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ABSTRACT To achieve optimal system performance, it’s recommended to operate an LLC resonant
converter at its resonant frequency. However, in mass production, the resonant parameters of different
products can deviate significantly. This means that we need to actively track the resonant frequency during
practical usage. To address this issue, this paper presents a novel automatic control scheme for LLC converter
that tracks the resonant frequency. The proposed control scheme is based on an accurate small-signal model,
and an extended state observer which provides small-signal characteristics at the operating frequency. The
controller checks the voltage gain of the converter and combines large-signal with small-signal models to
control the LLC converter effectively. Compared to conventional automatic resonant frequency tracking
(ARFT) control schemes, the proposed control scheme is easier to implement and requires fewer sensors.
Experimental results demonstrate its effectiveness in tracking the resonant frequency. In summary, this
manuscript proposes an effective ARFT control scheme for LLC converter that can track the resonant
frequency with reduced sensors and is easier to implement.

INDEX TERMS Automatic resonant frequency tracking (ARFT), dc–dc converter, extended state observer
(ESO), LLC resonant converter, small-signal model.

I. INTRODUCTION
LLC resonant converters is a widely used isolated dc/dc topol-
ogy due to its primary-side zero-voltage switching (ZVS) and
secondary-side zero-current switching (ZCS) [1], [2], which
leads to high efficiency and power density, The schematic of
full bridge LLC converter is shown in Fig. 1.
One of the key advantages of LLC converter is its high effi-

ciency.With the help ofwide band gap semiconductor devices
and soft switching characteristics, the operating frequency
can be pushed to high frequency range while still maintain
high efficiency [3]. Under such high operating frequency,
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the volume of LLC converters can be greatly reduced, which
facilitates a compact system integration [4].
There are some limitations of LLC converters. On one

hand, for LLC-based dc transformers (DCX), the operation of
the resonant converters is confined at its resonant frequency.
However, in massive production scenarios, it is frequent to
encounter parameter mismatches. While LLC converters are
sensitive to resonant parameter deviations [5]. This leads to
the shift of resonant frequency, which results in a high MOS-
FET turn-OFF current and a large circulating current. More-
over, the voltage gain and efficiency would also be affected
[6]. On the other hand, LLC converters exhibit non-linear
characteristics [7]. The voltage gain depends on parameters of
the controller and resonant circuit, which results in non-linear
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FIGURE 1. Schematic of full-bridge LLC resonant converter.

behavior. The non-linear behavior can cause harmonic dis-
tortion and voltage overshoot, which poses high difficulty in
prediction and control, whereas traditional control methods
exhibit poor performance [8].

To address these issues, different control and modulation
techniques are investigated, to improve the linearity of the
converter and reduce the impact of non-linear behavior [9].
Normally, the LLC converter operates in the vicinity of its
resonant frequency to achieve the optimal efficiency and
unity normalized gain, and the simplest method is based on
frequency modulation [10].

State-of-the-art control strategies for LLC converter can be
divided into two categories: large-signal model based strate-
gies and small-signal model based strategies, also there are
many other control or modulation strategies [11].

The first category is based on the small-signal model. In
[12], a unified automatic resonant frequency tracking (ARFT)
scheme is established based on the gain or phase relation-
ship between different variable pairs in resonant tank. This
method exhibits high tracking accuracy. In [13], a small-
signal model for series resonant converter is investigated
considering phase-shift and switching frequency as the con-
trol parameters, a compensator is inserted into the control
loop to improve the dynamic response of resonant converters.
However, to detect both the phase and gain relationship,
the hardware cost is high and requires a lot of computing
time.

The second category is based on large-signal model. The
relationship of variables in resonant tank and output voltage
is utilized to track the resonant frequency. In [14], a simple
ARFT scheme is proposed based on the gain relationship
between the LLC resonant converter output and input volt-
ages. In [15], a method that detect the phase difference of
two sides of the transformer is proposed to ensure CLLC
converters can always work at maximum efficiency point
in both forward and backward modes even under resonant
tank parameter deviations. To ensure ZVS operation, a multi-
variable switching frequency-duty cycle hybrid control strat-
egy is presented for LLC converter [16]. Although the above
mentionedmethodsmaintain low cost and control circuit loss,
the tracking performance is not optimal due to the non-linear
characteristics of LLC resonant converter.

