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Abstract—Burst mode control techniques have been studied for
LLC resonant de—dc converters to improve power conversion ef-
ficiencies at light load conditions. However, there are not many
studies about how to detect the load conditions at burst mode not
even at normal mode, at the primary side of LLC resonant dc—
dc converters. In this paper, we propose and implement a lossless
load detection technique for normal and burst modes by a novel
average input current sensing method at the primary side of LLC
resonant converters. Detailed theoretical analysis at normal and
burst modes is presented and a load detection circuit is proposed
with the consideration of integrated circuits. To verify the analysis,
an LLC resonant offline converter with 400 V input and 16 V/10
A output is simulated using PSIM and a prototype board is built.
The experimental results show that the proposed load detection
technique is valid and practical. As a result, an automatic burst
mode control for LL.C resonant converters at light load conditions
is realized with the proposed average input current sensing method.

Index Terms—average input current sensing, burst mode, LLC
resonant converters, load detection.

1. INTRODUCTION

ue to soft switching techniques and the spread of the
D anti-capacitive mode protection [1], LLC resonant DC-
DC converters are becoming more widely used as the off-line
DC-DC converters of televisions, adapters, chargers and LED
lightings with power ranges of 100W~500W. Even though the
LLC resonant converters can achieve higher power conversion
efficiencies than other PWM topologies at nominal load con-
dition [2], the efficiencies cannot be satisfied at light load con-
ditions, or heavy load conditions with lower output voltages.
Recently, there are many studies focused on achieving high ef-
ficiency on a wide range of load conditions for LLC resonant
converters. Typically, synchronous rectifier techniques are used
at heavy load conditions [3], [4], and burst mode control tech-
niques are used at light load conditions [5], [6].
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AS for burst mode control techniques at light load condi-
tions, if the load is lighter than a lower predetermined load
level, the operation mode of the LLC converters is switched
from normal mode to burst mode. On the other hand, if the
load is heavier than an upper predetermined load level, it is
switched from burst mode to normal mode [7]. In order to
realize automatic burst mode control, which is switching op-
eration between normal mode and burst mode automatically,
the control systems need to obtain load conditions accurately
at both normal mode and burst mode. For off-line converters,
detecting the load condition at the primary side is preferred to
the secondary side in terms of cost performance. For example,
feedback signals that control the pulse widths of power switches
are used to reflect the load conditions in pulse width modulation
(PWM) control topologies. However, it is difficult for the LLC
resonant converters belonging to pulse frequency modulation
(PFM) control topologies to reflect the load conditions with the
feedback signals that control the switching frequencies. This is
because the switching frequencies are almost constant if they
are set near the resonant frequency even though the load changes
dramatically [8].

For LLC resonant converters with low power, shunt resistors
are used to reflect the load conditions at the primary side as
expressed in [9]. But shunt resistors cannot be recommended
for LLC resonant converters with the nominal power of over
100 W, because the power loss of the shunt resistors is propor-
tional to the nominal power.

In order to detect the load conditions with lossless methods,
an input current sensing method is described as [10]. How-
ever, it is inaccurate not to consider some parasitic capacitances
[11], [12] according the analysis of [10]. A resonant current or
voltage sensing method with a lossless network to detect the
load conditions is shown in Fig. 1 according to [13], [14]. But
it is not suitable for normal mode and especially burst mode
at light load conditions since the sensing network works like a
divider for the ripple voltage on Cr as described in [13], which
has insufficient load dependence. Simulation results of it will
be shown in Section IV.

In this paper, we propose a lossless load detection technique
for normal and burst mode with a novel average input current
sensing method at the primary side of an LLC resonant converter.
With the proposed average input current sensing circuit, the load
conditions can be obtained accurately at both normal mode and

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1.  Circuit diagram of a LLC resonant converter with a conventional load
detection circuit.
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Fig. 2. Circuit diagram of a LLC resonant converter with a proposed load
detection circuit by resonant current sensing.

burst mode. The results of the theoretical analysis are verified by
simulation and experiments. An LLC resonant dc—dc converter
with 400 V input and 16 V/10 A output is built to show that the
load conditions from heavy load to light load can be obtained
accurately at the primary side. As a result, an automatic burst
mode control is realized for the LLC resonant converter with
the proposed lossless load detection technique.

II. IMPROVED LLC RESONANT CONVERTERS

An LLC resonant dc—dc converter with isolation between the
primary side and the secondary side is shown in Fig. 2.

