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A Novel Synchronous Rectifier Driving Scheme for
LLC Converter Based on Secondary Rectification

Current Emulation
Haiming Yu , Xiaogao Xie , Member, IEEE, Sen Xu, and Hanjing Dong

Abstract—In conventional synchronous rectifier (SR) driving
schemes, the drain to source voltage of SR is detected to generate its
driving signal. However, the driving signal by this method will lose a
portion of duty cycle due to the parasitic inductance in SR package
and on-board parasitic inductance. This phenomenon is severe
under heavy load and deteriorates the efficiency of the converter.
In this article, a novel LLC SR driving scheme based on secondary
rectification current emulation is proposed. An auxiliary winding of
the transformer and an auxiliary winding of the resonant inductor
located on the secondary side are in series to generate a superposed
voltage signal. The secondary rectification current is emulated out
according to the superposed voltage signal by an integration circuit.
After that the SR driving signal, which is not affected by parasitic
inductance, is generated with a logic circuit. Detailed theoretical
analysis and circuit implementation have been presented. Finally,
a 400 V input and 12 V/20 A output half-bridge LLC resonant
converter prototype has been built up to verify the feasibility of the
proposed SR driving scheme.

Index Terms—LLC resonant converter, secondary rectification
current emulation, synchronous rectification (SR).

I. INTRODUCTION

W ITH the development of consumer electronics and IT
equipment, the demand for the converters with low

voltage and high output current keeps increasing. LLC resonant
converter is becoming more and more popular for its high
efficiency, which is benefit from both zero-voltage switching
for the primary side switches and zero-current switching for
the secondary side rectifiers [1]–[4]. For further improving the
efficiency, the synchronous rectifiers (SRs) are employed due
to their conduction loss is much lower than that of the diode
rectifiers. The driving signal of SR is critical factor to reduce the
conduction loss of SR [5], [6].

In resonant converters, unlike in PWM switching converters,
the turn-ON/OFF times of primary switches and SRs are not exact
identical in phase [7]. Therefore, it cannot use the same driving
signals to control them.
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Fig. 1. (a) Model of SR with parasitic inductance. (b) vds_SR affected by SR
parasitic inductance.

Driving the SRs in LLC resonant converter with the commer-
cial SR driving ICs, which are commonly realized by detecting
the drain-source voltage of SR [8], [9], is a very simple way
but exists some inherent drawbacks. Due to MOSFET parasitic
inductance in package and on-board parasitic inductance from
the SR driver to the gate of SR, the duty cycle of SR driving
signal is lost. This phenomenon becomes extremely severe in
high-frequency LLC converters especially under heavy load
conditions [10].

The model of MOSFET with parasitic inductance and key
waveforms for generating the driving signal of SR is shown
in Fig. 1(a) and (b), respectively. Where LSR is the parasitic
inductance of SR, including package inductance and on-board
parasitic inductance. At the beginning, the SR is in the off-state
and the body diode is conducted to carry the secondary current.
The forward voltage of the body diode results in a large forward
voltage drop in vds_SR, which is lower than the turn-ON threshold
voltage Vth_on inside the SR control IC so that the SR control IC
turns ON the SR. In the LLC converter, during on-time of SR, the
secondary rectification current iSR will first increase and then
decrease to zero. As iSR is close to zero, vds_SR is also close to
zero. When vds_SR is higher than the turn-OFF threshold voltage
Vth_OFF inside the SR control IC, SR turns OFF. However, the
induced voltage on LSR reverses when the SR current iSR drops,
which results in actual vd ′s_SR arrives Vth-OFF earlier than in
ideal condition. Thus, the actual SR on time is shorter than the
expected value, as shown in Fig. 1(b).

To resolve this problem, some new SR driving schemes for
LLC resonant converters have been studied in the past years
[11]–[20].
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Fig. 2. Equivalent circuit of the self-driven gate driver [11].

