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Abstract—The existing time domain models for CLLLC class
resonant converters have at least one of the following drawbacks: 1)
the model cannot be applied for different resonant tanks and circuit
topologies; 2) the effect of parasitic capacitors and deadtime is
ignored; 3) large computation time is required to obtain steady state
waveforms. To address these issues, an advanced state-space based
analysis (ASSA) model is proposed in this article. The operation
stages by considering parasitic capacitors and deadtime are pro-
posed and equivalent to a universal circuit, which largely increases
the accuracy with low model complexity. Additionally, the ASSA
model is universal for different inverter structures, rectifier struc-
tures, and different resonant tanks, including LC, LLC, CLL, CLLC,
and CLLLC. To improve the calculation speed, a hybrid operation
mode analysis and ASSA model is proposed to obtain closer initial
values and achieve steady state 2.15 times faster than traditional
state-space based analysis methods. Finally, experimental results of
CLLLC, CLLC, and LLC resonant converters working in multiple
conditions are presented to validate the effectiveness and accuracy
of the proposed ASSA model. Compared with the traditional time
domain model, the relative error of resonant inductor current
waveforms is reduced from 5.91%-43.54% to 2.83%-19.42%.

Index Terms—Deadtime, parasitic capacitor, resonant converter,
time-domain model.
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1. INTRODUCTION

SOLATED dc—dc converters are necessary in many indus-
I try applications, including microgrids, electric vehicles, and
data center power supplies. Fig. 1 shows a typical structure of
the hybrid microgrid, where the dc—dc converters play a key
role. The voltage levels of the input side and the output side are
always highly different. Therefore, isolated dc—dc converters are
widely applied for the sake of voltage ratio requirement and the
concern of safety. Among different isolated dc—dc converters,
resonant converters have drawn much attention owning to their
advantages of the wide soft-switching operation range and high
efficiency operation characteristics [1].

However, the degraded efficiency performance for the wide
voltage gain range, the complex design process for circuit pa-
rameters and magnetic components restricts the further popular-
ization of the resonant converters [34], [35], [36].

Modeling of the resonant converters are of great importance
to achieve the high-performance operation. Traditionally, the
fundamental harmonic approximation (FHA) method is used to
achieve the steady state characteristics analysis and the resonant
converters design [2], [3], [4], [5], [6], [7], [8]. For FHA, only
the fundamental harmonic of the circuit currents and voltages
are considered, which leads to large errors especially when
the converter’s operating frequency is away from the resonant
frequency. In order to reduce the large error of FHA model,
extended harmonic approximation (EHA) models are proposed
for LLC resonant converters by considering more harmonics [9],
[10], which will increase the accuracy of FHA. However, the
computation complexity is largely increased, and the overall
analysis accuracy is still unsatisfactory for wide voltage range
applications [11].

Therefore, the accurate time domain model is developed for
resonant converters to obtain the steady state information and
achieve optimal analysis and design. According to the different
modeling approaches, the time domain modeling methods for
resonant converters can be divided into two categories: operation
mode analysis (OMA) [12], [13], [14], [15], [16], [17] and state-
space based analysis (SSA) [16], [17]. OMA needs to analyze all
the possible operation modes and establish their corresponding
solvers, and can calculate the steady state waveforms with a fast
speed. In [12], [13], [14], and [15], the operation modes of LLC
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Fig. 1. Typical structure of hybrid microgrid.

resonant converter are discussed. The similar OMA analysis
process for CLL resonant converter is discussed in [16] and
[17]. Similarly, in [18], the OMA model for CLLLC resonant
converter with symmetric resonant tank parameters (SCLLLC)
is developed and the corresponding optimal design method is
discussed. In [19], the effects of different inverter structures and
rectifier structures are discussed and included into the OMA
model of LLC resonant converters. To cover the different types
of resonant tanks, different resonant tanks are equivalent to one
universal circuit model based on the conversion of the lumped
circuit in [20]. Nevertheless, the conversion process introduces
extra complicated calculations.

Different from the complex OMA process and the steady
state calculation of OMA, SSA only requires initial values of
state variables and calculates the transient process from the
initial values to steady state values. However, it needs much
more calculation time to obtain steady state waveforms. The
SSA analysis for the CLLLC-class isolated bidirectional dc—
dc converter is developed in [21]. Additionally, it calculates
the expressions based on CLLLC with asymmetric parameters
(ACLLLC) and regards the other types of resonant tanks as
special circumstances. Therefore, all types of resonant tanks can
be easily covered. The SSA is further applied in the inductive
power transfer system [22], the parameter design optimization
stage of CLLC resonant converters [23], and the dynamic process
analysis [24].

The results of OMA models and SSA models are both identi-
cal to the simulation results of ideal CLLLC resonant converters
obtained by power simulation (PSIM), which are detailly shown
in [18] and [21]. However, some technical issues emerge in the
traditional time domain model by neglecting parasitic capacitors
and deadtime. Yuan et al. [25] analyzed the effect of deadtime for
CLLLC class resonant converters, especially when the deadtime
effect is evident. The including of deadtime in the SSA can
improve the modeling accuracy significantly, and takes more
advantages in applications of parameter design, synchronous
rectification (SR), zero voltage switching (ZVS) judgement and
deadtime design. This model improves the accuracy, but cannot
depict the high frequency resonance formed by the parasitic
capacitors and the resonant inductors [26]. Ditze et al. [26]
analyzed the effect of parasitic capacitors in resonant con-
verters, including the high frequency oscillation phenomenon
and the nonmonotonic gain curve phenomenon, which affect
the application and control of resonant converters. Xiao et al.
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[27] considered the parasitic capacitors and deadtime for LLC
resonant converter based on OMA model, and one accurate
deadtime design strategy is proposed. However, this advanced
OMA model has too many operation modes, which increases
the modeling complexity significantly. Additionally, it only
covers partial circumstances. In [28], an accurate SR strategy for
CLLLC resonant converters is proposed by considering parasitic
capacitors. However, the strategy is based on the symmetrical
CLLLC. Additionally, the proposed time domain model in [27]
and [28] did some approximations and was not accurate enough.
In conclusion, an accurate, universal, and fast time-domain
model by considering parasitic capacitors and deadtime with
low complexity is not established.

