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Equivalent Circuit Modeling of LLC
Resonant Converter

Shuilin Tian”, Fred C. Lee

Abstract—LLC resonant converter is widely used in industry.
However, up to now, no simple and accurate small-signal equiva-
lent circuit model is available. This article proposes an equivalent
circuit model of LLC resonant converter. The simple equivalent
circuit model is derived based on modification and simplification
of extended describing function method, which has already been
successful deriving equivalent circuit model in series resonant con-
verter [15]. The model can well predict the small-signal behaviors
observed in pulse-frequency-modulated LLC resonant converter,
whenever switching frequency is below, close to, or above the reso-
nant frequency. For the first time, analytical expressions for control
to output voltage, input to output voltage, input impedance, and
output impedance are provided to aid closed-loop feedback design.
SIMPLIS simulation and experimental results are presented to
prove the accuracy of the model.

Index Terms—DC-DC converter,
resonant converter, modeling.

equivalent circuit, LLC

1. INTRODUCTION

C-DC converters, in general, can be divided into two
D categories: pulsewidth modulation (PWM) converters, and
resonant converters. As most of the applications involve a
regulated output voltage, a feedback loop is incorporated into
the control system to stabilize the output voltage. For optimal
design purpose, small-signal equivalent circuit models are in-
dispensable. For PWM converters, equivalent circuit models are
available to engineers for most of the control methods. First,
for single loop (voltage mode) control, averaging concept is
widely used. This concept was first proposed by Wester and
Middlebrook [1] and then represented in state-space approach
by Middlebrook and Cuk [2]. To provide more insights on circuit
level, three-terminal switch model was proposed by Tymerski
etal. [3] and Vorperian [4]. Second, for current mode control, the
inductor current has sideband effect and it causes subharmonic
problem in some cases (D > 0.5 for peak current mode) [5].
In this case, average concept breaks down as the switching
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frequency components are neglected. A more advanced mod-
eling methodology describing function method is successfully
applied to all kinds of current mode controls by Li and Lee [5]
and analytical transfer functions are derived. To provide more
physical insights, unified three-terminal switch models are de-
veloped by Yan et al. [6] and Tian et al. [7]. Third, for V? control
or ripple-based control methods, both the capacitor voltage
and inductor current have the sideband effects [11]. Analytical
small-signal models are derived based on describing function
method by Li and Lee [8] and further analyzed by Tian et al.
[9], [10]. To provide more physical insights, a unified equivalent
circuit model for V2 control is developed in [11] and optimal
design guidelines are proposed for point-of-load applications
employing ceramic caps. Therefore, for PWM converters, feed-
back design is straightforward with the help of all these research
efforts.

However, compared with PWM converters, the scenario is
more complex for resonant converters. Even for the simplest
resonant converter: series resonant converter (SRC), the aver-
aging concept breaks down. The reason is that for resonant
converters, some of the state variables do not have dc compo-
nents but contain strong switching frequency component and its
harmonics, whereas the dc components are the dominant parts
of the state variables for PWM converters. Due to the strong
oscillatory nature of resonant states, the switching frequency
interacts with the natural resonant frequency. This results in an
interesting phenomenon, which is often referred to as the beat
frequency dynamics where the high-frequency response is deter-
mined by a pair of double pole located at the beat frequency [12].
The beat frequency dynamics cannot be investigated using the
averaging concept because it eliminates the switching frequency
information. Up to today, the most successful model to predict
the beat frequency dynamics is based on extended describing
function method by Yang et al. [13]. This method utilizes the
multivariable describing functions to treat the system nonlinear-
ities. This method provides continuous time small-signal models
in state-space representation, which can include any number of
harmonics for good model accuracy. An equivalent circuit model
is proposed for simulation purpose, taking only the fundamental
components to represent the tank variables. The equivalent
circuit model is cross-coupled and very complex. Recently, a
decent simple third-order equivalent circuit model is developed
by Tian et al. [14], [15] to explain all the small-signal properties,
including the beat frequency dynamics, in SRC. Besides, for the
first time, analytical expressions of all transfer functions are
presented for closed-loop feedback design of SRC.
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Fig. 1. Schematic of half-bridge LLC resonant converter (LLC).

