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A Secondary-Side Phase-Shift-Controlled LLC Resonant Converter
With Reduced Conduction Loss at Normal Operation for Hold-Up
Time Compensation Application

Hongfei Wu, Member, IEEE, Tiantian Mu, Xun Gao, and Yan Xing, Member, IEEE

Abstract—A novel secondary-side phase-shift-controlled (SS-PSC) LLC
resonant converter is proposed for applications requiring hold-up time op-
eration, such as distributed power systems and server power supplies. High
efficiency at the normal input voltage is achieved because the proposed SS-
PSC LLC converter always operates at the series-resonant frequency of the
resonant tank. The magnetizing inductor of the proposed converter does
not need to be reduced to provide desired voltage boost ratio for the hold-up
time operation, which results in reduced conduction losses and improved
efficiency. Sufficient voltage boost ratio for the hold-up time operation is
provided by using SS-PSC strategy. In comparison with the conventional
variable-frequency-controlled (VFC) LLC resonant converter, the main
advantages are that the circulating current caused by the magnetizing
inductor is effectively suppressed and the efficiency of normal operation
is significantly improved. The operation principles, output characteristics,
and design considerations of the proposed converter are presented in detail.
Experimental results are given to verify the effectiveness and the advan-
tages of the proposed solutions.

Index Terms—DC-DC converter, hold-up time compensation, LLC
resonant converter, phase-shift control.

1. INTRODUCTION

OLD-UP time is a special requirement for the distributed
H power systems and server power supplies, which require
continuous output voltage regulation for certain time after input
ac line dropout [1]. During the hold-up time, i.e., during the
ac line dropout, the energy of the front-end dc/dc converter is
provided by the bulky link capacitors. To minimize the size of the
hold-up time capacitors and to reduce the cost and improve the
power density, a requirement for the front-end dc—dc converter
is that it should be able to provide regulated output voltage in a
wide input voltage range [2].

There have been many topologies proposed for the front-end
dc—dc converter. Among them, the LLC resonant converter is the
most attractive topology due to its excellent soft-switching per-
formance and voltage step-up capability [3]-[6]. Fig. 1 shows

Manuscript received February 10, 2015; revised March 15, 2015; accepted
March 27, 2015. Date of publication April 1, 2015; date of current version May
22, 2015. This work was supported in part by the National Natural Science
Foundation of China under Grant 51407092, in part by the Natural Science
Foundation of Jiangsu Province, China under Grant BK20140812, in part by
grants from the Power Electronics Science and Education Development Program
of Delta Environmental & Educational Foundation (DREG2014012), and in
part by the Jiangsu Province University Outstanding Science and Technology
Innovation Team Project.

The authors are with the Jiangsu Key Laboratory of New Energy Gener-
ation and Power Conversion, College of Automation Engineering, Nanjing
University of Aeronautics and Astronautics, Nanjing 210016, China (e-mail:
wuhongfei@nuaa.edu.cn; mutiantiani@nuaa.edu.cn; gaoxun@nuaa.edu.cn;
xingyan @nuaa.edu.cn).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

= ",JII'

_ Operation
Point

in_nam

Design
Point

5
fn_min

- Hold-up time =

1 1,

Fig. 1. Hold-up time operation for dc—dc converter.

the design relationship with hold-up time requirement for a
front-end LLC resonant converter. Generally, the normal op-
eration point is designed at the series-resonant frequency to
maximize the efficiency and realize unity voltage gain [3], [4].
However, as for the hold-up time requirement, the parameters
of the LLC converter have to be designed according to the min-
imal input voltage, resulting in bulky magnetizing components
and low efficiency of the normal operation point due to large
circulating current of the magnetizing inductance. Many design
methods have been presented to optimize the efficiency and ex-
tend the operating range of the LLC resonant converter [6]—[8].
Unfortunately, to satisfy the voltage step-up ratio during the
hold-up time, the magnetizing inductance of the LLC resonant
converter has to be decreased leading to increased circulating
current within the entire operation range, which will affect the
efficiency of the normal operation. In other words, the perfor-
mance of the LLC resonant converter at the normal operation
point will be degraded ineluctably when considering the hold-up
time requirements.

