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Abstract—In past years, LLC resonant converters have
become a mainstream topology for dc–dc power conversion
due to their advantages, such as the superior efficiency ob-
tained with the soft switching of MOSFETs. In order to fur-
ther improve the efficiency of the converter, synchronous
rectification (SR) can be implemented as an alternative for
diode rectification. As a result, the vast majority of the lit-
erature related to this field of study presents different LLC
SR control algorithms, which aim to improve the operation
of the rectification. Unlike prior work on SR controllers,
this paper contributes to the area of power loss estima-
tion using rectifier current equations (RCE). The developed
method based on time-domain analysis of SR currents pro-
vides a new analytical framework to characterize the behav-
ior of SR. Implications in SR power losses of different time
delays are investigated using the developed loss estima-
tion method. In addition, different converter design param-
eters, such as choice of inductance ratio, can be analyzed.
The RCE captures the true discontinuous and complex be-
havior of SR, which is often oversimplified by the conven-
tional first-harmonic approximation (FHA). As a result, the
proposed method facilitates the design of LLC resonant
converters and provides increased precision in SR power
loss estimation when compared to FHA, and in a consider-
ably faster fashion when compared with precise yet com-
putationally intensive simulation software. This paper is
validated with simulation and experimental results.

Index Terms—First harmonic approximation, LLC res-
onant converter, LLC synchronous rectification (SR),
MOSFET design tool, power losses, SR.

I. INTRODUCTION

R ESONANT converters present advantages that favor the
efficiency of these topologies due to the soft-switching

of active components [1], [2]. LLC converters, in particular,
present characteristics such as wide output voltage regulation
and low electromagnetic interference, which are of interest for
applications such as electric vehicle battery charging [3]–[5], re-
newable energy generation [6], and low-power applications [7],

Manuscript received December 5, 2018; revised April 15, 2019; ac-
cepted May 3, 2019. Date of publication May 22, 2019; date of current
version January 3, 2020. This work was supported by the Natural Sci-
ences and Engineering Research Council of Canada (NSERC). (Corre-
sponding author: Ettore Scabeni Glitz.)

The authors are with the Department of Electrical and Computer
Engineering, The University of British Columbia, Vancouver, BC V6T
1Z4, Canada (e-mail:, ettoreglitz@ieee.org; danielhsu@ece.ubc.ca;
mordonez@ieee.org).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIE.2019.2917372

[8]. In order to further improve the efficiency of this topology,
numerous techniques for implementing synchronous rectifica-
tion (SR) are presented in the literature, ranging from simple
control algorithms with minimized sensing requirements [9]–
[13] to more complex control schemes, which rely on drain
current (iD ) sensing [14]–[19] or drain–source voltage (vDS)
measurement [20].

The different control approaches available in the literature
aim to minimize power losses of the switches (Pmos), since
these negatively impact on the efficiency of the converter and
produce heat, which compromises the durability of the equip-
ment [21], [22]. In fact, designing the thermal management
of active components is one of the most important aspects of
prototype design and relies on the accurate determination of
Pmos before the converter is built [23]. However, since time
constants of thermal and electrical phenomena are considerably
different, simulation of Pmos can be computationally intensive,
demanding hours or even days of uninterrupted simulations.
As an alternative, steady-state analysis using first-harmonic ap-
proximation (FHA) or time-domain expressions for LLC res-
onant converters [24]–[30] can be employed for substantially
faster Pmos determination. Nevertheless, the application of this
method in SR Pmos has yet to be fully analyzed. There are also
opportunities for investigating the impact on Pmos of operating
conditions such as current delivered to load (Iload ) and differ-
ent control techniques resulting in various turn-ON and turn-OFF

delays (td ), as well as different design considerations such as
the inductance ratio (m), which is defined as the relationship
between the magnetizing inductance (Lm ) and series resonant
inductance (Lr ).

