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LLC Resonant Converter With Semiactive Variable-Structure Rectifier
(SA-VSR) for Wide Output Voltage Range Application

Hongfei Wu, Yuewei Li, and Yan Xing

Abstract—A semiactive variable-structure rectifier (SA-VSR) is
proposed for the LLC resonant converter to achieve wide out-
put voltage range power conversion. The SA-VSR is composed
of two active switches and two diodes. The SA-VSR is operated
as a voltage-doubler rectifier when the duty cycle of the active
switches is (.25, whereas it is a voltage-quadrupler rectifier when
the duty cycle of the active switches is 0.5. Hence, the output voltage
range is extended by adaptively changing the operation mode of
the rectifier, which results in reduced switching frequency range,
circulating current, and conduction losses of the LLC resonant con-
verter. The switches’ switching frequency of the SA-VSR is halved
in comparison with the switches on the primary side of the LLC
resonant converter, and zero voltage switching and zero current
switching are achieved for all the active switches and diodes, re-
spectively, to reduce the switching losses. The operation principles
are analyzed and a 1.5-kW prototype with 400-V input voltage and
100-500-V output voltage is built and tested to verify the feasibility
of the proposed method.

Index Terms—LLC resonant converter, variable structure,
voltage doubler, voltage quadrupler, wide voltage range.

1. INTRODUCTION

LC resonant converter is gaining much more attention than
L ever before and has been applied in several applications,
such as power supplies for servers [1], front-end converters for
renewable power systems [2], and battery chargers for electrical
vehicles [3]. Despite its excellent zero-voltage-switching (ZVS)
and zero-current-switching (ZCS) performance, an LLC reso-
nant converter is still evolving. In fact, many tradeoffs between
conversion efficiency and operation range are still necessary to
meet the needs of various applications. Hence, new topological
variations and innovations have been continuously emerging
[4], [5].
High efficiency and high power density can be achieved eas-
ily if the LLC converter operates around the resonant frequency.
However, it is difficult to realize a wide range of voltage/load
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regulation while maintaining high efficiency within the entire
voltage and load ranges. Improved design methods have
been proposed to fully utilize the regulation and conversion
capabilities of the LLC resonant converter, and thus, extend the
input and output voltage ranges [6]-[9]. But low efficiency is
still inevitable once the switching frequency is far away from
the resonant frequency of the resonant tank due to the large
circulating current associated with the magnetizing inductance.
Improved topologies with variable-structure principles have
been proposed for the LLC resonant converter to extend the
voltage gain range. In [10], a hybrid three-level configuration
is proposed for the LLC resonant converter, where the voltage
gain range is doubled using three-level and two-level operation
modes. In [11], a hybrid full-bridge and half-bridge operation
scheme is proposed for wide input voltage application. In
this case, the voltage gain range of the LLC converter is
doubled as well. In [12], a two-transformer-based LLC resonant
converter is proposed to extend the voltage gain range by
adaptively changing the equivalent turns ratio and magnetizing
inductance of the resonant converter. The voltage gain range
can be extended and the switching frequency range of the LLC
resonant converter can be reduced by using these methods.
However, these primary-side variable-structure topologies are
suitable for wide input voltage range with constant output
voltage applications, but unsuitable for the wide output voltage
range with constant input voltage applications, e.g., the battery
charger for electric vehicles. When the output voltage increases,
even though the primary-side structure is changed, the flux and
the magnetizing current at secondary-side winding of the trans-
former will increase, resulting in higher core and conduction
losses.

To overcome the drawbacks of the LLC converter, achiev-
ing wide output voltage range and meantime maintaining high
conversion efficiency, this letter proposed a novel semiactive
variable-structure rectifier (SA-VSR) for the LLC converter. The
output voltage range is doubled by adaptively operating the SA-
VSR as a voltage-doubler and a voltage-quadrupler rectifier

(VQR).

