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Small-Signal Modeling and Comparisons of the Pulse
Frequency Modulation and Time Shift Control

for the LLC Converters
Zhiqiang Guo , Senior Member, IEEE, Zhijie Huang, and Zhongyuan Chen

Abstract—This article describes a new method for the small-
signal modeling of the LLC converter based on time-domain anal-
ysis. The time-domain expressions of the state trajectory are trans-
formed to the first-order of Tylor’s expressions, which can achieve
the linearization of the trajectory expressions. The state space
formulas and transfer functions in pulse frequency modulation
(PFM) are derived from the linearization expressions, where the
state variables include the initial resonant current and resonant
capacitor voltage in a switching period besides the output voltage.
This method can be easily extended to the small signal modeling of
the LLC converter in time-shift control (TSC). The reason why the
TSC is regarded as a current-mode control is analytically explained
in this article. The comparison of the frequency response in the
PFM and TSC demonstrates the high bandwidth and high phase
margin in the TSC, which indicates the LLC converter with the
TSC can achieve a good dynamic response. The closed-loop PI
controller is designed based on the small-signal model, and load
step experiments demonstrate that the converter exhibits better
dynamic response in the TSC compared to the PFM.

Index Terms—LLC converter, pulse frequency modulation
(PFM), small-signal analysis, time-domain analysis, time-shift
control (TSC).

I. INTRODUCTION

THE LLC resonant converter can operate in both boost
and buck modes while maintaining zero voltage switch-

ing (ZVS), ensuring a wide voltage regulation range and high
efficiency. As a result, it has been widely used in data centers,
electric vehicles, fuel cells, and industrial power supplies [1],
[2], [3]. Therefore, it is crucial to research the control strategies
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and modeling methods for LLC converters to achieve better
frequency response.

The typical control strategy of the LLC converter is pulse
frequency modulation (PFM), in which the output-voltage loop
directly regulates the switching frequency [4]. However, the
single voltage mode control cannot guarantee a superior dy-
namic response [5]. One kind of method to improve the dy-
namic response is to improve the structure of the controller.
An adaptive voltage-controlled oscillator (VCO) can adjust the
low-frequency magnitude in frequency response to improve the
dynamic performance of the LLC converter [6]. The other kind
of method to improve the dynamic response is to apply the
current mode control [7]. Because of the approximate sinu-
soidal resonant inductor current, it cannot be used as the inner
current feedback. In [8], an average resonant current obtained
by a rectifier circuit is introduced as the feedback of the inner
current loop. The rectifier circuit filters out the high-frequency
components, and it also limits the performance of the current
mode control. Onsemi provides an analog integrated circuit
FAN7688 to achieve the charged control for good dynamic
response in LLC converters [9]. The feedback of the current loop
is the integration of the resonant current in half of a switching
period. Apart from the resonant inductor current, the resonant
capacitor voltage is also an indicator of energy stored in the
resonant tank. Therefore, the capacitor voltage at the instant
when switching is taking place is set as the feedback of the
inner current loop in the charged control, which demonstrates
the good frequency response [10]. A bang-bang control triggers
the switching action by the resonant capacitor voltage level
for the fast dynamic response [11], and it is also regarded as a
current mode control. Based on the bang-bang control in [11], an
analog integrated circuit UCC256302 is manufactured by Texas
Instruments [12]. The charged control and bang-bang control
are difficult to implement in digital controllers. A time-shift
control (TSC) is another current mode control for LLC con-
verters proposed by STMicroelectronics and it is proved that
the TSC has better frequency response by simulation [13]. The
zero-crossing detection of the resonant current is necessary in the
TSC, which can be achieved by the analog circuit STNRG011
provided by STMicroelectronics [14]. Moreover, the TSC is easy
to implement in digital controllers for LLC resonant converters
[15].

To analyze the bandwidth and stability of the control loop
for the LLC resonant converter, the frequency response based
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on the small-signal model must be evaluated. Different from
the pulsewidth modulation controlled dc–dc converters, the
small-signal modeling of the resonant converter is difficult to
derive from the state-space averaged method [16]. Therefore, the
fundamental harmonic analysis (FHA) and extended describing
function (EDF) are applied to the resonant converter [17], [18].
On this basis, the small-signal modeling of the LLC converter is
developed in [19] and [20]. To simplify the model, an equivalent
circuit of the LLC also can be derived from the EDF [21].
This method can present an accurate frequency response when
the switching frequency is close to the resonant frequency.
However, when the switching frequency deviates from the res-
onant frequency, the small-signal modeling based on the EDF
is imprecise. In [22], the synchronous reference frame (SRF)
based modeling approach is developed, which takes the parasitic
parameters of the LLC converter into account. However, it lacks
the comparison between experimental results and the theoretical
model to verify the accuracy of the model. A small-signal
modeling method based on communication theory is proposed in
[23], which reveals that the higher order harmonics and sideband
frequencies have significant contributions in the small signal
modeling, but its model exhibits low accuracy. To improve the
accuracy of the small-signal modeling of the LLC in a wide
switching frequency range, the harmonics components extracted
by the Fourier transformation are taken into account [24]. Al-
though the model agrees well with the real LLC converter, the
derivation and expression of the model are too complicated to
guide the controller design for the engineers. To overcome the
inaccuracy of the FHA for the LLC converter, the time-domain
analysis is proposed in [25] and [26] to obtain the gain of the
converter and the working modes. On this basis, a discrete-time
small-signal modeling method is applied to the LLC converter
[27]. The VCO is frequency-dependent rather than a constant
gain. In [27], the small-signal model considering the nonlinearity
of the voltage-controlled oscillator is deduced, and it can achieve
high accuracy in a wide range of switching frequency. The
dynamic performance of LLC in the time domain is analyzed
in [28], and the approach to derive the small-signal model
is briefly introduced without providing a detailed derivation
process.

Although the current mode control for the LLC converter can
achieve better dynamic response, the small-signal modeling in
current mode control is much more complicated than the voltage
mode control in PFM. The above small-signal modeling methods
all focus on the transfer function from switching frequency to
output voltage in PFM, which are difficult to extend to the current
mode control. Most of the frequency response of the current
mode control for the LLC converter is based on simulation, and
few articles present an accurate small-signal modeling of the
current mode control. Furthermore, no article explains how to
do the modeling of the TSC.

