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Analytic—Adaptive LLC Resonant Converter
Synchronous Rectifier Control

Peyman Amiri
Wilson Eberle

Abstract—Synchronous rectification (SR) is the key to achieve
high efficiency for high output current LLC resonant converters.
Recently proposed methods for SR control do not offer a complete
solution for industrial applications. The drain-to-source voltage
sensing based methods cannot utilize the full benefits of SR due
to the field-effect transistor (FET) package stray inductance. The
adaptive SR control methods suffer from the variable ON time
and cannot reach the minimum power loss. This research aims
for a high-performance SR control strategy that not only has good
steady-state performance but also works reliably during transients.
This article introduces an analytic—adaptive method for SR control
that delivers accurate adjustment for both turn ON and turn OFF
moments of SR FETs below and above resonance. The proposed
method takes into account the stray inductance of SR FETSs; hence,
it enables full efficiency gain of SR. The feasibility of implementa-
tion for the proposed method integrated with closed-loop control
is experimentally validated on a 300 W 390/12 V half-bridge LLC
resonant converter with 93.66% peak efficiency.

Index Terms—Adaptive control, digital control, LLC resonant
converter, synchronous rectification (SR).

1. INTRODUCTION

LC resonant converter is widely used in the dc front end of

power supplies for data centers and in industrial chargers
for light electric vehicles [1]-[5]. Integrated magnetics and low
switching loss contribute to high power density and efficiency in
industrial designs [6]—[8]. Additionally, zero-voltage switching
for the primary side and zero-current switching for the secondary
side result in reduced electromagnetic interference.

The rapid development of information technology has in-
creased the need for low-voltage and high-current power sup-
plies. The conventional converters use diode rectifiers that result
in large voltage drops in the conduction path and poor efficiency.
SR, the technique of replacing rectifier diodes with field-effect
transistors (FETS), significantly reduces the voltage drop across
rectifying devices and improves the efficiency. Fig. 1 shows an
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Fig. 1. Half-bridge LLC resonant converter with SR.
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Fig.2. SR optimum gate drive signals. (a) Below resonance. (b) At resonance.
(c) Above resonance.

LLC resonant converter with SR. Due to the presence of the mag-
netizing current iy,e in the resonant tank, the secondary-side
currents (igsr 7 and igsr 2) are not in phase with the resonant
tank current iy, . As aresult, the gate signals of SR FETs (Qsr ;
and Qs 2) cannot be produced based on the gate signals of the
primary-side FETs (Q s and Qrs).

An LLC resonant converter demonstrates a multiresonant
characteristic. The two resonant frequencies of the converter
are defined as follows:

1
f’rl = 27‘_m (1)
1
fra = - @

27\/(Lr + L) C,

L,, L,,, and C, represent the resonant inductance, the mag-
netizing inductance of the transformer, and the resonant capaci-
tance, respectively. The SR FETs are usually controlled based on
the converter’s switching frequency fs,,. For below resonance
region (fro < fsw < fr1), as shown in Fig. 2(a), the SR FET


https://orcid.org/0000-0002-3865-294X
https://orcid.org/0000-0003-4047-8204
https://orcid.org/0000-0003-2519-5919
https://orcid.org/0000-0003-1076-5827
mailto:p.amiri@alumni.ubc.ca
mailto:wilson.eberle@ubc.ca
mailto:liwei.wang@ubc.ca
mailto:cbotting@delta-q.com
mailto:mcraciun@delta-q.com
https://ieeexplore.ieee.org

5942

should be turned ON as soon as the current flows through the body
diode of the FET. The currentin Osg 2 (Osr 1) goes to zero before
the turn OFF for Qygs (Qrs). As a result, the SR FETs should
be turned OFF prior to the primary-side FET. At the resonance
frequency (fsw = fr1), as shown in Fig. 2(b), the turn ON and
OFF for the SR FETs are synchronous with their corresponding
primary-side FETs. In the above resonance region (fsw > fr1),
as shown in Fig. 2(c), when Qs (Qrs) is turned OFF the current
in Osg 2 (Qsr 1) 1s still nonzero. After a short period of deadtime
(tq), Ors (Qgg) is turned ON and the current in Qsg 2 (Qsr 1) 1S
forced to zero. As aresult, Osgr ; and Qsr 2 should be turned OFF
with a delay after Qs and Q g, respectively. To avoid reverse
current, the turn ON for the SR FETs also should happen with
the same amount of delay with reference to the primary-side
FETs. This delay allows enough time for the converter to force
the current in the other SR FET to zero.

The demand for high power density has resulted in an in-
creasing trend in switching frequency in recent years. With
rapid improvements in wideband gap semiconductors and planar
magnetics, the trend to push the switching frequency higher
will continue in LLC resonant converter, which adds to the
complexity of SR control [9]-[11]. Over the past few years,
various SR control techniques for LLC resonant converters have
been proposed, which are categorized into three groups.

A. Current Sensing Based Methods

Sensing the secondary-side current is the most accurate
method for controlling SR FETs. Sensing the current is usu-
ally performed by a current transducer (CT), which introduces
additional losses and offsets the benefit of SR [12]. An energy
recovering SR scheme based on sensing the secondary-side
current was proposed in [13]. However, the method was designed
for pulsewidth modulation converters with square-shape current
and not for resonant rectifiers. Reducing the number of CTs was
the focus of research in [14] and yet, with an increased number
of windings, the introduced conduction loss is the same. The
number of CTs used in voltage doubler and full-wave rectifier
structures was optimized in other works [15]—[17]. The use of a
saturable current transformer to implement a self-contained gate
driver for SR FET's was described in [18]. However, it involves a
custom design for a CT. The integration of CT with a transformer
was proposed in [19] to reduce weight and volume. Utilizing
the transformer’s primary-side current for SR control results
in reduced CT conduction loss. However, it is only possible
using a CLL resonant tank structure and it will result in the
use of separate magnetics in the LLC structure [20]. Separate
magnetic parts were avoided in other works by compensating
the effect of magnetizing inductance [21]-[24]. However, these
methods require either a complicated circuitry to offset the effect
of magnetizing current and/or a custom-designed CT.

