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Highly Efficient Nonisolated Constant Output
Current LCC Resonant Converter With Wide
Input Voltage Range

Shirin Askari and Hosein Farzanehfard

Abstract—In this article, we propose a simple structure highly
efficient low-element-count nonisolated constant output current
resonant converter for wide input voltage range and high-efficient
applications. The converter is developed by combining a basic
buck-boost converter with a half-bridge LCC resonant converter
to improve the adjustable voltage conversion ratio. In the pro-
posed structure, most of the output power is fed directly, which
reduces the conduction power losses and increases efficiency by the
reduction of the processed power, and the switches and rectifier
diodes’ voltage stress is significantly decreased due to cascaded
outputs structure. It operates at the resonant frequency to achieve
a constant output current feature for applications, such as LED
drivers and battery chargers, and the output current is regulated
by the pulsewide modulation. The proposed converter can achieve
zero-voltage switching operation for all switches and zero-current
switching operation for all diodes over a wide range of the input
voltage and load conditions. The proposed structure is analyzed
in detail. To verify the proposed converter performance, a 21-W
laboratory prototype is realized and tested for the wide input
voltage range of 12-40 V to provide 350 mA output current. The
proposed converter achieves a high peak efficiency of 98.15%.

Index Terms—Constant output current resonant converter, high
efficient, load independent, wide input voltage range, zero-voltage
switching (ZVS).

I. INTRODUCTION

N SOME applications, such as LED drivers and battery
I chargers, a constant output current converter is required [1],
[2], [3]. Some resonant converters provide an intrinsic constant
output current when operated at the resonance frequency. In
addition to this characteristic, operating at resonance frequency
reduces the circulating loss and optimizes the converter size [4],
[5]. The conventional pulse frequency modulation method is
popular for controlling the resonant converters. However, the
switching frequency needs to vary away from the resonant
frequency and the constant output current characteristic is de-
teriorated, which results in high circulating energy and conse-
quently lower efficiency [6]. Pulsewidth modulation (PWM) and
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phase-shifted modulation (PSM) PWM are employed to control
the current or voltage conversion ratio of the constant-frequency
resonant converters. However, regular PWM method suffers
from narrow adjustment of the voltage gain where PSM PWM
can achieve a wider voltage gain adjustment, but the circulating
current of the converter increases [7], [8], [9], [10], [11], [12].
To modify the conventional resonant converters voltage gain,
numerous fixed-frequency control schemes and topologies are
proposed. Thus, the converter conversion ratio is changed in a
wide range by adjusting the switches duty cycle. These control
methods can be categorized as follows:
1) reconfigurable structures using some switches for alter-
nating the topology between different operation [13], [14],
[15], [16];
2) hybrid structures, which merges or combines basic PWM
converters with conventional resonant converters [17],
[18];
3) integrating reconfigurable and hybrid structures [19], [20].
In the resonant converter of Kim and Barbosa [13], two of
the full-bridge rectifier diodes are replaced with two switches
to create a dual rectifier and provide a wide voltage conversion
ratio range by switching between half-bridge and full-bridge
rectifier states. However, adding two switches in the secondary
makes the control complicated. In [17], a buck—boost converter
is combined with an LLC resonant converter to achieve a wide
conversion ratio with PWM control scheme. However, the free-
wheeling mode causes considerable power loss. By merging
a buck-boost and a hybrid mode series resonant converter, a
triple-mode resonant converter is presented in [19]. The sec-
ondary bridgeless rectifier enables the converter to operate in
three different modes of resonant boost, series resonant, and
PWM series resonant buck, depending on the input voltage
level. In each mode, the output voltage is regulated by the PWM
control of the buck—boost main switches. Although this circuit
provides a wide voltage gain range, but one of the main switches
suffers from hard switching. In [20], a reconfigurable converter
with three different configurations is provided by combining
a buck—boost and a full-bridge series resonant converter. By
switching from one configuration to another, depending on the
input voltage level, a wide input voltage range is regulated.
However, due to the operation away from the resonance fre-
quency, the circulating loss is high, and the output voltage is
load dependent. By Merging a flyback and a series resonant
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converter, the three-mode resonant converter in [18] is pro-
vided. It operates in three modes of low, medium, and high
voltage gain by applying three different PWM modulations to
achieve wide voltage gain. However, the flyback transformer
leakage inductance is discharged in the switches while the
capacitive turn-ON loss of switches is not eliminated. The con-
verters proposed in [14], [15], and [16] suffer from a large
number of elements. In [16], a resonant converter with two LLC
resonant networks is presented, which operates in two separate
modes of low gain and medium gain to provide a wide voltage
gain range. In [15], a resonant converter with a dual-mode
rectifier on the secondary is presented for wide voltage gain
applications. A reconfigurable series resonant converter with
quadruple-mode structure using a dual-bridge at the primary and
a dual-rectifier on the secondary is proposed in [14]. Depending
on the input and output voltage levels, the operating mode is
selected.

