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Analysis on Center-Tap Rectifier Voltage Oscillation of LLC Resonant Converter

Ki-Bum Park, Byoung-Hee Lee, Gun-Woo Moon, and Myung-Joong Youn

Abstract—The LLC resonant converter employing a center-tap
rectifier can suffer from a high voltage oscillation across rectifier
diodes owing to a leakage inductance of a transformer secondary.
The amplitude of this voltage oscillation is varied according to
design parameters, parasitic components, and operation regions,
i.e., below-resonant region and above-resonant region. To reduce
the diode voltage stress, this paper analyzes the voltage oscillation
mechanism and presents the design consideration.

Index Terms—LLC resonant converter and rectifier voltage
oscillation.

I. INTRODUCTION

HE LLC resonant converter shown in Fig. 1 is one of
T the most popular topologies for its simple structure, zero-
voltage switching (ZVS) of primary switches, zero-current
switching (ZCS) of secondary rectifier diodes. A large num-
ber of literature deal with a design guideline considering mag-
netic components, switching frequency F'g variation range, effi-
ciency, and size [1]-[4]. However, till now, the rectifier voltage
oscillation problem across center-tap rectifier has rarely been
discussed [5], [6].

In general, isolated-type converters employing an inductive
output filter suffer from a voltage ringing across a rectifier stage
since a leakage inductance of a transformer and a junction ca-
pacitance of rectifier diodes are interacted after a current com-
mutation of a rectifier [7], [8]. This voltage oscillation increases
a voltage stress on the secondary diodes. A snubber is generally
required to suppress this additional voltage stress, however, it
could degrade the efficiency.

In the LLC resonant converter, three types of output stages
are commonly adopted in the secondary side according to appli-
cations, i.e., voltage-doubler rectifier, full-bridge rectifier, and
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Fig. 1. Circuit diagram of LLC resonant converter with center-tap rectifier
including parasitic components.
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Fig. 2. Rectifiers for LLC resonant converter. (a) Full-bridge rectifier.
(b) Voltage-doubler rectifier. (c) Center-tap rectifier.

)

center-tap rectifier, as shown in Fig. 2. In case of the full-bridge
rectifier and the voltage-doubler rectifier, the diode voltage stress
is clamped to the output voltage Vo, which makes them suitable
for high output voltage applications. On the other hand, in case
of the center-tap rectifier, which is normally adopted for low
output voltage applications, the diode voltage stress in steady
state is approximately twice the output voltage, 2V . However,
since there is no clamping path for the voltage stress on the
diodes, a rather high voltage oscillation could be occurred at
switching transitions, as shown in the simulation waveforms in
Fig. 3 and the experimental waveforms in Fig. 4, owing to a
leakage inductance of the transformer secondary Ly . More-
over, at times, an imbalance of resonant currents caused by a
little discrepancy between L 51 and L 3o could make the volt-
age oscillation more severe in one diode. By simply adopting
snubbers, the diode voltage stress can be suppressed, but a loss
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Fig. 3. PSIM simulation waveform of LLC resonant converter. (a) Primary

current. (b) Rectifier diode voltages with center-tap rectifier; the voltage stress
is more than twice V. (c) Rectifier diode voltages with full-bridge rectifier; the
voltage stress is clamped to V.
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Fig. 4.
rectifier.

Experimental waveform of LLC resonant converter with center-tap

occurs. To reduce the voltage stress on the center-tap rectifier
without snubbers, this Letter deals with a rectifier voltage os-
cillation of the LLC resonant converter and provides a design
consideration for a small voltage oscillation.

II. ANALYSIS OF RECTIFIER VOLTAGE OSCILLATION

Generally, the voltage oscillation across rectifier diode is
caused by an interaction between a transformer leakage induc-
tance and parasitic capacitances at switching transitions [7], [8].
This oscillation is ignited by the energy stored in the leakage
inductance and other sources. To analyze the rectifier voltage
oscillation in the LLC resonant converter, therefore, it is nec-
essary to find out the initial currents of leakage inductors and
other sources that can affect the oscillation when the rectifier
diode is turned OFF at the switching transitions.

Fig. 1 shows the LLC resonant converter including parasitic
components, i.e., the switch output capacitance: Cogg; the trans-
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Fig. 5. Equivalent circuit of Fig. 1 during switching transition, which is re-
flected to secondary.

former primary leakage inductance: L ,; the secondary leakage
inductance: L 1 and L s2; and the diode junction capacitance:
C ;. For the sake of the voltage oscillation analysis in the sec-
ondary side, the equivalent circuit reflected to the secondary side
is used, as shown in Fig. 5, where Vg3 = Vg/n, Vors = Vor/n,
Cosss = n*Coss, Lars = Lag/n?, Ly = Lg/n®, Cgs = n*Cp,
and I 575 = nlpy. Since Vo can be considered as a voltage
source during switching transitions, each side of the center-tap
rectifier can be separated with its own V and repositioned.

