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Reduced Order Equivalent Circuit Model of Series
Resonant Converter Considering the Interaction
Between Resonant Elements

Xin Li
‘Wu Chen

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

UE to the advantages of high switching frequency, high
D 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 dg-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 freugency.
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
amore 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, adecoupled 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(v,). The resonant tank is composed of the resonant inductor
L,, and the resonant capacitor C,. vr and ir are the resonant
capacitor voltage and the resonant inductor current, respectively.
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Fig.2.  Accurate small-signal equivalent circuit of SRC in (a) complex domain
and (b) time domain.

Co is the output filter capacitor, Ryq is the load resistor. The
switching (angular) frequency is fs(ws). The resonant (angular)
frequency is f, (w,), Fig. 2(a) is the small-signal equivalent
circuit in complex domain proposed in [15], where V, and I,
are the vectors of the resonant capacitor voltage and the resonant
inductor current in the steady state. v, and ir 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 L,., the
complex impedance j€2sL,, and a frequency-controlled voltage
source jI.L &4, where € is switching angular frequency in
steady state. The resonant capacitor model is comprised of the
capacitor C,.,, the complex impedance 1/jQ2;C,, and a frequency
controlled current source jV . C;@s.

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) @S(C), %S(C) are the sine
(cosine) components of v, and ir. krs, kre, ks, ke, Rs, R, Vs,
V., I, and I, 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 freugency range far below the steady-state switching
(angular) frequency F,(2,), we have |s?| << 02, therefore
the parallel impedance of sC, and 1/Q,C, in Fig. 2(a) are
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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

Ve 1 - o
o sCrHICjac, (14 )
S 1
AL IR S 1
zc, T j0.C, M

Moreover, using Thevenin theorem, the frequency-controlled
current source j V,.C,@s is converted to a voltage source in low
frequency range, i.e.,

1 V., Qg

- . - ‘VT‘CT‘ AS ~
sCr + 7.0, w Q.

)

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 Zr,caprx0($), 18

ZLC?aper (S) ~ SLeO + leq~ (3)

The equivalent inductor Le is expressed as

Q2
Le(] = Lr (1 + Q;‘> (4)
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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 1.

where (), is the resonant angular frequency of L, and C,,
expressed as

Q= ——. ®)

Xeq 18
1
Q.0

The corresponding time-domain representation of Fig. 4(a)
is shown in Fig. 4(b), where the coefficients of the dependent
sources, R, Ry, Gso, and G.o are given in the Appendix. In
Fig. 4(b), the dependent voltage sources Ry and Rygs 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],
asillustrated in Fig. 5, wherse i and 74 are merged into the actual
resonant current i, and the dependent sources representing the
coupling are all eliminated. The coefficients K, Ky 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|< <€ 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.

Xeg = L, — (©6)
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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 Fis = 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

1
sC, + 78, Cy
_ (8Ly + 39 Ly) (sCy + jQ,C) +1

70 (14 5%)

ZLC(S) SL’I‘ +]Qer +

(7

Multiplying the numerator and denominator of Zi,c(s) by
1—s/jaf2 at the same time, Zy,c(s) becomes

[(sLr + JLe) (5Cr + 32,C) +1] (1= 5 )
JQ2sCr (1 + ]5;) (1 - jasQS>

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

ZLc(S) =

®)
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equivalent when 2s = 0.6{2r.

Note the denominator of (9) is a second-order differentiation
element, in which the corner frequencies of s and s> terms are
| =25 192, \/]a|€2s, respectively. When a>1, the corner frequen-
cies of s and s* terms are higher than Q,, thus the following
approximation holds true in the frequency range |s| << Qs,

1 ] 52
1 1—-—-]—=—+—= =1
* ( a) 7 i a)?
Similarly, the corner frequencies of s and s> terms of the

second-order differentiation element in the numerator are also
higher than €2, when a>1, therefore we have

(10)

oty L (12>5+32
a aQ2L,.C, a) jQs a2

1 1

a + aQ2L,.C,"

