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Abstract—Synchronous rectification (SR) is an essential aspect
for LLC resonant converters to achieve high-efficiency design, and
the mainstream SR method is the adaptive directly voltage-sensing-
based method (ADVS-SR), where the drain—source voltage of the
SR switch is sensed. However, due to the presence of parasitic
capacitor of the transformer and output capacitors of SR switches,
undeserved bode-diode conduction (BDC) caused by intricate volt-
age ringing across the SR switch will invalidate the conventional
ADVS-SR turn-ON time tuning process under light-load condition,
resulting in the dissipation of power efficiency. To solve this prob-
lem, in this article, the capacitive current spike, which is the main
root of the voltage ringing in terms of turn-ON, is modeled and
analyzed, and then different SR turn-ON candidates are compared.
Based on that, this article proposes an enhanced adaptive SR strat-
egy based on a novel stepwise-plus-feedforward (SPF) control to
optimize SR turn-ON. The SPF-SR strategy can eliminate not only
large reverse current caused by premature turn-oN but also large
BDC interval caused by belated turn-ON over the whole operating
range. On the basis of ADVS, the SPF-SR only need to sense extra
Vins Vo, and I,, which are easily sensed dc signals, and can be
easily implemented in a cost-effective digital controller. Finally, a
300 W LLC prototype is built where experimental results show
that the SR turn-ON issue is optimized by the SPF-SR strategy, and
compared with commercial SR IC and conventional ADVS-SR, the
SPF-SR strategy improves power efficiency up to 6.99 % and 5.52 %,
respectively.

Index Terms—Adaptive synchronous rectification (SR), light-
load efficiency optimization, LLC resonant converter, turn-ON
issue.

I. INTRODUCTION

HE LLC resonant converter, as illustrated in Fig. 1, due to
its excellent inherence of soft switching for both primary-
and secondary-side switches over the whole operating range [1],
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Fig. 1. Half-bridge LLC resonant converter with a full-wave rectifier.

has become a research hotspot [2], [3], [4], [5], [6]. For decades,
LLC resonant converters have been widely used in electric
vehicles, data center power supply, etc., where LLC converters
are usually required to provide a low-voltage high-current output
[7], thereby diode rectifiers will induce huge conduction losses,
and synchronous rectification (SR) becomes critical to improve
the efficiency [8].

Unfortunately, the SR control for LLC converters faces many
challenges since the turn-ON/OFF instants of the SR switch are not
only not identical to that of the primary switch but also seriously
affected by the intricate parasitic parameters, especially as the
switching frequency increases. For decades, various research
articles have been carried out on LLC SR control [9], and some
methods for bidirectional CLLC converters can also be applied to
LLC converters due to their inherent similarity [10]. According
to the type of sensing signal, LLC SR methods can be categorized
into current-sensing-based SR (CS-SR), sensorless prediction-
based SR (SLP-SR), indirectly voltage-sensing-based SR (IVS-
SR), and directly voltage-sensing-based SR (DVS-SR).

The CS-SR control is one of the most primitive SR meth-
ods where rectifying current [11], [12] or primary-side current
[13], [14], [15] are sensed by a current transformer. However,
since CS-SRs all suffer from high sensing loss, bulky volume,
and/or high cost, the focus of LLC SR control has shifted to
the sensorless or the voltage-sensing-based method. SLP-SR
methods omit the high-frequency sensing and predict SR time
based on specific circuit model, e.g., specific constraints in [16]
and [20], imprecise FHA model [17], [18], [19], or the ideal
time-domain model (ITDM) [21], [22]. Although SLP-SRs have
noisy immunity to parasitic parameter, such methods either
have low accuracy of SR control or heavily rely on resonant
parameters. IVS-SR methods tend to generate SR driver by
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Fig.2. Schematic waveform of LLC converters under light-load condition and

the key turn-ON/OFF issues of DVS-SR.

employing some high-magnitude voltages, such as resonant
capacitor voltage [23], inverter output voltage vy, [24], resonant
inductor voltage [25], [26], transformer voltage [24], [25], [26],
or OFF-state SR drain—source voltage [27]. However, the control
accuracy, which is the core advantage of the hardware-based SR
method, will be sacrificed in the above IVS-SR methods as the
resonant parameters deviated. Sun et al. [28] derived SR time
from a noisy ripple of V,, which reduces the reliability of this
scheme.

Benefited from the small and lossless sensing circuit and the
potential of accurate SR control, the DVS-SR has become the
mainstream of LLC SR methods with the sensing of SR drain—
source voltage (vqs), which can directly reflect the ON/OFF-state
of SR body diode. However, the turn-ON/OFF issues of DVS-SR,
as shown in Fig. 2, complicate the SR control. The key of the SR
turn-OFF issue is that, impacted by the package inductance Ly
of SR and printed circuit board (PCB) stray inductance Lg;ay,
the sensed voltage will lead the voltage across Rgs. on, resulting
in premature turn-OFF [8], [29]. And the key of the SR turn-ON
issue is that there will be remarkable voltage ringing after the SR
current drops to zero due to the subresonance caused by the C, 54
of SRs and the parasitic capacitance Cr of the transformer. Once
this voltage ringing leads to extra body-diode conduction (BDC),
the falsely triggered signal will result in premature turn-ON [29].

Originally, an RC or RCD [8], [29], [30] compensation net-
work was carefully designed to deal with the issue of duty-cycle
loss or voltage ringing; however, such methods require the exact
value of parasitic inductance and Rgs on. Recently, the research
hotspot of DV S-SR has focused on adaptive scheme (ADVS-SR)
due to its immunity of duty-cycle loss, and several SR ICs
[41], [42], [43], [44], [45], [46] adopting this concept have been
released in industry.

The adaptive turn-OFF control was introduced in [31], where
the SR turn-OFF time is stepwise tuned based on the BDC
signals; however, it is only valid in the below-resonance region
(BRR) (fs < fr, where f; is the switching frequency and f,. is the
resonant frequency of L, and C,), and at resonant point (f; =
/). Scholars in CPES [32], [33] further expanded this scheme
in the above-resonance region (ARR) (f;>f,) and optimized its
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digital implementation on a low-cost controller. In [34], the
turn-OFF time was tuned by sensing vqs right before and after
SR turns OFF, which complicates the voltage-sensing circuits.
Amiri et al. [35] proposed an analytic—adaptive SR strategy
based on the peak value of resonant current and zero-crossing
instant of v4s; however, it is difficult to sense the zero-crossing
point of vqs. Wang et al. [36] and the article presented in [45]
pointed out that both early and belated turn-OFF will lead to
BDC, so the conventional adaptive turn-OFF tuning process is in
danger of losing control. In [36], an extra detecting window right
after SR turns OFF was added to dissipate the BDC pulse caused
by the belated turn-OFF. Another solution mentioned in [36]
was implemented by Qian et al. [37] by setting an extra positive
voltage threshold to detect the positive spike of vqs when SR
turns OFF late.

The adaptive schemes above have no mention of the SR turn-
ON issue. In [38], the adaptive turn-OFF tuning process in [31]
was simply introduced to tune the SR turn-ON time; however, it
will be frozen by falsely triggered BDC signals at light load. A
dual-edge tracking method for turn-OFF tuning was proposed in
[39] and [42], where turn-ON delay at light load was suggested
to prevent premature turn-ON, yet no solution was provided. In
[40] and [43], an adjustable turn-OFF threshold was designed to
tune the turn-OFF time, and the turn-ON delay will be increased if
a positive vgs right after SR turns ON was detected; however, the
vqs right after SR turns ON is so small and noisy to be detected
accurately, especially in high-frequency application. In [41], the
SR turn-ON delay was set to 155 ns under normal conditions,
yet increased to 275 ns under light-load conditions. Similarly,
the turn-ON delay in [44] was assumed a minimum value at
high load and increased with decreasing load levels. However,
SR turn-ON delay varies not only with load levels but also with
voltage gain; consequently, a proper SR turn-ON strategy for the
whole operating range is still worth looking forward to.

The state-of-the-art SR methods for LLC resonant converters
are summarized and compared in Table I. ADVS-SR is adopted
and optimized in this article. As aforementioned, the turn-OFF
issue of DVS-SRs has been well studied; yet, the turn-ON issue
of that is still a challenge, especially under light-load condition.

Motivated by this problem, in this article, the turn-ON issue of
DVS-SRs is deeply analyzed in time domain, and an enhanced
adaptive SR strategy based on novel stepwise-plus-feedforward
(SPF) control is proposed to optimize SR turn-ON on the basis of
ADVS-SR. In addition, the implementation of the proposed SPF-
SR turn-ON optimization strategy using a cost-effective digital
microcontroller and a few logic circuits is introduced in detail.

The rest of this article is organized as follows. The turn-ON
issue of DVS-SRs is analyzed in Section II. The proposed SPF-
SR strategy and its implementation are proposed in Sections III
and IV, respectively. The experimental results are shown in
Section V. Finally, Section VI concludes this article.