In this article, the time-domain expressions of the LLC con-
verter are obtained based on planar trajectories. An accurate
small-signal modeling for PFC is derived in the time domain us-
ing linearization at a steady-state operating point, demonstrating
high accuracy over a wide range of switching frequencies. By
establishing the relationship between the control time of TSC

Fig. 1. Topology of the LLC resonant converter.

Fig. 2. Typical waveforms of the LLC resonant converter. (a) fs < fr.
(b) fs > fr.

and the switching period, this method can easily extend the
small-signal modeling of PFM to the small-signal modeling of
TSC, which is also the contribution of this article. The analysis
of the modeling reveals that TSC is a reduced-order model with
better frequency response.

The rest of this article is organized as follows. Section II
reviews the working modes of the LLC converter and gives the
expressions of the state trajectory in the time domain. The calcu-
lation procedure of the steady-state operating point is presented.
Section III gives the small-signal modeling of the LLC con-
verter in PFM by using first-order Tylor expansions. Section IV
presents the small-signal modeling of the LLC converter in TSC,
and the reason why the TSC can be regarded as the current mode
control is first analytically revealed. The comparisons of the
PFM and TSC in frequency response are analyzed. In Section V,
the bode diagrams tested in the experiments and the load step
experiments verify the good frequency response in TSC. Finally,
Section Ⅵ concludes this article.

II. REVIEW OF THE WORKING MODE OF THE LLC CONVERTER

A. LLC Converter in Time-Domain Analysis

The topology of the full-bridge LLC resonant converter is
shown in Fig. 1, where vin and vo represent the input and
output voltages. Co denotes the output capacitor, and R is the
load resistance. The primary stage is composed of Q1-Q4, and
the rectifier stage is composed of Dr1-Dr4. The resonant tank
consists of resonant inductor Lr, resonant capacitor Cr, and
magnetizing inductor Lm of the transformer. It operates in three
resonant stages based on the voltage vm across the magnetizing
inductor: positive clamped stage vm = nvo (State P), negative
clamped stage vm = − nvo (Stage N), and the freewheeling
stage |vm| < nvo (State O). For the ZVS of the switches, the LLC
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Fig. 3. Planar trajectories of the LLC resonant converter. (a) PO mode for
fs < fr. (b) NP mode for fs > fr.

converter is suggested to work in PO mode for fs < fr and NP
mode for fs > fr [25]. Therefore, the PO mode and NP mode will
be analyzed below. The other modes can be analyzed in the same
method. In Fig. 2(a), key waveforms are illustrated for fs < fr,
where fs is the switching frequency and the resonant frequency
fr is 1/(2π

√
LrCr). Fig. 2(b) displays key waveforms for fs >

fr.
To facilitate the subsequent theoretical analysis, the time

when the resonant current is equal to the magnetizing current
is selected as t0. The voltage across the resonant tank is vAB. ir
and im represent the resonant current and magnetizing current.
The transformer secondary current is is rectified to irec.

The state trajectory of the LLC resonant converter is intro-
duced in [29] to analyze the operating modes and can be used
to calculate the steady-state operating point. To simplify the
analysis of the quiescent operating points, it is assumed that
the output capacitor Co is so large that the output voltage is
approximately constant. In addition, the circuit losses and the
dead time of Q1-Q4 are negligible.

The planar trajectories of the LLC resonant converter are
shown in Fig. 3. Variables with the subscript N are normalized
in this article, where voltages are normalized with the voltage
factor vin and currents are normalized with the current factor
IN = vin/Z0. Z0 is the characteristic impedance, expressed as√

Lr/Cr, and the voltage gain M is defined as M = nvo/vin.
1) fs< fr [see Fig. 2(a)]: From t0 to t2, the converter operates

in P mode, and the magnetizing inductor Lm is clamped by the
output voltage. The energy is transmitted from the input to the
load. The trajectory behaves as a circle with the center (1-M, 0).
r0 is the radius of the trajectory, and θ0 is the initial phase. Both
are influenced by M, the resonant current ir0N, and resonant
capacitor voltage vcr0N at t0, as shown in (1) and (2). In this
article, the normalized resonant current and resonant capacitor
voltage at the time of tk are denoted as irkN and vcrkN

r0 =

√
ir0N

2 + [vcr0N − (1−M)]2 (1)

θ0 = arctan

(
− ir0N
vcr0N − (1−M)

)
. (2)

ir2N and vcr2N can be expressed as (3). ϕ0 represents the
angle of the trajectory from t0 to t2, and it can be calculated by

ωr0(t2-t0). ωr0 is defined as 1/
√
LrCr{

ir2N = r0 sin (ϕ0 + θ0)
vcr2N = −r0 cos (ϕ0 + θ0) + (1−M)

. (3)

From t2 to t3, the converter operates in O mode. Lr, Cr, and
Lm are involved in resonance. There is no energy transmitted to
the output, and imN is equal to irN. The trajectory of this stage
is part of an ellipse with center (1, 0), r1 and θ1 is determined
by ir2N and vcr2N, as shown in (4) and (5), where Ln = Lm/ Lr

r1 =

√
(1 + Ln) ir2N

2 + (vcr2N − 1)2 (4)

θ1 = arctan

(
−
√
1 + Lnir2N
vcr2N − 1

)
. (5)

In this mode, ir3N and vcr3N at t3 can be expressed in (6),
where ϕ1 is the angle of the trajectory and can be calculated by
ωr1(t3-t2). ωr1 is defined as 1/

√
(Lr + Lm)Cr{

vcr3N = −r1 cos (ϕ1 + θ1) + 1
ir3N = r1√

1+Ln
sin (ϕ1 + θ1)

. (6)

Because of the semiperiod symmetry, the trajectory from t0
to t3 is symmetric with the trajectory from t3 to t6, which will
not be discussed in detail.

