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ABSTRACT A novel center-tapped rectifier with current-balancing and voltage-clamped (CBVC) capability
for the LLC resonant converter is proposed. A secondary capacitor is inserted between the contact points of
the rectifier diode and the secondary winding of the transformer. The amount of the current flowing through
each primary switches and rectifier diodes become almost the same by adopting the CBVC center-tapped
rectifier. Equal distribution of the current improves the reliability and lifetime of the primary switches and
rectifier diodes. In addition, the voltage across the rectifier diodes in the CBVC center-tapped rectifier is
clamped by two times the output voltage. The conduction loss of the rectifier diodes is decreased since the
diodes with low forward voltage drop can be used. Moreover, half of the output capacitor is utilized as a
secondary side capacitor, which means no additional components. The validity of the proposed converter is
verified through experiments on a prototype for 400 VDC input to 45-70 V/4 A output application.

INDEX TERMS LLC resonant converter, center-tapped rectifier, secondary leakage inductance, current

imbalance, rectifier diode voltage oscillation.

I. INTRODUCTION

There has been a lot of interest in increasing the power
density and efficiency. Among many topologies, the LLC
resonant converter has been widely used since it can achieve
the zero-voltage switching (ZVS), small turn-off losses of the
primary switch, and no need for the output filter inductor [1],
[21, [3], [4], [5], [6], [7], [8], [9]. In addition, the resonant
inductor can be removed by utilizing the leakage inductor
of the transformer as the resonant inductor to achieve higher
power density. However, small leakage inductance leads to a
high ratio of the magnetizing inductance to resonant induc-
tance, which results in low peak voltage gain [3].

In order to obtain both high peak voltage gain and the
integrated transformer structure, various works have been
studied [10], [11], [12], [13], [14], [15], [16], [17]. A sep-
arated bobbin structure is one of the simplest forms to
obtain large leakage inductance [10]. Primary and secondary
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windings are separately wound in different areas, and a low
coupling coefficient causes large leakage inductance. In addi-
tion, the separated bobbin structure with adjustable leakage
inductance is proposed in [11]. This structure changes the
leakage inductance by varying the primary and secondary
winding structures. However, the winding area cannot be
fully used to adjust the leakage inductance. In [12], the
leakage inductance is adjusted by changing the core shape.
Some areas of the primary winding are not overlapped with
the secondary winding resulting in the leakage inductance.
However, these core shapes are not commercial items and
cannot be universally utilized. To supplement this problem
works in [13], [14], and [15] suggest the transformer with
controllable leakage inductance using a general EI or Ul core.
A magnetic shunt structure is considered in [16] and [17], and
it increases the leakage inductance by forming an additional
magnetic flux path.

The abovementioned studies focus on increasing the pri-
mary leakage inductance to remove additional resonant
inductors. However, many of these studies also increase the
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FIGURE 1. Proposed LLC resonant converter with the CBVC center-tapped
rectifier.
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FIGURE 2. Key waveforms of the proposed LLC resonant converter.

secondary leakage inductance. Although the work in [18]
suggests the magnetic shunt structure with low secondary
leakage inductance, the secondary leakage inductance can
be increased when the number of turns is increased or the
wire-wound transformer is utilized. The secondary leakage
inductance leads to undesirable operation for the LLC reso-
nant converter with a center-tapped rectifier, which is widely
used for low output voltage applications [19], [20], [21],
[22], [23]. First, the voltage stress of the rectifier diodes
is increased due to the secondary leakage inductor [19].
High voltage oscillation is occurred because of the resonance
between the secondary leakage inductance and junction
capacitance of the rectifier diode. In [20], the Taiwan Tech
center-tapped rectifier is proposed, and the voltage across the
rectifier diodes is clamped to the output voltage. However,
this rectifier requires four rectifier diodes which increases
the power loss and cost. Also, it is difficult to utilize the
SRs due to the necessity of the floating gate driver. Although
this rectifier is suitable for high output voltage applications,
it has similar performance compared to the full-bridge rec-
tifier in terms of the component count and voltage stress.
Second, the difference between the secondary leakage induc-
tances in each winding of the center-tapped rectifier results
in the current imbalance problem through the primary side
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FIGURE 3. Current path for each operational modes of the proposed
converter. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4.

