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Abstract—The high order and complex structure of the resonant
converter small-signal equivalent circuit prevents it from providing
plentiful physical insights. It is of significance to obtain a more
accessible and simpler equivalent circuit. This article investigates
the order reduction and approximation of the equivalent circuit of
the series resonant converter (SRC). It is shown that there is a close
interaction between the resonant inductor model and the resonant
capacitor model that must be carefully considered when conduct-
ing approximation. Using this methodology, a concise third-order
equivalent circuit of the SRC is proposed. This equivalent circuit
can capture the beat frequency dynamic very accurately. Moreover,
it eliminates the phase error that exists in the existing models,
ensuring better stability when designing the closed loop system.
Finally, the experimental results verify the validity of the equivalent
circuit model.

Index Terms—Equivalent circuit, interaction, order reduction,
series resonant converter (SRC).

I. INTRODUCTION

DUE to the advantages of high switching frequency, high
efficiency, and high-power density, the resonant converter

has prevailed in many applications, such as data center power
supply, electric vehicle charger, and wireless power transfer,
among others [1], [2], [3], [4].

To satisfy the dynamic and stability specifications, it is nec-
essary to establish a small-signal model that can well describe
the converter. Several methods have been presented to model
the resonant converter. Discrete-time models or the sample-data
models were proposed in [5], [6], but the modeling process
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is complex and shows a limited physical insight, which re-
stricts its application. A small-signal model based on state plane
analysis and dq-transformation was proposed in [7], [8], but
this technique is mainly applicable in two-element resonant
tank. Some modeling methods that combine time and frequency
domain analyses are easy to understand and implement, and they
have been prevailing over the years, for example, the dynamic
phasor transformation technique [9], [10], the generalized state
space averaging [11], [12] and the extended describing function
method [13], [14].

The derived models in [5], [6], [7], [8], [9], [10], [11], [12],
[13], and [14] are usually presented in the form of state-space
representation, from which the numerical or symbolic transfer
functions can be extracted, but these models provide few phys-
ical insights. Comparatively speaking, an equivalent circuit of
the model is a clearer and more flexible format to reveal more
physical insights. In [15], the equivalent circuit model of the
resonant converter in complex domain was proposed, where the
variables are expressed with vectors, which is very abstract to
comprehend. By separating the complex-domain circuit into sine
part and cosine part, a time-domain equivalent circuit that is
suitable for simulation was obtained [16].

Note that the equivalent circuit in [15] and [16] is essentially
equivalent to the state-space representation, and thus has excel-
lent accuracy up to the switching frequency. However, it comes
with the high-order and complex structure, making it too com-
plicated to be of much analytical usefulness. In fact, such wide
accuracy is unnecessary in most closed loop design, where the
bandwidth is usually much lower than the switching freuqency.
To this end, some order reduction and approximation approaches
were proposed to obtain more concise equivalent circuits. As the
simplest resonant converter, the series resonant converter (SRC)
has long been a research object of this issue. In [17], a two-port
y parameter equivalent circuit model of SRC was proposed.
This equivalent circuit introduces a series of transfer functions
to represent the dependent sources and the impedances, yet it
is not in the form of a standard linear time-invariant circuit
and bring difficulty to understand and use. In [18], the small-
signal equivalent circuit of the SRC was approximated to be
a first-order circuit when the switching frequency approaches
the resonant frequency, and a second-order circuit when the
switching frequency deviates from the resonant frequency. This
equivalent circuit is effective in capturing the very low frequency
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Fig. 1. Topology of the series resonant converter.

characteristic of the SRC, but fails in relative high frequency
range, e.g., predicting the beat frequency dynamics as reported
in [19]. The beat frequency dynamic refers to the dynamic issue
caused by a double pole located at the difference of the switching
frequency and the resonant frequency. Accurately predicting
the beat frequency dynamics is crucial for closed-loop stability
enhancing and preventing oscillations in the system. In [20],
an approximate third-order equivalent circuit of the SRC was
proposed, where the resonant capacitor was approximated to be
an inductor in lower frequency range. The equivalent circuit in
[20] has very concise form and shows fruitful physical insights.
However, although accurate in most cases, this article finds
the third-order equivalent circuit in [20] has some problems in
certain circumstances. For example, the beat frequency double
pole it predicts has a deviation from the actual position when the
switching frequency is far away from the resonant frequency;
and the predicted phase may be much higher than the actual
phase in high frequency range, posing a risk of system instability
when the bandwidth of the DABSRC closed loop system is high.
Other reduced-order models for SRC, as given in [21] and [22]
also fail to accurately predict the beat frequency pole, and the
phase response also exhibits deviations in the high-frequency
range.

This article investigates the reason for the inaccuracy of the
existing reduced order equivalent circuits of SRC and re-derives
a more accurate third-order equivalent circuit without increasing
complexity.

The rest of this article is organized as follows. In Section II,
the existing accurate and the approximate third-order equivalent
circuit of SRC are reviewed. In Section III, the equivalent circuit
of the resonant network considering the interaction between the
resonant elements is derived. In Section IV, the approximation
of the switching frequency-controlled sources in the equivalent
circuit is conducted. Combining the results in Sections III and
IV, a decoupled third-order equivalent circuit of SRC is proposed
in Section V. Section VI has a discussion of the proposed
equivalent circuit. Section VII provides the experimental data
to verify the validity of the proposed equivalent circuit. Finally,
Section VIII concludes this article.