II. TURN-ON ISSUE OF DVS-SRS

According to ITDM of LLC, at heavy load, LLC operates in
PO mode in BRR where SR switch turns ON synchronously
with primary switch and in NP mode in ARR where SR switch
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TABLE I
SUMMARY AND COMPARISON TABLE OF SR METHODS FOR LLC CONVERTERS

Category Sub-Group Ref C}fg;;z:;i?:;er Accuracy Applicability Cost Seni;glgu(nj;;cult Po“]f:rtrﬁoss
S-SR Rectifying Current Sensing [11,12] 8 0.0 0 ¢ Jokkkok Jokkkok Jokokokok Jokkkok Jokkkok
Primary-Side Current Sensing [13-15] * Jok Aok Fokdokk Fokdokk Jokokokok Jokokkok Fokdokk
Specific Constraints Based [16], [20] * * *
SLP-SR FHA Model Based [17-19] * Jokok Jok None None None
Ideal Time-Domain Model Based ~ [21-22] * Jokokk Jokkkok
Resonant Capacitor Voltage Sensing ~ [23] * Yook Jokk ok Jok ok Jokok *
VS-SR Magnetic Voltage Sensing [24-26] * % Jokokk Jokkkok ook Jokkok Jokok
OFF-State v, Sensing [27] * k Jokokk Jokokdok * * *
V, ripple & Load Current Sensing [28] > Aok Jokok ook dok * * *
Phase Compensation [81, [29-30] * Yok Yok * * *
DVS-SR Adaptive Turn-OFF [31-37],[45]  Jedkkok Fokok Jokok * * *
Adaptive Turn-ON/OFF [38-44] LS. 0.0 0 ¢ Jokokok Jokokok * * *
The proposed SPF-SR Jokokokok Jokokokok Jokokokok * * *
* "Y' represents the unit of quantization.
| ! L ! | |
i ivml/i i, - ! ! i r y I1r.ps L, i
\ Lm | =L [! —n nV,
T R LT o it
I I A I I | I C. Y
| | | | | | W Al
/i il ! E- :" T\/i ‘i E' V('—~(! .+ V_n =
i * SmallSpike current | | 1 oS (a) Cr.ps (b)
| (zhdependent of P stagél) : } :
I |
[ |

I |
I |
I l
' Vds.SR1 .
I;rematm'kJ trun-bN Y, SRI e i i i ;.PM’-»
| i I &5 ) Proper SR turn-oN time: t,,~t;-t, "
| (If:) Proper SR Proper SR turn-OFF time: t,;=t,;t) "
I 4 ' ! i i
! ».oy : : | I
P e n
(a)
I - . | L
R . . !
: ! Pr /: iy ” : : :
I Um | | !
H ™ t ,
Ostillation! P stage | =i
|
|

T~ o~ .

i * Large Spike current

:(merged with P stage)

a 11 1
I 1 Vs S,
b; .l ds.SR1
Belated, tiyin-0r Vos
: Tﬂ \)\ gs-SR1 : Pr(:p‘er SR turn-oN time: t,,,,:It,‘-t,,
: | ( \ Proper SR : Proper SR turn-OFF time: t,;=t,-t,
T 1 L
1

/
=
[ 4’

)"

Fig. 3. Two typical scenarios of LLC converter under light-load condition. (a)
Scenario one: Small spike current. (b) Scenario two: Large spike current.

turns ON behind primary switch, and there is no danger of early
turn-ON. Ideally, P and N stages are the energy-delivery stages
where the energy can be delivered from source to load; yet, O
stage is the energy-blocking stage without any energy delivery.

At light load, ideally, LLC operates in OPO mode [2], where
SRs should turn ON later than the primary switches. However,
this situation is complicated by the equivalent parasitic capacitor
C 7 of the transformer and the C,,s of SRs. Fig. 3 shows two
different scenarios of LLC under light-load condition. It can
be seen that there is a capacitive spike in primary transformer
current i right after the primary switches act, where i » represents
the reflected-to-primary-side drain current of all SRs. In scenario

Fig. 4. Equivalent circuit of LLC resonant tank. (a) O, stage. (b) P stage.

one, as shown in Fig. 3(a), the amplitude and duration of the spike
current are small, and the SR body diode conducts several times
(from 75 to £3) until the oscillation ends. Yet in scenario two, as
shown in Fig. 3(b), the spike current is large and merged with P
stage without any other following oscillation, and the SR body
diode will conduct consecutively from #; to ¢t where P stage
ends.

By and large, there are three harsh points, i.e., points a, b, and
¢ of DVS-SR methods due to the voltage ringing, as shown in
Fig. 3. However, SR switches should be limited to turn-ON not
earlier than the primary switches according to the principle of
LLC, and a small detecting window right after SR turns OFF is
set in this article to avoid sensing the BDC signal caused by the
belated turn-OFF. Therefore, points a and ¢ have no mischief to
SR control in this article. As for point b, the most influential
issue is the current spike, while the oscillating current following
this spike is relatively small or even absent, as shown in Fig. 3,
and can be ignored for analysis. Therefore, in this section, the
effect of spike current on SR control is deeply analyzed.

A. Time-Domain Analysis of Capacitive Spike Current

The spike current consists of two stages, as shown in Fig. 3,
where stage 1 (from 7, to #;) is marked as O, stage and stage
2 (from t; to t2) is marked as Py stage. Equivalent circuits of
these two stages are shown in Fig. 4, and for the generality of
analytic results, the following derivation is normalized based on
the following equation:

V:base:‘/;n/l Zbase:Zr =V Lr/Cr7 Ibase:%ase/zbasm
fbase = fr = wr/27r = 1/ <27T\/ Lr0r>- (D
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Based on Kirchhoff’s law, the four-order linear differential
equation set of O stage can be derived as follows:

‘/;n/Q = eriLr.Os (t)/dt + (/UC’I”‘OS(t) - V;n/2)
+VLm.Os (t)

iLT.OS (t) = CrdUC'r.Os (t)/dta

12.0s (t) = OequLm.Os(t)/dt

vLm.Os(t) - LmdiLm.Os (t)/dt

iQ.Os (t) = iLT.OS (t) - iLm.Os (t)

2

where C,q is the sum of the equivalent parasitic capacitor Cr
of the transformer and the reflected-to-primary side C, of all
SRs

Ceq = C(T + 2C’ossnSR/nQ (3)

where ngr is the number of SRs in parallel and 7 is the turns
ratio of the transformer. Equation (2) can be further normalized
based on (1)

1= digg.05(0) /40 + (0C1.05(6) = 1) + D1m.05(0)
iLr.0s(0) = ddcr.0s(0)/d0,is.05(0) = hdbpm.0s(0)/d0
01m.05(0) = diLm.00(0) /40 [k

i2.05(0) = i1r.05(0) — iLm.0s(0)

“)

where § = w,t is the electrical angle, k = L,/L,,, and h =
Coq/Cr, and symbols with superscript “~” in this article represent
normalized parameters based on (1). Solving equation set (4)
yields

in.05(0) = — (C1hA2 /k) cos(r10) — (C2hA2 /k) sin(110)
— (C3hA3 /k) cos(r20) — (C1hd3 k) sin(A2)
@Lm.Os (9) = — (Cl)ul/k) sin()q@) + (Cg)xl/k) cos()q@)
- (Cg)\g/k) Sil’l()»ga) + (04)»2/]6) COS(}\.Q&)
%)
where A1 and Ao are the characteristic roots of (4), representing

the high-frequency component and low-frequency component
of (5), respectively

xlz\/<1+h+k+\/(1+h)2—2(h—1)k+k2)/2h

Azz\/<1+h+k—\/(1+h)2—2(h—1)k+k2)/2h
(6)

where C4, Cy, Cs, and C are the coefficients determined by the
initial value of voltage and current in the resonant tank

C1 =~ (12.05(O)k + im0 (0)123) /(G = 33))

Co =41 (0Lm.0s(0)k + (0¢r.05(0) = DLm.0s(0)h — 2) A3) /
(A3 —23)

Cy = (EQ_OS(O)k n %Lm_OS(O)m) /(h(22 = 22))

Ci=x2(01m.0s(0)k + (0cr.05(0) =OLm.0s(0)h — 2) A3)/
(23 —13).

(7
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Similarly, the second-order linear differential equation set of
P, stages can be derived as follows:

Vin/2 = Lydip, ps(t)/dt + (ver ps(t) — Vin/2) + nV,
nvo = LmdiLm.Ps (t)/dt = VULm.Ps (t)

Z‘Lr.Ps(t) = Crder.Ps(t)/dt

i2.ps(t) = iLr.ps(t) — izm.ps(t)-

®)

After normalizing, the general solution of P, stage is derived
based on (8) and can be expressed as follows:

%g.pS(G) = er‘Ps (O) cos 0 — (’lA}CT.pS(O) —2+M) sin 6
—irm.ps(0) — kM6 ©)
ﬁLm.Ps(e) =M

where M = 2nV ,/Vj, is the voltage gain of the resonant tank, and
it should be noticed that the general solution of P stage is iden-
tical with (9) of the P, stage. Moreover, the normalized drain—
source voltage 0, .., (0) of Ss; can be derived from ¢, ()

Uas.sR1(0) = M — O (0). (10)

Then, the normalized drain—source voltage 045 .sr1(6) in the
O, stage can be derived by substituting (5) into (10)

6dS_SR1_OS(9) = (Cl)\l/k') sin()q&) — (CQ}\.l/k) cos()qH)
+ (Cg)»g/k) Sin()\gg) - (C4)\2/]€) COS(}\.QG) + M. (11)

Similarly, the normalized drain—source voltage 045 sg1(6) in
P, stage can be derived by substituting (9) into (10)

Uds.sR1.Ps(0) = M — M = 0. (12)

It should be noticed that v4s sr1.ps in Py stage is typically
about —0.7 V when the SR body diode conducts and is millivolt
level when channel resistor Rys on 0f SR switch conducts, which
is so small that it is reasonable to consider vqs sr1. ps S ZE€ro in
(12).