circuit and rectifier diodes [21], [22], [23], [24], [25]. In [21]
and [23], the asymmetric duty control on the primary side
switches is adopted to balance the current flowing through
the rectifiers. However, this control requires current sensing
circuit to detect the current imbalance and digital controller to
implement another control loop. The asymmetric connection
of the transformer is adopted in [25] to reduce the difference
between the secondary leakage inductances. Although this
method can mitigate the current imbalance problem, two
transformers should be utilized which increase the complex-
ity, and it cannot completely equalize the current flowing
through rectifier didoes. Current imbalance problem should
be solved because it increases the RMS current which causes
low efficiency. Also, it leads to unequal loss distribution for
primary switches and rectifier diodes which deteriorates the
reliability and lifetime of the converter [26], [27].

In this paper, a new center-tapped rectifier with
current-balancing and voltage-clamped (CBVC) capability
for the LLC resonant converter is proposed, as shown in
Fig. 1. In the CBVC center-tapped rectifier, each set of the
rectifier diode and secondary winding of the transformer
is arranged in an upside-down position. A secondary side
capacitor Cg,. is inserted between the contact points of the
rectifier diode and the secondary winding of the transformer.
The current balance of primary switches and rectifier diodes
is achieved due to the current-balancing loop through Cie,.
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FIGURE 4. Voltage gains of the LLC resonant converter with different

secondary leakage inductance. (a) When the current is balanced.
(b) When the current is unbalanced.

In addition, the voltage across the rectifier diode is clamped
by two times the output voltage regardless of the secondary
leakage inductance of the transformer. The current flowing
through the output capacitor Cp of the proposed rectifier
becomes half compared to that of the conventional center-
tapped rectifier, and the other half flows through Cy,.. Thus,
half of Cp can be utilized as Cs,... The total volume of Cp
and Cj,, is the same as that of Cp in the conventional center-
tapped rectifier. Therefore, the CBVC center-tapped rectifier
does not require additional components and enhances the
reliability and lifetime of the converter with achieving high
efficiency.

The operational principle of the proposed converter is
explained in Section II. The voltage gain, current stress of
the output capacitor voltage stress of the rectifier diode, and
the rectifier circuit configuration for synchronous rectifier are
analyzed in Section III. Experimental results to confirm the
validity of the proposed converter and the conclusions are
given in Sections IV and V, respectively.

Il. OPERATIONAL PRINCIPLE OF THE PROPOSED
CONVERTER

There are four modes in the proposed converter. The key
waveforms and current path for each operational mode during
the steady-state are shown in Fig. 2 and 3, respectively. For
the simple mode analysis, several assumptions are made as
follows:

1) All parasitic components except for those presented in
Fig.1 are ignored.

2) Transformer is ideal with its magnetizing inductance L,,
and leakage inductances. The primary side leakage induc-
tance L, is utilized as resonant inductance, and the secondary
side leakage inductances are Ly and L.
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3) Ly is larger than L.

4) Co and Cg,. are large enough to be considered as a
constant voltage source.

5) The dead time is small enough to be negligible.

The operational principles for each mode are explained as
follows:

Mode 1 [ty ~ t1]: Mode 1 starts when the primary switch
Q1 is turned on. The current flows through Dy ip; is divided
into Cysee and Ly which are icg and ijg, respectively.
During model, the amplitude of icyec 1S Lump2 and identical to
that of the current flowing through Ljyis. The amplitude
of icsec 1S smaller than that of iy because Ly is larger
than L. The voltage across D> vpy is two times the output
voltage 2V since it is the sum of voltages across Cp and Cge,
which are both V.