II. REVIEW OF THE ACCURATE AND APPROXIMATED

EQUIVALENT CIRCUIT OF THE SRC

Fig. 1 is the topology of SRC. The input (output) voltage is
vin(vo). The resonant tank is composed of the resonant inductor
Lr, and the resonant capacitor Cr. vr and ir are the resonant
capacitor voltage and the resonant inductor current, respectively.

Fig. 2. Accurate small-signal equivalent circuit of SRC in (a) complex domain
and (b) time domain.

Co is the output filter capacitor, RLd is the load resistor. The
switching (angular) frequency is fs(ωs). The resonant (angular)
frequency is fr (ωr), Fig. 2(a) is the small-signal equivalent
circuit in complex domain proposed in [15], where Vr and Ir
are the vectors of the resonant capacitor voltage and the resonant
inductor current in the steady state. v̂r and îr are their corre-
sponding small-signal vectors. Please note that the symbols with
the first letter in capital represent the steady-state components
of the variables, while the variables with a cap represent the
small-signal components in this article. Observed from Fig. 2(a),
the resonant inductor model is comprised of the inductor Lr, the
complex impedance jΩsLr, and a frequency-controlled voltage
source jIrLrω̂s, where Ωs is switching angular frequency in
steady state. The resonant capacitor model is comprised of the
capacitor Cr, the complex impedance 1/jΩsCr, and a frequency
controlled current source jVrCrω̂s.

By separating the complex-domain circuit into sine part and
cosine part, a time-domain equivalent circuit that is suitable
for simulation is presented in Fig. 2(b) v̂s(c), îs(c) are the sine

(cosine) components of v̂r and îr. krs, krc, ks, kc, Rs, Rc, Vs,
Vc, Is, and Ic are the coefficients of the dependent sources,
whose expressions are provided in the Appendix. From Fig. 2(b),
we can find the equivalent circuit is a fifth order system and
has complicated structure, making it very hard to be of much
analytical usefulness.

Tian et al. [20] proposed a low-frequency third-order approx-
imate equivalent circuit by simplifying the capacitor model in
Fig. 2, which will be reviewed below.

In the freuqency range far below the steady-state switching
(angular) frequency Fs(Ωs), we have |s2| << Ω2

s, therefore
the parallel impedance of sCr and 1/jΩsCr in Fig. 2(a) are
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Fig. 3. Approximated resonant capacitor model proposed in [20].

Fig. 4. Approximated third-order small-signal circuit of SRC proposed in [20]
in (a) the complex domain and (b) the time domain.

approximated as

v̂r

îr
=

1

sCr + jΩsCr
=

1− s
jΩs

jΩsCr

(
1 + s2

Ω2
s

)

≈ s

Ω2
sCr

+
1

jΩsCr
. (1)

Moreover, using Thevenin theorem, the frequency-controlled
current source jVrCrω̂s is converted to a voltage source in low
frequency range, i.e.,

1

sCr + jΩsCr
jVrCrω̂s ≈ Vrω̂s

Ωs
. (2)

Using (1) and (2), the resonant capacitor model is approx-
imated to be Fig. 3. Obviously, the capacitor behaves like an
inductor in the low frequency range.

Replacing the resonant capacitor model with Fig. 3 leads
to a third-order circuit of SRC, as shown in Fig. 4(a), where
the equivalent impedance of the resonant inductor and resonant
capacitor, denoted as ZLC˙aprx0(s), is

ZLC_aprx0(s) ≈ sLe0 + jXeq. (3)

The equivalent inductor Le0 is expressed as

Le0 = Lr

(
1 +

Ω2
r

Ω2
s

)
(4)

Fig. 5. Deccoupled third-order small-signal circuit of SRC in [20].

Fig. 6. Bode plot of Gvg(s) from the full-order SRC model and the existing
three reduced third-order models in [20], [21], [22] when Fs = 0.6 Fr, Q =
4.972 with the circuit parameters in Table I.

where Ωr is the resonant angular frequency of Lr and Cr,
expressed as

Ωr =
1√
LrCr

. (5)

Xeq is

Xeq = ΩsLr − 1

ΩsCr
. (6)

The corresponding time-domain representation of Fig. 4(a)
is shown in Fig. 4(b), where the coefficients of the dependent
sources, Rx, Ry, Gs0, and Gc0 are given in the Appendix. In
Fig. 4(b), the dependent voltage sourcesRx îc andRy îs represent
the coupling between the sine part and cosine part.

To better yield the physical insights, a decoupled third-order
equivalent circuit in time domain was further proposed in [20],
as illustrated in Fig. 5, wherse îc and îs are merged into the actual
resonant current îr, and the dependent sources representing the
coupling are all eliminated. The coefficients Kv0, Kf0 are given
in the Appendix. Obviously, Fig. 5 is more concise and useful
than Fig. 4.

It is worth noting that there are other reduced-order models
reported for SRC in [21] and [22]. Vyapari et al. [21] is essen-
tially equivalent to [20], while Chacko and Lakshminarasamma
[22] also adopted (4) to simplify the capacitor. In addition, it
uses the assumption |s|<<Ωs for approximation, which leads to
different transfer functions. Their final bode plots (see Figs. 6
and 7) fail to accurately predict the beat frequency double pole.
Furthermore, the phase response of them also exhibits deviations
in the high-frequency range.
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Fig. 7. Bode plot of Gvf(s) from the full-order SRC model and the three
existing reduced third-order models when Fs = 1.05 Fr, Q = 0.642 with the
circuit parameters in Table I.

