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A Novel Simplified Time Domain Analysis-Based
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Converter Featuring Real-Time
Full-Range Operation
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Abstract—Model-based synchronous rectification (SR) ap-
proach for LLC' converters offers significant advantages, such
as low cost, high scalability, and elimination of additional losses,
as no high-frequency signal sampling is required. However, the
performance of model-based SR approach heavily depends on the
accuracy of the underlying model. Moreover, given that the LLC
converters operate in various modes, each necessitating a different
model, it is crucial to identify the operating mode to apply the
appropriate model. An inaccurate model or failure to recognize
the operation mode may lead to degraded SR performance and
even risk of system instability. In this article, a novel model-based
SR strategy via simplified time domain analysis is proposed, which
is integrated with both SR timing online algorithm and operation
mode online recognition algorithm. Unlike the existing model-
based SR strategies, all the results are calculated online in the
proposed SR strategy without relying on fitting curves, and the
proposed SR strategy is available under all typical L LC converter
operating mode. Both simulation and experiment are carried out
for validation. The results demonstrate an overall SR timing error
of less than 0.6 %, along with a maximum efficiency improvement
of 0.34% compared to existing model-based strategies.

Index Terms—L LC' resonant converter, converter modeling,
operation boundary recognition, synchronous rectification (SR),
time domain analysis (TDA).

1. INTRODUCTION

UE to the outstanding electromagnetic interference char-
D acteristic and the high efficiency, the LLC resonant con-
verter has been widely adopted in battery energy storage (BES)
systems, electric vehicle charging systems and data centers [1],
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[2], [3], [4]. By leveraging the low conduction resistance of
MOSFETs, the synchronous rectification (SR) technique mimics
the switching behavior of the LLC' converter’s secondary-side
rectifier diode, which can significantly reduce the conduction
loss of the secondary side rectifier and enhances the overall
efficiency of the LLC converter [5]. Over the past two decades,
various SR strategies have been proposed. These strategies can
be broadly categorized into two approaches based on whether
high-frequency (HF) signals at the switching frequency level
are sensed: the HF-signal-based approach and the model-based
approach.

The HF-signal-based approach for SR control can be catego-
rized into HF current sensing and HF voltage sensing methods.
Initially, current sensing involved detecting the drain-source
current of each SR MOSFET using a current transformer (CT) [6].
While effective and robust, this method introduced extra wind-
ing loss, reducing efficiency. Efforts to reduce winding loss
led to sensing the primary-side resonant inductor current, but
the need for CTs persisted, compromising power density and
efficiency [7]. To eliminate extra losses, the voltage sensing
approach is employed. The most common method detects the
conduction of the SR MOSFET’s reverse diode by sensing its
drain-source voltage [8], [9], [10], [11]. This technique is preva-
lent in commercial SR chip designs [12]. However, package
parasitic inductance can cause premature turn-OFF. To overcome
this issue, primary side voltages (e.g., resonant inductor, reso-
nant capacitor, and magnetizing inductor voltages) are sensed
and modulated to generate the SR MOSFET gate drive signal [13],
[14], [15]. Despite its effectiveness, this method requires com-
plex auxiliary circuits for signal processing, posing hardware
design challenges.

To sum up, implementing HF-signal-based strategies incurs
extra costs due to the need for additional HF signal sensing
and modulation devices [16]. Moreover, high-bandwidth iso-
lators become essential if the primary side voltage signal is
utilized in the SR strategy, further increasing the overall cost
and complexity. Besides, the HF-signal-based SR strategy limits
the possibility of LLC converters extending to bidirectional op-
eration, where the phase-shift modulation is adopted during the
reverse power transmission [17], [18]. In the bidirectional power
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transmission scenarios, secondary side devices must function
as both SR and active devices. The dual functionality requires
additional drive signal selection switches to reconfigure the gate
drive signal source between the SR driver during SR mode and
the microcontroller unit (MCU) during active device mode.

To achieve a scalable, cost-effective, and extra-loss-free SR
strategy, the model-based SR strategies have been proposed
and is widely adopted in cost-sensitive applications requiring
bidirectional power transmission and involving relatively high
voltage ports, such as on-board chargers and BES system [16],
[19], [20], [21], [22], [23], [24], [25], [26], [27]. However, the
performance of model-based SR approach significantly depends
on the precision of model. Furthermore, since LLC' converters
operate in various modes, each requiring a distinct model, it is
essential to accurately identify the operating mode to apply the
appropriate model [28].

The SR strategy based on modified fundamental harmonic
approximation (FHA) model has been proposed in [19], [20],
and [21], which is effective across the entire switching frequency
range. However, the excessive simplification inherent in the
FHA model results in suboptimal accuracy for predicting SR
timing. In addition, as the load decreases, extra discontinuous
conduction mode (DCM) events occur, necessitating a delay
in the SR turn-ON timing. However, identifying the presence
of DCM and determining the appropriate delay using only the
modified FHA model is challenging, potentially degrading SR
strategy performance and overall converter efficiency.

The time domain analysis (TDA) model has been introduced
in[22], [23], and [24], owing to the high accuracy of TDA model.
However, due to the dual resonant frequencies in some operating
modes, obtaining an analytical solution for SR timing is not
feasible because of the presence of transcendental equations. As
aresult, fitting curves of the SR timing are adopted in [22], [23],
and [24]. Nevertheless, the preparation procedure of the fitting
curve is time-consuming, and different fitting curves must be
generated for each set of resonant parameter. Moreover, there
are still operation modes neglected in the SR strategy in [22],
[23], and [24]. An advanced SR strategy employing deep learn-
ing techniques was proposed in [25] to determine the optimal
SR MOSFET regulation principle with minimal loss. However,
sampling the loss data using a thermocouple is cumbersome and
time-intensive. In addition, there is a potential risk of system
instability due to the lack of practical theoretical support for
deep learning results.

To realize online SR timing calculation and thus eliminate the
cumbersome process of fitting curve preparation, simplifications
of the TDA model were performed in [26] and [27], enabling
online calculation of SR timing. Yet, only a subset of typical
operation modes was analyzed in [26] and [27], limiting the
operational range of the SR strategies to the resonant frequency
and the below-resonance region, respectively. An SR strategy
based on geometrically simplified state plane analysis was pro-
posedin [16]. In this approach, the state trajectory was simplified
through geometrical principles to derive the SR timing expres-
sion. This method allows for real-time calculation of SR timing
and includes an online DCM recognition strategy. However, due
to the difficulty in calculation of the SR timing under light

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 4, APRIL 2025

Fig. 1.

