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Abstract—This paper focuses on optimizing the de-
sign of CLLC converters for asymmetric bidirectional
operation, a critical requirement in electric vehicle (EV)
charging systems. Previous research has shown that CLLC
converters are effective due to their soft-switching char-
acteristic, achieving high performance in terms of effi-
ciency and power density. However, challenges remain in
optimizing their operation for bidirectional power flow,
particularly for wide voltage and load applications such as
vehicle-to-grid (V2G). To address this, we evaluate a novel
approach that adds a parallel inductor to the primary
side of the resonant tank in reverse operation to improve
the gain characteristics and efficiency. The research uses
theoretical analysis and simulations. The results show a

resonant converter capable of meeting the requirements of
a wide voltage and load range application without compro-
mising the performance of the main operating mode, all
while keeping the magnetizing/leakage inductance relation
within the design criteria for integrated transformers.

I. Introduction
The rapid adoption of electric vehicles (EVs) has

increased the demand for efficient, high-power density
chargers that can operate across wide load and voltage
ranges. These chargers are also required to have galvanic
isolation, which prevents leakage currents that may be
a risk for the user in order to comply with safety
standards and regulations. Additionally, the need for
bidirectionality keeps increasing due to the fact that EVs
connected to the grid offer a vast battery network that
can be used to provide the grid with active or reactive
power in high-demand, voltage and frequency regulation,
or current harmonic reduction applications [1]–[3].

In this area, resonant converters have emerged as a
promising solution due to their inherent soft-switching
characteristics over wide voltage and load ranges,
reduced harmonic content, high efficiency, providing
nearly no energy loss in both directions, especially at
the nominal working point, and compact size [4]–[6]. In
applications requiring bidirectionality, such as the one
depicted in Fig. 1, CLLC converters are strong competi-
tors, offering the advantages of LLC resonant converters
in both forward and reverse power flow directions [4],
[7], [8].

Moreover, compared to the dual active bridge (DAB)
converter, its main competitor in this field, the CLLC
resonant converter, offers better nominal power perfor-
mance with less high-order harmonic ripple content, a



Fig. 1. Proposed bidirectional battery charging system, with a
reconfigurable CLLC resonant tank.

result of the nearly sinusoidal waveforms in the tank.
This will also have a positive impact on the output filter
requirements of the converter, resulting in a higher power
density. On top of that, DAB tends to lose zero voltage
switching (ZVS) in partial load conditions, so a wider
ZVS range is usually obtained in CLLC converters which
results in better overall efficiency considering the whole
power range of the system [5], [9]–[11].

However, the performance of CLLC converters is
highly dependent on key parameters such as the switch-
ing frequency and the selection of the resonant tank
components. The gain of the converter can be enhanced
by increasing the range of the switching frequency and/or
decreasing the value of the resonant tank inductances.
Nevertheless, the efficiency of resonant converters de-
creases when operating over a wide frequency range,
especially as the difference between the switching fre-
quency and the resonant frequency increases. Not only
that, but a wide switching frequency range can make
component optimization challenging. This can lead to the
loss of the power density benefits of a CLLC converter if
a very low switching frequency is needed. Additionally,
it is limited on the higher side by the current switching-
device technology [12]. Furthermore, a reduced value
of the inductances in the resonant tank implies higher
currents through the converter. This critically affects the
system’s performance and design by increasing power
losses and complicating the selection of switching com-
ponents and the design of passive components, which
must handle higher currents.

However, one of the most critical factors in a bidirec-
tional application is that the gain needs of the resonant
tank may not be the same for both power directions
[13]. This makes the system’s design suboptimal, as
the same configuration needs to suit the forward and
reverse mode requirements. Consequently, the design for
one of the directions will be restrained by the other,
resulting in lower resonant tank inductances compared
to an optimum unidirectional design, and the mentioned
efficiency consequences [14].