These issues are improved significantly by the advanced SSA
(ASSA) model proposed in this article. The contributions of this
article are summarized as follows. For accuracy and simplicity,
1) by modifying traditional SSA model’s operation stages, the
effect of parasitic capacitors and deadtime is added, which
highly improves the accuracy of traditional time domain model;
2) different working stages are equivalent to one universal cir-
cuit, which makes the universal expressions applicable for all
operation stages and reduces the modeling complexity signifi-
cantly. For rapidity, a hybrid OMA and SSA modeling method
is proposed. The fast speed OMA model is applied to obtain the
initial values, which is much closer to the steady state values
compared with the traditional preset constant initial values.
Therefore, the ASSA model can obtain steady-state waveforms
much faster than the traditional SSA model. For universality,
1) by deriving the time-domain model for the most complicate
ACLLLC circumstance, a universal model can be obtained
for different resonant tanks, including LC, LLC, CLL, CLLC,
CLLLC with symmetric parameters (SCLLLC) and ACLLLC;2)
the effects of different inverter structures and rectifier structures
are discussed and included in the model. A comparison of the
existing modeling methods for resonant converters are shown in
Table I.

The rest of this article is organized as follows. The traditional
time domain modeling methods for resonant converters are
summarized and reviewed in Section II. The proposed ASSA
model is introduced in Section III. The experimental results are
presented and analyzed in Section IV to validate the proposed
model. Finally, Section V concludes this article.

II. REVIEW OF THE TIME DOMAIN MODELING PROCESS FOR
RESONANT CONVERTERS

A. Assumptions, Operation Stages, Equivalent Circuits, and
Time Domain Expressions

Considering the application requirement and based on the
tradeoff of model accuracy and complexity, there are four as-
sumptions for traditional time domain modeling process. These
assumptions are reasonable in the converter-level model [11],
[12], [13], [14], [15], [16], [17], [18], [19], [20].

1) The power conversion efficiency is assumed to be 100%.

2) The switching devices, magnetic components, resonant

capacitors are regarded as ideal devices (the equivalent
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Modeling N Different | Different i1'1vener EffecF gf Effect of Acgura(fy after Caleulation Model con}ple}ity
method eference resonant and rectifier parasitic deadtime copmdermg non- speed after'cons1dermg
tanks structures capacitors ideal effects non-ideal effects
FHA [2]-[8] [71. [8] Yes [8] No * * % %k *
EHA [9,10] Yes Yes [10] No *x * ok ok * %
OMA [11]-[20], [26]-[28] [20] [19] [27, 28] [27] * %k ok * ok x * ok kK
SSA [21]-]25] [21,23] No No [25] * kK * *xx
SSA Proposed ASSA Yes Yes Yes Yes jalafafiall * % * ok *

series resistors, parameters’ variations under different am-
bient conditions and the parasitic capacitors are ignored).
The deadtime is ignored.

The modeling process for pulse frequency modulation
(PFM) controlled resonant converter is selected as an
example. The basic principle and modeling process for the
other modulation strategies such as pulsewidth modulation
are similar [21].

For different time domain modeling methods of resonant
converters, the operation stages are established firstly to make
the nonlinear system piecewise linear. The equivalent circuits,
duration, and transition conditions of the different operation
stages are introduced in this section.

Fig. 2(a) shows the topology of CLLLC class isolated dc—dc
resonant converters, where vy, (#) and vy,(?) represent the output
port voltage of primary side full bridge and secondary side
full bridge. There are six operation stages for PFM controlled
CLLLC class resonant converters. For the primary side, CLLLC
works in I stage when S; 4 turn ON and works in III stage
when S, 3 turn ON. For the secondary side, CLLLC works in
P, N, O stages based on the conduction states of secondary
side paralleled diodes [19]. When paralleled diodes of S5, Sg
conduct, the secondary side bridge voltage vy,¢/N is equal to V,,
and CLLLC works in P stage. When paralleled diodes of Sg, S7
conduct, v¢/N is equal to —V, and CLLLC works in N stage.
When paralleled diodes of S;_g are OFF, CLLLC works in O

3)
4)

stage. Based on different stages for primary side and secondary
side, there are six stages in total (P, Oy, Ny, Pry1, Oqrr, Nipp).
The equivalent circuits of all different stages converted to the
primary side are shown in Fig. 2(b) and (c), where C; represents
the primary side resonant capacitance value C,;, L; represents
the primary side resonant inductance value L,;, L, represents
the magnetic inductance value, N represents the turns ratio, Cs
represents the converted secondary side resonant capacitance
value C,o/N?, and Lo represents the converted secondary side
resonant inductance value N2L,o. The difference of I, III stages
in the equivalent circuit is only the difference of V.

The P, N stages’ equivalent circuit, as shown in Fig. 2(b), is a
fourth-order linear system. Since the different types of resonant
tanks can be regarded as the special circumstances of CLLLC
with asymmetric parameters (ACLLLC) [21], the time domain
modeling process for ACLLLC is taken as an example. Time
domain expressions for ACLLLC can be derived by Kirchhoff’s
law, as shown in (1)—(4) shown at the bottom of this page, where
the resonant tank parameters L1, Cy1, Lo, Cy2, and Ly, can be
any values. The waveforms of independent state variables i1 (7),
i2(1), v1 (), vo(t) at each moment can be calculated based on their
initial values i1(0), i2(0), v1(0), v2(0) and the transfer matrix
T(t). The converter transfers into P stage only when i3 > 0, and
transfers into N stage only when i» < 0. In addition, P stage or
N stage will be over when is = 0 and |v,,-v2-v12| < NVo.

i1 (t) i1(0) i1 (0)
io (1) 2 (0) i2 (0)
= t =HS(t)-ZH - 1
o ()| =T o) v, | ZHEO A o) W
v (1) + Vs v2 (0) + Vs v2 (0) + Vs
Cl COS (klt) 701]6'1 sin (klt) Cl COs (kgt) 701 k’g sin (kgt)
CQKl COS (k‘lf) —CQkilKl sin (]ﬁt) CQKQ COS (k‘gt) —Cgk‘gKg COS (k‘gt)
Hs @ = | e @)
7o sin (kit) cos (kit) %; sin (kat) cos (kat)
Ik(—ll sin (kqt) K cos (kqt) % sin (kot) K5 cos (kot)
a0 a0l k2 (L1+ L)~ Lan
JH — Oy K, 0 K5 0 Ky = L k3 3
1o 1 0 1 ") K, = Bt L)L G
2= T Lk
0 K 0 Ky m2
L (ClLl + C1L,, + CoLsy + CQLm) + \/(LmCQ — L,,C1 4+ LoCy — L101)2 + 4L72n0102 @
1,2 =

2C1Cy (L1Ly + Ly Ly, + Lo Lyy,)
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Fig.2. Topology of CLLLC class isolated DC-DC resonant converters, differ-
ent working stages’ equivalent circuits and transition conditions. (a) Topology
of CLLLC. (b) Equivalent circuit of P, N stages. (c) O stage. (d) Conditions for
stages’ transition.