III. EQUIVALENT CIRCUIT OF THE IMPEDANCE NETWORK

Recall the derivation of the third-order equivalent circuit in
[20], the approximation was conducted only for the resonant
capacitor model. However, in fact, the equivalent circuit is de-
termined jointly by the inductor model and the capacitor model.
There is a close interaction between the resonant inductor model
and the resonant capacitor model. The approximated capacitor
model in [20] is valid for itself, but might fail when applied to
the entire circuit. This article will derive an equivalent circuit of
the SRC with the consideration of the interaction between the
resonant elements. The approximation of the passive impedance
network will be presented in this section.

The impedance of the inductor and capacitor series network
in Fig. 2(a) can be expressed as

ZLC(s) = sLr + jΩsLr +
1

sCr + jΩsCr

=
(sLr + jΩsLr) (sCr + jΩsCr) + 1

jΩsCr

(
1 + s

jΩs

) . (7)

Multiplying the numerator and denominator of ZLC(s) by
1−s/jaΩs at the same time, ZLC(s) becomes

ZLC(s) =
[(sLr + jΩsLr) (sCr + jΩsCr) + 1]

(
1− s

jaΩs

)
jΩsCr

(
1 + s

jΩs

)(
1− s

jaΩs

)
(8)

where a can be any real number pending determined.
Expanding (8) leads to

ZLC(s) =
j
(
ΩsLr − 1

ΩsCr

)
1 + a−1

a
s

jΩs
+ s2

aΩ2
s

+
sLr

[
2− 1

a + 1
aΩ2

sLrCr
+
(
1− 2

a

)
s

jΩs
+ s2

aΩ2
s

]
1 + a−1

a
s

jΩs
+ s2

aΩ2
s

.

(9)

Fig. 8. Comparison of lying the numerator and denomiLC(s) by different
equivalent when Ωs = 0.6Ωr.

Note the denominator of (9) is a second-order differentiation
element, in which the corner frequencies of s and s2 terms are
| a
a−1 |Ωs,

√|a|Ωs, respectively. When a>1, the corner frequen-
cies of s and s2 terms are higher than Ωs, thus the following
approximation holds true in the frequency range |s| << Ωs,

1 +

(
1− 1

a

)
s

jΩs
+

s2

aΩ2
s

≈ 1. (10)

Similarly, the corner frequencies of s and s2 terms of the
second-order differentiation element in the numerator are also
higher than Ωs when a>1, therefore we have

2− 1

a
+

1

aΩ2
sLrCr

+

(
1− 2

a

)
s

jΩs
+

s2

aΩ2
s

≈ 2− 1

a
+

1

aΩ2
sLrCr

. (11)

With (10) and (11), ZLC(s) is approximated to be ZLC˙aprx(s)
when |s| << Ωs, which is expressed as

ZLC_aprx(s) ≈ sLr

(
2− 1

a
+

1

aΩ2
sLrCr

)
+ jXeq. (12)

Evidently, the passive impedance network exhibits inductive
characteristic. The value of equivalent inductor depends on the
choice of a.

Observing the curve of ZLC in Fig. 8, it is found ZLC has
an impedance valley, by letting |ZLC(s)| = 0, the corresponding
frequency of which can be solved as

s = j (Ωr − Ωs) . (13)

To ensure that the models before and after approximation have
high consistency, ZLC˙aprx(s) should also be zero at s = j(Ωr −
Ωs), i.e.,

|ZLC_aprx[j (Ωr − Ωs)]|

≈
∣∣∣∣(Ωr − Ωs)Lr

(
2− 1

a
+

1

aΩ2
sLrCr

)
+Xeq

∣∣∣∣ .
= 0 (14)
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from which, a is solved to be

a = 1 +
Ωr

Ωs
. (15)

Substituting (15) into (12), the final expression of ZLC˙aprx(s)
is

ZLC_aprx(s) ≈ sLr

(
1 +

Ωr

Ωs

)
+ jXeq. (16)

The equivalent inductor, denoted as Le, is expressed as

Le = Lr

(
1 +

Ωr

Ωs

)
. (17)

Obviously, the proposed Le here is different from Le0

in [20] except when Ωs = Ωr. Fig. 8 illustrates both the
curves of ZLC˙aprx(s) and ZLC˙aprx0(s). It evidently shows
that ZLC˙aprx(s) has a better agreement with ZLC(s) than
ZLC˙aprx0(s), especially at and after the impedance valley.

IV. EQUIVALENT CIRCUIT OF THE FREQUENCY-CONTROLLED

SOURCES

According to Fig. 2, the complete frequency- controlled
source is superimposed of that from the resonant inductor model
and that from the resonant capacitor model. Numerous simula-
tion and experiment results show the interaction between the
inductor and capacitor has no fixed varying pattern. Due to this
reason, this article intends to approximate Fig. 2 from the accu-
rate state equations to minimize the error. Solving the accurate
fifth-order state equations in Fig. 2 will be very complicated
and tedious. To avoid this problem, we assume v̂in and v̂o to
be zero with the aim of obtaining the simplest possible state
equation about the inductor current under the perturbation of ω̂s.
Considering this, the resonant voltage equations from Fig. 2(b)
are {

dv̂s

dt = îs
Cr

+Ωsv̂c + Vcω̂s

dv̂c

dt = îc
Cr

− Ωsv̂s − Vsω̂s

. (18)

Using Laplace transform, (18) is solved to be[
v̂s
v̂c

]
=

1

Cr

1

s2 +Ω2
s

[
ŝis +Ωsîc
−Ωsîs + ŝic

]

+
1

s2 +Ω2
s

[
sVc − VsΩs

−VcΩs − sVs

]
ω̂s. (19)