2) fs > fr [see Fig. 2(b)]: When fs > fr, only Lr and Cr

are involved in the resonance during the entire switching cycle.
From t0 to t2, the trajectory is the same as fs < fr. From t2 to
t3, the converter operates in N mode. The voltage across the
resonant tank is changed to -vin, and the trajectory behaves as a
circle with the center (-1-M, 0). r1 is the radius of the trajectory
and θ1 is the initial phase in this mode. They can be calculated
as

r1 =

√
ir2N

2 + [vcr2N + (1 +M)]2 (7)

θ1 = π + arctan

(
− ir2N
vcr2N + 1 +M

)
. (8)

ir3N and vcr3N can be expressed in (9), whereϕ1=ωr0(t3-t2).
The state trajectory from t3 to t6 can be obtained using a similar
method and will not be discussed in detail{

ir3N = r1 sin (ϕ1 + θ1)
vcr3N = −r1 cos (ϕ1 + θ1)− (1 +M)

. (9)

The time-domain expressions of irN and vcrN in different
modes for fs < fr and fs > fr are given in Table I, and the
definitions of rk, θk, ϕk are similar to the previous analysis in
the following discussion.

B. Calculation of the Steady-state Operation Point

1) fs < fr: For fs < fr, the normalized magnetizing current
imN can be expressed as (10) from t0 to t2, and the normalized
current isN flowing through the secondary side of the transformer
is shown in (11). The average current īs1 on the secondary side
from t0 to t3 is expressed as (12), and the output voltage Vo can
be expressed as Rīrec, where the average rectified current īrec is
equal to īs1 from t0 to t3 in the steady state

imN = r0 sin (θ0) +
M

Ln
ωr0(t− t0) (10)
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TABLE I
TIME-DOMAIN EXPRESSIONS OF irN AND vcrN IN DIFFERENT MODES

isN = n (irN − imN ) (11)

īs1 =
2nIn
ωr0ts[

r0 cos (θ0)− r0 cos (ϕ0 + θ0)− r0 sin (θ0)ϕ0 − M

2Ln
ϕ0

2

]
.

(12)

Because of the semi-period symmetry, the ir0N and vcr0N at
t0 are equal to the negative of ir3N and vcr3N respectively. Mode
P transitions to Mode O at t2, with the resonant current irN equal
to the magnetizing current imN. Along with the definitions of M,
ϕ0, and ϕ1, the equations can be expressed as

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

r0 sin (ϕ0 + θ0)− r1√
1+Ln

sin (θ1) = 0

−r0 cos (ϕ0 + θ0)−M + r1 cos (θ1) = 0

r1√
1+Ln

sin (ϕ1 + θ1) + r0 sin (θ0) = 0

−r1 cos (ϕ1 + θ1)− r0 cos (θ0) + (2−M) = 0

r0 sin (ϕ0 + θ0)− r0 sin (θ0)− M
Ln

ϕ0 = 0

M − 2n2RIn
TsVinωr0

[r0 cos (θ0)− r0 cos (ϕ0 + θ0)

−r0 sin (θ0)ϕ0 − M
2Ln

ϕ0
2] = 0

ϕ0

ωr0
+ ϕ1

ωr1
− Ts

2 = 0

. (13)

[r0 θ0 ϕ0 r1 θ1 ϕ1 M ] is defined as the variables to
be solved under the steady state. By using the Newton–Raphson
iteration method, the solution of the equations can be calculated,
so the steady-state operating point of the system will be obtained.

2) fs > fr: For fs > fr, the expression of imN is the same as
(10) from t0 to t3. The current isN on the secondary side and the
average current īs1 from t0 to t3 can be expressed as (11) and
(14). By using a similar method for fs < fr, equations for fs > fr
can be deduced as (15). Solving (15) by the Newton–Raphson
iteration method, the steady-state operating point for fs > fr can
be also obtained

īs1 =
2nIn
Tsωr0

[r0 cos (θ0)− r0 cos (ϕ0 + θ0)

+ r1 cos (θ1)− r1 cos (ϕ1 + θ1)] (14)

Fig. 4. Trajectories of the LLC converter for fs < fr. (a) ir0N is disturbed.
(b) vcr0N is disturbed.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

r0 sin (θ0) +
Mωr0Ts

4Ln
= 0

r0 sin (ϕ0 + θ0)− r1 sin (θ1) = 0

−r0 cos (ϕ0 + θ0) + r1 cos (θ1) + 2 = 0

r1 sin (ϕ1 + θ1) + r0 sin (θ0) = 0

−r1 cos (ϕ1 + θ1)− r0 cos (θ0)− 2M = 0

M − 2n2RIn
VinTsωr0

[r0 cos (θ0)− r0 cos (ϕ0 + θ0)

+r1 cos (θ1)− r1 cos (ϕ1 + θ1)] = 0

ϕ0 + ϕ1 − ωr0Ts

2 = 0

. (15)

III. A SMALL SIGNAL MODELING OF THE LLC CONVERTER

BASED ON TIME-DOMAIN ANALYSIS

LLC resonant converter is typically controlled by PFM. The
influence of input voltage and switching frequency on the output
voltage can be visualized on the state plane, altering the planar
trajectory and affecting the quiescent operating point. In the
steady state, when the initial resonant current ir0N or resonant
capacitor voltage vcr0N at t0 are disturbed respectively, the
trajectory in a switching period will not be closed curves, and the
output voltage will be affected as well. The disturbed trajectories
are shown in Fig. 4. Therefore, perturbations are introduced to
ir0N and vcr0N, which can reflect the influence of input voltage
and switching frequency on the state trajectory. Consequently,
in order to analyze the small-signal model of the LLC resonant
converter, the initial values of the resonant current ir0N and the
resonant capacitor voltage vcr0N can also be regarded as the state
variables besides the output voltage vo, and the input voltage vin
and switching period ts are taken as the input variables of the
system.
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A. Small Signal Modeling for fs < fr

Because ir0N and vcr0N in the next switching period are ir6N
and vcr6N in the current period, the large signal model of the
system can be obtained as shown in⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

i̇r0N =
ir6N − ir0N

ts

= 1
ts

[
r3√

1 + Ln

sin (ϕ3 + θ3)− r0 sin (θ0)

]

v̇cr0N =
vcr6N − vcr0N

ts
= 1

ts
[−r3 cos (ϕ3 + θ3) + r0 cos (θ0)− (2−M)]

v̇o = 1
Co

(̄
irec − vo

R

)

.

