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ABSTRACT DC-connected ultra-fast chargers consist of isolated DC/DC converter modules to provide the
required charging profile. This paper proposes a charging module that interfaces with a fixed voltage DC-bus
and covers a wide variety of electric vehicles (EVs) with battery voltages ranging from 200 to 1000V. DC/DC
converters for EVs charging has been discussed several times in the literature, however the DC-connected
structure with fixed DC-bus voltage is rarely considered. This paper proposes a full-bridge LLC DC/DC
converter module with a configurable secondary. This configuration extends the converter’s charging voltage
range without adding stress on the resonant components or operating far from the unity gain point. Due to
wide output range, the converter parameters are optimized using the time-domain analytical model to cover
the required range without adding unnecessary circulating current that compromises the efficiency. First,
the LLC resonant converter fundamentals are briefly introduced. Then, the proposed topology operation
and advantages are discussed. After which, the converter’s requirements and design method are presented,
focusing on circulating current minimization. Finally, the effectiveness of the proposed converter and the
optimized design strategy is verified experimentally on a 10 kW prototype with an input of 800 V and an
output of 200 - 1000 V.

INDEX TERMS LLC resonant converter, dc/dc converters, electric vehicle fast charging, reconfigurable
structure, wide output range.

I. INTRODUCTION
Transportation electrification has received huge attention
recently due to its potential to mitigate the energy sustain-
ability problems and the environment crises [1]. However,
the long charging time and the limited range per charge
are challenging the growth of the electric vehicles mar-
ket. Fast charging helps reducing the charging time. Hence,
it is a major necessity for the transportation electrification
adoption [2], [3], [4].

The associate editor coordinating the review of this manuscript and

approving it for publication was Vitor Monteiro .

The typical electric car battery voltage is around 400 V.
However, the next generation of EVs such as Auston Martin
and Porsche are developing EVs with 800 V battery systems,
to increase the charging power without increasing the charg-
ing current and losses [5]. Therefore, the charging stations are
required to cover the voltage range of 200-1000 V that covers
the typical and future electric car batteries [6], [7].

DC-Connected EVs fast charging station systems are still
not widely adopted due to unmature standards and protection
coordination. However, transferring the power using fixed dc
voltage provides several advantages regarding its compatibil-
ity with renewable energy sources, size, efficiency and cost
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FIGURE 1. DC-connected fast charging station.

when compared to the ac-connected charging systems [2].
The charging module in dc-connected fast charging station
needs to cover a wide output voltage range of 200-1000 V.
Moreover, the charging station should have a flexible struc-
ture to facilitate charging at higher power levels. So, the
charging module should be easily stacked to increase charg-
ing power.

Several solutions have been proposed in the literature
for the ultra-fast chargers, however most of them are for
ac-connected structures assuming variable input voltage to
the charging module [6], [8], [9], [10], [11]. Nevertheless,
some researches proposed solutions for dc-connected struc-
tures. In [12] and [13], the authors proposed a solution with
partial power processing, reducing the converter losses by
processing only a fraction of the power transferred to the
vehicle. However, this approach does not ensure galvanic
isolation between the station dc-bus and the vehicles. Another
approach in [14], the authors proposed a three-port converter
with one input port, and two output ports. One output port
is for slow charging and the other output port is for fast
charging. The proposed three-port converter showed promis-
ing reduction in the volume, cost, and control complexity,
while operating at high efficiency. However, only limited
output voltage range of 200-400 V is considered. Covering
the wide range of 200-1000 V is challenging in dc-connected
fast chargers. One solution is a cascaded connection of two
converters, an isolated converter for achieving galvanic isola-
tion. Then, followed by another converter which provides the
required charging voltage and current. This approach fixes
the isolated converter gain at one, achieving high operating
efficiency over the charging range. However, it adds another
non-isolated converter, increasing the number of components
and total cost. Moreover, the achieved voltage range is lim-
ited [15].

