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Abstract

The series resonant converter (SRC) is widely used in power conversion systems that require
high efficiency and high-power density. However, under light-load conditions, the resonant
current decreases, and a higher switching frequency is often required to regulate the output
voltage, which leads to efficiency degradation. To mitigate this issue, phase-shift control
can be applied to the SRC, and an appropriate small-signal model is essential for accurate
dynamic analysis and controller design. Conventional extended describing function (EDF)-
based small-signal models provide high accuracy, but their complex equivalent circuits
make analytical derivation of the transfer functions difficult and limit intuitive physical
interpretation. To overcome this limitation, this paper proposes a non-coupled third-
order equivalent-circuit model for the phase-shift SRC. The proposed model reduces
the complexity of the conventional EDF-based fifth-order model while preserving the
essential low-frequency dynamic characteristics. By employing approximations based on
the relationship between the modulation frequency and the switching frequency, together
with the superposition principle and equivalent transformations, the model removes the
coupling among state variables and enables analytical derivation of the transfer functions.
The proposed model is verified through comparisons of the low-frequency small-signal
frequency responses with the conventional fifth-order model, PLECS simulations, and
experimental measurements.

Keywords: series resonant converter (SRC); small-signal model; extended describing
function (EDF); phase-shift; non-coupled

1. Introduction

Recently, resonant converters have been widely adopted as key power-conversion topolo-
gies in applications requiring high efficiency and high-power density, such as electric vehicles
(EVs), energy storage systems (ESSs), and renewable-energy interfaced systems [1-5].

Among various resonant-converter topologies, the series resonant converter (SRC)
has been widely used due to its simple structure and inherent soft-switching capability.
However, in SRC, the resonant-tank current depends on the load current, and thus it
decreases as the load is reduced. As a result, under light-load conditions, the resonant-tank
current may be insufficient to sustain soft switching. Moreover, as the operation moves
toward light-load conditions, a higher switching frequency is often required to regulate the
output voltage, which can lead to loss of soft switching, increased switching losses, and
degraded overall efficiency [6,7].
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To address these issues, this study employs phase-shift control in the SRC so that the
output voltage can be regulated under light-load conditions without excessively increasing
the switching frequency or incurring additional switching losses [8,9]. For stable output
voltage regulation and accurate analysis of the dynamic characteristics of the SRC with
phase-shift control, a precise small-signal model is required. To this end, various small-
signal modeling approaches capable of accurately capturing beat-frequency dynamics
arising from the interaction between the switching frequency and the resonant tank natural
frequency have been proposed [10-20]. First, the conventional state-space averaging
method exists as one of the representative modeling approaches [10-12]. However, this
approach is difficult to apply to the small-signal modeling of resonant converters. This is
because the state variables produced by the switching network inherently exhibit large-
amplitude sinusoidal AC waveforms dominated by harmonic components, so the small-
ripple approximation does not hold even when a small DC component is present. In
addition, since the average values of these signals approach zero, it is also challenging
to derive an averaged model. To address this limitation, small-signal modeling methods
based on the extended describing function (EDF) concept have been proposed [13-17]. In
EDF, nonlinear variables are approximated by their fundamental components; then, based
on harmonic-balance theory, the fast-varying cosine and sine terms are eliminated, and
the system is represented in a linear time-invariant form using slowly varying harmonic
coefficients. Small-signal models derived using the EDF concept include sine and cosine
terms in the state variables, which complicates the model structure and makes it difficult
to obtain analytical expressions for the transfer functions. In addition, various modeling
approaches such as sampled-data methods, generalized averaging concepts, and methods
combining state-space analysis with discrete-time analysis have been presented [18-21].

These methods can predict the beat-frequency dynamics with reasonable accuracy.
However, their relatively involved mathematical formulations limit intuitive physical
insight from a circuit perspective. The proposed third-order small-signal equivalent-circuit
model exploits the property that the resonant capacitor behaves as an inductor when the
modulation frequency is sufficiently lower than the switching frequency and thus analyzes
the circuit by replacing the resonant capacitor with an equivalent inductor. In addition,
by applying the superposition principle, the coupling terms among state variables are
eliminated, and an equivalent non-coupled model is established. This approach reduces the
model order, simplifies the transfer-function derivation, and facilitates not only analytical
expressions but also physical interpretation of the equivalent circuit.

