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Abstract: In this paper, a bidirectional zero voltage switching (ZVS) resonant converter with narrow
control frequency deviation is proposed. Wide input–output voltage range applications, such as
flywheel or supercapacitors storage units are targeted. Due to symmetrical topology of resonant
circuit interfaces, the proposed converter has similar behavior in bidirectional operating mode. We
call it Dual Active Bridge Converter (DABC). The proposal topology of the converter is subjected
to multi resonant circuits which make it necessary to study with multiscale approaches. Thus, first
harmonic approximation and use of selective per unit parameters are established in (2) Methods.
Then, the forward direction and backward direction of power flux exchange are detailed according to
switching sequences. Switching frequency control must be completed within a narrow range. So, the
frequency range deterministic parameters are emphasized in the design procedure in (3) Methods. A
narrow range of switching frequency and a wide range voltage control must be ensured to suit for
energy storage units, power electronic devices capabilities and electromagnetic compatibility. A 3 kW
test bench is used to validate operation principles and to proof success of the developed design
procedure. The interest of proposed converter is compared to other solutions from the literature in
(4) Results.

Keywords: bidirectional resonant converter; zero voltage switching; zero current switching; wide
input voltage range; power losses

1. Introduction

In the last decade, the converters used in electric vehicles, smart grids and renewable
energies applications have had significant progress in term of electric performances [1,2].
In numerous cases, the performances are obtained by means of the integration of Energy
Storage Systems (ESS) such as batteries, supercapacitors or flywheels in DC-bus using
bidirectional DC/DC converters. The converters ensure the ESS charge and discharge
operations according to the power balance [3]. Different topologies of bidirectional DC/DC
converters are proposed in the literature [4–6]. Non-isolated bidirectional topologies were
suggested to interface batteries and supercapacitors as described in [7]. Indeed, many
specific systems require galvanic isolation especially for safety reasons. The operation with
high switching frequencies allows reducing the size of the passive components [8]. Use
of hard switching in turn off operations unfortunately increases the converter losses. To
overcome this problem, the soft switching technique must be applied, which increases the
efficiency of the converter [9]. Phase-shifted Dual Active Bridge (DAB) converter has been
widely investigated in the literature [10,11]. In [12,13], the authors propose a phase shift
control strategy combined with duty cycle control to extend the soft switching capability of
the DAB converter.

The control strategy is based on the synchronized phase-shift control with duty-
cycle one. To improve the efficiency of the DAB converter, a resonant circuit is added

Sustainability 2022, 14, 377. https://doi.org/10.3390/su14010377 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su14010377
https://doi.org/10.3390/su14010377
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-8626-0273
https://orcid.org/0000-0002-4807-0150
https://doi.org/10.3390/su14010377
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14010377?type=check_update&version=2


Sustainability 2022, 14, 377 2 of 19

to the basic topology to obtain a resonant converter [14,15]. Using this technique, the
soft switching zone can be significantly extended. The series resonant circuit can ensure
Zero Voltage Switching (ZVS) capability of the converter, but it can be subjected to fail for
light load or no-load operating conditions [16,17]. Using parallel resonant circuits allows
no-load operation, but this would come at the expense of a high resonant current almost
independent of the load. Thus, exchanged internal energy and the conduction losses are
unnecessarily large [18]. The combination of series and parallel circuits, such as LCC
resonant converter [19,20] is expected to offer a converter with better characteristics. This
topology can operate from rated power to no-load with small internal energy circulating.
However, it causes high switching losses for wide voltage range applications. Among the
different resonant DC/DC converters, LLC resonant converter has attracted the attention
of researchers [21–24]. This topology can achieve the soft switching for both sides of the
converter, and can operate in buck or boost mode. However, it is still a classic series resonant
converter in backward mode because the inductances of transformer do not participate
in the resonant operation. This reduces significantly the efficiency in the backward mode
and penalizes LLC topology for bidirectional current applications [25], such as interfacing
batteries and supercapacitors. CLLC resonant converters are proposed in [26–28]. These
converters suffer from high reactive power when the switching frequency deviates from
the resonant frequency during low load conditions. Modified LLC resonant converters
with hybrid control are proposed in [29,30] to reduce the reactive power. However, they
are still not suitable for wide voltage range systems and suffer due to high power losses in
power semiconductors switch-off operations. A qualitative comparison between the results
achieved by some bidirectional resonant converters in literature is presented in Table 1, and
related behaviors are described in [31–33].

