
A phase-shift-based synchronous rectification scheme 
for bi-directional high-step-down CLLC resonant 

converters 

Yucheng Gao, Kai Sun, Xiang Lin and Zhiqiang Guo 
Department of Electrical Engineering 

Tsinghua University, Beijing 100084, China 
gao.yc@outlook.com, sun-kai@mail.tsinghua.edu.cn, x-lin15@mails.tsinghua.edu.cn, guozq@mail.tsinghua.edu.cn 

Abstract—A frequency-modulated bi-directional CLLC 
resonant converter with high-step-down feature designed for 
power-to-gas applications is presented. To avoid magnetizing 
current being provided from low voltage side, which causes 
remarkable conduction loss and current stress in a high-step-
down design, a novel synchronous rectification scheme based on 
small phase shift technique is proposed. The switching transient 
under the proposed scheme is analyzed, which indicates that the 
reactive current of low-voltage side can be eliminated when the 
switching frequency equals the resonant one. Furthermore, the 
steady-state characteristics of the converter are discussed. A 
prototype is built, and experimental results have verified the 
principles and the benefits of the proposed scheme. 

Keywords—CLLC resonant converter, phase shift, synchronous 
rectification, high-step-down 

I. INTRODUCTION 

Power-to-gas (P2G) is an emerging solution for massive 
energy storage, where excessive electricity from renewable 
energy plants is utilized to produce hydrogen or synthetic 
natural gas, and the collected gas is consumed to generate 
electricity during high-demand periods [1]. A promising 
technology to realize the electrochemical reactions is solid-
oxide cells (SOC), which, need bi-directional power converters 
to interchange energy with the grid. Commonly, a SOC stack 
module demands an isolated power supply with high operating 
current but low terminal voltage [2]-[3], and it is preferred to 
apply a cascaded design to satisfy these demands step-by-step, 
as shown in Fig. 1. Additionally, there have also been attempts 
to integrate both high-step-down and wide-output-range 
features into one single dc-dc converter, but in many cases, the 
efficiency drops when the output voltage deviates from the 
nominal value [4]-[6]. 

In pursuit of high efficiency, this study applies the 
frequency-modulated CLLC resonant converter [7] for the 
high-step-down dc-dc conversion demand of SOCs, i.e., the 
converter #2 in Fig. 1. Comparing to the common LLC 
converter, CLLC converter has symmetrical characteristic for 
bi-directional operations [8]-[9], and is hence preferred in P2G 
application. However, the efficiency of a CLLC converter is 
heavily influenced by two issues: power loss due to diode 
forward voltage, and conduction loss caused by high 
magnetizing current from the low voltage side. Synchronous 

rectification (SR) is a potential way to solve the first issue, and 
has been widely applied on LLC converters [10]-[11], but so 
far relevant discussions are limited on CLLC designs [12]. In 
[13], a modified SR scheme aiming at eliminating additional 
circulating current is proposed, but still it does not address the 
second issue, which emerges in certain cases depending on the 
design of resonant tank and power direction, and still lacks 
thorough study. Aim at these issues, a novel SR scheme based 
on small phase shift is proposed in this paper, and the steady-
state characteristics of the converter are analyzed. Furthermore, 

 
Fig. 1. Diagram of power converter for SOCs 

 

(a) Basic topology  

 

(b) Normalized equivalent circuit 

Fig. 2. Circuit of full-bridge CLLC resonant converter  
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a prototype is built and the theoretical conclusions are verified 
through experiments. 

II. PRINCIPLE OF SWITCHING TRANSIENT 

The schematic and the normalized equivalent circuit of a 
frequency-modulated CLLC resonant converter are illustrated 
in Fig. 2, where Lr, Cr1, Cr2 compose a resonant tank with a 
resonant frequency of fr, and Lm is usually more than three 
times larger than Lr. The conventional SR scheme for full-
bridge resonant converter is shown in Fig. 3(a). Under this 
scheme, the source of the magnetizing current cannot be 
actively decided, and when provided by the low voltage side, 
the magnetizing component of the current will reach a very 

high level, causing significant copper loss in transformers as 
well as conduction loss in switches. 