Normally, the operation can be divided into two regions ac-
cording to a ratio of the resonant frequency Fr to Fg, i.e., the
below-resonant (BR) region [Fp > Fg] and the above-resonant
(AR) region [Fr < Fg]. With regard to the secondary side, the
major difference between two regions is that the rectifier current
is discontinuous in the BR region and critically continuous in
the AR region. Therefore, the current commutation mechanism
of the rectifier between two regions is different and the rectifier
voltage oscillation mechanisms would also be different. The
detailed operation focused on the diode voltage oscillation is
described as follows. For the sake of analysis, it is assumed that
the converter is operated around F'p and thereby an average of
Vers is about Vo .

A. BR Region [Fr > Fg]

The key waveforms and equivalent circuits for the BR region
are presented in Figs. 6 and 7, respectively. During #,—t,, the
resonant operation transfers the power to the output through the
rectifier diode Di. At 5, Ip1 reaches zero and some voltage
oscillation is occurred across D; and is expressed as in (1).
This oscillation is proportional to V¢ ps(t2), i.e., the ripple of
Ve, and is small enough not to affect the peak voltage stress
of the diode. Although the ripple of V- could be increased
as Q (= /Lr/Cr/Ro) is increased, the upcoming oscillation
is more dominant with respect to the voltage stress on rectifier
diodes.

%

Vb, (t) = Vors(ta) {1 — cos (w1 (t — t4))}

1
VCj (2Lgs + Lis)

During to—t3, only I3, flows in the primary and both D, and
D> are OFF-state. At 3, Q; is turned OFF and the equivalent
circuit shown in Fig. 7(a) is constructed. During this switching
transition, all the parasitic capacitances, i.e., Cogg and C s, take
part in the operation. Vo, can be considered as a constant

ey

w1 =
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Fig. 6. Key waveform in BR region. Fig. 8. Key waveform in AR region.
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Fig. 7. Equivalent circuit for BR region. (a) t3—t4. (b) t4 ~.

voltage source since Cpr, has a sufficiently large capacitance
compared to Cogss or C;. Similarly, /7, can be considered
as a constant current source. In this mode, I7,/; flows through
Cosss and C, as presented by the dotted line, i.e., both Cogss
and C; are charged simultaneously. Therefore, V1 and Vp are
increased linearly by the current source. I g 51 (t4) and I i 52 (t4)
can be determined by the capacitance ratio of Coggs to Cy,
which is expressed as in (2). For the sake of analysis, messy
minor oscillation terms are ignored and only the most essential
factors are considered

%
2Cosss +2C;
At t4, both the antiparallel diode of Q5 and Dy conduct, and the
equivalent circuit is changed, as shown in Fig. 7(b). The voltage

oscillation is excited by the initial currents of leakage inductors
presented in (2) and by the ripple of Vo gy, AV Rs, as well. The

Ingsi(te) = Ipgsa(ta) = Ipars(ts) (2)

voltage oscillation across D; can be approximately expressed
as in (3). It is noted that various design parameters and parasitic
components affect the voltage oscillation

VO
Vpi(t) = Vpi(ts) + ILAfs(tB)m

LRS .
Lgs |1+ ——7"—+— t—t
X \/ K ( + T +LK5> sin (ws ( 1))
+ AVCRs(téL)i {1 = cos (wo(t —t4))}
E LRs +LK5

o — Lps + L
? CyLks (2Lps + Lis)’

3)

B. AR Region [Fr < Fg]

The key waveforms and equivalent circuits for the AR region
are presented in Fig. 8 and 9, respectively. The most noticeable
operation of switching transition in the AR region compared
to the BR region is that Q; is turned OFF while D; is still
conducting, which lead to different oscillation factors.

After Qq is turned OFF at ¢4, I1 r discharges Coss and Vo
is decreased to zero. Then, I r and Ip, are decreased. When
Ip reach zero at g, the equivalent circuit shown in Fig. 9(a)
is constructed, where /7 7 ,(¢s) can cancel out the initial value
of I r,. Unlike the BR region, Cpgg does not take part in the
oscillation. Vp(¢) and Vpo(f) can be expressed as in (4) and
(5), respectively. At t7, Vpo(f) reaches zero and the equivalent
circuit is changed, as shown in Fig. 9(b). The voltage oscillation
is excited by I x51(t7) and I k52 (t7) presented in (6) and by
AVegs as well. If the reverse-recovery current of the diode
IR R is considered, it would cause an additional oscillation term.
Consequently, Vp(7) containing all these voltage oscillation
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Fig. 9. Equivalent circuit for AR region. (a) t5—t7. (b) t7 ~; the same equiva-
lent circuit with Fig. 7(b) except for different initial values .