In the main power circuit, there are a high-side part and a
low-side part at the primary side. At the high-side part, there
are a power MOSFET Qa with a body-diode BDa, and a capacitor
Ca with the output capacitance of Qa and extra capacitance if
required. In the low-side part, there are Qb, BDb, and Cb same
as the high-side part, and a resonant tank including resonant
inductor Lr, magnetizing inductor Lm and resonant capacitor
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Fig. 3. Typical waveforms of LLC resonant converters.

Cr. There is an ideal transformer T1 with a center-tapped struc-
ture by which energy is transferred from the primary side to
the secondary side with isolation. Generally, Lr, Lm, and T1
are integrated into one transformer [8], [15], [16]. At the sec-
ondary side, there are two rectifier diodes Da and Db, a rectifier
capacitor Co, and the output resistor Ro called as load.

In the control circuits of the primary side, the control units
are integrated into one control IC, except some big capacitors,
etc. There are a driving circuit, a control circuit unit, a voltage-
controlled oscillator VCO, and the proposed load detection cir-
cuit with two input signals and one output signal. One input
signal of the load detection circuit is a voltage level Vig, which
reflects the resonant current (Ir,,) through a current divider Cs
and Rs, which is called the “lossless” sensing technique with
a capacitive shunt [17]. The other one is a voltage level Vg,
which is the drain voltage of the low-side power MOSFET Qb. It
is noted that the Vi, ¢ is approximately detected by an auxiliary
winding at the primary side of the transformer when implement-
ing the experiment to simplify the control IC. The output signal
of the load detection circuit is a voltage level Vi 4, which re-
flects the load conditions. The unit of control circuit determines
the operation mode such as normal and burst modes at light load
conditions according to V¢ 4 by comparing with predetermined
levels.

The isolation of the control circuit between the primary side
and the secondary side is implemented by a photo-coupler PC1,
a shunt regulator SR1, and phase compensation parts R1, C2,
and R2, etc.

III. ANALYSIS AND DESIGN

In this section, detailed theoretical analysis at normal and
burst modes is presented and a load detection circuit is proposed
with the consideration of integrated circuits (ICs).
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A. Normal Mode Operation

Typical operation waveforms (discontinuous conduction
mode) of the LLC resonant converters at normal mode are shown
in Fig. 3[18], [19]. Generally, the output power can be expressed
as (1) for periodic switching operation

P(): '-Pin: * Vin *
n n Vi g

1 T
— / L (t) dt (1)
P 0

where P, is the input power of the LLC resonant converter,
P, is the output power, 7 is the power conversion efficiency, Vi,
is the input dc voltage with a constant value, T}, is the switching
period of the resonant operation, and I;,, (¢) is the input current,
which is a function of time.

The input current I;, (t) can be separated into four operation
states as shown in Fig. 3. According to (1), the output power
can be expressed as

P, :nvln . T%; ( tt]l Iisl(t) dt—f—ftflz IiSQ(t) dt
+ 12 Ly (1) dt + [ T, (1) dt)

where [is1 (t), Lisa (t), Liss (1), and Iis4(t) stand for the input
current at the states of s1, s9, s3, and s, respectively.

The states of s; and s3 are the transition states with the charge
or discharge of Ca, Cb, and other parasitic capacitances by the
current flowing through Lr as shown in Fig. 4. In this paper, the
parasitic capacitances [11], [12] are ignored since they have no
effect on the analysis of the proposed load detection technique.

2)
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At the transition state s;, Ca is discharged by the part of the
resonant current I7,., which is equal to the input current [,
and the voltage of Ca (V¢,) is discharged from V;,, to 0. At the
transition state s3, Ca is charged by the part of resonant current
I, which is equal to the input current [;, too, and Vi, is
changed from 0 to Vj,,. Accordingly, the integration of the input
current at the state s; and s3 of (2) can be given by (3) and (4),
respectively

ty

/ Lo () dt = Vi - Ca 3)
to
t3

/ IiS:s (t) dt = Vi - Ca. 4
ty

As for the state so, it is the resonant state where the input
current [, (t) is equal to the resonant current I, (¢). Therefore,
the integration of input current at the state of sy of (2) can be
expressed as

to to
/ Iisz (t) dt = / Iy, (t) dt. ©)
ty ty

As for the state sy, since [ig4(t) is zero, the integration of
input current at the state of s, of (2) can be expressed simply as

ty
/ L, (t) dt = 0. (6)
t3

By substituting (3)-(6) into (2), the output power can be
obtained as

1 f2
P(,:T]~Vin~—-/ I, (t) dt. (7)
T, Ji,

P

It can be seen that the output power is directly proportional to
the mean value of the resonant current during the state sy with
period T),. Since #; is the end timing of VS rising and #, is the
start timing of VS falling, as shown in Fig. 3, the output power
can be obtained by detecting the resonant current I, (¢) and the
timing of VS voltage V5.

