6 96 @6.6kW in both | 16.51 75 17 30 1 | 200-500 1+14+1=3,1 1. 1st-Totem pole bridgeless 1. Two switches are added in first

charging mode and
dis-charging mode.
power density -56
W/in3

PFC,

2. 2nd-Full bridge LLC

3. In reverse mode Voltage
compensation controlled by
regulating dc-link voltage.
and digital adaptive SR driv-
ing scheme was proposed
based on LLC primary driver

signals

stage.

2. (SR) scheme only considers the
switching frequency and neglects
the load variations.

3. Absence of blocking capacitor in
LLC transformer input in reverse
mode which may induce trans-
former saturation

4. No mathematical analysis for SR

calculation on time

Continued on next page
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Table 7 - continued from previous page

Ref. no | Wattage Efficiency (%) Lr Cr Lm Fr X | Battery voltage | Total no. of reso- | Contribution Limitation
(kw) (uH) (nF) (uH) (kHz) W) nant components
(Lr+ Lm+ Cr) and X
[83] 6.6 96% power density - | Lrl-3 Crl- - 500 2 | 250-450 24+0+2=4,2 1. 1st-Totem pole bridgeless 1. Design steps of CLLC converter is
37 W/in3 (pri- 34 PFC absent.
mary) (pri- 2. 2nd-full bridge CLLC 2. There is no details of THD perfor-
Lr2- mary) 3. A control strategy is pro- mance of first stage.
1.5 Cr2- posed for combined two- 3. More number resonant compo-
(sec- 68 stages. nents and two transformer
ondary)| (sec-
ondary)
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for home, commercial and workplace. In the first category, Pod point company has a solo
charger model of 3.6kW, 7kW or 22kW for home charging. There are three different types
of chargers available for commercial purpose. these are Solo chargers (up to 22kW), Twin
charger (up to 22kW) and Media Charger (up to 7kW) while for workplace, the EV charger
that can be installed are solo chargers or twin charger up to 22kW. In the second category,
ABB company two types one for home charging AC destination (3 to 22kW) and the other
for DC destination (11 to 24kW). DC destination (11 to 24kW), DC Fast (50 to 180kW)
and DC high power for commercial point. The DC Fast charger is further classified as city
charger point, retail shopping centres and highway corridors and fleet. Tera 124 charger
can charge one EV vehicle up to 180 kW while two EVs upto a power rating of 60kW. Terra
184 can charge single EV up to 180kW and two EVs upto a power rating of 80kW. The Terra
is capable of charging up to 350kW with a 500A current and simultaneously two EVs can
be charged till 175kW with a 375A current. The connectors required for DC destination
and DC fast are CCS1, CSS2 and CHademo. For high power ratings, the Liquid-cooled
feature in CCS1, CSS2 and CHademo connector are required. The third company eo has
three different options for charging. These are EO mini, EO Mini Pro of wattage 3.6kW
and 7kW that needs type 1 or type 2 connector. EO Mini Pro has a smartphone-controlled
that tracks energy usage and charging schedules. EO basic of wattage 3.6kW, 7kW, 11kW
and 227kW with an additional feature of high-speed charging can lock the socket that
restricts others to charge. EO Genius charger can be used for commercial and workplace
charging stations that can charge up to 22kW. efardy company has three types of in-home
charger which are Indra smart pro (up to 7kW), ease (22kW) and ANDERSON (22kW).
Ease and ANDERSON includes a type 2 connector type 2 and type 1 for Indra smart pro.
For Commercial category, TRITIUM (25.75kW), ALFEN (3.7kW- 22kW), ETREL INCH PRO
(7.4kW, 22kW) and ETREL INCH DUO (22kW) are used. For workplace charging station,
efarday TRITIUM (25.75kW), ALFEN (3.7kW- 22kW) and ease (22kW) are used.
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8. Challenges and Solutions