Mode 2 [t; ~ t2]: Mode 2 starts when ip; and the resonant
inductor current iz, become zero and the magnetizing induc-
tor current i, respectively. i1 and ij» become the same
and maintain the constant value 0.5/p because the voltage
across the secondary leakage inductor becomes zero.

Mode 3 [t» ~ t3]: Mode 3 starts when the primary switch
(O is turned on. The operation is similar to mode 1. The
current flows through D; ip is divided into Cger and Liggo.
During mode 3, the amplitude of i¢gec is Iump1 and identical
to that of ijy. Also, ijxs1 and i are symmetric which means
that the amplitudes of i1 and iy during mode 1 and those
during mode 3 are the same, respectively. Thus, the amplitude
of ipy is the sum of the amplitude of i and i and it is the
same with the amplitude of ip;. The voltage across D vp1 is
2V since it is the sum of voltages across Cp and Cy,. which
are both V.

Mode 4 [t3 ~ t4]: Mode 4 starts when ipp and i;, become
zero and ig,,, respectively. The operation is similar to mode 2,
and iy and iy become equal to 0.51p during mode 4.

Ill. ANALYSIS OF THE PROPOSED CONVERTER

A. MECHANISM OF CURRENT BALANCE FOR THE
PROPOSED CONVERTER

The conventional LLC resonant converter with the
center-tapped rectifier has a current imbalance problem
through the primary side circuit and rectifier diodes due to
the difference of the secondary leakage inductances. The
voltage gain of LLC resonant converter can be obtained
by the fundamental harmonic approximation [28], and the
voltage gains with different secondary leakage inductance
according to the normalized frequency are shown in Fig. 4.
The normalized frequency is fi/fr1, and f is the switching
frequency, fr1 = 1/Qa((L, + n*Liys1)C,)°), and n is the
turns-ratio of the transformer. The voltage gain is different
according to the primary switching operation because Ly is
conducted when Q; is turned on, and Ly, is conducted when
0> is turned on. Assuming that the equal current is flowing
through Ly and Ly, the switching frequency cannot be
the same to regulate required voltage gain, as shown in
Fig. 4(a). Thus, the current flowing through the center-tapped
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FIGURE 5. Current waveforms flowing through Cg and Csec for the
conventional and proposed LLC resonant converter.

rectifier become unbalanced to regulate required voltage gain,
as shown in Fig. 4(b).

In the proposed converter, the amplitudes of iy and
isy are different due to the same reason in the conven-
tional center-tapped rectifier. The amplitudes of ij; during
mode 1 and 3 are both Iy, and the amplitudes of i
during mode 1 and 3 are both /4p2. The current flowing
through rectifier diodes are equal to the difference between
iiks1 and ijkso. Thus, the amplitude of ip; and ipy are the same
as Iampl + Iump2-

B. CURRENT STRESS OF THE OUTPUT CAPACITOR

Normally, the number of Co for the LLC resonant converter
is determined by the RMS current flowing through Cop. Fig. 5
shows the current flowing through Cp and Cs.. when the
converters operate at the resonant frequency. In the LLC
resonant converter with the full-bridge rectifier, the amplitude
of the current flowing through Co Ic, Fp is the same for
each half switching period because the current flows through
the same secondary leakage inductor. /¢, rp is 0.571p since
the average current flowing through the rectifier diode is p.
Then, the RMS current of Co for the LLC resonant converter
with the full-bridge rectifier /¢, rp rums is obtained as follows:

1 [T/ . 2
Ico,FB.RMS = ;/0 (EIO sm9—10) do

7.[2
- (§ - 1)10. (1)

In the LLC resonant converter with the center-tapped rec-
tifier, the amplitudes of the current flowing through Cp for
each half switching period Ic, cr1 and Ic, cr2 are differ-
ent because of the different secondary leakage inductances.
The relationship between Ic,,cr1 and Ic,, cr2 is obtained as
follows:

Ico,cT1 + Ico,cT2 = Tlp. )
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FIGURE 6. RMS current of Cp and Csec for the conventional and
proposed LLC resonant converter.