Similarly, state equations of the resonant currents are⎧⎨
⎩

dîs
dt = −Rs

Lr
îs +

(
Ωs − krs

Lr

)
îc − 1

Lr
v̂s + Icω̂s

dîc
dt = −

(
Ωs +

krc

Lr

)
îs − Rc

Lr
îc − 1

Lr
v̂c − Isω̂s

(20)

which can be written as[
sLr +Rs −LrΩs+krs
LrΩs + krc sLr +Rc

] [
îs
îc

]

= −
[
v̂s
v̂c

]
+

[
LrIc
−LrIs

]
ω̂s. (21)

Substituting (19) into (20), and after rearrangement, we can
get the state equations without resonant voltages,[

sLr +
1
Cr

s
s2+Ω2

s
+Rs −LrΩs +

1
Cr

Ωs

s2+Ω2
s
+krs

LrΩs − 1
Cr

Ωs

s2+Ω2
s
+ krc sLr +

1
Cr

s
s2+Ω2

s
+Rc

] [
îs
îc

]

=

[
LrIc − sVc−ΩsVs

s2+Ω2
s

−LrIs +
sVs+ΩsVc

s2+Ω2
s

]
ω̂s. (22)

The state matrix in (22) is denoted as

A =

[
sLr +

1
Cr

s
s2+Ω2

s
+Rs −LrΩs +

1
Cr

Ωs

s2+Ω2
s
+krs

LrΩs − 1
Cr

Ωs

s2+Ω2
s
+ krc sLr +

1
Cr

s
s2+Ω2

s
+Rc

]
.

(23)
Solving (22), we have[

îs
îc

]
= A−1

[
LrIc − sVc−ΩsVs

s2+Ω2
s

−LrIs +
sVs+ΩsVc

s2+Ω2
s

]
ω̂s. (24)

The actual resonant current îr is the superposition of îs and
îc, which is expressed to be [15]

îr =
π

2
ksîs +

π

2
kcîc. (25)

Substituting (23) into (24), and simplifying it, the expression
of îr is found to be

îr =
1

|A|
4

π

Vin

C2
rΩs

√
R2

eq +X2
eq

·
(

s2

Ω2
r
+ 1 + Ω2

s

Ω2
r

)(
1− Ω2

s

Ω2
r

)
+ sReqCr

s2 +Ω2
s

ω̂s (26)

where Req is the equivalent load resistor and is expressed as

Req =
8

π2
RLd. (27)

When |s|<< Ωs, îr is approximated to be

îr ≈ 1

|A|
4

π

Vin√
R2

eq +X2
eq

1− Ω4
s

Ω4
r
+ sReqCr

C2
rΩs

ω̂s. (28)

In Section III, the passive impedance network has been ap-
proximated. Therefore, the equivalent circuit of SRC can be
depicted in the form of Fig. 9 , where Gs, Gc are coefficients of
the frequency-controlled voltage sources pending to be settled.
In order to minimize the error of the reduced order equivalent
circuit, the expression of îr derived from Fig. 2 should be as
consistent as possible with (28).

Similarly, setting v̂in and v̂o to be zero in Fig. 9, the state
equations of the resonant currents are{

dîs
dt = −Rs

Le
îs +

Rx

Le
îc +

Gs

Le
ω̂s

dîc
dt = −Ry

Le
îs − Rc

Le
îc − Gc

Le
ω̂s

. (29)

Using Laplace transform, we have[
sLe +Rs −Rx

Ry sLe +Rc

] [
îs
îc

]
=

[
Gs

−Gc

]
ω̂s. (30)
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Fig. 9. Proposed third-order small-signal circuit of SRC.

Fig. 10. Equivalent circuit of SRC with the dependent voltage source v̂x.

Fig. 11. Equivalent impedance representing the relationship between v̂x
caused îr.

Fig. 12. Final form of the proposed third-order equivalent circuit of SRC.

TABLE I
PARAMETERS OF THE DABSRC

Defining the sate matrix in (30) as

Aaprx =

[
sLe +Rs −Rx

Ry sLe +Rc

]
. (31)

The deduced approximate îr is expressed as

îr=
1

|Aaprx|
Gs

(
R2

eq+X2
eq

)
+sLe (GsReq+GcXeq)√
R2

eq +X2
eq

ω̂s. (32)

Comparing (28) and (32), |A| can be approximated with
|Aaprx|, i.e.,

|A| ≈ |Aaprx| = s2L2
e + sLeReq +X2

eq. (33)

The numerators of (28) and (32) should also be equal, there-
fore

4Vin

π

1− Ω4
s

Ω4
r
+ sReqCr

C2
rΩs

= Gs

(
R2

eq +X2
eq

)
+ sLe (GsReq +GcXeq) (34)

from which, Gs and Gc are solved to be

Gs = −4VinXeq
(
1 + Ω2

sLrCr

)
πCrΩ2

s

(
R2

eq +X2
eq

) (35)

Gc =
4VinReq

(
1 + Ω2

sLrCr

)
πCrΩ2

s

(
R2

eq +X2
eq

) +
4VinReq

πLeCrXeqΩ3
s

. (36)

Compared with the derived Gs0 and Gc0 by [20], the following
relationship is found

Gs = Gs0, Gc = Gc0 +
4VinReq

πLeCrXeqΩ3
s

. (37)

It is interesting to see that Gs and Gs0 are consistent, whilst Gc

is different from Gc0. The extra term in Gc reflects the interaction
between the resonant inductor and the resonant capacitor.