B. Drain-to-Source Voltage Sensing Based Methods

Sensing the drain-to-source voltage vqs of the SR FETs
eliminates the use of additional CTs and forms the basis for a
number of commercially implemented solutions for SR control
in an LLC resonant converter [25]-[28]. Ideally, the voltage drop
across the drain-to-source of the secondary-side FETSs can be
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Fig.3. (a) Lumped model of the stray inductance of a FET. (b) Leading drain-
to-source voltage due to the stray inductance and the resulting zero-crossing
measurement error (fsw = 150 kHz, Lgtray = 5 nH, and Rgs,on = 2.5 mS2).

a good reference for driving the SR FETs. In this method, as
soon as vqs falls below the body diode conduction threshold,
typically —0.7 V, the SR FET is turned ON and the current
will flow through the channel of the FET. When the current
decreases back to zero, the resistive voltage drop across the
FET also decreases to zero and the FET is turned OFF at zero
crossing of vgs. However, due to the presence of FET’s package
stray inductance L4y, the drain-to-source voltage leads the
drain-to-source current, which results in early turn OFF for the
SR FET [29]. The combination of SR FET package inductance
and printed circuit board (PCB) stray inductance typically ranges
between 6.5 and 17 nH for different packages and layouts [30].
The high-frequency LLC resonant converters are affected the
most by the stray inductance of SR FETs.

Fig. 3(a) shows the lumped equivalent model for the stray
inductance of a FET. Fig. 3(b) shows the effect of this stray
inductance on sensed drain-to-source voltage v,5, which is
leading the current through the FET isg during the ON time.
In order to compensate the effect of stray inductance, the use
of active low-pass filters was recommended in [31] and [32].
However, these methods of compensation require information
on the value of stray inductance that varies widely with the
FET package and PCB layout design. The accuracy of the
compensating network is also dependent on the value of Rys on,
which changes significantly with the FET junction temperature.

A passive compensation network for compensating the lead-
ing effect of stray inductance was proposed in [33]. This method
increased the dependability and decreased the complexity of the
design compared with the active methods. However, it introduces
a delay in turn ON and still suffers from the lack of accurate
information on Lg;ay and Ry on.

C. Adaptive Methods

The adaptive control for SR in LLC resonant converter was
introduced in [34]. In this method, the SR ON time is increased
cycle-by-cycle until no body diode conduction is detected at the
falling edge of the gate signal. Then, the ON time of the SR FET
will be reduced for the next switching cycle. After a few cycles,
the ON time will be adjusted to the optimum value. However, in
this reference, the SR FET ON time is limited to the primary-side
FET ON time. As a result, in the above resonance operation, the
SR ON time is always smaller than the optimum value.
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The digital implementation of the adaptive method for the
control of SR FETs has drawn significant attention during
the past few years. Researchers in [35]-[37] improved either
the accuracy and/or the speed of adaptive SR control. The use
of adaptive methods resulted in reduced conduction loss in SR
FETs. However, the average power loss caused by the variable
ON time is still half of the worst case [38].

Amouzandeh et al. [36] and Sato et al. [37] implemented the
adaptive turn ON adjustment in order to increase efficiency at
light loading. Wang et al. [39], Fei et al. [40], and Qian et al.
[41] either focused on the integration of SR driving schemes
with a closed-loop voltage control or investigated the feasibility
of implementing the adaptive method for very high frequency
LLC resonant converters using low-cost controllers. Nowadays,
the adaptive method is available commercially in the analog and
digital forms for industrial use [42]-[44].

A few other control methods were introduced in recent years
that do not fit in any of the described categories. An open-loop
fixed ON time was proposed in [45]. Although simplicity is an
advantage in this method, the operating range of the method is
limited and the efficiency advantage is not fully gained for all
operating points. The feasibility of the adaptive driving of SR
FETs based on the output voltage information was demonstrated
in [46] for below resonance operation within a limited range.
Choi [47] proposed an ON-time prediction method for SR control
based on dual edge tracking, aiming at improved transient per-
formance. Although the transient performance above resonance
is improved, the additional tracking scheme is not utilized below
resonance. An analog SR control based on the resonant capac-
itor voltage demonstrates the noise-resistant operation below
and above resonance [38]. However, the implementation of the
method integrated with closed-loop control is challenging due
to the need for continuous monitoring of various signals.

Although the performance of an SR control strategy during
transients is of minor importance from the efficiency point of
view, designing an SR control scheme that performs well in
steady state and is able to provide a reliable operation during
transients is valuable in practical applications and, therefore,
is the motivation of this article. In this article, a novel digital
analytic—adaptive method for SR control is proposed, which
accurately controls both turn ON and turn OFF time for SR FETs.
This method does not require a secondary-side CT. It analytically
calculates the optimum turn OFF moment of the SR FET based
on the zero crossing of the FET drain-to-source voltage and
compensates for the effect of stray inductance. Additionally, the
method is able to adapt itself to manufacturing tolerances in
package stray inductance or variation of Rgsn of SR FETs.
Section II of this article presents the theory of the control
scheme. Section III provides the simulation results for different
operating modes in the battery charging application. Section IV
reports the experimental results of the proposed method using a
130 kHz, 300 W, and 390/12 V half-bridge LLC resonant con-
verter. Section V forms the conclusion part of the article.

II. PROPOSED ANALYTIC—ADAPTIVE SR CONTROL METHOD

The proposed method uses different schemes for driving the
SR FETs below and above resonance.
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Fig. 4. Visualization of the time intervals used for the implementation of the
proposed method for below resonance operation. (a) 1, f2, and 3. (b) 1 and 7.

A. Below Resonance

For the below resonance operation, the SR FET is turned ON as
soon as the body diode conduction is detected. In order to explain
the adjustment of the turn OFF time, we first define different time
instants marked in Fig. 4.

T, is the ideal turn ON moment for SR FET. At this moment,
the sensed drain-to-source voltage of FET falls below the body
diode conduction threshold Viy,. At ¢4, the drain-to-source volt-
age of SR FET reduces back to zero, which happens before
the zero crossing of FET current due to the presence of stray
inductance. 73 is the ideal turn OFF moment for the SR FET. The
control method aims to calculate 73 and turn OFF the SR FET
right at this moment. At ¢,, the resonant tank current crosses
zero, as shown in Fig. 4(b).

