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ABSTRACT Resonant converters are attractive for DC-DC converter applications of electric vehicles (EVs)
due to their wide range of soft switching and less output filter requirements compared to dual active bridge
(DAB) converters. However, the design and control implementation of resonant converters is comparatively
challenging due to the nonlinearities introduced with the resonant tank. LLC and CLLC resonant converters
are popular among the resonant converter topologies, while new topologies are being derived based on
the basic resonant converter topologies. This paper conducts a review on the basic resonant converter
topologies, modes of operation of the resonant converter, modeling and control techniques, and special
design considerations for resonant converter design. Existing topologies and control techniques of resonant
converters enabling the derivation of new converter topologies and control methodologies, are investigated.

INDEX TERMS CLLC, extended describing functions, frequency modulation, LLC, optimal trajectory
control, resonant converter, state plane analysis, topology morphing, wide voltage range operation.

I. INTRODUCTION
With the increasing concern over the impact of Car-
bon Dioxide (CO2) emissions, the world is pushing to-
wards electrified transportation. Many countries have set
goals for electrified transportation and policies to pro-
vide government incentives to support the development of
EVs [1]. Passenger EVs are expected to reach 500 mil-
lion globally by 2040 [2]. Therefore, the EV industry is
in rapid development and provides tremendous research
opportunities.

Efficient and power dense powertrains in EVs are en-
abled via improved energy storage systems, power electronics
converters and electric machines [3]. As a result, power elec-
tronics converters are being thoroughly researched and are
rapidly advancing with the recent developments in wide band
gap (WBG) semiconductor devices.

Throughout the EV, multiple DC-DC converter units are
present, such as the on-board charger and auxiliary power unit
(APU). The battery chargers can be classified into on-board
chargers (OBCs) and off-board chargers [2]. OBCs are in two

types as: single-stage and two-stage (power factor correction
stage and isolated DC-DC converter stage). Further classifica-
tion of OBC is provided in [1].

SAE J1772, the North American standard for electrical
connectors for EVs, states levels of charging for different
charging methods [4]. AC level 1 and 2 are for EV OBCs
with power levels from 1.44 kW to 1.92 kW and 5 kW to
19.2 kW, respectively. DC level 1 and 2 (commonly called
level 3) are for off-board chargers with maximum power levels
up to 9 kW and 400 kW, respectively [5]. The J plug or
SAE J1772 connector is adopted in North America for AC
level 1 and 2 charging. The combined charging system (CCS)
type 1 connector supports both AC and DC charging [6]. To
support AC three phase charging, North American standard
SAE J3068 for medium and heavy duty EV charging was
proposed in 2018 [7]. This standard encompasses three phase
AC voltages of 480 V (up to 133 kW power output at 160 A
DC) and 600 V (up to 166 kW power output at 160 A DC).

For EV applications, the converters need to achieve high ef-
ficiency and high power density while minimizing cost. DAB
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converters, also known as phase shifted full bridge (PSFB)
converters and resonant converters are the commonly used
DC-DC converters for bidirectional EV battery charger ap-
plications [8]. Phase shift (PS) (single/extended/dual/triple)
control is applied to DAB converters while frequency mod-
ulation (FM) is the conventional control technique applied to
resonant converters [9], [10], [11]. The appropriate topology
must be selected based on the specific application ratings and
requirements. Both DAB and resonant converters have zero
voltage switching (ZVS) ability, which reduces the semicon-
ductor switching losses, improving the efficiency. However,
DAB tends to lose ZVS at partial load conditions [12]. A
comparison among full bridge (FB)/ half bridge (HB) DAB
and resonant converters is presented in [8] and the CLLC
resonant converter has shown higher efficiency against DAB
because of the wider soft switching region.

In terms of control complexity, PS control of DAB is easier.
Resonant converters benefit from FM in the vicinity of the
resonant frequency ( fr) for maximum efficiency. In terms
of design complexity, the DAB converter design has only
the inductor calculation, while the resonant converter design
has the resonant tank calculation, which consists of one or
more capacitors and inductors in series/parallel/series-parallel
configuration.

Since the resonant converter has nearly sinusoidal wave-
forms, their higher-order harmonic ripple content is less than
that of DAB converters. Hence, the output filter requirement
for DAB converters is more than that of resonant converters.
The resonant converters can yield higher efficiency, but due
to their design and control complexity, careful design consid-
eration is required for a high power density converter with
optimum control. Hence, this work is based on the design and
control of resonant converters for DC-DC converter applica-
tions in EVs.

Resonant converters have been evolving since the 1940s
with vacuum-tube power converters. They can achieve fast
switching, low losses with soft switching, wide ranges of
operating voltage, galvanic isolation, and high power den-
sity. With the rapid development in semiconductors, high
frequency, power dense, and efficient resonant converters are
highly suitable for DC-DC converters in EV applications.

There are four basic topologies of resonant converters: se-
ries, parallel, series-parallel, and LLC resonant converters.
FB, HB, and center tapped configurations of primary and
secondary bridges with Metal Oxide Semiconductor Field
Effect Transistors (MOSFETs) and/or diodes are used with
these topologies. Application specific new topologies are also
derived based on these topologies. Resonant converters are
modeled in both frequency and time domains, with differ-
ent levels of accuracy in different regions of operation. The
designer should be mindful to select the modeling approach
based on the purpose and outcome of the model. While FM
is the popular and conventional control technique for resonant
converters, hybrid control techniques with PS and pulse width
modulation (PWM) have also been implemented.

A review on resonant converter classifications is provided
in [13] in terms of basic topologies and control schemes to
provide a guideline to select a topology for EV applications.
There, the discussion on control schemes is limited, while
the authors focus more on comparison at the topology level,
diving into unidirectional and bidirectional battery chargers.
However, modeling techniques and design considerations spe-
cific to resonant converters are not discussed. Due to their
complexity, the review of resonant converters at topology and
control levels is insufficient for an optimized and efficient
converter design.

A comprehensive analysis on DC-DC resonant converters
with comparison among topologies, modeling, and control
techniques is not sufficiently discussed in the literature. This
paper aims to build on the basic topologies, resonant con-
verter specific modeling and control techniques, and design
considerations for EV applications. Due to the broad range
of resonant topologies, the discussion is limited to voltage
source DC-DC resonant converters. The authors expect this
to be a foundation for the researchers to derive new resonant
converter topologies and improve converter modeling, control
and optimization techniques for evolving applications in the
EV industry.

The rest of the paper is organized as follows. Section
II conducts a review of DC-DC resonant converter topolo-
gies. Both conventional and novel topologies are investigated.
Section III reviews resonant converter specific control tech-
niques. Modeling techniques are presented in Section IV.
Resonant converter design considerations, such as application
overview, design optimization, component selection, trans-
former design, parasitic, and dead time analysis are briefed in
Section V. Section VI discusses potential research directions
and future prospects.

II. RESONANT CONVERTER TOPOLOGIES
One of the main selection criteria for DC-DC converters is
the semiconductor losses. Semiconductor losses are catego-
rized into conduction and switching losses. Turn-on switching
losses occur when there is a voltage across the switch during
turn-on and turn-off losses occur when there is non-zero cur-
rent through the switch during turn-off. ZVS is switching at
zero voltage across the switch. Zero current switching (ZCS)
is switching at zero current through the switch.

Converters with a resonant tank (inductors and capacitors),
enabling ZVS and/or ZCS, can be characterized as resonant
converters [14]. Due to the broad range of resonant converters,
different bases for classification, such as the number of reso-
nant tank elements, resonant tank configuration, and modes
of resonance, are offered in the literature [13], [14], [15].
Classification of DC-DC resonant converters based on the
mode of resonance is provided in Fig. 1.