(16)
Section II provides the calculation method for the steady-

state operating point. Therefore, the steady-state values of Ir0N,
Vcr0N, M, Vin, Vo, Ts, r0, θ0, ϕ0, Ir2N, etc., can be obtained.
The perturbation-linearization method is used to build the small-
signal model of the LLC resonant converter. The main idea is
to add perturbations v̂in, v̂o, t̂s, îr0N , and v̂cr0N to Vin, Vo, Ts,
Ir0N, and Vcr0N at the steady-state operating point, as shown
in (17), and then gradually derive the variations of ir6N, vcr6N,
and īrec at t6 ⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

vin = Vin + v̂in

vo = Vo + v̂o
ts = Ts + t̂s
ir0N = Ir0N + îr0N
vcr0N = Vcr0N + v̂cr0N

. (17)

When the state variables are disturbed, both the initial phase
θ0 and the state trajectory radius r0 change accordingly. The Tay-
lor’s expansions of (1) and (2) are carried out at the steady-state
operating point. The variations Δθ0 and Δr0 can be obtained
respectively by reserving only the first-order components of
Taylor’s expansions and ignoring the higher-order components,
as shown in (18) and (19). g and h represent the partial derivatives
of the phase θ and radius r to the corresponding variables,
respectively. The steady-state operating point is substituted into
the partial detivatives, which are shown in the following:

Δθ0 =
∂θ0
∂ir0N

îr0N +
∂θ0

∂vcr0N
v̂cr0N +

∂θ0
∂vin

v̂in +
∂θ0
∂vo

v̂o

= g0iîr0N + g0v v̂cr0N + g0inv̂in + g0ov̂o (18)

where

g0i =
∂θ0
∂ir0N

= − Vcr0N − (1−M)

[Vcr0N − (1−M)]2 + Ir0N
2

g0v =
∂θ0

∂vcr0N
=

Ir0N

[Vcr0N − (1−M)]2 + Ir0N
2

g0in =
∂θ0
∂vin

= − Ir0NM/Vin

[Vcr0N − (1−M)]2 + Ir0N
2

g0o =
∂θ0
∂vo

=
nIr0N/Vin

[Vcr0N − (1−M)]2 + Ir0N
2

Δr0 =
∂r0
∂ir0N

îr0N +
∂r0

∂vcr0N
v̂cr0N +

∂r0
∂vin

v̂in +
∂r0
∂vo

v̂o

= h0iîr0N + h0v v̂cr0N + h0inv̂in + h0ov̂o (19)

where

h0i =
∂θ0
∂ir0N

=
Ir0N√

Ir0N
2 + [Vcr0N − (1−M)]2

h0v =
∂θ0

∂vcr0N
=

Vcr0N − (1−M)√
Ir0N

2 + [Vcr0N − (1−M)]2

h0in =
∂θ0
∂vin

=
[Vcr0N − (1−M)]M/vin√
Ir0N

2 + [Vcr0N − (1−M)]2

h0o =
∂θ0
∂vo

=
[Vcr0N − (1−M)]n/vin√
Ir0N

2 + [Vcr0N − (1−M)]2
.

After adding the perturbations, the resonant current is equal to
the magnetizing current at t2+Δt2. At this time, the current isN
on the secondary side is zero, i.e., isN(t2+Δt2) = 0. Therefore,
(20) can be obtained by linearizing (11) at t2. Therefore, Δϕ0

can be obtained as shown in (21), where m represents the partial
derivative of ϕ to the perturbation variables

isN (t2 +Δt2) = isN (t2) +
∂isN (t2)

∂r0
Δr0 +

∂isN (t2)

∂ϕ0
Δϕ0

+
∂isN (t2)

∂θ0
Δθ0 +

∂isN (t2)

∂vin
v̂in

+
∂isN (t2)

∂vo
v̂o = 0 (20)

Δϕ0 = m0iîr0N +m0v v̂cr0N +m0inv̂in +m0ov̂o. (21)

Linearizing (3) and substituting (18), (19), and (21) into the
linearizing results, Δir2N and Δvcr2N are shown in (22), where
k and l represent the partial derivatives of the resonant current
and the resonant capacitor voltage to the perturbation variables,
respectively,

{
Δir2N = k2iîr0N + k2v v̂cr0N + k2inv̂in + k2ov̂o
Δvcr2N = l2iîr0N + l2v v̂cr0N + l2inv̂in + l2ov̂o

. (22)

The expressions for Δθ1 and Δr1 can be obtained according
to (4) and (5), as shown in

{
Δθ1 = g1iîr0N + g1v v̂cr0N + g1inv̂in + g1ov̂o
Δr1 = h1iîr0N + h1v v̂cr0N + h1inv̂in + h1ov̂o

. (23)

From t0 to t3, Δϕ1 can be expressed as

Δϕ1 =
ωr1

2
t̂s − ωr1

ωr0
Δϕ0. (24)

Then, (25) can be derived from (6)
{
Δir3N = k3iîr0N + k3v v̂cr0N + k3inv̂in + k3ov̂o + k3tt̂s
Δvcr3N = l3iîr0N + l3v v̂cr0N + l3inv̂in + l3ov̂o + l3tt̂s

.

(25)
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Fig. 5. Flowchart of the whole derivation process for fs < fr.

The variation of the average current Δīs1 on the secondary
side in the half period from t0 to t3 is shown in (26) by lineariz-
ing (12)

Δīs1 = ks1iîr0N + ks1v v̂cr0N + ks1inv̂in + ks1ov̂o + ks1tt̂s.
(26)

Because of the semiperiod symmetry, similar procedures can
be used to deduce the variations from t3 to t6. Then, the variations
Δir6N and Δvcr6N are expressed as
{
Δir6N = k6iîr0N + k6v v̂cr0N + k6inv̂in + k6ov̂o + k6tt̂s
Δvcr6N = l6iîr0N + l6v v̂cr0N + l6inv̂in + l6ov̂o + l6tt̂s

.

(27)
The variation of the average current in the secondary winding

Δīs2 in the second half cycle from t3 to t6 is expressed as

Δīs2 = ks2iîr0N + ks2v v̂cr0N + ks2inv̂in + ks2ov̂o + ks2tt̂s.
(28)

The flowchart of the whole derivation process for fs < fr is
shown in Fig. 5. During the whole switching cycle, the variation
of the average output current of the rectifier bridge can be
expressed as

Δīrec = Δīs1 −Δīs2

= (ks1i − ks2i) îr0N + (ks1v − ks2v) v̂cr0N

+(ks1o−ks2o) v̂o+(ks1in−ks2in) v̂in+(ks1t − ks2t) t̂s.
(29)

By substituting (17) into (16), (30) can be obtained⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

•(
Ir0N + îr0N

)
=

Ir6N +Δir6N − Ir0N − îr0N

Ts + t̂s
•

(Vcr0N + v̂cr0N ) =
Vcr6N +Δvcr6N − Vcr0N − v̂cr0N

Ts + t̂s•
(Vo + v̂o) =

1

Co

(̄
irec +Δīrec − Vo

R − v̂o

R

)
.

