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Current-Fed LC Series Resonant Converter With
Load-Independent Voltage-Gain Characteristics for

Wide Voltage Range Applications
Jingtao Xu , Yao Sun , Member, IEEE, Guo Xu , Member, IEEE, Xiao Liang , and Mei Su

Abstract—This article proposes a current-fed LC series resonant
converter, which integrates a two-phase interleaved boost circuit
with a full-bridge LC series resonant converter. All switches can
achieve zero voltage switching (ZVS) under full load range without
utilizing a magnetizing inductor or an auxiliary inductor, and
synchronous rectification (SR) can be realized without SR driving
detection. With the proposed modulation, the resonant current is
discontinuous without circulating current. Moreover, the voltage
gain of the LC series resonant conversion is fixed, which is inde-
pendent of load; therefore, the design of voltage regulation range
and related parameters can be simplified. The integrated boost
circuit works in the critical current mode to achieve ZVS for all
the switches. Meanwhile, digital adaptive frequency modulation
is presented to ensure ZVS realization and to minimize the boost
inductor current ripple. The working characteristics and design
considerations for the key parameters of the proposed modulation
are also presented in detail in this article. Finally, a 600-W prototype
with 27–54 V input and 360 V output is built, and experimental
results validate the effectiveness and the advantages of the proposed
solution.

Index Terms—Current-fed converter, digital adaptive frequency
control, resonant converter, wide voltage gain range.

I. INTRODUCTION

I SOLATED dc/dc converter (IDC) utilizing high-frequency
transformer to achieve galvanic isolation is widely adopted
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in renewable energy generation [1], [2]. Fig. 1 shows the typ-
ical structure of a grid-connected renewable power generation
system [3], [4]. The voltage of renewable energy sources varies
over a wide range because of their intermittence and instability,
such as photovoltaic (PV) and fuel cells [5], [6]. To interface
with renewable energy sources, it is necessary to realize IDC
working in a wide input voltage range while maintaining high
power conversion efficiency.

Among various IDC converters, the LLC resonant converter
is an attractive topology, which has significant advantages, such
as soft switching, high efficiency, and low electromagnetic inter-
ference issue [7]–[10]. For the traditional pulse frequency mod-
ulation (PFM) of the LLC resonant converter, the efficiency is
very high when operating near the resonant frequency. However,
if the voltage gain needs to be widely adjusted, the switching
frequency needs to be away from the resonant frequency, which
could generate high circulating energy and reduce the efficiency
[11], [12]. Therefore, the performance of the traditional LLC
resonant converter with PFM is heavily reduced for wide input
voltage range applications [13]–[16].

To extend the voltage gain range while maintaining high
efficiency, many control schemes and topologies have been
proposed. In [17], a phase-shift modulation (PSM) of the sec-
ondary side switch is proposed. The voltage gain range has
been expanded, but the circulating current of the converter
increases with the phase shift angle. A hybrid control combining
PFM and PSM is proposed in [18]. Both voltage regulation
capability and efficiency are improved, but the control strategy
becomes more complicated. An asymmetrical duty cycle control
method for full-bridge LLC (FB-LLC) is proposed in [19].
This method has an additional 0.5 step-down gain compared
with the conventional FB-LLC resonant converter because the
input of the resonant tank is half of the input voltage. Another
effective solution is the reconstruction of topology [20], [21].
The idea of this method is to transit the primary side of FB-LLC
into half-bridge LLC. Two operation modes of full-bridge and
half-bridge can then obtain a double gain range. However, the
two modes are difficult to switch smoothly. Auxiliary switches
or components are adopted in [22]–[24]. In [22] and [23], an
auxiliary switch is added on the secondary side to achieve
voltage regulation such that the switching frequency is con-
stantly equal to the resonant frequency. Unfortunately, the com-
plexity of the model and control is increased. Hu et al. [24]
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Fig. 1. Structure of a grid-connected renewable power generation system.

change the equivalent turn-ratio and magnetizing inductance by
an auxiliary transformer. However, the utilization of auxiliary
transformers is low because only the main transformer transmits
energy. The voltage regulation ability is improved to a certain
extent with the added auxiliary devices and increased control
complexity.

Even though the aforementioned methods [17]–[24] can im-
prove the permanence, the control and working modes are
complex. To deal with this, the cascaded two-stage solution
consisting of a conventional nonisolated dc/dc converter (e.g.,
boost converter) and an LLC resonant converter can be used
[25], [26]. In this case, the LLC converter is unregulated, which
only provides fixed voltage gain and galvanic isolation as a
dc transformer (LLC-DCX). In [27], to improve the overall
operation efficiency, LLC-DCX is cascaded with the critical
current mode (CRM) boost converter. Zero voltage switching
(ZVS) can be realized for both stages, and the switching loss of
the whole system is decreased.