The O stage’s equivalent circuit shown in Fig. 2(c) is a second-
order linear system. The time domain expressions can be derived
as shown in (5) and (6). The transfer matrix of the O stage is
To(t). The converter transfers into O stage only when |v,,-va-
vi,2| < NVo. The O stage will be over when |v,,,-va-vi2| = NVo.
The conditions for stages’ transition are shown in Fig. 2(d),
which are listed as follows:

1) is > 0—is(f) = 0 and |Vm—V2-VL2| < NV,: P—0;

2) iy < 0—ia(¥) = 0 and |[vy,-ve-via| < NVs: N—O;

3) Vim-Va-v1,2 = NVy: O—P;

4) vy-vo-vie = -NV,: O—N;

5) So, 3 turn ON: I=1IT;

6) Si, 4 turn ON: HHI—1

i (£) i1 (0)
i (t) | _ iz (0)
w ) =V,| W 0= v, ©)
Ug(t)—‘y-‘/s UQ(O)‘FV;
cos(kot) 0 —kosin(kot) 0
0 1 0 0
To (1) = % sin (kot) 0 cos (kot) 0]
0 0 0 1
ko = : ®)
O NG (L + L)

B. OMA Time Domain Model

According to the process of traditional OMA model intro-
duced in [11], [12], [13], [14], [15], [16], [17], [18], [19], and
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Fig. 3.  Typical waveforms of inductors’ current for PO mode.

[20], there are three basic steps: 1) Calculate time domain expres-
sions of three operation stages; 2) Establish solvers of different
operation modes; 3) Judge the converter’s operation mode and
calculate the steady state waveforms based on the operation
mode solvers in step 2. Step 1 is introduced in Section II-A.
Steps 2 and 3 are introduced followingly.

1) Step 2: Establish Solvers for Different Operation Modes:
OMA model only considers the steady state waveforms. When
resonant converters work in steady state, the waveforms in the
first half switching cycle are symmetric with the ones in the
second half cycle, which means only the first half switching
cycle needs to be considered. According to the occurrence order
of the working stages in half switching cycle, resonant converters
are divided into nine different operation modes shown in Table II
[18], [19]. Take the PO mode as an example. Fig. 3 shows the
typical waveform of the PO mode. During the first half switching
cycle, the converter works in P stage at first, and enters O stage
followingly. Therefore, time domain equations of the PO mode
are established, as shown in (7)—(9), which are based on three
categories of constrains: 1) symmetric - (7), which means the
independent state variables’ initial values and end values during
the first half switching cycle should be opposite; 2) stage transi-
tion - (8), which means i, = 0 when P stage or N stage ends, |v,,-
Vo-VLm| = NV when O stage ends; 3) power conservation - (9),
which means the system efficiency is assumed to be 100% and
the input energy is equal to the output energy

—i1 (0) i (%)
—iz (0) _ iz (3)
—v1 (0) = W v (%) = Vin
—v2 (0) + NV, ve (L) + NV,
21 (0)
T, ;
=Ty <2 - tp) T (tp) - . (ZS)@ Vi, (7
vy (0) + NV,
iz (tp) =0 3)
e V2 T,
/0 19 (t).NVOdt:FL.? (9)

where i1(0), i2(0), v1(0), v2(0) are the initial values, i1(7s/2),
i2(Ts/2), v1(Ts/2), vo(Ts/2) are the end values during the first
half switching cycle, T is the switching cycle, #p is the duration
of P stage, and Ry, is the load resistance.
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TABLE II
OPERATION MODES FOR RESONANT CONVERTERS
Switching <t St ff
frequency Low — High s Low — High
Operation mode PN PON PO [6) P (6] NP [ Nop OoP OPO
Rl £ NG 20 N V2 ; p ” 1L /X \
waveforms <Dé b— 7 /
PN PO P« o) P o P L P )L P PO

Voltage gain | Buck/Boost | Buck/Boost Boost I Boost Boost Unity Buck Buck Buck Buck Buck
Output load Heavy — Light No load Indoetp li) r;((ijent No load Heavy — Light

Assume PO mode
and adopt PO solver

verification

Assume NP mode,
and adopt NP solver

Assume OPO

Assume PON mode
and adopt PON solver

T
i Output OPO mode

] Output PON mode

Assume PN mode
and adopt PN solver

Tru
Mode
verification
False

True

mode and adopt
OPO solver

False’

Assume OP mode |~
and adopt OP solver

Assume NOP
mode, and adopt
NOP solver

Fig. 4.

The OMA differs for open-loop operation and the closed-loop
operation (PFM controlled) [19]. For open-loop calculation, as-
sume i1(0), i2(0), v1(0), v2(0), tp, V, as six unknown parameters,
which can be solved by six independent equations shown in
(7)—(9). Similarly, for closed-loop calculation, i1 (0), i2(0), v1 (0),
v2(0), tp, Ts can be assumed as six unknown parameters and
solved by (7)—(9). These linear differentiable equations can be
regarded as the PO solver and solved by numerical-based com-
putation tool (MATLAB is selected in this article). For the other
operation modes’ solvers, the equations can all be established
similarly based on the same constraints of symmetric, stage
transition and power conservation, which are not described in
detail.

2) Step 3: Operation Mode Judgement: Before adopting the
mode solvers established above, the converter’s operation mode
should be judged. The existing operation mode judgement meth-
ods can be divided into two categories: 1) assumption and ver-
ification method [19]; 2) operation mode boundary calculation
method [20].

For assumption and verification methods, the operation mode
is assumed at first, and then verified based on the conditions
for stages’ transitions shown in Fig. 2(d). Take the PO mode as
an example, the converter’s current waveforms i (?), i2(f) and
voltage waveforms v1(f), vo(f) can be obtained based on PO
solver established in Section II-B. The PO mode judgement can
be realized if io(A) > 0 during P stage, and |v,,-ve-vi2| < NVo
during O stage, where A is a very short time interval. In addition,
it can be concluded from Table II that PN, PON, PO, OPO modes
exist when f; < f;, NP, NOP, OP, OPO modes exist when f; > f;.,
P mode exists when f; = f;, O mode exists only when there is no

Flowchart of assumption and verification method for open-loop operation mode judgement.

load. Therefore, according to the different switching frequencies
and load circumstances, the assumption and verification process
for open-loop conditions can be conducted, as shown in Fig. 4.
The process for closed-loop conditions is similar, which is not
described in this article.