However, considering cost, power density and some other 
practical limitations, it is not always allowable to reduce the 
magnetizing current by further increasing fr or Lm, and it is 
hoped to have the magnetizing current constantly provided by 
the high voltage side in all conditions, so the current stress and 
loss can be reduced. Aim at this demand, an improved SR 
scheme is proposed, as illustrated in Fig. 3(b), where the 
switches of both sides run at the same duty cycle that slightly 
lower than 50% due to the existence of dead-time; the gate 
signals for the low voltage side has a small phase shift, which 
is less than the dead-time. 

The following assumptions are made for the analysis of 
switching transient: 

(i) As Lm is significant than Lr, the voltage on Lm is close to 
a square wave, and therefore, im is regarded as a triangular 
wave in a switching period, and is constant during switching 
transient; 

(ii) The resonant period of the resonant tank is far longer 
than the switching transient, so the voltage variation of Cr1, Cr2 
are neglected during the switching transient; 

(iii) In the application of this work, the output voltage of 
CLLC converter only varies in a small range, so ui = u′o = udc; 

(iv) Apart from switching transients, the changing rates of 
i1 and i′2 are generally low, and its influence is ignored in the 
switching transient analysis. 

The switching transient when u1, u′2 change from negative 
to positive is taken here as an example. According to the 
direction of i′2, two circumstances are discussed separately. The 
theoretical waveforms are shown in Fig. 4. 

A. i2 < 0 before switching transient 

Before t0, u1 = u′2 = −udc, and im < 0. Based on assumption 
(iv), uL is close to zero. S6 & S7, as well as S2 & S3 are 
conducting. 

Stage 1 [t0, t1]: At time t0, S6 & S7 turn off. The direction 
of i′2  satisfies ZCS condition, and i′2  begins to charge the 
parasitic capacitance of S6 & S7 and discharge that of S5 & 
S8, until at time t1, when u′2 = udc, and body diodes D5 & D8 
start conducting. If the initial value of i′2 is large, this process 
will be very quick.  

Stage 2 [t1, t2]: Since u′2 = udc, i1 decreases and i′2 increases 
at a high and constant rate, which is equal to 

 
di′2
dt  = 

2udc

Lr
 (1) 

Stage 3 [t2, t3]: At time t2, i′2 reaches zero, D5 & D8 turn off 
and, after another charging process, D6 & D7 turn on. The 
resonant process of C ′s2 and Ls determines the time and the end 
state of this stage, which are  

 T23 = 0.5π LsC ′s2 (2) 

 

Fig. 3. Conventional and proposed SR schemes for CLLC converter 

 
(a) i′2 < 0 before switching transient 

 
(b) i′2 > 0 before switching transient 

Fig. 4. Key waveforms of switching transient 
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 i′2 = 2udc
C ′s2

Lr
 (3) 

Stage 4 [t3, t4]: At this stage, u1 = u′2 = −udc, uL is almost 
zero, hence i1, i′2 change at a very slow rate. Moreover, as im < 
0 and i′2 is slightly larger than 0, there should be i1 < 0, meaning 
that S2 & S3 are conducting. 

Stage 5 [t4, t5]: At time t4, S2 & S3 turn off. i1 begins to 
charge/discharge the parasitic capacitance of S1-S4, and when 
finished, the body diodes D1 & D4 start conducting. The time 
of this stage is mainly decided by im. If im is not too small, the 
period of this stage can be neglected. 

Stage 6 [t5, t6]: With uL = 2udc, i′2 decreases at a high and 
constant rate, which is opposite to the value in (1). Combining 
(1) and (3), the lasting time would be 

 T56 = LsC ′s2 (4) 

Stage 7 [t6, t7]: At time t6, i′2 reaches zero, D6 & D7 turn off 
and, after another charging process, D5 & D8 turn on. Again, 
the resonant process of C ′s2 and Ls determines the time and the 
end state of this stage, which are opposite to the values in (2) 
and (3). 

Stage 8 [t7, t8]: During this stage, i1, i′2 change at a very 
slow rate, and if the remaining time is short enough, i′2 will still 
be negative at the end of this period. 