These factors become crucial when the wide input
voltage or load variations are significant, as in EV charg-

ing scenarios. To tackle this problem, several solutions
are proposed in the literature, which can be grouped
into four categories. The first one is to add additional
stages in order to reduce the gain requirements of the
CLLC converter, either before the resonant converter,
as presented in [15], where the previous Power Factor
Correction (PFC) stage of the converter is modified in
order to achieve a variable DC-link voltage, or after
it, like in [16], where an additional buck converter is
added after the resonant converter, making the gain of
the resonant tank unitary for the whole working range.

A second option is implementing reconfigurable
circuits in the primary and/or secondary side of the
transformer. A hybrid half-bridge/full-bridge inverter is
proposed in [17], allowing the system to double the
resonant tank input voltage. In [18] a hybrid rectifier in
the secondary side is presented, which allows the system
to go from a full diode bridge to an asymmetrical half
bridge that acts as a voltage doubler.

Control and modulation strategies are other options
to improve the voltage gain performance of the system.
A frequency control with an adjustable duty cycle is
presented in [19], which improves the light load effi-
ciency of the converter. In [20], a hybrid control strat-
egy that combines Pulse Frequency Modulation (PFM)
with Phase Shift Modulation (PSM) is presented, which
improves the efficiency of the system over the whole
operating range compared to its non-hybrid counterparts.

Finally, adjustable resonant tanks can also be found
in the literature. A reconfigurable transformer is pre-
sented in [21], allowing a variable turn ratio that in-
creases the gain of the tank. Different variable resonant
components are presented in [22]–[25], where the value
of the resonant inductance, the magnetizing inductance,
or both can be controlled to change the characteristics
of the gain curve according to the needs of the system.

Converters with reconfigurable resonant tanks are
another option to improve the system’s gain response.
In [26], a commutable additional capacitor in parallel
with the resonant inductor of the primary side is added,
making the system work as a CLLC converter in boost
operation and as a C-CL-LC in reduction operation. A
commutable inductor in parallel with the primary side of
the resonant tank is presented in [27], which improves
the boost operation in reverse mode.

This paper focuses on solving the main challenges
presented until now, which consist of reaching the gain
requirements of the system while:

• Operating at a valid frequency range.
• Switching with ZVS all over the working range.



• Not compromising the main power direction design
in a bidirectional converter.

To achieve this, paving the way to unifying the
voltage regulation of the converter into a single step,
this paper focuses on the DC/DC stage of a bidirec-
tional battery charger. For this, a converter as shown
in Fig. 1 has been designed, which consists of two full
bridge synchronous inverters/rectifiers, depending on the
power flow direction, and a reconfigurable resonant tank
that can be alternated between CLLC, i.e. C3LC, and
CLLLC, i.e. C4LC, by adding an additional inductance
in parallel with the resonant components of the primary
side, and studies its effects. This additional component
further improves the gain characteristics and switching
frequency range for reverse operation mode, allowing an
optimal design of the tank in forward mode, all while
ensuring ZVS in every scenario.

The study aims to provide a comprehensive under-
standing of the benefits and trade-offs involved in adding
a commutable inductance in the resonant tank, supported
by theoretical analysis and simulation results. The impact
of the resonant tank asymmetries on the behavior of the
tank is studied based on First Harmonic Approximation
(FHA). With these results, a clear design process for
asymmetrical resonant tanks is presented, including the
selection of the additional component value.

In section II, the working principles of a conventional
C3LC converter and the proposed C4LC are studied for
both symmetrical and asymmetrical tanks to identify the
problematic of working bidirectionally with the same
resonant tank configuration. The proposed solution is
then compared to the conventional approach to see how
it affects the response of the system. To further prove the
validity of this proposal, a C4LC converter is designed
for a real application scenario in section III, where both
the C4LC and C3LC configuration performances are
compared by simulation. Finally, the conclusions are
presented in section IV.

II. Analysis of a C4LC converter

The previously presented converter shown in Fig. 1
consists of a reconfigurable resonant tank connected to
the input and output by full-bridge switching networks
both on the primary and secondary sides. The resonant
tank configuration can be switched between C3LC and
C4LC topologies using the switch S p, which adds an
additional Lp inductance in parallel between the resonant
components Lr1 and Cr1 in the primary side.

