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Abstract- This paper presents a new synchronous rectification (SR) for phase shift modulation (PSM) LLC resonant convert-
ers. The SR for PSM LLC resonant converter has difficulty because the secondary current is not in phase with both primary 
current and the voltage across the transformer. Furthermore, the open-loop SR for phase shift modulation does not perform 
well because the optimum pulse width is highly dependent on operating conditions such as the duty ratio of primary switches 
and the load current condition. The proposed SR utilizes the average load current to predict the optimum pulse width of SR so 
that the detection circuit for SR is not required. Effectiveness of the proposed SR is simulated and experimentally verified. 
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1. Introduction 

Many studies on LLC resonant converters have been 
done so far because it has advantages over the conventional 
resonant converters. From many advantages such as soft-
switching capability, LLC resonant converter has been used 
as front-end converter [1, 2]. 

 In recent years, LLC resonant converter for the renewa-
ble energy systems such as solar or battery charger has been 
studied [3-8]. The phase shift modulation (PSM) LLC reso-
nant converters have been attracting attention [6-13]. The 
phase shift modulation function is applied in LLC resonant 
converter in [6-8]. To reduce the power consumption of 
phase shift modulation LLC resonant converter, the synchro-
nous rectification (SR) is important. The SR for PSM reso-
nant converter has difficulty due to the discontinuous con-
duction of secondary current. The optimum turn-off timing 
for SR differs from the turn-off timing of driving signals in 
the primary side. The optimum pulse width of driving signals 
for synchronous rectification (SR) is longer than the on-time 
of primary bridge circuit. When the pulse width for SR is 
optimized under the heavy load condition, the reverse current 
flows through under the light load conditions.  When the 
pulse width for SR is optimized at the light load condition, 

the conduction loss increases in the parasitic diodes of SRs 
especially at a small duty ratio. The difference of the timing 
between the turn-off of primary switches and optimum turn-
off of secondary switches depends on the operating condi-
tions such as the duty ratio and load current. 

The detection circuit for SR of LLC resonant converter 
increases the number of components and cost. The SR for 
PFM LLC resonant converter without detection circuit is 
proposed in [14, 15]. In [14], the constant pulse width for SR 
is used because the variation of optimum pulse width is 
small. With this simple method, the efficiency is dramatical-
ly improved from LLC resonant converter with diode rectifi-
er. The SR based on the relationship D*Vo = constant is 
proposed [15]. However, both methods cannot be applied to 
PSM LLC resonant converters. 

This paper presents a new SR for phase shift modulation 
LLC resonant converter. In the proposed method, the opti-
mum turn-off timing is predicted from the average of load 
current. The average of load current is sensed in various 
applications such as constant current mode of battery charger 
[16, 17] and phase shedding of interleaving [18]. In ref. [19], 
although load current is not sensed, the average of load cur-
rent is calculated from the voltage across the resonant capaci-
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tor, which is used for active load sharing [20, 21] and im-
provement of transient responses [22]. In the proposed SR, 
the current detection circuits for SRs are not required by 
utilizing the information of the average load current. Effec-
tiveness of the proposed SR is simulated and experimentally 
verified. 

  

2. Operation Principle 

2.1. Phase Shift Modulation LLC Resonant Converter 

Figure 1 shows the circuit configuration of full-bridge 
type LLC resonant converter. Vi is the input voltage. Switch-
es S1 through S4 convert the dc voltage Vi into the ac volt-
age vb. The voltage vb is the input of LLC resonant circuit 
formed with resonant inductance Lr, magnetizing inductance 
Lm and resonant capacitance Cr. The switches S5, S6 and 
output smoothing capacitor Co form the rectifier stage. ir, 
im, io indicate the current flowing through primary side, 
magnetizing inductance and secondary side. 