In order to implement increasingly efficient LLC SR tech-
niques, plenty of literature is available on novel control algo-
rithms. Unlike most of LLC SR papers, this paper presents a
method for estimating losses in the SR of the topology, which
has not been thoroughly analyzed yet. While FHA is the estab-
lished tool for analyzing the behavior of resonant converters, it
oversimplifies key waveforms necessary for power loss estima-
tion. The presented method, based on rectifier current equations
(RCE), introduces a fast and precise algorithm that allows for
the determination of LLC SR power losses before the converter
is built. This method accounts for different operating condi-
tions and design considerations of the converter. As a result,
it enables the investigation of the behavior of Pmos for several
existing SR algorithms as different design characteristics are im-
plemented. The electrical behavior of the SR current and Pmos
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Fig. 1. Proposed RCE method is a tool for estimating SR losses with
increased precision when compared to FHA. The developed method
accounts for different operating conditions and design parameters, in a
process that is 50 times faster than simulation software.

determination as predicted by RCE is verified by simulation and
experimental results. Improved correlation with expected results
is obtained when compared to the well-established but oversim-
plified FHA, as Fig. 1 shows. In addition, Pmos determination
is realized around 50 times faster using RCE when compared
with simulation software. This allows for the analysis of vari-
ous operating conditions, in a process that would be unfeasible
using simulation software. Section II develops and experimen-
tally verifies the required time-domain equations necessary for
the computing of Pmos . In Section III, turn-ON and turn-OFF

delays are incorporated into the calculation of Pmos , revealing
the most critical delay conditions that result in increased losses.
Section IV analyzes the impact on Pmos of different inductance
ratio design and compares the obtained values with that calcu-
lated using FHA. Finally, experimental measurements validate
the proposed method, presenting a reduction from 12 to 2% in
an average error for loss estimation when compared to FHA.

II. RECTIFIER CURRENT EQUATIONS FOR LLC SR

Simulation of thermal phenomena in high-frequency convert-
ers requires substantial computational resources, since a small
time-step must be employed for long periods of simulation time.
As an alternative, steady-state time-domain equations, which
predict the behavior of the converter under different operating
conditions and design parameters, can be used to assess thermal
behavior in a timely fashion and without the need of specific
simulation software. The electrical behavior of the converter
is extracted from the time-domain equations, which can also

Fig. 2. Equivalent circuit for the primary of the LLC resonant converter.

Fig. 3. Waveforms for operation of the LLC converter when fsw > fres
(left), fsw < fres (middle), and fsw = fres (right). Since the observed
iTR(t) is not sinusoidal, approximation by FHA will poorly reflect the
behavior of the topology.

be used for the determination of Pmos . The thermal behavior
can then be extracted using the simplified thermal model of a
MOSFET.

While FHA is the established tool for determining the behav-
ior of resonant converters, it oversimplifies the obtained wave-
forms to such a degree that they are not useful for power loss
analysis. As an alternative, RCE allows for the determination of
iSR(t) based on its operating conditions and design characteris-
tics, reflecting the actual behavior of the topology. Considering
the converter shown in Fig. 1, the circuit connected to the pri-
mary of the transformer can be represented by that shown in
Fig. 2.

In order to determine losses in the SR of LLC resonant con-
verters, the current that flows through the SR MOSFETs (iSR(t))
must be determined. This current is derived from the rectified
current, which comes from the current that flows through the
transformer (iTR(t)). This current can be determined by the
difference between the current that flows through the tank of
the converter (itank(t)) and the current that flows through the
magnetizing inductance (iLm

(t)). As shown in Fig. 3, the be-
havior of the converter depends on the switching behavior of the
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inverter MOSFETs with respect to the resonant frequency (fres)
of the tank: above, below, or at resonant frequency.

A. Operation Above the Resonant Frequency

Fig. 3 shows the general behavior of the waveforms of the
circuit shown in Fig. 2 when it operates above the resonant
frequency, considering a duty cycle of D = 0.5. It is possible to
observe that the average value of vC (t) is V i n

2 , since the primary
of the LLC converter is a half-bridge topology. The average of
the currents itank(t) and iLm

(t) is zero. At t = t0 = 0, vin(t)
assumes the value Vin , which is maintained until t = 1

2fsw
. The

voltage across the primary windings of the transformer is at
−nVout when t = t0 and changes to nVout at the time instant
t = t1 . Therefore, the behavior of the converter can be analyzed
based on two time intervals: from t = t0 to t = t1 and from
t = t1 to t = 1