In load resonant converters, the resonant tank impedance is
used to control the power flow to the load. The resonant tank
impedance can be varied either through switching frequency
( fs) variation or other control techniques. These converters
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FIGURE 1. Resonant converter classification.

FIGURE 2. Half bridge series resonant converter.

can be further classified into voltage source, current source,
and class E and subclass E resonant converters.

In quasi-resonant converters (or resonant switch con-
verters) the resonant tank is used to manage the shape
of the voltage and current waveforms to achieve ZVS
and/or ZCS. In these converters, during one switching
period, there are both resonant and non-resonant operat-
ing intervals. Furthermore, the DC-DC resonant converters
can also be classified as isolated or non-isolated convert-
ers based on galvanic isolation between the two bridges.
The focus of this paper will be on DC-DC isolated volt-
age source resonant converters, which are popular in EV
applications.

A. SERIES RESONANT CONVERTER
The conventional HB series resonant converter (SRC), also
known as DAB series resonant converter is shown in Fig. 2.
A detailed analysis of the HB SRC with a normalized math-
ematical model is given in [16]. The impedance of the series
resonant tank is varied using FM to regulate the voltage at
the load, as in a voltage divider [13]. Hence, the DC gain of
the SRC will always be less than unity (step down operation
only).

SRC has a larger magnetizing inductance compared to the
LLC resonant converter, resulting in smaller circulating cur-
rents, which leads to a higher efficiency at fr . If fs >> fr ,
the resonant tank impedance limits the current through the
converter, making it a short circuit proof converter [17].

Using the first harmonic approximation (FHA) analysis,
the AC equivalent circuit of the resonant converters can be
analyzed and the AC load equivalent to the DC load (RL) in
secondary side referred to the primary side, can be given as
in (1) [18]. This derivation of Re is valid to all the topologies
discussed in this study.

Req,ac = 8

π2

n2

n1
RL (1)

The voltage gain (G) of the converter can be derived as a
function of the normalized frequency (ωn = ω

ωr
) and Q-factor.

Q-factor is the ratio between the characteristic impedance
(Z0) and Req,ac. This derivation is summarized from (2) to
(4) where ω is the angular switching frequency and ωr is
the angular resonant frequency. The gain function in (4) can
be plotted as a function of normalized frequency for varying
Q-factors to select the best Q-factor for the resonant tank
parameter calculations.

ωr = 1√
LrCr

(2)

Q = Z0

Req,ac
= ωrLr

Req,ac
(3)

G =
n1
n2

Vo

Vin/2
= 1√

1 + Q2(ωn − 1
ωn

)2
(4)

PWM control techniques at fixed fs have been widely stud-
ied to improve the operating voltage range with both step-up
and step-down functionality while improving the efficiency of
the SRC [19], [20]. However, ZVS could be lost in certain
regions of operation. In [20], PWM control and topology mor-
phing has been applied to the SRC for a universal EV charger
application with buck-boost operation. The SRC topology
proposed in [21] is a bidirectional FB SRC with PWM control,
which can operate under a wide output voltage range by using
a voltage doubler on the secondary. It operates as a conven-
tional FB SRC in the forward power flow direction and as a
HB resonant boost converter in the reverse direction.

A main disadvantage of the SRC is its inability to control
the DC output voltage at no load or light load [13], [17].
According to [17] and as seen from (3) and (4), the SRC
will operate under a very high fs to control the output volt-
age at light loads. Several techniques have been proposed
to rectify this issue, which includes topological and control
changes [17], [22], [23]. A hybrid control technique with
frequency and duty cycle control is proposed in [23] with a
promising 4% increase in efficiency at light load compared to
FM.
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FIGURE 3. Half bridge parallel resonant converter.

B. PARALLEL RESONANT CONVERTER
A HB parallel resonant converter (PRC) topology is given in
Fig. 3. An inductor (L f ) is added in the secondary output to
match the impedance [24]. Similar to SRC, the voltage gain
for PRC can be derived as in (5) and (6).

Q = Req,ac

ωrLr
(5)

G =
n1
n2

Vo

Vin/2
= 1√

(1 − ω2
n )2 + ( ωn

Q )2
(6)

In contrast to SRC extracting energy from the circulating
resonant current, in PRC, energy is transferred from the par-
allel connected resonant inductor or capacitor [25]. The main
advantage of PRC over SRC is the no load operation [26].
Hence, PRC is preferred for applications with wide range of
load variations over SRC [27], [25]. Similar to SRC, PRC is
also naturally short circuit proof. Load insensitivity of PRC
is an advantage [26]. However, load independent circulating
currents, which could lead to high conduction losses could
also be a major disadvantage of the PRC [28].

Both SRC and PRC can operate either in continuous con-
duction mode (CCM) or discontinuous conduction mode
(DCM). In CCM, the current through the resonant tank never
reaches zero during a switching period (Ts). When the switch
is turned on, current through the anti-parallel diode will
rapidly transfer to the switch [29]. In DCM, the current
through the resonant tank terminates, facilitating ZVS in the
primary bridge and ZCS in the secondary bridge [30]. How-
ever, DCM also has the disadvantage of high current and
voltage peaks [31].

Apart from FM, a few other control techniques have been
studied for PRC in [27], [32], [33] and [34]. In [27], a robust
controller designed from μ-synthesis is presented [35]. A con-
trol method called resonant tank control (RTC) is proposed
in [34] for operation above fr . There, a linear combination
of resonant capacitor voltage and resonant inductor current is
used to define the control law.

C. SERIES-PARALLEL RESONANT CONVERTER
Series-parallel resonant converter (SPRC), (or LCC converter)
has the combined advantages of both SRC and PRC, while
eliminating their drawbacks, such as lack of no load regula-
tion in SRC and circulating currents in PRC [36], [28]. The

FIGURE 4. Half bridge series-parallel resonant converter.

conventional HB SPRC topology is given in Fig. 4. Here,
ωr is defined with respect to Cr as given in (7). The series
Q-factor (Qs) for SPRC can be defined as in (8) and the
parallel Q-factor (Qp) will be the reciprocal of Qs.

ωr = 1√
LrCrs

(7)

Qs = ωrLr

Req,ac
(8)

Hence, the voltage gain for SPRC is derived as given in (9).
n1
n2

Vo

Vin/2
= 1√[

1 + Cp
Cs

(1 − ω2
n )

]2 +
[
Qs(ωn − 1

ωn
)
]2

(9)

At full load, the effective load resistance will be low enough
to approximately bypass Cp and the SPRC will behave as an
SRC. At light or no load, Cp will be effective and the ωr of
the circuit will be updated with the equivalent capacitance
of two resonant capacitors as given in (10) [28]. This can be
visualized from the plot of voltage gain obtained from (9). The
Q-factor will also change from Qs to Qp when moving from
full-load to light load, changing the converter characteristics
from SRC to PRC.

The value of Cp should be large enough to provide sufficient
no load regulation but small enough to reduce the load inde-
pendent circulating currents. In [28], Cp = Cs is considered as
an acceptable design compromise.

ωr = 1√
LrCsCp
Cp+Cs

(10)

SPRC can also operate in both CCM and DCM with either
FM or PS control at fixed fs [29], [37]. Optimum trajectory
control (OTC) is another control technique studied for SRC,
PRC and SPRC to manage transients between steady states
of nonlinear resonant converters. In SPA, SPRC has 3 states
in the resonant tank compared to 2 states in SRC and PRC.
In [38], a generalized OTC method for transitions between any
2 states of SPRC is proposed. OTC will be discussed further
in Section III.

D. LLC AND CLLC RESONANT CONVERTER
A FB LLC converter is shown in Fig. 5, which is preferable
over HB converters in EV battery charger applications due
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FIGURE 5. Full bridge LLC resonant converter.