II. PROPOSED LLC RESONANT CONVERTER WITH SA-VSR
AND OPERATION PRINCIPLES

A. Proposed Topology

A full-bridge LLC resonant converter with the proposed SA-
VSR is shown in Fig. 1. The SA-VSR is composed of a switched
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Fig. 1. Topology of the proposed LLC resonant converter with SA-VSR.

capacitor Cj, two active switches S5 and S, two diodes D, and
D5, and two output capacitors C,; and C,o. With the help of
the two active switches S5 and S, the discharging circuit of
the switched capacitor C, can be regulated and changed. If the
discharging current of C}, is always supplied to the series com-
bination of C',; and C,9, the SA-VSR is operated as a voltage-
doubler rectifier (VDR), in which case the output voltage V,,
is two times of the voltage on Cy, Vi, i.e., V, = 2V, If the
discharging current of Cj, is supplied to C,; and C,9 alterna-
tively, the SA-VSR is operated as a voltage-quadrupler rectifier,
in which case V,, = 4V>;,. Meanwhile, the switches and diodes
in the SA-VSR only sustain half of the output voltage due to the
symmetrical configuration of the rectifier.

B. Operation Principles

The operation principles of the primary-side switches 51 —S4
are the same as the conventional full-bridge LLC resonant con-
verter. All the switches S7—.S54 have the constant duty cycle of
0.5, S7 and S, turn ON and OFF simultaneously, while Sy and
Ss share the same gate signal. Variable frequency modulation is
adopted to regulate the output voltage and power. The switching
frequency fg can be less, equal or greater than the resonant fre-
quency f, of the resonant tank. Considering the ZVS and ZCS
performance, fs < f, is preferred. The secondary-side switches
S5 and Sg are driven in the interleaved fashion (with 180° phase
shift). Meanwhile, only one of the two switches S5 and Sg is
turned ON when the primary-side switches Sy and S5 are turned
ON. Therefore, the switching frequency of S5 and Sg is halved
in comparison with the switching frequency of the switches S
and S3. When the converter operates in the VDR mode, the
duty cycle of S5 and Sg dg56 = 0.25, whereas dgs¢ = 0.5 if the
converter operates in the VQR mode. The operation principles
with different frequency is similar with each other, only the case
fs < f- is analyzed here.

1) VDR Mode: The key waveforms of the proposed LLC
converter in the VDR mode is shown in Fig. 2. There are six
switching stages in one switching cycle. The equivalent circuit
of each switching Stage is shown in Fig. 3.

Stage I [ty, t,][See Fig. 3(a)]: Before ty, S; and S; are ON,
all the switches and diodes on the secondary side are OFF, L,
and L, resonates with C\.. At ty, S; and Sy are OFF, the body
diodes of Sy and S5 are ON due to the positive resonant current.
Meanwhile, the body diodes of S5 and S are ON.

Stage Il [y, to] [See Fig. 3(b)]: Atty, So, S5, and S are turned
ON with ZVS.
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Fig. 2. Key waveforms of the converter in the VDR mode.

During Stages I and II, L, resonates with C,., and the capacitor
Cy is charged by the resonant current. The voltage vxg applied
on the secondary winding of the transformer is

vns = — V. (1)

Stage 111 [15, t3][See Fig. 3(c)]: At t2, the body diode of Sg
is OFF. L, and L,, begins to resonates with C,..

Stage IV [ts, t1][See Fig. 3(d)]: At t3, S,,S5, and S5 are
turned OFF. It should be noted that S5 is turned OFF with zero
voltage and zero current. The body diodes of .S; and S, are ON.
Meanwhile, the rectifying diodes D; and D, are ON.

Stage V [t4, t5][See Fig. 3(e)]: At ty, S; and S, are turned
ON with ZVS.

During Stages IV and V, L, resonates with C,., and the capac-
itor Cy, is discharged by the resonant current. The discharging
current is supplied to C,; and C,5 simultaneously because both
S5 and Sg are OFF. Therefore, the voltage applied on the sec-
ondary winding of the transformer is

uns =V, — Vo ()

Stage VI [t5, tg][See Fig. 3(f)]: At t5, the discharging current
decreases to zero, and the diodes D, and D> are OFF. L, and
L,, begins to resonate with C,.