factors can be approximately obtained as in (7)

Vp1(t) = (2Vo + AViogs (t)) {1 — cos (wy (t — t5))} (4)
Vpa(t) = 2V — Vpi(t) @)
Itk (tr) = Ingsa(ty) = (2Vo + AVegs (t))

/ Cy
X4 ———— 6
2LRS + LKS ( )
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III. DESIGN CONSIDERATION

As described in the previous section, the diode voltage os-
cillation mechanisms between two resonant regions are differ-
ent and their voltage oscillation factors can be obtained as in
Table 1. Even though these might not be precise values since
they are approximated, they can predict the tendency of the rec-
tifier voltage oscillation. It is noted the main oscillation sources
in BR region are I 5, and AV g, at the switching transition;
in the case of AR region, Vp, AV g, at the switching transi-
tion, and /p p are the main sources. More details in terms of the
design parameters and parasitic components are as follows.
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A. BR Region

Asfor Vs _BRr1, since the first term I, 57 5 (¢3), which is mainly
determined by L, directly affects the oscillation, it should be
small, i.e., Ly, should be large. However, a large L); compared
with L would increase the inductor ratio K, i.e., Ly, /Ly, which
leads to an increase in a F'g variation range according to an input
voltage or a load change [1]-[3]. In addition, lowering I, 3; s (¢3)
gives a negative effect on ZVS, i.e., a longer dead time between
switches is required to ensure ZVS. Regarding the second term,
which consists of parasitic capacitances, smaller C; is preferred
to a small oscillation. However, it is determined by the diode se-
lection. Instead, Cpgg can be increased by paralleling additional
capacitor to the switches; however, a larger Cosg gives detri-
mental effect on ZVS. In case of the third term, which consists
of inductances, Ly s should be small.

In order to reduce the diode voltage oscillation caused by
Vosc_Br2>, AVeops or the secondary leakage inductance ratio
Ky, ie., Ligs/(Lrs + Lis), should be small. Since AV py is
proportional to a load condition, a larger oscillation may occur
as load increases.

B. AR Region

In AR region, Vosc_ar1 and Vogc_aro have the same effect
with Vs._pr2 of BRregion, i.e., small values for AV g and K,
are desirable. As for Vs._pr3, which is caused by the reverse-
recovery phenomenon, Iy itself or Ly, /C ; should be small. In
order to reduce I i, di/dt of the diode at the switching transition
should be reduced. Therefore, if this term affects the voltage
oscillation severely, larger L will be beneficial by alleviating
dildt.

C. Common Solution

Among the voltage oscillation factors in Table I, only L s is
the common factor. Therefore, minimizing L  is the foremost
choice to reduce the voltage oscillation across rectifier diodes
over a wide operation range. In other words, the transformer
should have a small leakage inductance and the required reso-
nant inductance Ly should be adjusted by the additional Lgxt
in the primary for a small diode voltage oscillation. Smaller
AV g, is also beneficial over both AR and BR regions; how-
ever, it is determined primarily by the resonant tank design.

Frequently, a transformer of an LLC resonant converter is
implemented using a separated bobbin to get a large leakage
inductance for a resonant inductor without any external inductor
[3]. However, in this case, Lx s as well as Lg,, becomes large,
which gives a detrimental effect on the diode voltage oscillation.
Therefore, a separated bobbin is not desirable in terms of a
rectifier voltage oscillation.