The resonant current /7, (¢) can be detected by a current di-
vider Cs and then transferred into a voltage level Vs () with a
resistor Rs as shown in Fig. 2. With the first harmonic approx-
imation [20]-[22] of the resonant current I7,.(), Vis(r) can be
expressed as

Ry-(1+4%)—j-2-7 f,-Rs*-Cr
(1+ S +@ 7 fo Rs-Cr)’

Vis (t) =1, (t) '
(@)

where f; is the frequency of the resonant current I, (¢).
And the phase shift (6yg) of Vis(t) against I, (t) can be
expressed as

2-m-fs-Rs-Cr-Cs
Cs+Cr '
According to the practical parameters listed in Table I, the
parts with f; at (8) are much smaller than other parts without

fs» and can be ignored approximately. Therefore, Vig(t) can be
expressed simply as

C))

tan(&ms ) = —

Rs-Cs

Vis(t) = Ip, (1) - Cs 10

(10)
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TABLE I
PRACTICAL PARAMETERS FOR THE CURRENT DIVIDER CIRCUIT

Symbol Designed parameters Parameter value
Rs Resistance of current divider 220Q
Cs Capacitance of current divider 220 pF
Cr Resonant capacitor 22 nF
fs Operating frequency 78 kHz~84 kHz
i i i
i i i
Vio | ai i
e—— - ; e—
1
1

Fig. 5. Waveforms of Viyo,Vi0, Vv s, I, and Vis.

It is noted that even the operating frequency is up to
500 kHz, the tolerance of (10) compared with (8) is only 1.1%. It
is because the fs parts appear at both numerator and denominator
in (8).

According to (9), the propagation delay Ty, from Iz, (¢) to
Vis (t), as shown in Fig. 5, can be expressed approximately as

Rs-Cs-Cr

Ty = 2 2"
dly (Cs+Cr)

an

Here, tan(fvrs) =~ 6vis and |Qyis| =2 -7 - fo - Ty, are
used.
Consequently, the output power can be deduced as

1 to+Tqiy
Cs+Cr . . / Vi (#) dt.
t

Pr): 'Mn'i —
K Rs-Cs T, 4T,

(12)
The mean value of Vig () at the state of s, with propagation
delay of Ty, during period 7}, can be obtained by a proposed
circuit as shown in Fig. 6. The transition timing of VS is de-
tected by a hysteresis comparator with reference voltages of
Viet1/Vieta Which are set close to Vi, - Rysa /(Rys1 + Ryss).
At the end timing of VS rising with delay of T;,, SW turns
ON and SW,, turns OFF, so IS voltage (Vig) becomes the input
voltage of the RC filter. At the start timing of VS falling with
delay of T;,, SWy turns off and SW turns on, so zero voltage

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 4, APRIL 2017

'
1 From t+ Ty to t,+Tq,
1 SW,:on,SW,: off
1
1
'
i

From t,+T, to t,+T,, +T,,
1 SWy: off, SW,: on

Averaging circuit

Fig. 6. Proposed circuit diagram of the load detection.

becomes the input voltage of the RC filter. Therefore, the voltage
of CA (V4 ) can be expressed as

1 to+Tary
Voa = = / Vis(t) dt. (13)
t

TP 1+Tauy

Here, it is assumed that the time constant of the RC filter (R
and Ct in Fig. 6) is much larger than T,,.

By substituting (13) into (12), the output power is directly
proportional to Vi 4, as shown in (14). In other words, we
can achieve the load conditions at the primary side by the
values of Vi 4

Cs+Cr
Rs-Cs
It is noted that the results are completely applicable to the

continuous conduction mode of LLC resonant converters as
well by following the same derivation procedure.