The bidirectional converters have more benefits like (ancillary service, operating in
different modes V2G,V2H and V2V) as compared to unidirectional converters. However,
bidirectional converters include more power switches which in turn increases the cost.
In addition, it increases the switching loss and reduces the overall efficiency and power
density. Challenges associated with bidirectional converters are depicted in pictorial form,
as shown in Figure 19. The EV chargers are commonly designed using Si-based devices
which are operated below the switching frequency of 100kHz. The operation above this
frequency range may lead to excessive switching and conduction losses and may cause
thermal breakdown of the device. The performance of a resonant converter is largely af-
fected by a resonant frequency which plays an important role. If the selected value of reso-
nant frequency is high, it will result in a lower value of Lm magnetizing inductance which
increases the circulating currents. If the resonant frequency has a lower value, it causes a
smaller value of Zr and fs, which reduces the power density of the converter. The further
challenge is related to the converter operating region. To ensure zero voltage switching,
the resonant converter should be operated at the resonant frequency. Efficiency is changed
when switching frequency shifts from the resonant frequency. As discussed above, the op-
erating frequency of silicon (Si)-based chargers is 100 kHz which leads to a huge footprint
of passive components. It is a viable approach for achieving high power density by dras-
tically reducing the size of the passive components. In the case of Si-based converters,
the efficiency drops significantly when the switching frequency is increased. It is due to
an increment in switching losses and conduction loss (considering the positive junction
temperature coefficient), ac winding loss, and core loss of the magnetic components. And
the last challenge is the compensation network. In LLC-based resonant converters, the
resonant tank is unsymmetrical in nature, which may cause unequal sharing of current in
the resonant tank.

The possible solutions to the above-mentioned challenges are listed below

1. The inclusion of wide-band gap devices in resonant converters increases efficiency

and power density. These devices have a significantly higher figure of merit (FOM),
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Figure 19: Challenges in resonant converter.

which are able to significantly improve efficiency and power density. The silicon

carbide (SiC) devices are able to operate at hundreds of thousands of frequencies

to get a higher power density. The operation at a higher switching frequency leads

to a reduction in the size of passive components. The SiC-based MOSFETs have a

lower ON state resistance than Si-based MOSFETs for the same rating of conduction

current. Therefore, the SiC-based MOSFETs have reduced conduction losses and

higher efficiency. Therefore, these devices are considered a good option on-board

chargers (OBCs).
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Despite several advantages of SiC and GaN devices, there are a few challenges asso-
ciated with these devices like high cost, complex design of gate drivers, and complex
design of protection against EMI. Further, the efficiency of GaN and SiC drops by 4%

when the operating temperature is increased from 50 degrees to 150 degrees.

2. It is necessary to design the magnetic components in an optimal fashion. The ap-
proach suggested in the literature is used to design resonant converters using large
gap transformers [84]. Another possible solution is to use a planer transformer in

[62].

3. The soft switching region can be extended with the help of modulation schemes and

the selection of control schemes that tracks the resonant frequency in [76].

4. The resonant converters should be operated high values of switching frequencies

with an objective to reduce the size of the passive components in [62].

5. The challenges associated with the compensation network are overcome by proper
selection of reactive components included in two-element, three-element, and multi-
element resonant converter, making tank circuit to be symmetrical like CLLC type of

tank circuit and by using multiple stages of tank circuit in [23, 24] and [30, 31].

9. Future Research Area

The main objective for developing an EV charger, including resonant power converter,
is to achieve high efficiency, high power density, compact size, and low cost. Based on
these objectives, the section related to future research highlights the opportunities for the
resonant converters in the near future. The scope of future research related to the domain
of resonant converter chargers is shown in Figure 20 . The single and two-stage reso-
nant converters, which have high reliability and high-power density, are being developed.
Moreover, it is desired that the resonant converter-based topology should be compact in
size, low cost, and reduced circulating current to minimize the losses. The conventional
modulation schemes used in EV chargers suffer from the limitations like higher conduc-

tion losses, the large physical size of components, and more voltage stress on switches.
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Figure 20: Future research area.

This can be improved by devising new modulation schemes. There is a need to develop
fast chargers for EVs, which reduces the charging time of electric vehicles. Further, the
developed EV charger should ensure a smooth transition from constant-current (CC) to
constant-voltage (CV) mode with reduced settling time and minimum overshoot value. In
addition, the operation of the resonant converter should be stable against the parameter
variation and external disturbances. To fulfil these objectives, efficient and robust control
schemes are required to be developed for the resonant converter-based EV chargers (LLC
or CLLC). To enhance the system’s reliability and provide the ancillary services like mini-
mization of frequency deviation, voltage difference, harmonic compensation, and reactive
power support, efficient bidirectional resonant converters are required to be developed.

These converters enable the operation of the system in various operating modes like V2G,
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V2H, and V2V and provide above mentioned ancillary services to the system. The control
schemes which can ensure efficient exchange of active and reactive power and ancillary
services to the system are needed to be investigated. Further, the optimal design of mag-
netic components is necessary to reduce the physical size of components and cost. This
leads to an improvement in the performance of the converter. From the above-mentioned
discussion, it can be concluded that there is a need to develop resonant converter-based

EV chargers, which will resolve above-mentioned limitations.