Based on the defined moments, the secondary-side current
(igsr) is derived as a scaled-up version of the magnetizing
current subtracted from the resonant tank current. During the
SR FET conduction time, the voltage across magnetizing in-
ductance L,, is the output voltage times the transformer turns
ratio. Therefore, L,, does not participate in the resonance and the
resonant tank is effectively an LC series circuit so the response
of the circuit is a sinusoidal current. As aresult, the resonant tank
current is a sinusoidal current, while the magnetizing current is
a linear current.

iQsr (1) = n(Ipsin(wsr (t —11) =)

TLVO t1+t3
n() o

where, n = N1/Ny is the turn ratio of the high-frequency trans-
former, I, is the peak value of the sinusoidal resonant tank
current i, , and V, is the output voltage of the converter.
From ¢; to t3, the resonant tank current has a sinusoidal
shape and one of the SR FETs is conducting. Therefore, wsg,
named SR angular frequency here, is not necessarily the same as
switching frequency and it is defined in (4). ¢ in (5) is the phase
difference between the primary-side and secondary-side currents

™
- 4
Wk = “)
t, —1t1
= T—. 5
S, ®)

When the SR FET is turned ON, the actual drain-to-source
voltage vqs is the voltage drop across Rys on

Vds (t) = Rds,on iSR (t) . (6)
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However, the sensed drain-to-source voltage of the SR FET
Va's 1s the sum of the voltage drops across Rgs on and Lgiray
disr (t)
—, 7

7 (7
At o, vq's becomes zero, which shows that the voltage drops

across Rys on and Lggray are opposite in polarity with the same
magnitude

Vd's (t) = Rds,on iSR (t) + Lstray

disr (tg)

_Lstray dt - Rds,on iSR (t2) . (8)

By substituting (3) into (8) and assuming ¢; as the reference
for time measurement (¢; = 0), we have

_Lstray o sin (wSRt? - 30) —k (tz — %3) 9)
Rds,on WSR COS (wSRtQ - 90) —k '
In the above equation, k is defined as
A nVo
2 Lm 10
3 (10)

In order to simplify the calculations, we expand the sinusoidal
terms in (9)

7Lstray

Rds,on
_ sin (wsrt2) cos (¢) — cos (wsrt2) sin () — k (ta— )
~ wsR €os (wsrta) cos (p) + wsr sin (wsrtz)sin (@) — &k

Y

By evaluating (3) at ¢;, we can determine Sin () and Cos ()
using the sensed value for /,, expressed as follows:

ts —’i‘;

12)

13)

By using (10)—(13) together with measuring /,, and 7, the
ideal turn OFF time for SR FETs (73) can be calculated and used
instantly. Due to the presence of trigonometric functions, the
direct expression cannot be derived without the loss of accuracy.
Hence, a numerically calculated lookup table should be used to
calculate 73 from which .. = 5 - t2 is calculated.

Fig. 5 shows the key operating waveform for below resonance.
In this mode, the SR FET is turned ON as soon as v falls below
the body diode conduction threshold Vi, spc. The falling edge
of the SR gate signal is delayed after the zero crossing of vgg
with the calculated 7., . fox 1S the difference between the actual
conduction time #.,,q and the measured conduction time #.ond,m
and itis calculated by using (10)—(13) together with measuring 7,
and 7. Hence, full efficiency gain is achieved with the proposed
control method.

B. Above Resonance

Fig. 6 shows the key operating waveform above resonance.
Similar to the below resonance region, the SR FET is turned ON
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Fig. 6. Key operating waveform for above resonance operation.

as soon as the body diode conduction is detected. The falling
edge of the SR gate signal is extended with fext. foxt sShould be
long enough to let the current in the SR FET to be reduced to
Zero.

In order to achieve the highest efficiency and prevent reli-
ability degradation, the center-tapped transformer in an LLC
resonant converter is designed in a way that currents at the
secondary side are symmetrical [48]. As a result, the period
of time that it takes for iggr 7 to be forced to zero (¢;) is very
close to the one for igsra (fext). In the proposed method, 5,
which is the period between the rising edge of the corresponding
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Fig. 7. Flowchart for the implementation of the proposed method.

primary-side gate signal (e.g., Vg5, @rs) and the rising edge of
the SR FET gate signal (e.g., vgs,srR2), is detected with body
diode conduction detection. Therefore, ¢; is measured at the
rising edge of the SR gate signal and it is used to extend the
falling edge of the SR gate signal past the falling edge of the
primary-side gate signal.

Fig. 7 shows the control flowchart of the proposed method.
In the first step, below or above resonance operation is chosen
based on the switching frequency, which is determined by the
voltage control loop. For the below resonance operation, the SR
FET is turned ON as soon as a body diode conduction is detected.
Next, the peak value of the resonant tank current /,, is measured.
In the final step, after zero-crossing time of the sensed vq is
detected and 7 is recorded, ¢35 is calculated based on (10)—(13)
and the SR FET is turned OFF at ¢3.

In this mode of operation, the Lgiray/Rds,on 18 adaptively
adjusted, as shown in the dashed box in Fig. 7. If the estimated
Lgitray/Ras,on 1 smaller than the actual value, the calculated fex¢
will be less than enough for compensating the effect of the stray
inductance. As a result, there will be a period of body diode
conduction right after the SR FET is turned OFF. On the other
hand, if the estimated Lgyay/Rds,0on 1s bigger than its actual value,
there will be a short period of reverse current in the SR FET and
no body diode conduction will be detected at the falling edge
of the SR gate signal. Therefore, the presence or absence of the
body diode conduction right after the turn OFF of SR FET is
used to adaptively adjust the estimated value for Lgi;ay/Rds,on-
The adaptive adjustment of this ratio helps to compensate for
the variations of Rgs on as a result of temperature change in the
junction of the FET as well as Lgir,y, manufacturing tolerances.
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For the above resonance operation, the SR FET is turned ON as
soon as a body diode conduction is detected. The delay for turn
ON of the SR FET with respect to the rising edge of vg 1, of the
corresponding primary-side FET is recorded using an internal
counter in the microcontroller and applied tO fext. foxt 1S then
used to delay turn OFF for the SR FET after the falling edge of
Vgs,pri Of the corresponding primary FET.

Adaptive-based methods demonstrate a promising perfor-
mance in steady state. However, unlike the proposed method,
they change the ON time of SR FET's adaptively. Due to potential
sharp changes in the switching frequency and as a result in the
ON time of SR FETs, these adaptive methods are susceptible to
transients. Therefore, additional protective measures are needed
to protect the converter from shoot through in case of a sharp fre-
quency increase. On the other hand, the proposed method in this
article considers the switching frequency and zero crossing of
vq's in determining the ON-time for SR FET's and only adaptively
adjusts the slowly changing parameter (Lgiray/Rds,on). Hence,
it has a more reliable performance during transients.