Table 1. Comparison of bidirectional resonant converters for wide voltage range applications.

LCLL [31] LLC-L [32] CLLC [33]

Range of the voltage gain 0.62~1.125 3~5.3 0.55~1.12
Switching frequency (kHz) 65~120 60~100 40~145
Obtained frequency range

percentage 45% 40% 72%

Soft start at resonant
frequency No No No

Soft switching in Forward &
Backward

ZVS for full load
range; High turn off
losses at light load

ZVS for full load
range; High turn

off losses

ZVS for full load
range; High turn

off losses

The proposed topology aims to obtain the followings performs compared to referenced
solutions in Table 1:

• A bidirectional current operation required for energy storage units;
• A switching frequency control within a narrow range for forward and backward

operations;
• A turn-off losses and inner circulating energy limitation using a wide range DC-voltage

variation; Soft start at the resonant frequency.

The paper is organized as follow: Section 2 gives the topology, the characteristic and
operating principle of the novel converter. Modeling and global sizing based on the first
harmonic approach is given. The details of operating sequences and per-unit variables
definition are given to help for relevant analysis. The design procedure and soft switching
(ZVS) performances of the converter are presented in Section 3. The experimental test
bench developed in laboratory and results are presented and discussed in Section 4 to show
the feasibility of the proposed solution. Concluding remarks are given in Section 5.
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2. Operating Principle and Main Characteristics of the Proposed Novel Converter

The topology of the proposed resonant converter is presented in Figure 1. It is com-
posed of two active full bridges for bidirectional operations, a high frequency transformer
and a symmetric resonant circuit. This last one includes two series inductances (Lr1, Lr2)
and a parallel inductance-capacitance (Lp, Cp).

Figure 1. Proposed bidirectional topology of novel resonant converter.

2.1. Forward Mode Analysis

In forward mode, the switches Q1–Q4 are controlled simultaneously using variable
frequency PWM signal with a duty cycle of 50%. The switching signals of Q2–Q3 are in
complementary logic with Q1–Q4 ones. In this mode, the MOSFET switches of Q5–Q8
and Q6–Q7 at the DC-bus side are turned OFF. So, only the diode rectifier operates in this
case. Energy is then forwarded from the DC-source Ve to the DC-bus side Vbus. The voltage
between A and B (VAB) of the Figure 1 is a square waveform. It is analytically expressed by
Equation (1), where n is the harmonic frequency order, and f 1 is the fundamental frequency.

vAB(t) =
4.Ve

π ∑
n=1,3,5...

1
n

sin(n.2π f1.t) (1)

First Harmonic Approximation (FHA) is adopted assuming the active energy is mainly
attached to the fundamental frequency. This condition is achieved by filtering the current
nearby the resonant frequency of the LC–LL circuit. Fundamental of vAB(t) is given in (2).
More information about the method can be found in [18].

ve1(t) =
4.Ve

π
sin ( ω1.t) (2)

The output voltage vCD(t) of the resonant circuit given in Figure 1 is also assumed as
a square wave form, and its fundamental component is given in (3), where ϕv is the phase
angle.

vs1(t) =
4.Vbus

π
sin(ω1.t− ϕv) (3)

The output impedance through the diodes bridge is reflected by an equivalent resis-
tance Re expressed in (4). R is a resistance-like load on DC-bus [34], and I0 is the average
current from the rectifier. The FHA model of the converter is presented in Figure 2 and the
corresponding analytical model is given in (5).
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Figure 2. Equivalent model of the proposed converter in forward mode.