2fsw
. For 0 < t < tφ , iSR(t) can be determined

by the following equations, where tφ = 1
2fsw

− t1 :

iSR(t) = n

[
I1 cos

(
t√

LrCr

)
− nVoutt

Lm
− ILm 1

− (V1 − Vin + nVout)
√

Cr

Lr
sin

(
t√

LrCr

)]
(1)

iSR(t) = n

[
− I0 cos

(
t − tφ√
LrCr

)
− nVout(t − tφ)

Lm
+ ILm 0

+ (V0 − Vin − nVout)
√

Cr

Lr
sin

(
t − tφ√
LrCr

)]
. (2)

For the SR time-domain equations expressed in (1) and (2) to
be solely a function of design parameters and known operating
conditions, the unknown values ILm 1 , I1 , V1 , ILm 0 , I0 , V0 , and
t1 must be determined, as well as Vin or Vout , depending on
which parameter is known. Based on circuit constraints, the
unknown parameters can be calculated as follows:

ILm 1 = I1 = − nVout

4Lm fsw
(3)

V1 = Vin − nVout − B

m
nVout tan(A − B)

− Vin − 2nVout cos(A)
2 cos(B) cos(A − B)

(4)

ILm 0 =
nVout

4Lm fsw

(
A

B
− 1

)
(5)

I0 = −
√

Cr

Lr

[
2 B

m nVout cos(B)
2 cos(A − B)

+
sin(A)(2nVout cos(A − 2B) + Vin)

2 cos(B) cos(A − B)

]
(6)

V0 = Vin + nVout(1 − 2 cos(A))

+
B
m nVout sin(2B) + cos(A)(2nVout cos(A) − Vin)

2 cos(B) cos(A − B)
(7)

Vout

Vin
= − 1

2n

sin(A − B)
B
m cos(B) + sin(B)

(8)

where A = t1√
Lr Cr

and B = 1
4fsw

√
Lr Cr

. For a given Vin and
Vout , t1 can be calculated from the equations presented. Other-
wise, the loading condition needs to be provided so t1 can be
determined with

Pload = 4CrfswV 2
in

sin(A − B) sin(A
2 − B) sin(A

2 )
B
m (cos(2B) + 1) + sin(2B)

. (9)

After the unknown parameters have been determined with
(3)–(9), the expression for iSR(t) from (1) and (2) can be deter-
mined as a function of operating conditions and known design
parameters.

B. Operation Below the Resonant Frequency

Waveforms for operation of the converter under this condi-
tion can be seen in Fig. 3. Once again, the average value of
vC (t) is V in

2 for D = 0.5, and the average value of both itank(t)
and iLm

(t) is zero. At t = t0 = 0, vin(t) assumes the value Vin ,
which is maintained until t = 1

2fsw
. The vpr (t) is maintained at

nVout from t = t0 until t = t1 . At t = t1 , vpr (t) is no longer
nVout , but rather the voltage produced by iLm

, since there is no
current flowing through iTR(t) from t = t1 to t = 1

2fsw
. As a re-

sult, iLm
(t) = itank(t). As a result, the time-domain expression

for the SR current for 0 < t < t1 can be determined with

iSR(t) = n

[
I0 cos

(
t√

LrCr

)
− nVoutt

Lm
− ILm 0

− (V0 − Vin + nVout)
√

Cr

Lr
sin

(
t√

LrCr

)]
.

(10)

The unknown parameters ILm 0 , I0 , V0 , t1 , and Vin or Vout can
be determined based on the established constraints as follows:

ILm 0 = I0 (11)

I0 =
√

Cr

Lr

[
nVout(1 + cos(T )) − Vin√

m + 1 sin(T ) + tan(A
2 )(cos(T ) − 1)

+
A
m nVout(cos(T ) cot(A) −√

m + 1 sin(T ) + csc(A))√
m + 1 sin(T ) + tan(A

2 )(cos(T ) − 1)

]

(12)

V0 = Vin − nVout

+
A
m nVout(cos(T ) +

√
m + 1 sin(T ) cot(A))

tan(A
2 )(1 − cos(T )) −√

m + 1 sin(T )

+
(Vin − nVout(cos(T ) + 1))

(cos(T ) − 1) +
√

m + 1 cot(A
2 ) sin(T )

(13)

Vout

Vin
=

m
An

2m
A + cot(A

2 ) −√
m + 1 tan(T

2 )
(14)

where A = t1√
Lr Cr

and T = 1√
(Lr +Lm )Cr

( 1
2fsw

− t1). For a

given Vin and Vout , t1 can be calculated numerically from (14).