Time durations related to resonant frequency, such as the
zero-current duration of the secondary side diode, can be

FIGURE 2. Equivalent circuit model of full-bridge LLC resonant converter.

used to control the LLC converter [17]. This is because it
has a linear relationship with the resonant frequency and is
independent of resonant circuit parameters. However, this
method can’t work if the switching frequency is higher than
the resonant frequency, as this mode no longer exists. In
[18] a method is developed to detect the zero-crossing point
and peak point of resonant current. The duration between
those two points is a quarter of the resonant period. This
method is simple and doesn’t need prior knowledge of reso-
nant frequency. However, almost all the time-duration-based
methods require additional current sensors and zero current
detection. This increases the hardware cost of the ARFT
scheme. Hence, an ARFT schemewith easily implementation
and high tracking accuracy is required.

For conventional LLC resonant converter, observer-based
controller outperforms PID controller better in dynamic
response and static accuracy [19]. This concept can be
extended to ARFT scheme. Extended state observer (ESO)
is considered one of the most suitable controller to esti-
mate uncertainties [20], which gains its popularity in ARFT
techniques for LLC resonant converter. ESO treats unknown
dynamics and the external disturbance as a total disturbance
f , in which f can be used to predict the resonant frequency of
LLC resonant tank. ESO-based ARFT scheme has advantages
in both cost and tracking accuracy. In [21], a second-order
LLC converter small-signal model is presented using the
extended describing function (EDF) method with a simpli-
fied resonant circuit. Accordingly, a new adaptive scheme
that automatically updates the inner model of extended state
observer is proposed.

To this end, in this manuscript, a novel ARFT con-
troller based on extended state observer and voltage gain
difference is proposed for LLC resonant converter. This
manuscript is a further extension of the conference paper
[21]. The ARFT control scheme inherits the previous
small-signal tracking method but expands it to combine
both large-signal and small-signal approaches. The controller
By combining these two approaches, the ARFT control
scheme can provide robust and accurate control of the LLC
converter.

This manuscript is organized as follows: Section II intro-
duces the large-signal model and small-signal model of
LLC resonant converter. Section III demonstrates the ARFT
control scheme and the detailed controller design. Then,
Section IV provide the experiment results. Finally, the
manuscript concludes in Section V.
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II. ANALYSIS OF THE LLC RESONANT CONVERTER
LLC resonant converter, as shown in Fig. 1, can be analyzed
from the perspective of impedance. Its equivalent circuit
model is plotted in Fig. 2. The inverter bridge can be modeled
as an ac voltage source by only considering the fundamen-
tal frequency component Vac. The resonant circuit part is
retained, the rectifier bridge can be regarded as an ac equiva-
lent resistance.

Under this perspective, the voltage gain of full-bridge LLC
resonant converter can be exported as:

GVi =
1

n
√
(Qfn(1 − f −2

n ))2 + (1 + Ln − Lnf
−2
n )2

. (1)

where Q is the quality factor which is related to load and
relative inductance, Ln is the ratio of Lm and Lr :

Q =

√
Lr/Cr
Req

, Ln =
Lm
Lr

. (2)

The gain curve versus switching frequency under different
load condition of LLC resonant converter is plotted in Fig. 3.
It can be seen that all gain curves intersect at the unity gain
point at the resonant frequency fr .

The simplest way to extract resonant frequency is by
numerically inverting the voltage gain expression (1). How-
ever, it is difficult to solve since there are many unknowns
such as transformer magnetizing inductance Lm and resonant
tank parameters. Due to this non-linear behavior, controlling
LLC converter purely from the aspect of large-signal is diffi-
cult work.

FIGURE 3. The gain curve of LLC resonant converter.

We can turn our attention to small signal methods for
help. An accurate small-signal model of the LLC resonant
converter is required to build ESO control scheme. The
volt-frequency characteristic of LLC resonant converter is
nonlinear, which make it difficult to derive the model. To
address this issue, the extended describing function (EDF)
method is adopted. By applying the Kirchhoff′s laws to four
state variables (The resonant currents ir , im, the resonant
voltage vcr and the output capacitor voltage vCo) which can

characterize LLC resonant converter, we can obtain:

dir
dt

=
vin − vcr − sgn(ir − im)nvCo

Lr
dvcr
dt

=
ir
Cr

dim
dt

=
nvCosgn(ir − im)

Lm
dvCo
dt

=
n|ir − im|

Co
−
vCo
RL

.

(3)

where RL is the load resistance and Co is the output
capacitance.

When the LLC resonant converter works at a steady state,
the waveforms of four state variables are nearly sinusoidal.
Based on first harmonic approximation, we can rewrite (3),
where ωs is the switching angular frequency:

ir (t) = irs sinωst + irc cosωst
vcr (t) = vcs sinωst + vcc cosωst
im(t) = ims sinωst + imc cosωst
vCo(t) = vCos sinωst + vCoc cosωst.