LLC resonant converter, shown as Fig. 1 (with half-bridge
form), is the most popular resonant converter for front-end
dc—dc converters used in distributed power systems in telecom,
computer, and network applications [16], [17]. Besides, they are
also widely adopted in other applications, such as LCD, LED,
and plasma display in TV and flat panels; iron implanter arc
power supply; solar array simulator in photovoltaic application;
fuel cell applications, and so on. Available small-signal models
published in literatures include extended describing function
method [18]-[21], approach based on communication theory
[22], sampled-data modeling approach [23], analysis based on
SIMPLIS simulation [24], or bench measurement results [25].
All of the above models use numerical solutions instead of
analytical solutions. As a result, no simple equivalent circuit
model is available, and no analytical expressions of transfer
functions are presented.

This article proposes a simple equivalent circuit model as
a good design tool for LLC resonant converter. The simple
equivalent circuit model is derived based on and simplification of
extended describing function method, following similar strategy
on SRC resonant converter [14], [15], with some necessary
modification for the case when switching frequency Fj is be-
low resonant frequency F,,. The following two main objectives
will be achieved. 1) A simple third-order equivalent circuit
model of LLC resonant converter is proposed. The equivalent
circuit model can well predict beat frequency dynamics and
provide fruitful physical insights to understand the small-signal
behavior. 2) For the first time, analytical expressions for all
transfer functions are provided to help engineers to design the
feedback control appropriately. This article is an extension of the
conference paper [27], with the addition of more experimental
results, a session discussing the model limits and accuracy
(see Section IV-C), and more material for the model derivation
process. The remaining article is organized as follows. The
unified third-order equivalent circuit model is developed and
proposed in Section II. Section III discusses two important
aspects about the small-signal behavior with the proposed equiv-
alent circuit: dc gain and beat frequency dynamics. Besides,
analytical expressions of all transfer functions are presented for
easy reference. Section IV provides SIMPLIS simulation and
experimental results to verify the proposed equivalent circuit
model. Besides, the model accuracy and limits are discussed.
Finally, Section V concludes this article.
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Fig. 3. Small-signal model of LLC for F's > F,.

II. EQUIVALENT CIRCUIT MODEL OF LLC RESONANT
CONVERTER

For LLC resonant converter, one major advantage is its zero-
voltage switching (ZVS) capability for zero to full load range.
Generally speaking, ZVS is preferred for applications using
MOSFET. For SRC, ZVS can only be achieved when switching
frequency is above the resonant frequency. However, for LLC,
due to the effect of L,,, ZVS can also be achieved when
switching frequency is below the series resonant frequency Fj,.
From resonance point of view, the resonant tank is different
when comparing Fy > F, with Fy < F,. For Iy > F,, only
L, resonates with C,. and L,, is always clamped by the output
voltage. For F; < F,, there is a certain time period that L,, also
participates in resonance. Due to different resonant behaviors,
the small-signal models are developed for each case, as follows.

A. Equivalent Circuit Model of LLC for Fy > F,

As shown in steady-state waveform in Fig. 2, in this case,
LLC behaves like SRC. The magnetizing inductor L,,, is either
clamped by V,, or —V,, and never participates in resonance.

The model of inverter, rectifier, resonant inductor, and reso-
nant capacitor can be derived following the same methodology
as SRC, shown in [15]. During the derivation, fundamental
approximation is used, i.e., only fundamental components of
the resonant tank variable are considered. Fig. 3 shows the
small-signal model of LLC resonant converter for Fy; > F},. Note
that since half-bridge inverter is used in LLC resonant converter,
compared with the full-bridge inverter model, shown in [15], the
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Fig. 4. Small-signal model of LLC for Fs > F, with simplified resonant
capacitor branch.

magnitude of the current source and voltage source is reduced
to half on the inverter side (shown in red circle).