Topology of the full-bridge L LC' converter.

loads in state plane analysis, the operational range of the SR
strategy in [16] is restricted to heavy load conditions in below-
and above-resonance regions. To sum up, the operation range
of the existing SR strategies cover only a subset of all typical
operation modes, and there is an urgent need for an accurate
online SR strategy that is effective across the full frequency and
load range. This article proposes a novel simplified time domain
analysis (STDA)-based SR strategy that incorporates both online
SR timing algorithm and operation mode recognition algorithm.
The proposed novel SR strategy is effective in both full switching
frequency and full load range, thus improving the efficiency
of the LLC' converter over a wide range. Moreover, only dc
signals—specifically input voltage, output voltage, and output
current—need to be sampled. It should be noted that unlike other
application, such as parameter design and switching frequency
feedforward control, all the three state variables of TDA (voltage
gain, load, and switching frequency) are known in the SR appli-
cation, which reduces the need for simplification in the modeling
process but necessitates new theoretical derivations. The main
contributions of this article can be summarized as follows.

1) The analytical expressions for both the ideal SR turn-ON
delay and duty cycle across all typical operation mode
are derived using the STDA model.

2) An online operation mode recognition algorithm is intro-
duced through STDA model to accurately identify the
operation mode of the L LC converter.

3) Based on the proposed real-time algorithm of the ideal
SR timing and the online operation mode recognition
algorithm, a novel model-based online SR strategy for
LLC converter is proposed. Different from the existing
SR strategy, the proposed STDA SR strategy is effective
in real-time over the full switching frequency and load
range.

The rest of this article is organized as follows. In Section 1II,
the SR process of LLC' converter and the boundary between
different operation modes is analyzed. In Section III, a novel
STDA-based SR strategy is proposed, and the performance of
the proposed control strategy is evaluated with simulation. In
Section IV, experiments are carried out for validation. Finally,
Section V concludes this article.

II. TDA OF LLC CONVERTER SR PROCESS

The topology of full-bridge LLC' converter is depicted as in
Fig. 1. The full-bridge LLC' converter consists of an H-bridge
inverter module on the primary side, an H-bridge rectifier mod-
ule on the secondary side and a resonant circuit. The devices
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TABLE I
STATE VARIABLES AND NORMALIZATION OF THE FULL-BRIDGE LLC
CONVERTER
State variables Symbol No?m.‘a pzed
variable

Input voltage Vi Vin =1
Output voltage Vo Von = aVo/Vi
Output current I, Ion = IZi/(aV})
Resonant capacitor voltage vcr vem = ver/ Vi
Resonant inductor voltage VLr Vim = v/ Vi
Magnetizing inductor voltage VLm VLmn = VLm/Vi
Primary side mid-point voltage Vab Vabn = Vab/ Vi
Resonant inductor current irr irm =i Z1/V;
Magnetizing inductor current iLm iLmn = iLmZ1/V;
Rectified current irec ireen = IrecZ1/(aV})
Switching frequency I o =Sl fr
Time period 0=t/wr

t
fi=1/2rVYL:Cy) -

Resonant frequency

Resonant angular frequency wr = 1/VL:C; -

Inductor ratio k=Ly/L; -

Characteristic impedance Z =+L:/C: -
TABLE II

CRITERIA OF DIFFERENT STATE OF THE L LC' CONVERTER AND IDEAL
OPERATION OF SR MOSFETS

Item State of Q1-Q4 and v, mp ;?%%2‘;%&}2“ of Isigll:;valent
Qy and Q4 ON; .
State]I  Q, and Q3 OFF; gl zﬁg 24 8?1%
vrmn clamped at Vi, 2 3 P State
Q and Q3 ON; S, and S3 ON;
State IV Q) and Q4 OFF; 52 and s3 OFF
Vvr.mn clamped at — Vi ! 4
Qi and Q4 ON; .
State I Q> and Q3 OFF; Qand SO
vr.mn clamped at — Vo, 1 4 N State
Qo and Q3 ON; S, and Sy ON;
State V Q; and Q4 OFF; Sl and S4 OFI:‘
vr.mn clamped at Vi, 2 3
Q and Q4 ON;
State Il Q and Q3 OFF; S1-S4 OFF
VLmn Dot clamped
Q, and Q; ON: O State
State VI Qq and Q4 OFF; S1-S4 OFF
VImn Dot clamped

on the primary side H-bridge module are denoted as Q;-Qg,
while those on the secondary side are denoted as S;-S4. The
resonant circuit includes the resonant capacitor C', the resonant
inductor L., the magnetizing inductor L., and the transformer
T with a turns ratio of a. To generalize the analysis, all circuit
state variables and their normalization benchmarks are listed in
Table I. It should be noted that the time period ¢ is normalized
as the electrical angle 6.

Based on the state of the primary side H-bridge and the
resonant circuit, as listed in Table II, the state of LLC' converter
can be classified into six distinct states. The equivalent circuits
for these states are illustrated in Fig. 2. In states I and IV, the
voltage across the magnetizing inductor vy, is clamped at
Von and —Vy,,, respectively, sharing the same polarity as vapny.
Therefore, states I and IV are also referred to as positive states
(P states). Similarly, states II and V are referred to as negative
states (N states), and states III-V1 are referred to as zero states (O
states). The state expressions for states [-IV can be respectively
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Fig. 2. Equivalent circuit of the LLC' converter in (a) state I, (b) state II,

(c) state III, (d) state IV, (e) state V, and (f) state VI.

written as [29]

(”Crn -1+ Von)2 + i%rn = (VCrOn -1+ Von)2 + I%r()n
(D

(UCrn -1 ‘/;)n)2 + i%rn - (VCI‘OII -1 ‘/OH)Q + I%rOn
(2

(o — 1)+ ¢%2 ., = (Veron — 12 + * 1200 (3)

(UC'rn +1-— ‘/;)n)2 + i%rn = (VCI‘OH +1 - ‘/on)2 + I%rOn
4)

(verm + 1+ Von)* + i = (Voron + 14 Von)* + If10n
Q)

(vCrn + 1)2 + QQi%rn - (VCI‘OII + 1)2 + 921%11‘0[1 (6)

where Vioron and I, are the normalized initial resonant capac-
itor voltage and the normalized initial resonant inductor current
in each state, which are still remained unknown. g is equal to
1/(k+1)°%5.