For operation mode boundary calculation methods, the oper-
ation modes’ boundaries can be calculated by additional equa-
tions established based on the boundary constraint. Take the
boundary of PO/PON modes as an example, the converter enters
N stage at the end of the first half switching cycle (1 = T), and the
duration time of N stage can be regarded as zero. Therefore, an
additional equation (10) based on the boundary constraint can be
added into PO solver, and an additional unknown parameter Ry,
can be added. By solving the new PO solver, the boundary load
resistance Ryp can be solved, and the judgement of PO/PON
modes can be conducted based on the comparison of the realistic
load resistance value Ry, and Ry,g. The other boundaries can be
solved similarly

vm (Ts) — v2 (Ts) — vi2 (Ty)

—NV,. (10)

C. State-Space Based Time Domain (SSA) Model

According to the process of SSA models introduced in [21],
[22], [23], [24], and [25], there are four basic steps.

1) Get the initial values of independent state variables (i1, io,
V1, v2) and the initial stage of the resonant converter. Since
the SSA method is not sensitive to the initial values of
independent state variables, their initial values are directly
set as zero or preset constant values obtained by estimation
or simulation.
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Set circuit parameters, i;(0),
i»(0), v1(0), v2(0), v4(0) and
secondary side initial stage
l primary side
initial stage: I

Stage solver as
shown in Eq. (1)-(6)

(1), i2(1), vi(t), va(t)

Stage transition judgement
as shown in Fig. 2(d)
Type of the next stage
&Stage duration time

[—

< Fnter steady state’

Fig. 5. Flowchart of the SSA model.

2) Calculate the values of i1, i2, v1, v during each stage based
on the transfer matrix shown in (1)—(6).

3) Calculate the duration of the current operation stage based
on the transition conditions, as shown in Fig. 2(d).

4) Circulate step 2, 3 and stop only when state variables ap-
proximately equal to the previous switching cycle, which
means the resonant converter enters the steady state. The
flowchart of the SSA calculation process is shownin Fig. 5.

The transfer matrixes shown in (1)—(4) illustrate that the

characteristic roots of P, N stages are two sets of imaginary roots.
Therefore, the waveforms of i1, iz, v1, vo during P, N stages are
the combination of two sinusoidal components. Their angular
frequencies are k1 and k». Similarly, the characteristic roots of
the O stage are one set of imaginary roots, which means the
waveforms of i1, vy during O stage are sinusoidal values of one
angular frequency ko, while the values of iz, vo during O stage
are constant values. Additionally, the angular frequency k; is
the resonant angular frequency w, of the resonant converter.
Equation (11) shown at the bottom of this page, shows the
expression

The results of OMA models and SSA models are both iden-

tical to the simulation results of ideal CLLLC resonant convert-
ers obtained by PSIM, which are detailly shown in [18] and
[21]. OMA model only cares about the steady state waveforms,
and the process of solving linear differentiable equations is
not complex. There are many fast-speed packaged functions
in MATLAB for solving linear equations such as fsolve. The
SSA model can get the dynamic process of resonant converters
from initial values to steady state values. However, this process
always needs thousands of switching cycles’ calculation, which
will make the process of obtaining steady state waveforms
much longer than the OMA model. To verify the calculation
speed, after establishing the OMA model and the SSA model
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TABLE III
COMPARISON OF AVERAGE CALCULATION TIME

Working Conditions (1000 random
parameters are selected)
Ly1, Lo, Liy: 10~100 uH; Ry: 30~150 Q;
Cr1, Cro: 50~150 nF; fi: 50~150 kHz

Average calculation time/ms

OMA-1 OMA-2 SSA
5.342 5.672 471.3

in MATLAB, the waveforms of the same 1000 random working
conditions [including different resonant tank parameters, load
resistors (Ry,), and switching frequencies (f;)] are calculated. A
comparison of average calculation time for OMA and SSA mod-
els are shown in Table III. According to the different operation
mode judgement methods introduced in Section II-B, OMA is
divided into two types. OMA-1 means the assumption and ver-
ification method is applied; OMA-2 means the operation mode
boundary calculation method is applied. These two operation
mode judgement methods have similar calculation speed.

III. PROPOSED ACCURATE, UNIVERSAL, AND FAST TIME
DOMAIN MODEL BY CONSIDERING PARASITIC CAPACITORS
AND DEADTIME

A. Assumptions, Proposed Operation Stages and Their
Universal Equivalent Circuits

Compared with the traditional models’ assumptions, there are
three main differences in the proposed model, which can reduce
the idealization degree and improve the modeling accuracy.

1) The parasitic capacitors of switching devices are included.

Their values are obtained based on the equivalent linear
process introduced in [29], which is widely applied in the
converter-level circuit models [27], [28], [30], [31].
The transformer’s parasitic capacitor (Ct) can be in-
cluded in resonant tanks including LC, LLC, CLL, CLLC.
For CLLLC resonant converters, it can be included only
when the resonant inductors are integrated into the trans-
former. The reason and the process of considering Ct
are discussed in Section III-D. Ct is ignored before
Section III-D.

3) The deadtime is included and its value has no limitation.

To clearly show the modeling process, the first half switching
cycle is taken as an example since it has same operation stages
with the second half switching cycle. Fig. 6 shows the nine
operation stages by taking parasitic capacitors and deadtime into
consideration.

The secondary side can be divided into P, O, N stages,
representing three situations: 1) paralleled diodes of Ss, Sg
conduct, vps(f) = V,; 2) Secondary side switches’ parasitic
capacitors Cogs2 charging and discharging process, vps(?) is
time-varying; 3) paralleled diodes of Sg, S7 conduct, vs(f) =
—V,. Their equivalent circuits are depicted in Fig. 6(b). The
equivalent process for stages P, N is simple by neglecting the

2)

Wy

fr:%

 J(Ci LA +C Ly +Co Lo+ Co L )4\ (L Ca— Ly C1 4 Ly Co— Ly C1 )2 +4L2,C1 Cs
- 2C1Co(L1Lo+LyLyy+LoLyy,)

(1)
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Fig.6. Nine operation stages by considering parasitic capacitors and deadtime
and their equivalent circuits. (a) Nine operation stages. (b) Equivalent circuits
of the nine operation stages.
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Fig. 7. Equivalent process of O stage and II stage. (a) Equivalent process of
O stage. (b) Equivalent process of II stage.