FIGURE 6. Plot of LLC Converter Voltage Gain vs Normalized frequency for
different Q factors at h = 6.

to their high power ratings [18]. In Fig. 5, the secondary
bridge is a FB of MOSFETs instead of diodes to minimize the
conduction losses and implement synchronous rectification
(SR), which will be discussed in Section III. The primary ωr

is derived based on the series resonant tank, as shown in (11).

ωr = 1√
LrCr

(11)

The voltage gain formula for the LLC converter can be
derived using FHA of the equivalent AC circuit as in (12) and
(13) where h = Lm

Lr
. The Q-factor for the series resonant tank

is defined below.

Q = ωrLr

Req,ac
(12)

G =
n1
n2

Vo

Vin
= 1√

(1 + 1
h − 1

hω2
n

)2 + Q2(ωn − 1
ωn

)2
(13)

In Fig. 6, a group of plots for different Q-factors for the
voltage gain function given in (13) is shown. This plot can
be compared against the voltage gain plots of SRC, PRC, and
SPRC, as presented in [28]. The desired operation is at the
vicinity of ωr , as it is independent of the load at fs = fr .

Additionally, voltage gain is also dependent on the induc-
tance ratio h, as observed in Fig. 7. Comparison between the

FIGURE 7. Plot of LLC Converter Voltage Gain vs Normalized frequency for
different h ratio at Q = 0.3.

characteristics of LLC and SPRC converters shows that both
converters have no load controllability and wide voltage range
capability with boost operation. However, both topologies
have the cost of circulating currents. But, SPRC needs an ad-
ditional parallel capacitor. In LLC converters, the circulating
currents will decrease with the load. In SPRC converters, the
circulating currents will not decrease with the load after it
fully assumes the PRC characteristic [28]. A second resonant
frequency (ωr2) for no load operation is defined in (14). The
gain characteristic in Fig. 6 is divided into capacitive (left)
and inductive (right) regions. The margin between the regions
is determined based on the resonant tank input impedance,
provided in (15) [18]. It is desired to operate in inductive
region with ωs > ωr2 to inherit ZVS.

ωr2 = 1√
(Lr + Lm)Cr

= ωr

√
1

1 + h
(14)

Gcrit ical = hωn√
h[ω2

n(h + 1) − 1]
(15)

At higher h, the peak voltage gain decreases and the range
of fs widens, resulting in high switching losses and vice versa
for lower h at the cost of higher circulating currents. There-
fore, the selection of h is a compromise between a wide range
of fs and high magnetizing currents. The rule of thumb is
to maintain h > 4 to minimize the losses due to magnetizing
current.

If LLC converter is used for bidirectional operation, the
converter will operate as an SRC in the reverse direction.
Hence, the CLLC (or CLLLC) converter, demonstrated in
Fig. 8 is the bidirectional topology of LLC converter, with
an additional series resonant tank on the secondary side. The
voltage gain for the CLLC converter for two directions of
power flow can be derived similar to LLC. The voltage gain
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FIGURE 8. Full bridge CLLC resonant converter.

FIGURE 9. LLC with reconfigurable hybrid voltage multiplier [39].

for charging mode (G2V) is given in (16) where k = n2
1

n2
2
L2/L1

and g = n2
1

n2
2
C2/C1 [8].

G =
n1
n2

Vo

Vin
= 1√

a2 + b2
(16)

a = 1

h
+ 1 − 1

hω2
n

(17)

b =
(

k

h
+ 1 + 1

gh
+ 1

g

)
Q

ωn

−
(

k

h
+ 1 + k

)
Qωn − Q

ghω3
n

(18)

E. RECONFIGURABLE RESONANT CONVERTERS
A main drawback of topologies discussed above is the wide
range of fs for wide voltage range applications. This leads to
challenges in optimizing the converter magnetics, high circu-
lation currents, and switching losses. To address these, new
reconfigurable topologies have been derived.

1) LLC CONVERTER WITH RECONFIGURABLE RECTIFIER
An LLC converter with a reconfigurable rectifier proposed
in [39] for wide output voltage range applications is pre-
sented in Fig. 9. This topology has 2 sub-rectifiers (sub-R)
in parallel, which can be extended to add extra sub-rectifiers
for ultra-wide voltage range applications. This rectifier can
operate under 3 modes: 1) FB rectifier mode for low output

FIGURE 10. LLC with Adjustable n and Reconfigurable Rectifier [40].

voltage, where both sub-Rs operate with SR; 2) hybrid voltage
multiplier rectifier mode for nominal output voltage, where S6

is always on, such that sub-R 1 acts as a FB rectifier and sub-R
2 acts as a voltage doubler; 3) voltage multiplier rectifier
mode for high output voltage, where both S5 and S6 are on,
such that both sub-Rs act as voltage doublers. This uses FM,
while PS control is used for smooth transition among the recti-
fier modes. However, this topology requires two transformers
or a multi-winding transformer compared to regular LLC
converters.

2) LLC CONVERTER WITH ADJUSTABLE TURNS RATIO AND
RECONFIGURABLE RECTIFIER
A topology with the same design objective discussed above,
is proposed in [40] and given in Fig. 10. This topology has
an adjustable turns ratio, where the secondary winding of
the transformer has an extra tap, so the secondary turns can
vary among three combinations: n2, n3, and n2 + n3. It has
bidirectional switches S5 and S6 with four-quadrant operation
for turns selection. The primary bridge uses topology morph-
ing to change between FB and HB. There are four modes of
operation: 1) primary bridge as a HB with S5 on; 2) primary
bridge as a FB with S5 on; 3) primary bridge as a FB with S6

on; 4) primary bridge as a FB with both S5 and S6 on. With
the 4 modes of operation, the range of voltage gain is reduced
by four folds while maintaining fs close to fr . The authors
have obtained 90%–97.5% efficiency for a 60 V–450 V output
voltage experimental setup.

F. HYBRID RESONANT CONVERTERS
New resonant converter topologies are derived in hybrid with
other topologies, which use FM, PS control or PS-FM hybrid
control. Converters with PS control offer the advantages of
both PSFB and resonant topologies while compensating each
other’s drawbacks. They overcome the disadvantages of PSFB
converters, such as narrow ZVS range and absence of ZCS and
the disadvantages of resonant converters, such as wide range
of fs for wide voltage range operation [41], [42].

1) CAPACITOR-CLAMPED LLC CONVERTER
While PS control can be implemented in conventional res-
onant converters, new topologies have also been introduced
with PS control, mainly for wide voltage range applications
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FIGURE 11. Capacitor-clamped FB LLC converter [42].

of OBCs. A fixed fs, phase shifted capacitor-clamped FB LLC
converter is proposed in [42], which claims to achieve a wider
ZVS range and smaller PS range compared to phase shifted
LLC converters. Hence, it is a promising topology for wide
voltage range applications. The proposed topology is given in
Fig. 11, with a capacitor voltage clamping circuit in addition
to the conventional LLC topology. It clamps the voltage of
C1 (vC1) to nVo. Limiting vC1 aids in discharging the energy
stored in Lm faster to ensure ZVS.

2) LLC/CLLC -NPC HYBRID CONVERTERS
The LLC or CLLC converters in hybrid with 3-level (3 L)
neutral point clamped (NPC) converter and 5-level (5 L)
NPC converter are proposed in the literature for reducing
the voltage stress of the switches in high voltage (HV) EV
applications, such as off-board battery chargers [43], [44],
[45]. The CLLC-NPC hybrid converter is proposed in [44].
This is a FB CLLC topology, as shown in Fig. 8, where each
leg is replaced with a 3L-NPC arm. The 3-levels of voltage
in each NPC arm will form 4 modes for each FB such that
the bridge voltage can vary within [−Vin,Vin], [−0.5Vin,Vin],
[−0.5Vin, 0.5Vin] and [0, 0.5Vin]. Altogether, this will form
16 modes under FM and the process of selecting the optimal
model is described in [44].