Compared with the single-stage converter, the voltage regu-
lation ability of the two-stage topology is improved. However,
more switches are used in these cascade converter topologies,
which could increase the volume and cost. Consequently, the
integration of the boost circuit and the LLC resonant converter
is studied [28]–[31]. These integrated topologies can eliminate
power switches and gate driver circuits. However, they also have
some drawbacks. First, the pulsewidth modulation (PWM) is
adopted for an integrated boost circuit, which needs to realize
voltage regulation by controlling the duty cycle of switches.
However, the voltage gain of the LLC resonant converter will
also be affected when the duty cycle is changed [28], [29]. The
gain characteristics are heavily dependent on the duty cycles or
load, which loses the benefit of DCX operation for the two-stage
solution. Therefore, the design of component parameters and
the voltage controller could become complex. Second, after
the integration, due to the effect of the boost inductor current,
the ZVS achievement for lower switches of sharing arm be-
comes more difficult and calculation of ZVS conditions becomes
very complicated. Consequently, in [29], the excitation inductor
needs to be designed smaller to enlarge the ZVS region, and the
auxiliary parallel inductor is adopted to achieve ZVS in [30] and
[31]. However, the additional inductor could increase the related
loss such as circulating current and magnetic losses.

In this article, an improved current-fed LC series resonant
converter (CF-sRC) is proposed for wide input voltage range ap-
plications. The CF-sRC is integrated by a two-phase interleaved
boost circuit and a full-bridge LC series resonant converter. The
proposed topology and control strategies possess the following
two main advantages.

Fig. 2. Topology of dc/dc converter. (a) Two-stage topology implemented with
a two-phase interleaved boost converter and an FB-LLC resonant converter. (b)
Proposed CF-sRC converter.

1) All switches can achieve ZVS without utilizing excitation
inductor or auxiliary inductor, which simplifies the design
of the magnetic components.

2) The resonant current is discontinuous, and the voltage
gain of the LC series resonant conversion is fixed under
the proposed modulation and control methods. Therefore,
only a simple PWM control for the boost circuit is used to
regulate voltage, and the design of the voltage regulation
range and voltage controller is simple. In addition, the
realization of ZVS is independent of the resonant current,
and hence ZVS analysis can be much simplified.

The rest of this article is organized as follows. The operat-
ing principles and characteristics of CF-sRC are presented in
Section II. The converter characteristic analysis is presented in
Section III. To optimize the circulating current when ZVS is
achieved, a digital frequency control is introduced in Section IV.
The design considerations are given in Section V. Experimental
results based on a prototype are shown in Section VI, which
verifies the effectiveness of the proposed solution. Finally, Sec-
tion VII concludes this article.

II. CHARACTERISTIC ANALYSIS AND COMPARISON

A. Topology of CF-sRC

The proposed CF-sRC is an integration of a two-phase inter-
leaved boost circuit and a full-bridge LC series resonant con-
verter, as shown in Fig. 2(b). The power transmission direction
is from VLV to VHV. Compared with the traditional two-stage
topology as shown in Fig. 2(a), the number of semiconductor
devices in CF-sRC is reduced from 12 to 8, and the inductor
Lm is removed. On the primary side, S1, S2, and L1 form a
boost circuit, whereas S3, S4, and L2 form another boost circuit.
The upper and lower switches of each bridge arm operate in a
complementary manner. The two boost circuits adopt two-phase
interleaving-control, whereas vab generates an ac square wave
as the input of the resonant tank. On the secondary side, S5–S8
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Fig. 3. Key operation waveforms of the proposed CF-sRC under DCM.
(a) D ≥ 0.5. (b) D < 0.5.

operates in the synchronous rectification (SR) state. The driving
logics of the secondary bridge (S5–S8) are as follows:

1) when D ≥ 0.5, S5 (S8) is turned ON simultaneously with
S4, and S6 (S7) is turned ON simultaneously with S2;

2) when D < 0.5, S5 (S8) is turned ON simultaneously with
S1, and S6 (S7) is turned ON simultaneously with S3;

3) conduction duration of S5–S8 is fixed as Tr/2.
The secondary-side switches work in SR, so the conduction

duration of each group switch is equal to half period of res-
onance. When CF-sRC works in discontinuous current mode
(DCM), the zero-crossing point of resonant current is fixed,
and hence the conduction duration of all secondary-side (S5–S8)
switch is fixed as Tr/2.