By arranging these different states, the LLC' converter can
work in various operation modes, including OPO, PO, PON,
PN, P, NP, and NOP mode, whose distribution is simultaneously
determined by the switching frequency, voltage gain, and load of
the converter. Fig. 3(a) and (b) illustrates the frequency-gain and
frequency-load distributions of the operation mode, respectively.
In the below-resonance region, the operation mode of LLC
converter can be ordered as O mode, OPO mode, PO mode,
PON mode, and PN mode, progressing from heavy load to light
load, as shown in Fig. 3(b). In the above-resonance region, the
operation modes can be arranged as O mode, OPO mode, NOP
mode, and NP mode, again progressing from heavy load to light
load, as shown in Fig. 3(b). At the resonant frequency, the LLC
converter only operates in P mode and OPO mode. Herein, the
“XYZ” mode refers to the operation mode where a half switching
cycle of the LLC' converter is composed of X state, Y state, and
Z state in sequence. For example, the PO mode indicates that
the half switching cycle of the LLC converter is composed of P
state and O state in sequence.

It should be noted that the term “state” is utilized to de-
note the specific status of the LLC converter with a particular
equivalent circuit. In contrast, the term “mode” refers to the
scenario of LLC' converter operation, which may involve a
single “state” or a combination of several “states.” The detailed
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Fig. 3.  Distribution of operation mode the L LC' converter. (a) fy,-Von distri-
bution. (b) fi-Ion distribution.

quantitative analysis of the waveform and boundaries for each
operation mode will be given in the subsequent sections. Due
to space limitations, this article will not include a prelimi-
nary qualitative analysis of the formation mechanisms of each
mode. For the basic information and qualitative analysis on
LLC converter operation modes, please refer to Section III
of [28].

A. Basic Operation Principle of Model-Based SR Strategy

The basic principle of model-based SR strategy is to regulate
the gate signal of SR MOSFET so as to mimic the performance
of rectifier diodes [16]. To be specific, as shown in Fig. 2, the
corresponding rectifier diodes conduct during the P state, while
the opposite rectifier diodes conduct during the N state. In the
O state, all the diodes are cut off. The detailed corresponding
operation principle of the model-based SR MOSFETs in different
state is summarized in Table II, and the key to the model-based
SR strategy lies in accurately modeling the duration of the P, O,
and N states under different operation modes. However, due to
variations in operating conditions, different models are required
to determine the ideal timing for SR MOSFETs.

A novel model-based SR strategy is proposed in this article,
where only input voltage Vi, output voltages V,, and output
currents I, are sensed. The model for all typical operating modes
is analyzed through STDA. Both online SR timing and operation
mode recognition algorithms are integrated into this approach,
facilitating real-time prediction of SR timing and determination
of the LLC converter operating conditions. This eliminates the
need for a lookup table and fitting curves, streamlining the
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Fig. 4. (a) Key waveform and (b) state plane trajectory of the L LC' converter
in the PO mode.

implementation process. The detailed derivation of the SR gate
drive timing will be described in this section. Notably, due to the
similarity between PON/PO mode boundary and the ZVS/ZCS
(zero voltage switching, zero current switching) boundary, the
LLC converter is typically designed to operate in PO, OPO, P,
NP, and NOP mode to ensure full range ZVS [30]. In addition,
because the P mode can be considered a special case within the
PO mode, only the PO, OPO, NP, and NOP modes are discussed
in this section.

B. STDA in the PO Mode

The key waveform of the LLC' converter in the PO mode
is depicted as in Fig. 4, where I7,pqn and I1,00n denote the
initial resonant inductor current in P state and O state of PO
mode, respectively, and Vorpon and Vioroan refer to the initial
resonant capacitor voltage in P state and O state of PO mode,
respectively. As listed in Table II, the ideal operation of the SR
MOSFETSs in PO mode is to turn-ON in P state and turn-OFF in
O state. The turn-ON delay duty Dsg delay and the duty cycle
DsR,duty of SR MOSFETs in PO mode can be respectively written
as

DSR,,delay =0 (7
DSR,duty = fneP/ﬂ- (®)
where 6p is the electrical angle of P state. Assuming that the

converter has an ideal efficiency of 100%, the input charge
of the resonant circuit within a half switching cycle can be
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written as

7/ fn 7/ fa
/ ‘/;nlonde = / iLrndH = (_VCrPocn> - VCrPan-
0 0
)
From (9), the initial resonant capacitor voltage in P state Vorpan
can be derived as
T™Vondon
2fn
As the magnetizing inductor voltage v,y is always clamped at

Von in P state, it can be obtained that

v, Op
—2d0 = V.
ok k
By combining (1), (3), (4), (6), (10), and (11), the simultaneous
equation in the PO mode can be given as

VCrPan = - (10)

(1)

ILrOan - ILrPan =

Itrpon = —9(Veroan — 1) sin(g0o) — Inroan cos(gfo)

VorPan = I“% sin(g0o) — (Voroan — 1) cos(gbo) — 1

Op = k(Ir:0an — ILrPan)/Von

Verpan = —71'VonIon/(2fn)

I1:0an = Inrpan cos0p + (Vorpan + Von — 1) sinfp

Veroan = (Verpan + Von — 1) cos0p — Iprpan sin 0p
—Von +1

12)

where f¢ is the electrical angle of O state. By temporarily
approximating fp as 7,00 = 7/ f, — wisequalto (1/f, — 1)m.
From (12), it can be obtained that
o TVon+9gksin(g0o)(1+Verpan)
Iprpan = — R Teos(lol]
VCrPan = _Tr‘/;)nlon/(an)

_ 7sin(g06) Von
Veroan = 1+ Ws(zggo)] + Verpan —

ILrOan = ILrPom + V:)nﬂ'/k

where 0o is still considered as (1/f, — 1)m. With (13), the
electrical angle of P state in PO mode can be derived as