Re =
Vs1

Is1
=

8
π2

Vbus
I0

=
8

π2 .R, ω1 = ω (4)[
Ve1(jω)
Ie1(jω)

]
=

[
1 jω.Lr1
0 1

] 1 jω.Lr2
m2

m2

jω.Lp+
1

jω.Cp
1 + jω.Lr2

jω.Lp+
1

jω.Cp

[ 1
m 0
0 m

][
Vs1(jω)
Is1(jω)

] (5)

The voltage gain (G) based on the equivalent model analysis is given in (6).
Zin = j.ω.Lr1 + Ze

Ze =
Re .
(

j.ω.Lp+
1

j.ω.Cp

)
+

Lr2
Cp −ω2. Lr2. Lp

m2
(

Re+j.ω.Lr2+j.ω.Lp+
1

j.ω.Cp

) (6)

G =
Vs1

m.Ve1
=

Ze

Zin

Re

Re + j.ω.Lr2
(7)

The FHA response of the proposed circuit can be better analyzed in a per-unit (p.u.)
system with the adopted parameters described below:

Q =
1

Re

√
Lp

Cp
(8)

fn=
f
fr

with fr =
1

2π
√

Lp.Cp
(9)

α1 =
m2. Lr1

Lp
; α2 =

Lr2

Lp
(10)

where, Q is the quality factor, fn is the normalized frequency, fr is the series coupled
Lp-Cp resonant frequency. α1 and α2 are respectively the normalized values of primary and
secondary inductances ratio in per-unit. The resulting output–input DC voltages ratio (Hf)
is given in (11).

Hf =
Vbus
Ve
≈

∣∣∣∣∣∣ 1[
1 + α1. fn2

fn2−1

]
+
[

j. fn.Q.
(

α1 + α2 +
α1.α2. fn2

( fn2−1)

)]
∣∣∣∣∣∣ (11)

For α1 = α2 = α, the voltage ratio Hf versus the normalized frequency fn calculated
for different load conditions (i.e., Q) is shown in Figure 3. The favorite operation zone for
ZVS is located in 0.72 < fn < 1.



Sustainability 2022, 14, 377 5 of 19

Figure 3. Voltage gain of the converter in forward mode for α = 1.

Figure 4 shows the voltage gain versus the normalized frequency fn for Q = 1.9 and
different values of inductances ratio α. As displayed in Figure 3, the converter has two
potential operation zones (ZCS & ZVS). ZVS can be fully achieved by switching frequency
fs = fn with (0.72 * fr < fn < fr).

Figure 4. Voltage gain of the converter in forward mode (Q = 1.9).
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The analysis of Figures 3 and 4 shows the following characteristics: Voltage gain at the
resonant frequency is zero; Maximum voltage gain decreases when Q and α increase; and
Voltage ratio varies enough in a narrow frequency range.

2.2. Backward Mode Analysis

In backward mode of Figure 1, the switches Q5–Q8 and Q6–Q7 are controlled by
variable switching frequency. The MOSFET switches of Q1–Q4 and Q2–Q3 are here turned
OFF. In this mode, the energy is transferred from the DC-bus to DC-source which is
assumed to be reversible (supercapacitors energy storage unit). The equivalent model of
the converter in backward mode is presented in Figure 5 and analytical model is given
in (12).

Figure 5. Equivalent model of the converter in backward mode.

[
Vb1(jω)
Ib1(jω)

]
=

[
m 0
0 1

m

] 1 jω.Lr2
1

jω.Lp+
1

jω.Cp
1 + jω.Lr2

jω.Lp+
1

jω.Cp

[ 1 jω.Lr1
0 1

][
Vsb1(jω)
Isb1(jω)

]
(12)

The input impedance of the resonant circuit is described in (13). The quality factor Qb
is given in (14), and the voltage gain in backward mode (Hb) is presented in (15).