It should be noted that the switch S5 is operated as a syn-
chronous rectifying switch and Sg is OFF in this switching
cycle. In the next switching cycle, the roles of S5 and Sg will
be exchanged. The operation principles are similar and not an-
alyzed again.

2) VOR Mode: The key waveforms of the converter in the
VQR mode are shown in Fig. 4. In comparison with the VDR
mode, the only difference is that the duty cycle dgs¢ of the
secondary-side switches S5 and S is increased to 0.5. So, S5
and Sg are driven complementary, but the switching frequency
of S5 and Sg is halved as well compared to the primary-side
switches. There are six switching stages in one switching period.

The operation principles and equivalent circuits of the Stages
1[t9, 1], I [#1, t2], and III 2o, £3] in the VQR mode are the same
as that of Stages I, II, and III, respectively, in the VDR mode.

Stage IV [ts, t4]: At t3, So and S3 are turned OFF, but S;
stays in ON-state. The body diodes of S} and Sy are ON, and
the rectifying diode Dy is ON, as shown in Fig. 5(a).
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Fig. 3. Equivalent circuit of the VDR mode, (a) [0, #1], (b) [t1, 2], (¢) [f2,
131, (d) [23, 4], (&) [ta, 5], and () [15, 1]

Stage V [14, t5]: Atty, S1 and Sy are turned ON with ZVS.

During stages IV and V, L, resonates with C, and Cj is
discharged. Since S5 is ON, the discharging current of Cj, is
supplied to the output capacitor C,2 only. Therefore, the voltage
applied on the secondary winding of the transformer is

Vo
UNS =5 Vew.- 3)

It should be noted that, in the next switching cycle, the dis-
charging current will be supplied to C,,; only because Sg is ON
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Fig. 4. Key waveforms of the converter in the VQR mode.

Fig. 5.
[t5. t6].

Equivalent circuit of the VQR mode, (a) [f3, t4], (b) [t4, t5], and (c)

and S5 is OFF in the next switching cycle. As a results, the
voltages on C,; and C, are autobalanced and equal to 0.5 Vo.

Stage VI [t5, tg]: At t5, the current flowing through D, de-
creases to zero and Ds is OFF naturally with zero current. There
is no current supplied to the output in this stage even though
S5 is ON. On the primary side, L, and L,, begins to resonates
with C,.

III. CHARACTERISTICS AND ANALYSIS

A. Voltage Gain

When the converter operates in the VDR mode, according to
(1), (2), and the volt-second balance of the transformer

— Ve + (Vo — Vi) = 0. 4)
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Fig. 6.  Gain curves of the proposed converter.
Therefore

V, =2V, (5)

Similarly, when the converter operates in the VQR mode,
according to (1) and (3)

Vo = 4Vey. (6)

When the power is transferred to the secondary side, the
voltage applied on the secondary winding of the transformer, is
always V1, hence, the normalized voltage gain of the resonant
tank, Mp, is defined to be

_ NpVon

Ve
My — 2 PYCb
f NS‘/in

nViy

(N

where Np, Ng, and n are the primary winding, secondary wind-
ing, and turns ratio of the transformer. Then, the normalized
voltage gain of the proposed LLC resonant converter, Mic,
can be derived as

2Mp, VDR mode

Mprc = = 3
4Mp,VQR mode.

The normalized gain curves of the proposed converter is il-
lustrated in Fig. 6, where it is shown that the gain range can be
extended by adaptively change the operation mode of the SA-
VSR. An extremely wide output voltage range can be achieved
with a narrow switching frequency of the resonant tank. In prac-
tice, in order to regulate the output voltage continuously, the
maximum voltage gain of the VDR mode must be no less than
the minimum voltage gain of the VQR mode.

B. Feedback Control and Mode Transition

The control block diagram of the proposed converter is shown
in Fig. 7. The output power is regulated with closed-loop con-
trol by varying the switching frequency of the switches, while
the operation mode and structure of the SA-VSR is determined
by the duty cycle of the switches S5 and Ss. As shown in
Fig. 7, the operation mode of the SA-VSR is open-loop con-
trolled and selected by comparing the output voltage v, and the
threshold voltage Vy,. In the VDR mode, the duty cycle of Sj
and Sg is dgs6 = 0.25, whereas dg5¢ = 0.5 in the VQR mode.
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Fig. 7. Control block diagram of the proposed converter.