(a)

(b)

(c)

Fig. 2. FHA model of the resonant tank in Fig. 1 with all
components referred to the primary side in (a) forward mode and
(b) reverse mode for the C3LC topology and (c) reverse mode for
the C4LC topology.

TABLE I
Main relations of the FHA

Parameter Meaning
Rac = 8/π2RL,DC Equivalent AC resistance of the load

R′ac = n2Rac RL referenced to the primary side
L′r2 = n2Lr2 Lr2 referenced to the primary side

C′r2 = Cr2/n2 Cr2 referenced to the primary side
fr,f = 1/(2π

√
Lr1Cr1) Forward resonant frequency

fr,r = 1/(2π
√

L′r2C′r2) Reverse resonant frequency
fr,p = 1/(2π

√
LrpCr1) Reverse parallel resonant frequency

a = n2Lr2/Lr1 Resonant inductor ratio
b = Cr2/(n2Cr1) Resonant capacitor ratio

hf = Lm/Lr1 Forward tank inductor ratio
hr = Lm/(L′r2) Reverse tank inductor ratio
hp = Lm/Lp Parallel tank inductor ratio
fn,f = fsw/ fr,f Forward normalized switching frequency
fn,r = fsw/ fr,r Reverse normalized switching frequency

Qf =
√

Lr1/Cr1/R′ac Forward quality factor
Qr =

√
L′r2/C

′
r2/Rac Reverse quality factor

A. FHA analysis

The analysis begins with the fundamental principles
of C3LC resonant converters, as shown in Fig. 1,
highlighting the role of switching frequency, resonant
tank components, and load variations in defining the
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converter’s operation. FHA is used to analyze the tank’s
response. With this approximation and referring the sec-
ondary side components to the primary side, the resonant
tank can be simplified, as shown in Fig 2.

Applying Kirchhoff’s Current Law (KCL) and Kirch-
hoff’s Voltage Law (KVL) in the circuits of Fig. 2 and
considering the relations presented in Table I, the voltage
gain equation of the resonant tank can be deduced for
forward mode (1), reverse C3LC mode (2) and reverse
C4LC mode (3). Similarly, the input impedance of the
resonant tank is defined as (4) for forward mode, (5) for
reverse C3LC mode, and (6) for reverse C4LC mode.

It can be seen how all the gain equations (1)-(3)
and the phase of the input impedance equations (4)-
(6) are only dependent on five parameters, all defined
in Table I: the quality factor and tank inductor ratio in
forward mode, Qf and hf , and their equivalent forms in
reverse mode Qr and hr, which define the values of the

primary side components as well as the response of the
system under different load conditions. Additionally, the
transformer turn ratio, n, the resonant inductor ratio, a,
and the resonant capacitor ratio, b determine the level
of asymmetry between the primary and the secondary
side, and define the behavior of the system in reverse
mode. Therefore, it is crucial to analyze the effect each of
these parameters has on the performance of the system.
Therefore, it is crucial to analyze the effect each of these
parameters has on the performance of the system.

B. Analysis of a symmetrical tank

When the resonant tank is symmetrical, meaning that
all component values are identical (a = 1, b = 1)
and the transformer turn ratio is n = 1, the gain
relations, as well as the input impedances are the same
for forward and reverse mode, meaning that the gain of
the resonant tank is the same both in forward and in
reverse mode, Gf = Gr, and that the same thing happens



Fig. 3. Voltage gain and input impedance phase for different hf =

hr values (a) and Qf = Qr values (b) when the resonant tank is
symmetrical. The dashed line represents the response of a given hf
- Qf combination, and the blue colored lines represent variations of
hf for a constant Qf while the red lines represent variations of Qf
for a constant hf , affecting both the gain |G| and the impedance Zin
of the resonant tank.

with the impedance of the tank, Zin,f = Zin,r. Both these
expressions are represented in Fig. 3.