(30)
The equations in (30) can be extended by using Taylor series

expansions and retaining the first-order components. Substitut-
ing (27) and (29) into (30), (31) can be obtained as

˙̂ir0N =
Δir6N − îr0N

Ts
=

1

Ts

[
(k6i − 1) îr0N + k6v v̂cr0N

+ k6inv̂in + k6ov̂o + k6tt̂s
]

˙̂vcr0N =
Δvcr6N − v̂cr0N

Ts
=

1

Ts

[
l6iîr0N + (l6v − 1) v̂cr0N

+ l6inv̂in + l6ov̂o + l6tt̂s
]

˙̂vo =
1

Co

(
Δīrec − v̂o

R

)

=
1

Co

⎛
⎝(ks1i − ks2i) îr0N + (ks1v − ks2v) v̂cr0N
+
(
ks1o − ks2o − 1

R

)
v̂o + (ks1in − ks2in) v̂in

+(ks1t − ks2t) t̂s

⎞
⎠.

(31)

Setting u = [v̂in, t̂s], x = [̂ir0N , v̂cr0N , v̂o] and y = v̂o, the
above equations can be expressed as (32), where the state matrix
A, the input matrix B, and the output matrix C are shown as

ẋ = Ax+Bu

y = Cx (32)

A =

⎡
⎢⎢⎢⎢⎢⎢⎣

k6i − 1

Ts

k6v
Ts

k6o
Ts

l6i
Ts

l6v − 1

Ts

l6o
Ts

ks1i − ks2i
Co

ks1v − ks2v
Co

ks1o − ks2o − 1/R

Co

⎤
⎥⎥⎥⎥⎥⎥⎦

B =

⎡
⎢⎢⎢⎢⎢⎢⎣

k6in
Ts

k6t
Ts

l6in
Ts

l6t
Ts

ks1in − ks2in

Co

ks1t − ks2t
Co

⎤
⎥⎥⎥⎥⎥⎥⎦
.

C =
[
0 0 1

]
(33)

According to (32), the transfer function of the LLC converter
for fs < fr can be expressed as

G (s) = C(sI −A)−1B =
[
Gvin(s) Gt(s)

]
(34)

where G is a 1× 2 matrix. Gvin(s) is the transfer function
from the input voltage to the output voltage, and Gt(s) is
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Fig. 6. Diagram of periodic perturbation lag Ts/2.

the transfer function from the switching period to the output
voltage.

As shown in Fig. 6, during the derivation of the small-signal
model, perturbations v̂in, v̂o, îr0N , and v̂cr0N are introduced at
t0, and they have an impact on the state trajectory in the whole
switching period. However, switching period perturbation t̂s
comes into effect at t3, resulting in a phase lag of half a switching
period. Considering the time delay of Ts/2, the transfer function
from the switching period to the output voltage is revised to

Gts(s) = Gt(s) · e−Ts
2 s. (35)

Since ts = 1/fs, the relationship between the perturbation
of the switching period and the perturbation of the switching
frequency is shown in (36). Therefore, the transfer function from
the switching frequency to the output voltage can be obtained as

t̂s = − 1

fs
2 f̂s (36)

Gfs(s) = − 1

fs
2Gts(s). (37)

B. Small Signal Modeling for fs > fr

The derivation process of the small-signal model for fs > fr
is similar to that for fs < fr. Δθ0 and Δr0 are shown in (18) and
(19). Δir2N and Δvcr2N are shown in (38) by linearizing (3),
and Δϕ0 needs to be solved
{
Δir2N =k2iîr0N+k2v v̂cr0N+k2inv̂in + k2ov̂o + k2m0Δϕ0

Δvcr2N = l2iîr0N+l2v v̂cr0N+l2inv̂in + l2ov̂o + l2m0Δϕ0
.

(38)
According to (7) and (8), it can be derived that Δθ1 and Δr1

are associated with the perturbation variables andΔϕ0 as shown
in{
Δθ1 = g1iîr0N + g1v v̂cr0N + g1inv̂in + g1ov̂o + g1m0Δϕ0

Δr1=h1iîr0N+h1v v̂cr0N+h1inv̂in + h1ov̂o + h1m0Δϕ0
.

(39)
Because isN(t3) = 0 at t3, isN(t3+Δt3) must be also equal to

zero at t3+Δt3, Therefore, (40) can be obtained as

ΔisN (t3 +Δt3) = isN (t3 +Δt3)− isN (t3)

=
∂isN (t3)

∂r0
Δr0 +

∂isN (t3)

∂r1
Δr1

+
∂isN (t3)

∂ϕ1
Δϕ1 +

∂isN (t3)

∂θ0
Δθ0

+
∂isN (t3)

∂θ1
Δθ1 +

∂isN (t3)

∂vin
v̂in

+
∂isN (t3)

∂vo
v̂o +

∂isN (t3)

∂ts
t̂s = 0.

(40)

From t0 to t3, the relationship between Δϕ0 and Δϕ1 in half
a switching cycle can be expressed as

Δϕ0 +Δϕ1 =
ωr0

2
t̂s. (41)

Combining (18) and (19) and (39) and (41), Δϕ1 and Δϕ0

can be solved as{
Δϕ1 = m1iîr0N +m1v v̂cr0N +m1inv̂in +m1ov̂o +m1tt̂s
Δϕ0 = ωr0

2 t̂s −Δϕ1
.

(42)
Substituting (42) into (38) and (39), Δir2N, Δvcr2N, Δθ1,

and Δr1 associated with v̂in, v̂o, t̂s, îr0N , andv̂cr0N can be
determined. The expressions for Δir3N and Δvcr3N can be
obtained as shown in (43) by taking a partial derivative of (9){

Δir3N = k3iîr0N + k3v v̂cr0N + k3inv̂in + k3ov̂o + k3tt̂s
Δvcr3N = l3iîr0N + l3v v̂cr0N + l3inv̂in + l3ov̂o + l3tt̂s

.