Similar as SRC [15], the resonant capacitor behaves like an
equivalent inductor with respect to modulation frequency.

This phenomenon is very interesting as it is somewhat against
the common sense in the PWM converter. The capacitor and
the inductor are the two basic energy storage elements with
very different dynamic behavior. However, with the formal
mathematical derivation shown in [15], in the resonant converter,
for low-frequency modulation signal, the capacitor behaves like
an equivalent inductor with respect to the modulation frequency.
It should be noted that this conclusion is only valid in the case
that the modulation signal is carried by the carrier frequency
(switching frequency). Therefore, this phenomenon only exists
in resonant converters and can never be observed in PWM-type
converters.

Therefore, the resonant tank can be simplified, as shown in
Fig. 4.

In this article, F (in Hz) is the frequency, whereas 2 is the
angular frequency (in radians/s). Angular frequency (2 is larger
than frequency F by a factor of 27. For examples, Qs = 2w F
and €2, = 27 F,. The expression of equivalent inductor L. and
impedance X, is shown as follows:

1 02
Le=Lo+ zag = Lr (1+Q§)
Xeq = QL L (1)
N O

The small-signal model shown in Fig. 4 has complex terms
and cannot be used for simulation. Following the similar method-
ology as SRC [15], the complex terms can be eliminated by
separating the resonant tank into sine part and cosine part, shown
as Fig. 5.

Similar as SRC [15], the superposition theorem is applied to
derive a noncoupled equivalent circuit model. The noncoupled
equivalent circuit is shown as Fig. 6.

L., R., and C, are used to represent beat frequency dynam-
ics and their expressions are same as SRC. L. and C, determine
the location of the double pole and R, provides the damping of
the double pole. The expressions of K, G,,, K4, and G4 are
different from SRC and will be affected by the design of L,,.
All the expressions are shown as follows:

02 1
L.=L. (1+=2),Cc=—"—"——
( Qg) Le(Qs - Qo)2
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Fig. 5. Separated third-order equivalent circuit model of LLC for Fs > Fj,.
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B. Equivalent Circuit Model of LLC for Fs < F,

Fig. 7 shows the steady-state waveforms when F; = 0.8F,
and Fig. 8 shows the operating modes at different time periods.
Obviously, in this case, the resonant tank changes at different
time periods; in time periods [fy, #1] and [f2, f3], the magne-
tizing inductor L,, is either clamped by V, or -V, and never
participates in resonance. This is exactly the same condition as
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previous case when Fy > F,; in time periods [, t2] and [#3, t4],
the magnetizing inductor L,,, participates in resonance and the
resonant tank is comprised of C.. and L,. in series with L,,. In
the meanwhile, the output load is decoupled from the resonant
tank. As the resonant tank is changing within one switching
period, the LLC essentially belongs to multiresonant structure
when operating in the region Fs < Fj,.

In time periods [7g, 1] and [72, #3], tank and load are coupled
and the relation of L,,, rectifier, and output load are same as
Fs > F, case, as shown in Fig. 9(a). In time periods [#1, 2] and
[#5, 4], tank and load are decoupled. In this case, L, is in series
with L,,, and the sum of the two inductances resonates with C.,
as shown in Fig. 9(b).
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Large-signal modulation model of LLC for Fs < F,.

The length of time periods [f, t1] and [#s, t3] is the resonant
period T, and the length of time periods [f1, f2] and [#3, #4] is
Ts — T,. For the whole switching period, the modulation model
can be derived by combining the modulation model of Fig. 9(a)
and (b), with the ratio of 7,, /T and (T — T,)/Ts, respectively.
The large-signal modulation model is shown as Fig. 10.

The equivalent resonant inductor L. is related with resonant
inductor and magnetizing inductor. The expression of L is
shown as follows:

T, — T, Q, —Q
(s O>:LT+LmO s.