In Fig. 3, it can be seen how, for a fixed Qf value,
changing the value of hf alters the behavior of the
system. First, the maximum achievable gain increases
as hf decreases. Additionally, as the value of hf in-
creases, the capacitive/inductive boundary shifts to the
left, causing the peak of the gain curve to occur at a
lower normalized switching frequency. Consequently, a
value further from the resonant frequency is needed to
achieve the maximum voltage gain. Nevertheless, for a
hf higher than a critical value, the curve becomes non-
monotonic, making the behavior of the system more
complex. Finally, lower hf values would imply greater
circulating currents, increasing the overall power losses.
Additionally, analyzing the Zin phase graph, a critical
factor can be appreciated when the value of hf is too
high: the inductive behavior of the tank is lost in the
operating frequency range (frequencies above the point
where the Zin phase crosses 0◦), which is essential for
the system to work with ZVS.

Something similar happens for a fixed hf and variable
Qf when looking at Fig. 3: the maximum gain of the
resonant tank increases when Qf decreases, while the
peak value of the gain curve shifts to the left, widening
the bandwidth of the tank. In this case, the inductive be-
havior of the tank is also lost in the operating frequency

range if Qf is above a critical value.
Therefore, the design of the resonant tank compo-

nents must consider not only the maximum and mini-
mum gains required by the specifications but also the
critical hf and Qf values to stay within the inductive
region through the whole operating frequency range, all
why maintaining the monotonicity of the gain curve.
Additionally, since a reduced operating frequency range
is convenient, the effect of hf and Qf in this factor should
also be considered.

C. Analysis of an asymmetrical tank

When the design of the tank is asymmetrical, mean-
ing that either a , 1, b , 1, or n , 1, the tank behavior in
reverse mode changes notably compared to the forward
mode. All these three scenarios have been analyzed for
a constant working point and are represented in Fig. 4.

Analyzing the three asymmetries presented in 4, it
can be seen how changing either a, b, or n changes the
response of the system but affects the gain characteristics
in reverse mode in a greater way than in forward mode.
Consequently, an asymmetric tank will not only make
the design of the converter more challenging, but it will
also affect the performance of the tank in forward mode,
something that should be avoided.

D. Adaptative resonant tank

The proposed solution consists of an adaptative res-
onant tank that works and is optimally designed to
maximize the value of hf as a regular C3LC converter
in forward mode but that reconfigures into a C4LC
when working in reverse operation mode. The resultant
response of this topology is depicted in Fig. 5, where the
response of the system is represented with a fixed C3LC
configuration and adding different Lp values. Three main
advantages can be seen: First, the maximum and mini-
mum gains are extended, so the system is capable of
meeting the requirements in a scenario where the C3LC
may fail to do so. Additionally, the bandwidth of the tank
is also narrowed, as both the peak gain and the minimum
gain move towards the resonant frequency as the value
of hp increases.

Moreover, as mentioned before, the design of the
forward operation mode is not constrained by the re-
quirements of the reverse mode if this topology morphing
strategy is applied, so it can be optimally designed
without affecting its performance.

III. Design of a C4LC converter

After analyzing the response of both the C3LC and
C4LC topologies, a bidirectional converter is designed



(a)

(b)

(c)

Fig. 4. Voltage gain in forward and reverse modes for different
asymmetries: variable n in (a), variable a = n2Lr2/Lr1 in (b) and
variable b = Cr2/(n2Cr1) in (c). The gain response of each scenario is
represented both in forward and reverse mode for different variations
of each asymmetry.

Fig. 5. Voltage gain and Zin phase for different hp values in reverse
mode for a fixed C3LC configuration. The original response in Fig.
3 (No Lp in this figure) is compared to the response of the system
adding an extra inductor in parallel in the primary side with an
increasing value.

Fig. 6. C4LC resonant converter with the extra inductor Lp and the
main signals of the resonant tank marked in red.

to validate the proposed topology in a real application
scenario, as the one depicted in Fig. 6.