G. INTERLEAVED RESONANT CONVERTERS
Interleaved LLC converters are proposed for both on-board
and off-board battery chargers, and on-board low voltage
DC-DC converters (interfaces HV battery with low voltage
APU) [46], [47]. Parallel inputs will facilitate load shedding at
light load [46]. Also, in cases where it is not possible to realize
a small Lm required by the high current design, multi-phase
interleaved LLC design is considered [48]. An interleaved
multi-phase (parallel input) LLC is given in Fig. 12 for high
current applications. The primary bridge can be a regular HB,
FB or a FB with two 3 L NPC arms [49]. For applications with
high output voltage, the secondary bridge can also be replaced
with a cascaded voltage doubler [47].

Ensuring balanced current sharing in interleaved multi-
phase LLC converters is a challenge. At fs ≈ fr , the
impedance of the resonant tank is too small that even a small
change in resonant tank values may result a significant change

FIGURE 12. Interleaved Multi-Phase LLC Converter.

in impedance causing current imbalance. Hence switch con-
trolled capacitor (SCC) method is used [50]. An additional
resonant capacitance CA is controlled using the bidirectional
switches SA and SB to control the total resonant capacitance:
C1//CA. The control of these bidirectional switches is based
on zero crossing of the resonant tank current and voltage of
CA [46].

This topology can use either the PS control or FM [50],
[51]. In PS control, the PS between phases is controlled for
output current ripple cancellation [50]. In FM, all phases op-
erate at the same fs, with all the gate signals interleaved to
facilitate ripple cancellation in the output current [51].

A comparison among the topologies discussed in this Sec-
tion is given in Table 1. When selecting the topology, the
voltage and power levels of the application, power density and
volume constraints, design complexity, reliability, and cost
should be considered. For OBC applications, the volume is
constricted; hence, high power density is desired. Therefore,
LLC or CLLC converters with a lesser number of components
compared to new topologies discussed above are suitable.
For off-board chargers, the HV, high power converters, such
as hybrid and reconfigurable topologies discussed above are
preferred, where volume is not restricted like in OBCs. The
control technique can be selected based on the voltage range
of operation to maximize the peak or overall efficiency based
on battery charging profiles.

III. RESONANT CONVERTER CONTROL TECHNIQUES
Resonant converter control techniques can be classified into
FM and PWM techniques. This Section will discuss these
control techniques with reference to LLC and CLLC resonant
converters.

A. CLASSICAL FREQUENCY CONTROL TECHNIQUE
FM is the classical control technique related to resonant con-
verters, allowing them to operate in both CCM and DCM. FM
gives the ability to reach high frequencies and soft switching
capability. In frequency control, the switches in each leg of
the primary bridge are operated complementary to each other
with 50% duty ratio. Therefore, dead time (also known as
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TABLE 1. Comparison Among Conventional and New Resonant Converter Topologies

FIGURE 13. LLC converter waveforms.

dead band time) is introduced between the switches in each
leg to permit transitions, preventing a short circuit [55]. The
secondary bridge MOSFETs will turn-on at the same time as
primary bridge MSOFETs and turn-off based on SR.

The operation with FM should be studied for fs = fr ,
fs < fr and fs > fr to understand the CCM and DCM
operation. Fig. 13 provides the LLC converter simulated
waveforms for operation under these 3 cases. Current
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through the MOSFET during the conduction period (iS1−FET ,
iQ1−FET ), current through the MOSFET output capacitance
(iS1−Cds, iQ1−Cds) and current through the MOSFET body
diode (iS1−diode, iQ1−diode) are illustrated separately for MOS-
FET S1 of the primary bridge and MOSFET Q1 of the
secondary bridge to understand different conduction paths in
the converter and soft switching during a single switching pe-
riod. Conduction paths of the CLLC converter is given in [56].

1) SYNCHRONOUS RECTIFICATION AT THE
SECONDARY BRIDGE
In the LLC converter given in Fig. 5, the secondary bridge
has MOSFETs instead of diodes to minimize the conduction
losses, as the internal resistance of MOSFETs is lower than
that of diodes. The gate signals for the secondary bridge are
similar to those of the primary bridge. However, to mini-
mize the switching losses in the secondary bridge, SR can
be used [57], [58], [59]. In SR, the MOSFETs are turned off
when the current through the MOSFETs reaches zero (i.e., at
the zero crossing of the secondary AC current is).

Several techniques for SR implementation are discussed in
the literature. In [57], SR is implemented by analyzing the
PS between primary and secondary AC currents. To minimize
the effects of circuit parasitics, SR gate signals can be gen-
erated by voltage or current sensing. A comparison among
approximation based and measurement based SR techniques
proposed in the literature for LLC converters is provided
in [59]. This analysis shows that approximation based SR
techniques are easy to implement, but they do not have suf-
ficient accuracy through out the whole range of fs. Also,
approximation based techniques can be applied to a con-
strained range of frequencies. Current based SR techniques
can be applied to applications with a wide range of fs, both
below and above resonance operation, at the cost of decreas-
ing power density due to AC current sensing. It is also noted
that primary current based SR techniques have high relia-
bility, improved power density, and efficiency compared to
secondary current based SR techniques, but at the cost of
control complexity to decouple the magnetizing current [59].

2) OPERATION AT RESONANT FREQUENCY (fs = fr)
Fig. 13(a) gives current and voltage waveforms with gate
signals for operation at fr . SA is the gate signal for S1 and
S4, SB is the gate signal for S2 and S3. Similarly, QA for Q1

and Q4, QB for Q2 and Q3. During the dead time (0 − t1)
after switches S3 and S2 turn-off, the output capacitance of
S1 and S4 are discharged and the output capacitance of S3 and
S2 are charged. Then, the anti-parallel body diodes of S1 and
S4 conduct, forcing the voltage across the respective switches
to zero. Hence, S1 and S4 will achieve ZVS at turn-on. The
primary current (ip) meets the magnetizing current (im) at
turn-off. Hence, the primary bridge MOSFETs will turn-off
at very low turn-off currents (low turn-off losses).

In the secondary bridge, the MOSFETs will have ZVS at
turn-on due to the capacitor and diode conduction during the

dead time, similar to the primary bridge. They will turn-off
with ZCS as the secondary current (is) reaches zero when
ip = im. Also, the secondary gate signals are equivalent to the
primary gate signals and SR has not been applied as the gate
signals turn-off exactly when ip reaches im.

3) BELOW RESONANCE OPERATION (fs < fr)
Fig. 13(b) demonstrates the current and voltage waveforms
with gate signals for operation below fr . Both primary and
secondary bridges have ZVS at turn-on, due to diode conduc-
tion during the dead time 0 − t1. Secondary bridge MOSFETs
Q1 and Q4 turn off with SR at the zero crossing of is. They
achieve ZCS at turn-off. During the time interval t2 − t3, there
is a circulating current with ip = im, and zero power flow in
the primary bridge until the primary bridge MOSFETs S1 and
S4 turn-off. This can be identified as DCM operation.

4) ABOVE RESONANCE OPERATION (fs > fr)
Fig. 13(c) shows the current and voltage waveforms with gate
signals for operation above fr . Both primary and secondary
bridges inherit ZVS at turn-on. S1 and S4 turn-off before
Q1 and Q4. Hence, there will be no circulating currents on
the primary bridge. Therefore, this can be identified as CCM
operation. However, as the primary bridge MOSFETs turn-off
before ip reaches im, there will be higher turn-off switching
losses compared to the previous two cases. Secondary bridge
MOSFETs turn-off with ZCS due to SR.