Although the calculations in the proposed method are more
complex compared with the adaptive method, implementation
techniques employed in this article (more detail in Section V)
enable the designers to implement the proposed method with a
low-cost controller.

Table I compares different SR control strategies. The proposed
method takes advantage of the benefits of vqs sensing method
and employs an adaptive mechanism for the adjustment of
Lgtray/Ras on; therefore, it demonstrates promising performance
both in steady state and during transients.

III. SIMULATION RESULTS

This section shows simulation results carried out in PSIM for
three operating modes in battery charging, i.e., constant current
(CC), constant power (CP), and constant voltage (CV). The
simulation parameters are listed in Table II.

Fig. 8 shows simulation results at the beginning of the charg-
ing profile that the converter works at maximum CC. The voltage
of the battery is below the rated value and it will be increased
as the battery is charged. As a result, the converter works in the
above resonance mode. f.« 1s measured from the delay between
the turn ON of the primary FET and the turn ON of the SR FET.
The simulation results show that the proposed method emulates
ideal rectification at different output voltages.

When the voltage of the battery pack is increased above the
rated voltage, the output power of the converter will be limited
to its maximum level and the converter will enter CP mode
operating below resonance. Fig. 9 shows the simulation results
at CP for different voltage levels. Equations (10)—(13) are used
to calculate text and use it to control the SR FETs. The results
show that the falling edge of the SR gate occurs when the current
is reduced to zero and the maximum efficiency gain is achieved
at different voltage levels.

At the end of the charging process, the voltage of the battery
pack is approximately constant; hence, the converter works
below resonance. The charging current declines as the battery
gets close to full charge. The simulation results in Fig. 10 show
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TABLE I
COMPARISON OF LLC SR CONTROL STRATEGIES
Control category Current sensing based Vs sensing based Adaptive based
Sub Primary ~ Secondary Without With Proposed R
ub-category side side compensation  compensation method
[34-37],
References [21-24] [12-19] [25-28] [29-33] - [39-44]
Extra power loss Low ngh Low Low Low Low
) Feasibility with. No Yes Yes Yes Yes Yes
integrated magnetics
Steady state High High Low High High High
performance
Transient handling St P
o rong Strong Strong Strong Strong 001
capability
Complexity Low Low Low Medium Medium Medium
Robust to Variation Yes Yes No No Yes Yes
Of Rds,on / lemy
TABLE I — —
< 50 — < 50 —
SIMULATION PARAMETERS o 40 [F3TLOKHZ = o[PS =0T KN
8 |vw=125v/1 \ S Vo145
E 30 \ E 30 \
@]
Parameter Value Parameter Value E Tg \ P ?g / \
Rated output power 300 W Resonant inductor 55 uH E; 0 / E 0 / \
Input voltage 390 VDC Magnetizing inductor 280 pH 33 33
Rated output voltage 12 VDC Resonant capacitor 24 nF = =
Switching frequency 70~200 kHz | Transformer turns ratio 17 2 g
=) =
= =
170] 172]
0 0
< 4OlEs=p02 7 kit < Olg—l7ssm . 2 3 4 s . 2 3 4 s
E 3o[Ye=85 /\ :E 30 [Yo=93 /}—\ Time [ps] Time [ps]
S 20 / \? 20 / (a) (b)
g / | g = Zg Fs =87.5 kHzdmy_ = ig Fs=817kiz | _L_
=0 =0 5 (=165 \ 5 _"|Vo=185 N\
£ 30 \ E 30
33 33 S 20 / S 2
= = 2 10 / \ £ 10 ,/
5 3 a4 \ g /
S 3 & &
-4 o
2 & 33 33
0 0 — -
2 2
1 2 3 4 5 1 2 3 4 5 o o
Time [ps] Time [ps] 'gn 'go
(a) (b) = s
= 40 = 50 |Fs={133.3 ki & &
% 0 Vortiosy /N <E 40 V‘S’;“'sf . 0 0
£ E /
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% 20 / \ Ln’,; 20 / \ Time [ps] Time [ps]
g 10 / £ ) © @
g / 2
33 13 Fig. 9. Simulation results for CP mode (P, = 300 W). (a) 12.5 V. (b) 14.5 V.
= = (c) 16.5V.(d) 18.5 V.
ki ki
= = .. .
0 o values for Lgi,ay are used for determining the ON time for SR
NI 12 3 4 5 FETs. In other words, the estimated value of Lsgest 7 15 used
ime [us. Time [ps]

©) (d)

Fig. 8. Simulation results for CC operation mode (I, = 25 A). (a) 8.5 V.
(6)9.5V.(c) 10.5V.(d) I1.5V.

that the SR FET is turned OFF as soon as the current goes to zero
and maximum efficiency gain is achieved at different current
levels.

Fig. 11 shows the performance of Lgiray/Ras,on adaptive
adjustment routine. At the beginning of this simulation, incorrect

instead of the actual value of Ly, for Lg;ay in the calculation
of ON time for Qgri. Fig. 11(d) shows that this error results
in late turn OFF and reverse current for Qgsri. In the same
manner, Fig. 11(e) shows that using a smaller estimated value
(LsR,est2) instead of Lgg results in early turn OFF and body
diode conduction for the Qsrs. Using the adaptive adjustment
routine for Lgiyay/Rds,on, the values for Lgi,,y are adjusted in
very small steps and converge to the actual value (Ls,). When
the correct value for Lg,ay is found, the body diode conduction
is minimized, as shown in Fig. 11(f) and (g).
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Unlike other adaptive methods, the proposed method con-
siders the switching frequency and zero crossing of vgs in
determining the ON time. Hence, it is intrinsically robust to sharp
frequency transients and does not require an additional protec-
tive scheme for avoiding shoot through during sharp frequency
increases.
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Fig. 12 shows a step-down frequency change from 120 to
100 kHz in which the ON time is accurately adjusted during the
transient and no reverse current is observed during this sharp
transient. Fig. 13 shows a seamless step-up frequency transient
from 100 to 120 kHz. In this severe transient, the SR currents are
reduced to zero for a short period and the gate signals are stopped,
accordingly. As soon as the SR currents grow, the proposed
method accurately tunes the ON time for SR FETs.