B. Operation Principle

The key waveforms of the proposed modulation are illustrated
in Fig. 3. In the proposed modulation strategy, the resonant
current works in DCM, which is a half-sine wave, and the
zero-crossing time of resonant current is independent of voltage
and load. Therefore, according to the above drive logic, SR can
be realized without any additional auxiliary circuits to detect

Fig. 4. Operating modes of the proposed CF-sRC under DCM. (a) Stage 1
[t0, t1]. (b) Stage 2 [t1, t2]. (c) Stage 3 [t2, t3]. (d) Stage 4 [t3, t4]. (e) Stage 5
[t4, t5].

the current zero-crossing point. In addition, the inductor current
of the integrated boost circuit (iL1 and iL2) operates in CRM
to realize ZVS. The working principles of duty cycle D greater
than 0.5 and less than 0.5 are similar, so only the former case is
analyzed in this article.

Stage 1 [t0, t1] [see Fig. 4(a)]: At t0, S1 is turned ON and S4
is turned OFF. iL1 flows through S1 to charge CMV and iL2 flows
back to CLV through D4. During this time interval, vab is equal
to VMV. Hence, the input voltage of the resonant tank equals
VMV, and the resonant current iLr will rise from zero, which is
sinusoidal. Synchronous rectifier switches S5 and S8 are turned
OFF at this time, so the resonant current iLr flows through the
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body diodes D5 and D8. vab, iL1, iL2, and iLr can be expressed
as ⎧⎪⎪⎪⎨

⎪⎪⎪⎩
vab = VMV

iL1 = iL1(t0)− (VMV −VLV )·(t−t0)
L1

iL2 = iL2(t0) +
VLV ·(t−t0)

L2

iLr(t) =
nVMV −VHV −vCr(t0)

Zr
sinwr(t− t0)

(1)

where Zr =
√

Lr/Cr and ωr = 2πfr.
Stage 2 [t1, t2] [see Fig. 4(b)]: At t1, S4, S5, and S8 are turned

ON with ZVS at the same time. The voltage of the boost inductor
and the input voltage of the resonant tank remain constant, so
iL1, iL2, iLr, and vab keep in the state of stage 1. iLr completes
half resonant period and decreases to 0 at tx1. According to
the driving logics described above, at tx1, synchronous rectifier
switches S5 and S8 are turned OFF when the current is near zero.

Stage 3 [t2, t3] [see Fig. 4(c)]: At t2, S4 is turned OFF, whereas
S1 keeps on conducting. S3 is still turned OFF at the moment, so
iL2 flows through D3 to charge CMV. The voltage levels at points
a and b are both VMV, so vab is equal to zero. At this stage, S1
has no switch action and vab, iL1, iL2, and iLr can be expressed
as ⎧⎪⎪⎪⎨

⎪⎪⎪⎩
vab = 0

iL1 = iL1(t0)− (VMV −VLV )·(t−t0)
L1

iL2 = iL2(t2)− (VMV −VLV )·(t−t2)
L2

iLr(t) = 0.

(2)

Stage 4 [t3, t4] [see Fig. 4(d)]: At t3, S3 is turned ON with
ZVS, and vab, iL1, iL2, and iLr keep in the state of stage 3. In
the scheme proposed in this article, the integrated boost circuit
operates in CRM; hence, before the end of this stage (before t4),
the boost inductor current iL1 will be reversed.

Stage 5 [t4, t5] [see Fig. 4(e)]: At t4, S1 is turned OFF, whereas
S2 is kept OFF; therefore, iL1 flows back to CLV by D2. vab is
equal to –VMV, hence the resonant current iLr begins to resonate
for another half period. Before the turning ON of another group
of synchronous rectifier switches S6 and S7, the resonant current
iLr flows through their body diodes D6 and D7. During this stage,
vab, iL1, iL2, and iLr can be expressed as⎧⎪⎪⎪⎨

⎪⎪⎪⎩
vab = −VMV

iL1 = iL1(t4) +
VLV ·(t−t4)

L1

iL2 = iL2(t2)− (VMV −VLV )·(t−t2)
L2

iLr(t) =
−nVMV −(−VHV )−vCr(t4)

Zr
sinwr(t− t4).

(3)

After stage 5, S2, S6, and S7 can be turned ON with ZVS. An-
other half switching period begins, and the remaining operation
modes are similar, which are omitted in this article.

III. CONVERTER CHARACTERISTIC ANALYSIS

A. Boundary Conditions of Resonant Current Operation Mode

When the resonant current iLr decreases to zero, there are two
working states including continuous current mode (CCM) and
DCM, as shown in Fig. 5. When the resonant current works in
CCM mode, iLr is reversed at ta or tb, as shown in Fig. 5(b) and

Fig. 5. Comparison of working state of resonant current iLr. (a) DCM. (b)
CCM (reverse at ta). (c) CCM (reverse at tb).

Fig. 6. Equivalent circuit of iLr in reverse under CCM.