Based on Fig. 9, the transfer function from v̂in to v̂o, denoted
as Gvg(s), and the transfer function from ω̂s to v̂o, denoted as
Gvf(s) are derived, as seen in (38)(shown at the bottom of next
page) and (39). They are still the three-order models and are of
the same complexity compared to [20].

V. NONCOUPLED EQUIVALENT CIRCUIT

Note the proposed third-order equivalent circuit in Fig. 9
uses îs and îc as the state variables, which is inconvenient in
practical use in that: îs and îc are coupled with each other; cand
îs and îc are not the actual resonant current îr. Based on this
consideration, this section intends to convert Fig. 9 to a new
equivalent circuit with îr being state variable.

The relationship between îr, îs and îc has been given in
(25). According to (25), multiplying the voltage sources in the
sine branch and cosine branch of Fig. 9 by ksπ/2 and kcπ/2,
respectively, and then combining them together, the circuit with
îr as the state variable is obtained in Fig. 10. The voltage source
v̂x is a dependent voltage source expressed as

v̂x =
π

2

(
ksRsîs + kcRy îs + kcRcîc − ksRxîc

)
(40)

v̂x needs to be eliminated so that the equivalent circuit can be
more concise v̂x is relevant to both îr and the external excitaiton
souces,v̂in and ω̂s, which will be analyzed separately below.

A. Relationship Between v̂x and îr

Setting v̂in, ω̂s as zero in Fig. 8, we have{
Rxîc − (sLe +Rs) îs = 2ksv̂o
(sLe +Rc) îc +Ry îs = −2kcv̂o

. (41)

which is solved to be

îs = − 4

π

R2
eq −X2

eq + sLeReq√
R2

eq +X2
eq

(
s2L2

e + sLeReq +X2
eq

) v̂o (42)
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îc =
4

π

Xeq (sLe + 2Req)√
R2

eq +X2
eq

(
s2L2

e + sLeReq +X2
eq

) v̂o. (43)

Substituting (42), (43) into (25) and (40), respectively,̂ir and
v̂x and are obtained as

ir = − 4

π

sLe +Req

s2L2
e + sLeReq +X2

eq
v̂o (44)

v̂x = − 4

π

X2
eq

s2L2
e + sLeReq +X2

eq
v̂o (45)

v̂x divided by îr leads to the following result,

v̂x

îr
=

X2
eq

sLe +Req

Δ
= Zx(s). (46)

Obviously, v̂x can be represented by an impedance Zx when
not considering the excitation sources. Furthermore, Zx can be
regarded as the parallel impedance of a capacitor Ce and a
resistor Re, as shown in Fig. 11. The values of Ce and Re are

Ce =
Le

X2
eq
, Re =

X2
eq

Req
. (47)

B. Relationship Between v̂x and the Excitation Sources

When the controlled voltage source v̂x is replaced with the
impedance Zx, the location of the external excitations, i.e., v̂in

and ω̂s will also alter. Both can be regarded as being composed
of a voltage source in series with the inductor and a current
source in parallel with the capacitor, as is shown in Fig. 12.
The voltage source and the current source dependent on v̂in are
denoted as Kv1v̂in and Kv2v̂in, respectively. The voltage source
and the current source dependent on ω̂s are Kf1ω̂s and Kf2ω̂s,
respectively. From Fig. 12, the transfer function from ω̂s to v̂o is

Gvf (s) =

2
πRLd

(
Kf2X

2
eq +Kf2R

2
eq + sKf1Le

)
(1 + sCoRLd)

(
s2L2

e + sLeReq +X2
eq

)
+Req (Req + sLe)

.

(48)

As (48) should be equal to (39), Kf1, Kf2 are solved as

Kf1 =
4VinReq

πLeCrΩ3
s

√
R2

eq +X2
eq

(49)

Kf2 = −4Vin
(
LeL

2
rC

2
rΩ

4
s + CrR

2
eq − Le

)
πLeC2

rX
2
eqΩ

3
s

√
R2

eq +X2
eq

. (50)

Similarly, Kv1, Kv2 are Solved to

Kv1 =
4Req

π
√
R2

eq +X2
eq

,Kv2 =
4

π
√
R2

eq +X2
eq

. (51)

In comparison, Kv1, Kv2 are consistent with the results in [20],
whilst Kf1, Kf2 are different. In particular, Kf1 = 0 in [20] but
is found to be non-zero here when considering the interaction
between the resonant inductor and resonant capacitor.

VI. DISCUSSION

This section will conduction a detailed analysis on the pro-
posed model, including comparison with the exisitng model,
dynmaic performance analysis, and sensitivity analysis.

A. Model Comparisons

Figs. 5 and 12 are, respectively, the equivalent circuit model
by the existing literature [20] and this article. To facilitate
comparison, all the differences between the two models are
collectively given in Table V of Appendix Section, which shows
two main distinctions, Le and Ce are changed; and the voltage
sources that relate to the frequency perturbation are different.

An SRC is designed to discuss the distinctions in detail. The
circuit parameters of the SRC are given in Table I. The resonant
frequency of the converter is 49.98 kHz.

Fig. 13 illustrates the bode diagrams of Gvg(s) from the
simulation result, the existing equivalent circuit in [20], and the
proposed equivalent circuit when the quality factor is 6.247.
The switching frequencies of Figs. 13(a)–(c) are 29.98, 49.96,
and 69.94 kHz, respectively. Hence, the beat frequency double
poles for Fig. 13(a) and (c) are both 19.98 kHz. Obviously, the
proposed equivalent circuit predicts the beat frequency dynamic
more accurately. In contrast, the existing equivalent circuit in
[20] deviates from the simulation even before the beat frequency
double pole. This can be interpreted readily from the proposed
equivalent circuit.