Phase-shift Dual-Active bridge (PS-DAB) converters and
LLC resonant converters have been widely utilized as

the dc/dc converter for EV fast chargers [14], [15], [16],
[17], [18], [19]. For wide voltage range applications, LLC
has gained more attention lately due to zero voltage-
switching (ZVS), low electromagnetic interference (EMI),
and high-efficiency operation [15], [16], [20], [21]. LLC
resonant converter has been widely used for EVs DC fast
charging [2], [5], [22], [23]. However, it still suffers from
high circulating current causing high conduction losses, and a
wide frequency range causing complex design. Several solu-
tions for general wide voltage range applications have been
proposed to solve these drawbacks. Hybrid control between
Phase Shift Modulation (PSM) and Frequency Modulation
(FM) is used to reach a wide voltage range [24], [25]. How-
ever, it requires complex analysis to ensure ZVS operation for
the lagging leg at light load. Topology reconfiguration solu-
tions are presented for wide output range applications; how-
ever, limited voltage range and power level is achieved [21],
[26], [27].

In this paper, a high efficiency solution for a universal
output range DC fast charging module is presented. A con-
figurable secondary LLC resonant converter is proposed to
extend the output range of the converter without adding bur-
den on the resonant tank. To ensure high performance charg-
ing, the converter resonant components are optimized for the
common EVs charging profiles. FHA does not have accept-
able accuracy when used for wide voltage range design [28].
Therefore, the LLC resonant converter time-domain analyt-
ical model is used to find the optimized resonant compo-
nents values to achieve just the required output voltage range
without unnecessarily wider range increasing the converter
circulating current and compromising the efficiency.

This paper is organized as follows; Section II presents the
proposed topology and its operation principle. In section III,
the design process of the converter is presented. In
section IV, the experimental results are provided and com-
pared with the literature to verify the effectiveness of the
proposed topology. Finally, the conclusion is provided in
Section V.

II. PROPOSED TOPOLOGY OPERATION
In this section, the proposed topology operation principle
and advantages are presented. Fig.2 shows schematic of the
proposed converter. The proposed topology has an input volt-
age Vin, full-bridge switches S1, S2, S3, S4, resonant inductor
Lr , then the resonant capacitor is split into two Cr/2, and
two gapped transformers Tr1, and Tr2. Each with magnetiz-
ing inductance 2Lm, where Lm is the required magnetizing
inductance. The transformer is designed to have a low leak-
age inductance to be neglected during the design process.
On the secondary-side, there are two diode full-bridge rec-
tifiers and three contactors that connect the secondaries in
parallel or in series configurations. In parallel mode (PM),
the contactors Sp1 and Sp2 are closed and Ss is open. In series
mode (SM) the contactor Ss is closed, while Sp1 and Sp2 are
open.
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FIGURE 2. Proposed Topology (a) Parallel Mode (PM) (b) Series Mode (SM).

FIGURE 3. FHA equivalent model of an LLC resonant converter.

A. CONVENTIONAL LLC RESONANT CONVERTER
OPERATION PRINCIPLE
The LLC resonant converter operation is typically analyzed
using the First Harmonic Approximation (FHA). Fig. 3 shows
the equivalent FHA model of the LLC resonant converter. Vs
is the first harmonic component of the H-bridge output to
the resonant tank Vab. The resonant tank has two resonant
frequencies fr and fm and can be defined as:

fr =
1

2π
√
Lr · Cr

(1)

fm =
1

2π
√

(Lr + Lm) · Cr
(2)

The converter switching frequency (fsw) must be higher than
fm, to operate in the inductive region, where the current lags
the voltage, so that ZVS is achieved. The conversion gain ratio
of the converter can be calculated as:

Mg =
Lnf 2n[

(1 + Ln) f 2n − 1
]
+ j

⌈(
f 2n − 1

)
fnQeLn

⌉ (3)

where Ln is the inductance ratio and can calculated by

Ln = Lm/Lr (4)

Qe is quality factor and can be represented by:

Qe =

√
Lr
Cr

/Rac (5)

FIGURE 4. FHA gain curve versus steady state analytical model gain curve.

fn is the normalized switching frequency to the resonant
frequency fr , and can be defined as:

fn = fsw/fr (6)

where fsw is the converter switching frequency.
In section III, the effect of Qe, Ln is presented in detail to

show their effect on the converter performance.
FHA has poor accuracy when applied at frequencies far

from the resonant frequency. Fig. 4 shows the FHA gain
against the actual gain obtained from the time-domain anal-
ysis. It can be seen that the FHA underestimates the gain
performance of the converter, leading to converter parameters
that provide unnecessarily wider voltage range. However,
it causes additional circulating current and conduction losses.
Therefore, a more accurate approach using a time-domain
analytical model is developed to determine the converter
parameters to reach the voltage and power range.