13
VOII ( )

ILrO()m
VCrOan + ‘/on -1

ILrPan
VCrPan + Von -1 .

fp = ™ — arctan

+ arctan (14)

C. STDA in the OPO Mode

The key waveform of the LLC' converter in the OPO mode
is depicted as in Fig. 5, where I1,,048n, {1.:Pgn, and I1,0Bgn
indicate the initial resonant inductor current in the first O state
(O, state), P state, and the second O state (Op state) of OPO
mode, respectively. Similarly, Voroagn, Vorpsn, and Vororgn
refer to the initial resonant capacitor voltage in the first O state,
P state and the second O state of OPO mode, respectively. As
listed in Table II, the ideal operation principle of the SR MOSFETS
in OPO mode is to turn-ON during P state with a delay of the first
O state and to turn-OFF during the second O state. The turn-ON
delay and the duty cycle of SR MOSFETs in PO mode can be,

5001
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Fig. 5. (a) Key waveform and (b) state plane trajectory of the L LC' converter
in the OPO mode.

respectively, written as
15)
(16)

DsR delay = fnboa /T
DSR,duty = fnoP/’/T-

In the O state, the resonant frequency f; /g is significantly low
compared to the switching frequency fs. Consequently, the state
variables in the O state can be regarded as constant under certain
conditions for simplification. At the end of the first O state, the
magnetizing inductor voltage vy, 1S Von. Thus, vy, can be
approximated as a constant V;,, during the first O state. As a
result, the first O state can be treated as P state for simplification
in the modeling process, and the conclusion in (14) can be
adopted as

ILrOan
VCrOan + ‘/011 -1

ILrPan
VCrPan + Von -1

0p + 0poa = ™ — arctan

+ arctan (17)
where I1,.0an, Voroans LLrPan, and Vorpan can be calculated
in (13).

Because vy, is assumed constant as V,,, during the first O
state and P state, it can be obtained that

1 [foa+br
ILrOB,@n - ILrOABn = %/ ‘/;nde
0
Vo
= (QOA‘FGP)? (18)
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where the initial resonant current in the second O state I1,,0Bgn
can also be written as
g(m —6oa —0p)

fll

17,0880 = ILr0ABN COS

g(m—6oa —6p)
In

As similar in PO mode, the initial resonant capacitor voltage
in the half switching cycle, i.e., the first O state, can be obtained
from (9) as

— 9 (1 4+ Veroagn) sin . (19)

TVOHIOH
2fa

From (18), (19), and (20), the initial resonant inductor current
in the first O state I7,,0asn can be derived as

VCrOA,ﬁn = - (20)

Y2 (0oa + 0p)+g(1+ Voroa pn) sin L000a0e)

g(mboa—bp)
I

Ircoapn= -
cos

@

The resonant circuit exhibit both the characteristic of P state
and O state at the beginning of P state. According the equivalent
resonant circuit in Fig. 2(a) and (c), the expression of KVL at
the beginning of P state can be written as

VCrP,@n + VLrPBn + VLmPBn =1 (22)

where Vinpgn is equal to Vi, and Vi,pg, is equal to
Vimpgn/k = Von/k, according to the voltage division between
L, and L,,. Thus, the initial resonant capacitor voltage in the P
state can be obtained from (22) as

(1+ k) Vo
R

With (20), (21), and (23), the electrical angle of the first O state
can be given as

VCrPﬂn =1- (23)

VCrPﬁn
\/I%rOABn + VC%rOAﬂn
(24)

By taking (17) and (24) into (15) and (16) the duty cycle and duty
delay of the SR MOSFETS in the OPO mode can be calculated.

Irr0ABn

— arccos
Veroagn

foa = arctan

D. STDA in the NP Mode

The key waveform of the LLC' converter in the NP mode
is shown as in Fig. 6, where I ,Nsn and I7.ps, represent the
initial resonant inductor current in N state and P state of NP
mode, respectively, and Viorngn and Veypsy refer to the initial
resonant capacitor voltage in N state and P state of NP mode,
respectively. According to the operation principle outlined in
Table II, the corresponding SR MOSFETs in the last half switching
cycle is required to turn-OFF after a delay period of fx, and the
turn-ON delay and the duty cycle of SR MOSFETs in NP mode
can be, respectively, expressed as

DSR,dclay = fnaN/Tr
= fn(ﬁN + 91))/71’ = 0.5.

(25)

DSR,duty (26)
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Fig. 6. (a) Key waveform and (b) state plane trajectory of the L LC' converter
in the NP mode.

The NP mode has been studied in [16] and [28]. The electrical
angle of N state in NP mode can be calculated as

0 arcsin & T cos T
N 2 kfa  2fa
ﬂ- VCrPJn - Von +1 . ™ > >:|
X | cos — + sin 227
( 2fn ILrPSn 2fn

where the initial resonant capacitor voltage in P state Vioypsn
and the initial resonant inductor current in P state I,.ps, can be,
respectively, obtained as [16]

s

VCrP(Sn = - ?Ion (28)
T™Von

ILrP(Sn = - 2kf . (29)

E. STDA in the NOP Mode

The key waveform of the L LC' converter operating in the NOP
mode is illustrated in Fig. 7, where Ir:Nyn» I1:0yn, and Iz,pyn
are the initial resonant inductor current in N state, O state, and
P state of NOP mode, respectively. Similarly, Vornym, Veroyns
and Viyp,y refer to the initial resonant capacitor voltage in N
state, O state, and P state of NOP mode, respectively.

According to the operation principle in Table II, the corre-
sponding SR MOSFETSs in the last half switching cycle is required
to turns-OFF after a delay period of fy. Then, all the SR MOSFETS
turn-OFF in the O state, and the corresponding SR MOSFETS in
this half switching cycle turns-ON during the P state. The turn-ON
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Fig.7. (a) Key waveform and (b) state plane trajectory of the L LC' converter
in the NOP mode.

delay and the duty cycle of SR MOSFETs in NP mode can be
respectively written as

DSR,delay = fn (QN + 00) /7T
DSR,duty = fn (913 + eN) /7T.

As the N state in NOP mode is very short, it can be approximated
that its electrical angle 6 = 0 during analysis.