With (10) and (11), Zy,c(s) is approximated to be Z,capr«(8)
when |s| << Qj, which is expressed as

1
Zic aprx(8) = sL, <2 - +

~2— (1)

1 )

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

Observing the curve of Zr,¢ in Fig. 8, it is found Zp ¢ has
an impedance valley, by letting |Zy,c(s)| = 0, the corresponding

frequency of which can be solved as
s=7(9, — Q). (13)

To ensure that the models before and after approximation have
high consistency, Zy,caprx(s) should also be zero at s = j(2,, —
0, ie.,

|ZLC_aprx [] (Qr - Q@)] |

1 1
Sh )i x
a + aQELrCT> T e

Q

(Q — Q) L, (2 -

-0 (14)
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from which, a is solved to be

1+ 2,
a= —.
Qg
Substituting (15) into (12), the final expression of Zy,c aprx (5)
is

5)

0 .
Zic apix(s) = sLy <1 + Q> + jXeq- (16)
The equivalent inductor, denoted as L., is expressed as
Q,
Le=L. |14+ —). 17
(14 2) o

Obviously, the proposed L. here is different from Lo
in [20] except when Qg = €,. Fig. 8 illustrates both the
curves of Zr,craprx(s) and Zrcaprxo(s). It evidently shows
that Zy,caprx(s) has a better agreement with Zic(s) than
Z1,c aprxo(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 oy, and 7, to
be zero with the aim of obtaining the simplest possible state
equation about the inductor current under the perturbation of ws.
Considering this, the resonant voltage equations from Fig. 2(b)

are
dos _ i - ~
{d(étl = ?7 + Qsljc + Vc(i]s ' (18)
dtL = Cicr - sts - ‘/sws
Using Laplace transform, (18) is solved to be
Vg - i 1 Sgs + Qs%c
U]  Cps2+Q2 | Qi + sic
1 3‘/0 - V;Qs A
+ PEReP) o {—VCQS B SVJ w (19)
Similarly, state equations of the resonant currents are
die = _Baf 4 (QS - ’2) fe — 20 + Lot 0
ddifc:*( s ’Y:)%s*%%c*iﬁc*]‘sd}s
which can be written as
SLr + Rs _LrQs+krs 'zs
L’I‘QS + krc SLT + Rc %c
s L.I. | .
R EAT
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Substituting (19) into (20), and after rearrangement, we can
get the state equations without resonant voltages,
ic

sL, + C gzmz + Ry —LQ% + g v hes

L,Q, C 52+Qz + kre SLT+CLT‘@+RC
sV.—Q, Vs
| ke S| @ (22)
—LrIs + = :;;ng <

The state matrix in (22) is denoted as

sLy + &~ §2j92+R — L, +C 52+m+krs

L9, c S2+Q2 +kre sLy + c sz+92 + Re
(23)
Solving (22), we have
% L I _ SV2 Q 2V
As — A7 s +Q 5. 24
L-j LI, +% w (24)

The actual resonant current i, is the superposition of is and

%C, which is expressed to be [15]
- gkz + gk‘z (25)

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

A 14 Vin

Al o2, [R2 + X2,
52 Q2 Q
(+1+8)(1-3

s2+ 02

where R, is the equivalent load resistor and is expressed as

;) + 5ReqCy

s (26)

8

Req = ﬁRLw (27)
When |s|<< €, i, is approximated to be
Q4
R 1 4 : 1— 355 + sReqCr
i LAV 2 e (28)

C20,

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 G, G, 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 ix derived from Fig. 2 should be as
consistent as possible with (28).