According to Fig. 3, O, stage, which is the first stage of
spike current, starts at ) when primary switch acts (ignoring the
deadtime of primary switches), and then iy begins to increase,
while vgs sr1 begins to decrease due to the discharge of Ceq,
and when v4s.sg1 drops to zero at 7, O stage ends and P, stage
begins. In P stage, the body diode of SR is conducted, so v4s.sRr1
is regarded as zero, and P stage ends when i, drops to zero at
the first time or when primary switch acts the next time, which
also means the end of the spike current. The duration 74 of O,
stage and 7 p, of P stage can be expressed as follows:

{tOs - tl - tO - e/wr|’l7ds,SR1.Os(9)=0’0 S (0777/)‘1)

. 13
tps =tg —t; = mln{‘g/wr}‘iﬂas(e):oﬁ > 0. 3)

Fig. 5 shows the oscillation in Oy stage based on (5) and
(11), and it can be seen that ip is mainly determined by its
high-frequency component, yet its low-frequency component
is very small. And due to the existence of low-frequency com-
ponents of vgs.sr1, fos 1S slightly larger than a quarter of the
oscillation period in Oy stage, so the maximum spike current
Lspike.peak appears in Oy stage and can be derived based on (5)
and denormalized as follows:

Ispike.peak ~ nIbaseh)\% \/ C’12 + CQQ/k

(14)
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Fig. 6. (a) Amplitude Ispike.peak Of spike current versus M and p,. (b)
Duration #p, of P stage of spike current versus M and p, at Coq = 60 pF.

Since A1 >> Ag, (14) can be further simplified by substituting
(1), (6), and (7) into it and can be represented as follows:

Lspike peak = h)tl)tgnvln/(kzr) (15)

Equation (15) indicates that, under a certain resonant tank, the
amplitude of spike current is only determined by Ce and V;,,. To
be specific, first, the greater the C, the larger the Igyike. peak due
to the longer discharging time of C, and that s, essentially, why
the spike current can be regarded as capacitive. Second, under
a certain Ceq, Ispike.peak 18 independent of the load condition,
yet is proportional to input voltage. Furthermore, the curve of
Lspike.peak versus Vi, and p,, which is the proportion of output
power P, in rated output power P, r representing the degree of
power load, based on (14) is plotted in Fig. 6(a), which further
verifies the reliability of the simplification in (15).

Another dimension of concern is the duration of the spike
current. Since O stage is the lossless v4s.sr1 discharging stage,
yet the BDC or the SR Rgs.on conduction in P stage will result
in SR conduction loss; consequently, only the duration 7p, of P,
stage is worth analyzing. Based on (13), the curve of #ps versus
M and p, can be obtained, as shown in Fig. 6(b). It illustrates
that, under light-load and high-voltage-gain conditions, the spike
current is independent of P stage and ¢p, is very small, and with
either the decrease of voltage gain or the increase of load, the
tps will increase until the spike current is merged with P stage.
Once the merging occurs, P, stage will be sustained until the
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TABLE II
SYSTEM SPECIFICATION OF LLC CONVERTERS

Parameters Values
Input voltage V;, 250 V-400 V
Output voltage 7, 12V
Rated output power P,z 300 W
Resonant inductor L, 25 uH
Resonant capacitor C, 25.33nF
Magnetizing inductor L,, 125 uH
Switching frequency f; 120-220 kHz

end of P stage and 7p; becomes much larger than that when the
spike current is independent of P stage. The boundary condition,
named critical separate spike, as shown in Fig. 6(b), actually
occurs when iz in P stage drops to zero with exactly zero slope.

Finally, in order to intuitively reveal the law of spike current
in different scenarios, based on (5), (9), and (11)—(13), a series
of schematic waveforms of spike current and v4s.sr1 is shown
in Fig. 7, which is consistent with the analysis above.

B. Comparison of Different Turn-ON Countermeasures

Theoretically, SR switch S,; is conducted just in P stage,
but as expounded above, due to the presence of spike current,
there will be conduction of S; in P stage, which is prior to P
stage, and that brings the confusion to determine the SR turn-ON
time. To figure this issue out, different turn-ON countermeasures
are analyzed and compared in this section based on the system
specification in Table II. It should be noticed that the analysis
in this article follows the principle of turning ON/OFF SR switch
once in a switching cycle to minimize switching loss; therefore,
only conduction loss should be considered for SR switches.

The most common turn-ON strategy among the existing meth-
ods is the radical turn-ON (RTO) strategy, that is, turning ON
SRs as soon as the first BDC pulse is detected, which actually
occurs at the beginning of P, stage. Since the duration 7o of
O; stage is much smaller than half switching cycle, from the
perspective of ITDM, the operating mode of LLC is shifted
from OPO mode to PO mode under light-load conditions; in
that case, the reverse current will be present, increasing the
conduction loss. On the basis of ITDM, the analysis of reverse
current caused by RTO strategy under light-load conditions can
be illustrated in Fig. 8. The comparison of resonant current
i, and SR current ig.. = n-|is| between in PO mode and in
OPO mode indicates that the reverse current is more dominant
when the voltage gain is relatively high, e.g., M = 1.536, as
shown in Fig. 8(a), than when the voltage gain is relatively
low, e.g., M = 0.96, as shown in Fig. 8(b). Moreover, to further
inspect the impact of reverse current on power loss, the square
of rms value of i, and ig.., which are expressed as 7,
and 1%, .. and represent unit-resistor loss in primary and
secondary side respectively, can be solved based on ITDM,
and then the increase ratio jr, ., ms2 Of I%mms and jsec.rms2
of IZ,..ms in PO mode relative to that in OPO mode can be
defined as jrrms2 = (I, ms| PO = 17, 1msl0PO) /I smslo PO

; _ (72 2 2
and JSec.rms2 = (ISec.rms|PO - ISec.rms|OPO)/ISec.rms|OPO'
The curves of j1 rms2 and jgec.rms2 versus M and p,,, as shown

in Fig. 8(c) and (d), indicate that, first, either the lighter the
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po=0.2.
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Fig. 9. Comparison between RTO and CTO during positive half switching
cycle. (a) In BRR: M = 1.536, p, = 0.2, and at V;;, =250 V. (b) In ARR: M =
0.96, p, = 0.1, and at Vi, =400 V.

load or the higher the voltage gain, the greater the increase
of conduction loss caused by the reverse current; second, the
increase of conduction loss in the secondary side, as shown in
Fig. 8(d), is more significant than that in the primary side, as
shown in Fig. 8(c).

When considering the spike current ulteriorly, the remarkable
reverse current caused by the RTO strategy under light-load and
high-voltage-gain conditions can be shown in Fig. 9(a). Another
serviceable countermeasure is the conservative turn-ON (CTO)
strategy where SR switches are turned ON at the beginning

of P stage, and the core idea of the CTO strategy is that the
BDC pulses caused by spike current and a series of oscillations
following this spike should be regarded as the false trigger and
be ignored. However, there will be a large BDC interval before
SR turns ON caused by a current spike under light-load and
low-voltage-gain conditions, as shown in Fig. 9(b).

In addition to RTO and CTO strategies, the turn-ON instant
of SR drivers should not be earlier than the beginning of P,
stage to prevent the hard turn-ON of SR switches and should
not be later than the beginning of P stage to minimize the BDC
interval before SR turn-ON instant. Moreover, theoretically, SR
turn-ON instant can be anywhere between the beginning of P
stage and the beginning of P stage, and in order to compare
the impact of different turn-ON strategies on efficiency, the total
conduction loss of all SR switches after being normalized based
on output power P, can be derived and expressed as the unit SR

10SS pent.sr as follows:
ton
|:/tos

2fs
Do - Po.R
ot
+ / iz (t)dt
ton

Dent.SR R io(t)dt - nVpyp

2
. n Rds.on:| (16)

TSR

where Rgs.on 1S the ON-state resistance of a single SR switch,
Vb 1s the body-diode threshold voltage of SRs, 7., is the SR
turn-ON time, i.e., the duration from the beginning of primary-
side positive half switching cycle to the rising edge of the driver
of Ss7, as shown in Fig. 9(a), and #,g is the SR turn-OFF time. The
unit SR loss in (16) contains the loss caused by BDC in # gs—foy,
and by Rgs.on conduction in 7., —#, and it should be noticed that,
since this article focuses on the SR turn-ON issue, the ¢, in (16)
is always considered to be optimal and there is no BDC signal
after SR turns OFF. For a reasonable design of LLC converter,
the maximum conduction losses of all SRs should normally not
exceed 0.5% of the rated output power P,_r. And in the occasion
of LLC with a wide voltage-gain range, the maximum rms value
of SR current is approximately associated with the switching
frequency and load condition, and that is

TP R 2
P, r x 0.5% > max < : > )
? 2m‘/04max
71'PO R 2
: X R 17
(2\/ 2fn.maxvo.min> SR ( )
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Fig. 10.  Unit SR loss pcnt.sr versus turn-ON time Zoy,. at p, = 0.2, Coq =
20 pF, nsr = 2, Rds,on = 2.2 m€, and Vpy, = 0.7 V.
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Fig. 11.  Unit SR 10ss pent.sr versus M and p, under both RTO strategy and
CTO strategy at nsr = 2, Ceq = 40 pF, Ras,on = 2.2 m€, and Vpy, = 0.7 V.