(c). Under CCM, the circulating power is generated, and the con-
version efficiency will be reduced. Meanwhile, the voltage gain
of LC series resonant converter is no longer fixed. Therefore, iLr
needs to avoid working in CCM.

When the resonant current is reversed, iLr will flow through
D6 and D7, as shown in Fig. 6. Ignoring the forward voltage
drop of the diodes, then the conduction condition of D6 and D7

is expressed as

ΔVCr
− VHV − VLr > 0. (4)

When the resonant current is critical continuous, the voltage
drop of VLr is approximately equal to zero. Hence, (4) can be
derived as

ΔVCr − VHV > 0

⇒ P

4VHV fsCr
− VHV > 0

⇒ P > 4V 2
HV fsCr. (5)

According to (5), when P < 4V 2
HV fsCr is satisfied, all the

diodes are reversed; hence, the resonance cannot continue by
reversing the current direction, which means iLr will operate
in DCM. Therefore, the maximum power in DCM mode is
equal to 4V 2

HV fsCr. When iLr works in DCM, iLr is sinusoidal
half-wave and the conduction duration is Tr/2 under different
power and voltage. The driving logics of the secondary rectifier
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Fig. 7. Waveforms of iLr and vCr under DCM.

switches can be given according to this characteristic without
zero crossing detection (ZCD) circuits.

B. Gain Characteristic

The voltage gain of the boost circuit operating in CRM Mboost

can be obtained by the volt-second balance rule on the boost
inductor

Mboost =
VMV

VLV
=

1

D
(6)

where D is the duty cycle of the up-switches (S1 and S3).
The voltage gain of LC series resonant converter can be

analyzed in the time domain. The waveforms of the resonant
current iLr and resonant voltage vCr are shown in Fig. 7.

The peak voltage of the resonant capacitor ΔVCr at t0 can be
expressed as

ΔVCr =

∫ Tr/2

0 iLr(t) · dt
2Cr

. (7)

According to the definition of the output filter current IHV,
ΔVCr can be deduced as⎧⎨

⎩ IHV =
2
∫ Tr/2
0 iLr(t)·dt

Ts
= P

VHV

ΔVCr =
∫ Tr/2
0 iLr(t)·dt

2Cr

⇒ ΔVCr =
IHV

4fsCr
=

P

4IHV fsCr
. (8)

The output filter current of IHV can also be expressed as{
iLr(t) =

nVMV −VHV −ΔVCr

Zr
sinwr(t− t0)

IHV =
2
∫ Tr/2
0 iLr(t)·dt

Ts

⇒ IHV =
2
∫ Tr/2

0
nVMV −VHV +ΔVCr

Zr
sinwr(t− t0)

Ts

⇒ IHV =
2nVMV −VHV −ΔVCr

Zr
· ∫ Tr/2

0 sinwr(t− t0)

Ts

⇒ 4fs
nVMV − VHV +ΔVCr

Zrωr
=

P

VHV
. (9)

By substituting (8) into (9), the relationship between VMV and
VHV can be derived as

nVMV − VHV +
P

4VHV fsCr
=

PZrωr

4fsVHV

Fig. 8. Voltage-gain characteristics for (a) proposed CF-sRC under DCM and
(b) topology proposed in [29].

⇒ nVMV − VHV +
P

4VHV fsCr
=

P

4fsVHV
· 1√

LrCr

·
√

Lr

Cr

⇒ nVMV = VHV . (10)

The voltage gain of the LC series resonant converter MsRC

can be obtained by

MsRC =
VHV

VMV
= n. (11)

It can be seen from (9) that the voltage gain of LC series
resonant converter itself is constant, which is independent of
duty cycle D, switching frequency fs, and load. Hence, the
LC series resonant converter of the proposed topology can be
regarded as a dc transformer (DCX).

Combining (6) and (11), the voltage gain of CF-sRC MCF-sRC

can be expressed as

MCF−sRC = Mboost ·MsRC =
n

D
. (12)

According to (12), the normalized voltage gain curves (n =
1) can be obtained, as shown in Fig. 8(a). It can be seen that
the total gain curve of CF-sRC is similar to a boost circuit. The
voltage gain curve of the topology proposed in [29] is shown in
Fig. 8(b). In contrast, the voltage gain of the latter topology will
be affected by the quality factor Q, which changes with the load.
Although compared with the traditional LLC resonant converter,
the voltage regulation range of [29] is expanded; this feature will
increase the complexity of converter design.
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Fig. 9. Waveforms of ZVS.

C. ZVS Analysis

The waveforms of ZVS are shown in Fig. 9. For the conve-
nience of analysis, the boost inductor and current of one switch
bridge are defined as Lbst and iLbst, respectively.