Authorized licensed use limited to: Xi'an University of Science and Technology. Downloaded on October 16,2020 at 02:47:57 UTC from IEEE Xplore.  Restrictions apply. 



GLITZ et al.: POWER LOSS ESTIMATION IN LLC SYNCHRONOUS RECTIFICATION USING RECTIFIER CURRENT EQUATIONS 3699

Otherwise, it can be determined with

Pload = CrfswV 2
in

K1K2

K3 + K4 + K5 −
√

m + 1 (K6 + K7)
(15)

where⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

K1 =
√

1 + m − tan
(

T
2

)
tan

(
A
2

)
K2 = A

2 cot
(

A
2

) − 1

K3 = A
m

(
cos(A)+cos(T )−2 cos(A) cos(T )−2

sin(T )(cos(A)−1)

)

K4 = 1+ A
2 cot( A

2 )+m

tan( A
2 ) tan( A

2
√

1 + m
)

K5 = tan
(

T
2

) (
tan

(
A
2

)
+ A

)
K6 = A

m

(
cos(A)+cos(T )+2 cos(A) cos(T )+2

sin(A)(cos(T )+1)

)

K7 = A
2 cot

(
A
2

)
+ 2

. (16)

After the unknown parameters have been determined with
(11)–(16), the expression for iSR(t) from (10) can be de-
termined as a function of design parameters and operating
conditions.

C. Operation at the Resonant Frequency

Waveforms for operation of the converter at fres are shown
in Fig. 3. Under this special case, vin(t) and vpr (t) are aligned,
so the circuit can be analyzed in its entirety during one time
period, t0 = 0 < t < 1

2fsw
. The time-domain expression for the

SR current is

iSR(t) = n

[
I0 cos

(
t√

LrCr

)
− nVoutt

Lm
− ILm 0

− (V0 − Vin + nVout)
√

Cr

Lr
sin

(
t√

LrCr

)]
.

(17)

The unknown parameters ILm 0 , I0 , V0 , and Vin or Vout can
be determined based on the established constraints as follows:

ILm 0 = I0 = −nVoutπ
√

LrCr

2Lm
(18)

V0 =
Vin

2
− π

√
Lr

Cr

Pload

Vin
(19)

Vout

Vin
=

1
2n

. (20)

After the unknown parameters have been determined with
(18)–(20), the expression for iSR(t) from (17) can be determined
as a function of known parameters and operating conditions.

D. Validation of the RCE Equations

In order to validate the developed RCE, a comparison be-
tween calculated, simulated, and measured waveforms can be
performed. Because iSR(t) is directly related to Pmos , accu-
rate tracing of this waveform is fundamental. To evaluate the
performance of the model under different operating conditions,

TABLE I
LLC DESIGN PARAMETERS

an experimental setup was implemented with the design pa-
rameters listed in Table I. Measurements of iSR(t) are shown
for operation under different operating frequencies and load-
ing conditions in Fig. 4, along with the waveforms calculated
using the developed RCE and simulated results. Even though
RCE considers an ideal transformer without leakage induc-
tance Lr , simulation was performed considering Lr = 2%.
It is possible to observe a substantial similarity between the
shape and magnitude of the simulated, calculated, and mea-
sured waveforms, with deviations of less than 5% between
registered peak values of iSR . In addition, different combina-
tions of parameters were considered, including operating con-
ditions with quality factor close to unity, and RCE was able
to closely correlate to simulation waveforms in all considered
scenarios.