Wherefn‘min/max :fs‘min/max/fr’ and Rsr = Rds.on/Nsr. Ac-
cording to the power level, output-voltage stress, and switching
frequency range, the maximum Rgp can be determined by (17)
and used to select SR switches and parallel number ngr. Under
the system specification in Table II, Rsg should be less than
1.1672 mf2, and then two BSCO022N04LS6 from Infineon in
parallel (nsg = 2) are selected to constitute SR switches, where
Ras.on~1.8 m§2 at 25 °C-2.34 m€2 at 90 °C, Vp4,~0.65-0.75 V,
and C,4s~1.365 nF at 24 V contributing 21.322 pF to Cq.

After that, the unit SR 10ss pcns.sr versus 7., under different
voltage gains can be plotted based on (16), as shown in Fig. 10,
which illustrates that the minimum SR loss only occurs when
either the RTO or CTO strategy is adopted. The essential reason
is that turning ON SR drivers between the beginning of P stage
and the beginning of P stage is inferior to the CTO strategy in
eliminating reverse current, while inferior to the RTO strategy
in eliminating BDC interval. As a result, only the RTO and CTO
strategies deserved to be further analyzed.

Based on (16), the curve of p¢nt.gsr versus M and p, under
both RTO and CTO strategy is shown in Fig. 11. It can be
seen that, under light-load and high-voltage-gain condition, the
minimum SR loss is guaranteed by the CTO strategy, while with
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the decrease of voltage gain or the increase of load, the minimum
SR loss is guaranteed by the RTO strategy instead. Accordingly,
the whole operating area can be categorized into CTO area and
RTO area, where the CTO strategy is optimum in the CTO area,
while the RTO strategy is optimum in RTO area. As a result,
the core of the SR turn-ON optimization is that, to maintain the
minimum SR loss over the whole operating area, using CTO
strategy in CTO area yet RTO strategy in RTO area.

It should be noted that although the above analysis is per-
formed under light-load condition, RTO area, in fact, can accom-
modate the whole heavy-load conditions. Moreover, conclusions
in this section can be extended to other conditions of LLC
converters.

III. PROPOSED SPF-SR TURN-ON OPTIMIZATION STRATEGY

On the basis of analysis in Section II, the proposed SPF-SR
turn-ON optimization strategy is described in this section, which
consists of the dual identification of optimal SR turn-ON area
and the determination of SR turn-ON time based on SPF control.

A. Dual Identification of Optimal SR Turn-ON Area

The first concept of the proposed SPF-SR strategy is identify-
ing the optimal SR turn-ON area, i.e., identifying the boundary
between RTO area and CTO area. As mentioned before, SPF-SR
strategy is on the basis of ADVS-SR, so in addition to dc
signals Vi, V,, and I,, only BDC signal is sensed for SR
control. Especially, the first pulse of the BDC signal in each
half switching cycle is caused by a spike current in P, stage, and
according to Figs. 6(b) and 11, the curves of 7 p, and peys.srlcTO
versus M and p, have similar characteristics. Therefore, Vi,
Vo, 1,, and tpg can be used to identify the optimal SR turn-ON
area, and for the generality of analysis, M = 2nV,/V;, and p,
=V,I,/P, r can be derived, and ¢ p, can be normalized as D p,,
that is

Dps = tPs/(Ts/8) - 8.fstPs; (O < Dps < 1) (18)

Based on the analysis above, different boundaries between
RTO area and CTO area under different Cq can be mapped into
(M-p,-Dp;) space, as shown in Fig. 12(a), and then projected
onto (M-p,) plane, as shown in Fig. 12(b), and (M-D p;) plane,
as shown in Fig. 12(c). In (M-p,) plane, area boundaries under
different C¢q can be conveniently obtained based on the sensed
M and p,. However, it can be seen that the area boundary in
(M-p,) plane changes dramatically with the deviation of Ceq,
i.e., the greater the Ccq, the smaller the CTO area, and vice-
versa. Since the Ce is difficult to be obtained and varies with
operating conditions, it is not sufficient to identify boundaries
only in (M-p,) plane.

In (M-D py) plane, however, the area boundary changes much
slightly with the deviation of C., compared with that in (M-p,)
plane, which is very beneficial for identifying the area boundary.
However, the BDC pulse in the P, stage can only be integrally
sensed by CTO strategy, yet be destroyed by premature SR turn-
ON under the RTO strategy, so that in RTO area, the SR turn-ON
time should be first tuned to the beginning of P stage before
the area identification. Since RTO area is usually the dominant
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Fig. 12.  Boundaries between RTO area and CTO area under different Ceq. (a)
at nsr = 2, Ras,on = 2.2 mg2, and Vpy, = 0.7 V in (M-p,-D ps) space and the
projection of Fig. 12(a) onto (b) (M-p,) plane and (c) (M-D p;) plane.

area that contains most of the heavy-load condition, the area
boundary identification only in (M-D p,) plane will complicate
the implementation of the identification process.

Aiming at the above issues, a novel dual-identification
method, which combines the p,-identification in (M-p,) plane
and the D pg-identification in (M-D p;) plane, is proposed in this
article.

First, according to the selected SR switch, C,ss contributes
about 21.322 pF to C¢. Therefore, based on a conservative area
boundary py,,q at Ceq = 20 pFin (M-p,,) plane, p-identification
is performed to preliminarily screen out most of the RTO areas,
as shown in Fig. 12(b), where py,,q can be established by a lookup
table indexed by M. Hence, if the sensed p, is not smaller than
Pbnd, it must be in RTO area; otherwise, the D pg-identification is
performed in (M-D p) plane to further identify the optimal area.
At the beginning of D p¢-identification, SR turn-ON time is first
tuned by CTO strategy, and then D p, can be sensed and derived
based on (18). As illustrated in Fig. 12(c), the area boundary
under different Ceq in (M-Dps) plane can be approximately
unified as a constant value Dy, 4, and that is

Dypng =~ 0.32 = Constant. (19)

Actually, the reason why the area boundary in (M-D p;) plane
changes slightly near constant Dy,,,q with the deviation of Cc is
that a certain degree of the D p is always required to achieve the
Same Pent.srlcTo and pent.sr|rTo- Based on (19), the optimal
area can be further determined by comparing D ps with Dy,q
when p,, is smaller than py,4, and that is, if D pg is not smaller
than Dy,q, it is in RTO area; otherwise, it is in CTO area. In
conclusion, the proposed dual identification of optimal SR turn-
ON area can be summarized as follows:

CTO, po < pond && Dpg < Dpng
RTO, po > pond||Dps > Dpna.

SR turn-on { (20)
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Fig. 13. Differences between actual unit SR loss and minimum unit SR loss
caused by parameters mismatch at ngr = 2. () Ras,on = 2.2mf2, Vi =0.7V,
and Ceq = 30 pF. (b) Ras,on = 2.2 m€2, Vpy, = 0.7V, and Ceq = 120 pF. (¢)

Ras,on = 1.8 m2, Vpy, = 0.75 V, and Ceq = 40 pE. (d) Ras,on = 2.34 m2,
Vpin = 0.65 V, and Ceq = 40 pF.

In order to further inspect the impact of parameter mismatch
on the dual-identification method in (20), differences between
the actual unit SR loss and minimum unit SR loss are illustrated
in Fig. 13. It shows that, with the deviation of Ceq, Rgs.on, and/or
Vb, iIn most areas away from the boundary Dy, q, the minimum
SR loss is always guaranteed by (20), yet in the area near Dy, q,
the actual unit SR loss increases inconsiderably compared with
the minimum of that (e.g., up to about 0.12%). Therefore, the
strategy in (20) has good immunity to the parameter mismatch.

In addition, it should be noticed that RTO strategy is natively
the optimal one when the spike current is merged with P stage,
and hence, the area boundary can only occur when the spike
current is independent of P stage.

B. Determination of SR Turn-ON Time Based on SPF Control

On the basis of (20), RTO and CTO areas can be identified
over the whole operating range, and the mission of step two is
to determine the SR turn-ON time in these two areas.

As discussed above, in RTO area, SRs should turn ON at the
beginning of P, stage, i.e., the beginning of the first BDC pulse,
which can be easily achieved by adaptive stepwise control. Yet
in CTO area, SRs should turn ON at the beginning of P stage
to eliminate large reverse current; in that case, the traditional
adaptive stepwise tuning process is no longer operative due
to the falsely triggered BDC pulses caused by current spike
and the following oscillations. In conclusion, to optimize the
SR turn-ON, a proper turn-ON time delay is essential in CTO
area, while a deliberate premature turn-ON is necessary in RTO
area.

Aiming at that, a novel SPF-SR strategy is proposed in this
section for determining SR turn-ON time. To be specific, in RTO
area, the single stepwise tuning process is sufficient and the
output of the feedforward control is set as zero. While in CTO
area, the feedforward control predetermines the beginning time
of the P stage, and the adaptive stepwise tuning process fine
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Fig. 14.  Normalized waveforms of the LLC resonant tank in OPO mode during
positive half switching cycle based on ITDM.

tunes the SR turn-ON time with a small step size to draw near
the optimal point. According to Fig. 11, the CTO area only
occurs under light-load condition, which is right contained in
the OPO mode from the perspective of ITDM; therefore, the
beginning time of P stage in CTO area can be preliminarily
derived from the duration 7 o ; of the first O stage in the ideal OPO
mode.