(43)
The expression Δīs1 on the secondary side of the transformer

during the half of the switching cycle from t0 to t3 is shown as

Δīs1 =
∂īs1
∂r0

Δr0 +
∂īs1
∂θ0

Δθ0 +
∂īs1
∂ϕ0

Δϕ0 +
∂īs1
∂r1

Δr1

+
∂īs1
∂θ1

Δθ1 +
∂īs1
∂ϕ1

Δϕ1 +
∂īs1
∂vin

v̂in +
∂īs1
∂ts

t̂s

= ks1iîr0N + ks1v v̂cr0N + ks1inv̂in + ks1ov̂o + ks1tt̂s.
(44)

From t3 to t6, a similar procedure can be used to obtain the
expressions for Δir6N, Δvcr6N, and Δīrec. Due to the similarity
between the derivation process of the small-signal model for fs<
fr and fs > fr, the derivation process for fs > fr can be referenced
from Fig. 6. The small-signal model of the LLC converter and
the transfer function for fs > fr can be obtained by referring to
(30)–(37).

IV. SMALL SIGNAL MODELING OF THE LLC CONVERTER IN

TIME-SHIFT CONTROL

A. Analysis of the Time-Shift Control

Due to the resonant converter operating in the inductive re-
gion, energy continues to flow out of the resonant tank after the
switches are turned on at t0 and t3. Only after the resonant current
crosses zero at t1 and t4, energy in the input source flows into
the resonant tank, lasting until the switches are turned off at t3
or t6. This period is denoted as tcs, as illustrated in Fig. 7. TSC,
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Fig. 7. Diagram of LLC time-shift control.

Fig. 8. Closed-loop control block diagram of TSC.

distinct from PFM, directly regulates the duration tcs during
which energy flows into the resonant tank to adjust the output
voltage.

Furthermore, the TSC method is also easily implementable
in the digital controller, as shown in Fig. 7. The zero-crossing
detection of the resonant current can be realized by using an
analog circuit to determine t1 and t4. The time base counter
starts at the beginning of the switching period. When the resonant
current crosses zero at t1 and t4, the time base counter is reset
to zero. Therefore, tcs is equivalent to controlling the amplitude
of the time base counter. The closed-loop control block diagram
of TSC is shown in Fig. 8.

As seen in half of the trajectories from t0 to t2 for both fs <
fr and fs > fr, the resonant inductor Lr and resonant capacitor
Cr are in resonance. The instantaneous energy stored in the LC
resonant tank during t0 to t2 is expressed as

W =
1

2
Lrir

2 +
1

2
Crvr

2

=
1

2
CrVin

2[r0 sin (ϕ+ θ0)]
2

+
1

2
CrVin

2[−r0 cos (ϕ+ θ0) + (1−M)]2. (45)

Differentiating W to ϕ, the expression is shown in (46).
Solving (46), ϕ is equal to -θ0, which indicates that the energy
stored in the LC resonant tank gets the extreme value at t1. At
this time, the resonant current is equal to zero

dW

dϕ
= CrVin

2r0 (1−M) sin (ϕ+ θ0) = 0. (46)

The simulation of the energy stored in the LC resonant tank is
shown in Fig. 9. For fs < fr, the energy stored in the LC resonant
tank reaches the maximum at t1. For fs > fr, the energy stored in

Fig. 9. Simulation of energy stored in the LC resonant tank. (a) fs < fr.
(b) fs > fr.

Fig. 10. Analysis of control time under TSC for fs < fr.

the LC resonant tank reaches the minimum at t1. Therefore, the
time interval tcs reflects the energy variation transmitted from
the input voltage into the LLC converter and can be used as the
variable for the current mode control. The above analysis reveals
the reason why the TSC can be regarded as current mode control.

The small-signal modeling for TSC is based on the analysis
presented in Section III. By building the relationship between
the perturbation of the control time tcs and the perturbation of
the switching period ts, the small-signal model can be derived.

B. Small Signal Modeling of the LLC Converter in Time-Shift
Control for fs < fr

As shown in Fig. 10, t1-t0 is designated as tZ1, and t4-t3
is designated as tZ2. According to the analysis of the state
trajectory in Section II, it can be derived that tZ1 = -θ0/ωr0

and tZ2 = (π-θ2)/ωr0.
By introducing the perturbation, the variationsΔtZ1 andΔtZ2

can be expressed as⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

ΔtZ1 = −Δθ0
ωr0

= − 1
ωr0

(
g0iîr0N + g0v v̂cr0N + g0inv̂in + g0ov̂o

)
ΔtZ2 = −Δθ2

ωr0

= − 1
ωr0

(
g2iîr0N + g2v v̂cr0N + g2inv̂in

+ g2ov̂o + g2tt̂s
)

.

(47)
Within one switching cycle, ts is equal to 2tcs+tZ1+tZ2. There-

fore, the relationship between perturbation of the control time
tcs and perturbation of the switching period ts can be expressed
as

t̂s = 2t̂cs +ΔtZ1 +ΔtZ2. (48)

According to (48), t̂s can be rewritten as

t̂s = AZ x̂+BZ

[
v̂in

t̂cs

]
(49)



534 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

Fig. 11. Analysis of control time under TSC for fs > fr.

where

AZ =
1

ωr0 + g2t

[−g0i − g2i −g0v − g2v −g0o − g2o
]

BZ =
1

ωr0 + g2t

[−g0in − g2in 2ωr0

]
.

Substituting (49) into (32), (32) can be rewritten as

˙̂x = Ax̂+
[
B1 B2

] [v̂in

t̂s

]
= Acx̂+Bc

[
v̂in

t̂cs

]
(50)

where

Ac = A+B2AZ

Bc =
[
B1 +B2

−g0in−g2in
ωr0+g2t

2ωr0

ωr0+g2t
B2

]
.

Therefore, the transfer function under the TSC can be obtained
according to (51) for fs < fr. Gtc(s) is the transfer function from
the control time tcs to the output voltage vo. Considering the
time delay in Fig. 6, the transfer function from the control time
tcs to the output voltage vo is revised to (52)

Gcs (s) = C(sI −Ac)
−1Bc =

[
Gvin(s) Gtc (s)

]
(51)

Gtcs (s) = Gtc (s) e
−Ts

2 . (52)

C. Small Signal Modeling of the LLC Converter in Time-Shift
Control for fs > fr

As depicted in Fig. 11, the half of the switching cycle is from
t0 to t3. It can be divided into three parts, including t1-t0, t2-t1,
and t3-t2. They are designated as tZ1, tcs, and ta1 respectively.
Similarly, the half cycle from t3 to t6 can be divided into tZ2,
tcs, and ta2. Based on the analysis of the state trajectory for fs
> fr in Section II, it can be obtained that tZ1 = -θ0/ωr0, tZ2 =
(π-θ2)/ωr0, ta1 = ϕ1/ωr0 and ta2 = ϕ3/ωr0.