Similarly, setting oy, and 0, to be zero in Fig. 9, the state
equations of the resonant currents are

{ddtté :_§:%S+%%C+gjws (29)
dic _ _Ry> _ R _ Gep o
@i = " T.ls T Iile— IoWs
Using Laplace transform, we have
sLe+ Ry —Ry |[is] _[Gs ].
SN 1
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Fig. 9. Proposed third-order small-signal circuit of SRC.
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Fig. 12.  Final form of the proposed third-order equivalent circuit of SRC.
TABLE I
PARAMETERS OF THE DABSRC
Parameters Values Parameters Values
Vin 30V C; 51 nF
fr 49.96 kHz C, 22 uF
L, 199 uH Riq 10-120 Q

Defining the sate matrix in (30) as

_|sLe 4+ Rs —R,
Aaprx - |: Ry SLe + RC:| . (31)
The deduced approximate i is expressed as
. 1 Gy (Re+XZ2)+sLe (GsReog+Ge Xeq)
iy = - (32)
| Aaprx |

\ B + X

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

|A| ~ |Agpix| = 5°L7 + sLeReq + X2, (33)

9459

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

Q4
avi, 1 — Q—; + 5ReqC
T C2Q;
= G, (R + X2,) + sLe (GsReq + GeXeq)

(34)
from which, G, and G, are solved to be
4VinXeq (1 + Q2L,C,
Gs _ q ( ) (35)
7C.02 (R2, + X2)

AV Req (1+ Q2L,C,)
7C, 02 (R2, + X2)

4VinReg

Ge= TLeCr X3

(36)

Compared with the derived G 59 and G by [20], the following
relationship is found

4VinReq
TLCr Xeg3

Itis interesting to see that G, and G4 are consistent, whilst G
is different from G .. The extra term in G . reflects the interaction
between the resonant inductor and the resonant capacitor.

Based on Fig. 9, the transfer function from ;, to 9, denoted
as Gyg(s), and the transfer function from @ to 0, denoted as
G¢(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].

Gs = GsO7 Gc = GCO + (37)

V. NONCOUPLED EQUIVALENT CIRCUIT

Note the proposed third-order equivalent circuit in Fig. 9
uses %S and %C as the state Variables which is inconvenient in
practical use in that: is and 7. are coupled with each other; cand
is and 7. are not the actual resonant current zr Based on this
consideration, this section intends to convert Fig. 9 to a new
equivalent circuit with 7, being state variable.

The relationship between 1., zb and zc has been given in
(25). According to (25), multiplying the voltage sources in the
sine branch and cosine branch of Fig. 9 by ks7/2 and k.7/2,
respectively, and then combining them together, the circuit with
i, as the state variable is obtained in Fig. 10. The voltage source
Uy 1s a dependent voltage source expressed as

b = 5 (RoRols + KoRyis + keReie — K Ruic)  (40)

0y needs to be eliminated so that the equivalent circuit can be
more concise Uy is relevant to both 7, and the external excitaiton
souces, Vi, and wg, which will be analyzed separately below.

A. Relationship Between vy and %r

Setting vy, ws as zero in Fig. 8, we have

Ryic — (sLe + Ry) iy = 2k,
2 N . 41
(sLe + Re)ic + Ryis = —2k 0,
which is solved to be
R 4 R? — X2 +sL.R
Iy = —— S “ b, (42)

T R+ X2 (s2L2 + sLeReq + ng)
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/}_4

e =

Xeq (8Le + 2Req) 5 @3)

T R2, + X2 (s2L2 + sLeReq + X2))

Substituting (42), (43) into (25) and (40), respectively,gr and
Uy and are obtained as

4 SLe + Req

b = —— U0 44
T RSP 4 sL Reg + X2, (“44)
4 Xz,
Up = —— Uo 45
T TR PL2 4 sLoReg + X2, “5)
Uy divided by %r leads to the following result,
Uy Xegq A
LM =gz 46
i SLe 4 Req (s) (46)

Obviously, 7 can be represented by an impedance Z, when
not considering the excitation sources. Furthermore, Z, can be
regarded as the parallel impedance of a capacitor C. and a
resistor R, as shown in Fig. 11. The values of C. and R, are

2
Le o Xeq

C.= <% R, ==
X2, Req

47

B. Relationship Between vy and the Excitation Sources

When the controlled voltage source 0 is replaced with the
impedance Z,, the location of the external excitations, i.e., Ui,
and wg 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 ¥y, are
denoted as K1 0;, and K90, respectively. The voltage source
and the current source dependent on @y are Ky ws and Ko,
respectively. From Fig. 12, the transfer function from s to 9, is