From Fig. 12, the resistor Re functions like a dampling resistor
of the Ce- Le network. According to (47), whenΩs gets far away
from Ωr, Re becomes large, Ce is resonant with Le, the resonant
frequency being

Ωe =
1

2π
√
LeCe

= |Ωs − Ωr| (52)

which is exactly the beat frequency double pole.
The bode diagrams of Gvf(s) are presented in Fig. 14, where

it is found that as Ωs approaches Ωr, the existing equivalent
circuit in [20] has a significant deviation from the simulation in

Gvg(s) =
v̂o(s)

v̂in(s)
=

Req√
R2

eq +X2
eq

(
R2

eq +X2
eq + sLeReq

)
(1 + sCoRLd)

(
s2L2

e + sLeReq +X2
eq

)
+Req (Req + sLe)

(38)

Gvf(s) =
v̂o(s)

ω̂s(s)
=

VinReq

(
−Ω2

s+Ω2
r

Ω2
s−Ω2

r
X2

eq +
sReq

CrΩ2
s

)
Ωs

√
R2

eq +X2
eq

[(
s2L2

e + sLeReq +X2
eq

)
(1 + CoRLds) +Req (sLe +Req)

] . (39)
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Fig. 13. Bode diagrams of Gvg when the quality factor Q = 6.247 at different switching frequencies. (a) Ωs = 0.6 Ωr. (b) Ωs = Ωr. (c) Ωs = 1.4 Ωr.

Fig. 14. Bode diagrams of Gvf when Q = 0.521 at different switching frequencies. (a) Ωs = 1.05Ωr. (b) Ωs = 1.15 Ωr. (c) Ωs = 1.25Ωr.

TABLE II
PARAMETERS WHEN DOING DYNAMIC PERFORMANCE VERIFICATION

the entire frequency range, while the proposed circuit is still able
to track the simulation result very well. The phase prediction of
the existing model in [20] is higher than the simulation phase,
especially after 0.2Fs, so closed loop design according to this
model may lead to system instability, whereas the proposed
model almost overlaps with the simulation model, reflecting
that our model is more suitable for controller design. The phase
issue can also be interpreted below from the proposed equivalent
circuit.

When Ωs approaches Ωr, Re approaches zero, the current
source Kf2ω̂s is nearly short. Therefore, the effect of ω̂s is
determined by Kf1ω̂s. However, Kf1 = 0 in [20], which means
ω̂s has little effect on the circuit in the existing equivalent circuit
in [20]. In particular, when Ωs = Ωr, Kf2ω̂s is absolutely short,

the transfer function Gvf(s) = 0 in the existing equivalent circuit
in [20], reaching a maximum error. As the bode diagram when
Gvf(s) = 0 is infinitesimal, Ωs is set at 1.05Ωr in Fig. 14(a)–(c)
shows the characteristic whenΩs approachesΩr. It can be found
that the proposed model could capture the characteristics of the
system up to about half of the switching frequency.

B. Model Dynamic Performance Analysis

To validate the model’s dynamic prediction ability on vari-
ous operating conditions, simulations were performed for both
load step and input voltage step conditions, with simulation
parameters as given in Table II. Simulation results (see Figs. 15
and 16) demonstrate that the proposed model accurately predicts
the system’s dynamic response under conditions where the load
steps from 50% to 100% and the input voltage steps by ±20%
. This conclusively establishes that the proposed model can
precisely describe the system’s dynamic characteristics across
different operating conditions.

C. Model Sensitivity Analysis

To investigate the impact of key component parameter devia-
tions on the performance of the proposed model, the sensitivity
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Fig. 15. Step responses when stepping the load resistance. (a) RLd steps from
15.5 to 31 Ω. (b) RLd steps from 15.5 to 7.75 Ω.

Fig. 16. Step responses when stepping the input voltage. (a) From 30 to 24 V.
(b) From 30 to 36 V.

of Gvg, Gvf to Lr and Cr are analyzed. We define the normalized
sensitivity as

Sy
x =

∂y/y

∂x/x
=

x

y

∂y

∂x
. (53)

The sensitivity of the proposed model transfer function Gvg with
respect to Lr and Cr is given by

S
Gvg(s)
Lr

=
∂Gvg(s)

∂Lr

Lr

Gvg(s)

S
Gvg(s)
Cr

=
∂Gvg(s)

∂Cr

Cr

Gvg(s)
. (54)

Fig. 17. Sensitivity of the transfer function to resonant components at the
operating point of fs = 2fr and Q = 0.521.

Considering the second-order terms, the sensitivity of the pro-
posed model transfer function Gvf with respect to Lr and Cr is
given by

S
Gvf(s)
Lr

=
∂Gvf(s)

∂Lr

ΔLr

Gvf(s)
+

1

2

∂2Gvf(s)

∂Lr
2

ΔL2
r

Gvf(s)

S
Gvf(s)
Cr

=
∂Gvf(s)

∂Cr

ΔCr

Gvf (s)
+

1

2

∂2Gvf(s)

∂Cr
2

ΔC2
r

Gvf(s)
. (55)

The magnitude characteristic is obtained as

A
S

Gvf
Lr

(s) = 20 lg
∣∣∣SGvf

Lr
(s)

∣∣∣
A

S
Gvf
Cr

(s) = 20 lg
∣∣∣SGvf

Cr
(s)

∣∣∣ . (56)