T, Qo
3)

For F, < F,, the model of the rectifier should be modified,
as the voltage across the magnetizing inductor is a quasi-square-
wave instead of a square wave, as shown in Fig. 11(b).

The modulation model and small-signal model are shown in
Fig. 12 and the expressions are shown in (4). When F; = F,,, the
quasi-square-wave of Vi becomes square wave and the model
of the rectifier reduces to the model used in SRC.

With the modified modulation model and small-signal model
of the rectifier, the small-signal model of LLC for Fs < F, can
be derived, shown as Fig. 13

4 (19
VPl = —NU, Sin | = —
R 2 QO7r

T,
Leq =L, T + (Ly + L)

17,1

izl
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Small-signal model of LLC for Fs < F,.

A . Ve,
JL L 00 Q, i

o usl °
N
v J(;nff = >
o) pORIES
JLinIm, 104 Imc,o !

Fig. 14. Small-signal model of LLC for Fy < F, with simplified resonant
capacitor branch.

e en O S
A ' o
s i i 1 I R'
=5 Ims
QI @ sin00) oL@ Ouill B Tir,
Lol e, (3) (F) k3, '
Lmlmﬂk (P29,
cosme(m (1) QL mAmS (B K. iy,
ine | | R,

Fig. 15. Separated equivalent circuit model of LLC for Fs < F,.

Similar to the previous case in SRC [15], the resonant capac-
itor behaves like an equivalent inductor with respect to modu-
lation frequency. Therefore, the resonant tank can be simplified
as shown in Fig. 14.

The expressions of equivalent inductor L;, and impedance X,
are modified by L,, and shown as follows:

Q,—Q
r o s o
Q
+Lm(1-9Q,), where Q,
X/oq = O (Lo + L a—QD——l— 5)
eq — S r m n QSCI_.

Following the similar methodology as previous case in SRC
[15], the complex terms can be eliminated by separating the
resonant tank into sine part and cosine part, shown as Fig. 15.
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The expressions of the new parameters related with modified
rectifier are shown as follows:

R/, =R, sin (gnn) R’ =R, sin (gnn)
K e = K po = Ky sin ( gnn)

K, =k, sin (Eﬂn) Ko =k sin (fnn) (6
2 2

Similar as previous case, the superposition theorem is applied

to derive a noncoupled equivalent circuit model. The detailed

derivation process is similar as SRC case, which is listed in

[15, Appendix]. The noncoupled equivalent circuit is shown as

Fig. 16. The expressions of L., K,,, and K ; are shown as follows:

1
L. =1L, <1+QQ>+Lm(1Qn)

2 L,

T 7sin(Q,71/2)

(e 1= )+ (3 - 0) $QLim)”

(N

In this case, there is no beat frequency dynamics and the circuit
is essentially second-order.

C. Unified Equivalent Circuit Model of LLC

The small-signal models, shown in Figs. 6 and 16, can be
combined to obtain a model that is valid both for Fy > F,
and F < F,. The unified equivalent circuit model is shown in
Fig. 17. The expressions of L., R., and C, are shown in (8).
The expressions of K, G,, K4, and G4 are shown in (2) and

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 8, AUGUST 2020

R S A
¢ i’ VO
i e
Ce
GV, %n\'o 2n i,[ﬂ Ce=— y3:89
n -
Ggos
ml T
Fig. 17. Unified equivalent circuit model of LLC.
M L,=4.3 F,
E @=0.06
, Q=0.2
I Q=0.4
L] Q=0.6
1 Q=0.8
035 E Q=2
. Q, =Fs/F,
Fig. 18.  Voltage conversion ratio of LLC.
(N
(1+1>L for Q, =2 >1
Qn2 r n—q, =
L.= )
Le Xe Qs - Qo
‘ Oll | I7 for Qn Z 1
R, = Req
0, for Q, < 1
1
Ce = 5 (8)
Le(Qs - Qo)