Based on ITDM, general solutions of state variables in LLC
resonant tank in different stages can be obtained [2], and then the
normalized waveforms of ideal OPO mode can be illustrated, as
shown in Fig. 14, where 6 o; = w,to; is the normalization of
to1. And referring to Fig. 14, normalized constrain equations of
the ideal OPO mode can be established to solve 7 ;.

The total duration of O1, P, and O, stages should be equal to
half switching period, and that is

bor+0p+ 002 =~v=17/fn 2D

where f,, = fs/fr. In steady state, the values of the inductor
current and capacitor voltage at the beginning and end of the half
switching period should be symmetrical to their dc component,
that is

O2stage
ver (002) |OQstagc =

Olstage
- UCT(0)|Olstagc +2

{ELT(HOQ)‘ = —11,(0) (22)

At the joints of each two adjacent stages, the inductor current
and capacitor voltage should be continuous, and that is

o] = 0], 0]

ZLT( Ol) Olstage ZLT( ) Pstage7 lLT( P) Pstage
=t O2stage

iLm(001)] — i1m(0)] iLm(0p)|

ZLm( Ol) Olstage ! m( ) Pstage’ ZLm( P) Pstage
=3 (0

R le( O2stage ) )

vCr (001)|Olstage = UCT(0)|Pstage7 vCT(OPMPstage
= UCT(O)|OQStage'

(23)
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Fig. 15. Numerical solving results of 707 in OPO mode based on ITDM and
the 3-D polynomial fitting curve of 7o; where R> = 0.9958.

At the end of O; stage, normalized magnetizing voltage 0,
should be exactly equal to the voltage gain M, and that is

ﬁLm(QO:l)'Olstage =M. (2’4)

Since only P stage is the energy-delivery stage in OPO mode,
normalized load current , can be expressed as the average of
12 in P stage, and that is

~ 9P A A
'Y-[o = / iLr‘ — iLm‘ df
0 Pstage Pstage

= @Cr(0)|025tage - ﬁCT(O)|Pstage

. 1
— irm(0) Op — 5k;M@?D. (25)

Pstage

By combining (21)—(25), the normalized mode equation set
of OPO mode, which contains transcendental equations, can be
fully characterized. Similar to the ideain [22], #o; is numerically
solved using the fsolve function in MATLAB and expressed by
the polynomial fitting method. The numerical solving result and
the 3-D polynomial fitting curve of tp; versus M and p, are
shown in Fig. 15, and the fitted expression of 7o ; can be derived
as a function of M and p,, which can be expressed as follows:

tor1 = gOl/Wr = f(M7p0>
= (—2.092 + 4.085M — 0.343p,

— 1.152M? — 1.985M - p, + 1.545p2)(ps).  (26)

Hence, only o7 in (26) needs to be calculated online for the
proposed feedforward control, and the feedforward signal 7, gy,
is set as fpz in CTO area based on (26), yet set as zero in RTO
area, and that is

0,
ton.ffw - tor

Moreover, the output of adaptive stepwise tuning, expressed
as fon.spw> Will be decreased with a small step size Aty fromits

value in the previous control cycle, expressed as t, ., if there

in RTO area

in CTO area. 27)
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Fig. 17. Modified DVS-based BDC-signal detection circuit, which is very
suitable for the low-output-voltage applications.

is an overlarge BDC interval right before SR turns ON, while be
increased if a tiny or even no BDC interval is detected, that is

overlarge BDC

tiny or no BDC. (28)

lon.spw = {t;n'Spw ., Atspw,
ton.spw + AtSPW7

The SPF-SR strategy combines the adaptive stepwise tuning
control and feedforward control to determine SR turn-ON time.
As aresult, based on (26)—(28), the optimal SR turn-ON time 7.,
can be expressed as follows:

ton = ton.spw + ton.fiw- (29)

IV. IMPLEMENTATION OF THE PROPOSED SPF-SR STRATEGY

The proposed SPF-SR turn-ON optimization strategy can be
implemented with a cost-effective digital microcontroller and a
few logic circuits, as illustrated in the system block diagram in
Fig. 16, where output-voltage control and the proposed SPF-SR
control are integrated into one microcontroller. Implementation
of the SPF-SR strategy primarily contains the concept of directly
voltage-sensing (DVS) based BDC detection method, SR soft
start, digital control sequence, and driven-protection method.

A. DVS-Based BDC Detection Method

The SPF-SR strategy is on the basis of ADVS-SR, where
BDC signal is the key SR signal. In this section, a modified
DVS-based BDC detection circuit, which is suitable for the low-
output-voltage application, is proposed, as shown in Fig. 17.

First, to accurately sense drain—source voltage v4s sr1 in the
ON-state while reliably blocking that in the OFF-state, a resistor
R, in series to vgs.sr1, @ diode Dy, pulled up to V., and a
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Fig. 18. Proposed SR soft-start process. (a) Initial state of SR soft-start
process. (b) SR soft-start process reaches steady state under CTO strategy. (c)
Steady state under RTO strategy when RTO area is identified.

V.. hold circuit are utilized to form the DVS circuit. Hence,
the sensed voltage v, captures the ON-state v4s gsg1 With a high
accuracy since the voltage drop across R is puny when Sg; is
in the ON-state. Besides, v,; is clamped to V.. + Vp,, when
Ssy is in the OFF-state, where Vp,,, is the forward voltage of
D By contrast, antiseries diode or resistive voltage divider
is always utilized to sense vqs sr1 in most of the conventional
DVS methods where the sensing accuracy or the sensing noise
immunity is sacrificed, respectively.

The vy ; will generate the BDC signal vgpc1 of Ss; through
the impedance matching and the comparison to reference voltage
Viet.BDC. Furthermore, to obtain BDC signals, including v ps in
P, stage, v,, right before SR turns ON, and v.g right after SR
turns OFF, which are required for the proposed SPF-SR control;
three corresponding detecting-window signals EN ps, ENo,;,, and
EN,g, which will be discussed later, are well designed. Finally,
those three specialized BDC signals will be sent to eCAP
submodule of the DSP microcontroller to perform the SPF-SR
control.

B. SR Soft-Start Strategy

To reposefully launch the proposed SR control during the
startup process of LLC converters, a matched SR soft-start
strategy is proposed in this section. If LLC begins to startup,
V., soft-start program, which is associated with the primary-side
drivers, is executed first, while SR control still remains blocked.
Once the V,, soft-start program is terminated, V, is basically
established and then the proposed SR soft-start strategy begins
to work.

According to the LLC ITDM, with the decrease of load, both
ton and f,g will approach 7's/4 at the boundary between OPO and
O (no-load) mode, and thus, over the whole operating range, the
SR turn-ON/OFF time satisfies that

tos <ton < Ts/4 <tor < 3T5/4. (30)

In consequence, the initial value of both #,, and t,g during
SR soft-start process is set to Ts/4, as shown in Fig. 18(a). In
the beginning, the single stepwise tuning control with step size
At is adopted, where f,, begins to decrease, yet f,g begins
to increase. During this process, the BDC interval right before
SR turns ON and right after SR turns OFF will be decreased.
When both the pulsewidths of v, expressed as tgpc.on, and
of vogr, expressed as tgpc.ofr, are within the designed hysteresis
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Fig. 19.  Digital control sequence of SPF-SR strategy on switching-cycle scale

in a cost-effective digital microcontroller. (a) In CTO area. (b) In RTO area.

zone, the steady state of SR is preliminarily reached based on
the CTO strategy, as shown in Fig. 18(b); therefore, the steady
state of adaptive SR stepwise tuning process can be expressed
as follows:

Tth. min S tBDC.on and tBDC.off S Tth.max- (31)

where Ty, min and Ty, max are the lower and upper boundary of
the designed hysteresis zone, respectively. Once (31) is satisfied,
dual identification of optimal SR turn-ON area are launched, and
subsequent SR turn-ON control is shifted to SPF control from a
single stepwise tuning. If CTO area is identified, SR soft-start
process is accomplished. If RTO area is identified; however, the
feedforward control will be bypassed so that #,,, is decreased by
to; immediately according to (27), and then the SR time will be
tuned by the SPF-SR control until SR steady state in RTO area is
reached, as shown in Fig. 18(c), which means that SR soft-start
process in RTO area is accomplished.

C. Digital Control Sequence

In order to implement the SPF-SR control in a cost-effective
digital controller, multicycle control concept is utilized, that is,
executing SR control once in every m switching cycles (m = 2,
3,4,...). The digital control sequence of the proposed SPF-SR
strategy on switching-cycle scale is illustrated in Fig. 18, where
number k represents the kth control cycle (k =1, 2, 3,...).

In each control cycle, as shown in Fig. 19, dual interrupts
are adopted to guarantee minimum eCAP time delay. To be
specific, in each kth control cycle, the (2k — I)th and the
(2k)th interrupts are responded in the first and second switching
cycle, respectively. In the (2k — I)th interrupt, the kth ADC
results are first fetched for software protection, and then the
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Fig. 20.  SR-driven-protection method. (a) Digital protection of PWM signals

for SR switches. (b) BDC-signal-based driver interlock circuit.

eCAP submodule is rearmed so that BDC signals in the second
switching cycle are captured in the kth eCAP events, then eCAP
will be frozen automatically. In the (2k)th interrupt, the kth ADC
results are refetched for the protection and the kth V, control, the
kth eCAP results are fetched for the kth SR control, and finally,
the (2k)th interrupt is finished in the mth switching cycle until
the kth control is accomplished.