ON-state resistance of switches. However, during O stage, the
process is different, which is shown in Fig. 7(a). For traditional
O stage, the secondary side current Niy is regarded as zero, which
means only the primary side’s circuit elements are considered.
By considering parasitic capacitors, O stage can be regarded
as the charging and discharging stage of C,gs2. Therefore, the
secondary side current Nis is not zero and vps(?) is time-varying,
which means the secondary side’s circuit elements should be
considered. In addition, the current of secondary side bridge i,
and i,o shown in Fig. 7 are identical. Therefore, the parasitic
capacitors are paralleled and can be equivalent to one capacitor
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Fig.8. Universal equivalent circuit and state variables’ solver of nine operation
stages. (a) Universal equivalent circuit. (b) Stage solver for nine different stages.
(c) Equivalent circuit of the stage Ory.

Coss2- The initial voltage value of Cogso during each stage is
defined as vy,5(0). The charging period of Cgs2 is over when
vps(f) = Vo (enters P stage) or vi,s(f) = —V,, (enters N stage).

The primary side can be divided into I, II, III stages, repre-
senting three situations: 1) Sy 4 turn ON or reversely conduct,
Vbp(t) = Vin; 2) Primary side switches’ parasitic capacitors Cogs1
charging and discharging process, vpp(f) is time varying; 3)
Sa. 3 turn ON or reversely conduct, vy, () = —Vi,. Stage II only
happens during the deadtime. Their equivalent circuits are also
depicted in Fig. 6(b). The equivalent process for stage I, III is
simple by neglecting the on-state resistance of switches. The
equivalent process for stage II, as shown in Fig. 7(b), is similar
as the process for O stage.

There are nine stages (PI, OI, NI, PH, OH, NH, PIHs OIH»
Ni1) by combining the primary and secondary sides. Their
equivalent circuits are depicted in Fig. 6(b) and they have high
similarity. Therefore, these nine stages can be equivalent to
one universal circuit with different parameters, as shown in
Fig. 8, where L; is equal to L,1, Ly is equal to N3Lyo. Ly, Lo,
C1, and C, are four independent storage elements (L, is not
independent). Therefore, the equivalent circuit can be regarded
as a fourth-order system, the independent state variables are iy
(current of Ly), iy (current of Ly), v; (voltage of Cy), and vy
(voltage of C5).

For the primary side, when the resonant converter operates
at I, III stages, the primary side’s equivalent circuit is a dc
voltage source with values of Vi, or —Vj,. Therefore, during
I, III stages, C is equal to Cyq, Vi, is equal to Vi, or —Vj,.
When resonant converter operates at II stage, the primary side’s
equivalent circuit is the capacitor Cyss1, as shown in Fig. 7(b).
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Therefore, during I stage, C; is equal to C;; in series with Cogs1,
and Vj, is equal to zero.

Similarly, for the secondary side, when the resonant converter
operates at P, N stages, the secondary side’s equivalent circuit is
adc voltage source with values of V,, or —V,,. Therefore, during
P, N stages, after converted to the primary side, Cy is equal
to Cyo/N?, and Vg is equal to NV, or —NV,. When resonant
converter operates at O stage, the secondary side’s equivalent
circuit is the capacitor Coss2, as shown in Fig. 7(a). Therefore,
during O stage, after converted to the primary side, Cy is equal
to Co/N? in series with Cogea/N?, and Vs is equal to zero. The
expressions of vi,,(#) during stage II and vys(#) during stage
O are shown in (12). v,5(0), v1(0), v,5(0), and v2(0) are the
initial values of vy, (¥), v1(?), vis(?), and vo(?) during each stage.
Equation (12) can be derived based the equivalent circuit of Ory
stage shown in Fig. 8(c).

In conclusion, when resonant converter operates at different
stages, the topology of the equivalent circuits is universal. The
only difference is the values of V,, Vi, C1, and Cs. Their values of
different stages are shown in Fig. 8(a). Therefore, the waveforms
during each stage can all be derived based on same expressions
by simply replacing the values of V,,, Vs, C1, and Cz of (1)—(4).
The solver for state variables’ waveforms is shown in Fig. 8(b),
where i1(0), i2(0) are the initial values of i;(#), io(f) during each
stage

» (t) _ (01 (t)=v1(0))-Cry + Vp (0)

Ub ?thCﬁ%lC
o (1) = 2G0T s (0).

12)

B. Characteristics of OMA and SSA

After deriving the nine stages by considering parasitic ca-
pacitors and deadtime, the following modeling process can
be either OMA or SSA. Therefore, this section illustrate the
characteristics of two modeling methods and the necessity of
adopting SSA modeling process.

OMA is often applied in time domain analysis for resonant
converters. OMA can be easily applied by establishing nine
solvers since there are only three stages (P, O, N) and nine
possible modes (P, PO, PON, PN, OPO, NP, NOP, OP, O)
when neglecting parasitic capacitors and deadtime. However,
after considering the nonideal effects, the stages’ types are in-
creased from 6 to 9, and the operation modes’ number increases
significantly. Fig. 9 shows two typical normalized waveforms
of vpp and vy obtained by PSIM. Many stages’ transitions
occur in the first half switching cycle. The transition situations
vary significantly when working conditions or circuit parameters
change.

This phenomenon can be explained as follows. During the O
stage, Coss2 and the resonant tank parameters (Cy1, Cy2, Ly1, Ly2)
form a new resonant frequency f;, oss2. The expression of f; oss2
is shown in (13) shown at the bottom of the next page. Cygs2 18
often much smaller than resonant capacitors C,1, C;o. Therefore,
Jr, oss2 1s much higher than f;, which means a high frequency
oscillation process occurs during the O stage. However, the value
of fr, oss2 differs significantly with the varying of Cogs2 values
and load resistance. The number of high frequency resonant
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Fig. 9. Two typical circumstances of resonant converters obtained by PSIM
simulation results when L,; = 94.8 uH, Lo = 64.3 uH, Ly, =208 pH, Cr1 =
58.6 nF, Cy2 = 53 nF, N = 13:15, Coss1 = 300 pF, deadtime = 180 ns, Vip, =
100 V. (a) fs = 55 kHz, Ry, = 3000 2, Coss2 = 400 pF. (b) fs = 53.5 kHz, Ry,
=160 ©, Coss2 = 180 pF.