III. ANALYSIS AND PREDICTIONS OF THE PROPOSED
EQUIVALENT CIRCUIT MODEL

A. Steady-State Voltage Conversion Ratio

The steady-state voltage conversion ratio can be derived as
in (9) and plotted in Fig. 18. When Fy > F,, the dc gain is
smaller than 1 and shows the characteristic of SRC. When
Fs < F,, the dc gain is greater than 1 and it shows the char-
acteristic of parallel resonant converter. As will be shown in
Section IV, since the mode change is considered when Fy < F,,
the voltage conversion ratio derived in this article is more
accurate than traditional fundamental analysis [16]. However,
as fundamental approximation is still used in this approach,
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at low switching frequency, the gain curve starts to lose ac-
curacy as there is more harmonics in the resonant variables. In
this case, more precise steady-state analysis based on describ-
ing method and mode analysis can be employed to improve
accuracy [29]-[33]

2nV,

Y
_ 1
 sin(a/2)

M =

JQn Ly,
. 72
3 (Ln+1 = g ) + (5 Qamatzray (1 — 92))Lan

{an for Iy, < F,
a =

T for Iy > F,

V Lr/cr

Tl2'RL ’

Ly .
L, = I ,Q = 9)

B. Small-Signal DC Gain and Beat Frequency Dynamics

With the help of Fig. 17, the three-dimensional (3-D) plot
of control-to-output voltage transfer function can be plotted as
Fig. 19. The small-signal dc gain and poles can be explained
clearly using the proposed noncoupled equivalent circuit model
shown in Fig. 17.

The dc gain of the control-to-output voltage transfer function
can be derived easily. The dc gain can be related with the slope
of the voltage conversion ratio curve by the relation shown in
the following equation:

9V,  V, oM
0. 200,00,

When Qg > Q,, shown as the red curve in Fig. 19, the slope
is negative and the starting phase in Fig. 19 is 180°. When (2, =
., shown as the blue curve, the slope is still negative due to
the help of magnetizing inductor L,,. Therefore, the starting
phase is still 180° and there is still certain amount of dc gain for
the control-to-output transfer function. As a result, no canyon
is observed for LLC resonant converter. This is an important
difference compared with SRC, where the dc gain is zero at this
point and there is a canyon in 3-D graph in Fig. 11, as also in
[15]. From control point of view, SRC cannot be operated right
at this point as it loses control. For LLC converter, with help of
L., the gain of control-to-output voltage transfer function is not
zero anymore. This means that the converter can be controlled
operating right at this point. Actually, from efficiency point of
view, it is preferred that LLC converter operating right at iy =
F, point. When 2, < €Q,, shown as the black curve, the slope is
still negative, and the circuit is still operated at ZVS region. This
is also different compared with SRC, where the circuit operates
at ZCS region when Q5 < €.

The beat frequency dynamic performance of the circuit can
also be well explained by the equivalent circuit. The components
R., C., and L. represent the beat frequency dynamics. The

Gpc

(10)
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Fig. 19.  3-D Bode plots of control-to-output voltage transfer function.

equivalent inductor L. is probably resonant with the equivalent
output capacitor or the equivalent capacitor C,, depending on
the value of R,.

When switching frequency F is much larger than resonant
frequency Iy, R, is large. L. is resonant with C, which forms
the beat frequency double pole. The output capacitor and load
resistor form a single pole on the load side. In this case, the
double pole position and its quality factor can be easily derived
from Fig. 17, as in (11). Note that the position and quality factor
of the beat frequency double pole are same as SRC. This is
reasonable as when Fy, >> I, LLC behaves like SRC and L,,,
does not participates in resonance; therefore, the effect of L.,
on beat frequency double pole is very unobvious

1
QLr — g

Ron (In

wp = Qs — Qol,Qp =

When switching frequency Fj is larger than F), but close to
F,, R, is small. The double pole caused by L. and C,. will
be damped out and split, one moves to high frequency and the
other one moves to low frequency. This low-frequency pole will
combine with low-pass filter pole and forms a double pole. In
other words, L. resonates with equivalent output capacitor C'y
and load resistance determines the damping factor of this double
pole. In this case, the double pole position and its quality factor
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are shown as follows:

1 8n Cy
e —_—, = 7R —_
Wp =4/ LG%C} @p 2T,

1
Le= (”w)f*'

When switching frequency F is below F,, in this case, no
beat frequency double pole exists. L. resonates with equivalent
output capacitor C'y and load resistance determines the damping
factor of this double pole. However, in this case, L. is modified
by L,, according to (8) as there is a certain time period that
L,, also participated in resonance. As a result, the double pole
moves to a lower frequency with reduced quality factor. In this
case, the double pole position and its quality factor are shown

as follows:
1 8n Cf
wp = | @ = 5 Ry T
P Lo, v T L

1>+Lm(1—Qn).

12)

5 (13)

Le =1L, (1 +
The following illustration example is provided to explain the
beat frequency dynamics. When Fy = 1.4F,, R, = 6.5 Q is
large, L. resonates with C'¢ (Fpeat = 100 kHz and Qpeat = 0.6).
The 2-D Bode plot is shown as the red curve in Fig. 20; there
is a beat frequency double pole at 100 kHz and a single pole
at low frequency caused by the output filter. When Fy = F,,
R. =0Qis very small. The beat frequency double pole is split.
L. resonates with output capacitor C'y. Shown as the blue curve
in Fig. 20, the double pole formed by L. and equivalent output
capacitor, instead of beat frequency double pole, is observed. In
this circumstance, the circuit is second-order instead of third-
order. When Fy = 0.8F,, the double pole reduces to around
3 kHz due to the increase of the equivalent resonant inductance.
There is no beat frequency double pole in region Fy < F,.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 8, AUGUST 2020

TABLE I
ANALYTICAL TRANSFER FUNCTIONS OF LLC RESONANT CONVERTER
FOR Fs > F,
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C. Analytical Expressions of Transfer Functions

Analytical expressions of transfer functions are of significant
importance for design purpose. First of all, some popular design
tools in industry, such as LTpowerCad from Analog Devices, are
based on mathematical expressions of transfer functions. These
design tools are much faster and simpler to use for designing of
loop compensation, compared with real-time simulation. Sec-
ond, in distributed power system, the input and output impedance
plots are used for examination of the system stability. As an
example, the input filter ahead of LLC resonant converter may
cause the instability problem, depending on the magnitude of
the output impedance of the filter and input impedance of LLC
resonant converter [35]. Similarly, the output impedance is also
needed to examine the stability if there is another dc—dc con-
verter cascading following the output of LLC converter. Besides,
the input-to-output transfer function is also used to examine the
audio-susceptibility performance.

The analytical transfer functions are provided in Tables I and IT
for easy reference. These transfer functions are very helpful in
designing the outer feedback compensator. For Fy > F, the
transfer functions are generally third-order and can be reduced
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TABLE II
ANALYTICAL TRANSFER FUNCTIONS OF LLC RESONANT CONVERTER
FOR Fs < F,
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L
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to second-order when F is close to F,,. For F; < F},, the transfer
functions are second-order.

IV. SIMULATION, EXPERIMENTAL VERIFICATIONS,
AND DISCUSSION

A. Simulation Verifications

The SIMPLIS simulation tool is used to verify the voltage
conversion ratio and small-signal analysis. Circuit parameters
are shown as follows: V, =400V, L, = 14 uH, C,. =30nF, F, =
250kHz, C'y = 660 uF, n =4, Ry, = 2.3 Q, the corresponding Q
= 0.6. At resonant frequency, the output voltage is around 48 V
with 1 kW full power.

Fig. 21 shows the comparison of the voltage conversion ratio
using analytical equation (9) (solid lines) and simulation results

2 2
[(Fron) (om) (o) ()|t

VQ n

~
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Fig. 21.  SIMPLIS verification of voltage conversion ratio for LLC converter.
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Fig.22. SIMPLIS verification of control-to-output transfer function for F's =

1.4F,, Fs = F,, and Fs = 0.8F,.