1) Lower Switches of Primary Side (S2 and S4): The boost
inductor Lbst of CF-sRC works in CRM whose direction
can alternate in every switching period in order to achieve
ZVS for lower switches. As shown in Fig. 9, before the
lower switches are turned ON, iLbst has been reversed.
Hence, once the upper switches are turned OFF, iLbst will
continue to flow through the body diode of the lower
switches. At this time, the boost inductance current is
the valley value Ioff. Therefore, the energy storage of the
inductor needs to be large enough, and the dead time is
long enough to realize ZVS. The ZVS conditions of the
lower switches are expressed as{

td > 2VMV ·Coss

Ioff
1
2LbstI

2
off > CossV

2
MV .

(13)

The minimum value of the boost inductor current to realize
ZVS can be derived as

IZVS =

√
2CossV 2

MV

Lbst
. (14)

2) Upper Switches of Primary Side (S1 and S3): For the upper
switches, after the lower switches are turned OFF, the boost
inductance current iLbst will be forced through the body
diode of upper switches. As shown in Fig. 9, at t1, the
boost inductance current is the peak value Ipk. The ZVS
conditions of the upper switches are similar to (13). The
difference is that the current of ZVS is the peak value of
inductor current, so it is easier to realize ZVS{

td > 2VMV ·Coss

Ipk
1
2LbstI

2
pk > CossV

2
MV .

(15)

3) Switches of Secondary Side (S5 to S8): The secondary side
switches work in SR mode, so ZVS is realized by the
resonant current. For example, as shown in Fig. 9, at t3, S1
is turned OFF and iLbst is reversed. At this moment, iLbst
flows through D2, and the resonant current iLr begin to
increase. In this way, before S6 and S7 are turned ON, the
resonant current has flowed through their body diodes. In

other words, with the proposed modulation, the premise
of ZVS achievement of the secondary side switches is that
the boost inductor of CF-sRC works in CRM.

D. Comparison

A comparison of the other four solutions is illustrated in Ta-
ble I. The main disadvantage of the traditional FB-LLC converter
is narrow gain range, which is not favored in two-stage cascaded
topology. On the basis of cascaded topology, the method of
topology integration reduces the number of switches and im-
proves the power density. However, in the integrated topology,
the analysis of voltage gain becomes more complicated. In
addition, the realization of ZVS is difficult, and it is necessary to
design smaller excitation inductors or add auxiliary inductors.
As for the proposed CF-sRC, the range of voltage regulation is
wide, and the voltage gain is independent of the load. In addition,
the proposed CF-sRC does not need to design excitation inductor
or auxiliary inductor to realize ZVS. The analysis of ZVS and the
design of magnetic components are simpler. In voltage control,
as with other integrated topologies with fixed frequency (FF), a
simple PWM control is adopted. In addition, the regulation of
switching frequency is added in this article for the optimization
of current ripple and conduction loss.

IV. DIGITAL ADAPTIVE FREQUENCY CONTROL

Variable switching frequency with CRM operation can
achieve ZVS and optimize circulating current under various
conditions. The optimal switching frequency (period) can be
calculated by sampling the input, output voltage and the average
value of inductor current. This method can be realized by a
digital controller without an additional analog ZCD circuit.

A. Frequency Constraint Conditions

1) DCX Constraint: In order to keep the voltage gain of LC
series resonant converter constant, it is necessary to ensure
that the resonant current can accomplish a complete reso-
nant period. Therefore, the minimum conduction duration
of the primary side switch needs to be longer than the half
resonant period. Frequency constraints can be expressed
as {

Ts ·D ≥ Tr/2
Ts · (1−D) ≥ Tr/2

⇒ fs ≤ min{(2fr ·D), (2fr · (1−D))}. (16)

According to (16), it can be seen that the switching frequency
needs to be lower than the resonant frequency when the LC
series resonant converter is working as a DCX. When D = 0.5,
the upper limit of the switching frequency is the highest, which
is equal to the resonant frequency. In this case, the switching
frequency can be close to the resonant frequency, and the input
supply utilization is high. When D is increased or decreased, the
input supply utilization will be reduced.

2) ZVS Constraint: Increasing the switching frequency is
beneficial to reduce the current ripple, but too low current
ripple will lead to the loss of ZVS. In order to ensure
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TABLE I
COMPARISON OF OTHER RESONANT CONVERTER TOPOLOGIES

ZVS under full range voltage and load, it is necessary
to calculate the optimal switching frequency, which is
obtained as⎧⎨

⎩
ΔIL = 2 · (Iave + IZVS)

Ton = Lbst·ΔIL
VMV −VLV

Toff = Lbst·ΔIL
VLV

⇒ fs =
1

(Ton + Toff)
=

VLV · (VMV − VLV )

Lbst ·ΔIL · VMV
(17)

where ΔIL is the peak-to-peak value of the boost inductor
current and Iave is the average value by sampling.