The variations ΔtZ1 and ΔtZ2 can be obtained by (47), and
Δta1 and Δta2 can be expressed as

⎧⎪⎪⎨
⎪⎪⎩

Δta1 = Δϕ1

ωr0
= 1

ωr0

(
m1iîr0N +m1v v̂cr0N
+ m1inv̂in +m1ov̂o +m1tt̂s

)
Δta2 = Δϕ3

ωr0
= 1

ωr0

(
m3iîr0N +m3v v̂cr0N
+ m3inv̂in +m3ov̂o +m3tt̂s

) . (53)

In a whole switching cycle, ts is equal to tZ1 + tZ2 + ta1 +
ta2 + 2tcs. Therefore, (54) can be obtained as

t̂s = ΔtZ1 + 2t̂cs +ΔtZ2 +Δta1 +Δta2. (54)

TABLE II
CIRCUIT PARAMETERS

In terms of (54), the relationship between the perturbations t̂s
and t̂cs can be shown as

t̂s = AZ

⎡
⎣ îr0Nv̂r0N

v̂o

⎤
⎦+BZ

[
v̂in

t̂cs

]
(55)

where

AZ=
1

ωr0 + g2t −m1t −m3t

⎡
⎣ (−g0i − g2i +m1i +m3i)
(−g0v − g2v +m1v +m3v)
(−g0o − g2o +m1o +m3o)

⎤
⎦
T

BZ =
1

ωr0 + g2t −m1t −m3t

× [
(−g0in − g2in +m1in +m3in) 2ωr0

]
.

By substituting (55) into (32), the equation of states for fs >
fr is also shown in the form of (50), where

Ac = A+B2AZ

Bc =

⎡
⎢⎢⎣
B1 +

−g0in − g2in +m1in +m3in

ωr0 + g2t −m1t −m3t
B2

2ωr0

ωr0 + g2t −m1t −m3t
B2

⎤
⎥⎥⎦
T

.

Similarly, the transfer function under the TSC for fs > fr can
be obtained according to (51) and (52).

D. Frequency-Domain Modeling Comparisons of the LLC
Converter in PFM and TSC

The simulation model of the LLC resonant converter is built in
PSIM software, and the circuit parameters are given in Table II
with 53.7 kHz resonant frequency.

The frequency ac sweep under PFM is carried out at the
steady-state operating points with switching frequencies of 43,
48, 60, and 65 kHz. The frequency response of the open loop
can be obtained by a small ac excitation signal injected into
the switching frequency as the perturbation. The theoretical
model and simulation results of the bode diagram from the
switching period to the output voltage are shown in Fig. 12.
It can be observed that the theoretical model agrees well with
the simulation data in terms of amplitude gain and phase for
fs < fr and fs > fr, validating the effectiveness of the small
signal modeling of the LLC under PFM. In PFM, the frequency
response is close to the second-order system. The phase of the
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Fig. 12. Simulation results and theoretical model from the switching period
to the output voltage under PFM. (a) fs = 43 kHz. (b) fs = 48 kHz. (c) fs =
60 kHz. (d) fs = 65 kHz.

Fig. 13. Simulation results and theoretical model from the control time to the
output voltage under TSC. (a) fs = 43 kHz. (b) fs = 48kHz. (c) fs = 60 kHz.
(d) fs = 65 kHz.

bode plot is less than 180° in the high-frequency range, which
limits the bandwidth of the system.

Similarly, the small signal model of the LLC resonant con-
verter under TSC is simulated by the same method. The theo-
retical model and simulation results of the bode diagram from
the control time to the output voltage are shown in Fig. 13. The
theoretical model also agrees with the simulation results under
fs > fr and fs < fr, which verifies the validity of the theoretical
model under TSC.

By comparing the small signal models of the LLC resonant
converter under PFM and TSC, the bode diagram of the LLC
under TSC is close to the first-order characteristic. Therefore,
it is easier to achieve higher bandwidth and high phase margin

TABLE III
DETAILED SPECIFICATIONS

Fig. 14. Experimental prototype.

in closed-loop control, which makes the design of the controller
simpler and the dynamic response better.

V. EXPERIEMENTAL VERIFICATION

An experimental prototype of the full-bridge LLC resonant
converter was built to verify the validity of the small-signal
models under PFC and TSC. The circuit parameters are the
same as the simulation, and the specifications of the circuit
are given in Table III. The PFM and TSC are implemented
in a digital signal processor (DSP) TMS320F28035. Fig. 14
shows the experimental prototype, which mainly consists of
the LLC converter, the control board, the resonant current zero-
crossing detection circuit, and the auxiliary power supply. The
implementation of TSC in the digital controller is the same as
the figure shown in Fig. 7.

A. Experimental Verification of Small Signal Model

To test the bode diagram of the LLC converter, small si-
nusoidal periodic perturbations with different frequencies are
added to the switching period. A 50% square waveform with
the same frequency and phase as the periodic perturbation is
generated by the DSP. The experimental waveforms are shown
in Fig. 15, vo_AC is the ac component of the output voltage, and
the rising edge of the square waveform indicates 0° of the small
sinusoidal perturbation. The gain of the frequency response is
equal to the ac amplitude of the output voltage divided by the
amplitude of the periodic perturbation. By comparing the phase
difference between the square waveform and the ac component
of the output voltage, the phase of the frequency response can
be obtained.
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Fig. 15. Experimental waveforms of small-signal verification method.

Fig. 16. Waveforms of the steady-state operating points for LLC resonant
converter. (a) fs = 43 kHz. (b) fs = 48 kHz. (c) fs = 60 kHz. (d) fs = 65 kHz.

Fig. 17. Experimental results and theoretical model of the bode diagram under
PFM. (a) fs = 43 kHz. (b) fs = 48 kHz. (c) fs = 60 kHz. (d) fs = 65 kHz.