In the LLC resonant converter analytical model, there
are three equivalent circuits at the positive half-cycle and
three equivalent circuits at the negative half-cycle. Since
the converter waveforms are symmetrical, only the positive
half-cycle equivalent circuits shown in Fig. 5 can be studied.

VOLUME 11, 2023 33039



A. Elezab et al.: High Efficiency LLC Resonant Converter

FIGURE 5. LLC Converter equivalent circuits (a) State A (b) State B
(c) State C.

FIGURE 6. Converter resonant tank gain (a) Conventional converter
(b) Proposed reconfigurable secondary converter.

At state A (shown in Fig. 5.a), the transformer reflected
voltage is clamped to the positive output voltage. At state B
(shown in Fig. 5.b), the reflected voltage on the primary-side
is clamped to the negative output voltage. The diodes are all
switched off on state C (shown in Fig. 5.c), therefore the
converter primary-side is isolated from the output voltage.
Each state has it own state equations. At each output voltage
and load, the converter operates at different modes formed by
different sequences of the three states. The steady state model
solution can be achieved by considering the constrains of
each operating mode then solving the steady-state equations
together numerically. The time-domain analytical model is
analyzed in detail in [28].

B. PROPOSED TOPOLOGY ADVANTAGES AND OPERATION
The proposed topology shown in Fig. 2, achieves double the
output voltage range compared to the conventional topology
by switching between the series mode (SM) and parallel
mode (PM). The converter operates at PM for low output

FIGURE 7. Efficiency map for 10 kW LLC resonant converter
(a) conventional topology (b) Proposed topology.

voltages, and at SM for high output voltages. This topol-
ogy adds another unity gain point, allowing the converter to
operate in the vicinity of the resonant frequency, limiting the
efficiency drop over the wide gain range.

Fig. 6 illustrates the resonant tank gain (g) range for the
proposed topology against the conventional topology, where
g can be defined as:

g =
nVo
Vin

(7)

Moreover, this topology reflects the same load on the
primary-side resonant tank during the two secondary config-
urations (SM and PM) allowing the converter to operate at
the same conditions (Qe and fn). By reducing the converter
gain and load ranges, the resonant tank parameters design
is drastically simplified. Additionally, the circulating current
in the primary current is reduced, increasing the efficiency
and allowing the usage of lower current ratings primary-side
switches, resonant components, and a smaller transformer.
Additionally, each rectifier is only subjected to half the output
voltage, which reduces the secondary side devices voltage
rating. It is also worth mentioning that this topology mod-
ularity allows fully utilization of all the components at the
two modes.

To demonstrate the benefits of the proposed topology,
time-domain analytical model is utilized to compare its
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FIGURE 8. Frequency map [fn] for 10 kW LLC resonant converter
(a) conventional topology (b) Proposed topology.

performance in terms of frequency range, voltage range and
efficiency with that of the conventional LLC resonant topol-
ogy. A comparison between the two topologies is performed
with identical converter parameters (Lr , Cr , Lm, and n). The
efficiency map of the converters is presented in Fig. 7, and
it shows that the proposed converter has a wider output
range compared to the conventional converter. While both
converters have a peak efficiency of 97.2 % based on ana-
lytical loss analysis, the proposed converter maintains high
efficiency across most of the converter output range. Fig. 8
displays the frequency range of each converter, and it indi-
cates that the conventional topology has a voltage range of
[200 - 740] V and a frequency range of [0.6·fr - 3·fr ], whereas
the proposed topology has the entire required voltage range
of [200 - 1000] V and frequency range of [0.7·fr - 3·fr ].
The two main modes of operation are the parallel mode

(PM) and the series mode (SM). The operation mode
is selected based on the demanded output charging volt-
age. As will be discussed in detail later in section III,
the demanded output charging voltage is compared with
the determined transition voltage (Vtransition). In case the
demanded output charging voltage is less than Vtransition,
PM is selected. In the other case, SM is selected. In addition
to these two modes, the transition mode (TM) is introduced,
which assists the transition between PM and SM during the

FIGURE 9. Converter mode transition scheme (a) Converter modes state
diagram (b)Transition mode (TM).

operation of the charger. The three states diagram is shown
in Fig.9.a. At the TM, the contactors Sp1, Sp2, and Ss are
turned off. The equivalent circuit of TM is shown in Fig.9.b.
After transition to the operating mode (PM or SM), the LLC
resonant converter starts operation to regulate the output for
the demanded charging voltage and current. It should be
noticed that soft starting strategy has to be implemented to
reach the demanded charging voltage before charging the
vehicle to avoid in rush current. Soft starting strategies is not
in the scope of this work and has been discussed in detail
in [29].