To overcome the stray inductance effect and increase SR
conduction time, a self-driven gate driver is introduced in [11].
As shown in Fig. 2, The auxiliary passive components including
inductor Lad and capacitor Cad create a resonant tank to extract
the first harmonic of vds_SR with a 180° phase shift to create the
gate signal vgs_SR. This scheme is simple in control method, but
vgs_SR is influenced by the parasitic capacitance Cds, Cgs, and
Cgd of SR, which are greatly affected by packaging, temperature,
and the voltage across SR. Therefore, this scheme is preferable to
be used for dc transformers and not suitable for batch production,
which makes the application range of this method restricted.

The self-driven SR drain-to-source voltage sensing circuit in-
troduced in [12] can provide a low-impedance bypassing path for
the displacement current induced by the high dv/dt of semicon-
ductor components. Based on the proposed SR drain-to-source
voltage sensing circuit, an adaptive SR on-time tuning algorithm
is implemented, which avoids the influence from the loop stray
inductance and the propagation delay in the path. This scheme
can obtain high accurate SR driving signal with small dead time.
But SR drain-to-source voltage sensing circuit is very complex
and four switches including a high-voltage switch are required.

The dead time regulation method based on SR drain-to-source
voltage (vds) sensing introduced in [13] is an improvement
on conventional SR drain-to-source voltage detecting methods
[8], [9]. The dead time of vgs_SR can be regulated to a small
value by adjusting the inner voltage reference for turning OFF

the driving signal. To avoid inversion SR current, a certain
dead time (margin) larger than a preset value should be left.
Therefore, the dead time cannot to be reduced to very small
value due to the noise consideration. Besides, there exists a
tradeoff between the conduction loss of SR and dead time
because SR with lower on-state resistor will cause larger dead
time. Under high-frequency applications, the lost portion of duty
cycle of SR will be more obviously and the conduction losses
will further increase. Therefore, this scheme is more suitable for
low-frequency applications.

In [14], the SR driving signal is obtained by comparing and
integrating large voltage signals including resonant capacitor
voltage, input voltage, and output voltage. The driving signal
is not sensitive to the noise, but the calculation and analysis
process is very complicated, which needs a micro-controller to
realize the function. The SR driving signals are on primary side,
which needs additional isolated components such as high-speed
optocoupler or transformer to transfer the signals from primary
side to the secondary side. Therefore, the cost is increased and
power density is deteriorated.

Fig. 3. Schematic of the proposed SR driving scheme for LLC resonant
converter.

In other research, the digitally implemented adaptive control
methods are presented [15]–[18]. By adaptively tuning the SR
on-state duration based on the body diode conduct period in
the last switching cycle, the body diode conduction time can be
minimized after a few of switching cycles. However, during the
fast transient process of load or input voltage, these methods
may induce inversion SR current because the SR driving signal
may not adjust in time by microcontroller unit.

SR driving schemes based on current-sensing transformer
(CT) [19], [20] can achieve accurate SR driving signals, but it
requires the bulky CT and complicated signal processing circuit.
The cost and size of the converter have been sacrificed, which
does not meet the development trend of high power density.

In this article, a new driving scheme for SRs in LLC resonant
converter which based on secondary rectification emulation
is proposed. The proposed SR driving signals can be simply
achieved by using an auxiliary winding of the transformer and
an auxiliary winding of the resonant inductor. And the signal
processing circuit is also very simple and can be easily integrated
into one IC. Thus, the size of the LLC converter will not increase,
which ensures high power density of the converter. Moreover,
the proposed scheme is not affected by parasitic inductance and
the on-state resistor of SR. Meanwhile, accurate SR gate driving
signal over the whole load range and wide input/out range can
be achieved.

The rest of this article is organized as follows. Section II
describes theory of the proposed SR driving scheme. Design
on some key parameters and analysis on deviation due to com-
ponents tolerances are presented in Section III. Experimental
results based on a 12 V/20 A LLC converter are presented in
Section IV. Finally, Section V concludes this article.