III. LLC SR TURN-ON AND TURN-OFF DELAYS: RCE
VERSUS FHA

In LLC SR, the delay time (td ) for turn-ON (td(on)) or turn-
OFF (td(off)) is of paramount importance since power losses in
SR MOSFETs (Pmos) increase during these periods, as Fig. 1
shows. These delays arise from measurement uncertainties and
thresholds used in control algorithms, calculation and propaga-
tion delays, as well as safety margins to avoid shoot through.
The calculation of Pmos using RCE allows for the incorpora-
tion of losses due to these delays, which increases the precision
of loss calculation, facilitating the thermal management design
of SR MOSFETs. During td , the body diode of the switches
conducts, so its voltage drop (vd ) can be used as a function of
parameters such as drain current (ID ) and junction temperature
(Tj ) for loss assessment. The Pmos for operation above and at
fres can be obtained as follows:

Pmos = fsw

[ ∫ td ( o n )

0
iSRvddt +

∫ 1
2 f sw

−td ( o f f )

td ( o n )

i2SRRDS(on)dt

+
∫ 1

2 f sw

1
2 f sw

−td ( o f f )

iSRvddt

]
(21)

where iSR(t) is obtained from (1) and (2) for fsw > fres and
from (17) for fsw = fres . The expression for Pmos for the
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Fig. 4. Calculated and simulated iSR (t) for given operating conditions
closely correlate to waveforms obtained in experimental results.

converter operating below fres can then be obtained as follows:

Pmos = fsw

[ ∫ td ( o n )

0
iSRvddt

+
∫ t1 −td ( o f f )

td ( o n )

i2SRRDS(on)dt +
∫ t1

t1 −td ( o f f )

iSRvddt

]

(22)

where the expression for iSR(t) is determined by (10).
Due to the geometry of iSR(t), the same variation in td(on)

is not as impactful in Pmos as it is for td(off ) , independently of
fsw , as can be seen in Fig. 5(a). Since iSR(t) presents a steeper

Fig. 5. (a) td (off ) is more critical for Pm os due to the geometry of iSR (t),
especially for fsw > fres . (b) Ioff is higher than Ion , regardless of the
fsw .

slope during the second half of the waveform, the resulting
current level at turn-ON (Ion ) is lower than at turn-OFF (Ioff )
for the same td , as shown in Fig. 5(b). Thus, control strategies
with higher td(off ) result in larger Pmos , especially for operation
above fres .

This behavior is not observed when FHA is employed to ap-
proximate iSR(t), since FHA produces symmetric waveforms.
In fact, a common practice is to assume that the ON-time (ton )
of the SR is fixed for operation below the resonant frequency at
ton = π

√
LrCr . This produces a waveform that is closer in mag-

nitude and shape to that observed in the real circuit, as shown
in Fig. 6. Nevertheless, the waveform produced is symmetrical
from t = 0 to ton = π

√
LrCr , and thus, cannot replicate the

effect observed in Fig. 5. As a result, the prediction of Pmos
using FHA is compromised.

IV. DESIGN CONSIDERATIONS FOR Pmos

As observed previously, while FHA provides valuable in-
sights regarding the operation of the LLC resonant converter, it
lacks the level of detail required to accurately determine Pmos
when compared with RCE. The incorporation of different td can
further increase the difference observed using the two methods.
In addition, different design considerations, such as choice of
the inductance ratio m, may not be accounted for with FHA. It
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Fig. 6. While FHA generates perfectly sinusoidal waveforms (red), the
iSR (t) from RCE are not symmetrical (green). If ton is fixed at π

√
Lr Cr

for fsw < fres (orange), a better approximation of the waveform is
obtained.

Fig. 7. RCE considers the impact of m for the determination of Pm os ,
which is not possible when employing FHA. Increased Lm results in
smaller values of Pm os , which are underestimated using modified FHA.

is known that this parameter in particular influences the electri-
cal behavior of the converter, especially when it comes to the
relationship between fsw and Vout . While RCE is able to deter-
mine iSR(t) with accuracy, considering the dependence of m for
Pmos estimation, FHA only provides a single Pmos estimation
for different m, as shown in Fig. 7.