In this article, a novel nonisolated constant output current
resonant converter is proposed, which is formed by merging
a buck-boost with an LCC resonant converter to regulate a
wide input voltage range. Due to cascaded outputs structure, the
converter efficiency and conduction losses are improved since
a part of the output power processed directly and the switches
and rectifier diodes voltage stress are reduced. The input volt-
age is regulated by applying a fixed-frequency control using
the buck—boost switches duty cycle. Also, the LCC network
provides the load-independent output current by operating at
the resonant frequency (f.), which provides another advantage
of eliminating high circulating loss and efficiency degradation.
Zero-voltage switching (ZVS) and zero-current switching (ZCS)
operation are provided for all switches and diodes, respectively,
due to employing LCC resonant network. It should be noted that
such advantages are achieved by employing a simple structure.

The rest of this article is organized as follows. The oper-
ating principles of the proposed converter are introduced in
Section II. The converter steady-state analysis is presented in
Section III and the experimental results are discussed in Section
IV. Finally, Section V concludes this article.

II. PROPOSED CONVERTER OPERATION PRINCIPLES

A. Topology Description

The proposed resonant converter presented in Fig. 1 is pro-
vided by combining a buck—boost and a half-bridge LCC reso-
nant converter. The converter consists of LCC resonant network
(Cr1, Cro, and L,.), voltage-doubler rectifier (D, and D,s),
buck-boost elements (L g g and Cgg), inverter switches (S7 and
S9), and voltage-doubler output capacitor (C,). The output volt-
age (V,) is equal to the summation of input voltage source (Vjy),
the buck—boost output voltage (Vg ), and the voltage-doubler
output voltage (V,1). As observed from Fig. 1, V;; and Cpp are
connected in series with C,, to reduce the processed power and
improve efficiency. This feature can be only achieved by using
the buck—boost topology with the inverted output voltage. As a
result, most of the power is directly transferred from V4, to the
output without any processing. Therefore, the power processing
and the conduction losses are minimized, which contributes to
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Fig. 1. Proposed resonant converter.

higher efficiency. In this structure, C'zp and C, jointly and
coordinately perform the task of regulating the output voltage,
which results in a wide adjustment of the voltage gain. Another
advantage provided by connecting Vi,, Cpp, and C, in series
is reduction of the inverter switches and output rectifier diodes’
voltage stress.

B. Operating Principles

The proposed converter key waveforms are shown in Fig. 2
where the gate signals S; and S, are complementary. The
converter operation is divided into eight operating modes, and
the equivalent circuit in each mode is shown in Fig. 3(a)—(h).

Mode 1 [to—t1]: The first mode starts by turning S; ON
under ZVS condition. In this mode, the diode D,; is reverse
biased and D9 is conducting, which applies V,; to LCC net-
work output. Also, (Vin+Vepp) is applied to LCC network
input. The inductor Lpp is charged through V;,, and the out-
put power is fed through (Vi,+Veopp+V,1). The LCC network
elements are resonating and L, is charging and resonant ca-
pacitors are discharging. At t1, D,e turns OFF and this mode
ends.