Figure 2 shows the operation principle of phase shift 
modulation (PSM) LLC resonant converters operating at the 
resonant frequency of Lr and Cr. vgs1 through vgs6 are the 
drive signals for switches S1 through S6, respectively. Ton 
indicates on-time of driving signals of primary switches. Dp 
is the ratio between the on-time Ton and the time that diago-
nal switches S1, S3 or S2, S4 are on, which is the duty ratio 
of primary full-bridge circuit. Tc is the conduction time of 
secondary current io. In the case of PSM LLC resonant con-
verter, driving signals vgs1 and vgs2 are synchronized with 
vgs3 and vgs4, respectively. With the phase shift modulation, 
the driving signals vgs3 and vgs4 are shifted from the driving 
signals S1 and S2. When the switch S1 and S4 or S2 and S3 
are on simultaneously, the input voltage of resonant circuit 
becomes zero. During this period, the input source is discon-
nected from the second stage of LLC resonant circuit. Alt-
hough the input source is disconnected from the resonant 
circuit stage, the power is transferred to the secondary side of 
transformer and the load. Therefore, even after the primary 
stage becomes off-state, the SR stage must keep on-state for 
a certain time. Tc is the ideal pulse width of driving signals 
for SR vgs5 and vgs6. 

2.2. Proposed Synchronous Rectification 

The operation of PSM LLC resonant converter is classi-
fied into 3 states in order to derive the optimum pulse width 
of driving signals for SRs as shown in Fig. 3. During the 
state 1, input voltage is applied to the LLC resonant circuit. 
The resonant inductor resonates with resonant capacitor. The 
current during this state is expressed as Eq. (1). 

a 

(1) 

 
 

where  

 
 

Ipeak is the peak current of secondary current io. 

During the state 2, the secondary current decreases linearly to 
zero. The secondary current io is the difference of the prima-
ry resonant current ir and the magnetizing current im, which 
is expressed as Eq. (2). 
 

(2) 
 

 where n denotes the number of turn ratio of transformer. 

The primary current during this interval is expressed as 
Eq. (3). 

 

 

(3) 

 
 

Fig. 2. Operation principle of PSM LLC resonant converter. 
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Fig. 1. Configuration of LLC resonant converter with syn-
chronous rectification. 
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where ir(t1) is the initial value of primary resonant cur-
rent in the state 2 and VL is the voltage across the resonant 
inductor during state 2. 

The magnetizing current during this interval is expressed 
as Eq. (4). 

 

(4)  

 

where im(t1) is the initial value of the magnetizing cur-
rent in state 2. 

Thus, using Eqs. (2) through (4), the output current dur-
ing this interval can be expressed as Eq. (5) 

 

 (5) 

 

At the end of this state, the secondary current becomes 
zero so that by calculating io(t2)=0, the period of state 2 is 
derived as Eq. (6). 

 

(6) 
 

where  

VL is voltage across the resonant inductor.  

During the state 3, the secondary current is zero, which 
is expressed as Eq. (7) 

 

 (7) 
  

The peak current Ipeak and voltage across the resonant 
inductor are unknown parameters. The peak current Ipeak is 
calculated from the average of load current as follows. 

The average of load current is expressed as Eq. (8). 
 

(8) 
 

where 

td is the dead time of driving signals of S1, S2 and S3, 
S4. 

By using Eqs. (1), (5), (7) and (8), the peak of secondary 
current is derived as Eq. (9). 

 

(9) 
 

where  

 

 

 

 
 

 

 

Next the unknown variable VL is derived as follows. The 
voltage across the resonant inductor is expressed as Eq. (10). 

 

(10) 
 

To derive the equation of voltage VL, the voltage across 
the resonant capacitor in state 2 Vcr is derived. To derive the 
expression of voltage across the resonant inductor in state 2, 
VL, a few assumptions are made. The waveform with below 
assumptions is described in Fig. 4. 

1) The slope of the decreased primary resonant current is 
infinite.  

Fig. 4. Waveform with assumptions (1) and (2). 
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2) The magnetizing current during the off-time of primary 
full-bridge circuit is constant. 

The voltage across the resonant capacitor in state2 Vcr 
which is the voltage at t1 is expressed as Eq. (11).  

 

(11) 

 

The voltage in the state 2 can be expressed using 
Eqs. (10) and (11) as Eq. (12). 

 

(12) 

 

From above discussion, all unknown parameters for 
Eq. (6) are derived. The predicted pulse width for SR Tca is 
expressed as Eq. (13). 

 

(13) 
 

Using Eq. (13), the proposed SR is performed.  

 
 

 

3. Simulated and Experimental Results 

The parameter in the simulation and experiment are as 
follows. The resonant inductance Lr, magnetizing inductance 
Lm and the resonant capacitance Cr is 36 µH, 66 µH and 
20 nF. The turn-ratio of transformer n is 9. The output volt-
age Vo = 5 V. The switching frequency fs is 192 kHz. PSIM 
is used in the simulation. Figure 5 shows the simulated re-
sults of the predicted pulse width, ideal pulse width and the 
on-time of primary side. As it can be seen, there is a large 
difference between the on-time of primary side and the ideal 
pulse width.  