A comparison among the three modes of operation is given
in Table 2.

The operation of the CLLC converter will be similar to the
above analysis. The LLC and CLLC converters can operate in
both DCM and CCM modes under FM, achieving ZVS and
ZCS. In order to realize ZVS, the magnetizing current should
be sufficiently large to charge and discharge the MOSFET
output capacitance (CDS = Coss − Crss) completely during the
dead time (td ) [8], [60]. A condition derived for the dead time
to satisfy this for a FB converter is given in (19) [61].

Lm ≤ td
8CDS fs,max

(19)

Based on the expected range of voltage gain: Gmax to Gmin

in Fig. 6, the normalized operating frequency range can be
identified as ωn,min to ωn,max. It should be noted that the accu-
racy of the gain plot approximated based on FHA, decreases
when moving away from fr [56].

The CLLC converter operation requires to identify the
direction of power flow. A decision algorithm based on
dead time control is proposed in [56]. The LLC and CLLC
topologies discussed here can also be extended to three-level
converters with the same resonant tank to operate in wide
ranges of voltage with narrow frequency range [62], [63].

Based on the small signal model analysis discussed in
Section IV, a linear compensator (PI or PID controller) or
a nonlinear compensator (lead or lag compensator) can be
designed for the closed loop frequency control of the resonant
converters.
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TABLE 2. Comparison of Operating Characteristics at, Below and Above Resonance Operation

FIGURE 14. OTC control block diagram for an LLC converter.

B. OPTIMAL TRAJECTORY CONTROL
When designing a linear compensator for FM, the control-
lability and/or the accuracy of the controller is limited to
around a particular operating point [64], which could be a
drawback in wide voltage range applications. In many cases,
this is the operating point at which the small signal analysis
has been performed. Therefore, nonlinear control techniques
based on the graphical state plane analysis (SPA) are proposed
for resonant converters. OTC is one such non-linear control
technique that was initially proposed for the SRC in [33]. This
control technique is supposed to have a lower response time
by following a desired trajectory as the control law.

OTC uses SPA. In OTC, the radius of the existing trajec-
tory should be calculated at each operating point based on
the estimated values of the state variables ip and vCr . When
the desired radius is reached, the corresponding switches
of the relevant trajectory turn-on, forcing the converter to
follow that trajectory. However, as the number of resonant
elements or state variables increases, the online calculations
on the trajectory become more complicated.

The simplified OTC proposed in [64] uses an FM based lin-
ear compensator during the steady state and OTC at transient
states. The control block diagram for this is given in Fig. 14.

OTC is applied by changing the pulse width to reach the
desired trajectory. Pulse widths are calculated by using the
load current to estimate ip. At fs = fr , for a step load increase,
the radius of the trajectory increases. In order to minimize the
transient oscillations at the step change, the trajectory shifts
between fs < fr and fs = fr , to facilitate an increase of the
trajectory radius in two steps (i.e., the radius increases by one
half during one half of the switching cycle, other half during
the next half cycle). A similar process is followed for step
load decrease. The authors have shown that with simplified
OTC integration, the dynamic performance has significantly

FIGURE 15. Comparison between FB operation and HB morphed
operation.

improved, reducing the output voltage overshoot up to 42% in
step load increase and 67% in step load decrease. OTC is pre-
ferred to improve the dynamic response, light load efficiency,
and soft start [65].

C. TOPOLOGY MORPHING
For extreme voltage ranges, FM will result in wider frequency
ranges [66]. Topology morphing techniques are employed for
wide input voltage range applications [67], [68], [69]. The
voltage gain of the converter can be modified by changing the
topology of the primary bridge between the FB and HB, which
will reduce the range of operating frequencies in the resonant
converters. The gain of the FB is twice that of the HB at fixed
input/output voltages. Therefore, FB is used for operation in
the high gain region, (i.e., when the output voltage is high and
input voltage is low) and HB is used for operation in the low
gain region.

Topology morphing is effective in terms of switching
loss minimization from fs reduction, conduction loss mini-
mization, and reduction of the transformer burden from the
reduction of the AC root mean square (RMS) current. A simu-
lation based analysis was conducted for a FB CLLC converter
with G = [0.3 - 1.2]. It can morph into HB within G = [0.3 -
0.6] (then the effective HB gain will be [0.6 - 1.2]) and operate
as FB within G = [0.6 - 1.2]. The comparison of AC RMS
currents of the primary bridge (Ip,rms) and fs range with and
without topology morphing are shown in Fig. 15. Reduction of
the AC RMS current is observed when the HB gain is less than
1. Also, it is noted that the AC RMS currents at the same gains
of HB and FB are similar, i.e., Ip,rms with FB at [G = 1.2] =
Ip,rms with HB at [G = 1.2] = 40.5 A. Therefore, it is vital
to optimize the converter design to maximize efficiency and
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FIGURE 16. Phase shift control in interleaved LLC converter. (a) Topology.
(b) Voltage waveforms.

identify the optimum turns ratio and morphing margin when
using topology morphing.

FB can be changed to HB by not switching one leg of the
FB, i.e., by keeping the bottom MOSFET continuously on
(S4) and the other off (S3) [67]. However, abrupt topology
transitions will result in transients in the output. Increasing the
output filter capacitance significantly will help manage these
transients [70]. However, increasing the capacitors will affect
the power density and reliability [71].

The strategy proposed in [67] demonstrates a gradual
transition between the topologies, giving the control loop suf-
ficient time for close regulation of the output voltage. Here,
when morphing from FB to HB, the switching leg continues
to be in frequency control and the non-switching leg will be
in frequency and duty cycle control. The bottom MOSFETs
in the non-switching leg will increase the duty ratio from 0.5
to 1 gradually, while the top MOSFET will decrease the duty
ratio from 0.5 to 0 in a complementary manner. However, the
transformer core needs to be large enough to avoid saturation
due to the asymmetric operation and DC offset currents [68].
The use of OTC for morphing between the topologies is
proposed in [69]. Other topology morphing techniques use ad-
ditional components (i.e., an additional transformer and more
switches), which result in added cost and complexity [68].

D. PHASE SHIFT CONTROL
Single, dual, and extended PS control, commonly adopted
in DAB converters are also applied to resonant converters,
both conventional and derived topologies [72], [73], [74],
[75], [76].

In wide voltage range applications, using PS control instead
of FM will avoid a wide range of fs, at the risk of losing ZVS
at light loads. The PS control proposed for an interleaved LLC
resonant converter given in Fig. 16(a) is presented in [77],
ensuring ZVS is preserved. The voltage waveforms of the
primary and secondary are also represented in Fig. 16(b),
where the phase shift is defined between 2 HBs as ϕ. The
converter operates at fixed fs = fr .

For the circuit analysis, time domain analysis is used in-
stead of FHA, which is often solved numerically [76], [77].
One of the main advantages of phase shift control in LLC
converters is that the impact of Lm and Q-factor on the voltage
gain is lesser than that with FM. The work presented in [77]

uses trajectories of resonant tank voltage and current to ensure
ZVS for the entire operating range. Closed form formulas for
voltage gain as a function of phase shift are also derived in the
literature [76].

An FM-PS hybrid control for a CLLC converter is proposed
in [78], which will result in a narrow range of fs while realiz-
ing ZVS for wide voltage range applications.

IV. RESONANT CONVERTER MODELING TECHNIQUES
A mathematical model of the converter is helpful for design
and control optimization and closed loop control develop-
ment. The modeling technique should be selected based on the
application and design criteria. For example, the model should
accurately derive the current and voltage stresses for converter
optimization. However, a small signal model is required for
closed loop control development.