Po:n"/in' VCA- (14)

B. Burst Mode Operation

In this paper, we present a kind of burst mode whose burst
frequency is more than 20 kHz to avoid audible noise. The
purpose of it is to improve efficiencies at light load below around
20% nominal load. It should be noted that it is difficult to get
high efficiency performance for this kind of burst mode at very
light load condition due to the limitation of the burst frequency.

The presented burst mode is shown in Fig. 7, where the input
current consists of three regions. The first region is the switching
region at T}, the second region is the circulating region at 7},
and the third one is the resonant region at 7},,3 with the resonant
frequency of f, as

1

CatCh)-Cr

fe= 5)

It is noted that the start of each burst is determined by VCO
and VS voltages, and the stop of each burst is controlled by
VCO. The width of the cycles at the first region is different from
each other.

At burst mode, similar to the analysis of normal mode, the
output power can be expressed as

P, = n- Vin - -

t t12
= (i Tipn, (t) dt + ft;- Lip, (t) dt

16
+ ﬁtllj Lipy, (t) dt) (16)
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Fig. 8.

Proposed circuit diagram of the averaging circuit with IC.

where T}, is the burst period.
The first integration of (16) can be given by

tg t‘Z
/ L, (1) dt = /
tig t

On the other hand, the second integration of (16) can be
obtained as

te
L, (1) dt + / Lus(t) dt. (1)
t

Ls

S22 L, (1) dt = [ L, (£) dt + [ L, (t) dt as)
+ [0 T, (8) dt + [ Lo (2) dt.

At the transition state sq, Ca is charged by the part of resonant
current due to the resonant operation with resonant frequency
fe. As a result, the voltage of Ca (V¢,) is changed from 0 to
Vin. Therefore, (19) can be obtained

ti1

/tl()

I, (t) dt = Vi, - Ca. (19)
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Similar to the analysis of normal mode, the second integration
of (16) can be obtained as

t1o tio
/ L, () dt = / I, (t) dt.
tg tg

Regarding the third integration of (16), since it is a complete
resonant operation with resonant frequency f., as expressed in
(15), it is clear that the result of the third integration of (16) is
zero.

Consequently, the output power at burst mode can be
expressed as

(20)

P—n ‘/m'Tb'(ttlz 1\2
+ 1 T (2) dt).

Similar to the analysis of normal mode, the output power at
burst mode can be expressed as

dt+f is, (1) dt on

_ Cs+C to+Tany
P‘) =n Vm ) Rss C@r ’ pr ’ j;‘1+T11 ) V“ dt (22)
te+Tail, tio+Ta1y
+ i Vis(t) dt+ [1 1 Vis(t ) dt).

Since t1, t5, and tg are the end timings of VS rising, and t», tg,
and t;o are the start timings of VS falling, the proposed circuit
as shown in Fig. 6 is valid same as normal mode. The voltage
of CA (V) at burst mode can be expressed as

to+Tayy to+Tary
Voa = T b L12+Tdd[7/ V” dt + ﬁ‘ 6+Tddz] V“(t) dt (23)
tro+Tary
Jrf,;iT(””’ Vis(t) dt).

Here, it is assumed that the time constant of an RC filter (R
and Ct in Fig. 6) is much larger than 7.
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As a result, (14) is valid for both normal mode and burst
mode. In other words, the load conditions can be detected by
the voltage levels of CA (V¢ya ) regardless of the operation
modes.

Itis clear that the derivation process from (16) to (23) is appli-
cable to any burst mode operations of LLC resonant converters
theoretically.

C. Consideration of ICs

Regarding the averaging circuit of Fig. 6, it is not easy to
integrate the SW; and SW into a control IC since Vig has
a minus voltage part. Accordingly, a circuit with level shift
circuits, which is available to be integrated into a control IC, is
proposed as shown in Fig. 8. The capacitor Cf is connected to
the terminal CA of the control IC to adjust the time constant
of the RC filter. It is noted that, in order to get a stable control
on the averaging circuit, the signal sw_ctrl is set as low by the
control system at the resonant part 7},1,3 in Fig. 7.