II. BASIC OPERATION PRINCIPLE OF THE PROPOSED SR
DRIVING SCHEME

Fig. 3 shows the schematic of the proposed SR driving scheme
for LLC resonant converter. An auxiliary winding of the resonant
inductor Lr and an auxiliary winding of the transformer are con-
nected in series on the secondary side. vaux and vLr1 represent
the voltages across the auxiliary winding of the transformer and
the auxiliary winding of the resonant inductor, respectively. The
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superposed voltage v1 of vLr1 and vaux is sent to the reverse
integrator and outputs a voltage signal viSR.

According to the basic operation principle of LLC and circuit
theory, the following equations can be easily obtained.

iLr − iLm = iSRP = iSR/n (1)

vLr1 =
vLr

nLr
=

1

nLr
Lr

diLr

dt
(2)

vaux =
vLm

nT
=

1

nT
Lm

diLm

dt
(3)

where Lm is the magnetizing inductance of transformer, iLr
is resonant inductor current, iLm is the magnetizing inductor
current and iSR is the secondary rectification current, vLr and
vLm represent the voltages across the resonant inductor Lr and
the magnetizing inductance Lm, nT, and nLr are the auxiliary
winding turns ratios of the transformer and the resonant inductor,
respectively.

The superposed signal v1 can be achieved according to vaux
and vLr1

v1 = −(vLr1 − vaux) = −
(

Lr

nLr

diLr

dt
− Lm

nT

diLm

dt

)
. (4)

The output signal viSR of the reverse integrator can be ob-
tained according to

viSR = −
∫

v1dt. (5)

By combining (2)–(5), viSR can be obtained as follows:

viSR =

∫ (
Lr

nLr

diLr

dt
− Lm

nT

diLm

dt

)
dt. (6)

If the parameters of Lr, nLr, Lm, and nT are designed to satisfy
the relationship Lr /nLr = Lm/ nT = k, (6) can simplified as
follows:

viSR = k (iLr − iLm) . (7)

Obviously, the waveform of |viSR|is similar to iSR. Thus, viSR
can be used for SR driving signal generation instead of vds_SR..

Fig. 4 shows the key waveforms of the proposed SR driving
scheme for LLC resonant converter in discontinuous conduction
mode (DCM) and continuous conduction mode (CCM), respec-
tively.

The implementation circuit of the proposed SR driving
scheme for LLC resonant converter is shown in Fig. 5. In
Fig. 5, the reverse integrator consists of an operational amplifier,
resistor R1, resistor R2, and capacitor C1. The signal viSR is
obtained by integrating the difference between the auxiliary
winding voltage of the transformer and the auxiliary voltage of
the resonant inductor. In addition, the action of integration also
filters out the high-frequency noise, which further enhances the
noise immunity.

Two RS flip-flops are used to generate the driving signal of
SR. The SET signals are generated by comparing the DS voltage
of SR with the preset negative threshold voltage Vth_on, which is
similar to the conventional SR drain-to-source voltage detecting
methods [8], [9]. When there is current flow through the body

Fig. 4. Key waveforms of the proposed SR driving scheme for LLC resonant
converter. (a) DCM (fs<fr). (b) CCM (fs>fr).

Fig. 5. Implementation circuit of the proposed SR driving scheme for LLC
resonant converter.

diode of SR, the DS voltage of SR will be lower than Vth_on,
which forces the output signals of the comparators to flip from
low level to high level. The RESET signals are generated by
comparing viSR with zero. For vgs_SR1, the RESET signal is
generated when viSR falls across zero, while for vgs_SR2, the
RESET signal is generated as viSR arises across zero.

In real application, some additional circuits such as minimum
on-time circuit after the SET signals generation circuit and blank
circuit after the RESET signals generation circuits are necessary
for improving the noise immunity [8], [9]. These techniques are
well-developed and not discussed in this article for simplicity.

III. DESIGN CONSIDERATION

According to the integrator circuit shown in Fig. 6, it can be
derived in the following:

V1(s) = −(VLr1(s)− Vaux(s)) (8)

ViSR(s) = −R2

R1

1

SR2C1 + 1
V1(s). (9)
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Fig. 6. Bode diagram of the gain G(s) of integrator.