Zi = jω.Lr2 + Z′

Z′ =
m2Rb .

(
jω.Lp+

1
jω.Cp

)
+m2

(
Lr1
Cp −ωs

2. Lr1. Lp

)
(

Rb+jω.Lr1+jω.Lp+
1

jω.Cp

) (13)

Qb =
m2

Rb

√
Lp

Cp
(14)

Hb =
Ve

Vbus
=

∣∣∣∣∣∣ 1[
1 + α. fn2

fn2−1

]
+
[

j. fn.Qb.
(

2.α + α2. fn2

( fn2−1)

)]
∣∣∣∣∣∣ (15)

Figure 6 shows the voltage gain of the backward mode versus fn for different values of
the quality factor Qb. We can see that the converter in the backward mode has exactly the
same behavior as the forward mode. This means similar operation capabilities in the same
restricted frequency domain. If the same tuned values of α1 = α2 = α is assumed, only the
quality factor Qb will determine the operation frequency fs within 0.72 ∗ fr < f1 < fr.
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Figure 6. Voltage gain of the proposed converter in backward mode.

2.3. Operation Principles Analysis

The symmetric bidirectional resonant circuit ensures the same behavior of the con-
verter in both forward and backward modes. Thus, only the principle of the forward
operating mode will be discussed in this subsection. Operating waveforms in forward
mode are illustrated in Figure 7. Switching conditions are also seen.

Figure 7. Waveforms of the converter in forward mode.
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Referring to this figure, the operating states of the converter in forward mode can be
divided into five states for a half switching period. The operating sequences are gathered
in Figure 8, which shows the active circuits’ paths participating to power exchanges.

State 1 (t0 < t < t1): This mode begins at t0 when Q2 and Q3 are turned off. The current
in the inductance Lr1 discharges the parallel capacitor of Q1 and Q4 and charges the parallel
capacitor of Q2 and Q3. This state ends when the voltages across Q1 and Q4 (VQ1, VQ4) go
to zero and those of Q2 and Q3 (VQ2, VQ3) reach the input voltage.

State 2 (t1 <t < t2): After the full discharge of the parallel capacitors of Q1 and Q4, the
negative resonant current ir1 flows through the diodes of Q1 and Q4. The energy stored
in the resonant circuit is fed back to the input side, to discharge the capacitor Cp. The
expressions of the currents and voltages of resonant components in this mode are defined
as follows:

ir1(t) =
Vi −VLp(t1)−VCp(t1)

Lr1
(t− t1) + ir1(t1) (16)

iLp(t) =
[
−Vs

m
−VCp(t1) + VLr2(t1)

]√
Cp

Lp
m2 sin[ωr(t− t1)] + iLp(t1) cos[ωr(t− t1)] (17)

VCp(t) =
−Vs

m
−VLr2(t1) +

1
m2

√
Lp

Cp
iLp(t1) sin[ωr(t− t1)] +

[
Vs

m
+ VCp(t1)−VLr2(t1)

]
cos[ωr(t− t1)] (18)

ir2(t) =
m2
[
−Vs

m −VLp(t1)−VCp(t1)
]

Lr2
(t− t1) + ir2(t1) (19)

where,

ωr =
1√

Lp.Cp

State 3 (t2 < t < t3): At t2, the resonant current ir1 changes the direction and the
current flowing trough Q1 and Q4 becomes positive. Thus, Q1 and Q4 turn on with ZVS.
The current ir2 is negative. Hence, the diodes of Q6 and Q7 are conducting to transfer the
energy from the DC-source to DC-bus side. The expressions of different resonant currents
and voltages in this mode are given as follows:

ir1(t) =
Vi + VLp(t1)−VCp(t1)