Fig. 17 shows the normalized sensitivity curves of each trans-
fer function to the resonant components under the operating
condition of a switching frequency of 100 kHz and a quality
factor Q = 0.521. As can be seen from the figure, the peak
values of the four sensitivity curves, from top to bottom, are:
6.1 dB (corresponding to SGvg

Lr ); −1.78 dB (corresponding to
|SGvg

Cr |); −16.6 dB (corresponding to |SGvf
Lr |); and −19.6 dB

(corresponding to |SGvf
Cr |).When the inductance value increases

by 10% , the magnitudes of the transfer functions |Gvg(s)| and
|Gvf(s)| exhibit deviations of 20.2% and 1.4% , respectively.
When the capacitance value increases by 10% , the correspond-
ing magnitudes of the transfer functions |Gvg(s)| and |Gvf(s)|
exhibit deviations of 8.1% and 1.1% , respectively.

In this operating condition, the magnitude-frequency char-
acteristic curves of Gvf(s) and Gvg(s) before and after a 10%
increase in component parameters are shown in Fig. 18. To
quantify the transfer functions’ variation, the difference in func-
tion values before and after the parameter change is taken at
the frequency corresponding to the maximum sensitivity. This
difference in logarithmic coordinates is then converted to a
linear value, thereby calculating the actual deviation. The results
indicate that when the inductance value increases by 10% , the
deviations of |Gvg(s)| and |Gvf(s)| are approximately 23.8% and
0, respectively. When the capacitance value increases by 10% ,
the deviations of the corresponding magnitudes of |Gvg(s)| and
|Gvf(s)| are approximately 5% and 0, respectively. These results
are consistent with the sensitivity calculations.

Under this condition, it can be observed that only |Gvg(s)|
is sensitive to variations in Lr, while it remains insensitive to
changes in Cr. In contrast, |Gvf(s)| shows negligible sensitivity
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Fig. 18. Magnitude characteristic curves of Gvf(s) and Gvg(s) before and after
a 10% increase in the values of the resonant components.

Fig. 19. Test platform for transfer function measurement.

to variations in both Lr and Cr. Please note that this analysis
corresponds to the specific operating condition, for other condi-
tions, sensitivity analysis should be performed again.

VII. EXPERIMENTAL VERIFICATION

The circuit parameters of the SRC are basically identical with
Table I, except that the switching frequency and the Q value
may change with the load. Prototype of the experimental circuit
is shown in Fig. 19. It includes the main power circuit part and
the transfer function measurement part. The main circuit part
includes the primary-side bridge board, a secondary-side bridge
board, the resonant network, and the load resistor. The transfer
function measurement circuit includes the bode 100 network
analyzer from Omicron, a signal isolation transformer, and a
voltage-controlled oscillator (VCO) in UCC25600 to generate
frequency perturbation.

Next, we will confirm the effectiveness of the model by
measuring the transfer function and designing a closed-loop
controller to observe stability.

Fig. 20. Schematic diagram of the measurement of Gvf (s).

A. Measurement of the Transfer Function

The schematic diagram for measuring the transfer function
Gvf(s) is demonstrated in Fig. 20. The measurement process
initiates with Bode100 generating a sinusoidal sweep signal
spanning frequency from 10 to 60 kHz. This signal undergoes
galvanic isolation via a signal injection transformer, then is
superimposed with offset current, which flows into a transistor-
based voltage controlled current source to generate an am-
plified current for the inherent voltage controller oscillator of
UCC25600. After that, the frequency of the generated driving
signals for all switches. In this way, the frequency perturbation
is realized. Then, the output voltage of the SRC is sent to the Test
port of VNA after sampling. The frequency perturbation signal
is sent to the Ref port. A transfer function that is the ratio of the
test port signal to the Ref port signal is obtained. Calculating
the dc gain K of the VCO, and dividing the transfer function
obtained in the previous step by K leads to the final transfer
function of Gvf(s).

Figs. 21 and 22 give the experimentally measured results of
the of Gvf(s). The gain K is 78 dB in this case [18] and has been
considered during the measurement.

It can be seen from Figs. 21 and 22 that the proposed equiv-
alent circuit model coincides well with the experimental curve.
The phase-frequency curve of this model is more consistent with
experimental results than that of existing models, and the phase
of the latter curve always leads that of the former curve. All
these are consistent with the theoretical analysis.

B. Stability Evaluation by the Proposed Model

According to the previous analysis, the phase error of existing
model in [20] gradually increases with the frequency, which will
seriously affect the accuracy at high bandwidth control scenar-
ios, and finally risk the stability of the system. To address this
issue, two compensators of the closed-loop DABSRC system are
designed here, with cut-off frequencies at 0.1Fs (low bandwidth)
and 0.2Fs (high bandwidth), respectively. The block diagram
illustrating the closed-loop control of the circuit is presented in
Fig. 23, with Gc(s) being the compensator and Hv being the gain
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Fig. 21. Bode diagrams of Gvf(s) at different switching frequencies when Q = 0.677. (a) Ωs = 1.101Ωr. (b)Ωs = 1.114 Ωr. (c) Ωs = 1.301Ωr.

Fig. 22. Bode diagrams of Gvf(s) at different switching frequencies when Ωs = 1.101Ωr. (a) Q = 2.082. (b) Q = 1.041. (c) Q = 0.521.

Fig. 23. Closed-loop control block diagram of the DABSRC system.

Fig. 24. Type III compensator.