When 0.25 < dg56 < 0.5, the converter will operates in a hy-
brid mode, which is a combination of the VDR and VQR modes.
As the duty cycle dg5¢ increases, the average operation time of
the VDR mode will decrease and the average operation time of
the VQR mode will increase, which means the normalized volt-
age gain will increase and be proportional to dgs5¢. Therefore, to
switch the operation mode of the converter from the VDR mode
to the VQR mode smoothly, we only need to increase dgs¢ from
0.25 to 0.5 continuously. During the mode transition, the output
voltage/power can be regulated as well by varying the switching
frequency of switches with closed-loop control. Therefore, the
mode transition can be realized very easily.

C. Soft-Switching Performance

ZVS can be achieved for the primary-side active switches
within in the entire operation range with the proposed converter,
which is the same as the conventional LLC resonant converter.
Meanwhile, according to the operation principles of the con-
verter, ZVS turn ON and ZCS turn OFF can be realized for
all the secondary-side active switches and diodes, respectively.
Furthermore, when the capacitor Cj, is charged, one of the two
switches S5 and S is operated as a synchronous rectifying
switch, which means the charging current only flows through
one body diode of the two active switches on secondary side.

D. Performance Comparison

The proposed LLC resonant converter is more suitable for
wide output voltage range applications, while the primary-side
variable-structure LLC resonant converters presented in [10]-
[12] are good candidates for wide input voltage range applica-
tions. Among these solutions, the converters presented in [10]
and [11] are more cost effective, because there is no additional
component introduced in comparison with the conventional LLC
resonant converter. However, two active switches have to be
used on the secondary side of the proposed converter, which
will lead to higher cost and complicate the driving and con-
trol circuit. Meanwhile, the current on the secondary side of
the proposed converter always flows through two devices that
may lead to high conduction loss. However, the voltage stress
of the secondary-side switches/diodes is only half of the output
voltage. Therefore, the proposed converter is more suitable for
high output voltage applications. It is clear that each solution
has its advantages and disadvantages. It should be noted that the
proposed SA-VSR and the primary-side variable-structure so-
lutions can be combined to further extend the operation voltage
ranges of the conventional LLC resonant converter.
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IV. EXPERIMENTAL RESULTS

A 1.5-kW experimental prototype for battery charging ap-
plication is built based on the proposed LLC resonant con-
verter. The parameters are as follows. Vi, =400 V £ 10V,
V, = 100-500 V, maximum output current I,n.x = 3A, S1—
Sy IXTH28N50Q, S5 and Sg: IRFP4868, D; and Ds:
DPG30C400HB, transformer’s turns ration = Np : Ng = 32 :
6, L,, = 400 uH, L, = 130 uH, C, = 20 nF, the resonant fre-
quency f, = 100 kHz, and the switching frequency range is
about 70-150kHz. The control shown in Fig. 7 is adopted and
realized using a digital signal processor (DSP) MC56F8247.
According to these parameters, the output voltage of the reso-
nant converter at the resonant frequency is 150 and 300 V in the
VDR mode and VQR mode, respectively.

The steady-state switching waveforms of the proposed LLC
converter in the VDR mode with output current I, = 3A and
output voltage V, = 200 V are shown Fig. 8. It can be seen that
the waveforms are the similar to the conventional LLC converter.
The ON-time of S5 is the same as that of .Sy, but the duty cycle
of S5 is 0.25 while the duty cycle of S5 is 0.5, which means
the switching frequency of S5 is halved in comparison with
So. From Fig. 8(b), it can be seen that ZVS is achieved for
the secondary-side switch S5. Meanwhile, the maximum drain—
source voltage of S5 is only 100 V, which is a half of the output
voltage.