Various simplified small-signal models have been reported in the literature, including
the studies cited above. However, they differ in terms of the target topology, control method,
approximation assumptions, and intended application. In particular, ref. [13] provides
the conventional EDF-based SRC, while [14] presents a simplified PFM (pulse frequency
modulation) SRC equivalent-circuit model. Ref. [14] is the only directly comparable prior
work that presents a non-coupled equivalent-circuit model for the SRC, and it is therefore
treated as the primary point of comparison in explaining the distinction of the present work.
Accordingly, the control input, coefficient definitions, and perturbation-path structure differ
from those of [14]. By contrast, the present work focuses on the phase-shift SRC, for which
the dominant control path is represented by the phase-shift (duty) perturbation. Related
equivalent-circuit modeling studies for resonant topology have also been reported in the
literature [15].

The objective of this paper is not to provide a general performance comparison with
these simplified models, but rather to address the structural complexity of the conventional
EDF-based fifth-order small-signal equivalent-circuit model for the SRC in the phase-shift
control case.
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To this end, the conventional EDF-based fifth-order model is reduced to third order,
and a simplified non-coupled third-order equivalent-circuit model is derived through
equivalent-circuit transformation and decoupling procedures while preserving the essen-
tial low-frequency dynamics. The proposed model is formulated in a form suitable for
controller-oriented low-frequency analysis and enables analytical derivation of the key
transfer functions. Unlike the conventional EDF-based fifth-order model, the proposed
formulation provides a simpler structure for analytical derivation and circuit-level inter-
pretation. For analytical simplicity, the proposed non-coupled equivalent-circuit model
is derived under an ideal-circuit assumption with neglected parasitic and loss elements.
In addition, the proposed approach may be extendable to SRCs employing other control
methods. However, because the control input and the coupling structure among the state
variables may differ, separate reformulation and re-derivation are required. The derived
transfer functions were implemented in MATLAB (R2025b) to evaluate the dynamic charac-
teristics, and the error of the proposed third-order circuit model was quantitatively assessed
through numerical analysis using the state-space matrices of the conventional fifth-order
small-signal equivalent-circuit model as a reference. Finally, the accuracy and validity of
the proposed model were verified through comparisons of the low-frequency small-signal
frequency responses with a PLECS (4.7.5) circuit model and experimental measurements.

2. Equivalent Circuit Model
2.1. EDF-Based Equivalent Circuit Model

This section systematically presents the simplification procedure for the phase-shift
series resonant converter (SRC). First, the extended describing function (EDF)-based
fifth-order small-signal model is briefly reviewed, and a third-order equivalent circuit
is then derived from it. In Section 3, the remaining coupling terms in the third-order model
are removed to obtain the final non-coupled equivalent circuit.

Figure 1 illustrates the equivalent circuit of a phase-shift full-bridge SRC. The input
DC voltage vy is converted by the switching action of switches S; ~ Sy into the AC inverter
output voltage vap, which is applied to the input of the resonant tank. The resonant tank
consists of the resonant inductor L and resonant capacitor C and is connected to the primary
side of a high-frequency isolation transformer with a turns ratio of n : 1. The polarity of
vap determines the direction of the resonant-tank current i. This current is transferred
to the secondary side of the transformer and, after full-wave rectification by D; ~ Dy,
appears as the rectified current irec. The rectified current irec charges and discharges the
output filter capacitor Cy, and delivers power to the load R}, while C¢ smooths the rectified
waveform to produce the output DC voltage v,
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Figure 1. Equivalent circuit of full-bridge SRC.

The extended describing function (EDF) is a modeling technique that approximates
the waveforms of a nonlinear system by their fundamental components and analyzes the
dynamic characteristics using slowly varying harmonic coefficients. This method is based
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on the fundamental approximation and harmonic balance theory. Among the small-signal
models developed for accurate analysis of SRC dynamics, the EDF-based small-signal
equivalent-circuit model proposed by Yang et al. [13] has been widely used. This model
effectively captures the beat-frequency dynamics wpe,t by retaining only the fundamental
components of the resonant tank variables.

In previous studies, pulse frequency modulation (PFM) has mainly been used for
output voltage regulation. In this approach, the inverter duty ratio d is fixed at unity, and
the output voltage is controlled by adjusting the switching frequency ws(= 27fs) [13,14].
In this case, the switching frequency must be varied according to the load condition or
input voltage variation in order to maintain the nominal output voltage. Owing to this
characteristic, a higher switching frequency may be required in a PFM SRC to regulate
the output voltage under light load conditions, which can degrade the soft-switching
performance and increase the switching loss. To overcome this limitation, this paper
proposes the phase-shift scheme shown in Figure 2. In this scheme, the output is controlled
by adjusting the effective duty ratio d, i.e., the phase shift, of the input-side bridge switches
while maintaining the switching frequency near the resonant frequency wo (= 27f,).

S, S AN
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S, OFF S, ON S, OFF_
1 1 1 /wt
'S; ON ! : :
S, S, A\ ! Ss OFF | o
! S, OFF S; ON
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- - X
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I I "o I\ VAN
0 m 27

Figure 2. vap waveform of phase-shift modulation.