Mode 2 [ti—t2]: During this mode, D,; and D, do not
conduct and C5 does not participate in the resonance, so its
voltage remains constant. C.. and L, are charging in a sinusoidal
fashion through a resonance. At the end of this mode at o, D,y
start to conduct and LCC output is short circuited.

Mode 3 [to—ts]: As D, starts conducting at the beginning of
this mode, C'. begins to participate in the resonance with other
LCC resonant elements and charging, such as C}.;. This mode
ends when S is turned OFF at ¢3.

Mode 4 [ts—t4]: When Sy turns OFF, the summation of I, g
and I, starts charging and discharging S; and S» output ca-
pacitors, respectively. After So output capacitor is discharged
completely, its body diode starts conducting and then, S5 can be
turned ON under ZVS condition.

Mode 5 [ty—t5]: So and D, conduct during this mode, and
D, is reverse biased. Also, the LCC network output and input
are short circuited and the inductor L 55 is discharged via Vo p.
The LCC network elements are resonating, which causes L, to
discharge and the resonant capacitors to charge. This mode ends
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Fig. 2. Proposed resonant converter key waveforms.

when C,.o current reaches zero and D, turns OFF at ¢5 under
ZCS condition.

Mode 6 [ts—tg]: During this mode, the rectifying output
diodes are in the OFF state. Also, the C,. voltage stays constant
while C,; and L, are discharging through a resonance. D2
starts to conduct at the end of this mode at ¢¢, which applies V1
to the LCC network output.

Mode 7 [tg—t7]: This mode begins when D5 starts to conduct,
and C,.5 begins to participate in the resonant network. This mode
ends when S5 is turned OFF at t7.

Mode 8 [t7—tg]: By turning S OFF, the output capacitors of
Sy and Sy start charging and discharging, respectively, by the
current summation of I, pp and I1,.. After S output capacitor
is fully discharged, the S; body diode starts to conduct and S
can be turned ON under ZVS condition.

III. PROPOSED CONVERTER ANALYSIS

A. Voltage Gain

The proposed constant output current resonant converter
analysis is carried out under steady-state condition with the
assumption of ideal MOSFETs and diodes. Due to operating the
converter at the resonant frequency, the fundamental harmonic
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approximation analysis can be carried out for theoretical analy-
sis [4]. Vo g is obtained as follows:

D

Vess = m‘/l

where D is the S; duty cycle. The LCC resonant network ac

equivalent circuit is shown in Fig. 4. V4 p is asymmetric square

waveform voltage with (Vi,+ Vo pp) amplitude applied to the

resonant network input, and V4 is the resonant network output

voltage. The V4 p fundamental harmonic amplitude is obtained
as follows:

ey

2Viusin(w D)

P
Vip = 7(1 — D)

cos(wst) 2)
where wy = w, = ——=—. The LCC resonant network voltage

. r 1
and current gain are attained as follows:

M(jn) = 125 = [nn
Vap  Q(1 —wn?(14 Cp))+jCrwn(l — wn?)
3)
H(juon) = 72 = 2
HE Q1 —w,2(1+Cy))+iChwn (1 — wy?)
“)

where w,,, C,, Zy, and @) are normalized frequency, resonant
capacitors ratio, characteristic impedance, and quality factor,
respectively, as defined in the following:

wn:&:£vcn:% Zo

Wy f T Crl Rac

where R, is the LCC resonant network equivalent output resis-
tance and are calculated as R, = Qfgl where R, is the rectifier
equivalent output resistance and is obtained as follows:
Py Vi
I_g B I 0(1 -D )

where P, and I, are the output power and current, respectively.
The proposed converter output current is calculated as follows:

_ 2Viusin(nD)
- 7T2(1 - D)Zo '
The magnitude plot of H (jw,,) versus w,, at different ) and

C,, values is presented in Fig. 5(a) and (b), respectively. Also, the
normalized output current \{;; for various duty cycles is shown

L, B
s 40 — aa Q_ (5)

Roy = (6)

Io(wn =1) @)

Z

in Fig. 5(c). As observed fI‘OI(Ijl Fig. 5(a) and (b), by operating at
the resonant frequency, a load-independent output current char-
acteristic can be achieved. Also, the excellent constant output
current characteristic of the proposed converter can be seen in
Fig. 5(c).