If the difference between Ic, cr1 and Ic, cr2 is 2Al,
Ico.ct1 = 0.5mlp + Al and Ico,cr2 = 0.5mlp-Al. The
RMS current of Cp for the LLC resonant converter with the
center-tapped rectifier Ic,, cr rms is obtained as follows:

Ico,cT RMS

1 ([T i
=\/_ ([(’C«wn sin6—1o)” 6+ (lco.cr2 sin6—1lo)’ de)’
2 No 0

T o 2
_ (?IO—IO+AI). )

In the proposed converter, the ac components of i and
is2 flow through Cp and Cj. depending on the switching
operation of Q1 and Q,. As mentioned earlier, both iy, and
iks2 are symmetrical based on 0.51¢p. Thus, the amplitudes of
the current flowing through Cp when Q is turned on /¢, pi
is equal to the amplitudes of the current flowing through Ci,.
when Q> is turned on Icgec p2. Also, the amplitudes of the
current flowing through Cp when Q5 is turned on I¢c, p2 is
equal to the amplitudes of the current flowing through Cie,
when Q1 is turned on Iy, p1. The relationships between the
current flowing through Cp and Ci,. are obtained as follows:

i Al
ICU,PZ = ICsec,Pl = _0 + —, (4)
4 2
] I wlop Al )
Co,P1 Csec,P2 4 ) s
wlop
ICU,PI + ICU,PZ = ICsec,Pl + ICsec,PZ = - (6)

2

The RMS current of Cp and Cy,, for the proposed converter
Ico.p.rMs and Icsec, p.RMms are obtained as follows:

2
Ico,p,RMS = ICsec,P.RMS = %\/(%15 — 12+ Alz). @)
Using (1), (3), and (7), the RMS current of Cp and Cie,
for the conventional and proposed converter is compared
in Fig. 6. When Al is zero, which means Ly = Ly,
Ico,rB.RMS = Ico,cT .RMS = ICo,P,RMS ~+ ICsec,p,RMS, and the
number of Cp and C,. are the same for the conventional
and proposed converter. According to the increase of Al,

1477



IEEE Access

K.-W. Kim et al.: Novel Center-Tapped Rectifier With CBVC Capability for LLC Resonant Converter

TABLE 1. Characteristics of conventional and proposed converters.

1) LLC with center-

2) Asymmetric
connections of

3) Asymmetric duty

4) Taiwan Tech
center-tapped

5) Proposed

tapped rectifier transformers [25] control [21,23] rectifier [20] converter
Number of rectifier
diodes (or SRs) 2 4 2 4 2
Voltage stress of rectifier

+ + +

diodes (or SRs) 2Vo+ o 2Vo+ o 2Vo+ o Vo 2Vo
Curre'n.t balancing X A o o o
capability

Synchronous rectifier

1 dual-channel SR

2 dual-channel SR

1 dual-channel SR

2 single-channel SR
controller + floating

2 single-channel

controller controller controller controller gate driver SR controller

Necefssity of current X X o X X

sensing

Additional components X One transformer X One capacitor X
Ico,ct,rRms and Ico p.rus + Icsec,p,RMs increase by the same )
amount. Therefore, the total volume of Cp and Cj, in the Dual-channel SRIC  ® |
proposed converter is the same as the volume of Cp in the 3| VoVec gatet
LLC resonant converter with the center-tapped rectifier. eonD gatez Co ::+Vo [] Ro
C. VOLTAGE STRESS OF THE RECTIFIER DIODES SR, SR,
The voltage across the Cg.. is equal to the voltage across
the Cp which is Vj since the voltage across the secondary @ .
winding of the transformer is the same as V. D; acts as -
a clamping diode when the current flows through Di, and Slngle-t:l‘;an:;: SRIC2 "
vice versa. Thus, vp; and vpy are clamped as 2V when the . - . :

. . . . sec =]
current is flowing through D, and D, respectively. During +T= L co v, [] Ro
modes 2 and 4 in Section II, the voltages across D1 and D are Ceee L
. . . Single-channel SR IC1 °
determined by the oscillation between the secondary leakage o SR,
. . . . o L& ~
inductances of the transformer and junction capacitances of .
g . . =]

the rectifier diode. Although the amplitude of the voltage e ¢ pg

oscillation is varied depending on the parasitic parameters,
it does not exceed 2Vy. Thus, the voltage stress of D; and D>
are 2Vp.