The minimum current IZVS to realize ZVS in formula (14)
needs to be considered here. The current state fs should be
adjusted according to (17) to ensure ZVS and reduce the current
ripple.

B. Control Strategy

According to the ZVS analysis in the previous section, it can
be seen that the key is to realize ZVS of primary side lower
switches. The system needs to adjust the switching frequency
according to the current working state regularly. The control
flowchart, shown in Fig. 10, can be mainly divided into the
following two steps.

1) According to formula (16), limit the range of frequency
regulation from current operating conditions.

2) According to formula (17), calculate the optimal switching
frequency fs.

For the convenience of the study, the frequency regulation
processes of different input power (the rated power is Prated)
are shown in Fig. 11. The gray region is the DCX area, which
satisfies the constraint condition (16). Formula (18) can be
deduced as

fs ≤ DVMV · (VMV −DVMV )

Lbst · 2·Prated

DVMV
· VMV

⇒ fs ≤ D2 · (VMV −DVMV )

2Lbst · Prated
. (18)

Fig. 10. Flowchart of digital adaptive frequency control.

Equation (18) is represented by a red curve in Fig. 11, and the
ZVS area is below the red curve. The blue curve is the frequency
regulation track. It can be seen that the frequency is adjusted at
the boundary of the intersection of the red and gray areas.

The control block diagram of the proposed CF-sRC is shown
in Fig. 12. The traditional double closed-loop control is used to
regulate the output voltage. According to the sampling average
value of boost current and voltage, the proposed digital adaptive
frequency control is used to adjust the switching frequency fs,
which can ensure the realization of ZVS and optimize the current
ripple.

V. DESIGN CONSIDERATIONS

A design example of a 600-W prototype is introduced in
this section. The basic specifications of the converter prototype
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Fig. 11. Different input power frequency regulation track. (a) 0.4Prated. (b)
0.6Prated. (c) 0.8Prated. (d) Prated.

Fig. 12. Proposed control block diagram.

Fig. 13. Parameters design process.

are as follows: input voltage VLV = 27–54 V, intermediate bus
voltage VMV = 72 V, output voltage VHV = 360 V, and resonant
frequency fr = 200 kHz. The design process is shown in Fig. 13.
According to the basic parameters, the design process is mainly
divided into five parts, and the details are as follows.

Fig. 14. Relationship between input voltage and duty cycle.

A. Turns Ratio of the Transformer

Based on (9), the voltage gain for VMV to VHV is equal to the
transformer turns ratio n, which is independent of load. Hence,
n of the prototype can be designed as

n =
VHV

VMV
=

360

72
= 5. (19)

B. Resonant Tank

The resonant frequency is designed to be about 200 kHz. As
seen from the conditions of DCM operation, Cr> P/(4V2

HVfs)
needs to be satisfied to ensure that the converter operates in
DCM. Meanwhile, Zr =

√
Lr/Cr needs to be appropriately

high to reduce the peak value of the resonant current at start-up.
According to the above conditions, the final design parameters

of the resonant tank are shown as follows: Cr = 66 nF and Lr =
10 μH.

C. Duty Cycle Range

The voltage gain of CF-sRC is n/D (n = 5). When output
voltage VHV is constant, the relationship between input voltage
and duty cycle is D = VLV/72, which is shown in Fig. 14. When
the input voltage changes from 27 to 54 V, the corresponding
duty cycle regulation range is 0.375–0.75.

D. Switching Frequency Range

According to the frequency of adaptive control in Section IV,
the range of switching frequency can be calculated as

1
2fr ≤ fs ≤ fr
⇒ 100 kHz ≤ fs ≤ 200 kHz.

(20)

The diagram of switching frequency, input voltage, and in-
put power is shown in Fig. 15. Under the proposed adaptive
frequency control, the switching frequency can be adjusted
according to different input voltage and power.

E. Boost Inductor Designing

It is necessary to properly design the boost inductor Lbst to
consider both the ZVS achievement under full load and the low
current ripple. According to the volt-second balance rule on the
boost inductor, the peak-to-peak value of inductor current ΔIL
can be determined as

ΔIL =
VLV

Lbst
(1−D)Ts. (21)



XU et al.: CURRENT-FED LC SERIES RESONANT CONVERTER WITH LOAD-INDEPENDENT VOLTAGE-GAIN CHARACTERISTICS 11517

Fig. 15. Switching frequency regulation strategy. (a) Relationship between
switching frequency and input voltage. (b) Relationship between switching
frequency and input power.