B. Switches and Diodes Voltage and Current Stress

The switches voltage stress Vg peax is limited to the summation
of Vcpp and Vi, while the switches current stress g peak 1S
limited to the summation of I;,, and I, at t3, as shown in the
following:

Vin

1-D ®)

VS,peak = IS,peak = ILT'(t3) +1ILBB
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Fig. 4. LCC resonant network ac equivalent circuit.

where I, and I, gp are the resonant inductor current and the
average buck-boost inductance current, respectively, and are
calculated as follows:

P,
It = Iin = Vi ©))
_ 2Vsin(7D) [ 1 (1+4C,)?
I, = m @ + Tcos(wst 0) (10)
1+C
9 — 1 n ) 11
tan (@ <cn )) ()

The output diodes voltage stress (Vp peax), current stress
(I p peak)> and the average current (Ip .y¢) are equal to V,,, (71,),
and [,, respectively.

The proposed converter switches and diodes voltage stress
versus the duty cycle are shown in Fig. 6(a). According to this
figure, at duty cycles close to 0.5, the switches voltage stress
is at its minimum value, while the diodes voltage stress is at
maximum.

According to the aforementioned analysis of the semiconduc-
tor elements voltage and current stresses, appropriate switches
and diodes can be selected.

C. Soft-Switching Condition

In the proposed converter, both currents /7, pp and I, flow
through the main switches. Therefore, the effect of both of
these currents should be considered in investigating the ZVS
condition. At t3, I, is positive (and I}, pp is always positive),
so (-(I-+1I1pp)) current is negative at Sy turn-ON instant and
provides a strong ZVS turn-ON for S;. However, I, is negative
atty,and (I1,+ I, pp) currentis responsible for providing the Sy
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Fig. 6. (a) Switch and diode voltage and current stress at various duty cycles.
(b) Switch current stress and C-o voltage versus C', .

ZVS turn-ON condition. Therefore, the ZVS turn-ON condition
is more critical for Sy; as a result, if the ZVS turn-ON condition
is provided for Sy, it would also be provided for S5. To ensure
S1 ZVS turn-ON condition, condition (12) must be satisfied for
the entire input voltage and operating duty cycles.

Coss VSl ,peak
la
where C,, is the switch output capacitor and ¢ is the deadtime

between the switches gate signals.

—(Irr(t7) + IBB(t7)) = (12)

IV. EXPERIMENTAL RESULT

To verify the proposed converter performance, a 21-W lab-
oratory prototype operating at 200 kHz switching frequency is
realized and tested for the wide input voltage range of 12-40 V
and 350 mA output current.

The characteristic impedance Zy = 17 €2 is obtained using
(7). By obtaining the Z value, the values of L,. = 13.6 H and
46.9 nF are calculated from the following relations:

B Zo B 1
T onf, 0 TN T onfZy

The resonant capacitors ratio C,, < 2 is necessary for sat-
isfying the soft-switching condition set by (12). However, as
shown in Fig. 6(b), the switches current stress and C'.o voltage
amplitude increase with decreasing C),. Therefore, C,, = 2 is
chosen to provide the switches ZVS turn-ON condition while
preventing increased conduction loss and C,. voltage amplitude.
By determining the C),, and C; values, C,o = 93.8 nF is

L, 13)

0=1

Load-Independent
Operation 0.5

1/(Vinl Zy)

1.5 2 25 01 02 03 04 05 06 07 08 09 1

Duty Cycle, D

(©

Current gain graphs. (a) LCC resonant network at different quality factors. (b) LCC resonant network at different resonant capacitors ratios. (c) Normalized

TABLE I
PROTOTYPE PARAMETERS AND COMPONENTS

Parameter/Component Specification
DC Input Voltage, Vi, 12-40 V
Output Current, I, 035 A
Output Power, P, 21 W
Switching Frequency, fs 200 kHz
Resonant Inductor, L, 13.6 uH
Resonant Capacitor, C'q 46.9 nF
Resonant Capacitor, C)-2 93.8 nF
Buck-Boost Inductor, Lgp 200 puH
Buck-Boost Capacitor, Cpp 22 uF
Output Capacitor, C, 33 uF
Main switches, S1, So IPPO75N15N3G
Sedondary Diodes, Dy1, Do2 SB560L