Stage 9 [t8, t9]: At time t8, gate signals of S5 & S8 turns 
positive, and since D5 & D8 are on right before time t8, the 
turning-on satisfies ZVS conditions.  

Stage 10: At time t9, similarly, S1 & S4 turn on under ZVS 
conditions. 

B. i2 > 0 before switching transient 

If i2 > 0, then at time t0 the current will switch from S6 & 
S7 to D6 & D7, and afterwards the status of the system will not 
change significantly. Before the turn-off signals of S2 & S3 
arrive, there will be u1 = u′2 = udc, uL = 0, i′2 > 0, im < 0, i1 < 0, 
the same to the status of Stage 3 in part A. Therefore, when S2 
& S3 turn off, the system will respond as [t4, t9] described in 
the previous part. 

In summary, for both cases, at the end of the switching 
transient, i′2 equals to its value at time t7, which is 

 i′2 = − 2udc
C ′s2

Lr
 (5) 

If the load is not very light, the value will be far below the 
peak value of i′2, so it can be considered that i′2 equals to 0 at the 
end of the conversion. Apparently, when the converter is 
modulated at a switching frequency close to fr, the low voltage 
side will provide almost zero reactive power, and the 

magnetizing current is fully provided by the high voltage side. 

III. STEADY-STATE CHARACTERISTIC 

In a CLLC converter, the current waveform beyond 
switching transients can be regarded as sinusoidal waves at 
resonant frequency. Based on this assumption, the simplified 
key steady-state current waveforms are illustrated in Fig. 5 
where fN = fs/fr and dead-time is neglected. 

The steady-state voltage gain characteristic can be obtained 
using the fundamental harmonic approximation analysis 
method. Firstly, the phasor quantities U ˙1ac , U ˙ ′  2ac  and U ˙m  are 
introduced, which respectively denote to the fundamental 
phasor of u1, u′2  and the voltage of Xm. The zero phase is 
defined as the phase of U ˙ ′  2ac, so scalar quantity U ′  2ac is directly 
used in the following analysis. Due to the existence of 
deadtime, the phase of U ˙1ac  is neither exactly zero nor the 
phase-shift of the controller, so the phase should remain as a 
variable. The relationships between the dc voltage and the 
fundamental phasor amplitude are 

 U1ac = 
2

2  
4
π ui = 

2 2
π  ui (6) 

 U ′  2ac = 
2

2  
4
π u′o = 

2 2
π  u′o (7) 

Then, define kb as the ratio of the reactive and the active 
parts of fundamental harmonics of i′2, which is calculated as 
follows. 

kb(fN) = 
I′2-imag

 I′2-real
 = 
∫ 0
1/fN

sin πt · cos πfNt · dt

 ∫ 0
1/fN

sin πt · sin πfNt · dt
 

 = 
∫ 0
1/fN





sin

1+fN
2/π  · cos

1+fN
2/π  − sin

fN−1
2/π  · cos

fN−1
2/π dt

 ∫ 0
1/fN





sin

1+fN
2/π  · sin

1+fN
2/π  − sin

fN−1
2/π  · sin

fN−1
2/π dt

 

 = 

fN

 fN+1



cos



π(fN +1)

fN
−1  − 

fN

 fN−1



cos



π(fN−1)

fN
−1

fN

 fN −1sin



π(fN−1)

fN
 − 

fN

 fN +1sin



π(fN+1)

fN

 (8) 

As the amplitude of voltages and the phase of low-voltage 
side current are known, it can be deduced from Kirchhoff's 
circuit laws that the following equations are satisfied. 

 
U ˙1ac − U ˙m
j(XL + XC1)

 = 
U ˙m

jXm
 + 

P
U ′  2ac

 (1 + jkb(fN))  (9) 

 U ˙m = U2ac + jXC2·
P

U ′  2ac
 (1 + jkb(fN))  (10) 

Where P is the output power of the converter. 

Furthermore, to acquire a more general solution, the 
voltages and P in the equations are transformed into per-unit 
values, and the following symbols are introduced: λ = Lm/Lr, 
and kc = Cr1/(Cr1+Cr2/n2), which is ratio of the two capacitor 
impedances. Note that if kc = 0 or 1, the converter will have Cr1 
or Cr2 short-circuited. 