D. RECTIFIER CIRCUIT CONFIGURATION FOR
SYNCHRONOUS RECTIFIER

Synchronous rectifiers (SRs) are widely utilized to replace
the rectifier diode, especially in high output current applica-
tions. In the conventional center-tapped rectifier, the SRs can
be adopted by using a dual-channel SR controller because the
source of both SRs is connected to the ground, as shown in
Fig. 7 (a). Although one of the SRs in the proposed converter
is not connected to the ground, a floating gate driver is not
required to drive the SR. The SRs in the proposed converter
can be utilized by using two single-channel SR controllers,
as shown in Fig. 7 (b). Each SR controller controls the turn-on
time by sensing the voltage of the drain and the source of each
SR. Also, Vo and voltage across the Cgee Vigee are used as
the supply voltage for the SR controller 1 and 2, respectively
because Vp and Vg maintain constant voltage based on the
source of the SR and SR, respectively. Therefore, the recti-
fier diodes in the proposed converter can be easily replaced
by the SRs with two single-channel SR controllers.
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(b)

FIGURE 7. Circuit configuration of SR controller. (a) Conventional
center-tapped rectifier. (b) CBVC center-tapped rectifier.

E. COMPARISON OF THE CONVENTIONAL AND
PROPOSED CONVERTER

The proposed converter is compared with the conventional
converters, as shown in Table 1. First, the LLC resonant
converter with full-bridge rectifier is composed of 4 rectifier
diodes. Although the voltage across the rectifier diodes are
clamped by Vp, the conduction loss is increased because
the two diodes are conducted for each half switching period.
Also, the full-bridge rectifier requires the floating gate driver
to utilize the SRs. Second, the LLC resonant converter with
center-tapped rectifier has advantages in terms of component
count, power loss, and SR implementation. However, the volt-
age stress of rectifier diodes increases, and current flowing
through rectifier diodes is unbalanced due to the leakage
inductance of the transformer. The previous research in [19]
recommended not to use the separated bobbin to minimize
the voltage stress of rectifier diodes. However, the separated
bobbin should be used in TV power applications due to

VOLUME 12, 2024



K.-W. Kim et al.: Novel Center-Tapped Rectifier With CBVC Clamped Capability for LLC Resonant Converter

IEEE Access

. b g . + l iCO
ip1 Vp1 Ip2 Vb2

Dy D,

< C01 COZ
Lis1 Liksz

.

(a)

imTz:_lT/m iDszi_l}m li’”

D: 1, |P:

[
E_‘L TOTOZ
o}
D,

.

Bl

C1
4t
D;

(b)

FIGURE 8. Conventional LLC resonant converters. (a) With the center-tapped rectifier. (b) With the full-bridge rectifier.

LLC converter
with full-bridge
| rectifier

Rectifier diode
NG

Proposed
converter
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FIGURE 9. Prototype of LLC resonant converters. (a) With the full-bridge rectifier. (b) With the center-tapped rectifier. (c) With the CBVC

center-tapped rectifier.

TABLE 2. Component list of prototype converters.