As the duty ratio of primary full-bridge circuit Dp decreases, 
the ideal pulse width differs from on-time of primary side. 
Also, as the load gets heavier, the ideal pulse width for SR 
differs from the on-time of primary side. The simulated 
waveforms of proposed SR are shown in Fig, 6. Fig. 6(a) 
shows the waveform in the case of Io = 4 A and Dp = 0.4. 
After the full bridge circuit in the primary side becomes off, 
the drive signals vgs5 and vgs6 is kept on until the secondary 
current decreases to almost zero.  The waveforms of Io = 1A 
is shown in Fig. 6(b). Figs. 7(a) and (b) show the correspond-
ing experimental waveforms in the case of Io = 4 A and 1A,  
 

 
 

Fig. 6. Simulated results of proposed SR. 

 
0

-1

-2

1

2
irr

0

2

4

6

8

10

12
io

0.00999 0.009991 0.009992 0.009993 0.009994 0.009995
Time (s)

0

0.2

0.4

0.6

0.8

1

sra srb

2

0

-2
10
5
0
1

51
0

i r
(A

) 
i o

(A
)

v g
s5

, v
gs

6

0
t (µs)

2 3 4

(a) Io = 4 A 

(b) Io = 1 A 

 
0

-1

-2

1

2
irr

0

2

4

6

8

10

12
io

0.00999 0.009991 0.009992 0.009993 0.009994 0.009995
Time (s)

0

-0.2

0.2

0.4

0.6

0.8

1

1.2
sra srb

2

0

-2
10
5
0
1

51
0

i r
(A

) 
i o

(A
)

v g
s5

, v
gs

6

0
t (µs)

2 3 4

Fig. 5. Simulated comparison of ideal pulse width and 
 predicted pulse width. 

(a) Io = 4 A 

(b) Io = 1 A 

0

0.5

1

1.5

2

2.5

0.4 0.6 0.8 1

: Predicted pulse width

: Ideal pulse width

: On-time of primary side

Pu
ls

e 
w

id
th

 [µ
s]

Duty ratio Dp

0

0.5

1

1.5

2

2.5

0.4 0.6 0.8 1

: Predicted pulse width

: Ideal pulse width

: On-time of primary side

Duty ratio Dp

Pu
ls

e 
w

id
th

 [µ
s]

2
2
)1(

4
)2(

4

s
p

m

o

r

sp
ds

r

o
cr

TD

L
nV

C
TD

tT
nC

IV
−

−+=

o

s
p

m

o

r

sp
ds

r

o
L nV

TD

L
nV

C
TD

tT
nC

IV +
−

−+=
2

2
)1(

4
)2(

4

aonpca tTDT +⋅=



INTERNATIONAL	JOURNAL	of	RENEWABLE	ENERGY	RESEARCH		
K.Murata	and	F.Kurokawa,	Vol.5,	No.4,	2015	

1210	
	

 

 
 

respectively. The pulse width for SR is accurately predicted 
in both the simulation and experiment. 

   Figure 8(a) shows the experimental results of efficien-
cy characteristics of PSM LLC resonant converter with the 
open-loop SR and proposed SR in the case of Io = 4 A. The 
conduction loss caused by forward voltage drop of parasitic 
diodes of secondary switches is still significant. The pro-
posed method can significantly improve the efficiency of 
PSM LLC resonant converter using the average value of load 
current. The efficiency of proposed SR is improved by 3% at 
duty ratio Dp = 0.4. Fig. 8(b) shows the experimental results 
of the efficiency of both SRs in the case of Io = 1 A. The 
efficiency in the light load is also improved by proposed SR.  

 

 Conclusion 

In this paper, a new synchronous rectification is pro-
posed. The average of load current is utilized in the proposed 
SR. The secondary current is assumed pure sinusoidal wave-
form. The accuracy of the proposed method is investigated in 
the simulation. It is revealed that the proposed SR almost 
matches the ideal pulse width. The efficiency in the proposed 
SR is improved by 3% compared to the open-loop SR. The 
effectiveness of the proposed method is simulated and exper-
imentally verified. 
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