Fig. 14 shows a seamless transition from below resonance
(12.5 V and 25 A output at 116 kHz) to above resonance (9.5 V
and 25 A output at 178 kHz). The dashed line shows the moment
when the reference for the voltage control loop is changed. As
illustrated in Fig. 14, the controller continuously monitors the
mode of operation and controls the SR FETs accordingly. As a
result, we see a clean transition from below resonance to above
resonance.

IV. IMPLEMENTATION AND EXPERIMENTAL RESULTS

The proposed method is validated on a half-bridge LLC res-
onant converter evaluation board from Texas Instruments. The
specifications are listed in Table III. In the following paragraphs,
the implementation techniques employed to validate the pro-
posed method on a low-cost controller are outlined.
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TABLE III
PROTOTYPE SPECIFICATIONS

Parameter Value Parameter Value
Rated output power 300 W Resonant inductor 55 uH
Input voltage 375 ~ 405 VDC | Magnetizing inductor ~ 280 pH
Output voltage 12 VDC Resonant capacitor 24 nF
Switching frequency 80 ~ 150 kHz Output capacitor 1.32 mF
Resonant frequency 130 kHz Control card TI F28027
Switching Period (Ts) -

A3

1
1
1
- i1
A At4

Fig. 15. Illustration of the resonant tank peak current estimation method.

A. 1, Measurement

Unlike measuring the peak value of resonant tank current /,,,
measuring the average value of rectified resonant tank current
(itank]|) is feasible with a limited analog-to-digital conversion
(ADC) rate. As aresult, a method for the estimation of /,, based
on |itank| is employed. The method of estimation, which was
verified by simulation, is illustrated in Fig. 15. Every switching
cycle of resonant tank current is divided into the sinusoidal part
(red) and an almost constant part (blue). As a result, |iani] is

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 5, MAY 2021

Resonant tank current sensing interface

IMicrocontroller

4
[

Co jRo

Fig. 16. Interface circuits between the power stage and the controller.

derived based on the average value for these two parts

<|itaﬂk|sin (Atl

|itank| - Ts

+At3) + Tivank]pe (Ats + At4)> L (4

In (14), T, is the switching period, |itank|y, is the average
value of the sinusoidal part of the rectified resonant tank current,
and |isank|,,. 18 the average value of the constant part of the
rectified resonant tank current. Aty, Aty, At3, and Aty are
shown in Fig. 15. The period in which the resonant tank current
has a sinusoidal shape can be approximated by the resonant
period (T,.). Therefore, |iyank|y;, is @ function of I, and T,. As a
result, (14) is simplified as follows:

_ 1 21, nv, 1)
] ank| = 7+ _Tr — Ts - Tr .
firantel = 77 <7r T, )>

s)

Therefore, I, is estimated by measuring |iyank| using (16).
|itank| is measured using the interface circuit in Fig. 16

m (Ty—— nv
=5 (Tl - 2 0= T) ).

(16)

B. Body Diode and v 45 Zero-Crossing Detection

The detection of body diode and v 45 zero crossing is achieved
through built-in comparators in the TI Piccolo F28027 control
card and the interface circuit, as shown in Fig. 16. The outputs
of these circuits are connected to ADC pins that also functions
as pins of the built-in comparators. The comparator reference
level is configured using a built-in digital-to-analog converter to
detect the body diode conduction as well as vq5 zero crossing.

C. Calculation of teyt

To avoid heavy online calculations for determining 75 using
(10)—(13), a precalculated lookup table is used to calculate
a, which is defined in (17). In every calculation cycle, the
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appropriate value for « is looked up for given Lgray/Rds, ons
I,, and t» values and it is used to calculate 73

t3— 1

0 a7

Fig. 17 shows various graphs extracted from the lookup table.
This figure shows that, in heavy loadings (higher /,,), o does not
change significantly with changes in 7o, which makes the pro-
posed method less sensitive to 7 measurement errors. Although
changes in Lgray/Rds on resultin a considerable change in «, the
slow nature of this change together with the adaptive adjustment
of Lgtray/Ras,on WOrk in favor of the robustness of the proposed
method.

SR control strategy based on vqs sensing provides a reliable
performance and it is considered an industry standard that has
been implemented in the form of industrial integrated circuit
controllers [25]-[28]. It has also been the benchmark for re-
cent publications in this field [38]. Therefore, this conventional
method has been used as the benchmark in this article. Figs. 18
and 19 compare the above resonance performance of the vgg
sensing method and the proposed method, respectively. Due to
SR FET stray inductance, the vqs sensing method in Fig. 18
fails to gain the full advantage of SR and results in significant
periods of body diode conduction and large turn OFF currents. In
contrast, for the proposed method, as shown in Fig. 19, the time
interval between the rising edge of the primary-side gate signal
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(vg,pri) and the rising edge of the secondary gate signal (vg sr) is
stored in the controller. This time is later used to delay the falling
edge of v, sr, with respect to the falling edge of v, ;,ri. The time
measurement is performed using the microcontroller’s built-in
counter. The resolution of this counter (16.67 ns) is 0.25% of
the minimum switching period (6.67 us), which provides a
very good resolution for the ON-time measurement. With the
proposed method, the body diode conduction is minimized and
the SR FET is turned OFF at approximately zero current.

In order to plot the current waveforms, two 10 m{2 shunt
resistors were placed in the source of the SR FETs; as aresult, the
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Green: primary gate signal (Vgs,pri). Purple: SR gate signal (Vgs,sr). Orange:
SR current (isr ). Blue: SR drain-to-source voltage (Vqs).

Lgtray/Ras,on 1s artificially small, which explains the relatively
small difference between the waveforms for the vqs sensing
method and the proposed method. However, the efficiency mea-
surements in the following section, which are recorded without
the shunt resistor, show the efficiency gain achieved by the
proposed method.

Figs. 20 and 21 demonstrate the below resonance performance
of the vqs sensing method and the proposed method, respectively.
In both cases, current ringing caused by the interaction of the
SR FET junction capacitance and transformer secondary-side
leakage inductance is visible. The v45 sensing method, as shown
in Fig. 20, results in large periods of body diode conduction
and large turn OFF current due to the presence of package stray
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Fig.22. ON-time calculation improvement compared with Vg5 sensing method
and calculation error analysis at V, = 12 V.

inductance. The stray inductance was measured to be about
15 nH with the TO-220 package of the SR FETSs as the dominant
source. On the other hand, the proposed method, as shown in
Fig. 21, estimates the ON time of the SR FET accurately and
turns OFF the FET approximately at zero current.