Lr1
(t− t2) + ir1(t2) (20)

iLp(t) =
[
−Vs

m
−VCp(t1)−VLr2(t1)

]√
Cp

Lp
m2 sin[ωr(t− t2)] + iLp(t2) cos[ωr(t− t2)] (21)

VCp(t) =
−Vs

m
−VLr2(t2) +

1
m2

√
Lp

Cp
iLp(t2) sin[ωr(t− t2)] +

[
Vs

m
+ VCp(t2) + VLr2(t2)

]
cos[ωr(t− t2)] (22)

ir2(t) =
m2
[
−Vs

m −VLp(t1)−VCp(t1)
]

Lr2
(t− t2) + ir2(t2) (23)

State 4 (t3 < t < t4): This state begins when the resonant current reaches the magnetizing
current. The secondary current ir2 becomes zero and the capacitor C2 supplies energy to
the load. In the primary side, the resonant current ir1 charges the resonant circuit. The
expressions of the resonant currents and voltages are given in (24) and (25), respectively.

ir1(t) = iLp(t) =
[
Vi −VCp(t3)

]√ C′p
L′p + Lr1

sin
[

ω′r(t− t2)
]
+ ir1(t3) cos

[
ω′r(t− t3)

]
(24)
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VCp(t) = Vi +

√
L′p + Lr1

C′p
ir1(t3) sin

[
ω′r(t− t3)

]
+
[
−Vi −VCp(t3)

]
cos
[

ω′r(t− t3)
]

(25)

where,

ω′r =
1√(

Lr1 + L′p
)
.C′p

; C′p =Cp.m2; L′p =
Lp

m2

Figure 8. Cont.
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Figure 8. Operating states of the converter in forward mode.

State 5 (t4 < t < t5): At t4, the current ir2 changes the sign and it becomes positive.
Thus, the diodes of Q6 and Q7 turn off with ZCS and the body diodes of Q5 and Q8 turn on
to deliver the energy to the load. The resonant currents and voltage in this mode are given
by the following equations:

ir1(t) =
−Vi −VLp(t4) + VCp(t4)

Lr1
(t− t4) + ir1(t4) (26)

iLp(t) =
[

Vs

m
−VCp(t4) + VLr2(t4)

]√
Cp

Lp
m2 sin[ωr(t− t4)] + iLp(t4) cos[ωr(t− t4)] (27)

VCp(t) =
Vs

m
+ VLr2(t4) +

1
m2

√
Lp

Cp
iLp(t4) sin[ωr(t− t4)] +

[
−Vs

m
−VCp(t1) + VLr2(t1)

]
cos[ωr(t− t4)] (28)

ir2(t) =
m2
[
−Vs

m + VLp(t1) + VCp(t1)
]

Lr2
(t− t4) + ir2(t4) (29)

The operating principles analysis for the next half cycle is the same as detailed above.

3. Converter Design Method

The design of the converter must ensure essential criteria to have a better efficiency of
the converter in both forward and backward mode. The criteria to be met are as follows:

• The switching frequency must be high to minimize the size of the magnetic and
capacity components.

• ZVS for the input switches (inverter) and ZCS-ZVS for the output rectifier diodes
should be ensured to reduce the switching losses. The converter must perform that
regardless of the direction of energy transfer and terminal voltages conditions within
a predefined range.

• The converter should ensure a sufficient voltage gain for all load and input voltage
conditions.

• The switching frequency range should be as narrow as possible regardless of the
direction of energy transfer, the load and the input voltage conditions. In these
conditions, the circulating energy is to be kept reduced.

To ensure these criteria, a design procedure will be presented for a 3 kW resonant
circuit test bench. The proposed converter was designed to serve as energy path between a
variable DC-source with a voltage range of 60~240 V and a 270 V DC-bus. The maximum
power of the converter corresponds to the resistance R and the maximum quality factor is
Qmax.