By combining (2), (3), (8), and (9), the transfer function from
iSR to viSR can be obtained.

G(s) =
ViSR(s)

ISR(S)
=

R2

R1

SLr

SR2C1 + 1

1

nLrn

=
R2

R1

SLr

f
fL

+ 1

1

nLrn
(10)

where fL = 1/(2πR2C1). With appropriately selected parameters
of R1, R2, and C1, the Bode diagram of G(s) is drawn as shown
in Fig. 6. It shows that the transfer function gain λ is constant
and the phase shift is less than 2° when fs/fL>>1. Under this
condition, (10) can be simplified as follows:

G(s) ≈ λ =
Lr

R1C1

1

nLrn
. (11)

Then,

ViSR(s) ≈ λISR(s). (12)

In real applications, the turns ratio of transformer and resonant
inductor can be precisely controlled during batch production so
that no error will be brought by them. However, there exists
about ±10% tolerance of inductance during batch manufacture.
According to (6), the tolerance of Lr and Lm will cause the
waveform of viSR deviated from the waveform of iSR and lead
to deviated turn-OFF point of SR driving signal. Therefore, the
influence of these tolerances needs to be taken account.

When the actual magnetizing inductance value L′
m and actual

resonant inductance L′
r are deviated from the rated magnetizing

inductance Lm and the rated resonant inductance Lr, (6) and (7)
are modified as follows:

v′iSR =

∫ (
L′

r

nLr

diLr (t)

dt
− L′

m

nT

diLm (t)

dt

)
dt (13)

v′iSR = k′iLr − k′′iLm (14)

where v′iSR is the actual output of integrator considering the
tolerance of inductor, k′ = L′

r/nLr and k′′ = L′
m/nT. Therefore,

if L′
m is larger than Lm, |viSR|will falls to zero ahead of the point

that iSR falls to zero. This condition makes SR driving signal
turning OFF earlier than the expected, as is shown in Fig. 7(a). On
the contrary, when L′

m is smaller than Lm, the SR driving signal
will turn OFF later than the expected, as shown in Fig. 7(b).

The influence of the resonant inductance tolerance on SR
driving signal is opposite to Lm, as shown in Fig. 8(a) and (b).

Fig. 7. Key waveforms of the LLC resonant converter with the proposed SR
driving scheme considering the tolerance of Lm. (a) Actual L′

m>Lm. (b) Actual
L′

m<Lm.

Fig. 8. Key waveforms of the LLC resonant converter with the proposed SR
driving scheme considering the tolerance of Lr. (a) Actual L′

r>Lr. (b) Actual
L′

r<Lr.

L′
m and L′

r are defined as Lm+ΔLm and Lr+ΔLr, respec-
tively. Where, ΔLm and ΔLr are deviations of the actual induc-
tance from the rated parameters, respectively. Then, (14) can be
rewritten as follows:

v′iSR = viSR +

(
ΔLr · iLr

nLr
− ΔLm · iLm

nT

)
. (15)

According to the relationship iLr = iLm+iSR/n, (15) can be
rewritten as follows:

v′iSR = viSR +

(
ΔLr

nLr
− ΔLm

nT

)
iLm +

ΔLr

nLr

iSR

n
. (16)

To simplify the calculation, the secondary rectification cur-
rent is approximately regarded as half-sinusoidal waveform, as
shown in Fig. 9. Thus, viSR during a half-resonant period can
be described as follows:

viSR(t) = k [( iLr (t)− iLm (t)] =
Lr

nLr

πIo
2n

sin (ωt) . (17)
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Fig. 9. Approximate diagram of deviation between v’iSR and iSR caused
by the tolerances of inductors (a) ΔLr/Lr<0, ΔLm/Lm>0. (b) ΔLr/Lr>0,
ΔLm/Lm<0.