Due to the nonlinear characteristic of resonant converters
and higher number of state variables, mathematical modeling
is more challenging than DAB converters [79]. This Section
reviews the mathematical modeling techniques that can be
applied to resonant converters.

A. FHA BASED MODELING
FHA is the simplest modeling technique for resonant con-
verters. It takes into account only the fundamental AC com-
ponents of voltages and currents of the resonant tank [80].
Equivalent ac load (Req, ac) in Section II is derived based
on FHA. However, the accuracy of the model decreases when
moving away from fr . FHA is mostly used to determine reso-
nant tank parameters based on voltage gain functions.

B. LINEARIZED MATHEMATICAL MODEL USING EXTENDED
DESCRIBING FUNCTIONS
The concept of extended describing functions (EDFs) was
introduced in [81], [82] and [83] to derive the continuous
time small signal models in state space representation for res-
onant converters. State space averaging techniques cannot be
used for resonant converters, unlike converters operating with
PWM because some state variables in resonant converters
do not have DC components, instead carry strong switching
frequency harmonics [83].

By using the EDFs, the nonlinear terms of the state space
equations of the resonant converter can be approximated ei-
ther by the fundamental component terms, i.e., F (x)sinωst or
DC terms i.e., F (x), where F (x) is the EDF term. The EDF
terms are functions of operating conditions and harmonic co-
efficients, and they can be evaluated by analyzing the Fourier
expansions of the nonlinear terms [81]. EDFs can incorporate
any number of harmonics to improve the accuracy of the
model. The EDF term at an operating point U0 can be derived
from (20), where k is the harmonic number and xss is the state
vectors at steady state operation.

Fk
ss(X ss,U0) = 1

Ts

∫ Ts

0
f (xss,U0, t )e− jkωst dt (20)
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The nonlinear terms in the state space equations of a reso-
nant converter are mostly the primary bridge output voltage
(quasi-square voltage), the secondary bridge input voltage,
and its output current. EDFs for these are derived in [84]
for an HB LLC converter following the procedure described
in [83]. EDFs are used to develop small signal models of SRC
and PRC in [81] and later are applied to a CLLC converter
in [85]. The process of developing the small signal model is
summarized below:
� Derive the state space equations for the equivalent circuit

of the converter.
� Apply FHA to the sinusoidal voltages and currents in the

state space system. (i.e., resonant tank current, voltage
across capacitors). This will help to decompose the state
space system into Sine, Cosine, and DC terms.

� Apply EDFs to nonlinear terms of the system.
� Apply the averaging operator and linearize the non-

linear terms further by using Taylor series expansion.
Each averaged term can be defined as a sum of a
steady state term (X ) and a perturbation (x̂), i.e., x(t ) =
X (t ) + x̂(t )

For a perturbation in the control/input variables, the change
in response of the output variable is given through the small
signal model. The large signal model provides the steady
state values of the state variables for a given operating point,
hence there are no differential terms of the state variables
in the large signal model. The linearized large signal model
and small signal model for the LLC or CLLC converter are
derived in the form of (21)–(25). A, B, and C are constant
matrices/arrays of resonant tank elements and input DC volt-
age, x̂ is an array of small signal state variables, û is an array
of perturbations in control/input variables (ωn: normalized
switching frequency, vin: input DC voltage, d: duty ratio)
and ŷ is an array of change in output variables (output DC
voltage or current) [85]. Sinusoidal state variables are decom-
posed into sine and cosine components as denoted by xk,s and
xk,c, respectively. The fully derived state matrices for an LLC
converter and a CLLC converter are given in [86] and [85],
respectively.

A.X + B.U = 0 (21)

d

dt
x̂ = A.x̂ + B.û (22)

ŷ = C.x̂ (23)

û = [
ω̂n v̂in d̂

]T
(24)

x̂ = [
ˆip,s ˆip,c ˆvCr,s ˆvCr,c ˆim,s ˆim,c ˆvCo

]T

(25)

The converter model (plant model) can be studied as a
function of control variable ωn (with constant vin and d) to
develop the closed loop controller for FM. The process of
developing the closed control loop based on the small signal
model is presented in detail in [87].

FIGURE 17. Equivalent circuits of LLC converter.

C. TIME DOMAIN MODEL
Time domain modeling for LLC resonant converters is dis-
cussed in [88], [89], [90], which can model instantaneous
voltages and currents in the equivalent circuit more accurately
than frequency domain modeling. Here, it is required to iden-
tify the equivalent circuits of the converter for each mode of
operation and analyze the circuit under each time interval.
Development of the time domain model becomes challenging
as the complexity of the resonant converter increases.

The equivalent circuits of the LLC converter in Fig. 5 under
FM and SR is given in Fig. 17. With reference to FM wave-
forms in Fig. 13, equivalent circuit A is applied from ta to tb,
circuit B is from tb to tc, and circuit C is from tb to td . The state
space equations are written for each circuit and the functions
for AC current (ip, im, is) and resonant capacitor voltage (vCr )
are synthesized under different time intervals. The analysis
for the LLC converter at fs = fr operation (circuit A) is given
below. The initial values are given by ip0, im0, and vc0.

ip(t ) = (−vCr0 + Vin − nVo)

ωrLr
sin[ωr (t − ta)]

+ ip0 cos[wr (t − ta)] (26)

vCr (t ) = (vCr0 − Vin + nVo) cos[ωr (t − ta)]

+ ip0

ωrCr
sin[ωr (t − ta)] (27)

im(t ) = im0 + nVo

Lm
(t − ta) (28)

ip0 = im0 = −nVo

4Lm fs
, vCr0 = −π2Lr fsI2

n
+ Vin − nVo

(29)

The functions for state variables are obtained numerically
using tools such as MATLAB. The functions for above and
below fr operation can also be derived similarly.

D. STATE PLANE ANALYSIS
In SPA, the converter is analyzed as a piece-wise linear system
under different conduction paths similar to the above men-
tioned time domain analysis. SPA for resonant converters was
introduced in [32], [91] for SRC and PRC. In [64], the authors
present the SPA for an LLC converter with a HB at the primary
and a center-tapped diode rectifier at the secondary, with six
possible linear modes. Similarly, there are three linear modes
for the FB LLC converter in Fig. 5 and the CLLC converter
in Fig. 8, but with different trajectories due to topological
differences. The trajectories also differ based on the switching
frequency: fs = fr, fs < fr, or fs > fr .
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TABLE 3. Ratings and Parameters of the Resonant TPC

FIGURE 18. Steady state trajectory when fs = fr .

For the LLC converter in Fig. 5, one linear mode exists
at fs = fr which switches during [0 − t2] and [t2 − t5]. This
trajectory is shown in Fig. 18. The radius and center of the
trajectory are obtained based on the piece-wise linear analysis
of the equivalent circuit for two states: ip and vCr . The radius
depends on the initial values ip0 and vCr0 derived in the pre-
vious subsection. The radius of the circle increases with the
load.

V. RESONANT CONVERTER DESIGN
This Section explores the application of resonant converters
in EVs, typical design parameters in such applications, and
practical design considerations of resonant converters.

A. LLC AND CLLC CONVERTERS FOR OBC APPLICATIONS
LLC and CLLC resonant converters are attractive for unidirec-
tional and bidirectional OBC applications, respectively. The
most common power ratings of OBCs are 3.3 kW, 6.6 kW,
11 kW, 19.2 kW, and 22 kW [2]. The converter input con-
nects to the PFC stage and the output connects to the HV
battery. In 400 V rated batteries, the voltage can vary from
250 V to 450 V; for 800 V rated batteries, it can vary from
550 V to 850 V [2]. Some examples of commercially available
bidirectional OBCs are provided in [1]. A comparison among
the commercially available CLLC converters for OBCs at or
above 6.6 kW power rating is provided in Table 3. All the
presented configurations use silicon carbide (SiC) MOSFETs
and are air-cooled.