Similar as the first O state in OPO mode, the voltage on the
magnetizing inductor can be considered constant as Vj,, during
the O state in NOP mode. Thus, according to the voltage second
balance, it can be obtain that

1

/ fn
E/ ‘/onda = (_ILrO'yn) - ILrO'yn~
0

From (32), the initial resonant inductor current in the O state can
be obtained as

(30)
3D

(32)

TVon

2k fn’
The initial resonant capacitor voltage in the half switching cycle
can be obtain from (9) as

ILrO’yn = (33)

7TV0nIon
2fn

The resonant circuit exhibit both the characteristic of P state

and O state at the beginning of P state. Thus, the expression of

Kirchhoff’s voltage law (KVL) at the beginning of P state can
be written as

VCrO’yn = - (34)

VCrP'yn + VLrP'yn + VLmP'yn =1 (35)
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Fig. 8. Key waveform of the LLC converter within a half switching cycle in
(a) PO mode, (b) OPO mode, (c) NOP mode, and (d) NP mode.

where Vigpyn is equal to Vi, and Vipy, is equal to
Vimpyn/k = Von/k, which are similar to those in OPO mode.
Thus, the initial resonant capacitor voltage in the P state of NOP
mode can be obtained as

(14 k)Von
—

With (33), (34), and (36), the electrical phase of O state in the
NOP mode can be obtained as

VCrP’yn =1- (36)

VC’rP’yn

ILrO'yn
CrOvyn

0o = arccos — arctan 37

2 2
ILrO'yn + VCrO’yn

E Operation Mode Recognition of LLC Converter

With the variation of voltage gain and load, the operation point
of the L LC converter will shift between PO, OPO, NP, and NOP
mode. Thus, online operation mode recognition is necessary for
executing appropriate model analysis.

1) PO/OPO Mode: As mentioned in Section II-C, the mo-
ment at the boundary between two states exhibits characteristic
of both the two states, which is the key to derive the expression
of the boundary between two modes. In PO mode, once the
moment with duality characteristic of O state and P state occurs
at the beginning of the switching cycle, the LLC' converter will
shift to the OPO mode. As is shown in Fig. 8(a) and (b), on
the boundary between PO and OPO mode, the moment at 6 = 0
exhibits characteristic of both O state and P state. Thus, the
expression of KVL at § = 0 on the PO/PON boundary can be
given as

UCrn (0) + ULrn(O) + ULmn(O) =1 (38)
where vpmn(0) is equal to V;,, and vr.,(0) is equal to
vmn(0)/k = Von /k. The initial resonant capacitor voltage in
the half switching cycle can be obtain from (9) as

71—‘/rOH]'On

vCrn(O) = 2f

(39)
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Thus, the output current on the boundary between the OPO and
PO mode can be given as

2 fn 1 1
IoOPOn - = <]- + & Von) .
2) NP/NOP Mode: Similarly, the criteria of NP/NOP bound-
ary is that at the beginning of P state in NP mode, the resonant
circuit exhibits the characteristic of both P and O state. The
boundary between NP and NOP mode has been studied in [16],
which can be written as

(40)

2 n VOn
IoNOPn7{< . +Von1>.

3) NOP/OPO Mode: Unfortunately, such duality character-
istic in PO/OPO and NP/NOP boundary does not occur at the
NOP/OPO boundary, because the existence of the second O state
after P state in OPO mode is driven by the intersection of the
resonant inductor current and magnetizing inductor current, and
the magnetizing inductor voltage exhibit a sudden change at the
end of P state. Therefore, the NOP/OPO boundary losses the
duality characteristic.

Yet, the NOP/OPO boundary shows a unique characteristic
that the NOP/OPO boundary is also the distribution trajectory
of OP mode [28]. As the NOP mode analysis is carried out
with the assumption that the N mode is omitted, the initial state
variable in the OP mode share the same conclusion as

ILrOen = _W‘/On/(zkfn)
Veroen = 7TVonIon/(2fn)
Verpen = 1 — Vouk/(1 4+ k)

(41)

(42)

where Voroen and Verpen denote the initial resonant capacitor
voltage in the O state and P state in the OP mode, respectively.
Icroen refers to the initial resonant inductor current in the O
state in the OP mode. The initial resonant inductor current in the
P state I7.pen can be calculated from the perspective in O mode
as

I%rPen = I%rOen + 92 (VCYOéH - 1)2 - 92 (VCrF’en - 1)2

(43)
and from the perspective in O mode as
Iipen = Iir0en + (Veroen — 14 Von)”
— (Vorpen — 14 Von)?. (44)

In contrast, the resonant inductor current at the end of P state
is greater than — /.0, in the NOP mode, and is lower than
—Icr0en in the OPO mode. Thus, I7,pe, in (44) is lower than
Irpen 1n (43) in NOP mode and is greater than I,pe, in
(43) in OPO mode. Therefore, the criteria of NOP/OPO mode
recognition can be expressed as

AI%/rl:‘en = 92 (VCFOEH - 1)2 - 92 (VCrPen -

- (VCrOen -1+ Vvon)2 + (VCrPsn -1+ ‘/on)2 .
(45)

1)

If AI? p., is positive, the LLC converter is in NOP mode. In
the OPO mode, A7 . is negative.
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Fig. 9. Flowchart of the proposed STDA-based SR scheme. ABR and BBR
denote for above-resonance region and below-resonance region, respectively.

III. PROPOSED STDA-BASED SR STRATEGY
A. Principle of the Proposed STDA-Based SR Strategy

Based on the analysis in Section II, a novel STDA-based
online SR strategy embedded with real-time operation mode
recognition algorithm and online SR timing algorithm is pro-
posed in this article. The flowchart of the proposed STDA-based
SR scheme is shown in Fig. 9. First, the switching frequency is
compared with the resonant frequency to determine whether the
operating point is in the below-resonance or above-resonance
region. Then, different criteria are used to recognize the opera-
tion mode of the LLC converter, as analyzed in Section II-F. In
different operation mode, the appropriate expression is carried
out to derive the ideal SR MOSFET duty delay DsRr delay and
duty cycle DsR duty- The SR gate drive signal will be regulated
thfough DSR,delay’ DSR,dutys and fn-

Notably, the trigonometric function can be implemented
through a simple 1-D lookup list, which is independent of
the LLC' converter circuit parameters and requires minimal
MCU storage space. In addition, no HF signal is required in
the proposed SR strategy, making it suitable for cost-sensitive
applications.