Fig. 7. Implemented converter prototype.

calculated as C,o = C)q C),. Designing L,, is just like the
conventional buck—boost converter for current ripple below 10%
as follows:

~ VuD
"0 Lpsfs

The proposed converter prototype specifications are given in
Table I, and the picture of the implemented converter prototype
is shown in Fig. 7. According to the prototype circuit, EE 22-19
ferrite core with PC44 material is employed for the resonant
inductor. Also, high-quality low ESR MKT capacitors are used
for the resonant capacitors (C,; and C,s). The diodes and
switches experimental current and voltage waveforms for 12 and
40 V input voltages are presented in Figs. 8 and 9, respectively.

> 200 pH. (14)
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As observed, the switches ZVS turn-ON and diodes ZCS turn-OFF
condition for the entire input voltage range is maintained, which
causes limited switching and reverse recovery losses, respec-
tively. The resonant network elements waveforms for high and
low input voltages are shown in Fig. 10. In Fig. 11 the dynamic
response of the proposed converter with abrupt input voltage
changes from 12 to 40 V and vice versa is shown. Similar to
the method presented in [4] and [20], in the experiment, an
additional small inductor of 10 pH is used in series with the
LED load to reduce the current surges during the input voltage
transitions. The proposed converter detailed loss breakdown
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Fig. 11. Dynamic response of the proposed converter with input voltage
changes from 12 to 40 V and vice versa.

analysis at Vi, = 12 V and Vj, = 40 V are shown in Fig. 12,
and the efficiency versus input voltage is illustrated in Fig. 13.
As shown, the highest efficiency of the proposed converter is
about 98.15%. This high efficiency of the proposed converter
comes from the ZVS switched structure, and the output power
is delivered through no-processed paths and also operating at
the resonance frequency. The proposed converter is compared
with some nonisolated load-independent wide-input ZVS soft-
switched fixed-frequency resonant converters in Table II. As
observed, the proposed converter has alower component number
than [1] and [20] and same component number with [4]. Also, the
proposed converter efficiency is much higher than other coun-
terparts. In addition, the proposed converter has lower circuit
complexity in comparison with [1] and [20], which use six and
four power switches, respectively. It should be noted that the
converter presented in [1] suffers from circulating current due
to its phase-shifted control.
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TABLE 11
COMPARISON OF WIDE INPUT STATE OF THE ART ISOLATED CONVERTERS

Topologies [4] [20] [1] Proposed Converter

Switches 2 4 6 2
Diodes 2 4 - 2
Capacitors 2 2 2 2
Inductors 2 2 3 2
Magnetic Cores 2 2 3 2

Resonant Tank Type LCC LC LCL LCC

Operation PWM PWM PSC” PWM

Maximum Efficiency (%) 95.8 94.1 87.5 98.15
Rated Power (W) 40 22.77 20 21

*. Phase Shifted Control

V. CONCLUSION

A novel highly efficient nonisolated constant output current
resonant converter with low element count for wide input voltage
range applications is proposed in this article. A buck—boost
is combined with an LCC resonant converter to increase the
wide voltage conversion ratio range. Also, the input voltage
source and the buck—boost output are connected in series with
the voltage-doubler rectifier output to improve the efficiency by
decreasing the processed power. This such topology also brings
other advantages, such as wide adjustable voltage gain and low
inverter switches, and output rectifier diodes voltage stress. The
load-independent output current specification is achieved by
operating the LCC network at resonant frequency. All proposed
converter switches and diodes operate at soft switching within
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a wide range of the input voltages and load conditions. The
results are obtained from a converter laboratory prototype with
a wide input voltage range of 12—40 V and 0.35 A constant
output current, which is regulated by a fixed-frequency PWM
control scheme that validates the converter theoretical analy-
sis. The proposed converter achieves a high peak efficiency
of 98.15%.
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