C. PARALLEL MODE CURRENT SHARING
The proposed topology configuration ensures that the two
secondary outputs in PM are subject to equal current sharing.
This is achieved by dividing the resonant capacitor (Cr )
among the two transformers. By introducing the resonant
capacitor (Cr ) impedance in each path, the impact of parasitic
impedances in the two secondaries can be disregarded in
comparison to the impedance of the split resonant capaci-
tance. This results in a balanced current distribution between
the two secondaries. The current sharing can be done by
splitting the resonant capacitor or the resonant inductor.
It is important to note that the act of paralleling capacitors
adds their capacitance value. Thus, only half of the resonant
capacitance (Cr ) is needed in each path. However, induc-
tance value decreases when inductors are paralleled, meaning
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FIGURE 10. FHA equivalent circuit of the proposed topology.

that twice the resonant inductance (Lr ) is required in each
path. Additionally, utilizing ceramic capacitors enables the
design to attain a high-power density while keeping costs low.
Therefore, splitting the resonant capacitors is selected as it
achieves equal current sharing and less components footprint
hence higher power density. To ensure equal current sharing
between the output rectifiers in PM, simple FHA analysis
is carried out to model the current sharing aspect [30]. It is
worthy to mention that FHA is only used for the power-
sharing analysis; however, the design process and perfor-
mance are analyzed by the more accurate LLC analytical
model.

Fig. 10 shows the FHA equivalent circuit of the pro-
posed topology in PM. Lr and Vlr are the common res-
onant inductor and the voltage across it, respectively. Ĉr
and L̂m are half the required resonant capacitor and double
the required magnetizing inductance, respectively. At the
same time, xĈr and yL̂m are the resonant components in
the second parallel branch, where x and y are the toler-
ances between the two parallel branches. At steady state,
the output load equivalent resistance Ro is split into resis-
tances (Ro1,Ro2) at each output rectifier. Hence, the reflected
resistances can be split into (Rac1,Rac2) and defined as the
following:


Ro1 =

1
k
Ro,Ro2 =

1
1 − k

R0, k ∈ [0, 1]

Rac =
8n2

π2 Ro,Rac1 =
8n2

π2 Ro1,Rac2 =
8n2

π2 Ro2

Rac1 =
1
k
Rac,Rac2 =

1
1 − k

Rac

(8)

where k is the load resistance sharing error between the two
secondaries. k = 0.5 represents the ideal case where the two
rectifiers share the current equally. While k = 0 or k = 1,
indicates that only one rectifier supplies the load current.

FIGURE 11. Current sharing error (ε) in PM at 3% components tolerance.

Based on Fig. 4 the voltages V1 and V2 can be defined as
follows:

V1(s) =
Rac1//sL̂m

Rac1//sL̂m + 1/sĈr
(Vin(s) + VLr (s))

V2(s) =
Rac2//syL̂m

Rac2//syL̂m + 1/sxĈr
(Vin(s) + VLr (s))

(9)

At PM, the two rectifiers are connected in parallel; therefore,
V1(s) and V2(s) magnitude values are identical

|V1(s)| = |V2(s)| (10)

From (8), (9), and (10), k in terms of the system parameters
and the tolerances is expressed in (11), as shown at the bottom
of the next page, where ω is the angular frequency. Then, the
current sharing error can be determined as:

ε = |
I1 − I2
Iload

| = |2k − 1| (12)

Fig. 11 shows the output current sharing error between the
two secondaries. The current sharing is analyzed over the
converter output current range in PM with 3 % parameter
error. It can be seen that ε has its peak at low current ratings,
then it starts decreasing by increasing the load, reaching less
than 5 % at half the rated load.