Suppose v´iSR falls to zero at time t1, as shown in Fig. 9, (18)
can be derived by combining (16) and (17)(

1 +
ΔLr

Lr

)
sin(ωt1) =

(
ΔLm

Lm
− ΔLr

Lr

)
iLm(t1)

2n

πIo
(18)

where iLm(t1) is the magnetizing current iLm at time t1. In
order to calculate the iLm(t1), an error coefficient δ = θ/180° is
introduced, where θ is deviation angle between the crossing zero
points of v´iSR(t) and iSR(t) due to the tolerances of inductance.

Because the resonant inductor current iLr and the magnetizing
inductor current iLm with rated parameters are equal at Tr/2, the
following equation can be derived as:

iLr (Tr/2) = iLm (Tr/2) =
nVo

4fr(Lm +ΔLm)
. (19)

Based on (19), iLm(t1) can be obtained according to

iLm(t1) = −iLm

(
Tr

2

)
+

nVo(1− δ)

2fr(Lm +ΔLm)

=
nVo(1− 2δ)

4fr(Lm +ΔLm)
(20)

where Vo is the output voltage and fr is the resonant frequency.
The deviation angle θ can be resolved by combining (18) and
(20).

θ = arcsin

[(
ΔLm

Lm
−ΔLr

Lr

)
n2RL(1−2δ)

2πfr(Lm+ΔLm)

Lr

Lr +ΔLr

]
.

(21)
After that the deviation time Δt = θ/360fr can also be ob-

tained. The curve of deviation angle θ and deviation time Δt are
shown in Fig. 10(a) and (b), respectively. It can be seen that in
the worst case, i.e., ΔLr/Lr = +10% and ΔLm/Lm = −10% or
ΔLr/Lr = −10% and ΔLm/Lm = +10%, the deviation angle θ
is about 5° and the deviation time Δt is about 95 ns.

The calculated Δt provides a basis to design vgs_SR with
maximal pulsewidth when the tolerance of inductor is taken
account. To avoid shoot-through conditions between the primary
switches and SR, the actual turn-OFF time of the SR driving

Fig. 10. Deviation between the zero-crossing points of viSR and v´iSR.
(a) Deviation angle θ. (b) Deviation time Δt.

TABLE I
ELECTRICAL SPECIFICATIONS AND COMPONENTS PARAMETERS OF PROTOTYPE

signal should be at least Δt earlier than crossing point of iLr and
iLm obtained by rated parameters. During batch production, the
accurate driving signal pulse of SR can be obtained with the rated
parameters first. Then, a margin ofΔt is left for vgs_SR based on
the calculation value. In this way, the inversion secondary current
can be avoid even under the condition of maximal tolerances
of inductor while the maximal pulsewidth of vgs_SR can be
obtained.

To verify the theoretical analysis, the proposed SR driv-
ing scheme for LLC resonant converter with the parameters
shown in Table I in the experimental section is simulated
with software PSIM. The simulated waveforms of vgs_SR,
vds_SR, and iSR under full load are shown in Fig. 11. It can
be seen that a margin of about 100 ns is left for vgs_SR
under the rated parameters according to the aforementioned
design rule, as shown in Fig. 11(a). The maximal dead
time of one driving signal of SR is about 150 ns under
one of the maximal tolerance condition with ΔLr = −10%
and ΔLm =+10%, as shown in Fig. 11(b). While under another
maximal tolerance condition with ΔLr = +10% and ΔLm =
−10%, the dead time of one driving signal of SR is close to
zero and there is no inversion secondary current, as shown in
Fig. 11(c).