cycle during the former half switching cycle may change a lot
for different working conditions, which can be shown in Fig. 9.
Additionally, the N stage only occurs for partial situations, and
these situations are hard to be predicted or summarized. The
excessive possibilities and their irregularity make the OMA can
only be implemented with approximated and simplified results
[27], which will result in the loss of precise and universality

However, the increasing modes’ possibilities have few effects
on SSA modeling process. SSA model focus on the duration and
transition conditions of working stages. Though the number of
stages’ type is increased from 6 to 9, the transition conditions of
the proposed stages are clear and simple, as shown in Fig. 10.
Therefore, the SSA modeling process can be easily adopted in
the proposed model. The stages’ transition conditions are listed
as follows:

1) ix(?) > 0—is(r) < 0: P—O;

2) ix(t) < 0—ia(t) > 0: N—O;

3) vps(t) = Vo O—P;

4) vps(t) = —V,o: O—N;

5) during deadtime and i1 () < 0: II—1I;

6) during deadtime and i1(7) > 0: [—1I;
T) vp(t) = Vin: =1,
&) vpp() = —Vin: H—IIL

C. Distribution of Stages and the Flowchart of the Proposed
Method

Fig. 11(a) shows the typical waveforms of CLLLC resonant
converter when f; < f; (PO mode in OMA model is chosen
as an example) and the distribution of different stages, where
Ty, means the normalized switching cycle. During the first half
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Fig. 11.  Typical waveforms and stages’ distribution of ASSA model. (a) ZVS
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ON during stage II.
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Fig. 12.  Flowchart of the proposed ASSA model.

cycle (Ts, < 0.5), the stages distribution will be: Py, O, Np
(S1, 4 turn ON)—Pr1, O11, N11 (Coss1 charge and discharge during
deadtime)— Pry1, Orr, Ny (So, 3 reversely conduct during
deadtime), while the second half cycle (0.5 < Ty, < 1) will
be P11, Orrr, Niir (Sg, 3 turn ON)—Prp, Or1, Ni1 (Coss1 charge
and discharge during deadtime)— Py, Oy, Ny (S2, 3 reversely
conduct during deadtime). The distribution of stages for other
operation modes are identical to PO mode.

By integrating the duration and transition conditions of dif-
ferent stages, the flowchart of proposed ASSA model is shown
in Fig. 12. A step-by-step introduction is listed as follows.

1) After setting the circuit parameters, the initial values are
calculated based on the traditional OMA model. Com-
pared with the zero initial values or preset constant initial
values applied in [21], [22], [23], [24], and [25], the initial
values obtained by OMA model can be much closer to
the steady state values. Therefore, ASSA model can have
a faster calculation speed, which is detailly illustrated in
Section IV-B

2) After the initial values and current stage is determined, the
state variables’ values during each stage can be obtained
based on the stage solver, as shown in Fig. 8(b). The stage
solver can adopt universal equations for all stages, which
reduce the model’s complexity significantly.

3) According to the calculated state variables’ values, judge
the duration time of current stage and the type of next stage
using the stage transition conditions in Fig. 10.

4) When the state variables are approximately identical to
the former switching cycle, the circuit can be regarded as
entering the steady state, and the calculation will finish.

Additionally, the former modeling process assumes the re-
alization of ZVS. When ZVS is not achieved, the stages dis-
tribution during the first half cycle will be: P, Oy, Ny (Sq, 4

fr,ossQ = \/

(C1L1+Cle+CQL2+CQL111)+\/(LmC27L[nCl+L2C27Llcl)2+4L12n0102

C.
erz Coss2

Cy=0C,00 = 25—

CossZ +

N2

871‘20102 (L1L2+L1Lm+L2Lm)
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13)
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Fig. 13. Equivalent circuits of the transformer, resonant converters when
considering transformer’s parasitic capacitor (C). (a) One-order lumped stray
capacitance model. (b) Resonant inductors are integrated. (c) Resonant inductors
are separated. (d) Equivalent circuit when considering C.

turn ON)—Py1, Orp, Ny (Coss1 charge and discharge during
deadtime), while the second half cycle will be Prr1, Orpr, Nipp
(Sa2, 3 turn ON)—Pry, Or1, Ni1 (Coss1 charge and discharge dur-
ing deadtime). The waveforms when ZVS is achieved or not
achieved are compared in Fig. 11. The modeling process for
these two conditions are identical, which can both be covered
by Figs. 10 and 12.

D. Considering of the Transformer’s Parasitic Capacitor

The modeling process introduced earlier has ignored the
transformer’s parasitic capacitor (Ct). The one-order lumped
stray capacitance model introduced in [32] is adopted in the
following process, which is shown in Fig. 13(a).

When resonant inductors are integrated into the transformer,
the leakage inductances L,; and L, in Fig. 13(a) are applied as
resonant inductors. The equivalent circuit is shown in Fig. 13(b).
The including of Ct will not increase the order of the equivalent
circuit. The only difference is the values of Co, which is shown
in Fig. 13(d).

When resonant inductors are separated, L,; and L,o in
Fig. 13(a) are regarded as zero. The considering of Ct has no
influence on the equivalent circuit only when L5 = 0 (when
resonanttanks are LC, LLC, CLL, CLLC), and the only difference
is the values of Cs, which is shown in Fig. 13(d). However, when
L5 is not zero (CLLLC resonant tank), the equivalent circuit
will be a fifth-order system. The expressions will be much more
complex, which is not included in the proposed ASSA model.
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Fig. 14.  Promotion to different resonant tanks.

Fig. 15.

Experimental platform.

In conclusion, when considering Cr, the flowchart of Fig. 12
can be applied for LC, LLC, CLL, CLLC. For CLLLC resonant
converters, it can be applied only when the resonant inductors are
integrated into the transformer. The Cs’s values can be adjusted
according to Fig. 13(d).