When the boost inductor Lbst works in CRM, the relationship
between ΔIL and average current Iave is

ΔIL ≥ 2 · Iave = 2 · Prated

VLV
· 1
2

(22)

where Prated is the rated power.
Combining (21) and (22), the design range of Lbst can be

obtained as

Lbst ≤ 2 · (1−D) · V 2
LV

2 · Prated · fs =
V 2
LV

Pratedfs
· VMV − VLV

VMV
. (23)

Boost inductor needs to be designed at maximum power 600
W and minimum switching frequency 100 kHz to ensure the
realization of ZVS under full range. Hence, according to (23),
the critical value of boost inductor Lbst can be drawn as shown
in Fig. 16. Fig. 16(a) shows the maximum allowable inductor
to operate in CRM under different VMV and VLV. Under the
surface is the ZVS region, so the value of boost inductance needs
to be selected in this region. According to the parameters of the
prototype, the rated value of VMV is 72 V [as shown in the red
curve in Fig. 16(a), and the inductance range under this condition
is shown in Fig. 16(b)]. It can be seen that when the input voltage
VLV is equal to 27 V, the upper limit of inductor value is the
smallest. In addition, in order to reduce the circulating current
and current ripple, the inductor should be large enough, so the
boost inductor is designed as 7.5 μH.

F. Theoretical Loss Analysis

The full-load power losses of CF-sRC are compared at three
important benchmarks (VLV = 27, 36, and 54 V). In CF-sRC,

Fig. 16. Critical inductance to operate in CRM. (a) Critical inductance under
different working voltage. (b) Critical inductance under VMV = 72 V.

TABLE II
LOSS ANALYSIS UNDER 600 W

all the MOSFETs are turned ON with ZVS. Hence, the turning-
ON losses are zero. The theoretical losses dates under different
input voltage are listed in Table II. The total losses consist of
eight parts, namely switches conduction loss, switches turn-ON

loss, switches turn-OFF loss, driving loss, transformer core loss,
transformer copper loss, inductor core loss, and inductor copper
loss. According to the data in Table II, the loss analysis histogram
is shown in Fig. 17. When the input voltage is 54 V, because
the working current is the lowest, turning-OFF losses and boost
inductor losses are lower than the other two cases. Hence, the
total loss is the lowest at 54 V, and the converter efficiency is
the highest. When the input voltage is 36 V, the current ripple of
the boost inductor is the largest. Under the adaptive frequency
modulation control, the switching frequency will be higher than
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Fig. 17. Theoretical loss calculation results of full load.

Fig. 18. Laboratory prototype.

TABLE III
PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

other working conditions. This leads to the increase of drive loss,
turn-OFF loss, and core loss.

VI. EXPERIMENTAL VERIFICATION

A 600-W laboratory prototype, as shown in Fig. 18, has been
built based on the design procedures introduced in Section V.
The specifications of the prototype are as follows: input voltage
VLV = 27–54 V, output voltage VHV = 360 V, rated output
power Po = 600 W, switching frequency fs = 100–200 kHz,
and resonant frequency fr = 200 kHz. The detailed parameters
of CF-sRC are listed in Table III. A conventional double closed
loop is used for the boost circuit, and the output voltage VHV

can remain constant when the input voltage and load change.

Fig. 19. Steady-state working waveform under full load (600 W). (a) VLV =
27 V. (b) VLV = 36 V. (c) VLV = 54 V.

The steady-state working waveforms at full load under dif-
ferent input voltage VLV are shown in Fig. 19. It can be seen
that, over a wide input voltage range of 27–54 V, the proposed
CF-sRC operates well with the proposed modulation. The in-
ductor currents iL1 and iL2 operate in interleaved state and vab
can generate a high-frequency square waves. In each switching
cycle, the inductor current is reversed once for realizing ZVS,
and the current ripple can be optimized by proposed variable
frequency (VF) control. In addition, during each half of the
switching cycle, the resonant current is a complete sinusoidal
half-wave, and no circulating current is generated. When the
resonant current decreases to zero, the resonant inductor and
the junction capacitance of the switch can continue to resonate.
During this duration, the resonant current has a small amplitude
oscillation and decays quickly. Hence, the experimental wave-
forms are consistent with the theoretical analysis.

Under different input voltage and power, the operating wave-
forms of synchronous rectifier switches are shown in Fig. 20.
Due to the symmetry of the structure, only the waveforms of
S5 and S6 are shown. As can be seen, the zero-crossing time of
resonant current is kept constant during steady-state operation,
which is independent of input voltage and power. Therefore,
without an additional auxiliary circuit, the prototype can realize
SR only by digital controller.

According to the ZVS analysis in Section III, the ZVS con-
ditions for two groups of bridge arm on the primary side are
identical, and the ZVS conditions of all secondary switches are
the same. Hence, the ZVS waveforms of one bridge arm on the
primary side (S1 and S2) and one switch on the secondary side
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Fig. 20. Working waveforms of SR. (a) VLV = 27 V, P = 300 W. (b) VLV =
27 V, P = 600 W. (c) VLV = 36 V, P = 300 W. (d) VLV = 36 V, P = 600 W.
(e) VLV = 54 V, P = 300 W. (f) VLV = 54 V, P = 600 W.