In order to capture the desired BDC pulses v ps, Von, and vog,
three detecting-window signals ENpg, EN,y,, and ENyg should
be well designed. EN,,,, and EN.g are right before SR turns ON
and right after SR turns OFF, respectively, and the pulsewidth of
them is smaller than half oscillating period in O stage. ENp;
starts at the rising edge of the primary driver vy ,; of S,,; and
ends at the rising edge of pulsewidth modulation (PWM) signal
vgri of Ss7. Benefiting from one-shot eCAP configuration, v p;
in Py stage can be easily captured.

Moreover, in order to avoid frequent SR turn-ON oscillation
in steady state caused by D ps-identification in RTO area, in
this article, if the difference between p, and that when the last
D pg-identification is executed, expressed as p,. pre, 18 less than
2%, D ps-identification will be prohibited, and the last optimal
turn-ON area will be on hold until a new D ps-identification is
rebooted.

Fig. 19(a) shows SR time tuning process in CTO area, where
vsrilk + 1] and vgrol[k + 1], which are PWM signals for S;
and Sz, respectively, can be properly tuned based on tgpc.on[£],
1BDC.off k], tps[k], and the kth M, p,, and f;. Fig. 19(b) shows the
SR time tuning process in RTO area, where the p ,-identification
in the (k — I)th control cycle cannot screen out the optimal
area, and 7, [k] will be tuned by CTO strategy, and then D p,-
identification will be executed in the kth control cycle. Since
D ps[k]>Dyyq is satisfied in Fig. 19(b), o[k + 1] will be tuned
by RTO strategy.

D. SR-Driven-Protection Method

In most cases, SR shoot-through condition is destructive to
LLC converters; therefore, it is critical to prevent the simul-
taneous conduction of SR switches S,; and S;», especially in
the transient process. To this end, in this article, SR-driven
protection consists of two aspects.

1) SR drivers for Ss; and S,2 should not be high level simul-

taneously.

2) SR driver for S;7/Ss2 should not be high level when the

body diode of Ss5/S,; is conducted.
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proposed SPF-SR control. (b) Experimental test platform.

First, as shown in Fig. 20(a), based on the up—down-count
configuration of the DSP ePWM submodule, PWM signals vgr1
and vgRro are generated in the up-count stage and the down-count
stage, respectively, with proper deadtime. Therefore, vsr; and
vgRe are natively symmetry and cannot be high level simultane-
ously.

Second, in terms of aspect 2), BDC-signal-based driver in-
terlock circuit, consisting of a few AND gates and NOT gates, is
designed, as shown in Fig. 20(b), where the SR driver vys sr1
of Ss; will be disabled once vppco is at high level, even if vgr
is at high level, and similarly does the v4s sr2 of Ss2. Actually,
this is essential for SR-driven protection of LLC converters in
ARR.

The digital control diagram of the SPF-SR strategy is shown
in Fig. 21, and the analysis in this section can indicate that the
implementation of SPF-SR strategy hardly increases hardware
cost, loss, and online computational complexity compared with
that of the available ADVS-SR methods.

V. EXPERIMENTAL RESULTS

The proposed SPF-SR control strategy is verified on a 300-W
LLC prototype with DSP microcontroller TMS320F28335 from
Texas Instruments, as shown in Fig. 22(a). It illustrates that the
LLC prototype consists of a primary-side half-bridge, a resonant
tank, and an SR daughterboard with the integrated transformer.
Operation specifications and parameters of key components of
the designed LLC prototype are listed in Tables II and III,
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TABLE III
PARAMETERS OF KEY COMPONENTS OF LLC PROTOTYPE WITH SR CONTROL

Parameters
PQ2020, PC95 ferrite core
25 uH, 0.1 mm*80, 19 turns
CGAS5H4C0G2J562J115AA
5.6nF/2*9, 630VDC, COG-MLCC
PQ3230, PC95 ferrite core
L,=125 uH, 16:1:1 with center-tap
Primary-side coil: 0.1 mm*80
Secondary-side coil: 0.1 mm*200*4
GaN System GS66504B
2 Infineon BSC022N04LS6 in parallel

Key Components

Resonant inductor L,

Resonant capacitor C,

Transformer T’

Primary switches S,,-S,,
SR switches S-S,

— 1 1 e

V, (5V/div) @ sk siepn

tuning process

Vas.SR1 (L0V/div)

Fig. 23.  Soft-start process of the LLC prototype in CTO area that consists of
V, soft-start process and SR soft-start process.

respectively, and the experimental test platform of the LLC
prototype is established, as shown in Fig. 22(b).

Fig. 23 shows the result of LLC soft-start process in the CTO
area consisting of two stages, where stage 1 is the V,, soft-start
process and stage 2 is the SR soft-start process. In stage 1, the SR
driver remains blocked and the duty cycle of v, which is the
input voltage of the resonant tank, is increased from 0% to 50%
with proper deadband time for the power delivery, and thus, V,
is increased from zero. In stage 2, SR driver is unblocked and
there are two substages, as shown in the enlarged view of Fig. 23,
where SR driver is expanded based on the stepwise tuning
control in substage 1 until the steady state under CTO strategy
is reached, and in substage 2, SPF-SR control begins to work
together with the V,, closed-loop control since the sensed D,
is smaller than Dy, 4, the SR soft-start process is accomplished,
and LLC operates stably in CTO area.

To verify the reliability and accuracy of the proposed SPF-SR
strategy, some steady-state results are exhibited in Figs. 24-26.
Fig. 24 shows results in CTO area under the light-load condition
at Vi, =250V, V, =12 V, M = 1.536, and p, = 20%. It can
be seen that, when using the conventional ADVS-SR strategy
in CTO area, as shown in Fig. 24(a), premature turn-ON will
be produced caused by a false trigger and there will be a large
reverse current, while SPF-SR strategy will generate proper SR
drivers without reverse current, as shown in Fig. 24(b), and
compared with that in Fig. 24(a), the rms value of i, is smaller
and the power efficiency of the LLC prototype is improved by
1.59%.

Fig. 25 shows results in RTO area under light-load condition at
Vin =400V, V, =12V, M =0.96, and p, = 10%. It can be seen
that, if a single CTO strategy is utilized or a rough SR turn-ON
delay is imposed constrainedly, as shown in Fig. 25(a), there
will be alarge BDC interval in P stage, which causes dissipative
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250V,V,=12V,M =1.536,and p, = 20%. (a) Large reverse current caused by
the premature turn-ON based on the conventional ADV S-SR strategy. (b) Proper
SR control without reverse current based on the proposed SPF-SR strategy.

power efficiency, while the SPF-SR strategy will generate proper
SR drivers without large BDC interval in P, stage, as shown in
Fig. 25(b), and compared with that in Fig. 25(a), the rms value
of iz, is smaller and power efficiency of LLC is improved by
0.87%.

Fig. 26 shows the steady-state results of SPF-SR strategy
under heavy-load conditions, where Fig. 26(a) shows the result
inBRR at Vi, =300V, V, =12V, M = 1.28, and p, = 100%,
and Fig. 26(b) shows the result in ARR at Vi, = 400 V, V,
=12V, M = 0.96, and p, = 100%. It can be seen that under
heavy-load condition, LLC operates stably in RTO area based
on SPF-SR strategy, either in BRR or in ARR.

The steady-state results in Figs. 24-26 indicate that, under
light-load condition, the SPF-SR strategy cannot only eliminate
large reverse current in CTO area but also eliminate large BDC
interval in Py stage in RTO area, and under heavy-load con-
dition, SPF-SR strategy tunes SR turn-ON time based on the
RTO strategy to eliminate large BDC interval. Consequently,
compared with the existing ADVS-SR methods, the proposed
SPF-SR strategy can produce proper SR turn-ON/OFF time over
the whole operating range, and the steady-state results above
verify the analysis in Sections II and III.

Moreover, the steady-state result of commercial SR control IC
NCP4308 from ON Semiconductor under light-load condition
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=400V, V, =12V, M = 0.96, and p, = 10%. (a) Large BDC interval in
P stage caused by belated turn-ON when single CTO strategy is utilized or a
rough turn-ON delay is imposed constrainedly. (b) Proper SR control without
large BDC interval in P stage based on the proposed SPF-SR strategy.

in BRR is shown in Fig. 27. To avoid multiple SR turn-ON/OFF
caused by the false trigger, minimum ON/OFF blanking time
is provided in NCP4308. It can be seen that the premature
turn-ON effected by the false trigger of BDC will cause large
reverse current, and the premature turn-OFF affected by parasitic
inductor will cause large BDC interval v,g. Therefore, compared
with the proposed SPF-SR strategy, the power efficiency when
utilizing this SR IC will be declined dramatically.