If the resonant converter always operates at the series-
resonant frequency, operating as a dc—dc transformer [9], the
efficiency can be maximized, but the voltage regulation ability
is lost. To achieve voltage regulation for a dc—dc transformer,
active-boost rectifier with secondary-side phase-shift control
(SS-PSC) is proposed in [10] by Wu et al. This drops a hint
that the output voltage of a resonant converter may also be reg-
ulated through the secondary-side rectifier. To maximize the
efficiency of normal operation point and provide sufficient volt-
age gain for the hold-up time requirement, an improved LLC
resonant converter with SS-PSC is proposed in this letter. The
proposed converter always operates at the series-resonant fre-
quency. Voltage step-up during hold-up time is realized with
phase-shift control rather than variable frequency. As a result,
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Fig. 2. Proposed SS-PSC LLC resonant converter.
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Fig. 3. Key waveforms of the proposed converter for normal operation with
p=0.

when designing the magnetizing inductor, only the achievement
of soft-switching is considered, which can help to reduce the
circulating current and maximize the efficiency at the normal
operation.

II. PROPOSED TOPOLOGY AND CONTROL STRATEGY

The proposed SS-PSC LLC resonant converter is shown in
Fig. 2. The difference of the proposed converter in comparison
with a traditional LLC resonant converter is that a hybrid full-
bridge rectifier composed of two diodes and two synchronous
rectification switches is employed. The proposed converter op-
erates at the constant series-resonant frequency f, determined
by the resonant tank

1

Jr= 2L, C,.

(D

In Fig. 2, the combination of S,; and S,» functions as a
bidirectional switch, which can short the transformer winding,
and make the voltages of input and resonant capacitor charge the
resonant inductor L, directly. When the bidirectional switch is
OFF, L, discharges and voltage step-up can be realized, which
is similar to a boost converter and the same as the active-boost
rectifierin [10]. So, the voltage step-up of the proposed converter
is realized by regulating S,; and S,s.

A. Normal Operation

In the normal state, the operation of the proposed converter is
the same as the LLC resonant converter. The key waveforms of
the normal operation are illustrated in Fig. 3, where the phase-
shift angle ¢, the phase-difference between the turn-off signals
of Sp1(Se2) and S &S3 (S1&Sy) is zero. Syq and S,o are used
as synchronous rectification switches.
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Fig. 4. Waveforms of the hold-time operation.

Since the switching frequency is fixed at the series-resonant
frequency f,, the normalized voltage gain G is
NV,
T
where N is the primary-to-secondary turns ratio of the trans-
former, and Vi, and V,, are the input and output voltages. Sim-
ilar to the traditional LLC resonant converter, soft-switching of
all of the primary-side switches S;—S, the secondary-side syn-
chronous rectification switches S,; and S,2, and diodes D, and
D,5, can be achieved for the normal operation. It may also be
noted that both the controlled switches on the secondary-side
are referenced to output ground, which results in an easier gate
drive.

Gys=y, = 1 @)

B. Hold-Up Time Operation

The key waveforms of the proposed SS-PSC resonant con-
verter during the hold-up time operation are shown in Fig. 4,
where the phase-shift angle ¢ is employed to boost the output
voltage during the hold-up time. There are totally ten switch-
ing stages in one switching cycle. Due to the symmetry of the
operation, only half of the switching cycle Stage 1-Stage 5 are
analyzed here. The equivalent circuit of each switching stage is
shown in Fig. 5. It should be noted that, for simplicity, the reso-
nance between the magnetizing inductance L, and the resonant
capacitor is neglected in the following analysis, because L, is
sufficiently large and the current 7y, is sufficiently small to be
neglected.