TABLE III
TYPE III COMPENSATOR PARAMETERS AT LOW BANDWIDTH

of the voltage sensor. The Gc(s) is implemented with a type III
compensator shown in Fig. 24. The loop gain of the closed-loop
system is

T (s) = Gc(s)KGvf(s)Hv. (57)

The bode plots of T(s) with different bandwidths are shown
in Fig. 25. For the low-bandwidth case shown in Fig. 25(a),
the compensation parameters are given in Table III. The cut-off
frequency and phase margin predicted by the existing model
are 6 kHz and 74.7°, while those of the proposed model are
5.7 kHz and 48.3°. According to the Nyquist criterion, both
models predict the system to be stable. The experimental
waveforms in Fig. 26 indicated that the system is actu-
ally stable, verifying that both models are useful at low
bandwidth.

However, at high bandwidth, the conditions differ a lot.
Fig. 25(b) displays the Bode plots of the corresponding T(s),
with compensation parameters given in Table IV. It can be
observed that the cut-off frequency and phase margin of the
existing model are 11.3 kHz and 17.2°, while the proposed
model are 14.1 kHz and −37.6°. According to the Nyquist
criterion, the former case predicts stability, whereas the latter
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Fig. 25. Predicted bode plots of T(s) by both models at different bandwidths.
(a) When the cut-off frequency is around 0.1Fs. (b) when the cut-off frequency
is around 0.2Fs.

Fig. 26. Experimental waveforms with the cut-off frequency at 0.1Fs, which
is stable as predicted by both models.

TABLE IV
TYPE III COMPENSATOR PARAMETERS AT HIGH BANDWIDTH

Fig. 27. Experimental waveforms with the cut-off frequency at 0.2Fs, which
is unstable as predicted by the proposed model.

predicts instability. The time-domain experimental waveforms
presented in Fig. 27 shows that the system is in fact unstable.
This validates that the proposed model is more accurate no
matter the bandwidth is low or high, while existing models
are only suitable for low-bandwidth design. It is worth noting
that the proposed modeling is general and not limited to a
specific controller type. As a result, it is applicable for guid-
ing the design of various types of controllers, and contributes
to a simpler, more reliable, and efficient controller design
process.

VIII. CONCLUSION

This article proposed a third-order equivalent circuit of the
SRC with the consideration of the interaction between the
resonant inductor model and resonant capacitor model. The
proposed equivalent circuit is concise in form. Fruitful physical
insights are readily extracted from the derivation process of
the model. Besides, the equivalent circuit shows good accu-
racy no matter when the switching frequency is above, be-
low, or equal to the resonant frequency. The beat frequency
dynamic is also explained using this equivalent circuit. More-
over, owing to its phase-frequency curve being more consis-
tent with experiment, the proposed equivalent circuit model
exhibits greater applicability in both low- and high-bandwidth
closed-loop system design. Finally, the simulation and experi-
mental results verify the validity of the new equivalent circuit
model.

APPENDIX

The symbols associated with the fifth-order equivalent circuit
of SRC [see Fig. 2(b)] are expressed as

krs =
R2

eqXeq

R2
eq+X2

eq
, krc =

R2
eqXeq

R2
eq+X2

eq

ks =
2

π

Req√
R2

eq+X2
eq

, kc = − 2

π

Xeq√
R2

eq+X2
eq

(A1)

Rs =
ReqX

2
eq

R2
eq+X2

eq
, Rc =

R3
eq

R2
eq+X2

eq
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TABLE V
COMPARISON BETWEEN THE EXISTING MODEL [20] AND THE PROPOSED MODEL

Vs = − 4Vin

πΩsCr

Xeq

R2
eq+X2

eq
, Vc = − 4Vin

πΩsCr

Req

R2
eq+X2

eq

Is =
4Vin

π

Req

R2
eq+X2

eq
, Ic = −4Vin

π

Xeq

R2
eq+X2

eq
. (A2)

The symbols associated with the third-order equivalent circuit
of SRC [see Fig. 4(b)] are expressed as

Rx =
X3

eq

R2
eq +X2

eq
, Ry = Xeq

X2
eq + 2R2

eq

R2
eq +X2

eq

Gs0 = − 4VinXeq
(
1 + Ω2

sLrCr

)
πCrΩ2

s

(
R2

eq +X2
eq

) ,

Gc0 =
4VinReq

(
1 + Ω2

sLrCr

)
πCrΩ2

s

(
R2

eq +X2
eq

) . (A3)

The symbols associated with the decoupled third-order equiv-
alent circuit of SRC (see Fig. 5) are expressed as

Kv0 =
4

π
√
R2

eq +X2
eq

,Kf0 = − 4Vin

πΩs

√
R2

eq +X2
eq

Ω2
s +Ω2

r

Ω2
s − Ω2

r

.

(A4)

When the output voltage is given, the corresponding switching
frequency is known, (A5) shown at the bottom of this page.

The differences between [20] and the proposed model are
given in Table V.

Vo =
Vin sin

(
π
2Dy

)
ΩsCrReq√

(1− Ω2
sLrCr)

2 + [ΩsCr (Req +Rp)]
2
,Ωs =

√√√√√√√√√√√√√√√

−
⎧⎨
⎩
[Cr (Req +Rp)]

2

−
[
Vin sin(π

2 Dy)CrReq

Vo

]2
− 2LrCr

⎫⎬
⎭

±

√√√√√
⎧⎨
⎩
[Cr (Req +Rp)]

2

−
[
Vin sin(π

2 Dy)CrReq

Vo

]2
− 2LrCr

⎫⎬
⎭

2

− 4(LrCr)
2

2(LrCr)
2 . (A5)
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