Ulteriorly, in order to verify the dynamic performance of the
proposed SPF-SR strategy, some transient results are captured,
as shown in Figs. 28-31. Fig. 28 shows the dynamic result of
the load step-up process (i.e., from 20% load to 100% load)
in BRR at V;,, =250V, V, =12V, and M = 1.536. It can
be seen that, in the steady state before the load steps up, LLC
prototype operates in CTO area, where D,,; < Dy,q, and thus,
reverse current is eliminated, during the load step-up process,
the optimal SR turn-ON area is gradually shifted from CTO area
to RTO area to eliminate the large BDC interval in P stage, and
the enlarged view of a typical point in the load step-up process
shows the proper SR driver in RTO area where p, > ppnd, and
in the steady state after load steps up, LLC operates stably in
RTO where p, > ppud-
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Fig. 27.  Typical steady-state result of the commercial smart SR IC NCP4308
under light-load condition in BRR at Vi, =250V, V, =12 V, M = 1.536, and
Po = 10%.

Fig. 29 shows the dynamic result of the load step-down
process (i.e., from 100% load to 20% load) in BRR at V;;,, =
250V, V,=12V,and M = 1.536. It can be seen that, in the steady
state before the load steps down, LLC prototype operates in RTO
area, where p, > pund, during the load step-down process, the
optimal SR turn-ON area is gradually shifted from RTO area to
CTO area to eliminate the large reverse current, the enlarged
view of a typical point in the load step-down process shows

strategy in BRR at Vi, =250V, V, =12V, and M = 1.536, where the load is
stepped down from 100% to 20% and the optimal area is shifted from RTO to

CTO area.
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stepped up from 20% to 100% and the optimal area is maintained in RTO area.
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the proper SR driver in RTO area where p, > ppnd, and in the
steady state after load steps down, the LLC operates stably in
CTO where Dp5 < Dpnq.-

Fig. 30 shows the dynamic result of the load step-up process
(i.e., from 20% load to 100% load) in ARR at V;;, =400V, V,
=12V, and M = 0.96. It can be seen that the LLC prototype
always operates in RTO area whether before, during, or after
the load step-up process since p, > ppnq 1S always satisfied.
Fig. 31 shows the dynamic result of Vy;, step-down process (i.e.,
from 380 to 300 V) at V, = 12 V and Rj,q = 0.48 €. It can be
seen that the SPF-SR can always produce the proper SR drivers
during the Vj, step-down process.

In consequence, the experimental results in Figs. 23-31 fully
indicate that the proposed SPF-SR strategy can produce proper
SR drivers over the whole operating range whether in the steady
state or during the dynamic process; therefore, the reliability,
accuracy, and dynamic performance of SPF-SR are verified.

Finally, efficiency comparisons between the proposed SPF-
SR, the conventional ADVS-SR, and the SR IC NCP4308 are
illustrated, as shown in Fig. 32, where Fig. 32(a) shows the
3-D curve of power efficiency versus Vi, and power load, and
Fig. 30(b) and (c) shows the curves of power efficiency versus
power load at Vi, =250 Vand V, = 12V, and at V;;, =400 V
and V, = 12V, respectively. It can be seen that the SPF-SR
strategy can always maintain maximum power efficiency over
the whole operating range. Compared with the conventional
ADVS-SR, SPF-SR increases the power efficiency under light-
load condition up to 5.52% due to the elimination of both large
reverse current and large BDC interval in Py stage, and compared
with the commercial SR IC NCP4308, SPF-SR increases power
efficiency over the whole operating range due to the elimination
of both the large reverse current and the large BDC interval vg,
and the power efficiency improvement is up to 6.99%.
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Fig. 32.  Power efficiency comparisons between the proposed SPF-SR, the
conventional ADVS-SR, and SR IC NCP4308. (a) Three-dimensional surface
of efficiency versus Vi, and power load. (b) Efficiency curves versus power at
Vin =250 V and V, = 12 V. (c) Efficiency curves versus power at Vi, =400V
and V, =12 V.

VI. CONCLUSION

This article proposes a novel SPF-SR control strategy for LLC
converters on the basis of ADVS-SR technology. First, the turn-
ON issue of DVS-SRs is analyzed in detail based on the time-
domain analysis of the capacitive spike current. And then based
on the comparison of different SR turn-ON countermeasures,
the SPF-SR strategy, which consists of the dual identification
of optimal SR turn-ON area and the determination of turn-ON
time, is proposed. Finally, the implementation of the proposed
SPF-SR strategy is introduced with four key aspects.

Compared with the conventional ADVS-SR methods, the
proposed SPF-SR designs a novel SR turn-ON time calculation
model and optimizes the SR turn-ON, especially under light-load
condition. SPF-SR strategy can eliminate not only the large
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reverse current but also the large BDC interval; therefore, light-
load efficiency is dramatically increased. The SPF-SR strategy
can be digitally implemented with a cost-effective digital mi-
crocontroller and a few logic circuits. The experimental results
verify that the SPF-SR strategy maintains excellent performance
whether in the steady state or the dynamic process. Compared
with the conventional ADVS-SR and commercial SR IC, SPF-
SR strategy improves efficiency up to 5.52% and 6.99%, re-
spectively. As a result, the proposed SPF-SR strategy provides
an effective optimization solution to the adaptive SR control for
LLC resonant converters.

—

]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

REFERENCES

B. Yang, F. C. Lee, A. J. Zhang, and G. Huang, “LLC resonant converter
for front end DC/DC conversion,” in Proc. 17th Annu. IEEE Appl. Power
Electron. Conf. Expo., 2002, vol. 2, pp. 1108-1112.

X. Fang, H. Hu, Z. J. Shen, and I. Batarseh, “Operation mode analysis
and peak gain approximation of the LLC resonant converter,” IEEE Trans.
Power Electron., vol. 27, no. 4, pp. 1985-1995, Apr. 2012.

W.Feng, F.C. Lee, and P. Mattavelli, “Simplified optimal trajectory control
(SOTC) for LLC resonant converters,” IEEE Trans. Power Electron.,
vol. 28, no. 5, pp. 2415-2426, May 2013.

Z. Hu, Y.-F. Liu, and P. C. Sen, “Bang-bang charge control for LLC
resonant converters,” IEEE Trans. Power Electron., vol. 30, no. 2,
pp. 1093-1108, Feb. 2015.

D. Shu and H. Wang, “An ultrawide output range LLC resonant con-
verter based on adjustable turns ratio transformer and reconfigurable
bridge,” IEEE Trans. Power Electron., vol. 68, no. 8, pp. 7115-7124,
Aug. 2021.

F. C. Lee, Q. Li, and A. Nabih, “High frequency resonant converters: An
overview on the magnetic design and control methods,” IEEE J. Emerg.
Sel. Topics Power Electron., vol. 9, no. 1, pp. 11-23, Feb. 2021.

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. Fu, B. Lu, and F. C. Lee, “1MHz high efficiency LLC resonant
converters with synchronous rectifier,” in Proc. IEEE Power Electron.
Specialists Conf., 2007, pp. 2404-2410.

Y. Wei, Q. Luo, and H. A. Mantooth, “Synchronous rectification for LLC
resonant converter: An overview,” IEEE Trans. Power Electron., vol. 36,
no. 6, pp. 72647280, Jun. 2021.

J.-H. Jung, H.-S. Kim, M.-H. Ryu, and J.-W. Baek, “Design methodology
of bidirectional CLLC resonant converter for high-frequency isolation of
DC distribution systems,” IEEE Trans. Power Electron., vol. 28, no. 4,
pp. 1741-1755, Apr. 2013.

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., 2010,
pp. 449-454.

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 con-
verter,” in Proc. IEEE Energy Convers. Congr. Expo., 2009, pp. 766-770.
X.Wu, G. Hua, J. Zhang, and Z. Qian, “A new current-driven synchronous
rectifier for series—parallel resonant (LLC) DC-DC converter,” [EEE
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. IECON 38th Annu. Conf. IEEE Ind. Electron.
Soc., 2012, pp. 810-813.

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., 2013, pp. 1370-1375.

S. Ushizawa, T. Kashimura, K. Takano, and K. Sung, “A novel generation
method of gate signals for synchronous rectification operation in LLC
resonant converters,” in Proc. 19th Eur. Conf. Power Electron. Appl.,2017,
pp. P.1-P.10.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

13701

X. Zhu et al., “A sensorless model-based digital driving scheme for
synchronous rectification in 1-kV input 1-MHz GaN LLC convert-
ers,” IEEE Trans. Power Electron., vol. 36, no. 7, pp.8359-8369,
Jul. 2021.

H. Li et al., “A bidirectional synchronous/asynchronous rectifier con-
trol for wide battery voltage range in SiC bidirectional LLC charg-
ers,” IEEE Trans. Power Electron., vol. 37, no. 5, pp.6090-6101,
May 2022.

H. Chen, K. Sun, H. Shi, J.-I. Ha, and S. Lee, “A battery charging method
with natural synchronous rectification features for full-bridge CLLC con-
verters,” IEEE Trans. Power Electron., vol. 37, no. 2, pp. 2139-2151,
Feb. 2022.

B. Li, M. Chen, X. Wang, N. Chen, X. Sun, and D. Zhang, “An optimized
digital synchronous rectification scheme based on time-domain model
of resonant CLLC circuit,” IEEE Trans. Power Electron., vol. 36, no. 9,
pp. 10933-10948, Sep. 2021.

L. Pei et al., “A time-domain-model-based digital synchronous rectifi-
cation algorithm for CLLC resonant converters utilizing a hybrid mod-
ulation,” IEEE Trans. Power Electron., vol. 37, no. 3, pp. 2815-2829,
Mar. 2022.