Before deriving the small-signal model, the switching waveforms and each operating
interval of the proposed phase-shift control scheme are briefly described with reference to
Figure 2.

Figure 2 illustrates the switching waveforms of the full-bridge phase-shift control
scheme. The waveforms can be divided into five operating intervals according to the
switching operation. In the phase-shift control method, the output voltage is regulated by
adjusting the phase-shift angle ® between the two diagonal switch pairs while keeping the
duty ratio of each switch constant.

Interval I corresponds to the state where switches S; and Sz are ON and Sp and Sy are
OFF. During this interval, the inverter output is short-circuited, and thus vap becomes zero.

Interval II corresponds to the state where switches S; and S4 are ON simultane-
ously, while S; and S3 are OFF. During this interval, the inverter output voltage vag
becomes +vg.
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In Interval IlI, S; and S are turned ON simultaneously, whereas S; and S3 are OFF. As
in Interval I, the inverter output is short-circuited during this interval, and thus the inverter
output voltage becomes zero.

In Interval IV, S; and Sz are ON, whereas S; and S, are OFF. During this interval, the
inverter output voltage vap becomes —vy.

Interval V repeats Interval I, and the previously described switching sequence repeats
to generate an AC voltage. This AC voltage is the inverter output voltage and the input
voltage applied to the resonant tank, i.e., vap.

Based on the EDF-based approach introduced above, the phase-shift full-bridge SRC
in Figure 1 is formulated in state-space form. As expressed in Equation (1), each variable
is decomposed into its steady-state and perturbation components around the operating
point. Here, i, represents the output-current perturbation treated as a disturbance input,
and therefore its steady-state component is set to zero in Equation (1). The small-signal
state equations in Equation (2) are then obtained by linearization under the small-signal
assumption. The matrix terms in Equation (3), derived from the EDF-based formulation,
are given in Equations (4)—(10).

vg =Vg+¥s, d=D+d

B N 1)
ws = O+ Qs, io = 0+1,
& = A% +Ba
¥ =Dx+Et
%= (T3 08 9 ¥ = Vo)
f . 2)
o= dn)
= (%olg)"
-Rs/L ZJ/L —1/L 0 —2ks/L
~Z./L —R./L 0 ~1/L  —2k./L
A= 1/C 0 0 G/C 0
0 1/C —-G/C 0 0
ks/Cs  ko/C 0 0 —1/RyCs
ke/L kq/L Bs/L 0
0 0 B./L 0
B=| 0 0 Es/C 0 ©)
0 0 —E./C 0
0 0 0 1/Cs
D— 0 0 0 01
I, 0 0O 0O
E— 0 0 0 O
0I4 00
1 8n2
I, = %sin(%), Iy = Iscos(ﬂz—D)
®)

ky = £sin(7R), kg = 2Vgeos( )
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eq eq A /Xeq + Req A\ /Xeq + Req
X R
Rs = Reqiq/ R. = Reqiq (8)
VXeq + Re V Xeq + Re
Zs = QSL - krs; Zc = QSL + krc
Bs = LI, B. = LI (9)
Es =CV,, E. =CVq
G=0sC (10)

Figure 3 shows the fifth-order small-signal model derived using the EDF technique.
This model is useful for state-space-based numerical analysis and simulation, but it becomes
a structurally complex fifth-order system owing to the cross-coupling among the state
variables. As a result, the transfer functions can only be obtained through numerical
procedures, and analytical derivation is difficult.

%20 %Ok, = kic[f] - [ Ces
O kqd Zks¥o _

"
=~
ANA
<
(=]

2k 0
V.COg e
Q%C" kl'Cls
55 1 R,
fe | Q. Li, [ L&, +?:C_

L C

Figure 3. Small-signal model of 5th-order SRC.

Therefore, to enable more intuitive analysis and design while preserving the dominant
resonant-tank dynamics, the fifth-order small-signal model is simplified to a third-order
small-signal model. In particular, this order reduction exploits the property that the
resonant capacitor can be interpreted as an equivalent inductor when the modulation
frequency wp, is sufficiently lower than the switching frequency. In Section 3, the non-
coupled equivalent circuit is then derived by eliminating the coupling terms among the
state variables using the circuit equations and the superposition principle. This approach
simplifies the derivation of the transfer functions, enables a small-signal model that can be
expressed in analytical form, and allows the physical meaning of the circuit to be interpreted
more intuitively.
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2.2. Proposed Third-Order Equivalent Circuit

To derive the third-order small-signal model, the small-signal model in Figure 3 is
reformulated as shown in Figure 4. Here, the impedances and dependent sources are
represented in complex form, including the imaginary unit.

i L jQL L& C
_I)NV\_‘:S|_@ ° 11
| —
]'QSC +
C‘) kvvg ]CV(T)S 'iI'EC

I

Hox |

| — |
O
-
|
1
=
=
<
=]

70 g [f] b =
N kqd

Figure 4. Small-signal model of 5th-order SRC in complex form.