The calculated ON time by the proposed method shows a
significant improvement compared with the v45 sensing method.
Fig. 22 shows the ON-time calculation accuracy improvement at
12 V output for various loading conditions. Fig. 22 also shows
that the calculated ON-time closely tracks the measured ideal
ON-time with a maximum of 3.3% error.

Fig. 23 shows that the proposed method facilitates a flawless
step-down load transient from 25 to 12.5 A at 12 V output. The
integrated implementation of the proposed method with closed-
loop voltage control determines the ON time accurately before,
after, and during the transient while the output voltage is being
regulated. It is shown that there exist neither reverse current nor
shoot through during this step-down load transient.

Fig. 24 shows a seamless step-down voltage transient from
10 to 8.5 V at 25 A output. The proposed method determines
ON time accurately before, after, and during the transient while
providing a CC.

Figs. 18-24 show that the proposed method compensates
the effect of stray inductance and demonstrates an acceptable
accuracy for operation below and above resonance. Addition-
ally, the effectiveness of the proposed method during a load
transient is experimentally verified. Due to the reliable operation
of the proposed method in different operating modes, the body
diode conduction is minimized. As a result, using the proposed
method yields a higher efficiency compared with the v45 sensing
method.

Figs. 25 and 26 show the experimental efficiency compar-
ison between the proposed and v4s sensing based SR control
methods for below and above resonance operation, respectively.
These results were measured using the Yokogawa WT500 power
analyzer. The proposed method can increase the efficiency of
the converter up to 1.63% points and save up to 4.75 W of
power from being dissipated within the synchronous FETs. With
a smaller amount of heat dissipated through the synchronous
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FETs, the volume and weight of the heatsink for the LLC
resonant converter can be reduced significantly.

V. CONCLUSION

A novel analytic—adaptive method for SR for LLC resonant
converters was proposed. The method utilizes two different
schemes in order to control the turn OFF moment of each SR
FET below and above resonance. For below resonance, the
method uses the zero crossing of the drain-to-source voltage
and the peak value of the rectified resonant tank current to
estimate the ON time of the SR FET. For the above resonance,
the time interval between the rising edge of the primary-side
gate signal and the rising edge of the secondary gate signal is
stored in the controller and used to delay the falling edge of the
secondary-side gate signal with respect to the falling edge of
the primary-side gate signal. The performance of the proposed
method during transients as well as the accuracy of control
below and above resonance was verified using the simulation
and experimental results

The feasibility of the implementation of the proposed method
integrated with the voltage control loop is experimentally ver-
ified using a low-cost microcontroller. The measurements of
a 300 W 390/12 V LLC resonant converter showed that the
proposed method increases the efficiency by 1.63% point at full
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load compared with v4s sensing method. The efficiency boost
saves up to 4.75 W loss ON SR FETs, which results in a heatsink
with a smaller footprint.

(1]

(2]

(3]

(4]

(51

(6]
(7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

REFERENCES

F. Musavi, M. Craciun, D. S. Gautam, W. Eberle, and W. G. Dunford, “An
LLC resonant DC-DC converter for wide output voltage range battery
charging applications,” IEEE Trans. Power Electron., vol. 28, no. 12,
pp. 5437-5445, Dec. 2013.

Y. Chen and Y.-F. Liu, “Latest advances of LLC converters in high current,
fast dynamic response, and wide voltage range applications,” CPSS Trans.
Power Electron. Appl., vol. 2, no. 1, pp. 59-67, Jul. 2017.

F. Musavi, M. Craciun, D. S. Gautam, and W. Eberle, “Control strategies
for wide output voltage range LLC resonant DC-DC converters in battery
chargers,” IEEE Trans. Veh. Technol., vol. 63, no. 3, pp. 1117-1125,
Mar. 2014.

X. Sun, Y. Shen, Y. Zhu, and X. Guo, “Interleaved boost-integrated
LLC resonant converter with fixed-frequency PWM control for renewable
energy generation applications,” IEEE Trans. Power Electron., vol. 30,
no. 8, pp. 4312-4326, Aug. 2015.

C. Duan, H. Bai, W. Guo, and Z. Nie, “Design of a 2.5-kW 400/12-V
high-efficiency DC/DC converter using a novel synchronous rectification
control for electric vehicles,” IEEE Trans. Transp. Electrific., vol. 1,no. 1,
pp. 106-114, Jun. 2015.

R. L. Steigerwald, “A comparison of half-bridge resonant converter topolo-
gies,” IEEE Trans. Power Electron., vol. 3, no. 2, pp. 174-182, Apr. 1988.
X. Wang, C. Jiang, B. Lei, H. Teng, H. K. Bai, and J. L. Kirtley, “Power-
loss analysis and efficiency maximization of a silicon-carbide MOSFET-
based three-phase 10-kW bidirectional EV charger using variable-DC-
bus control,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 4, no. 3,
pp. 880-892, Sep. 2016.

M. K. Kazimierczuk, N. Thirunarayan, and S. Wang, “Analysis of series-
parallel resonant converter,” IEEE Trans. Aerosp. Electron. Syst., vol. 29,
no. 1, pp. 88-99, Jan. 1993.

M. Mu and F. C. Lee, “Design and optimization of a 380-12 V high-
frequency, high-current LLC converter with GaN devices and planar matrix
transformers,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 4, no. 3,
pp. 854-862, Sep. 2016.

C.Fei, F.C.Lee,and Q. Li, “High-efficiency high-power-density LLC con-
verter with an integrated planar matrix transformer for high-output current
applications,” IEEE Trans. Ind. Electron., vol. 64, no. 11, pp. 9072-9082,
Nov. 2017.

D. Huang, S. Ji, and F. C. Lee, “LLC resonant converter with matrix
transformer,” IEEE Trans. Power Electron., vol. 29, no. 8, pp. 4339-4347,
Aug. 2014.

B. Acker, C. R. Sullivan, and S. R. Sanders, “Current-controlled syn-
chronous rectification,” in Proc. IEEE Appl. Power Electron. Conf. Expo.,
Feb. 1994, vol. 1, pp. 185-191.

X. Xie, J. C. P. Liu, E. N. K. Poon, and M. H. Pong, “A novel high fre-
quency current-driven synchronous rectifier applicable to most switching
topologies,” IEEE Trans. Power Electron., vol. 16, no. 5, pp. 635-648,
Sep. 2001.

X. Guo, W. Lin, and X. Wu, “A novel current driven method for
center-tapped synchronous rectifier,” in Proc. Int. Power Electron. Conf.,
Jun. 2010, pp. 449-454.