Gvf (S) =
%RLd (KfQXqu + ngqu + stlLe)
(14 5CoRLa) (s2L2 4 sLeReq + X2)) + Req (Req + sLe)
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Similarly, K1, K, are Solved to
4Req 4

— Ky = ———.
W,/R§q+X§q ﬂ,/quJngq

In comparison, K, 1, K2 are consistent with the results in [20],
whilst Kyi, Ky are different. In particular, K¢ = 0 in [20] but
is found to be non-zero here when considering the interaction
between the resonant inductor and resonant capacitor.

Ky = (51

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, L, and C, 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 R functions like a dampling resistor
of the C.- L. network. According to (47), when €0 gets far away

(48)  from Q,., R, becomes large, C. is resonant with L., the resonant
As (48) should be equal to (39), K1, K2 are solved as frequency being
AVinFeq Q=—1r _—j0,-0q
Ky = —_— (49) e = — = [ — (52)
WLECTQE qu + Xezq 27T LeCE
which is exactly the beat frequency double pole.
Ko — 4Vin (L L2C2Q% + Crqu — L) 50 The bode diagrams of G¢(s) are presented in Fig. 14, where
2= 2v2 O3 5 5 (50) it is found that as 2, approaches 2, the existing equivalent
L. C2X2 03, /R2 + X3 L N L - L
4 4 4 circuit in [20] has a significant deviation from the simulation in
() Do(s) _ R (R2, + X2, + sLcReq) 38)
Ve Din () Re2q + Xezq (14 sCyRL4) (S2L§ + sLeReq + ng) + Req (Req + sLe)
~ ViR (_Q§+Q?~X2 + 5 Req )
Uo(8 indleq 0202 “Yeq T T,02
G(8) (s) 39)

@s(s) Q.. JR2, + X2, [(sL2 + sLeReq + X2) (1 + CoRas) + Req (sLe + Reg)]
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TABLE I
PARAMETERS WHEN DOING DYNAMIC PERFORMANCE VERIFICATION

Parameter Value Parameter Value

fs 50.71 kHz Vi 24-36V
L, 199 uH C, 33 uF

C; 51 nF Rig 7.75-31Q

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 0.2F, 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 2 approaches €1,, R, approaches zero, the current
source KW is nearly short. Therefore, the effect of wg is
determined by K ws. However, Kf; = 0 in [20], which means
ws has little effect on the circuit in the existing equivalent circuit
in [20]. In particular, when Q2 = Q,, KWy is absolutely short,

the transfer function G¢(s) = 0 in the existing equivalent circuit
in [20], reaching a maximum error. As the bode diagram when
G(s) = 0 is infinitesimal, €2, is set at 1.05€2,. in Fig. 14(a)—(c)
shows the characteristic when 2 approaches €2,.. 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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of Gyg, Gy to L, and C, are analyzed. We define the normalized
sensitivity as

v _ /Yy _z0y

T Qxfr yox (53)

The sensitivity of the proposed model transfer function G, with
respect to L, and C,. is given by

Gy(s) 8G"Vg(s) Lr

S, = 0L,  Gyg(s)
Gvg(s) _ aGVg(S) CT
e = e e (54)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 6, JUNE 2026

40 ————— T
— ST(s) ==+ S(s)
@20 |- = = S0(s) Spds)
s : 4.45KkHz,6.14B)
% {
20 -6kHz;-1 B) g
g
& ] 37.1kHz,-16.64B)
=20 A SR IR A L S
— ket (43.6kHz.419.6dB)
—40E
T > 3 4 X104
10 10 Frequenlc%/(Hz) 10 6x10

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 G, with respect to L, and C,. is
given by

Ghi(s) _ aGVf(S) ALT lavaf(S) AL%

SL“" 8.[/,« Gvf(S) 2 8LT2 Gvf(s)
GGuls) _ 0Gye(s) AC, 182Gvf(s) AC? (55)
O 00, Gup(s) 2 00,2 Gyu(s)
The magnitude characteristic is obtained as
Aoy (5) =201g |8 (s)
Sey S5 (56)