Although Figure 4 corresponds to a third-order model from the viewpoint of model
order, its physical meaning is difficult to interpret intuitively because the impedances and
dependent sources are expressed in complex form. Therefore, an additional transformation
process is required to obtain a more intuitive equivalent circuit from which the transfer
functions can be derived analytically.

First, the capacitor branch and the constant term connected in parallel with it are
transformed into an equivalent inductor and a series resistor. To do so, the dependent
current source included in the capacitor branch must first be removed. When the switching
frequency is kept constant, the perturbation in the switching frequency s can be set to
zero, so the dependent current source jCV s can be removed. As a result, rearranging the
voltage—current relation of the capacitor branch yields Equation (11).

By applying the condition in Equation (12), the term (52 / Qg) becomes suffi-
ciently small to be neglected, and thus Equation (13) can be approximated in the form
of Equation (13). Consequently, as illustrated in Figure 5, the capacitor can be interpreted
as behaving like an inductor when Equation (12) is satisfied.

v 1 B 1 B —]%S +1 B —]%S +1 an
= 0 = - . 2
PsCHOC joc(ix+1) (i +1) (— +1) ]QSC(H;)—%)
s \2
Wi < O, () <1 (12)
Qs
o 1 —=+1 1
A S VR .M A (13)
1 sC +ij0sC iQsC QiC  jOsC

Next, the impedance and dependent current source connected in parallel with the
capacitor can be interpreted as a Norton equivalent circuit. By applying Thevenin’s theorem,
the capacitor branch can be transformed into an equivalent voltage source with a series
impedance, as shown in Figure 6a. When this equivalent network is then combined with
the remaining passive elements and dependent sources of the resonant tank, the circuit can
be reduced to the minimum form shown in Figure 6c.
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Figure 5. Equivalent conversion of resonant tank under wm < Q.
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Figure 6. Simplified equivalent circuit of resonant tank: (a) resonant capacitor branch transformed
using Thevenin’s theorem. (b) circuit obtained from (a). (¢) Combining the inductance and com-
plex impedances.

As a result, the fifth-order small-signal circuit model is reduced to the third-order
small-signal equivalent-circuit model shown in Figure 7, and the parameters used for the
equivalent-circuit simplification are defined in Equations (14)—(16).

Equations (14)-(16) define the parameters used in simplifying the equivalent circuit.

X3 X2, + 2R?
Ry = X2 equ » Ry = Xeq Xe; Rzeq (14)
eq T Req eq T Reg
Vs Ve
=Bs + —, Ge = B — =% 15
GS S + QS GC C QS ( )
0?2 1 Le|Xeq||Qs — O
L.=L+ VSzIL 1+7(2, ,Ceziz,ReZ e| eq|1L s ol (16)
CQy Qg Le(Qs - Qo) €q
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Figure 7. Simplified equivalent small-signal model of 3rd-order SRC.

Accordingly, as shown in Equation (17), the numerator and denominator of the
fifth-order transfer function Ggm can be decomposed into third-order polynomials and
neglected terms, denoted by AN and AD, introduced during the approximation process.
To evaluate the accuracy and validity range of the third-order transfer function G,
the ratio between the fifth-order and third-order transfer functions F(s) is defined as in
Equation (18).

N

Gy = =20
3 D3rd

, Goin = = (17)

1+ g

. Gsn(s) _ NgwDga (N3rd + AN)Dga . Ny (18)
Gsrd (S) D5thN3rd (D3rd + AD)N:J,rd 1+ DA]:;
31’

F(s)

The model in Figure 7, derived through the above simplification process, is a linearized
small-signal model intended for the analysis of small perturbations around the steady-state
operating point. The validity range of the proposed third-order small-signal model is
evaluated through the ratio between the fifth-order and third-order transfer functions
defined in Equation (18). In the low-frequency region, the approximation condition in
Equation (12) is well satisfied, and therefore, the proposed model agrees well with the
fifth-order model. In contrast, as the frequency approaches the switching frequency, the
condition in Equation (12) is no longer well satisfied, and the mismatch may increase.
Therefore, the proposed model is suitable for controller design and low-frequency dynamic
analysis, but it has limitations in high-frequency dynamic analysis and direct analysis of
transient behavior. The validity of the third-order small-signal model was verified through
the transfer function ratio defined in Equation (18) and frequency-response comparisons,
and the results are presented in Section 4.