FIGURE 19. Typical battery charging profile.

The battery charging profile should be considered when
designing and modeling power converters and their controllers
for charger applications. Typical battery charging profiles of
a Lithium-ion battery and a Lead-acid battery are shown in
Fig. 19 [95], [96]. It can be observed that both batteries have
constant current (CC) and constant voltage (CV) modes.

Typical features of Lithium-ion batteries for EV applica-
tions can be summarized as below:
� Preferred for HV batteries (400 V and above)
� Typical open circuit voltage (OCV) is 2.5 V (fully de-

pleted) to 4.2 V (fully charged) per cell (hence typical
voltage swing for 400 V battery is 250 V to 450 V) [96]

� Charging time is faster than Lead-acid batteries [95]
Typical features of Lead-acid batteries for EV applications

can be summarized as below:
� Preferred for 12 V and 48 V batteries
� Typical OCV is 1.8 V (fully depleted) to 2.1 V (fully

charged) per cell (lower voltage swing compared to
Lithium-ion batteries) [97]

� comparatively slow charging time
LLC converter design for Lead-acid and Lithium-ion batter-

ies are presented in [98] and [18], respectively. Additionally,
there is a trickle charging stage before the CC stage for fully
depleted batteries, where the cells are charged with a constant
current of 10% of the maximum current [18], [88].

In the CC stage, the constant charging current or charg-
ing rate (C-rate) can have multiple levels as limited by the
maximum rated power of the converter [18]. OBC operating
points can be identified by analyzing the charging profile of
the battery pack so that the converter can be optimized for the
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desired operating region. Based on the battery charger profile,
the full load operation may occur at the CC stage, and not
at maximum gain (maximum output voltage). However, OBC
manufacturers try to maintain a constant maximum power
throughout the charging profile at minimum input voltage due
to diverse battery charging profiles [18].

When using resonant converters in OBC applications, the
Q-factor at the worst case operating point needs to be identi-
fied. In [18], for an LLC converter, the authors have derived
formulas in (30) and (31) to obtain the Q-factor at constant
maximum power charging (QCMP) and at maximum gain
(QG,max) in the inductive region, and used those along with
the h-ratio to develop a constraint to find the optimum design
with minimum circulating currents.

QCMP(Z0, M ) = π2

8

Pout,max

GVin,max
Z0 (30)

QG,max (h, M ) = 1

hG

√
h + G2

G2 − 1
(31)

B. RESONANT CONVERTER OPTIMIZATION
The resonant converter design includes determining the reso-
nant tank (series resonant inductor, capacitor, and transformer
magnetizing inductor for an LLC converter), transformer turns
ratio and range of switching frequency fs. These values cannot
be selected arbitrarily. With the use of the converter charac-
teristic functions in (11)–(15), the optimum converter design
parameters can be evaluated for maximum efficiency and
power density.

The work on resonant converter optimization is still im-
proving. There are a few literature sources discussing the
resonant converter optimization with room for improvement,
when accommodating wide input and output voltage ranges,
and different modes of converter operation [88], [89], [90],
[99], [100]. The objective of the converter optimization is
to determine optimum converter parameters to maximize the
efficiency and/or power density, such that the constraints rel-
evant to the successful operation of the converter throughout
the desired operating region are met.

In resonant converters for battery charger applications,
maximization of the weighted average efficiency for the en-
tire battery charging profile can be set as an optimization
objective. In [88], a time weighted average efficiency (TWAE)
based on the instantaneous efficiency and the state of charge
(SOC) is defined to formulate the optimization objective func-
tion. The proposed optimization procedure is summarized in
Fig. 20 for a frequency controlled LLC converter.

The converter is modeled based on the time domain as
discussed in Section IV. The authors have used variable-step
exhaustive search algorithm to find the optimum resonant tank
parameters. However, this optimization procedure can be fur-
ther improved to find the optimum transformer turns ratio and
reach multi objectives, such as power density maximization.

The LLC converter model derived based on different meth-
ods discussed in Section IV, should consider the different

FIGURE 20. Optimal design methodology for an LLC converter.

modes of operation of the converter under frequency control
to apply for converter optimization. Due to the nonlinearity
of the model, the objective function and the constraints are
challenging to solve as they do not have a closed form solu-
tion. In [100], a mode solver is proposed to solve the steady
state model of an LLC converter. The optimization variables
also include transformer turns ratio and full-load switching
frequency in addition to resonant tank parameters. The mode
solver is derived from the steady state analysis, and instead
of pre-determining the mode of operation, all modes are mod-
eled. Based on the optimization variable values, the operation
mode is determined and numerical nonlinear programming is
used to solve the model. The current and voltage waveforms
from the mode solver are then used to model the converter
losses and calculate the converter efficiency. However, the
optimization objective is limited to maximizing full-load
efficiency and constraints with respect to wide voltage and
power range operation are not considered.

C. DESIGN CONSIDERATIONS
Following the determination of optimum design parameters,
additional factors need to be considered to ensure optimal
converter operation. Major factors are discussed below.
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1) COMPONENT SELECTION AND TOLERANCES
In MOSFET selection, dv/dt turn-on limits, diode reverse
recovery, and losses should be considered [98]. In resonant
converters with soft switching, conduction losses will be dom-
inating, hence switches with lower on-state resistance should
be selected. Multi layer ceramic capacitors (MLCC) are pre-
ferred for resonant capacitors due to stable capacitance, tight
tolerances, and low energy dissipation [101].

While determining converter design parameters, tolerances
of the resonant tank components should be investigated to
ensure the converter operation for the entirety of the operating
voltage and power range. The typical tolerance values can be
included in the optimization process.

2) TRANSFORMER DESIGN
The high frequency transformer in the converter provides
galvanic isolation between primary and secondary sides, and
steps up or down the voltage based on the turns ratio [102].
The design of the high frequency isolation transformer is
critical, because it is one of the main contributors to the
converter weight and volume, and particularly in resonant
converters because of the restricted magnetizing inductance
and parasitics [103]. Planar transformers with printed circuit
board (PCB) or Litz wire windings are preferred over conven-
tional wire-wound transformers because of their advantages
in terms of low profile, good thermal characteristics, high
power density, repeatability, modularity, and ease of manufac-
turing [104]. However, there are certain limitations in planar
transformers as well, such as large surface area and high
intertwining (parasitic) capacitance (can be predicted) [104].
Planar transformers with PCB windings, even though easier
to make, has the concern of a limited number of turns (hence
the need to connect transformers in series). Therefore, it is
important to optimize the transformer design to achieve the
converter design objectives.

In LLC converter applications, efforts are being made to
partial or full integrate the series resonant tank into the
transformer [105], [106], [107], [108]. The desired Lm can
be realized by introducing an air gap to the transformer
core [109]. As proposed in [110] and [111], series resonant
tank can reside fully or partially in a separate core and con-
nected to the top or side of the planar transformer. The design
process is relatively simpler as Lr and Lm have their own flux
paths [112]. An improved integrated transformer design with
reduced volume is proposed in [113] by introducing the series
resonant tank (Lr,Cr) as a magnetic insertion between the
primary and secondary windings. The magnetic insertion con-
sists of a dielectric substrate with conductor windings directly
deposited on both sides.

3) PARASITIC ANALYSIS
Resonant converters are sensitive to parasitics, mainly intro-
duced by the transformer as inter-winding and intra-winding
capacitance and PCBs. Hence, analyzing the transformer

FIGURE 21. Parasitic components in an LLC converter.

parasitics during the design stage is important. A compre-
hensive process to calculate the parasitic capacitance in the
transformer is provided in [114]. Calculations for a static
capacitance model are provided considering layer-to-layer
capacitance.