R = 24.3 Ω; Qmax = 1.9 (30)

Referring to Figure 4, the maximum voltage gain decreases if α increases. The next
step is to define the value of α that ensures the maximum voltage gain for Qmax. Based
on Figure 4, the required maximum voltage gain can be achieved for α = 0.9 or less. The
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switching frequency range and the voltage gain rely on α. A small value of α involves a
narrow switching frequency range. However, α should not be very small in order to not
induce relatively large size of the inductance Lp. The converter must operate in the ZVS
region to ensure soft switching by switches control. The minimum switching frequency
is the frequency that gives the maximum voltage gain corresponding to the maximum
delivered power. This frequency should be located in the ZVS region, as mentioned
previously. The switching frequency increases from the minimum value and the voltage
gain decreases until it reaches zero for no-load operation, theoretically corresponding to
the resonant frequency fr. The DC-bus voltage level is controlled to 270 V while the
DC-source voltage varies between 60 V and 240 V. So, the converter is with a voltage
gain range of 1.125∼4.5 in forward mode. In backward mode, the converter is in buck
mode depending on the changes of roles through transformer terminals and parameters of
consequent quality factor Qb.

Figure 9 shows the operating regions of the converter in forward and backward modes.
The parallel inductance Lp should be chosen to ensure the required voltage gain. A small
value of Lp allows to have a high voltage gain with ZVS for all load conditions. However, a
very small value of Lp will increase the circulating energy and the conduction losses. Once
Lp is defined, Lr2 is calculated using Equation (10). The critical parameter to respect is
the capacitor current to reduce the volume of connected capacitors. For this reason, the
parallel components Cp and Lp are placed on the secondary of the transformer with a high
transformer turn ratio to decrease the current of the capacitor and to increase the voltage
capability. Parallel capacitor is calculated using Equation (31), and the transformer turn
ratio is set according to Equation (32). The series inductance Lr1 is then calculated using
Equation (10).

Figure 9. Proposed converter Forward and Backward operating regions.

Cp =
1

Lp.(2 .π . fr)
2 (31)

m =
Vbus

Ve_min
(32)

The design procedure of the proposed converter is described in Figure 10.
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Figure 10. Flowchart of the proposed design procedure.

4. Experimental Test Bench and Results

In order to verify the design method and to test the proposed bidirectional resonant
converter topology, a laboratory test bench with a 3 kW resonant circuit was built. It was
integrated in a 12 kW Dual Active Bridge converter designed for the other laboratory works.
The experimental test bench is shown in Figure 11. The characteristics of this test bench are
given in Table 2 and the reference of the 800V/39A MOSFETs is IXFN44N80P.

Table 2. Characteristics of the built test bench.

Parameters Value

Input voltage range 60~240 V
Output voltage 270 V

Maximum power 3 kW
Maximum input current 50 A

Switching frequency range 50~70 kHz
Resonant frequency 70 kHz

Transformer turn ratio 1:4
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Figure 11. Proposed resonant converter test bench.

Figure 12 presents the open loop control strategy, where the frequency fs is an input
parameter. This switching frequency is adjusted through DS1103 controller board which
generates the control signals to maintain the DC-bus voltage at a desired level. To verify
the soft-switching over the full operating range of the converter, some experimental tests
are done with various input voltage and for different loads powers in both forward and
backward mode.

Figure 12. Open loop control strategy of the converter.