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.

M. Mohammadi and M. Ordonez, “Synchronous rectification of LLC
resonant converters using homopolarity cycle modulation,” IEEE Trans.
Ind. Electron., vol. 66, no. 3, pp. 1781-1790, Mar. 2019.

C. Sun, Q. Sun, R. Wang, P. Zhang, L. Zhang, and P. Wang, “Univer-
sal synchronous rectification scheme for LLC resonant converter using
primary-side inductor voltage,” IEEE Trans. Ind. Electron., vol. 70, no. 6,
pp. 5747-5759, Jun. 2023.

H. Yu, X. Xie, S. Xu, and H. Dong, “A novel synchronous rectifier
driving scheme for LLC converter based on secondary rectification current
emulation,” IEEE Trans. Power Electron., vol. 37, no. 4, pp. 3825-3835,
Apr. 2022.

J.-D. Hsu, M. Ordonez, W. Eberle, M. Craciun, and C. Botting, “Noise-
tolerant LLC synchronous rectification using volt-second product,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 10, no. 5, pp. 5944-5955,
Oct. 2022.

C. Sun, R. Wang, X. Xiao, Y. Wang, and Q. Sun, “Model-free bidirectional
synchronous rectification control scheme for LLC-based energy storage
system in electric-vehicle energy router,” IEEE Trans. Transp. Electrific.,
to be published, doi: 10.1109/TTE.2022.3212686.

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.

X. Zhou et al., “Analysis and design of SR driver circuit for LLC DC-
DC converter under high load current application,” in Proc. IEEE Energy
Convers. Congr. Expo., 2019, pp. 1375-1381.

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 adaptive
driving scheme for synchronous rectification in LLC resonant converters,”
IEEE Trans. Power Electron., vol. 27, no. 8, pp. 3775-3781, Aug. 2012.
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., 2018,
pp- 2091-2097.

P. Amiri, C. Botting, M. Craciun, W. Eberle, and L. Wang, “Analytic—
adaptive LLC resonant converter synchronous rectifier control,” /IEEE
Trans. Power Electron., vol. 36, no. 5, pp. 5941-5953, May 2021.

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., 2016, pp. 334-338.

Q. Qian, Q. Liu, M. Zheng, Z. Zhou, S. Xu, and W. Sun, “An improved
adaptive synchronous rectification method with the enhanced capacity to
eliminate reverse current,” IEEE Trans. Power Electron., vol. 37, no. 2,
pp. 1394-1410, Feb. 2022.

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

pp. 1-5.


https://dx.doi.org/10.1109/TTE.2022.3212686

13702

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 11, NOVEMBER 2023

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.

S. Moon, C. Chen, and R.-J. Wang, “A new dead time regulation syn-
chronous rectification control method for high efficiency LLC resonant
converters,” IEEE Trans. Power Electron., vol.36,n0.9, pp. 10673—-10683,
Sep. 2021.

UCC24624, “Dual-channel synchronous rectifier controller for LLC reso-
nant converters,” May 2015, Texas Instrum., Dallas, TX, USA, Accessed
on: Mar. 2022. [Online]. Available: https://www.ti.com/lit/ds/symlink/
ucc24624.pdf

FAN7688, “Advanced secondary side LLC resonant converter controller
with synchronous rectifier control,” ON Semiconductor, Phoenix, AZ,
USA, Aug. 2021. [Online]. Available: https://www.onsemi.com/pdf/
datasheet/fan7688-d.pdf

FAN6248HC/HD/LC/LD, “ Advanced synchronous rectifier controller
for LLC resonant converter,” ON Semiconductor, Phoenix, AZ, USA,
Jan. 2018. [Online]. Available: https://www.onsemi.com/pdf/datasheet/
fan6248hc-d.pdf

SRK2001A, “Adaptive synchronous rectification controller for LLC res-
onant converter,” STMicroelectronics, Geneva, Switzerland, Sep. 2021.
[Online]. Available: https://www.st.com/resource/en/datasheet/srk2001a.
pdf

UCD7138, “4-A and 6-A single-channel synchronous-rectifier driver with
body-diode conduction sensing and reporting,” Texas Instrum., Dallas, TX,
USA, May 2015. [Online]. Available: https://www.ti.com/lit/ds/symlink/
ucd7138.pdf

NCP4308, “Synchronous rectifier controller,” ON Semiconductor,
Phoenix, AZ, USA, Feb. 2017. [Online]. Available: https://www.onsemi.
com/pdf/datasheet/ncp4308-d.pdf

Long Pei (Graduate Student Member, IEEE) was
born in Hunan, China, in 1995. He received the
B.S. degree in electrical automatization in 2018 from
Xi’an Jiaotong University, Xi’an, China, where he is
currently working toward the Ph.D. degree in electri-
cal engineering and automation.

His research interests include on-board charge, de-
sign and control of dc—dc resonant power converters,
and power factor correction ac—dc converters.

Lixin Jia (Member, IEEE) was born in 1968. He re-
ceived the Ph.D. degree in electrical engineering from
Xi’an Jiaotong University, Xi’an, China, in 2003.

He is currently a Professor with the School of
Electrical Engineering, Xi’an Jiaotong University.
His research interests include the industrial intelligent
control and power electronics.

Dr. Jia was a recipient of the Second Prize of Na-
tional Scientific and Technological Progress in 2005.

Laili Wang (Senior Member, IEEE) received the
B.S., M.S., and Ph.D. degrees from the School of
Electrical Engineering, Xi’an Jiaotong University,
Xi’an, China, in 2004, 2007, and 2011, respectively.

Since 2011, he has been a Postdoctoral Research
Fellow with the Department of Electrical Engineer-
ing, Queen’s University, Kingston, ON, Canada.

From 2014 to 2017, he was an Electrical Engineer
with Sumida, Pointe Claire, QC, Canada. In 2017, he
joined Xi’an Jiaotong University, as a Full Professor.

His research interests include package and integra-

tion, wireless power transfer, and energy harvesting.

Dr. Wang is an Associate Editor for the IEEE TRANSACTIONS ON POWER
ELECTRONICS and IEEE Journal of Emerging and Selected Topics in Power
Electronics. He is the Vice Chair of the Technical Committee of Power Con-
version Systems and Components in Power Electronics Society (PELS), the
Co-Chair of System Integration and Application in International Technology
Roadmap for Wide Band-Gap Power Semiconductor, and the Chair of the IEEE
China Power Supply Society and PELS Joint Chapter in Xi’an, China.

Lie Zhao (Graduate Student Member, IEEE) was
born in Shaanxi, China, in 1996. He received the B.S.
degree in electrical engineering from Northwestern
Polytechnical University, Xi’an, China, in 2017, and
the M.S. degree in electrical engineering in 2020
from Xi’an Jiaotong University, Xi’an, China, where
he is currently working toward the Ph.D. degree in
electrical engineering.

His current research interests include power elec-
tronics, resonant power conversion, and bidirectional
dc—dc converters.

Zhixiang Li (Student Member, IEEE) was born in
Shandong, China, in 1996. He received the B.S. de-
gree in 2019 from Xi’an Jiaotong University, Xi’an,
China, where he is currently working toward the Ph.D.
degree in electrical engineering.

His research interests include the topology, control,
and design of power electronic converters, especially
the control and design of power electronic transform-
ers, the modular multilevel converter, and the dual
active bridge converter.

Wei Cao (Graduate Student Member, IEEE) was born
in Hebei, China, in 1998. He received the B.S. degree
in electrical engineering from Northwestern Poly-
technical University, Xi’an, China, in 2020. He is cur-
rently working toward the Ph.D. degree in electrical
engineering with Xi’an Jiaotong University, Xi’an,
China.

His current research interests include high-
frequency resonant converters, wide-range dc/dc con-
version, and control technique.

Yunqing Pei (Member, IEEE) was born in 1969.
He received the B.S. and M.S. degrees in electrical
engineering and the Ph.D. degree in power electron-
ics from Xi’an Jiaotong University, Xi’an, China, in
1991, 1994, and 1999, respectively.

He became a faculty member of Xi’an Jiaotong
University, where he is currently a Professor. From
2006 to 2007, he was a Visiting Scholar with the
Center of Power Electronics Systems, Virginia Poly-
technic Institute and State University. His research
interests include high-power inverters, switch-mode

power supply, and converters in distributed generation systems.


https://www.ti.com/lit/ds/symlink/ucc24624.pdf
https://www.ti.com/lit/ds/symlink/ucc24624.pdf
https://www.onsemi.com/pdf/datasheet/fan7688-d.pdf
https://www.onsemi.com/pdf/datasheet/fan7688-d.pdf
https://www.onsemi.com/pdf/datasheet/fan6248hc-d.pdf
https://www.onsemi.com/pdf/datasheet/fan6248hc-d.pdf
https://www.st.com/resource/en/datasheet/srk2001a.pdf
https://www.st.com/resource/en/datasheet/srk2001a.pdf
https://www.ti.com/lit/ds/symlink/ucd7138.pdf
https://www.ti.com/lit/ds/symlink/ucd7138.pdf
https://www.onsemi.com/pdf/datasheet/ncp4308-d.pdf
https://www.onsemi.com/pdf/datasheet/ncp4308-d.pdf


<<
  /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 true
  /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 true
  /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