 

Fig. 5. Key steady-state current waveforms 
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 Xm = λXL (11) 

 XC1 = −kcXL/fN 
2 (12) 

 XC2 = −(1 − kc)XL/fN 
2 (13) 

Based on (6) – (13), the frequency-gain curves of some 
sample circumstances are demonstrated in Fig. 6, where λ is set 
to 4 in all cases. 

The figure indicates that when P = +1 pu, the output 
voltage Uo will reach maximum value at around fN = 1, and Uo 
will decrease as fN deviates from 1. When P = −1 pu, however, 
the variation tendency is reversed. The effective output voltage 
range should be between the maximum Uo of P = +1 pu and 
the minimum Uo of P = −1 pu, since any voltage within this 
range can be reached in all power conditions. Therefore, it can 
be concluded from the figure that the larger kc is, the wider the 
output voltage range will be.  

On the other hand, smaller kc results in lower output 
voltage due to higher voltage being divided by Cr1-Lr, and for a 
desired ratio of the input and output voltages, the turns ratio of 
the transformer can be lowered. This feature helps reducing the 
transformer ratio n and is encouraged in a high-step-down 
design.  

IV. PHASE-SHIFT CALCULATION 

When u1 and u′2  change from positive to negative, the 
current i′2 will be the opposite of (5). Then, after half of the 
switching period, right before u′2  change from negative to 
positive, the end value of i′2 will be 

 i′2-end = I′2-amp sin 



πfN + arcsin



2udc C ′s2/Lr

I′2-amp
 (14) 

Where I′2-amp  is the amplitude of low voltage ac current, but 
its sign is the same to P, i.e., 

 I′2-amp = 
P

2 2Uo/π
·(1 + k

2
b(fN)) (15) 

If i′2-end < 0, the waveform will be the same as Fig. 4(a). In 
this case, the high voltage switches must not turn off until i′2 
becomes positive. Therefore, the time of phase-shift Δt should 

satisfy 

 Δt > − 
i′2-endLr

2udc
 (16) 

Then, after the high voltage switches turn off, the low 
voltage switches should turn off after i′2 becomes negative, i.e., 

 tdead − Δt > 0.5π LrC ′s2 (17) 

However, if power flows from low voltage side to high 
voltage side, the trigger for low voltage switches should not be 
too late, otherwise i′2 will becomes positive and ZVS condition 
will not be satisfied, so 

 tdead − Δt < 
1

2πfr
 arcsin



2udc C ′s2/Lr

I′2-amp
 (18) 

If i′2-end > 0, the waveform will be the same as Fig. 4(b). In 
this case, after the high voltage switches turn off, the low 
voltage switches should turn off after i′2  becomes negative, 
which is i′2-end divided by the current changing rate. 

 tdead − Δt > 
i′2-endLr

2udc
 (19) 

Similarly, there is a maximum time period between the 
high voltage switches turn off and the low voltage switches 
turn on. 

 tdead − Δt < 
udc C ′s2/Lr

πfrI′2-amp
 (20) 

 

Fig. 6. Sample frequency-gain curves 

 
(a) P = 1 kW 

 
(b) P = − 1 kW 

Fig. 7. Feasible time of phase-shift for a sample CLLC converter depending 
on switching frequency, where the shaded areas represent feasible operating 
point, and the blue line sketches a feasible control law for the shift 
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Combining the above equations, the feasible time-shift Δt 
can finally be acquired. An example of time-shift calculation 
result for a prototype CLLC resonant converter (parameters 
shown in Table 1) is shown in Fig. 7, where dead-time is 
constantly set to 400 ns. From the figures, it can be concluded 
that Δt = tdead/2 is generally suitable for all cases. When P > 0, 
i.e., power flows from high voltage side to low voltage side, 
the best phase-shift decreases as switching frequency increases; 
when P < 0, phase-shift should be increased when switching 
frequency increases. 