Figure 13 shows experimental waveforms in forward mode. It is seen that ZVS is
reached for the primary switches of the inverter. Further, the rectifier diodes turn off with
ZCS regardless the load variations and the input voltage value. We also notice the narrow
variation of the switching frequency which is typically shown in Figures 3 and 4 with the
variations of the load and the input voltage such as:

• fs = 51kHz for Ve = 60 V and P = 3 kW (full load);
• fs = 60 kHz for Ve = 140 V and P = 1.5 kW (half load);
• fs = 60 kHz for Ve = 100 V and P = 0.35 kW (low load).
• fs = 63 kHz for Ve = 240 V and P = 0 kW (no-load).
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Figure 13. Experimental waveforms of the converter in forward mode: (a) Ve = 60 V, P = 3 kW (full
load); (b) Ve = 140 V, P = 1.5 kW (half load); (c): Ve = 240 V at no load.
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The narrow frequency range reduces internal energy circulating and the turn off losses.
Figure 14 presents the Vab voltage at the primary side in forward mode, and the resonant
current ir1. We can see that the current lags the voltage. Then, ZVS is always reached.

Figure 14. Experimental waveforms at P = 0.35 kW and Ve = 100 V.

Figure 15 shows experimental waveforms in backward mode for different load condi-
tions and DC-source voltage. The active switches Q5~Q8 are turned on with ZVS and the
diodes of Q1~Q4 are turned off with ZCS regardless load and voltage conditions. Note that
the switching frequency range in backward mode is also very narrow, which proves also
the analyzed behavior in Figure 6.

Figure 15. Cont.



Sustainability 2022, 14, 377 16 of 19

Figure 15. Experimental waveforms of the converter in backward mode: (a) Ve = 60 V, P = 1 kW;
(b) Ve = 140 V, P = 1.5 kW.

Figure 16 shows the experimental waveforms of Vbus, ir1 and vCp during startup. We
notice the soft startup of the converter with no voltage or current peaks. This is due to the
zero-voltage gain at the starting resonant frequency which demonstrates another advantage
of the proposed topology. Figure 17 shows the measured efficiency of the converter in
forward mode versus the power for different input voltages. The maximum efficiency is
about 96% at 3 kW when the DC-source voltage is more significant (240 V in this case). The
converter efficiency reduces when the input voltage decreases because the input current
increases.

Figure 16. Startup experimental waveforms: where Vbus is the DC-bus voltage, ir1 is the primary
resonant current and vCp is the capacitor voltage.
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Figure 17. Efficiency of the converter in forward mode versus the power for different input voltages.

Note that the efficiency of the converter can be increased by using low power loss
components with the electric wiring optimizing. Figure 18 presents the power losses
distribution in the converter for a full load condition, where the losses in the transformer
and the resonant circuit reach 49% of the total losses (120 W). On the other hand, the losses
in the active inverter are about 27% of the total losses, while the losses in the diode rectifier
are almost 15% of the total losses. The conduction losses are higher compared to those of
switching, in order of 3.5 times for the inverter and 4 times for the rectifier. The conduction
losses in the inverter reach 21% of the total losses and they are 12% of the total losses in the
diode rectifier. Due to soft switching, the switching losses in the inverter and in the rectifier
diodes are reduced. They are 6% and 3% of the total losses, respectively. Figure 18 gives
also the characteristics of the converter compared to the other ones summarized previously
in Table 1.

Figure 18. Losses distribution and criteria fulfillment of the novel resonant converter.

5. Conclusions

This paper presents a bidirectional resonant converter for wide voltage range applica-
tions. Due to the symmetric resonant circuit, the converter has the same behavior in both
energies transfer modes. The voltage gain varies from zero to a maximum value in the suit-
able ZVS region. So, ZVS for active switches of the inverter side and ZCS for the diodes of
the rectifier side are achieved regardless the input voltage, the energy transfer direction and
the load conditions. Proposed converter topology has the capability to operate under wide
voltage range 60~240 V. Control of the power flow is carried out in a predetermined narrow
fundamental switching frequency band which increases significantly the efficiency by
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reducing the circulating energy and the turn off losses. In addition, the proposed converter
has no voltage gain at the resonant frequency and so, no specific startup strategy is needed.
The experimental results of the 3 kW resonant circuit test bench validate the feasibility of
the proposed converter. Moreover, they prove the effectiveness of the proposed design
procedure for the developed converter.
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