Moreover, with the online operation mode recognition algo-
rithm, the operation mode can be identified in real time, and
appropriate model can be adopted to obtain ideal SR timing.

B. Accuracy Analysis

The accuracy of the algorithm in the proposed SR strategy
is evaluated through simulation with the circuit specification
listed in Table IV. Fig. 10 illustrates the duty cycle Dsr duty
and duty delay DsR delay ©f SR MOSFET in the below-resonance
region in simulation and calculation. The proposed algorithm
demonstrates good accordance with the simulation result in the
below-resonance region. The averaged error of the duty cycle
and duty delay in the below-resonance region are 0.6% and
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TABLE III
IMPACT OF THE RESONANT CIRCUIT PARAMETER ERROR ON THE PROPOSED SR
STRATEGY

Above Resonance Region Below Resonance Region

Tolerance DR, duty DR delay DsR,duty DgR dela
+10% Ly, +3.9% +3.7% +0.8% -1.9%
+5% Ly, +1.8% +1.8% +0.4% -0.9%
—5%Ln, -2.0% -1.9% -0.4% +1.0%
—10% Ly -4.2% -4.3% -0.9% +2.0%
+10%L; -5.5% +6.7% +5.5% +2.9%
+5% L -2.7% +3.2% +2.8% +1.5%
—5%L, +2.3% -3.5% -2.8% -1.5%
—10%L; +4.5% -7.4% -5.7% -3.2%
+10%C; -2.3% +3.2% +5.9% +3.0%
+5%C; -1.1% +1.6% +2.9% +1.5%
—5%C; +1.0% -1.5% -3.0% -1.5%
—10%C; +2.1% -3.2% -6.3% -3.2%
TABLE IV
SPECIFICATION OF THE PROTOTYPE
Item Value

Vin: 400V, Vi1 280V-420V, Iomax: 16A
UF3C065040K4S, Dead time: 200ns

Body diode forward voltage:

Vsp = 1.5V@Ip =20A, Ty = 25°C

Turns ratio n: 12 : 10

Magnetizing inductor Ly,: 80uH

Primary side winding:

12 turns, single litz wire 0.lmmx500strands
Secondary side winding:

10 turns, single litz wire 0.1mmx600strands
Inductance: 14.3uH

Operation settings

Switches Q-Qq, S-Sy

Transformer T

Resonant inductor L, Winding:
9 turns, single litz wire 0.05mmx2500strands
Resonant capacitor C; 17x5nF in parallel
Output filter capacitor C, 3x4.7uF in parallel
MCU SPC58nN84E7 (100MHz mode)
Resonant Frequency f; 146kHz
Switching Frequency f 100kHz - 205kHz
05 T T T T T
045r b
g 04r b
£ 035+ -
03r b
fi= 075 08 0.85 0.9 095
025 Cal. result: ©- -6~ o N
Sim. result: A~ A
0.2 0 4 8 12 16 20
Output current /,(A)
(a)
0.12 T T T T T
fi= 075 08 085 0.9 095
0.1F Cal. result: © -©- -©- b
Sim. result: A~ A~
.. 0.08 1
£ 0.06 1
Q
0.04 §
0.02 b
0 O O 0 O 0 0 &
8 12 16 20
Output current /,(A)
(b)
Fig. 10. (a) Duty cycle Dsg quty and (b) duty delay Dgr delay 0of SR

MOSEFET in the below-resonance region in simulation and calculation.

5005

f= 14 135 13 125 12 115 1.1 1.05
Cal. result: © - -© -©-
Sim. result: A~ A~ A
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1 2 4 8 16
Output current /,(A)
(@
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¢
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£0.06F 1
2
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0.02 - 1
0
Output current /,(A)
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Fig. 11.  (a) Duty cycle DsR, quty and (b) duty delay Dsgr delay of SR
MOSFET in the above-resonance region in simulation and calculation.

0.5%, respectively. The maximum error of the duty cycle and
duty delay in the below-resonance region occur under light
load condition at f,, = 0.75, with values of 3.0% and 3.1%,
respectively. The proposed algorithm also exhibits high accuracy
in the above-resonance region. The average error of the duty
cycle and duty delay in the above-resonance region are 0.1%
and 0.5%, respectively. The maximum error for the duty cycle
in the above-resonance region is 3.0%, which lies in the light
load condition at f, = 1.05. The maximum error of the duty
delay in the above-resonance region is 2.6%, which lies in the
light load condition at f, = 1.4.

The comparison between the duty cycle obtained from the
proposed algorithm and the existing algorithms in the below-
resonance region is depicted in Fig. 12(a). It is shown that the
proposed algorithm exhibits superior accuracy across the entire
load range. While the algorithm in [16] shows good accordance
with the simulation result, it introduces an extra SR conduc-
tion period under light load conditions, potentially leading to
additional reactive current. The comparison between the duty
delay of the proposed algorithm and the existing algorithms in
the above-resonance region is illustrated in Fig. 12(b). It can be
found that the result from the algorithm in [16] exhibits huge
error compared with the simulation result as the inappropriate
modelis adopted. Notably, the duty delay in the below-resonance
region and the duty cycle in the above-resonance region is not
available in other online SR strategy due to the limited operation
range, the comparison of these gate signals is not discussed.

Fig. 13 illustrates the operation boundary between the simu-
lation and the proposed boundary recognition algorithm. It can
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Fig. 13. Comparison between the proposed operation mode boundary algo-
rithm and simulation.

be found that result of the algorithm proposed in this article is
identical with the simulation result in the PO/OPO and NP/NOP
boundaries. Although approximation is performed in the deriva-
tion process of NOP/OPO boundary, the calculated result shows
excellent accuracy compared with the simulation result.