(S5) are shown in Figs. 21, 22, and 23, respectively. It can be
seen that the drain–source voltage vDS of all switches is reduced
to zero before the rising of the driving signal under different
working voltage and power. As illustrated, for the proposed
topology and control strategy, all switches can realize ZVS.

To verify the dynamic performance regarding input voltage
changes, the dynamic response waveforms when the input volt-
age VLV changes are shown in Fig. 24. It can be seen that when
the input voltage changes within twice the range (27–54 V), the
output voltage VHV is kept at 360 V. Therefore, the proposed
CF-sRC has a good performance in the application of wide range
input voltage. The dynamic waveforms of switching between
half load (300 W) and full load (600 W) are shown in Fig. 25.
It can be seen that, when the load changing occurs, the output
voltage VHV can also be adjusted rapidly and maintained at
360 V.

The voltage gain curves for the part of LC series resonant
converter (VHV/nVMV) under different input voltage are shown
in Fig. 26. The measured results are the actual values including
the voltage drop of switches conduction and line conduction.
As can be seen, the measured voltage gain is close to 1 under
different load conditions, which matches the theoretical analysis.
The results show that the LC series resonant converter in CF-sRC
works as DCX.

Fig. 27 depicts the curves of measured conversion efficiency
for different input voltages and power. For comparison, the
efficiency under FF control is also shown in Fig. 27. In order

Fig. 21. ZVS-ON waveforms of S1. (a) VLV = 27 V, P = 300 W. (b) VLV =
27 V, P = 600 W. (c) VLV = 36 V, P = 300 W. (d) VLV = 36 V, P = 600 W.
(e) VLV = 54 V, P = 300 W. (f) VLV = 54 V, P = 600 W.

Fig. 22. ZVS-ON waveforms of S2. (a) VLV = 27 V, P = 300 W. (b) VLV =
27 V, P = 600 W. (c) VLV = 36 V, P = 300 W. (d) VLV = 36 V, P = 600 W.
(e) VLV = 54 V, P = 300 W. (f) VLV = 54 V, P = 600 W.
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Fig. 23. ZVS-ON waveforms of S5. (a) VLV = 27 V, P = 300 W. (b) VLV =
27 V, P = 600 W. (c) VLV = 36 V, P = 300 W. (d) VLV = 36 V, P = 600 W.
(e) VLV = 54 V, P = 300 W. (f) VLV = 54 V, P = 600 W.

Fig. 24. Dynamic waveforms of input voltage VLV variation. (a) 27 to 54 V.
(b) 54 to 27 V.

Fig. 25. Dynamic waveforms of load variation (300–600–300 W).

Fig. 26. Gain curve of series resonant converter (VHV/nVMV) under different
input voltages.

Fig. 27. Measured efficiency cures.

to realize ZVS, the switching frequency should be selected as
the lowest value (100 kHz) under FF control. The solid line and
dotted line present the working efficiency of VF and FF (100
kHz), respectively. Under half load (300 W), when the input
voltage is 36 V, the working efficiency is only 90% under FF
control. After using the adaptive frequency control, the working
efficiency is up to 92%, and the efficiency is increased by 2%.
When the input voltage is 27 V, the efficiency is also improved
under adaptive frequency control. Therefore, under the same
working voltage, the proposed digital adaptive frequency control
can improve the total efficiency. In addition, according the
frequency control strategy, when input voltage is 54 V, fs is
always adjusted to 100 kHz. Hence, the working efficiency of
VF and FF is identical under 54 V.

VII. CONCLUSION

In this article, a CF-sRC converter is proposed and explored.
The topology is obtained by integrating a two-phase boost
circuit into the full-bridge LC series resonant converter with
the sharing of primary H-bridge. All switches can achieve ZVS
without utilizing a magnetizing inductor or an auxiliary inductor
under full load range, which simplifies the design of magnetic
components. The LC series resonant converter can work as a
DCX where its voltage gain is fixed and completely decoupled
with the boost circuit. The voltage gain of the whole converter is
similar to the boost circuit. This characteristic can simplify the
ZVS analysis and design of voltage regulation range and related
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parameters. The integrated boost circuit works in the CRM that
can achieve ZVS for all the switches. In steady-state operation,
the switching frequency can be adjusted by proposed digital
adaptive frequency control to ensure the realization of ZVS and
to optimize the current ripple of the boost inductor. The working
modes of the converter, control strategy, and design process are
presented in detail. The experimental results have shown that the
proposed solution is effective to be applied in wide range input
voltage applications.
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