III. DESIGN AND PERFORMANCE ANALYSIS
LLC resonant converter exhibits high efficiency and low
EMI at frequencies around the resonant frequency. The three
resonant components (Lr ,Cr ,Lm) are the essential factors
to control the gain coverage and the converter performance.
These three components can be represented by only two
variables: the quality factor (Qe), and the inductance ratio (Ln)
even at different resonant frequency and different load. These
two variables determine the performance of the converter
in regards of voltage gain, components stress and converter
efficiency [31]. As will be shown in this section, unnec-
essary extension of the voltage coverage region will com-
promise the converter efficiency. Therefore, in this section
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FIGURE 12. Converter design process.

the optimal turns ratio (n), quality factor (Qe) and induc-
tance ratio(Ln) will be selected to cover the required volt-
age range without an unnecessary increase in the circulating
current.

The converter design steps are shown in Fig.12. First, the
converter specifications are determined. The output voltage
range covers the typical electric car charging profile, in addi-
tion to higher voltage electric cars, electric buses, and electric
trucks. Then, the power rating and the input voltage are
selected. The converter input voltage has a limit of 1500 V to
comply with the IEC 61851 standard [32]. The input voltage
is selected at 800 V to enable the usage of 1200 V SiC
devices. Next, the transformer turns ratio (n) is selected to set
the converter output voltage around the typical electric car
battery nominal voltage at the resonant tank unity-gain oper-
ation. Hence, the converter operates around the resonance
frequency with minimal losses during high power charging
of the typical electric vehicles. Afterwards, the converter’s
maximum and minimum gain can be acquired. Next, the

FIGURE 13. Charging profile (per 10 kW module) (a) Nissan Leaf
(b) Generic 800V charging profile.

analytical model is used to determine the quality factor (Qe)
at the rated load and the (Ln) needed to cover the required
output range. Then, the resonant frequency is selected, and
the resonant components values are calculated. In this section,
each design step is explained in detail.

A. CALCULATE TURNS RATIO (n)
The typical electric car battery voltage is around 400 V.
Nevertheless, other EVs manufacturers, electric busses, and
trucks have 800 V battery systems. A generic 800 V battery
charging profile is used in this work by doubling the typi-
cal 400 V battery charging profile voltage, while keeping the
same charging power. Fig. 13 shows a charging profile for a
typical EV (Nissan Leaf- 400V) [33] and the generic 800 V
charging profile used in this paper. It can be seen in Fig. 13.a
that 99 % of the charging energy is delivered to the battery
at charging voltage in the vicinity of the battery nominal

k =



−
R2
ac

(
x2y2 − 1

)
− L̂m

2
y2ω2

+ 2Ĉr L̂mR2
acω

2
(
xy− x2y2

)
2L̂m

2
y2ω2

, x = 1

±

2

√
L̂m

4
y4ω4 − L̂m

2
y2ω2

(
x2 − 1

) (
R2
ac

(
x2y2 − 1

)
− L̂m

2
y2ω2 + 2ĈrL̂mRac2ω2

(
xy− x2y2

))
+ 2L̂m

2
y2ω2

2L̂m
2
y2ω2

(
y2 − 1

) , x ̸= 1

(11)
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voltage. Therefore, to efficiently charge these two systems
with the proposed module, the transformer turns ratio must
be determined to allow the converter to operate around the
resonant frequency while charging the battery at its nominal
voltage. Another factor that can be determined is the M ,
which represents the ratio between the instantaneous charging
voltage and the battery nominal voltage which can be repre-
sented as

M =
VChar (t)

Vbattery−nominal
(13)

In Fig. 13, it can be noticed that almost all energy delivered
to the battery is duringM > 0.9. Consequently, the charging
energy efficiency (ηe) is increased by delivering almost all the
charging power at the unity gain operation point. Where ηe is
defined as:

ηe =

∫ T
0 VinIin∫ T
0 VoIo

(14)

where T is the total charging time.
Therefore, the turns ratio (n) to charge the standard 400 V

standard battery and the 800 V batteries while operating near
the fr is expressed as the follow:

n =
Vin

Vbattery−nominal
(15)

where the n is defined as Np : Ns of each transformer Tr1 and
Tr2, where Np is the primary-side number of turns and Ns is
the secondary-side number of turns.

The next step is to determine the transition point between
the series and the parallel configurations that guaran-
tees minimum resonant tank gain g deviation from unity
gain in both configurations. The transition point which
provides the minimum required (g) can be determined
by

Vtransition =
2Vin
n+ 1

(16)

where Vtransition is the voltage point at which transi-
tion between the series and the parallel configurations
occurs.