G. Zhang, J. Zhang, Z. Chen, X. Wu, and Z. Qian, “LLC resonant DC/DC
converter with current-driven synchronized voltage-doubler rectifier,” in
Proc. IEEE Energy Convers. Congr. Expo., Nov. 2009, pp. 744-749.

J. Zhang, J. Liao, J. Wang, and Z. Qian, “A current-driving synchronous
rectifier for an LLC resonant converter with voltage-doubler rectifier
structure,” IEEE Trans. Power Electron., vol. 27, no. 4, pp. 1894-1904,
Apr. 2012.

J. Zhang, J. Wang, G. Zhang, and Z. Qian, “A hybrid driving scheme for
full-bridge synchronous rectifier in LLC resonant converter,” IEEE Trans.
Power Electron., vol. 27, no. 11, pp. 4549-4561, Nov. 2012.

G. K. Y. Ho, R. Yu, and B. M. H. Pong, “Current driven synchronous
rectifier with saturable current transformer and dynamice gate voltage
control for LLC resonant converter,” in Proc. 27th Annu. Appl. Power
Electron. Conf. Expo., Mar. 2012, pp. 2345-2351.

G. K. Y. Ho, R. Yu, and B. M. H. Pong, “Current driven synchronous
rectifier for LLC resonant converter with a novel integrated current
transformer,” in Proc. 6th IET Int. Conf. Power Electron., Mach. Drives,
Mar. 2012, pp. 1-5.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 5, MAY 2021

[20]

[21]

[22]

[23]

[24]

[25]
[26]
[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

D.Huang, D. Fu, and F. C. Lee, “High switching frequency, high efficiency
CLL resonant converter with synchronous rectifier,” in Proc. IEEE Energy
Convers. Congr. Expo., Sep. 2009, pp. 804-809.

X. Wu, B. Li, Z. Qian, and R. Zhao, “Current driven synchronous rectifier
with primary current sensing for LLC converter,” in Proc. IEEE Energy
Convers. Congr. Expo., Sep. 2009, pp. 738-743.

X. Wu, G. Hua, J. Zhang, and Z. Qian, “A new current-driven synchronous
rectifier for series—parallel resonant (LLC) DC-DC converter,” IEEE
Trans. Ind. Electron., vol. 58, no. 1, pp. 289-297, Jan. 2011.

B.-C. Kim, H.-S. Park, S. C. Moon, Y.-D. Kim, D.-Y. Kim, and G.-W.
Moon, “The novel synchronous rectifier driving method for LLC series
resonant converter,” in Proc. 38th Annu. Conf. IEEE Ind. Electron. Soc.,
Oct. 2012, pp. 810-813.

C. Zhao, B.-H. Li, J. Cao, Y. Chen, X. Wu, and Z. Qian, “A novel
primary current detecting concept for synchronous rectified LLC resonant
converter,” in Proc. IEEE Energy Convers. Congr. Expo., Sep. 2009,
pp. 766-770.

“SRK2000A: Synchronous rectifier smart driver for LLC resonant con-
verter,” STMicroelectronics, Geneva, Switzerland, May 2017.
“IR11682S: Dual smart rectifier driver IC,” International Rectifier,
El Segundo, CA, USA, Jul. 2011.

“IR11672AS: Advanced smart rectifier control IC,” International Rectifier,
Neubiberg, Germany, Nov. 2009.

“TEA1795T: Green chip synchronous rectifier controller,” NXP Semicon-
ductors, Eindhoven, The Netherlands, Nov. 2010.

A. Lokhandwala, M. Salato, and M. Soldano, “Dual SmartRectifier and
DirectFET chipset overcomes package source inductance effects and pro-
vides accurate sensing for synchronous rectification in DC-DC resonant
converters,” in Proc. 22nd Annu. IEEE Appl. Power Electron. Conf. Expo.,
Mar. 2007, pp. 1559-1562.

A. Elbanhawy, “Effect of source inductance on MOSFET rise and fall
times,” Appl. Demonstration Maplesoft, Mar. 2008.

D. Fu, Y. Liu, E C. Lee, and M. Xu, “A novel driving scheme for
synchronous rectifiers in LLC resonant converters,” IEEE Trans. Power
Electron., vol. 24, no. 5, pp. 1321-1329, May 2009.

D.Fu, Y. Liu, F. C. Lee, and M. Xu, “An improved novel driving scheme of
synchronous rectifiers for LLC resonant converters,” in Proc. 23rd Annu.
IEEE Appl. Power Electron. Conf. Expo., May 2008, pp. 510-516.

D. Wang and Y.-F. Liu, “A zero-crossing noise filter for driving syn-
chronous rectifiers of LLC resonant converter,” IEEE Trans. Power Elec-
tron., vol. 29, no. 4, pp. 1953-1965, Apr. 2014.

L. Chen, T. Liu, H. Gan, and J. Ying, “Adaptive synchronous rectification
control circuit and method thereof,” U.S. Patent 7 495 934 B2, Feb. 2009.
W. Feng, F. C. Lee, P. Mattavelli, and D. Huang, “A universal adap-
tive driving scheme for synchronous rectification in LLC resonant con-
verters,” IEEE Trans. Power Electron., vol. 27, no. 8, pp. 3775-3781,
Aug. 2012.

M. S. Amouzandeh, B. Mahdavikhah, A. Prodic, and B. McDonald,
“Digital synchronous rectification controller for LLC resonant convert-
ers,” in Proc. IEEE Appl. Power Electron. Conf. Expo., Mar. 2016,
pp. 329-333.

M. Sato, G. M. Dousoky, and M. Shoyama, “Improved digital control
scheme of synchronous rectification for resonant converter at light load
conditions,” in Proc. IEEE Int. Telecommun. Energy Conf., Oct. 2015,
pp. 1-5.

J.-D. Hsu, M. Ordonez, W. Eberle, M. Craciun, and C. Botting, “LLC
synchronous rectification using resonant capacitor voltage,” IEEE Trans.
Power Electron., vol. 34, no. 11, pp. 10970-10987, Nov. 2019.