Stage 1 [ty,t1] [see Fig. 5(a)]: Before 1y, Sa, S, and S, are
ON, both D,; and D,,5 are OFF. At ty, So and S3 are turned OFF.
Because of the negative value of magnetizing inductor current
i1m, the body-diodes of S; and S, begin to conduct, resulting
in a positive voltage across the primary side of the transformer.
As S, remains ON, the secondary-winding of the transformer
is shorted by S,; and the body diode of S, resulting in zero
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Fig.5. Equivalent circuit of (a) Stage I [to, t1], (b) Stage 2 [t1, 2], (c) Stage 3
[tz s tg], (d) Stage 4 [t3 1 ], and (e) Stage 5 [t4 , t5].

voltage across the magnetizing inductor. So, L,. and C,. begin to
resonate. At the beginning of the resonance, the voltage across
C,,vc, is at its minimum value —AVg,., which can be calcu-
lated according to the charge balance of the resonant capacitor
and expressed as

P, V2 1

o

4fSV;nCr - R704fSV;nCT

where f; is the switching frequency, and P, and R, are the
output power and load resistance, respectively.
Stage 2 [t1, t2] [see Fig. 5(b)]: Atty, Sy and Sy are turned ON
with ZVS. This stage ends until S,; is turned OFF at t5.
During Stage I and Stage 2, the resonant inductor current 7y, ,
is expressed as

AVe, = 3

. ‘/111+AV/T
ine(t) = TC

where Z, = /L, /C,,and w, = 27 f,.
Stage 3 [ta,t3] [see Fig. 5(c)]: At ty, the current in L, is
charged to an initial condition from the previous stage, which is

sinw, (t — to) %)
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expressed as

i (t ) o Vgn""AVCr sin wr _Vin"i_AVCr
Leife) == orfs 2

and S, is turned OFF. The diode D,; and the body diode of
So2 begin to conduct.

Stage 4 [t3, t4] [Fig. 5(d)]: At ts, So2 is turned ON with ZVS.

The operation principles of Stage 3 and Stage 4 are similar to
the traditional LLC resonant converter. In these two Stages, L,
and C, resonate, as the power is transferred to the load, and the
magnetizing inductor current iy, increases linearly due to the
positive voltage applied on the L,,. The resonant current ¢z, is
expressed as

sing  (5)

. NVO - V111+AVC7’
ZLI-(t) = 7

where 6 is the initial angle and can be calculated according to
(5) and (6), and can be expressed as

‘/in‘FAVCr
N‘/o - V;n"'AVCr

Sin[91 —+ w, (t — tg)} (6)

0, = arcsin ( sinap) . 7

Stage 5 [ty,t5] [see Fig. 5(e)]: At t4, the current flowing
through the secondary-winding of the transformer reaches zero,
and the diode D,,; is OFF naturally and without reverse recovery.
The converter enters an idle mode where no power is being
transferred from the source to the load. The operation of this
stage is also similar to the traditional LLC resonant converter.
However, because the magnetizing inductance is sufficiently
large, although L,,, and L, resonate with C)., the resulted voltage
ripple on C; is neglected and the resonant current iz, in this
stage is treated to be zero in the following analysis.

A similar operation works in the rest stages of a switching
period, with the roles of S; and So, S3 and Sy, D, and D,9,
and S,; and S,9 exchange.

III. CHARACTERISTICS AND DESIGN CONSIDERATIONS
A. Voltage Conversion Ratio

According to the aforementioned analysis, the average current
of the resonant inductor L,, which is equivalent to the average
input current I;;,, can be obtained as

ty
Iin = 2fS\/ iLr(t) = 2.f5

to

x<WﬁN@/BMW+N%_%ﬁN@/mww>
err 0 err 01

(®)

Ignoring the power losses, input current can also be calculated
as

Iin - Rn/‘/in = Po/‘/in = ‘/(?/(‘/inRo) (9)

Substitute (7) and (9) into (8), the relationship between the
normalized voltage conversion ratio G and the phase shift angle
 can be derived

| N R O RR PR
Grs=1, (9, @) = VrQ(1 + cos ©)

(10)
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where Q is the normalized quality factor and can be defined as

Zy
N2R,’

From (10), when ¢ = O and cos¢ = 1, wehave Gy5— s, = 1,
which is the same as (2). Meanwhile, when ¢ is in the range
of 0-m, cosy is inversely proportional to ¢. So, Gys—y, is
proportional to ¢, which means the voltage gain is greater than
1 when ¢>0.