Fig. 16 shows the steady-state operating point waveforms of
the LLC resonant converter at 43, 48, 60, and 65 kHz. The small
signal model under PFM is verified at the above steady-state
operating points by experiment respectively. The bode diagrams
of the LLC under PFM are given in Fig. 17. The amplitude gain
and phase of the experimental results agree with the theoretical
model. The experimental bode diagrams of the LLC under

Fig. 18. Experimental results and theoretical model of the bode diagram under
TSC. (a) fs = 43 kHz. (b) fs = 48 kHz. (c) fs = 60 kHz. (d) fs = 65 kHz.

Fig. 19. Block diagram for closed-loop model of the LLC converter. (a) Pulse
frequency modulation. (b) Time-shift control.

TSC are depicted in Fig. 18, and it can be observed that the
experimental results match the theoretical model well.

Comparative analysis of the experimental results under PFM
and TSC reveals that within the frequency range of 2 to 4 kHz,
the small-signal model under PFM exhibits resonance peaks.
Furthermore, the positions of these resonance peaks vary with
different switching frequencies, thereby posing challenges to the
design of closed-loop controllers and the stability of closed-loop
systems for PFM. In TSC, resonance peaks are eliminated and
the small-signal model presents nearly a first-order frequency
response, which possesses a better dynamic response in closed-
loop control and facilitates controller design.

B. Design Example of the Closed-Loop Controller

This subsection presents a closed-loop control with 50–70 V
input voltage, 60 V output voltage, and 300 W rated load power.
To compare the dynamic characteristics of the LLC converter
under PFM and TSC, proportional-integral (PI) controllers need
to be designed based on the proposed small signal model. The
block diagram for the closed-loop model is shown in Fig. 19,
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TABLE IV
COMPARATIVE ANALYSIS OF SMALL SIGNAL MODELS

Fig. 20. Bode diagrams of the controller design for 50 V input voltage.
(a) PFM. (b) TSC.

where Gc(s) is the transfer function of the PI controller, and
G(s) is the small-signal transfer function of the LLC converter
from the control variable to the output voltage. For PFM, G(s)
is Gts(s). For TSC, G(s) is Gtcs(s).

As seen in Fig. 17, it can be observed that the converter
operating in boost mode (PO mode) under PFM has a larger
phase lag. To ensure system stability throughout the full input
voltage range, the parameters of the PI controller need to be
designed under this operating condition. Given an output voltage
of 60 V and a rated power of 300 W, the design of the PI
controller for an input voltage of 50 V is shown in Fig. 20,
and the expressions for the controllers under PFM and TSC
are expressed in (56) and (57), respectively. It can be seen that
the converter under TSC exhibits a higher crossover frequency
while ensuring sufficient phase margin, implying better dynamic
response

Gc_PFM (s) =
1.485× 10−7

(
s+ 1.194× 104

)
s

(56)

Gc_TSC(s) =
9.372× 10−7

(
s+ 8.168× 103

)
s

. (57)

At an input voltage of 50 V, the converter operates in PO
mode. The load step experiments from 50 to 300W are depicted
in Fig. 21, where the captured output voltage vo has a bias of
45 V. It is evident that under TSC, the converter exhibits a
smaller overshoot and settling time. Moreover, increasing the
proportional gain of the PI controller under PFM to enhance
dynamic response results in significant oscillation, as depicted
in Fig. 22. The dynamic response in Fig. 22 is still lower than
that under TSC.

Fig. 21. Dynamic waveforms for 50 V input voltage under the load step change
from 50 to 300 W load power. (a) PFM. (b) TSC.

Fig. 22. Oscillatory waveforms of PFM for 50V input voltage under the load
step change from 50 to 300 W load power.

Fig. 23. Bode diagrams of the controller design for 70 V input voltage.
(a) Pulse frequency modulation. (b) Time-shift control.

Using the PI controller shown in (56) and (57) for 70 V input
voltage, the converter operates in NP mode. The bode diagrams
for the PFM and TSC in closed-loop control are illustrated
in Fig. 23. It can be observed that the converter exhibits a
higer phase margin and the crossover frequency under TSC.
However, the crossover frequency decreases under PFM. The
load step experiments from 50 to 300 W are shown in Fig. 24.
The experimental results demonstrates better dynamic response
under TSC, while the dynamic reponse deteriorates under PFM.
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Fig. 24. Dynamic waveforms for 70 V input voltage under the load step change
from 50 to 300 W load power: (a) Pulse frequency modulation. (b) Time-shift
control.

C. Comparative Analysis of the Models

The comparison analysis of different methods for the small-
signal modeling of LLC converters given in Table IV. Although
the FHA model, the SRF model, and the equivalent circuit model
can provide simple analysis, they only have higher accuracy
near the resonant frequency. When the switching frequency
deviates from the resonant frequency, their accuracy decreases.
The EDF method proposed in [24], which considers all har-
monic components, can provide an accurate small-signal model.
However, it involves an overly complex derivation process and
does not provide specific expressions for transfer functions. The
discrete-time model can derive an accurate small-signal model,
but these methods are difficult to extend to the derivation of
the small-signal model for TSC. The method proposed in this
article not only derives the high-precision small-signal model in
a wide range of switching frequency based on the time-domain
analysis but also facilitates the extension to the derivation of
the small-signal model for TSC, which can provide valuable
guidance for controller design and contribute to better frequency
response.

VI. CONCLUSION

The article presents a new method to do the small-signal
modeling of the LLC converter for both PFM and TSC. The
previous small-signal models for the PFM are difficult to extend
to the TSC, and the analysis of the frequency response for the
TSC is based on simulation. In this article, the state trajectory
of the LLC resonant converter is analyzed, and the equations for
calculating the steady-state operating point are obtained based
on the time-domain analysis. According to the expressions of the
state trajectory, an accurate small-signal model is derived based
on the Tylor’s expansion, which demonstrates high accuracy in
a wide range of switching frequency. Moreover, this method
can be extended to the small-signal modeling of TSC. The
frequency response between the PFM and TSC is compared.
The simulation data and experimental results verify the validity
of the theoretical model, which provides valuable guidance for
the design of the controller. The closed-loop PI controller is
designed based on the small-signal model, and load step exper-
iments demonstrate that the converter exhibits better dynamic
response under TSC compared to PFM.
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