10. Conclusion

This paper gives, a state-of-the-art literature review on resonant converters used in
EV charger applications. In this classification of resonant converter, the guidelines for se-
lecting of various resonant converter-based two-stage EV chargers are discussed. From
the various resonant converter-based topologies discussed in the literature, it is observed
that the CLLC resonant converter has good efficiency. However, the cost of implementa-
tion is higher, and the circuits become more complex for analysis due to the inclusion of
more reactive elements. In addition, the various modulation schemes used for resonant
converters-based chargers like variable frequency, fixed frequency, self-sustained oscilla-
tion, and self-sustained phase-shift modulation. Among various modulation schemes used
with resonant converters-based chargers reported in the literature, the SSPSM modulation
scheme is considered good a candidate. The implementation of this modulation scheme
leads to lower conduction losses and a reduction in the physical size of components. Fur-
ther, the controller in the case of the LLC-CLLC resonant converter is discussed in detail.
The sliding mode controller has a smaller steady error (< 0.5%) and reduces the value of
settling time, thus improving the transient response of the system. The controller used for
active power (P) and reactive power (Q) injection in the V2G mode of operation is elab-
orated in detail. For the exchange of active and reactive power between EV and grid, the
unified controller scheme makes the dynamic performance of the system to be faster. The
use of SiC and GaN devices in resonant converter-based topologies leads to improvement

in efficiency and power density of the chargers. The associated challenges with resonant
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converter-based EV charges are highlighted, and their future scope is also included.
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Appendix

Table 8: List of commercial companies that install EV charging stations

Company name

Home charging

Commercial charging

Workplace Charging

Pod point[14]

Solo charger-3. 6kW,7kW or 22kW
Connector

(Universal socket or tethered version)

1. Solo charger-(up to 22kW)
2. Twin charger-(up to 22kW)
3. Media Charger (up to 7kW)
Connector

1. Solo charger-(up to 22kW)
2. Twin charger-(up to 22kW)

Connector

ABB[85] 1. AC Destination -(3 to 22kW) 1. DC destination-(11 to 24kW) -
(Terra AC wallbox) (Terra DC wallbox)
(3to 22kW) (11 to 24kW)
Connector- Connector
(socket type 2) CCS1,CCS2 and CHademo
2. DC Fast -(50 to 180kW)
2. DC destination- 1) City charger Points
(Terra DC wallbox) Terra fast chargers-
(11 to 24kW) Terra 54 (S0kW)
Terra 94(94kW))
Connector 2) Retail/Shopping center (Terra 124)
CCS1,CCS2 and CHademo for one EV upto 120kW
For two EVs upto 60kW
3) Highway corridors and Fleet
(Terra 184)
for one EV upto 180kW
For two EVs upto 90kW
Connector
CCS-1: 200 A; CHAdeMO: 200 A
4) DC High Power
(Terra high power gen I11)
High power charging at up to 350 kW and 500 A at either charge post.
Simultaneous charging at up to 175 KW and 375 A at both charge posts.
Connector
CCS1/CCS2 (liquid cooled)
CHAdeMO
eo[86] 1. EO Mini 1 EO Genius chargers 2 EO Genius chargers
(3. 6kW,7kW) (up to 22kW)
Connector 1. Fleet charging, Car Parks and Destination (up to 22kW)
Universal socket, Type 1 or Type 2 Tethered (Model dependent)
1. EO Mini Pro2 Connector
(3. 6kW,7kW) - Connector
Connector-Universal socket, Type 1 or Type 2 Tethered (Model dependent) -
3. EO Basic
(3. 6kW, 7KW, 11KW, 22kW)
Connector
Universal socket, Type 1 or Type 2 Tethered (Model dependent)
efaraday[87] 1. Indra Smart Pro 1. TRITIUM 1. TRITIUM
Max. output power: 7. 4kW. 25-75kW 25-75kW
Connector Connector Connector

‘Type 2 socket, Type 1 or Type 2 tethered cable
2. easee

up to 22kW

Connector

Type 2 connector

3. ANDERSEN
up to 22kW
Connector

Type 2 connector

CCS1, CCS2 and/or CHAdeMO

2. ALFEN
3. 7-22kW
Connector

Type -2

3. ETREL INCH PRO

7. 4kW (1x 32 A), 22kW (3 x 32 A)
Connector

3. ETREL INCH Duo

2x 22kW (3 x 32 A per connector) adjustable

CCS1, CCS2 and/or CHAdeMO

2. ALFEN
3. 7-22kW
Connector

Type 2

3. easee
up to 22kW
Connector

Type 2 connector
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