IV. EXPERIMENTAL RESULTS

To verify the presented analysis and the design consideration,
a 84 W prototype of the LLC resonant converter is implemented
for a laptop adapter application [9]. The design parameters are
presented in Table II. Here, a synchronous rectifier (SR) is
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TABLE I
RECTIFIER VOLTAGE OSCILLATION FACTORS OF LLC RESONANT CONVERTER
BR region AR region
LKs'
Vo ari © (20, + AV, (15)) [ —2—
JC, 2L, + Ly Ly, + Ly
VoscﬁBRl : ILMv (t3) - LKV . . L
Coss; +C, Ly, + Ly, Vosc arz: AV, ( t )$
L Ly +L,,
Vosc7l3R2 : AVCRS (t4 )4
Lp + Ly, Ly (2L, +L,,
VoscﬁARS . RR -
CJ LRs + L[(s
TABLE II
EXPERIMENTAL PARAMETERS
Part Value
Input voltage Vs 350 ~405V
Output voltage Vo 16.8 V
Output Power Py 84W(Ip=5A)
Resonant frequency Fr 130 kHz
Transformer turn ratio n 10.8 ( Np:Ns;i:Ng, = 54:5:5)
Transformer magnetizing inductor Ly 1 mH (core : RM8)
Transformer leakage inductor Lp Ly, + n’Lyg, =5 uH
External resonant inductor Lexr 25 uH ( MPP, outer diameter = 12.7 mm, p, = 60 )
Resonant capacitance Cg 47 nF
Switch Q, and Q, IPD60R385 (Vpss= 600 V, Rys= 0.35 Q, Coss=38pF)
Rectifier diodes D, and D, (SR) IRF7855 (Vpss = 60 V, Rys = 9.4 mQ, C;= 440pF)
Controller L6599
SR driver IR1167
[1,5 (0.5Adiv) ir (0.5A/dIV)
Ve (i)
[e— -u—-—i’ L—q
{ 2usec/div
(a) (b)
Fig. 10. Experimental results with Lgx T = 25 pH and Cp = 47 nF. (a) BR region with Vg = 380 V. (b) AR region with Vg = 400 V.

utilized to reduce the conduction loss. The resonant tank is
designed with K = 33, Oy,2x = 0.08, and Fp = 130 kHz.

As mentioned in the previous section, minimizing Ly ¢ is a
common solution to reduce the rectifier voltage oscillation over
a wide operation range. Moreover, it does not affect the resonant
tank design. To minimize L g, the transformer is implemented
by an interleaved winding [10]. Then, the additional Lyx T is
inserted into the primary side to adjust F'p to a designed value.

Fig. 10 shows the experimental waveforms in the BR and
AR regions. With this design, although the voltage oscillation
is well suppressed in the BR region, it still remains in the AR
region. Normally, a synergy effect by a reverse recovery of
diode makes the voltage oscillation more severe. Therefore, the

voltage oscillation in the AR region, where a diode current
is decreased rapidly during switching transitions tends to be
higher compared with that in the BR region, where ZCS of
diode is achieved, though it depends on various parameters.
In this experiment, a little difference between Ly 41 and Lg s
causes a small imbalance of I} p in the AR region, which could
lead to a more severe voltage oscillation in Ds.

In order to alleviate the effect of I/r, which is caused by
the body diode of SR, Lgx is changed to a larger inductance,
50 uH, so that di/dt of the diode current can be reduced. Then,
to maintain the same Fr, Cr is changed to 24 nF. With a
reduced IR, the voltage oscillation in AR region is consider-
ably suppressed while the oscillation in the BR region remains
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still small, as shown in Fig. 11. However, increasing Ly xT and
reducing Cp affect the resonant tank design, i.e., it increases
O(=+/Lr/Cr/Ro) and reduces K (= Ly; /Lg). Since an in-
creased Q could reduce a maximum voltage gain, an output
voltage regulation capability should be checked out [1]-[3]. On
the other hand, a reduced K decreases a F'g variation range, i.e.,
itis changed from 110-155kHz to 121-154 kHz. It is noted that
adjusting the voltage oscillation factors on top of minimizing
L s to reduce the voltage oscillation further sometimes requires
a change of the resonant tank design.

V. CONCLUSION

The LLC resonant converter employing the center-tap rectifier
can suffer from a high voltage oscillation across the secondary
diodes. It is noted that the amplitude of the voltage oscillation
is varied according to design parameters, parasitic components,
and operation regions. Minimizing a leakage inductance of a
transformer secondary would not affect the resonant tank design
and could be a foremost choice for a small voltage oscillation
over a wide operation range. The separated bobbin, which is
widely used to obtain a large leakage inductance for a resonant
inductor, is not desirable in terms of a rectifier voltage oscilla-
tion because it also increases a secondary leakage inductance.
In other words, the transformer should have a small leakage
inductance and the required resonant inductance should be ad-
justed by an additional inductor in the primary for a small diode
voltage oscillation.

To further reduce the voltage oscillation in a certain operating
region, i.e., BR or AR region, the corresponding voltage oscil-
lation factors obtained in this paper should be managed to be a
smaller value. It is noted that a change of the resonant tank de-
sign is often required to suppress the voltage oscillation factor,
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2usec/div

(b)

Experimental results with Lgx T = 50 ¢H and Cp = 24 nF. (a) BR region with Vg = 380 V. (b) AR region with Vg = 400 V.

which could affect the converter performances. To accommo-
date a design procedure, therefore, a careful tradeoff should be
made between changing the resonant tank design and just utiliz-
ing snubbers. On the other hand, the obtained voltage oscillation
factors would be useful for rough prediction of a change of the
voltage oscillation during a tuning process of a plant.
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