C. Component Tolerance

In practical operation, resonant parameter shifts with time and
temperature, which may affect the performance of model-based
SR schemes. The influence of resonant parameter offset on
SR timing in the proposed SR strategy in both below- and
above-resonance region are listed, as in Table III. The offset of
DsR delay in above-resonance region and Dsg quty in below-
resonance region are calculated by averaging the estimation
errors obtained under ten load points divided equally from full
load to no load at different switching frequencies. As DsR duty
and DgsR delay are constant in NP and PO mode, respectively,
the offset of DgRr quty in above-resonance region and DsR, delay
in below-resonance region are calculated by averaging the esti-
mation errors obtained under the load at the PO/OPO boundary
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Fig. 14.  Prototype of LLC' converter.

and NP/NOP boundary and half of the boundary load at different
switching frequencies.

The error of magnetizing inductor L, is positively correlated
with DgRr dquty and Dsr delay in the above-resonance region
and DgsR quty in the below-resonance region, and negatively
correlated with DgR delay in the below-resonance region. The
error of resonant inductor L, and resonant capacitor C, are
both positively correlated with Dsg_ qelay in the above-resonance
region, and Dsgr duty and DgsR delay in the below-resonance
region, and negatively correlated with Dgr quty in the above-
resonance region.

The deviation of L, exhibits the greatest impact on Dsr_quty
and DsR delay in the above-resonance region. An error of 10%
in L, will lead to a error of —=5.5% in delay cycle and +6.7%
in duty delay. In the below-resonance region, the deviation of
C exhibits the greatest impact on Dsg duty and DsR, delay. A
error of 10% in C;. will lead to a error of +5.9% in delay cycle
and +3.0% in duty delay.

Thanks to advancements in passive device manufacturing
technology, the drift of resonant components has now been
reduced to acceptable levels. For example, multilayer ceramic
chip capacitors, which are frequently adopted as the resonant
capacitors, exhibit minimal temperature-induced variations (for
temperature characteristic of COG, less than 0.05% per 100) [31].
Similarly, the variation in resonant inductor and magnetizing
inductor can be maintained within 3% under typical temperature
changes [32]. As aresult, even at the maximum drift of resonant
components, analysis shows that this would lead to only a 2%
error in the gate signal duty cycle (delay).

IV. EXPERIMENT RESULT

To validate the principle of the proposed STDA-based SR
scheme for the LLC' converter, the prototype and experimental
setup are shown in Fig. 14, whose topology is identical to Fig.
2. The specifications of the prototype are shown in Table IV.

A. Steady State Performance

Fig. 15(a)—(d) shows the key waveform of L LC' converter in
PO mode, OPO mode, NP mode, and NOP mode, respectively.
As shown in Fig. 15, the SR MOSFETs turn-OFF in the O state;
turn-ON in the P state; and turn-ON during the opposite half
switching cycle in the N state, which are identical with the
operation principle, as in Table II. In practical operation, due to
the mandatory existence of dead time, the SR MOSFETS turn-OFF
in slight advance in the NP mode as illustrated in Fig. 15(c). The
timing of SR MOSFET driver activation matches the time period
when there is current in the drain-source channel of SR MOSFET
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Fig. 15. Key waveform of the prototype in (a) PO mode, (b) OPO mode,
(c) NP mode, and (d) NOP mode.

1sd_s3, whichindicates that the SR gate drive signal exhibits good
accordance with the ideal conduction timing. It should be noted
that Rogowski coil is adapted to measure i¢q_g3, thus a offset in
the i5q_g3 occurs in the waveform. The runtime of the proposed
SR timing algorithm in PO mode, OPO mode, NP mode, and
NOP mode are 2.24, 3.6, 1.58, and 1.06 us, respectively, which
take less than 5% of the control cycle when the control frequency
is 10 kHz.

B. Dynamic Performance

Load transition are performed to validate the dynamic perfor-
mance of the proposed STDA-based SR strategy, and to evaluate
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its accuracy under different load. Fig. 16(a)—(d) shows the key
waveform of the LLC converter with the proposed SR control
strategy when the output current switches from 16 to 1 A in
the above-resonance region around f, = 1.1, 1.2, 1.3, and 1.4,
respectively. It can be found in the zoomed-in view that the
proposed SR control can regulate the SR MOSFET gate signal
with ahigh accuracy at different load in the dynamic process. The
SR MOSFET gate drive signal is in accordance with the operation
principle as listed in Table II. The online operation recognition
strategy is also verified at f, = 1.3 and 1.4. It can be found in
Fig. 16(c) and (d) that the SR MOSFETs are activated in both NP
and NOP mode, and turn-OFF when the OPO mode is detected
when the output current is 0.6 and 0.4 A, where the normalized
switching frequency f,, is around 1.3 and 1.4, respectively.

Fig. 17(a)—(c) illustrates the key waveform of the LLC' con-
verter utilizing the proposed STDA-based SR control strategy
when the output current transitions from 16 to 1 A in the
below-resonance region around f;, = 0.7, 0.8, 0.9, respectively.
The SR MOSFETSs are activated in both PO and OPO mode. The
zoomed-in view in Fig. 17 demonstrates that the proposed SR
control strategy can precisely regulate the SR MOSFET gate signal
across different loads during dynamic transitions. Furthermore,
the mode recognition is achieved with high precision.

Figs. 18 and 19 show the key waveform of the LLC' con-
verter with the proposed STDA-based SR control strategy during
sudden load transition with extremely high load changing rate.
In the below-resonance region scenario, the input voltage is
200 V; the reference output voltage is 180 V; the output current
switches between 2 and 8 A. In the above-resonance region
scenario, the input voltage is 200 V; the reference output voltage
is 160 V; the output current switches between 3 and 7 A. In
the below-resonance region, almost no mismatch is observed
during the load step-down condition as shown in Fig. 18(b),
because the SR gate signal is less sensitive to load variation
in the below-resonance region. Despite some SR gate signal
mismatches during the transient process, the system maintains
stability after the load transition. These mismatches occur be-
cause the controller cannot promptly sample the operation con-
dition of the LLC' converter. The system remains stable during
load transitions because the SR strategy can accurately regulate
the SR gate signal after the transient process, even though the
brief SR gate signal mismatch causes additional reactive current
circulation during the load transition. It should be noted that if
the load switching amplitude is too large, there will be a risk
of instability in the converter. To mitigate this risk, the output
current of each control cycle can be sampled and compared with
that in the last cycle. When a large load transient occurs, the SR
controller can be paused until the transient process ends.