B. DETERMINE GAIN RANGE (gmax AND gmin)
The required g in each configuration can be calculated to
get the maximum and minimum gain. It should be noted
that both configurations can achieve the same minimum and
maximum gains, since they operate at the same quality factor
Qe. The maximum and the minimum gains can be determined
as follows:

gmax = max
{
nVtransition

Vin
,
Vo−max
Vin

}
(17)

gmin = min
{
Vtransition

Vin
,
nVo−min

Vin

}
(18)

Next, to realize the required gain, the LLC steady-state ana-
lytical model is used to determine the values of Qe and Ln.

Fig. 14 shows the converter circulating current againstQe and
Ln at fixed Vin, Vo, Po, and fr . By decreasing the Qe and Ln,
the circulating current is remarkably increased at the same
output power. Moreover, in the boosting operation increasing
the quality factor and inductance ratio to a certain point
starts increasing the circulating current again. This happens
because the converter capability to boost decreases, there-
fore the switching frequency significantly decreases and the
circulating current passing through the magnetizing inductor
increases. In conclusion, to reduce the circulating current
the maximum Qe and Ln that can achieve the required con-
verter gain range has to be selected. Also, to be considered
not increasing the Qe and Ln to a point where the con-
verter operates at very low switching frequency in boosting
mode.

C. SELECT Qe AND Ln

Before determining Qe and Ln, two load resistances must be
defined. The load resistance Rh at the highest gain and min-
imum load, and the load resistance Rl at the minimum gain
and highest load. Rh and Rl can be calculated respectively as:

Rh =
mV 2

o−gmax

Po−max
(19)

Rl =
mV 2

o−gmin

Po−min
(20)

where m is substituted by the turns ratio in SM and twice the
turns ratio in PM. From (5), (19), (20) and the fact that Lr
andCr are fixed for each design, the ratio between the quality
factor (Qe−min) at the minimum required gain and the quality
factor (Qe−max) at the maximum required gain can be defined
as:

Qe−min

Qe−max
=
Rh
Rl

= ζ (21)

The gain requirements are determined based on Qe and
Ln. The converter must achieve gmax at the load resistance
(Rh,Qe−max) and achieve gmin at the load resistance (Rl ,
Qe−min)
The Qe and Ln can be defined using the maximum

gain curves calculated by the LLC analytical model [28].
In Fig. 15, the converter gmax , and gmin are plotted against
the converter parameters Qe, and Ln. It can be seen that the
bucking operation is mainly affected by Qe. Hence, Qe is
selected based on the target gmin. ThemaximumQe is selected
to reduce the reactive impedance and increase the power
factor. The boosting region relies mainly Ln. Therefore, the
maximum Ln is selected to achieve gmax , while avoiding high
circulating current.

Then, to ensure ZVS operation, the turn-off current at
minimum load and gmin should fulfill the following constrain:

Iturnon ≥
4CossVin
tdead

(22)
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FIGURE 14. Resonant current ratio at constant Po against Qe and Ln
based on time-domain analytical model (a) at g = 1 (b) at g = 0.7 (c) at
g = 1.3.

where Coss is the switch output capacitance, and tdead is the
dead time.

D. SELECT fr AND CALCULATE Lr , Cr , AND Lm

Finally, the resonant frequency is determined by compromis-
ing between the power density and the switching losses. The
resonant frequency selection is not included in this paper.
Next, the converter resonant components values can be cal-
culated as the following:

Cr =
1

2π frQe−maxRh

Lr = (Qe−maxRh)2 · Cr

Lm = Lr · Ln

(23)

FIGURE 15. Converter gain characteristics based on time-domain
analytical model.

TABLE 1. Module specification.

IV. EXPERIMENTAL RESULTS
To verify the effectiveness of the proposed charging module,
a 10 kW prototype converter is built and tested. The mod-
ule performance is tested through the entire output voltage
range of 200 - 1000 V with a 100 V increment. The module
specification is shown in Table 1. The transformer is designed
to have a low leakage inductance and it is measured to be
less than 0.7µH using OMICRON Bode 100 spectrum ana-
lyzer. Therefore, the leakage inductance value is neglected
compared to the resonant inductor and not considered in the
analysis of the converter. A TI Delfino-F28379D DSP is
used to control the converter and generate the driving signals.
This experimental prototype is implemented under open loop
control to validate the topology, design method, and provide
proof of concept.