Q=

(1)

B. Design Consideration

The design of the proposed converter is very similar to the
LLC-based dc—dc transformer [9], which always operates at the
series-resonant frequency and has no voltage regulation ability.
For the applications in this paper, the transformer turns ratio N
is selected according to the normal input voltage Vi, oy »

N _ VEII -norm
Vo

The resonant tank, L, and C), should be designed according
to the resonant frequency. Meanwhile, the required voltage boost
ratio and maximum phase-shift angle under minimum input
voltage and full-load should be taken into consideration, when
selecting L, and C,., because the voltage ratio is affected by the
quality factor Q, as indicated by (10).

The magnetizing inductance of the proposed SS-PSC LLC
resonant converter should be selected to be as large as possible
to reduce the circuiting current-related conduction loss. The only
consideration for the magnetizing inductance is the realization
of ZVS of the primary-side switches at the normal input voltage.
The ZVS condition of the primary-side MOSFET can be given
by

(12)

ILm_pkrTDT > 20055‘/111_110rm (13)

where C, is the drain-source capacitance of the primary-side
switches, Tp is the dead-time of the primary-side switching
bridge, and Iy, . is the peak value of magnetizing current

‘/iH_IlOI"H]
Iim o = —. (14)
Fmpk 4Lm fS
According to (13) and (14), we have
Tpr
Ly < ——. (15)
8Cossf5

It can be seen that a tradeoff should be made between the
magnetizing inductance and dead-time.

IV. EXPERIMENTAL VERIFICATION

A 500-W experimental prototype is built to verify the effec-
tiveness of the proposed solution. Following the design consid-
erations discussed in [3] and design methods presented in [11],
a traditional VFC-LLC resonant converter is designed first. To
satisfy the voltage gain at full load, the ratio k = L,, /L, is
designed to be 6 for the VFC-LLC converter. The switching
frequency of the VFC-LLC is in the range of 90-200 kHz, and
resonant frequency is 200 kHz. To make a fair comparison,
after designing the VFC-LLC, the parameters of the proposed
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TABLE I
PARAMETERS OF EXPERIMENTAL TEST

VFC LLC SS-PSC LLC

Input voltage (Viy, ) 200V (Minimum) —400 V (Normal)

Output voltage 48 V/500 W

Resonant inductor (L) 40 pH

Resonant capacitor (C'.) 15 nF

Turns ratio of transformer () 25:3

Magnetizing inductor (L, ) 250 pH 420 pH
Switching frequency (fg) 90 200 kHz (f,) 200 kHz (f,)
Hold-up capacitor 220 uF

Primary switches (S1-S4) SR190CE

Secondary switches (So1, So2) 052NE7N3G

Rectifying diodes (D, 1, Dy 2) STPS30SM80C

| \ y ; v, (10V/div)
e \ e WV .

| i [ \ Vison (10V/diV)
t I s e eV, (400V/div)

; 42A i\, 2A/div)
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(1 usidiv)

(b)

Fig. 6. Steady-state waveforms of the proposed converter under full-load, (a)
Vin =400V, (b) Vi, =200 V.

SS-PSC LLC converter are obtained by only redesigning the
magnetizing inductance, according to (15). The parameters of
both the VFC LLC and SS-PSC LLC converters are listed in
Table L. It can be seen that, in addition to the magnetizing in-
ductance and switching frequency, the parameters and devices
of the two converters are all the same. To make a fair perfor-
mance comparison, the two converters are tested on the same
prototype. Thus, the PCB board, the switches and diodes on the
primary and secondary sides, the resonant inductor and resonant
capacitor, the windings and turns ratio of the transformer, and
the experimental test equipments of the two converters are all
the same. The only difference is that the magnetizing inductance
of the VRC LLC converter is smaller than that of the proposed
SS-PSC converter.