Fig. 17(a)—(c) illustrates the key waveform of the LLC con-
verter utilizing the proposed STDA-based SR control strategy
when the reference output current transitions from 16 to 1 A in
the below-resonance region around f,, = 0.7, 0.8, 0.9, respec-
tively. The SR MOSFETs are activated in both PO and OPO mode.
The zoomed-in view in Fig. 17 demonstrates that the proposed
SR control strategy can precisely regulate the SR MOSFET gate
signal across different loads during dynamic transitions. Fur-
thermore, the mode recognition is achieved with high precision.
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Fig. 16. Key waveform of the prototype when the output current changing from 16 to 0 A and the zoomed-in view (a) around f,, = 1.1, (b) around f, = 1.2,
(c) around fy, = 1.3, and (d) around f, = 1.4.
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Fig. 17. Key waveform of the prototype when the output current changing from 16 to 0 A and the zoomed-in view (a) around f,, = 0.7, (b) around f,, = 0.8,

and (c) around f,, = 0.9.

C. Efficiency of the Prototype

Fig. 20 compares the efficiency of the prototype employing
the proposed STDA-based SR scheme and that of the existing
model-based SR scheme discussed in [16]. The results indicate
that the prototype with the proposed SR scheme achieves a

rated efficiency of 97.8%. The

efficiency improvement with

the proposed SR strategy is not substantial under heavy load
conditions, because both the proposed STDA-based SR scheme
and the existing model-based SR scheme discussed in [16]
shows good accuracy of the SR timing. However, there is a

notable efficiency enhancement

of 0.34% at 40% load in the

below-resonance region, translating to a reduced power loss of

approximately 10 W. The significant loss reduction is due to
the fact that the SR scheme in [16] is not valid under light load
conditions, i.e., OPO and NOP mode, because of the existence
of the extra O state. To be specific, the secondary side MOSFET
with the SR scheme in [16] will be kept deactivated under light
load condition to prevent the unintentional turn-ON in the extra
O state, and the secondary side current only flows through the
reverse diode of the secondary side MOSFET, leading to higher
conduction loss. The loss reduction occurs under lighter load
conditions when the output voltage is 330 and 300 V than
420 V. This is because that the converter leaves PO mode and NP
mode at a lower output current in a lower voltage gain, which is
identical with the result in the mode distribution in Fig. 13.
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TABLE V
COMPARISON BETWEEN THE PROPOSED SR SCHEME AND OTHER MODEL-BASED SR SCHEME
Item Theoretical Model ~ Online Calculation Frequency Range Light Load Recognition Available Operation Mode
Ref. [19], [20] Modified FHA Yes Full Range No P, PO and NP
Ref. [21] Modified FHA Fitting Curve Full Range No P, PO and NP
Ref. [22] Accurate TDA Fitting Curve Full Range Yes P, OPO, PO and NP
Ref. [23] Accurate TDA Fitting Curve BRR Yes PO and OPO
Ref. [24] Accurate TDA Fitting Curve BRR No PO
Ref. [25] Deep Learning Fitting Curve Full Range No P, OPO, PO, NP and NOP
Ref. [26] Simplified TDA Yes Resonant Point Yes P and OPO
Ref. [27] Simplified TDA Yes BRR No PO
Ref. [33] Simplified TDA Yes Full Range No PO and NP
Ref. [16] Simplified SPA Yes Full Range Yes P, PO and NP
This work Simplified TDM Yes Full Range Yes P, OPO, PO, NP and NOP
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Fig. 18.  Key waveform of the prototype under below-resonance region when  Fig. 19. Key waveform of the prototype under above-resonance region when

output current (a) steps up and (b) steps down with extremely high changing
rate and the zoomed-in view.

Fig. 21 illustrates the loss distribution of the prototype in
Fig. 20 when implementing the proposed STDA-based SR
scheme and the existing model-based SR scheme from [16].
This analysis is conducted under conditions of an input voltage
of 400 V and an output voltage of 420 V at both full load and
40% load. It can be found that the loss distribution is similar at
full load condition. The SR strategy in [16] exhibits an extra SR
conduction loss of 10 W at 40% load due to the deactivation of
the SR MOSFETS.

output current (a) steps up and (b) steps down with extremely high changing
rate and the zoomed-in view.

D. Comparison With Other SR Strategy and Prospect

A comparison between the existing model-based SR schemes
for both LLC' converter and C'LLC' converter is detailed in
Table V, where BRR refers to below-resonance region. The
available operation range of different online SR strategies is
depicted as in Fig. 22. To sum up, the proposed SR strategy
can achieve online SR timing calculation, which has better
scalability compared to SR algorithms based on lookup tables,
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SR strategy.

and does not require excessive MCU memory space. In addition,
compared to the existing online SR strategies, the proposed
SR strategy can achieve accurate calculation of SR timing for
operating conditions across the full switching frequency range
and full load range. This not only enables the LLC' converter
to have high efficiency over a wide range, but also ensures that
the LLC' converter can accurately identify different operation
modes to prevent reactive current through the SR MOSFET.
However, it should be noted that the analysis in this article
ignores the influence of parasitic parameters, where the drain-
source equivalent capacitance and dead time of the MOSFET have
a significant impact on the accuracy of the SR strategy for the
LLC converter [34], [35]. In future work, in-depth research
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about the impact of various parasitic parameters on SR strategies
can be conducted on the basis of this article.

V. CONCLUSION

A novel STDA-based SR strategy for the LLC' converter is
proposed in this article, which is integrated with both online
SR timing algorithm and online operation mode recognition
algorithm. Different from the existing SR strategy, the proposed
STDA SR strategy is effective in real-time over the full switching
frequency and load range. Accurate recognition of operation
mode can be achieved, and thus the appropriate model can be
applied. Only input voltage, output voltage, and output current
are sampled in the proposed SR strategy, and thus no extra circuit
is required. Both simulation and experiment are performed for
validation. The proposed SR strategy exhibits high accuracy
in both SR timing prediction and operation mode recognition
over the whole frequency and load range. The weighted SR
timing accuracy is higher than 99.4%. Compared to the existing
model-based strategies, a maximum efficiency improvement is
about 0.34%
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