E. Extension to Different Resonant Tanks, Power Transmission
Directions, and Structures of the Inverter and Rectifier

1) Different Types of Resonant Tanks: The six types of
widely used resonant tanks are shown in Fig. 14 . Since the uni-
versal equivalent circuit is derived based on the most complicate
situation of CLLLC with asymmetric resonant tank parameters,
the other types of resonant tanks can be regarded as the special
circumstances: 1) Symmetric CLLLC: Ly = N*L,, C; = Cy/N?;
2) Asymmetric CLLC: Ly =0;3) LLC: Ly =0, Co—0; 3) CLL:
Li=0,Co—00;4)LC: Ly =0, Cy—00, L,—00,

Additionally, the inductance values L, Ly are not in the de-
nominator as a product term. Therefore, L; and L, can be directly
set as zero during the ASSA calculation process. When C;— o0
or Co— 00 is needed, values of Cy, Cy can be enlarged greatly
compared with the common values of resonant capacitors. For
example, if the commonly used values for resonant capacitors
are nF level, the values of Cy, C5 can be set as uF or mF level
when C1— o0 or Co— 0 is needed.
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TABLE IV
DIFFERENT STRUCTURES OF INVERTERS AND RECTIFIERS
Full-bridge inverter: Symmetric half-bridge inverter Asymmetric half-bridge inverter
y:'ji}_s}% ShFTc, AT s
1, N a N— ae
br— b _4J
H H H A S
ST sk B L :
Full-bridge
rectifier Cossi= 2Cos61 Cossi= 2Cs1
- . PI~[11 NV; PI7OI’NI Kl\ /2 P[~lll NV; PI7OI7NI V:n
No modification
V; O[~]lI :ths (0)7V}1 PI[7OI[7N[1 vbp (0) K O]»II[ vas (0)7K1 P[[7(:)1[’N[| pr (O)
Nl~ll[ :_NVO Pmsoma Nm Vi /2 NHII : _NVD PIII’OIII’ I\IIII :0
Center-tapped
transformer
CossZ= 26‘ossz’ Cossl= 2Cossl Cossz= 2Cossl, Cossl= 2Cossl
Py : NV, P,OLN; /2 Py : NV, P,O, N, 1V,
Cossz= 2Cossz
Ve O : Nvy (0)’1/; Py, Oy, Ny Vi (0) Ve O+ Nvy (0)’1/; Py, Oy, Ny Vo (0)
NINIII _NI/O PII] > OI]I > NIII i in / 2 NINIH _NV; PIII > OIII > NIII 0
Voltage doubler
rectiﬁer Cossl= 2Cossz’ RL=4RL CossZ= 2C‘ossl’ RL=4RL’ Cossl= 2Cossl CossZ= 2C05§2’ RL=4RL’ Cossl= 2cossl
P : NV, /2 Py t NV, /2 P,OLN; /2 Py i NV, /2 P,O,, N,V
Ve O Ny (0) Vo4O : NV (0) 71/; Py, Oy, Ny Vi (0) Vo4 Opm : NV (O) =V; Py, Oy, Ny Vi (0)
Ny =NV, /2 Ny i =NV, /2 Pys Oy, Ny 1=V, /2 Ny =NV, /2 Py O Ny 1 0
TABLE V TABLE VI

WORKING CONDITIONS FOR THE PROTOTYPE

Parameters Range
Input voltage, Vi, 50V~100V
Switching frequency, f; 50 kHz ~150 kHz
Load Resistor, Ry, 30 Q~ 400 Q
Voltage gain, M 0.5~1.5
Output Power, P, 20 W~200 W
Deadtime 170 ns

2) Different Operation Directions: The modeling process for
different operation directions is similar. The only difference
is the direction of parameters’ conversion. When operating in
backward direction, the circuit is converted to the secondary
side, C; is equal to Cyo, L; is equal to L2, Cs is equal to N2C,q,
L is equal to L,/ N?.

3) Different Structures of Inverters and Rectifiers: The for-
mer analysis is based on the full-bridge inverter and the full-
bridge rectifier. However, when the structures of inverters and
rectifiers change, some modifications are necessary. The detailed
modifications are shown in Table I'V.

KEY COMPONENTS FOR THE PROTOTYPE

Components Parameters
MOSFET S;~Ss SCT3060AR
Resonant inductors L, L PC95, PQ40/40, 10 turns
Transformer PC95, PQ50/50
Litz wire 0.1 mmx 200
Transformer’s turns 10:10 for conditions 1~4
number 13:15 for conditions 5~12

Metallized polypropylene

Resonant capacitor film capacitors (MKP)

IV. SIMULATION AND EXPERIMENTAL VERIFICATIONS
A. Verification of Waveforms

According to the operation mode analysis introduced in [11],
[12], [13], [14], [15], [16], [17], and [18], there are four most
widely used operation modes for CLLLC class resonant con-
verters, which can be selected as the representative working
conditions: 1) PO mode (f; < f;, normal load); 2) PN mode
(fs < fi, heavy load); 3) OPO mode (light load); 4) NP mode
(fs > fr, normal or heavy load). To cover these operation modes,
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TABLE VII
LIST OF WORKING CONDITIONS
Working Resonant Operation
condition La/pH | Lo/pH | Cy/mF | Co/nF | Ly/uH N f/kHz | R/Q mode in Vi/V
tank

number OMA
1 100 PO 50
2 55 30 PN
3 LLC 79.5 0 66.0 0 195.9 1 400 oPO 70
4 110 100 NP
5 100 PO
6 70 40 PN
7 CLLC 94.8 0 58.6 53.0 208.3 | 13/15 200 OPO 60
8 110 100 NP
9 160 PO 60
10 55 80 PN 100
1 ACLLLC 94.8 64.3 58.6 53.0 208.3 | 13/15 200 oPO 7
12 110 160 NP 80

a prototype as shown in Fig. 15 is established based on the
working conditions shown in Table V. The key components are
listed in Table VI. For resonant converters, some extra control
methods such as the burst control are often applied for very light
load conditions [33]. Therefore, around 10% load condition is
considered for mode verification.

The main purpose of the experiment is conducted for the
validation of model accuracy, instead of the high-performance
design validation. Therefore, the parameters are designed using
the traditional FHA based modeling and design method. Since
there are many literatures about this design process [2], [3], [4],
[5], [6], [7], [8], the detailed design process is not introduced in
this article. The resonant tank parameters and selected working
conditions are shown in Table VII. Additionally, the whole pro-
cess of the proposed ASSA model can be applied for all kinds of
MOSFET. In this work, the Silicon Carbide MOSFET SCT3060AR
from Rohm is selected as a representative switching device for
the validation process.

Fig. 16 shows the waveforms obtained by the proposed ASSA
model, the traditional OMA model, and the experimental results.
In order to verify the universality of the proposed model, the
types of resonant tanks contain ACLLLC, CLLC and LLC.
The analysis of the experimental waveforms and the ASSA
calculated waveforms are listed as follows.

1) The phenomenon of the high frequency oscillation during
O stage are theoretically analyzed in Section III-B, which
can be depicted by ASSA and agrees well with the exper-
imental results (marked with boxes in red dashed lines).
Additionally, the duration of O stage will increase when
converter works under light load [17], [18], [19], [20],
which makes the high frequency oscillations longer and
more obvious when operating under light load.