F. Wang, B. A. McDonald, J. Langham, and B. Fan, “A novel adaptive
synchronous rectification method for digitally controlled LLC converters,”
in Proc. IEEE Appl. Power Electron. Conf. Expo., Mar. 2016, pp. 334-338.
C. Fei, Q. Li, and F. C. Lee, “Digital implementation of adaptive syn-
chronous rectifier (SR) driving scheme for high-frequency LLC convert-
ers with microcontroller,” IEEE Trans. Power Electron., vol. 33, no. 6,
pp. 5351-5361, Jun. 2018.

Q. Qian, S. Xu, J. Yu, W. Sun, and H. Li, “A digital detecting method
for synchronous rectification based on dual-verification for LLC resonant
converter,” in Proc. IEEE Appl. Power Electron. Conf. Expo, Mar. 2018,
pp. 2091-2097.

“UCD3138: Highly integrated digital controller for isolated power,” Texas
Instruments, Dallas, TX, USA, Mar. 2012.

“SRK2001: Adaptive synchronous rectification controller for LLC and
resonant converter,” STMicroelectronics, Geneva, Switzerland, Feb. 2017.
“FAN6248HC/HD/LC/LD: Advanced synchronous rectifier for LLC res-
onant converter,” ON Semiconductor, Phoenix, AZ, USA, Jan. 2018.



AMIRI et al.: ANALYTIC-ADAPTIVE LLC RESONANT CONVERTER SYNCHRONOUS RECTIFIER CONTROL

[45] J. Wang and B. Lu, “Open loop synchronous rectifier driver for LLC

resonant converter,” in Proc. 28th Annu. IEEE Appl. Power Electron. Conf.

Expo., Mar. 2013, pp. 2048-2051.

S. Abe et al., “Adaptive driving of synchronous rectifier for LLC converter

without signal sensing,” in Proc. 28th Annu. IEEE Appl. Power Electron.

Conf. Expo., Mar. 2013, pp. 1370-1375.

H. Choi, “Dual edge tracking control for synchronous rectification (SR)

of LLC resonant converter,” in Proc. IEEE Appl. Power Electron. Conf.

Expo., 2015, pp. 15-20.

[48] J.-H. Jung, “Bifilar winding of a center-tapped transformer including
integrated resonant inductance for LLC resonant converters,” IEEE Trans.
Power Electron., vol. 28, no. 2, pp. 615-620, Feb. 2013.

[46]

[47]

Peyman Amiri (Student Member, IEEE) received
the B.Sc. degree in electrical engineering from the
Isfahan University of Technology, Isfahan, Iran,
in 2014, and the M.S. degree in electrical engi-
neering in 2017 from the University of British
Columbia, Kelowna, BC, Canada, where he is cur-
rently working toward the Ph.D. degree in electrical
engineering.

He is a Research Assistant with Energy Sys-
tems and Power Electronics Laboratory, University
of British Columbia. His research interests include
high-power high-efficiency converter topologies, high-power-factor rectifiers,
resonant converters, and control of power electronic converters with application
in battery charging systems.

Chris Botting (Member, IEEE) received the B.Sc.
degree in electrical engineering from Calvin College,
Grand Rapids, MI, USA, in 2001.

From 2001 to 2012, he was a Lead Systems Engi-
neer with Azure Dynamics, Burnaby, BC, Canada, a
manufacturer of electric and hybrid electric commer-
cial vehicles, with responsibility for energy storage,
high-voltage distribution and auxiliary systems, and
powertrain architecture. Since 2012, he has been with
the Delta-Q Technologies, Burnaby, BC, Canada,
where he is currently the Manager of Research En-
gineering, responsible for research activities, funding, university collaboration,
intellectual property, and battery test lab functions. His research interests include
high-efficiency power converters, electric drive, energy storage, and renewable
energy.

Marian Craciun (Member, IEEE) received the B.Sc.
degree in electronics engineering from the Polytech-
nic Institute of Bucharest, Bucharest, Romania, in
1989.

He is currently a Senior Power Electronics Engi-
neer with the Delta-Q Technologies, Burnaby, BC,
Canada. He has more than 20 years of experience in
developing telecom and industrial power electronics
products and sustaining engineering. His industrial
experience includes positions with Energo repairs
RENEL and Asea Brown Boveri, Ltd., Bucharest;
Argus Technologies, Ltd.; and Alpha Technologies, Ltd., Burnaby, BC, Canada.
His current research interests include high-power high-efficiency converter
topologies, high-power-factor rectifiers, resonant converters, electric vehicles,
and sustainable and renewable energy sources.

5953

Wilson Eberle (Member, IEEE) received the B.Sc.,
M.Sc., and Ph.D. degrees from the Department of
Electrical and Computer Engineering, Queens Uni-
versity, Kingston, ON, Canada, in 2000, 2003, and
2008, respectively.

He is currently a tenured Associate Professor with
the School of Engineering, University of British
Columbia (UBC), Kelowna, BC, Canada, where, he
is the Founder and Leader of the Energy Systems and
Power Electronics Laboratory. His industrial experi-
ence includes positions with Ford Motor Company,
Windsor, ON, Canada, and with Astec Advanced Power Systems, Nepean, ON,
Canada. His research interests include high-efficiency power conversion circuits
and control techniques for a wide range of industrial and consumer applications.
He is the author or co-author of more than 70 technical papers published in
various IEEE international conferences and IEEE journals.

Dr. Eberle was a recipient of research grants from the Natural Sciences
and Engineering Research Council in Canada, the Canadian Foundation for
Innovation, the University of British Columbia, the Kaiser Foundation for Higher
Education, and various industry partners.

Liwei Wang (Member, IEEE) received the M.S. de-
gree in electrical engineering from Tianjin University,
Tianjin, China, in 2004, and the Ph.D. degree in
electrical and computer engineering from the Uni-
versity of British Columbia, Vancouver, BC, Canada,
in 2010.

From February to July 2009, he was an Internship
Researcher with the ABB Corporate Research Center,
Baden-Dittwil, Switzerland. From February to July
2010, he was a Postdoctoral Research Fellow with the
Department of Electrical and Computer Engineering,
University of British Columbia. In August 2010, he joined the ABB Corporate
Research Center, Visterds, Sweden, as a Scientist and then as a Senior Scientist.
In July 2014, he was an Assistant Professor with the School of Engineering, the
University of British Columbia, Kelowna, BC, Canada. His research interests
include power system analysis, operation, and simulation, electrical machines
and drives; power electronics converter design, control, and topology, power
semiconductor modeling and characterization, utility power electronics applica-
tions, HVdc and FACTS, renewable-energy sources, and distributed generation.
He is the holder of over ten international patents.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