When SW; is on, the DC gain k¢ 4 between CA and IS can
be given as

VCA R81 Ralg
koa = = - . 24
“4T Vs Rsi +Rsy Ray @49
Here it is assumed that
R81 - Rtl Ra12 - RGQQ
RSQ o Rtg ’ th Ra21 '
Therefore, (13) can be modified as
‘/ 1 to+Tary
Vea _ 1. / Vis(t) dt 25)
kCA Tp ty +Tlily

As a result, the linear relationship of P, and V4 can be
obtained as (26) by modifying (14)

Cs+C’r'
Rs-Cs

Vea

Po = ’V;ﬁn ' 7 -
1 kca

(26)

According to the (26), the dc gain k¢4 can compensate the
change of V;,, by making V;,, /kc 4 as a constant. For example,
the resistance of Ra;» and Rayy can be controlled by using the
value of V;,, in the control IC. For the sake of simplicity, V;,, and
kc 4 are set as a constant value 400 V and 2.5 at the following
sections.

From the (26), it can be seen that ) has effect on the linear
relationship of P, and V4 due to the P, dependence or oper-
ation mode dependence of 7. But in terms of auto burst mode
control, the change of 7 at the load points of mode switching
will not impact the load detection accuracy, because we always
try to set the load points of mode switching to reduce the change
of 7 as small as possible such as 2% or less.

Additionally, in the (26), since there are no any parame-
ters such as operating frequency, parasitic capacitances in the
resonant tank and so on. It is clear that the proposed load
detection method is not only accurate but insensitive to the sta-
tistical spread of the components of the resonant tank in mass
production.
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Fig. 11.
mode at light load (P, = 30 W). (¢) Burst mode at light load (P, = 30 W).

TABLE II
PARAMETERS FOR PROPOSED AND CONVENTIONAL TECHNIQUES

Parameter value

Symbol Designed parameters Proposed ~ Conventional
Vin Input voltage 400 V
v, Output voltage 16V
Lo Inductance of primary winding 568 uH

with secondary winding open
Ls Inductance of primary winding 150 uH

with secondary winding short
N Turns ratio 48:3:3
Cr Resonant capacitance 22 nF
Ron On resistance of Qa or Qb 0.49 Q
Ca Capacitance of Ca 470 pF
Cb Capacitance of Cb 470 pF
Ve Forward voltage of Da or Db 05V
Cs Capacitance of current divider 220 pF -
Rs Resistance of current divider 220 Q -
Tary Propagation delay for VS timing detection 48 ns -
kca The DC gain of CA against IS 2.5 -
Ry Resistance of Ry 100 k2 -
Cy Capacitance of Cy 0.1 uF -
Csy Capacitance of Cs; - 220 pF
Rsy Resistance of Rs; - 10 kQ
Cso Capacitance of Csy - 4.7 uF
Rso Resistance of Rsy - 560 Q

IV. SIMULATION RESULTS

Fig. 9 shows the curve of the load condition V4 against
output power P, with the proposed load detection technique,
compared with the conventional technique whose circuit dia-
gram is shown in Fig. 1.

The simulation is implemented using PSIM with parameters
listed in Table II for the proposed technique and the conven-
tional techniques [13]. It is noted that the transformer model is
built based on the integrated transformers, which use inductance
parameters of the primary winding with the secondary winding
open or short [22].

03882
ma 1) Tima i

(b) ()

oMa824 0 escy 038583 038S8a 03488 03848

Simulated waveforms based on parameters listed in Table II for the proposed technique. (a) Normal mode at nominal load (P, = 160 W). (b) Normal

Fig. 12.  Evaluation board. (a) Power circuits. (b) Control circuits with a LLC-
IC for the LLC resonant converter.

It can be seen that V>4 can reflect the load condition well
not only at normal mode but burst mode. On the other hand,
with the conventional technique, it is clear that the curves of the
load conditions between normal and burst modes have such a
big difference that it is not suitable for automatic burst mode
control.
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(a)
Fig. 13.

at burst mode.

TABLE III
PARAMETERS OR DEVICES FOR EXPERIMENTAL TEST

Symbol Designed parameters Parameter value

Vin Input voltage 400 V

Vs, Output voltage 16V

Lo Inductance of primary winding 568 uH
with secondary winding open

Ls Inductance of primary winding 150 uH
with secondary winding short

N Turns ratio 48:3:3

Cr Resonant capacitance 22 nF

Qa, Qb Power mosfets FMVO7N60S1

Ca Extra capacitance of Ca 220 pF

Cb Extra capacitance of Cb 220 pF

Da, Db Rectifier diodes YG862C04R

Cs Capacitance of current divider 220 pF

Rs Resistance of current divider 220 Q

koa The DC gain of CA against IS 2.5

Ry Resistance of R¢ 100 k2

Cy Capacitance of C¢ 0.1 uF

Fig. 10 shows the waveforms of V», I and Vi 4 from heavy
load to light load, and then back to heavy load with automatic
burst mode control by the proposed techniques. When Vi 4 is
lower than one predetermined level (0.4 V), the converter enters
burst modest mode. And then when V- 4 is higher than another
predetermined level (0.5 V), it leaves burst mode. It is noted that
the predetermined levels of V4 are set to reduce the change of
the power efficiencies as small as possible when the operation
mode is switched.