A. Case study

The specifications considered for the design process
are displayed in Table II. From this data, the first step is
to calculate the transformer turn ratio, obtained assuming
unity gain for the resonant tank and nominal conditions:

n = Vin,nom/Voutnom (7)

From (7), the value of n can be calculated. Although
a symmetric tank is the objective, in order to maintain
optimum performance in forward mode, a non-unitary
value of n causes a mismatch between the leakage induc-
tances of the transformer. Since a higher power density is
required, the leakage inductances of the transformer act
as the resonant inductances Lr1 and Lr2, and therefore, a
non-unity value of a is obtained. Meanwhile, the value
for the resonant capacitors Cr1 and Cr2 have been selected



TABLE II
Design specifications of a bidirectional lithium-ion battery

charging system using GaN transistors

Parameter Charge value (nominal) Discharge value (nominal)
Vin (V) 400 (400)
Vout (V) 300 - 420 (320) 280 - 420 (320)
P (kW) 420 - 6.6 (5) 1 - 6.6 (3)

fsw (kHz) 200 - 800 (500)

to be equal, meaning that the resonant capacitor ratio is
only dependent on the value of n. All the asymmetry
factor values for this specific design are displayed in
Table III.

With the mentioned transformer characteristics, con-
sidering the gain requirements from Table II, and based
on the relations from Table I and equations 1-6, a set
of valid hf , Qf and Qr combinations can be obtained,
considering that each of these combinations can achieve
the required forward or reverse required gains inside
the specified switching frequency range, maintaining an
inductive behavior, and only considering valid curves
that are monotonic inside the operating region. With
these constraints, obtained results can be seen in Fig 7.
The area below each of the curves in Fig. 7 covers all
the valid hf - Qf/r combinations for each of the operation
modes. Since hf is a fixed value of the resonant tank
that is shared by both the forward and reverse modes,
the design of the most restrictive operation mode affects
the performance of the less restrictive one. However, the
first step to choosing a value for hf is delimiting the Qf
and Qr operating ranges.

Considering that the parameters involving resonant
tank values that appear in the Qf and Qr relations of
Table I have a fixed value, and from the critical values
for each RL obtained from the specifications in Table II,
it can be assumed that the following relation is true:

Qf,max

Qf,min
=

RL,out−max

RL,out−min
;

Qr,max

Qr,min
=

RL,in−max

RL,in−min
(8)

In order to define the inductance relation hf of the
resonant tank, a value around 10 or higher is desirable
for integrated transformers [24], [25]. The Qf and Qr
range widths are fixed, defined by the expressions in (8).
Selecting an optimum hf value (hf,opt) for the fixed Qf
width, an operating range that exactly fits the require-
ments can be obtained, as well as specific values for
Qf,max and Qf,min.

Fig. 7. Valid configurations of the different operating modes for
the given specifications, defined by the colored curves and the
whole marked area beneath them. hf is selected so that the valid
configuration curve in forward mode perfectly fits the forward
operating range. This also determines the forward and reverse
operating limits by fixing the Qf and Qr critical values. With hf
defined, hp is selected so that the valid configuration curve in reverse
mode for the C4LC resonant tank fits the reverse operating range
limits while maintaining an hp value as high as possible.

This can be better seen in Fig. 7 where, for the
specified Qf range, the operating region marked by the
hf line fits in the valid hf-Qf area inside the forward
operating limits. Nevertheless, this is not true for the
reverse C3LC operation, failing to meet the requirements
all over the Qr working region for hf,opt.

B. Design considerations of additional parallel inductor

Considering the optimized design from the previous
section, a C4LC configuration can be designed to fulfill
the conditions in reverse mode. By choosing the proper
hp value, it can be seen in Fig. 7 how the operating
region marked by the hf line fits in the valid hf-Qr
area of the C4LC topology inside the reverse operating
limits, all without compromising the performance of
the conventional C3LC in forward mode. With all the
conditions just presented, the values of the resonant tank
components can be calculated by selecting any point in
the hf,opt line and considering the resonant frequency
from II. They are all summarized in Table III.