The resonant converter is always designed to works at the
ZVS region. Therefore, the duration of II stage is short.
However, compared with OMA, which ignores the II stage,
the charging and discharging waveforms of the Coysg1
(vge, green line waveforms) agree much better with the
experimental results (marked with circles in blue dashed
lines).

The errors of the proposed ASSA model and the OMA
model compared with the experimental results are further

2)

3)

depicted in Fig. 17. The maximum and minimum errors
of OMA and ASSA methods are marked. The definition
of the relative error is shown in (13), where ||x|l2 means
the two-norm value of the vector x. Fig. 17 shows that
Re(iLrl)» Re(iLr2) and the errors of iLrlfrms» iLrlfpeak’
Topr, iLr1, rms» iLr2, peak are reduced significantly for most
of the cases. Furthermore, Re(ir,;1) and Re(ir2) can be
reduced from 5.91%-43.54% to 2.83%—-19.42%, which
means the AASA model depicts inductor current wave-
forms much more accurately

||iLr model — Z.Lr ex eriment”
) ,CXp 2

Re(iL,) = (14)

||iLr,experiment ”2

Additionally, the selected deadtime is a constant value of
170 ns in the experimental test, which accounts for 0.935%-—
1.870% of one switching cycle (deadtime ratio). To further
verify the universality of the ASSA model, the waveforms when
deadtime ratio is varying from 0.5% to 15% are calculated
by PSIM and the ASSA model. Fig. 18(a) and (b) shows the
waveforms of i1, ir.r2, Which agree well with the PSIM results.
The Re(ir,1) values for representative working conditions 1, 6,
11, 12 are shown in Fig. 18(c), small errors are achieved under
different deadtime ratio.

This can be explained by the modeling process. The ASSA
model considers all the possible switching status as different
working stages. Therefore, the deadtime percentage has no
effects on the switching status, working stages’ possibilities and
transition conditions, which means the flowchart in Fig. 12 has
no changes with the variation of deadtime percentage.

B. Verification of Calculation Speed

The time domain model of resonant converters is often used
for the iteration process in the parameter design optimization
stage. Therefore, the fast calculation speed is required. This
section verifies the fast calculation speed characteristic of the
proposed hybrid OMA and SSA modeling method. For the tradi-
tional SSA model, the initial values i1 (0), i2(0), v1(0), v2(0), and
V,(0) are rarely discussed. If the initial values are set randomly
or stat constant, there is a high probability that they are very
far away from steady state values, which will highly increase
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load, fs < f;). (b) Condition 5 (CLLC, normal load, f5 < f;). (c) Condition 9 (ACLLLC, normal load, fs < f;). (d) Condition 2 (LLC, heavy load, fs < f). (e)
Condition 6 (CLLC, heavy load, fs < f;). (f) Condition 10 (ACLLLC, heavy load, fs < f). (g) Condition 3 (LLC, light load, fs < f;). (h) Condition 7 (CLLC,
light load, f5 < f;). (i) Condition 11 (ACLLLC, light load, fs < f;-). (j) Condition 4 (LLC, normal load, fs > f;). (k) Condition 8 (CLLC, normal load, f5 > f;). (1)
Condition 12 (ACLLLC, normal load, f5 > f;).
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Fig. 17.  Errors of the ASSA model and the traditional OMA model compared
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based on OMA and ASSA model. (g) Errors of /g based on OMA and ASSA
model.
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the calculation time of the proposed ASSA model. Take the
working condition 5 as an example, it can be seen in Fig. 19 that
if the initial values are far away from steady state values, it takes
566 switching cycles to enter the steady state, the calculation
time using MATLAB is 0.45 s. However, the OMA model has
a much faster calculation speed (ms level using MATLAB),
the calculation time consuming of OMA model can even be
neglected. By using traditional OMA model to get the initial
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TABLE VIII
COMPARISON OF CALCULATION TIME USING DIFFERENT MODELING METHODS
AND SIMULATION TOOLS

Average time consuming to

Calculation/simulation Step
. . get steady state waveforms
condition size : . o
in working conditions 1~12
PSIM 1ns 53 5 (279 units)
LTspice Variable >3600 s
Simulink 1ns 478 s (2516 units)
PLECS 1ns 49 s (258 units)
Constant initial values +ASSA I ns 0.41 s (2.15 units)
OMA-+ASSA 1 ns 0.19 s (1 unit)

values, the initial values are not far from the steady state values.
It can be seen from Fig. 18 that by using initial values obtained
by OMA model, the ASSA model only takes 284 switching
cycles to enter the steady state. The total time consuming of
OMA+ASSA model is 0.225 s (ASSA: 0.22 s + OMA: 0.005 s).
The further comparison of other working conditions is shown in
Table VIII.

Additionally, the proposed ASSA model calculates the wave-
forms based on analytical expressions. Therefore, compared
with the commercial simulation software, the calculation speed
of ASSA model is much faster (279 times faster than PSIM).
The comparison of the calculation speed is shown in Table VIII.
The fast calculation speed of ASSA model makes it convenient
to realize the optimal design of resonant tank parameters.

V. CONCLUSION

This article proposes an accurate, universal, and fast ASSA
model for resonant converters. By considering the parasitic
capacitors’ charging and discharging process and primary side
switches’ reversely conduction process during deadtime, the
newly introduced operation stages (Prorir, Or~rrr, Nroirr) are
proposed and analyzed. To reduce the modeling complexity and
improve the universality of ASSA, all different working stages
are equivalent to one universal equivalent circuit, and can be
applied to different resonant tanks, operation directions, and
structures of inverter/rectifier by simply modifying the parame-
ters. The experiment is conducted based on ACLLLC, CLLC and
LLC resonant converters operating in different load conditions.
By comparing the results of traditional OMA model, ASSA
model and the experimental result, ASSA depicts waveforms
much more accurately due to the consideration of more stages.
Re(irr1), Re(ir,2) and the errors of irr1_rms» iLri_peak> 1 orrs
iLr1, rms» ILr2, peak are compared. Re(ir,1) and Re(ir,;2) can be
reduced significantly from 5.91%-43.54% to 2.83%—-19.42%.
In addition, the calculation speed of the proposed hybrid OMA
and SSA modeling method is much faster than commercial
simulation tools (279 times faster than PSIM) and traditional
constant initial values method (2.15 times faster).
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