The steady-state switching waveforms of the proposed LLC
converter in the VQR mode with output current /, = 3A and
output voltage V, = 500 V are shown in Fig. 9. It can be seen
that, in the VQR mode, the ON-time of S5 is two times of that

3393

Tek (Fit [

]
(4 us/div)

i, (10A/div) '
.-\.\/‘-/\..\/“‘/\\J

= J i< (10V/div)
—— '
T ! TN S I
B | s ,umz((] 0V/div) J JL
S| = \
(a)
Tekfl: |

]
“t(4 ps/div)

B

» Hpss (200V.
Y e W
o | M AR l|‘1 g

f
r
[ o s 10V/diy)

[]{JVhSiv) J
\iaemint

(b)

Fig. 9. Switching waveforms in the VQR mode, (a) iy, ,ugss,ugs: and
ugs2, (0)ir,,ugss, upss (drain-source voltage of S5), and uggs.

i, (1A/div)
v, (100)/div)

| H(1s/div)|

—Foom i .-'_.L:;(-}I_Till'l_ ——7GONT i
[ L] L
dg =025 doss 7035 || dess 705
r f— it :}\m- - i w;h

Fig. 10. Experimental waveforms of mode transition.

of S; and S, and the duty cycle of S5 is 0. 5. From Fig. 9(b),
it can be seen that ZVS is achieved as well for the secondary-
side switch S5..S5 only sustain 250-V voltage stress when the
output voltage is 500 V. The steady-state waveforms satisfy the
analysis pretty well.

The mode transition waveforms are shown in Fig. 10. This
converter is designed for an electric vehicle battery charger
application. Resistive load is used to test the mode transition
waveforms. The threshold voltage is set at 285 V. When the
output voltage is lower than 285 V, the converter operates in the
VDR mode, whereas it works in the VQR mode when the output
voltage is higher than 285 V. The mode transition is triggered by
changing the load resistance and increasing the output voltage.
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It can be seen that smooth mode transition is achieved and the
output current is controlled to be 3 A when the output voltage
increases.

In steady state, the ZVS performance of the proposed con-
verter is exactly the same as the conventional LLC resonant con-
verter, which means ZVS can be achieved within the entire volt-
age and load ranges. However, it should be noted that ZVS can be
achieved as well even when the converter operation in the tran-
sition mode with 0.25 < dg5¢ < 0.5. The switching waveforms
of S5 when dg56 = 0.35 are shown in Fig. 11. It can be seen that
zero-voltage turn ON has been realized. However, zero-current
turn OFF cannot be achieved, and the turn OFF loss is high due
to the high turn OFF current. Therefore, 0.25 < dg5¢ < 0.5 is
not recommended for steady-state operation.

The efficiency of the proposed LLC resonant converter is
tested and shown in Fig. 12. It can be seen that higher efficiency
can be achieved with the VDR mode when the output voltage
is lower than 285 V, while higher efficiency is achieved with
the VQR mode when the output voltage is higher than 285 V,
which means 285 V is preferred for the threshold voltage.
Experimental results indicate that high efficiency within the
entire output voltage range (100-500 V) can be achieved by
dynamically changing the operation mode and structure of the
rectifier.

V. CONCLUSION

A straightforward and simple method for extending the
output voltage range of the LLC resonant converter has been
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proposed and verified in this letter. In order to increase the
output voltage range while reduce the normalized voltage
gain range of the LLC resonant converter, an SA-VSR has
been proposed. The SA-VSR can works as either a VDR or
a VQR. Therefore, in comparison with the conventional LLC
resonant converter with a passive rectifier, the output voltage
range of the proposed converter can be doubled. Duty-cycle
control is applied to the SA-VSR to adaptively change the
operation mode and achieve smooth mode transition. ZVS
turn ON and ZCS turn OFF have been achieved for all of the
active switches and diodes, respectively, in the converter. The
switches and diodes in the SA-VSR only suffer from half of the
output voltage, which makes the proposed rectifier suitable for
high-voltage applications. Experimental results on a 1.5-kW
prototype with 400-V input voltage and 100-500V output
voltage verify the effectiveness and feasibility of the proposed
solution.
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