Fig. 11 shows three points of Fig. 10 with detailed wave-
forms, Vo, Vio, Vs, Iin, I, and V4 at the heavy load of
160 W (I, = 10 A) at normal mode, and a light load of 30 W
(I, = 1.875 A) operating at normal mode and burst mode.

In order to obtain the accurate data of Vi 4 levels at burst
mode, the time constant of R and C; is set as 10 ms, which
impacts clearly the load response from light load to nominal
load condition at burst mode, because it takes time to leave the
burst mode, which cannot provide the nominal power. But it
is possible to improve the load response by adding an RC filter
before the route of R and Ct in Fig. 8. The new RC filter is built
with a short time constant such as 0.5 ms or less in the control
IC and the output voltage of it is used to leave the burst mode
rapidly at the transition load condition. We will implement the
improvement method of the load response in future work.

(b)

(c)

Experimental waveforms. (a) Nominal load (P, = 160 W) at normal mode. (b) Light load (P, = 30 W) at normal mode. (c) Light load (P, = 30 W)
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Fig. 14. VA level against output power P, at normal and burst mode with

comparison to theoretical results.

V. EXPERIMENTAL RESULTS

A prototype of the LLC resonant converter is built by
modifying the evaluation board of Fuji Electric, as shown in
Fig. 12, where the line filter and the PFC converter are not used.
Its input voltage is 400 V and output voltage is 16 V with a nom-
inal power of 160 W (I, = 10 A). The parameters or devices
for this experimental test are listed in Table III. A prototype
of the LLC control IC is used, which is the next generation of
FAG6AOON series described in [23].

Fig. 13 shows the experimental waveforms of Vi g, Iiy, I,
and V4 at the nominal load of 160 W at normal mode, and a
light load of 30 W operating at normal mode and burst mode. It
can be seen that the experimental results of load condition Vi 4
meet simulation results very well.

Fig. 14 illustrates the curves of V4 against P, with the-
oretical and experimental results. The theoretical results are
calculated by (26) where the efficiency is set as a constant value
of 0.93 based on the experimental data at the nominal load con-
dition. It is confirmed that the experimental results meet the
theoretical results from heavy load to light load well. It should
be noted that if the theoretical results take the P, dependence of
7 into account, it will meet the experimental results better. As
for auto burst mode control, the predetermined levels of V- 4 for
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Fig. 15. Experimental efficiency at light load with automatic burst mode
control.

entering or leaving burst mode are selectable by the control IC.
The predetermined levels of V4 are determined by reducing
the change of power efficiencies as small as possible when the
operation mode is switched. In this paper, the predetermined
levels of Vi 4 are selected as 0.4 and 0.5 V.

Fig. 15 shows the experimental efficiencies at light load with
automatic burst mode control. When the load decreases under
24 W, the switching operation is switched to burst mode from
normal mode. When the load increases to 30 W, the switch-
ing operation is back to normal mode. It can be seen that the
efficiencies at burst mode are higher than that at normal mode.
As a result, an automatic burst mode control that improves the
efficiencies at light load for LLC resonant converter is realized
experimentally.

VI. CONCLUSION

In this paper, for LLC resonant converters, a lossless load
detection technique for normal and burst modes by a novel av-
erage input current sensing method is presented. Based on the
theoretical analysis on normal and burst modes, a load detec-
tion circuit is proposed with consideration of ICs. To verify
the theoretical analysis and proposed circuits, an LLC resonant
converter with 400 V input and 16 V/10 A output is simulated
with PSIM and a prototype board is built. The simulation and
experimental results show that the proposed load detection tech-
nique is valid and practical. As a result, an automatic burst mode
control for the LLC resonant converters is realized to achieve
higher efficiency at light load conditions. In future work, we
will implement the improvement method of the load response.
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