(dashed lines) for quality factors equal to 0.2, 0.4, 0.6, and 1.
The analytical solutions have good accuracy when F > 0.8F,.
However, as fundamental approximation is still used in this
approach, at low switching frequency, the gain curve starts
to lose accuracy as there is more harmonics in the resonant
variables.

Fig. 22 shows SIMPLIS verification of control-to-output volt-
age transfer function for Fy = 1.4F,, Fy = F,,and F; = 0.8F.
In all three cases, the model matches very well with simulation
results. As the previous analysis shows, when Fs = 1.4F,, there
is still a beat frequency double pole; when Fy = F},, the beat
frequency double pole splits and a new double pole formed
by L. and equivalent output capacitor C'y shows up; and when
Fy = 0.8F,, the double pole moves to a little lower frequency

2 2 cos( L Qnp
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Fig. 25.  SIMPLIS verification of small-signal equivalent circuit model for
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as equivalent resonant inductor is increased to include the effect
of magnetizing inductor.

To verify other transfer functions, Figs. 23-25 show the
comparison of all the transfer functions between the equivalent
circuit model and simulation results for F, = 1.2F,, Fy = F,,
and Fs; = 0.9F,, respectively. All the transfer functions match
very well.
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Fig. 26. (a) Experimental waveform of Fs = 1.5F},. (b) Control-to-output
voltage transfer function verification.

B. Experimental Verification

Experimental verification of the equivalent circuit model is
also conducted based on the evaluation board of controller
UCC25600 from Texas Instrument Incorporated [34]. The oscil-
loscope is used to capture the steady-state waveform, whereas
the Bode plot machine Model 300 30-MHz Frequency Response
Analyzer from Ridley Engineering is utilized to measure the
transfer function. Traditional frequency modulation is utilized in
UCC25600. Small-signal perturbation is injected through TP19
and TP21 in the evaluation board and control-to-output voltage
transfer function is measured with Ul pin 4 and TP19 [34].
The major circuit parameters are as follows: V; = 320460V,
V, = 12 V and is well controlled through closed feedback
loop, L, = 55 pH, C, = 24 nF, F, = 115 kHz, C, =
1660 pF, n = 17:1, and Ry, = 1.2 Q. Fig. 26 shows the steady-
state waveform and control-to-output voltage transfer function
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Fig. 27. (a) Experimental waveform of Fs = F,. (b) Control-to-output

voltage transfer function verification.

when Fy = 176 kHz = 1.5F,,. The steady-state resonant current
waveform shown in Fig. 26(a) confirms the circuit is running
above resonant frequency. From Fig. 26(b), the small-signal
behavior confirms that at low frequency it is a first-order sys-
tem and additional phase delay exists due to high-frequency
poles. Fig. 27 shows the steady-state waveform and control-to-
output voltage transfer function when Iy = 115kHz = F|,. The
steady-state resonant current waveform shown in Fig. 27(a), is
almost sinusoidal, which confirms the circuit is running close to
resonant frequency. From Fig. 27(b), the small-signal behavior
confirms that in this case, a low-frequency double pole is formed
so it is a second-order system instead of first order. Fig. 28
shows the steady-state waveform and control-to-output voltage
transfer function when Fs = 93kHz = 0.8 F,,. The steady-state
resonant current waveform, shown in Fig. 28(a), confirms that
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Fig. 28. (a) Experimental waveform of Fs = 0.8F,. (b) Control-to-output
voltage transfer function verification.

the circuit is running below resonant frequency. From Fig. 28(b),
the small-signal behavior confirms that in this case there is still
a low-frequency double pole. As the model predicts, the double
pole is at an even lower frequency compared with Fig. 27(b)
due to participation of magnetizing inductor L,,, in resonance.
The measurement matches the prediction of the proposed model
pretty well.