3. Non-Coupled Equivalent Circuit
Proposed Non-Coupled Equivalent Circuit

Although the third-order small-signal equivalent model is simpler than the fifth-order
model, it still contains coupling terms among the state variables, and therefore, the desired
transfer functions are difficult to derive directly.

To derive the non-coupled equivalent circuit, KVL and KCL are first applied to the
coupled third-order model in Figure 7 to formulate the relationship between the sine and
cosine components of the resonant-tank current. The perturbation paths are then sepa-
rated using Thevenin’s theorem and the superposition principle, yielding the non-coupled
third-order circuit. The coupling term appearing in the sine path is defined in Equation (19),
and the related variables are defined in Equation (20).
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Based on the resulting non-coupled circuit, each transfer function is derived by retain-
ing only the perturbation source of interest while setting the remaining perturbations to
zero. In this way, the effects of the input voltage, duty ratio, and output voltage perturba-
tions can be analyzed independently through the corresponding transfer paths.

Ry .

*Rx,i\c = iS<Rel H Cel)/ il\c - 7mls

(19)
The parameter expressions for the equivalent impedances of the non-coupled circuit
in Equations (20) and (21) show that the proposed formulation can reproduce the beat-

frequency dynamics.
RyR Le

R = -, C = 2
el R. el R.R, (20)
R RyRy + RyR L
Re = Re1 + R _ My e = Cy Re1 _ e 1)
1+ Re1CerRs/Le Rs +Re Rai +Rs  RRy +RsRe
Wpeat = [Qs — Qo (22)

In addition, as the switching frequency approaches the resonant frequency, the beat-
frequency double pole in the phase-shift non-coupled circuit splits, so the overall circuit
can be effectively interpreted as exhibiting second-order behavior.

The rectifier output current lrec is used as the reference variable to formulate the
non-coupled circuit. By choosing it as the reference variable, the effects of the input voltage
Vg, output voltage ¥, and duty d perturbations on the rectifier output current through
the resonant tank can be organized independently. Therefore, for each case, each transfer
function Gyg(s), Gyd(s), Gvo(s) can be derived by retaining only the perturbation of interest
and setting all other perturbations to zero, and the results are summarized in Equation (23).

~

irec(s) = Gyg(s)¥5(s) + Gya(s)d(s) + Gyo(s)¥o(s) (23)

In addition, the analytical derivation procedure for obtaining the transfer functions
corresponding to each perturbation from the third-order equivalent small-signal model is
briefly presented in Equations (24)—(30), thereby summarizing the overall procedure for
obtaining the non-coupled equivalent circuit.

Gyg(s) in Equation (24) represents the effect of the input voltage perturbation on the
output current. That is, it is the transfer function from the DC input voltage perturbation to
the rectifier output current perturbation, and it quantifies how the input voltage variation
is reflected in the output current through the resonant tank and the rectifier. Equation (25)
briefly represents the derivation process of the corresponding equivalent circuit, from
which the equivalent circuit in Figure 8 is obtained.

~

Gugls) = 2e=) o1
g(s) 96=0,d=0
a 2 4 . niD\ .
(SLe + RS)IS — Rxlc = T[Sln<2>Vg
(sLe + Re)ic + Ryls = 0
4 (7D . 4 (/7D .
- ﬂsm<2) (letRe%s .~ nSI“(z>RYVg (25)
® " (sLe+Rs)(sLe + Re) + RyRy " ©  (sLe + Rg)(sLe + Rc) + ReRy
irec(s) . 4 sin <7'[D> Req (SLe + Req) + ng
0 B 2 2
Vg(s) T[\/m 2 ) sLe(sLe + Req) + Xaq
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Figure 8. Non-coupled equivalent circuit for Gyg.

Gyd(s) in Equation (26) represents the effect of the duty ratio (phase-shift) perturbation
on the output current. That is, it is the transfer function from the control perturbation to the
rectifier output current perturbation, and it quantifies how the change in the control variable
modifies the fundamental component of the bridge output voltage and consequently
changes the current delivered to the output through the resonant tank.

~

- irec(s)
Gvd(s)_ a(s) 6ym0500 (26)

In the case of a PFM SRC, the corresponding control-to-current transfer path is gen-
erally expressed as a transfer function with the switching frequency perturbation as the
input [14]. Both the PFM SRC and the phase-shift SRC describe the control effect on the
output current delivered through the resonant tank, but the dominant control path depends
on the modulation scheme.

In PEM control, the frequency variation directly changes the tank impedance, and thus
the frequency path becomes the dominant control path. By contrast, in phase-shift control,
the duty ratio variation changes the effective driving voltage component applied to the
tank, and therefore the duty path becomes the dominant control path.