LLC with full-bridge rectifier |

LLC with center-tapped rectifier I

Proposed converter

Primary switch

IPP60R125CP (V4=650 V, ;=25 A, Rys0i=125 mQ)

Transformer

EVD4317 (4,=100.15 mm?, ¥,=5853 mm’), L,=560 uH, L;=66 uH

Secondary leakage inductance Ly=3.2 uH

Liysi=2.6 uH, Ly,=4.7 pH Ly =2.6 pH, Ly,=4.7 pH

Resonant capacitor

497B1000V223J (22 nF, 1000 V)

VF20100C * 4 (V=100 V, 1;=20

Rectifier diodes A)

VS-20CTHO3FP (V=300 V, I;=20

VF30200C * 2 (V=200 V, [=30
A) A)

NXQ series capacitor * 3

Output capacitor (100V, 47 uF)

NXQ series capacitor * 4 NXQ series capacitor * 2
(100V, 47 pF) (100V, 47 pF)

Secondary capacitor -

NXQ series capacitor * 2
(100V, 47 pF)

Vp2peak=71 V.

Time: 5us/div

VD2,peak=186 V

Vb2peak=143 V

Time: 5us/div Time: 5us/div

FIGURE 10. Waveforms of vp; and vp, (a) With the full-bridge rectifier. (b) With the center-tapped rectifier. (c) With the CBVC center-tapped

rectifier.

the insulation standard and minimization of the component
count. Third, the converter in [21] uses the asymmetric duty
control for the current balancing of the rectifier diodes. How-
ever, it suffers from the high voltage oscillation across the
rectifier diodes and requires the digital controller to control
the primary switches. Fourth, the converter in [20] proposed
the Taiwan Tech center-tapped rectifier whose characteristic
is similar to the full-bridge rectifier in terms of the component
count, voltage stress, and current balancing capability. Its

VOLUME 12, 2024

drawbacks are large number of rectifier diodes, large con-
duction loss of the rectifier diodes, additional capacitor for
rectifier circuit, and requirement of floating gate driver to
use SRs. Thus, it is not appropriate for the low-voltage and
high-current output applications. Fifth, the converter in [25]
utilizes the asymmetric connection of the secondary side
windings in the transformer to reduce the current imbal-
ance. There are two secondary side windings due to the
center-tapped rectifier structure. The difference of secondary
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Time: 5us/div Time: 5us/div

FIGURE 11. Waveforms of ip; and ip, (a) With the full-bridge rectifier. (b) With the center-tapped rectifier. (c) With the CBVC center-tapped rectifier.
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Time: 5us/div Time: 5us/div

()

FIGURE 12. Waveforms of ic, and icgec. (@) With the full-bridge rectifier. (b) With the center-tapped rectifier. (c) With the CBVC center-tapped

rectifier.

“Vo(20V/div)

Time: Sus/div

Vo(20V/div)

Time: Sus/div

(b)

FIGURE 13. Waveforms of ij,, Vo, and V¢gec. (@) When Vg =45 V.
(b) When Vg = 70V.

side leakage inductances can be decreased by connecting the
windings of the two transformers alternately. However, this
method cannot fully solve the current imbalance problem and
requires two transformers with parallel connection. Finally,
in the proposed converter, CBVC center-tapped rectifier is
adopted. The voltage stress across the rectifier diodes is
clamped by 2V and the current flowing through the rectifier
diodes is balanced. Also, the floating gate driver is unneces-
sary because Vp and Vg, are utilized for the supply voltage
of the SR controllers. In addition, the proposed converter can
be composed without additional component and necessity of
current sensing. Therefore, the proposed converter is compet-
itive compared to the conventional converters.
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iL{5A/div)
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Time: 5ms/div

iL{(5A/div)

Vo(20V/div)

Time: Sms/div
(b)
FIGURE 14. Load transient of the proposed converter. (a) When /o

changes from zero to full-load condition. (b) When /o changes from full
to zero-load condition.

IV. EXPERIMENTAL RESULTS

In order to evaluate the performance of the proposed con-
verter, a half-bridge LLC resonant converter is implemented,
and the design specifications are as follows: input voltage =
400 V, output = 45-70 V (typ. 50 V)/4 A. Conventional
converters are implemented with the half-bridge LLC res-
onant converter whose secondary side are full-bridge and
center-tapped rectifier, as shown in Fig. 8. The prototypes of
converters are shown in Fig. 9, and their parameters are listed
in Table 2. In the prototype converters, the separated bobbin
structure is utilized to obtain large leakage inductance with
eliminating additional resonant inductor.