The parasitic model for a resonant converter discussed
in [115] is demonstrated in Fig. 21. These parasitics cause
ringing in the transformer voltage and current and deviations
in the gain characteristic [115], [116]. The effect of parasitics
increases with decreasing load [116].

Methods of reducing the parasitic effects in planar trans-
formers with PCB windings are proposed in [115], [116],
[117]. The total static inter-winding capacitance can be
reduced by reducing the number of primary-secondary inter-
sections and permittivity of the insulation material between
layers [116]. However, reducing the number of primary-
secondary intersections will increase the AC-DC resistance
ratio in the transformer. Hence, the trade-off must be con-
sidered [116]. In [115], high parasitic capacitance calling for
increased dead band is investigated, and as a solution, reduc-
ing the resonant capacitance is proposed.

D. DEAD TIME EVALUATION
Dead time is the duration in which both the MOSFETs in a
leg are off. When selecting the dead time, the designer must
be mindful of MOSFET switching times as they vary based
on the MOSFET technology: WBG or silicon (Si) MOSFETs.
As discussed in Section III, dead time should be long enough
to facilitate ZVS and short enough to minimize the diode
forward conduction loss during zero power transfer. Hence,
optimum dead time evaluation is important to minimize the
converter losses.

Minimum dead time can be evaluated as the dead time
required to achieve ZVS in the worst case, at light or no load
conditions [118]. In [119], a time domain analysis is used to
derive a closed form solution for minimum dead time. Also,
for resonant converters with FM, td << 1/ fs,max [119].

However, selecting td,min based on ZVS in the worst case
may lead to excess dead time. Hence, resulting in high diode
conduction losses at medium and heavy loads. Hence, [120]
highlights the importance of an adaptive dead time strategy
as already used in commercial resonant controllers from ON
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FIGURE 22. Proposed generalized structure for resonant converter
optimization.

Semiconductor, Texas Instruments, and STMicroelectronics.
In this strategy, a dv/dt detector can be used to identify ZVS
operation, and the relevant MOSFET is turned on following
the identification. However, WBG devices can have a high
dv/dt , which may introduce noise during ZVS detection.
Therefore, a time domain analysis based adaptive dead time
strategy is presented in [120] and around 1% efficiency im-
provement is achieved.

VI. POTENTIAL RESEARCH DIRECTIONS AND
FUTURE PROSPECTS
During this literature review on voltage source DC-DC
resonant converters, following gaps in research and future
prospects were identified.

A. TOPOLOGICAL IMPROVEMENTS
The main advantages of using a resonant tank in voltage
source DC-DC converters are sinusoidal current waveforms
and soft switching availability. Novel resonant converter
topologies are being derived based on conventional topolo-
gies to meet the evolving demands of EV applications. The
DC-DC converters for EV applications are now exploring HV
and high power domain, especially for DC fast charging (>
1 kV and ≈ 900 kW) [121]. Interleaved resonant converters
discussed in Section II have the potential to be used in high
power applications by interleaving bridges for current sharing.
However, meeting HV requirements is a challenge as the volt-
age rating of the commercially available MOSFETs is limited
to 1.7–2 kV, limiting the converter rating to a maximum of
1 kV [122]. Hence, using 3 L or 5 L NPC arms in interleaved

resonant converters makes it a promising candidate for HV
and high power applications.

B. RESONANT CONVERTER CONTROL
New hybrid control techniques for DC-DC resonant convert-
ers are published frequently in the literature to address wide
voltage range applications, transients, and soft switching.
However, limited literature includes the closed loop control
implementation of these hybrid techniques, which is equally
important. Discretized closed loop control has significant im-
pacts from delays and quantization noise from filters which
must be modeled and checked for stability along with the
closed loop compensation.

C. CONVERTER MODELING
With the topological and control improvements, and increase
in resonant components, progress in mathematical modeling
of resonant converters, even though challenging, is inevitable.
The availability of computational tools like MATLAB can aid
in solving the converter models to obtain numerical solutions.

1) HARMONIC STATE SPACE MODEL
The harmonic state space (HSS) model is an extension to the
FHA based state space model given in (22)–(25) above [123].
Literature on this technique applied to DC-DC resonant con-
verters are scarce, but it can improve the accuracy of the
model in wide voltage range applications. In HSS model, each
state variable is written as the sum of harmonics instead of
considering only the first harmonic as given in (32) [124].
Each harmonic of the state variable can be expanded as in
(33)–(36).

x(t ) =
∑
kεZ

Xke jkω1t (32)

sX = (A − Q)X + BU (33)

X = [X−h, . . ., X−1, X0, X1, . . ., Xh]T (34)

U = [U−h, . . .,U−1,U0,U1, . . .,Uh]T (35)

A =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

A0 . . . A−h
...

. . .
. . .

Ah
. . . A0

. . . A−h

. . .
. . .

. . .
...

Ah . . . A0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(36)

2) SPACE MAPPING TECHNIQUE
In order to bridge the gap between less accurate mathematical
model (coarse model) and the actual converter prototype or
simulation model (fine model), space mapping is a promising
technique [125], [126]. A mapping between the coarse model
and fine model is created to obtain the surrogate model, which
is more accurate than the coarse model but has lesser compu-
tation time/burden than the fine model.
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3) POLYTOPIC MODEL
Polytopic modeling is another approach which can be applied
to comprehensive resonant topologies where time domain
modeling cannot be applied. Here, the converter is modeled
as a black box and the input parameters are mapped to the
output parameters as a linear or a nonlinear system [127]. A
simulation model in a spice tool or PLECS can aid in creating
the mapping.

D. CONVERTER DESIGN
The main research gap in terms of resonant converter design
is design optimization. The existing literature on this mainly
focus on LLC and CLLC design optimization, with limitations
as discussed in Section V above. While new topologies are
being derived, it is also essential to discuss their design op-
timization. A proposed structure for design optimization that
can be adapted to any topology is given in Fig. 22. This would
also require a sufficiently accurate model of the converter.
This proposed structure, even though highly ideal in nature,
sufficiently presents expectations of the resonant converter
design optimization.

VII. CONCLUSION
This paper presents the design, control, and modeling of res-
onant converters for EV applications and can be used as a
guide for DC-DC voltage source resonant converter design.
The basic and conventional voltage source resonant converter
topologies: SRC, PRC, SPRC, and LLC topologies, are dis-
cussed. New topologies derived in the form of reconfigurable,
hybrid, and interleaved resonant converters have also been re-
viewed and compared. When moving into HV and high power
domain interleaved hybrid resonant topologies are promising.

FM, PS, OTC, and topology morphing are identified and
reviewed as resonant converter control techniques. FM is the
classical control technique for resonant converters, which can
ensure soft switching. However, wide voltage range appli-
cations can lead to a wide range of switching frequencies,
affecting the converter efficiency. PS control and topology
morphing between FB and HB are advantageous in such ap-
plications. OTC developed based on the SPA is improves the
dynamic response during transients.

Mathematical models of resonant converters are impor-
tant for converter design and control. FHA model, linearized
model using EDFs, time domain model, and SPA are dis-
cussed. EDF based models are used for small signal analysis
in closed loop control design and time domain modeling is
preferred in design or control optimization.

This paper also discusses resonant converter design op-
timization along with design considerations such as battery
charging profile, component selection, and isolation trans-
former design. There are potential research opportunities in
resonant converter topological improvements, design and con-
trol optimization of resonant converters for HV, high power,
and wide input/output voltage range EV applications.
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