TABLE I.  SPECIFICATION OF PROTOTYPE 

Parameter Value Parameter Value 

Nominal input voltage Ui 520 V n (Np:Ns) 34:5 

Nominal output voltage Uo 70 V Lr 150 μH 

Nominal power P0 ±1.0 kW Lm 550 μH 

High voltage switches Cree C2M0080120D Cr1 0.1 μF 

Low voltage switches Infineon IRFP4127 Cr2 8.0 μF 

  fr 52 kHz 

 

V. EXPERIMENT VERIFICATION 

A prototype of the CLLC resonant converter has been built, 
as shown in Fig. 8, with the parameters summarized in Table 1. 
According to Fig. 7, the dead-time is chosen to be 400 ns, and 
phase-shift Δt is set as shown in (21), which, when when P = 
±1 kW, is also the same to the blue lines in Fig. 7. 

 Δt = 200 − (fN − 1)P/2 ns (21) 

The experimental waveforms are given in Fig. 10, where 
switching frequency fs is selected when both the high-voltage 
side voltage Ui and low-voltage side voltage Uo equal to the 
nominal values under the proposed scheme. The results clearly 
show that under the proposed SR scheme, the ac current of the 
low-voltage side i2 is reset to a small value after every 
switching transient, and consequently the reactive part of the 
current is significantly suppressed. Comparing to the 
conventional SR scheme, the proposed SR scheme is capable 
to eliminate the fundamental reactive current from the low 
voltage side, and reduce the peak value of i2. According to Fig. 

10 (c) and (d), the advantage of proposed SR is even more 
significant under lower power operating points, where the 
magnetizing current component is more notable. 

A typical transient waveform at switching moment is given 
in Fig. 10, where the dead-time is deliberately set to a higher 
value (800 ns) to clearly show the switching transient. The 
waveform shows consistency to the theoretical analysis in the 
previous sections. 

Furthermore, a set of constant load, variable switching 
frequency (from 46 to 64 kHz) experiments under fixed Ui = 
520 V condition were implemented, where Uo and the 
efficiency were measured, as plotted in Fig. 11. The results 
show the significant and important difference of the output-
voltage characteristic between the two SR schemes: under the 
traditional scheme, Uo can hardly reach the nominal 70 V value 
in all cases. The reason is that the source of im differs under fN 
> 1 and fN < 1 conditions, leading to segmented fN-Uo 

 

Fig. 8. Prototype of CLLC resonant converter 

 
(a)  Proposed SR, P = +1 kW, 

fs = 50 kHz 
(b)   Conventional SR, P = +1 kW 

fs = 50 kHz 

 
(c)  Proposed SR, P = +0.5 kW  

fs = 50 kHz 
(d)  Conventional SR, P = +0.5 kW 

fs = 50 kHz 

 
(e)  Proposed SR, P = −1 kW  

fs = 60 kHz 
(f)  Conventional SR, P = −1 kW  

fs = 60 kHz 

Fig. 9. Experimental waveforms of conventional and proposed SR scheme. 
Cyan line: u1; blue line: u2; magenta line: i2. 

 

Fig. 10. Zoom-in of switching transient 
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characteristic with a limit of Uo reached near fN = 1. The 
proposed scheme, however, has a unified fN-Uo characteristic 
due to the constant source of magnetizing current, and 
consequently achieving an extended range of Uo, so the 
nominal output voltage is achieved in all cases. 

Moreover, the figure also shows that at the same operating 
point (same Uo and P), the proposed SR scheme can generally 
achieve higher efficiency than the traditional SR scheme. 

VI. CONCLUSIONS 

This paper has proposed a new SR scheme for bi-
directional high-step-down CLLC resonant converter. Utilizing 
the transient process of a phase shift between the bridges, this 
scheme keeps the magnetizing current being provided from a 
designated side. The principle of the switching process and the 
steady-state voltage gain of the converter have been analyzed 
and further verified by experiments. Comparing to the 
conventional scheme, the proposed one not only achieves 
higher efficiency in a high-step-down design by reducing the 
conduction loss of low voltage side, but also has a wider 
voltage gain and is thus able to stabilize the output voltage 
under bi-directional conditions. Still, the output voltage range 
is narrower than CLLC converters without SR, and the 
transient process is highly dependent to multiple parameters, 
bringing complexity to the selection of dead-time and phase 
shift. 
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