Digital control is more popular for LLC control due to the
control complexity. The model is also verified on digital con-
trolled LLC resonant converter from Delta Corporation. The
experimental verification of control to output voltage is shown as
Fig. 29. The circuit parameters of the hardware are as follows:
Vin =50V, L, =360 nH, L,,, = 2.1 uH, C, = 110 nF, Cf
=50 uF, n = 5:1, Ry = 1 €, the corresponding Q = 0.07,
F, =800 kHz, Fs = 1.1 MHz, and the delay term 7,; = 1 pus.
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From Fig. 29, the small-signal model matches very well with
the experimental data. Note that due to the delay effect in digital
control, the phase delay is more obvious. From Fig. 29 phase
curve, we can see that there is almost 360° phase delay at
300 kHz. The excessive phase delay needs to be taken care
of when designing the compensator, which usually limited the
bandwidth of the circuit.

C. Discussion on Model Accuracy and Limitation

For Fs > F, region (above resonant), as shown in Fig. 2, L,,,
is clamped by either V,, or -V, and never participates in reso-
nance; the equivalent circuit model of LLC is a direct extension
from the equivalent circuit model of SRC [15], considering the
loading effect of L,,, branch. As a result, the poles and zeros
of the transfer functions are same as SRC, whereas the gain of
the transfer function is modified by L,,,. This can be shown in
(2), where the gain terms G4, K4, G, and K, are affected by
L,,. As shown in Fig. 19, the equivalent circuit model agrees
with the simulation very well. However, as revealed in [28,
Appendix B.1], Fig. 2 only represents the steady-state waveform
under continuous conduction mode (CCM) for LLC resonant
converter in this region. In fact, as load becomes lighter, the con-
verter will work in to discontinuous conduction mode (DCM).
In discontinuous mode, there is some ‘“deadtime” where the
resonant tank will be consisted with C,. and L,,, in series with
L,. Therefore, the equivalent circuit model proposed is only
valid for CCM. The models for DCM will be different as the
basic operating principle changes. Fortunately, under normal
condition, this is the major operating mode for LLC resonant
converter working in this region. Only at very light load will the
converter enter DCM.

For below resonant region, Fy < F,, as shown in Fig. 7,
the resonant tank changes at different time periods. In one of
the time periods, the magnetizing inductor L,, participates in
resonance. The equivalent resonant inductor concept is pro-
posed to derive the model, as shown in Fig. 9 and (3). The
model accuracy is good when Fj is close to Fj, for example,
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F, = 0.9F,. However, as the harmonics of switching frequency
become more dominant, the fundamental approximation starts
to lose accuracy and the model starts to break down when F is
moving farther away from F,. Generally speaking, for practical
application operating in Fy < 0.8F}, region, it is recommended
that real circuit simulation is also implemented for an accurate
small-signal model. Besides, the simulation shows that for some
cases there is a right-half-plane zero in this region and this equiv-
alent circuit model is not able to capture the dynamics related
with the right-half-plane zero, therefore some phase discrepancy
do exist when perturbation frequency is high. To improve the
high-frequency accuracy, either a high-order equivalent circuit
model or real-time simulation is required.

V. SUMMARY

This article proposes an equivalent circuit model for LLC
resonant converter. When Fy > Fj, L,, is clamped by the output
voltage and LLC behaves very similar as SRC. As a result, the
dynamic behavior is similar as SRC: when switching frequency
is larger than resonant frequency, the beat frequency double
pole shows up and the circuit is third order; when switching
frequency is close to resonant frequency, beat frequency double
pole disappears and a new double pole formed by equivalent
inductor L. and equivalent output capacitor C'y shows up. The
circuit reduces to second-order. When Fs < F,, L,, participates
in resonance and the circuit is essentially a multiresonant struc-
ture. An approximated model is proposed where the equivalent
resonant inductor is modified to include the effect of L,,,. As a
result, the double pole will move to a little lower frequency. For
the first time, analytical solutions are provided for all the transfer
functions that are very helpful for feedback design. Simulation
and experimental results verify that the equivalent circuit model
can well predict the dynamic behavior when switching frequency
is below, close to, or above the resonant frequency.
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