When the converter operates below fres , larger values of m,
such as m = 6, will result in smaller Pmos , and the value ob-
tained with the SR equations will approximate the value deter-
mined with FHA. Nevertheless, FHA provides a low prediction
of Pmos , with increased discrepancy at heavier loading condi-
tions. For operation above fres , similar values are obtained with
RCE for Pmos under different values of m, but larger values of
m still result in slightly lower Pmos . FHA, on the other hand,
underestimates Pmos under any operating condition, which can
be detrimental to MOSFET selection.

Even though lower values of m result in larger Pmos , the
power transferred to the load (Pload ) differs from case to case,
since the output voltage of the converter (Vout) depends on
m. Therefore, it is important to analyze the ratio of power be-
ing dissipated in an SR MOSFET versus the total power being
transferred to the load, namely Pmos/Pload . As seen before, the

Fig. 8. Higher levels of Pm os/Pload are observed at heavier loads.
For fsw < fres , smaller values of Lm result in better efficiency, and for
fsw > fres , higher values of Lm present a better performance.

Fig. 9. ton of SR MOSFETs depends on operating conditions, such as
fsw and Iload , and also on design considerations, such as inductance
ratio m.

determination of Pmos using FHA does not depend on m, unlike
what is seen in RCE. However, the calculation of Pload depends
on this parameter using either FHA or RCE. As a result, differ-
ent values of Pmos/Pload can be obtained for various m using
both methods: RCE and modified FHA.

Fig. 8 shows different levels of Pmos/Pload for different load-
ing conditions, estimation methods, and values of m, consider-
ing a 500 ns td(on) and td(off ) . Considering the results obtained
with RCE, which are verified with simulation, it is possible to
observe that the ratio Pmos/Pload is higher at heavier loading
conditions, which implies that the contribution of power losses
from the SR of the LLC increases more significantly than the
power transferred does. For operation below fres , lower values
of m yield better performance, while for operation above fres ,
higher values of m are more efficient. This can be of interest
when designing a converter that will more likely have a step-up
or step-down operation, since it can assist in reducing losses in
the SR stage independently of the control strategy employed.

Authorized licensed use limited to: Xi'an University of Science and Technology. Downloaded on October 16,2020 at 02:47:57 UTC from IEEE Xplore.  Restrictions apply. 



3702 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 67, NO. 5, MAY 2020

Fig. 10. Close correlation between experimental measurements and calculations using RCE is obtained for different values of fsw , Iload , td (on) ,
and td (off ) . The simplified FHA yields inaccurate results both in ΔPm os and in the obtained waveforms.

When considering the result obtained with FHA, it is possi-
ble to observe a similar trend. However, when comparing both
results with RCE and FHA for the same value of m, it is possi-
ble to observe a considerable discrepancy, especially when the
converter operates under a heavy loading condition and with
high values of m. Therefore, FHA is not the best approach to
determine Pmos accurately, especially for lower values of m,
and it cannot determine Pmos/Pload with precision for higher
values of m. It is important to emphasize that the choice of m
impacts not only the losses in the rectifying MOSFETs but also
the general behavior of the topology, and a holistic approach
must be considered in the selection of this parameter.

Another limitation of FHA is the determination of the ton
during which each MOSFET should conduct. The ton can vary
considerably for operation below fres , as shown in Fig. 9, and it
depends on operating conditions, such as Iload and fsw , and on
design parameters, such as m. Because FHA only considers a
fixed ton = π

√
LrCr , it is not an adequate tool for predicting the

actual conduction time of the SR MOSFETs, and thus, does not
allow for a good estimation of Pmos when using different control
techniques. As an alternative, RCE can be used to analyze the
impact of different control techniques in Pmos .

V. EXPERIMENTAL POWER LOSS VALIDATION

In order to verify the effectiveness of the developed model in
predicting Pmos under different operating conditions, the pro-
totype with parameters listed in Table I was used. As observed
in Section IV, smaller values of m result in Pmos estimations,

which are substantially different from those predicted by FHA,
as can be seen in Fig. 7. In this circuit m = 2.74, so it is ex-
pected that FHA will not be able to yield precise Pmos values,
especially for operation above the resonant frequency.

In addition, as observed in Section III, td(off ) is more criti-
cal than td(on) . Moreover, different combinations of td(on) and
td(off ) result in different predictions of Pmos , as can be observed
in different SR control algorithms. In order to investigate these
behaviors, the SR MOSFETs were controlled manually; so no
specific control algorithm was employed.