Aga (s) =201 ]sg;f ()]

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 O = 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 Sg‘.’g); —1.78 dB (corresponding to
|Sg;’g ); —16.6 dB (corresponding to |S¢|); and —19.6 dB
(corresponding to |SE¥T|).When the inductance value increases
by 10% , the magnitudes of the transfer functions |Gyg(s)| and
|Gy¢(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 |Gy4(s)| and |Gy¢(s)|
exhibit deviations of 8.1% and 1.1% , respectively.

In this operating condition, the magnitude-frequency char-
acteristic curves of Gy¢(s) and G,4(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 |Gy4(s)| and |G(s)| are approximately 23.8% and
0, respectively. When the capacitance value increases by 10% ,
the deviations of the corresponding magnitudes of |Gy(s)| and
|Gy¢(s)| are approximately 5% and 0, respectively. These results
are consistent with the sensitivity calculations.

Under this condition, it can be observed that only |Gyg(s)|
is sensitive to variations in L,, while it remains insensitive to
changes in C,. In contrast, |G,¢(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.

Signal
transformer

Fig. 19.  Test platform for transfer function measurement.

to variations in both L, and C,. 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.

9463
Vo
il | +
Vi Series Resonant Converter | | Load
Under Test T W=
1
(Y7} =_ Y
Differential
Controller Amplifier
Q- Q4 Sampling
UCC25600
RT VNA
1 (Bode 100)
— Signal >0 Test
VCCS for !L‘ r: er
frequency §|E O Out
modulation |A’| r
1 » O Ref

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

A. Measurement of the Transfer Function

The schematic diagram for measuring the transfer function
Gy£(s) is demonstrated in Fig. 20. The measurement process
initiates with Bodel0O 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
isrealized. 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 G¢(s).

Figs. 21 and 22 give the experimentally measured results of
the of Gy¢(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 0.1 F (low bandwidth)
and 0.2F; (high bandwidth), respectively. The block diagram
illustrating the closed-loop control of the circuit is presented in
Fig. 23, with G .(s) being the compensator and H, being the gain
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Fig. 22. Bode diagrams of Gvf(s) at different switching frequencies when Qs = 1.101Qr. (a) Q = 2.082. (b) Q = 1.041. (c) Q = 0.521.

Veet (8 (s V(s of the voltage sensor. The G.(s) is implemented with a type III
(3 Gls) }MLI K |&’| Guls) l_Q' compensator shown in Fig. 24. The loop gain of the closed-loop
system is

@ T(s) = Ge(s)KGy(s)H,. (57)

Fig.23.  Closed-loop control block diagram of the DABSRC system. The bode plots of 7(s) with different bandwidths are shown

. in Fig. 25. For the low-bandwidth case shown in Fig. 25(a),

m = the compensation parameters are given in Table III. The cut-off

. i FRF C R frequency and phase margin predicted by the existing model

_H_:,_ ’—| }—:»—‘ are 6 kHz and 74.7°, while those of the proposed model are

N _ [ Vsampte 5.7 kHz and 48.3°. According to the Nyquist criterion, both

mod_%_. vy RN models predict the system to be stable. The experimental

waveforms in Fig. 26 indicated that the system is actu-

Fig. 24.  Type III compensator. ally stable, verifying that both models are useful at low
bandwidth.

TyPE Il COMPENS ATOREE;EEITI]{:RS AT Low BANDWIDTH However, at high bandwidth, the conditions differ a lot.

Fig. 25(b) displays the Bode plots of the corresponding 7(s),

Parameters Values Parameters Values with compensation parameters given in Table IV. It can be

1. 0.02 R 27 kQ observed that the cut-off frequency and phase margin of the

Rui 10 kQ Cri 56 nF existing model are 11.3 kHz and 17.2°, while the proposed

R 430 Cr 33 pF model are 14.1 kHz and —37.6°. According to the Nyquist

Cn 47 nF Vo 2961 V criterion, the former case predicts stability, whereas the latter
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Fig. 26.  Experimental waveforms with the cut-off frequency at 0.1F, which
is stable as predicted by both models.