VOLUME 12, 2024
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Waveforms of vp; and vp, for the conventional and pro-
posed converters when V is the maximum value of 70 V are
shown in Fig. 10. vp; and vp, of the full-bridge rectifier are
clamped by V. However, vp; and vpy of the center-tapped
rectifier contain high voltage oscillation since there is no
clamping path for the rectifier diodes. In the case of the
CBVC center-tapped rectifier, vp; and vpy are clamped by
2V due to the clamping path through Ci,,.

Waveforms of ip; and ipy for the conventional and pro-
posed converters when Vo is 50 V are shown in Fig. 11. The
amplitude of ip; and ipy are almost the same in the full-bridge
rectifier since ip; and ip, flow through the same secondary
leakage inductor. However, the amplitudes of ip; and ip; are
different in the center-tapped rectifier due to the difference
between Ly and Ly. The amplitudes of ip; and ipy in the
CBVC center-tapped rectifier are almost the same since both
are the sum of the amplitude of ij; and ijso-

Waveforms of i¢, and i under the full load condition for
the conventional and proposed converters when Vg is 50 V
are shown in Fig. 12. The RMS current of ic, is larger in the
center-tapped rectifier compared to the full-bridge rectifier.
In the CBVC center-tapped rectifier, the output current is
divided into Cp and Cg,., and the total RMS current of ic,
and icyee 1S similar to the RMS current of ic, in the center-
tapped rectifier.

The steady state waveforms of iy, Vo, and Vg according
to the output voltage are shown in Fig. 13. The switching
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frequency changes from 126 to 72 kHz when V changes
from 45 to 70 V. Vg maintains the constant value as V.

Fig. 14 shows the dynamic response of the proposed con-
verter. Waveforms show Vp when the load changes from zero
to the full-load condition and vice versa The proposed con-
verter regulates the output voltage without any undesirable
transient under the output load change.

The measured efficiencies and estimated power loss distri-
bution of the conventional and proposed converters according
to the load conditions when Vo = 50 V are shown in Fig. 15
and Fig. 16, respectively. In the center-tapped rectifier, the
current flows through only one rectifier diode in each half-
switching period. However, in the full-bridge rectifier, two
rectifier diodes are conducted in each half-switching period.
Thus, the LLC resonant converter with the CBVC and con-
ventional center-tapped rectifier have higher efficiency than
that with the full-bridge rectifier. Moreover, the LL.C resonant
converter with the CBVC center-tapped rectifier has higher
efficiency than that with the conventional center-tapped rec-
tifier since it can utilize the rectifier diodes with low forward
voltage drop.

V. CONCLUSION

A novel center-tapped rectifier with current-balancing and
voltage-clamped (CBVC) capability for the LLC resonant
converter is proposed. In the CBVC center-tapped rectifier,
Csec 1s inserted between the contact points of the rectifier
diode and the secondary winding of the transformer. Cg,,
has two functions: 1) Equalizing the current flowing through
rectifier diodes. 2) Clamping the voltage across the rectifier
diodes by 2V. In addition, an additional capacitor is not
required for C.. since half of the output capacitor can be
utilized as Cye. In this paper, the operational principle of the
proposed converter is explained. The voltage gain, current
stress of the output capacitor, and the voltage stress of the
rectifier diodes are analyzed. The validity of the proposed
converter is verified by comparing the proposed converter and
the LLC resonant converters with the full-bridge and center-
tapped rectifier. The current-balancing and voltage-clamping
characteristics of the CBVC center-tapped rectifier are exper-
imentally verified. Moreover, the proposed converter has a
higher efficiency than the conventional converters under the
entire load conditions due to the smaller conduction loss of
the rectifier diodes. In conclusion, the proposed converter
increases the efficiency and improves the reliability and life-
time of the LLC resonant converter, especially with the large
secondary leakage inductance such as the converter using the
separated bobbin or low-profile transformer.
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