Since the direct measurement of Pmos is not straightfor-
ward due to the high-frequency switching of the MOSFETs,
instead the difference between Pmos when the SR is active or
OFF was considered, which can be measured at ease using a
high-precision power analyzer. This difference ΔPmos can be
achieved by monitoring the Pin and Pload of the circuit when
the SR is turned ON or OFF manually. Selected results are shown
in Fig. 10, along with the comparison between measured losses
and estimated values using RCE and modified FHA. In addi-
tion, a thermal camera was employed to monitor the operating
temperature of the MOSFETs, as shown in Fig. 11, and different
heat dissipation levels were observed as Pmos varied with the
different operating conditions.

From Fig. 10, it is possible to conclude that the modified
FHA produces current values that are greater in magnitude than
those obtained using RCE or experimentally during the first half
of the waveform. During the second half, RCE produces cur-
rents that are in accordance with experimental measurements,
whereas FHA underestimates the current values. As a result,
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Fig. 11. Thermal camera images showing different heat dissipation
levels for various Pm os .

ΔPmos is overestimated by FHA when td(off ) is large, and un-
derestimated with a smaller td(on) . This behavior is observed by
comparing scenarios 2 and 3 provided in Fig. 10. It is also possi-
ble to observe that the measured ΔPmos for td(on) = 200 ns and
td(off ) = 500 ns (see scenario 1) is comparable to that presented
by td(on) = 800 ns and td(off ) = 200 ns (see scenario 3). This
reflects the fact that td(on) is not as impactful in Pmos as td(off )
is. This becomes clear when td(on) is maintained fixed at 200 ns
and td(off ) is increased from 500 (see scenario 1) to 800 ns (see
scenario 2). Such small change in td(off ) from 500 to 800 ns
produces a significant drop in the efficiency of the converter,
as shown by the bar graphs. This behavior also indicates the
importance of a good control algorithm for the LLC SR, which
may be necessary, especially for cases such as the one presented,
where m is rather small.

Considering all the measurements performed, it was found
that the maximum error presented between measured ΔPmos
and the calculation using RCE is 5%, while using modified
FHA yielded in a maximum error of 37%. Considering the
measured operating conditions, the average error presented was
reduced from 12 to 2% by employing RCE instead of FHA.
The inaccuracy of using FHA to determine Pmos becomes more
critical for operation at fsw = 250 kHz, where the average error
presented is of 18%, versus the 3%, obtained with RCE. This is
in accordance with the findings from Section IV, and can also
be observed in the waveforms provided in Fig. 10. Simulation
results employing Lr = 2% also indicate a close correlation
with the obtained results using RCE, for an error of no more
than 3% for the considered scenarios.

VI. CONCLUSION

This paper presented a method for estimating power losses in
LLC SR MOSFETs (Pmos) based on the RCE of the topology.
Unlike most of the literature in this field, the method presented
is not a control algorithm but a tool that can assist in determining
Pmos before the converter is built, and with improved accuracy
when compared with the established yet oversimplified FHA.
The developed RCE method allows for the study of the perfor-
mance of the SR considering different operating conditions and
design parameters.

Aspects such as the impact of inductance ratio (m) and differ-
ent turn-ON and turn-OFF delays (td ) were studied. It was noted

that small values of m require a more elaborate SR control
algorithm, and that the impact of td(off ) in Pmos was more pro-
nounced when compared with td(on) . These phenomena cannot
be observed when employing FHA due to the oversimplification
of this method.

Improved correlation with experimental measurements and
simulation results was obtained using RCE when compared with
FHA. A reduction from 12% to 2% in average power loss esti-
mation error was obtained, which is fundamental in applications
such as component selection and thermal management design.
RCE was implemented in MS Excel and based on over 400 oper-
ating conditions, the average Pmos calculation time was of only
2.2 s per operating condition, versus an average of 110 s when
using simulation software. This considerable reduction in calcu-
lation time allows for the determination of Pmos and operating
temperatures under various conditions, which is fundamental
for applications such as battery charging, where operating con-
ditions vary considerably over time.
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