TABLE IV
TYPE III COMPENSATOR PARAMETERS AT HIGH BANDWIDTH

Parameters Values Parameters Values
H, 0.02 Ry 910 kQ
Ry 10 kQ Cry 1.8 nF
R 750 Q Cra 6 pF
Cy 2.7 nF Vs 29.61V
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Fig. 27. Experimental waveforms with the cut-off frequency at 0.2F;, 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

b quXeq B quX
TS qu+Xe2q ’ c qu‘i‘Xqu
X,
k‘gzgi’h:,gé (A1)
™ A /R§q+X3q T, /qu—&—Xe?q
2 3
R, = st p fe

RZ+X2 T RE¥XZ
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TABLE V
COMPARISON BETWEEN THE EXISTING MODEL [20] AND THE PROPOSED MODEL
Existing model in[20] Proposed model
Fc(liulvalent - i o ., Q
n uct.ance of the v Qz rQS
capacitor
R t  network Q;
esonant  networ ' . . .
) L () =sL|1+— |+ jX L o)L |1+ + /X
impedance Q s
Frequency ar,x, (1+QXLC,) ar, x (1+QILC,)
perturbation s = S > s =7 2 2
coefficient(sin) ”CrQs (Req + Xeq ) ”CrQS (Req + Xeq )
2 Gc() =
Frequency 4V, Req (1 +QLC, ) )
perturbation GC = CQ (RZ X7 ) 4VinReq (1 + QerCr) + 4Vichq
coefficient(cos 7 + 2(p2 2 3
(cos) % e T Peq 7C Q) (ch + ch) 7L,C.X Q!
G (s) = G, (s)=
R
Input-to-output o4 (Rz + X2 +sLR ) $(RZ + X2 +sLR )
transfer function «’R:q + X2 ! ) ) \fRezq + X, ! ) )
(s°L2+ LR, + X7 )(1+C Ry ys)+ R, (sL,+R,,) (s°Li+ LR+ X2 )(1+C,Ryys)+ R, (SL + R,,)
G (5) = G ()=
R v, L R ; R O
Frequency-to-output $L3I(Q4 _ Q‘_‘) cq ViaL; (Q“ _ QA) l+s g™ %r
transfer function \ ,Rezq + X:q Q] ,R; N Xezq Q! r : L (Q:‘ _ Q:)
("L +SLR + X2 )(1+ C,Ryys)+ R, (sL, + R,,) (s°Li+ LR, + X )(1+C,Ryys)+ R, (SL +R,,)
R\ Xeq R ( Req o 4VinReq (1 + Q2L,C,) (A3)
s 2 20 ¢ T 2 2 0=
WQSCT Req+Xeq WQSCT Req+Xeq ¢ WCer (qu + ng)
AV Re Vi Xeg

I =

2 277°¢
T Re+X¢&

—_. A2
T R§q+X§q (A2)

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

3 2 2
R, — X R, = X Xeg + 2R
qu + XCQq qu + ng
AV Xoq (14 Q2L,C,.)
GSO = -

wC 2 (qu + ng) '

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

4 4V; Q2+ Q2

Ky = —F——=,Kpn = ' 2o
w,/quJrXezq WQS,/quJrXqu s S

(A4)

When the output voltage is given, the corresponding switching
frequency is known, (AS5) shown at the bottom of this page.

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

Vo

Vi, sin (gDy) Q.0 Req

€2

+

[Cr (Req + R,)T?

B |:V;nsin(gDy)CTch

2
- } —2L,C,

[Cy (Req + Ry)]?
Dy)Ch Reg

B {vm sin( % ?

— 4(L,C,)?
- —2L,C,

(A5)

VU= 2L,C)% 4 (9.0, (Reg + Ry

2(L,C,)?
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