Equation (28) defines the gain used to represent the effect of the duty ratio (phase-shift)
perturbation in the form of a dependent current source in the non-coupled equivalent
circuit. This term acts as an equivalent current source and is ultimately used to derive the
Control (Duty)-to-Output transfer function. Therefore, by following the circuit derivation
process briefly expressed in Equation (27), the circuit shown in Figure 9 can be obtained.

N N D\
(sLe + Ry)is — Ryde = 2Vycos (1) d

(sLe + Re)ic + Ryls = 0

niD 7D\ A
. 2Vgcos <2> d(sLe + R¢) A 2VgRycos <2> d (27)
s = o= —
° " (sLe +Rs)(sLe + Re) + RyRy " * sLe + Ry
X 2
frec(s) _ 2 oo ( D ) Req(sLe + Req) + X&q
d(s) X2, +RZ, & 2 ) sLe(SLe + Req) + X%,
D\ ks(sLe + — kR
Z = Tthcos ~ s(sLe I;C) <y (28)
2 e
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Figure 9. Non-coupled equivalent circuit for Gyq.

Gyo(s) in Equation (29) represents the effect of the output voltage perturbation on
the output current. When the output voltage changes because of a load variation, the
resulting perturbation shifts the operating point of the resonant tank and the rectifier,
and this transfer function represents the corresponding rectifier output current response.
Accordingly, the corresponding circuit can be constructed as shown in Figure 10.

~

GVO(S) = lgi:((ss))

(29)

¥g=0,d=0

(sLe + Rg)is — Rydc + 2ks¥ = 0
(sLe + Re)ic 4 Ryls + 2kt = 0

o _ [ —2ks(sLe + Re) — 2keRy }o : _{ 2Ry —2ke(sLe +Ry) 1o
* " [ (sLe+Rs)(sLe + Re) + ReRy | @ [ (sLe + Rs)(sLe + Re) + ReRy | °

irec (S) 4 sLe + Req

(30)

9o(s)  TsLe(SLe + Req) + X

Re Le i

Figure 10. Non-coupled equivalent circuit for Gyo.

Finally, by combining the equivalent circuits in Figures 8-10 using the superposition
principle, the final non-coupled equivalent circuit in Figure 11 can be derived. The resulting
circuit enables the transfer paths associated with the input, output, and duty perturbations
to be analyzed independently. Since this derivation is based on a linearized small-signal
model, the proposed circuit is suitable for controller design, low-frequency dynamic anal-
ysis, and the analysis of small perturbations near the operating point. However, it has
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limitations in high-frequency dynamic analysis and in the direct prediction of large-signal
conditions and transient states.

R L 1 i
e e rE resl
| I— |
Ce
. mD Il +
251n(7)ksvg I A Cs .
3 Zd ~ 2 Lé,\
— —— v
O & Vo m i\ o
o B
N

mD_keRs +kcRy
o M KRR,
) R +RR, 8

Figure 11. Final non-coupled equivalent circuit of SRC.

Based on Figure 11, the transfer functions can be derived analytically, unlike in the
conventional fifth-order small-signal model, and the explicit expressions for the Con-
trol (Duty)-to-Output transfer function (Qo(s) / a(s)), Line-to-Output transfer function
(Vo(s)/¥g(s)), output impedance Z,(s), and input impedance Zi,(s) are presented in
Equations (31)—(34).

W) £5in (22 ) [k (sLe + Re) — keRy Ry o
Y laso (14 sCRy) [sLe (SLe + Req) + xgq] +2 [fkschy +KZ(sLe + Re) + K3 (sLe + RC)} Ry
Vo(s) _ 2Vgcos (%D) [ks(sLe + Re) — keRy|Rp. .
d(s) log=0 (14 CRe) [sLe(sLe + Req) +XZq| +2| —kkeRy + kZ(sLe + Re) + K (sLe + Re) | R

Ry (S2L§ + SLeReq + x§q>
Zo(s) = > 5 (33)
(SzLe + SLeReq + xeq) (14 SC(RL) + Req (SLe + Req)

2 (L34 SLeReg + X2 ) (14 SCRL) + Req (sLe + Req)

Zin(s) = (34)