Considering these values, the response of the system
for the operation limits is marked in Fig. 7, and is
represented in Fig. 8. It can be seen how, for the
C3LC topology, the gain requirements are not fulfilled in



TABLE III
Designed parameters

Parameter Value Relation
n 1.25 -

L1(µH) 1.35
a = 1.25

L2(µH) 1.07
C1(nC) 7.54

b = 0.64
C2(nC) 7.54
Lm(µH) 12.51 hf = 9.34
Lp(µH) 16.76 hp = 0.75

reverse mode for an optimum design in forward mode
of hf,opt, while reconfiguring the tank to a C4LC with
the configuration presented in Table III in reverse mode
solves this issue.

C. Discussion

Even if the solution presented in section III-A allows
for an optimum design of the system for a maximized hf
value in forward mode while still fulfilling the require-
ments in reverse mode, it is true that the obtained value
is slightly lower than the set minimum range limit set
in section III-A. However, checking Fig. 7, a higher hf
value for the given specifications is not attainable.

With this configuration, the output voltage range in
reverse mode without the additional inductor does not
reach the minimum required gain, resulting in a battery
voltage range 45 % smaller than required. However, with
the proposed configuration, the additional component
can be adjusted so that the acquirable voltage range
remains at 100 % with a maximized hf value for the
forward mode. Furthermore, again using Fig. 7, it can
be deduced that it is possible to reach the required gains
for both power directions without adding Lp by reducing
hf to a low enough value. By redesigning the resonant
tank, a C3LC configuration as presented in Table IV
is obtained. Bigger values of Qf and a lower value of
hf imply sharper gain curves, as deduced from Fig. 3,
and this is translated in narrower frequency bandwidths.
Specifically, the forward operating frequency range is
reduced by 50 %, while the reverse range is reduced by
12.7 %.

However, the hf relation decreases by 65 %, reaching
a value of 3.25, far below the design criteria set in
section III-A, which would result in a lower-performance
transformer. Furthermore, a very small value, such as the
one needed by the C3LC topology, makes it extremely
challenging to design an integrated transformer that

(a)

(b)

Fig. 8. Response of the system for the operation limits marked in
Fig. 7 for (a) forward mode and (b) reverse mode.

fulfills the required characteristics, meaning that two
additional external inductors will be required in the
resonant tank. Nevertheless, the actual impact of this
compared to the extra parallel inductor of the proposed
topology is uncertain and requires further analysis.

IV. Conclusion

This paper explores the potential to improve the
performance of CLLC converters for asymmetrical bidi-
rectional operation by introducing an additional paral-
lel inductor into the resonant tank, forming a C4LC
configuration in reverse mode without affecting the
forward operation. Theoretical analysis and simulations
demonstrate improvements in gain characteristics for the
reverse mode operation without affecting the forward
mode performance.



TABLE IV
Topology comparison

Parameter C3LC C4LC
Lr (µH) 3.06 1.34
Cr (nC) 3.31 7.54
Lm (µH) 9.94 12.51
Lp (µH) - 16.76

hr 3.25 9.34
Forward

fsw (kHz) 264 - 562 200 - 800
Reverse

fsw (kHz) 442 - 800 390 - 800

Comparing the C4LC topology with an optimum
conventional C3LC design, even though the proposal
impacts the switching frequency range, the proposed
converter is capable of increasing the reverse mode
voltage gain range by 1.82 without compromising the
forward operation optimum design for a maximized hf ,
meeting the design requirements. In this note, an hf
parameter 2.87 times bigger has been achieved compared
to an optimum C3LC design, obtaining a final value
of 9.34 and making it viable to integrate the resonant
inductors in the transformer without compromising its
performance. However, it is unclear how beneficial this
will turn out to be for the overall size of the system,
considering that the proposal includes an extra inductor
to the tank. In addition, the switching frequency range
is significantly increased for the proposed system, a key
factor that may have a negative effect on its performance.
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