Simulated waveforms of vgs_SR, vds_SR, and iSR under light
load are shown in Fig. 12. It can be seen that the dead time
of one SR driving signal has increased to 182 ns under the
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Fig. 11. Simulated secondary waveforms of LLC resonant converter with the
proposed SR driving scheme under full load. (a) ΔLr =ΔLm = 0. (b) ΔLr/Lr

= −10%, ΔLm/Lm = +10%. (c) ΔLr/Lr = +10%, ΔLm/Lm = −10%.

rated parameters, as shown in Fig. 12(a). The maximal dead
time of one driving signal of SR has increased to 307 ns under
the maximal tolerance condition with ΔLr = −10% and ΔLm

=+10%, as shown in Fig. 12(b). While under another maximal
tolerance condition with ΔLr = +10% and ΔLm = −10%, the
dead time of one driving signal of SR is still close to zero and
there is no inversion secondary current, as shown in Fig. 12(c).

The increase of dead time under light load condition lies in
that the deviation angel θ is related to the load resistor, as shown
in (21). Luckily, the current decreases as dead time increases,
which means the increased dead time has slight influence on the
efficiency of the converter.

Fig. 12. Simulated secondary waveforms of LLC resonant converter with
proposed SR driving scheme @ Io = 6 A. (a) ΔLr =ΔLm = 0. (b) ΔLr/Lr =
−10%, ΔLm/Lm = +10%. (c) ΔLr/Lr = +10%, ΔLm/Lm = −10%.

Simulation results of the secondary waveforms of the LLC
resonant converter with the proposed driving scheme during the
load transient process from 6 to 20 A and vice versa are shown in
Fig. 13. Similarly, margin of 100 ns has been left for the driving
signal of SR. It can be seen that there is no inversion current on
the secondary current during the transient process, which means
the proposed driving scheme is very reliable.

IV. EXPERIMENTAL RESULT

The proposed LLC SR driving scheme is verified on a lab-
oratory LLC converter prototype shown in Fig. 14. The con-
ventional LLC controller L6599 is used as the controller. The
electrical specifications and main components parameters of the
prototype are listed in Table I. For convenience, a part of the inner



YU et al.: NOVEL SR DRIVING SCHEME FOR LLC CONVERTER BASED ON SECONDARY RECTIFICATION CURRENT EMULATION 3831

Fig. 13. Simulated waveforms of iSR Vgs_SR, and Vds_SR of SRs under
load transient process. (a) Load step-up. (b) Load step-down.

Fig. 14. Photograph of the experimental prototype of LLC converter with the
proposed SR driving scheme.

Fig. 15. Measured waveforms LLC resonant converter with the proposed SR
driving scheme in DCM. (a) viSR,vLr1, vaux, and v1. (b) viSR, v1, iSR1, and
iSR2.

Fig. 16. Measured waveforms of LLC resonant converter with the proposed
SR driving scheme in CCM. (a) viSR,vLr1, vaux, and v1. (b) viSR, v1, iSR1, and
iSR2.
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Fig. 17. Measured waveforms of iSR1, vgs_SR1, vds_SR1, and vgs_Q1 with
the proposed SR driving scheme under full load. (a) ΔLr = ΔLm = 0. (b)
ΔLr/Lr = −10%, ΔLm/Lm = +10%. (c) ΔLr/Lr = +10%, ΔLm/Lm =
−10%.

circuit of the commercial SR driving IC NCP4306 is utilized as
the SET signals generation circuit shown in Fig. 5.

Key waveforms of the converter with the proposed SR driving
scheme operating in DCM and CCM are shown in Figs. 15 and
16, respectively.

It can be seen that viSR arises and falls synchronously with
iSR no matter in CCM mode or DCM mode. When iSR of the SR
drops to zero, viSR also drops to zero, which is consistent with
theoretical analysis. Therefore, it is feasible to turn OFF SRs by
detecting the zero-crossing point of viSR instead of detecting DS
voltage of SRs.