3

2 D
8sin (”7) s2LeCRy, + SLe + sC{Ry. (Rquxz) + Req
eq T Neq

4. Simulation and Experimental Results
4.1. Simulation

The derived third-order non-coupled equivalent-circuit model was analyzed to
obtain the corresponding transfer functions in explicit analytical form. To verify the
validity of the proposed model, the equations of the fifth-order small-signal model,
i.e., Equations (2) and (3), were first implemented in MATLAB (R2025b), and their low-
frequency small-signal frequency responses were compared with those of the proposed
third-order equivalent-circuit model. In addition, a circuit-based PLECS (4.7.5) model was
used as a reference model, and the low-frequency small-signal frequency responses of
the fifth-order and third-order small-signal models obtained in MATLAB were compared.
Furthermore, the validity range of the proposed third-order non-coupled equivalent-circuit
model was evaluated using the ratio between the fifth-order and third-order transfer
functions defined in Equation (18). To verify the validity of the proposed equivalent-
circuit model under different operating conditions, the normalized switching frequency
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Fon = fs/f, was set to Fgn = 0.9(fs = 62.82) kHz and Fs, = 1.2(fs = 83.76) kHz. The
parameters used in the simulation are listed in Table 1.

Table 1. System parameters.

Vg 10V L 52 uH
Ct 40 uF C 1 pF
n 1/24 fo 69.8 kHz

Figures 12 and 13 compare the Control (Duty)-to-Output transfer functions
obtained from the proposed third-order model and the fifth-order model with the
PLECS results. The operating points were set to (Fsn = 0.9, D = 0.358, R, =400 O)) and
(Fsn = 1.2, D = 0.544, Ry = 400 Q)), respectively. It can be seen that the three results show
very good overall agreement.

T
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Figure 12. Control (Duty)-to-Output transfer function (Fsn = 0.9, D = 0.358, Ry, = 400 )).
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Figure 13. Control (Duty)-to-Output transfer function (Fsn = 1.2, D = 0.544, Ry, = 400 Q).
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Figures 14 and 15 show the Line-to-Output transfer functions, which were evaluated
at the same operating points as the Control (Duty)-to-Output transfer functions. In this
case as well, the three results agree well with one another.

N

—

5

— 0

U

-]

= 20

E

ap —40 | O Plecs

g ——>5th(Matlab)

—60 = —3rd(Matlab)

T L T T T T T T T T T T T T T

©

Phase [deg]
»L | |

—180

N
Frequency[Hz]

Figure 14. Line-to-Output transfer function (Fsn = 0.9, D = 0.358, Ry, = 400 Q).
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Figure 15. Line-to-Output transfer function (Fsn = 1.2, D = 0.544, R, = 400 Q).

Figures 16 and 17 show the comparison results of the Line-to-Output and Control
(Duty)-to-Output transfer functions of the fifth-order and third-order models using the
ratio defined in Equation (18). The reason why the two figures exhibit similar trends is
that, except for the gain coefficients, the numerator and denominator polynomials of the
two transfer functions are identical. In the low-frequency region, the effects of the higher-
order terms omitted in the approximation process are sufficiently small, yielding F(s) =1,
ie., |F(s)|4g = 0 dB. So, the ratio between the two models is close to unity. In contrast,
as the frequency approaches the switching frequency, the approximation condition in
Equation (12) is no longer satisfied, and the relative influence of the omitted terms in
Equation (15) increases, leading to a mismatch between the two models.

Figures 18 and 19 show the output impedance responses, while Figures 20 and 21
show the input impedance responses.
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Figure 16. Ratio of the 5th-order and 3rd-order transfer function (F(s) = Gyq5(s)/Gyqz(s))-
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Figure 18. Output impedance (Fsn = 0.9, D = 0.358, R, = 400 Q).
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Figure 19. Output impedance (Fs, = 1.2, D = 0.544, Ry, = 400 2).
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Figure 20. Input impedance (Fsn = 0.9, D = 0.358, Ry, =400 Q).
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Figure 21. Input impedance (Fsn = 1.2, D = 0.544, Ry, = 400 Q).
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Figures 22 and 23 show the transfer function ratios between the fifth-order and third-
order models for the output and input impedances. As in Figures 16 and 17, the ratio
between the two models is close to unity in the low-frequency region, yielding F(s) =1,
i.e., |F(s)|4g =~ 0 dB. But the mismatch between the two models gradually becomes more
pronounced as the frequency approaches the switching frequency.
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Figure 22. Ratio of the 5th-order and 3rd-order transfer function (F(s) = Zy5(s)/Zo3(s))-
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Figure 23. Ratio of the 5th-order and 3rd-order transfer function (F(s) = Zi5(s)/Zis(s)).

In the simulation results, the conventional fifth-order model agrees very well with the
PLECS results, confirming the validity of the formulation of the higher-order model. In
addition, the proposed third-order model agrees well with the fifth-order model within its
validity range, thereby confirming the accuracy and validity of the proposed model.