Fig. 19 shows the experimental setup. The converter wave-
forms in PM and SM at different operation points are shown
in Fig. 16 and Fig. 17, respectively. Fig. 16 and Fig. 17
show the converter waveforms at the lowest gain operation
at output voltage 200 V, maximum gain operation at output
voltage 533 V, maximum voltage point (1000 V), and the
unity gain operation at output voltage 400 V and 800V. These
results are displayed by a Keysight DSOX2024A oscillo-
scope, Tektronix 5200A differential probe, and GMW CWT
UM/03/B/1/80 current probe.

The primary H-bridge output voltage, the two transform-
ers secondary voltages, and the resonant current is donated
by Vab, Vs1, Vs2, and Ir , respectively. In Fig. 16(c) and
Fig. 17(c), there are oscillations in the secondary voltage
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FIGURE 16. Experimental results of PM (a) 200 V, 2.5 kW, 337 kHz (b) 400 V, 10 kW, 120 kHz (c) 533 V, 10 kW, 85 kHz.

FIGURE 17. Experimental results of SM (a) 600 V, 2.5 kW, 215 kHz (b) 800 V, 10 kW, 120 kHz (c) 1000 V, 10 kW, 91 kHz.

FIGURE 18. Secondary currents symmetry at PM at different voltage and power levels (a) 200 V, 2.5 kW, 215 kHz (b) 400 V, 10 kW, 120 kHz (c) 533 V,
10 kW, 85 kHz.

FIGURE 19. Experimental setup.

due to resonance between the circuit inductance and the
transformer parasitic interwinding capacitance. This is a
commonly seen phenomenon in the discontinuous current
mode (DCM) in boosting operation.

The converter peak efficiency is around 98.7 % at an
output voltage of 400 V. The converter efficiency is shown in
Fig. 20. The converter is tested at the constant current (CC)
region and the constant power (CP) region. The efficiency
increases by increasing the output voltage and output power
until reaching maximum efficiency at unity gain (400 V).
Then, it drops to the transition voltage point due to deviating
away from the resonant frequency. At the transition voltage
(533 V), the secondaries reconfigure into SM. The efficiency
elevates approaching the second unity gain operating point.
To validate the two transformer secondaries current sharing,
the two transformers secondary currents are shown and com-
pared in 18, the two current measurements show identical
waveforms and similar RMS with low measurement error.
Additionally, the output current of each secondary at different
voltage and power points are recorded in Table 2.

To evaluate the converter performance during the charging
process the two 400 V and 800 V charging profiles shown
in Fig. 13 were tested. The efficiency of the two charging
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FIGURE 20. Measured experimental efficiency of the converter over the
voltage range at different power levels.

TABLE 2. Current sharing error in pm.

FIGURE 21. Experimental measured efficiency of 400 V and 800 V
charging profiles.

profiles is shown in Fig. 21. The efficiency reaches 98.7 %
and 98.2 % in the 400 V and the 800 V charging profiles,
respectively. The ηe of the 400 V and the 800 V charging
profiles is above 97.8 % as shown in Fig. 21. The lowest
efficiency is around 94.2 % at low power operation at the
charging profile end.It is important to highlight that the effi-
ciency of low-power operation can be enhanced through the
use of a multi-module charger. This is due to the fact that the
output power of each module can be regulated in parallel with
the other modules during high-power operation. During low-
power operation, some of the modules can be deactivated,
allowing the remaining modules to operate in a higher-power
and, consequently, higher-efficiency region.

V. CONCLUSION
This paper proposes an LLC DC/DC charging module with
configurable secondary for EV charging to extend the output
voltage range of the converter without operating far from the
resonant frequency. Additionally, this topology operates at
the same Qe during PM and SM, which simplifies the design

process. Then, the converter design process is presented to
achieve the required voltage and power range while mini-
mizing the circulating current on the primary side. Finally,
a 10 kW hardware prototype is developed and tested under
different conditions for validation. The converter shows sta-
ble and efficient operation over the output voltage and load
ranges with maximum efficiency of 98.5 %. The minimum
efficiency recorded during typical charging is 94.2 %, which
can be further increased in an actual charging station with
several charging modules by controlling the power share
between the modules.
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