Fig. 17 shows the measured waveforms of iSR1, vgs_SR1,
vds_SR1, and vgs_Q1 under full load with/without inductance

Fig. 18. Measured waveforms of iSR1, vgs_SR1, vds_SR1, and vgs_Q1 with
the proposed SR driving scheme @ Io = 6 A (a) ΔLr =ΔLm = 0. (b) ΔLr/Lr

= −10%, ΔLm/Lm = +10%. (c) ΔLr/Lr = +10%, ΔLm/Lm = −10%.

tolerances. To guarantee there is no inversion current under
ΔLr/Lr =+10% andΔLm/Lm =−10% as shown in Fig. 17(c),
the dead time margin-left for vgs_SR1 is set to be 120 ns under the
rated parameters as shown in Fig. 17(a), which is a little larger
than the calculated value and simulation results. The maximal
dead time has increased to 200 ns as shown in Fig. 17(b). The
reason for the increase of dead time is induced by the time delay
in the driving signal generation circuit, which is about 20 ns and
has not been included in the calculation model and simulation
circuit.

Fig. 18 shows the measured waveforms of iSR1, vgs_SR1,
vds_SR1, and vgs_Q1 under light load with/without inductance
tolerances. It can be seen that the dead time is about 240 ns under
the rated parameters as shown in Fig. 18(a). The maximal dead
time has increased to 400 ns under the condition of ΔLr/Lr =
−10% and ΔLm/Lm =+10% as shown in Fig. 18(b), while the
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TABLE II
COMPARISON ON THE PERFORMANCE OF SR DRIVING SCHEMES FOR LLC RESONANT CONVERTER

Fig. 19. Measured waveforms of iSR1, vgs_SR1, vds_SR1, and vgs_Q1 with
commercial SR driving IC NCP4306. (a) Io = 20 A. (b) Io = 6 A.

minimal dead time is 160 ns withΔLr/Lr=+10% andΔLm/Lm

= −10%. The actual values of dead time are a little larger the
simulation results shown in Fig. 12 due to the time delay in the
driving signal generation circuit.

For comparison, Fig. 19 shows the SR driving waveforms
the commercial SR driving IC NCP4306, which generates SR
driving signal by detecting the DS voltage of SR. It can be found
that the dead time is about 820 ns under full load and 740 ns under
light load, which are much larger than using the proposed SR

Fig. 20. Measured waveforms of iSR1, vgs_SR1, vds_SR1, and vgs_Q1 with
the proposed SR driving scheme during load transient. (a) Load step-up. (b)
Load step-down.

driving scheme due to the influence of the parasitic inductance
in package and on-board parasitic inductance from the SR driver
to the gate of SR.

Experimental results of the LLC resonant converter with the
proposed driving scheme during the load transient process from
6 to 20 A and vice versa are shown in Fig. 20. Similarly, margin
of 120 ns has been left for the driving signal of SR. It can be seen
that there is no inversion current flowing through SR during the
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Fig. 21. Efficiency comparison between the LLC resonant converters with the
proposed SR driving scheme and commercial SR driving IC.

transient process, which means the proposed driving scheme is
very reliable.

Fig. 21 shows the measured efficiency curves between of the
LLC prototype with the proposed SR driving scheme and with
commercial SR driving IC NCP4306, respectively. It shows the
efficiency of LLC resonant converter can be improved over a
wide load range with the proposed SR driving scheme.

Furthermore, a comparison on the performance of the pro-
posed SR driving scheme with previous works published in
recent IEEE Journals is listed in Table II. It can be seen that
the proposed SR driving scheme can achieve comprehensively
better performance than most of the existing techniques.

V. CONCLUSION

In this article, a new SR driving scheme for LLC resonant
converter based on secondary rectification current emulation is
proposed. This scheme is realized with two auxiliary windings
of magnetic components and some simple logic components.
Furthermore, all logic components can be easily integrated
into an IC. Thus, this scheme almost not increases the cost
and size of the converter. The proposed SR driving scheme
is not affected by the parasitic inductance and the on-state
resistance of SR so that high precise SR driving signal can be
achieved. Therefore, it is especially suitable for high frequency
application. The feasibility of the proposed SR driving scheme
has been verified by experimental results based on a laboratory
experimental prototype. The load transient waveforms indicate
that the proposed SR driving scheme can track the actual SR
current period cycle-by-cycle so that inversion SR current can
be avoided.
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