4.2. Experimental Results

To experimentally verify the low-frequency small-signal frequency-response charac-
teristics predicted by the proposed model, the transfer function responses obtained from
the simulations were compared with the experimental measurements. The SRC was im-
plemented using the parameters listed in Table 1. The gate signals were generated using
DSP control board based on the TMS320F28335 DSP (Texas Instruments, Dallas, TX, USA),
and the power stage was built using GS66508T GaN transistors (Infineon Technologies,
Neubiberg, Germany, 650 V, 30 A). The rectifier was implemented using MURS160-13-F
diodes (Diodes Incorporated, Plano, TX, USA, 600 V, 1 A). The resonant inductor was fabri-
cated by winding five turns on a powder magnetic core (ChangSung, Incheon, Republic
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of Korea), and film capacitors were used for both the resonant capacitor and the output
capacitor. The frequency responses were measured using a PSM1700 Frequency Response
Analyzer (Newtons4th Ltd., Leicester, UK). Figure 24 shows the hardware configuration of
the PSM1700 Frequency Response Analyzer used to measure the Control (Duty)-to-Output
transfer function. The excitation output of the analyzer is fed into the ADC of the DSP
board, and the DSP superimposes it on the reference duty command to generate the tran-
sistor gate signals. To compensate for the phase delay, the gate signal was measured on
CH1, and the output voltage was sensed through the analyzer and measured on CH2. The
transfer function measurements were performed at the operating point with a normalized
switching frequency of 1. The Line-to-Output transfer function and output impedance were
also measured at the same operating point. In the model, parasitic and loss elements such
as the output capacitance of the GS566508T GaN transistor Rpg, the winding resistances of
the inductor and transformer, and the capacitor loss factors were neglected. Figures 25-27
show the comparison results. Although mismatches appear in some frequency regions, the
overall trends of the gain and phase responses agree well. These differences are attributed
to the neglected loss elements and the difference in operating point between simulation
and experiment, and they become relatively more noticeable in the higher-frequency region.
Nevertheless, the proposed small-signal model remains valid for low-frequency dynamic
analysis and controller design.
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Figure 24. Experimental hardware configuration for measuring Control (Duty)-to-Output response.
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Figure 25. Experimental verification of Control (Duty)-to-Output transfer function (Fs, = 0.9,
D =0.358, Ry, =400 O).
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Figure 26. Experimental verification of Line-to-Output transfer function (Fs, = 0.9, D = 0.358,
Ry =400 Q).
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Figure 27. Experimental verification of output impedance (Fsn = 0.9, D = 0.358, Ry, = 400 Q).

Figures 25-27 show the comparison results. Although mismatches appear in some
frequency regions, the overall trends of the gain and phase responses of each transfer
function agree with one another.

5. Conclusions

Various small-signal models, including EDF-based small-signal equivalent-circuit
models, have been proposed for resonant converters. However, in most conventional small-
signal models, the transfer functions can only be obtained through complex numerical
procedures, which limits intuitive physical interpretation of the circuit. To overcome
this limitation, this paper proposes a simplified non-coupled third-order small-signal
equivalent-circuit model for the phase-shift SRC based on the conventional EDF-based
fifth-order model. The proposed model exploits the property that the resonant capacitor
can be interpreted as an equivalent inductor when the modulation frequency is sufficiently
lower than the switching frequency and applies the superposition principle to eliminate the
coupling terms among the state variables. As a result, the circuit structure is significantly
simplified, enabling analytical derivation of the key transfer functions without relying on
conventional numerical procedures and allowing more intuitive physical interpretation of
the circuit. The present derivation method is conceptually extendable to similar resonant
topologies; however, because the circuit structure and the coupling relationships among the
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state variables depend on the target converter, the model equations must be reformulated
and the order-reduction procedure must be newly carried out for each topology.

In addition, the validity range of the proposed model was evaluated through the ratios
of the key transfer functions between the conventional fifth-order model and the proposed
third-order model, and the causes of the mismatches observed in the high-frequency re-
gion were also analyzed. In the low-frequency region, the assumption that the switching
frequency is sufficiently higher than the modulation frequency is well satisfied, so the
influence of the higher-order terms omitted in the approximation process is very small, and
the mismatch between the fifth-order model and the proposed model is negligible. How-
ever, as the frequency approaches the switching frequency, this approximation condition
is no longer satisfied, and the influence of the omitted terms increases, thereby increasing
the mismatch between the fifth-order model and the proposed model. Therefore, the
proposed model is useful for controller design and low-frequency dynamic analysis, but it
has limitations in the direct analysis of large-signal conditions and transient states. Finally,
the accuracy and validity of the proposed model were verified through comparisons of
the low-frequency small-signal frequency responses obtained from MATLAB, PLECS, and
experimental measurements.
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