The steady-state switching waveforms of the proposed SS-
PSC LLC converter with full-load output are shown in Fig. 6.
Fig. 6(a) is the waveforms in normal operation with V;,, = 400
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Fig. 8. Voltage gain curves of the SS-PSC LLC resonant converter.

V, where the driving voltage of S, is in phase with S, because
the phase-shift angle is zero when the converter is in the normal
operation. Fig. 6(b) is the waveforms in hold-up time operation
with Vi, = 250 V, where a phase delay between the driving
voltages of S,2 and S; can be seen. The experimental waveforms
are consistent with the theoretic analysis pretty well.

The soft-switching waveforms of the primary and secondary-
side switches are shown in Fig. 7. These waveforms are tested
under normal operation with Vj, = 400 V. It can be seen that
ZVS has been achieved for both the primary and secondary-side
switches.

The calculated voltage gain of the SS-PSC LLC converter, as
given by (10), is verified with both simulation and experiment
tests. The calculated, simulated, and tested voltage gains are
shown in Fig. 8, where the tested results are consistent with the
calculated results pretty well. The calculated gain is higher than

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 10, OCTOBER 2015

é Hold-up time operation |
e
My (40V/div) ! | T q

v, (200V/div)

i

% (@A/div) 5

{120ms/div) §

Fig. 9. Waveforms of hold-up time operation.
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Fig. 10.  Steady-state waveforms of traditional LLC resonant converter with
Vin =400 V.
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Fig. 11.  Efficiency comparison of the proposed SS-PSC resonant converter
and traditional LLC resonant converter.

the tested results because the magnetizing inductance is ignored
in the theoretical analysis.

The hold-up time operation waveforms are tested and shown
in Fig. 9, where it is shown that the hold-up time require-
ments are satisfied by using the proposed converter and control
strategy.

The steady-state waveforms of the traditional LLC converter
at normal operation with V;, = 400 V and full load is shown
in Fig. 10, where the peak-to-peak resonant current is up to 5.8
A, however, the peak-to-peak resonant current of the proposed
converter with the same conditions is only 4.2 A, as shown in
Fig. 6(a). Obviously, the conduction losses of the primary side
can be reduced significantly by using the proposed SS-PSC LLC
converter, because the square value of 77, in Fig. 6(a) is only
half of that in Fig. 10. As a result, the efficiency at normal
operation can be improved.

The efficiency curves of the proposed converter and tradi-
tional converter in the normal state with Vi, = 400 V are shown
in Fig. 11. It can be seen that the efficiency is improved by nearly
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1% by using the proposed converter, because the conduction
losses of primary side are reduced significantly by increasing
the value of magnetizing inductance. It should be noted that we
only care the efficiency with normal input voltage, while the
efficiency in the hold-up time operation is not important for this
application, because the time of hold-up operation is very short.

V. CONCLUSION

The proposed SS-PSC LLC resonant converter is well suited
for the applications requiring hold-up time operation such as
front-end converters for servers and computers. The conversion
efficiency at the normal input voltage can be maximized with
the proposed converter, because the circulating current-related
conduction losses can be minimized, while soft-switching per-
formance can also be realized for all of the switches and diodes.
Sufficient voltage step-up ratio required by the minimum input
voltage can be provided by using the SS-PSC strategy. The res-
onant tank and transformer of the proposed converter can be
optimized, because the converter always operates at the series-
resonant frequency of the resonant tank. This paper provides a
new solution for the voltage regulation of LLC resonant con-
verter. Experimental results indicate that high efficiency at nor-
mal input voltage and voltage regulation during hold-up time
has been achieved with the proposed solution.
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