(4)

Each of the four steady-state variables has sin part and
cos part under sinusoidal approximation, and their values are
denoted in the subscript as ‘‘s’’ or ‘‘c’’.

Applying Fourier expansions to the nonlinear terms, the
EDF method can be used to approximate LLC resonant con-
verter model. The EDFs are defined as (5) [19]:

f1(vin, d) =
4
π
vdc

f2(irs − ims, ip,VCo) =
4
π

irs − ims
ip

vCo

f3(irc − imc, ip,VCo) =
4
π

irc − imc
ip

vCo

f4(irs − ims, irc − imc) =
2
π
ip.

(5)

where ip is the peak current of the resonant inductor and can
be expressed as

ip =

√
(irs − ims)2 + (irc − imc)2. (6)

Substituting EDFs into (3), we can obtain an equivalent
circuit model of LLC resonant converter. However, the order
of this model is too high. Thus, some approximation should
be adopted. The resonant circuit can be simplified as the
capacitor behaves like an equivalent inductor concerning the
small-signal beat frequency [22]:

Le = Lr +
1

Crω2
s

= Lr (1 +
ω2
r

ω2
s
). (7)

where ωr is the resonant angular frequency.
After perturbing the small-signal quantities, we can lin-

earize the LLC converter and obtain its small-signal model.
This model separates the resonant tank into sine part and
cosine part, as depicted in Fig. 4.
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In this model, we consider the current of rectifier circuit as
iTc and iTs, which also can be expressed as:

iTc = irc − imc. (8)

iTs = irs − ims. (9)

FIGURE 4. Separated equivalent small-signal model of LLC resonant
converter.

Then, a second-order transfer function between the output
voltage and the switching frequency at the resonant frequency
is obtained:

Vo
ωs

= GDC
1

1 +
s

Qpωp
+ ( s

2

ω2
p
)
. (10)

where

Qp =
8n
π2RL

√
Co
Le

, ωp =

√
8n

Leπ2Co
. (11)

GDC is the slope of the dc gain of the control-to-output
voltage transfer function. GDC can be related to the slope of
the voltage gain curve plotted in Fig.3 by the relation shown
in the following equation:

GDC =
∂Vo
∂ωs

=
Vin
nωs

∂GVi
∂ωs

(12)

This relationship between the output voltage and switching
frequency can be rewritten as:

V̈o = −
ωp

Qp
V̇o − ω2

pVo + GDCω2
pωs = h(Vo, ωs). (13)

This transfer function will be used in designing the ESO
and improving the control accuracy.

III. PROPOSED ARFT SCHEME BASED ON EXTENDED
STATE OBSERVER
By combining the large-signal and small-signal models, the
proposed controller can be obtained. Its flowchart is plotted
in Fig. 5. For the extended state observer, the input is the
converter output voltage ripple and switching frequency. For
the large-signal part, the input is the converter voltage gain.

First,the controller checks the voltage gain of the converter,
if the deviation is greater than the threshold 1Gth, there will
be a variation 1Fs added into the control variable fs. In this
process, large-singal PI controller provides 1Fs1, and the
extended state observer provides a variation 1Fs2 based on
the small-signal model of LLC converter, the sum of them
is 1Fs. Then the controller generate the switching frequency
according to calculation, to form the driving signal of the LLC
converter.

FIGURE 5. Flowchart of the proposed controller.

Firstly, we need to construct an observer to obtain the
output voltage of LLC converter. The ESO considers the
internal uncertainties and external disturbances as the total
disturbance f , so we can rewrite equation (13):

V̈o = −
ωp

Qp
V̇o − ω2

pVo + (b− b0)ωs + b0ωs = f + b0ωs.

(14)

where

f = −
ωp

Qp
V̇o − ω2

pVo + (b− b0)ωs

b0 =
−8Vin

π

Ln
ωs

n
LrCo

. (15)

b0 is set as the value when equation (12) under the optimal
operating point ωs = ωr , and b is the coefficient of ωs.
Define the state as x = [x1, x2, x3]T = [Vo, V̇o, f ]T , thus

an extended state-space matrix can be derived as(16):{
ẋ = Ax + Bu+ Eḟ
y = Cx.

(16)

where

A =

0 1 0
0 0 1
0 0 0

 ,B =

 0
b0
0

 ,E =

0
0
1

 ,C =
[
1 0 0

]
. (17)

To deploy the ESO experimentally, it needs to be dis-
cretized by sampling with the sampling period Ts. According
to the zero-order hold (ZOH) properties, it can be obtained
from (16) that x(k) = x(kTs), u(k) = u(kTs), f (k) = f (kTs),
y(k) = y(kTs).
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Then a discrete-time observer named ESO can be
constructed [23]:{

x̃(k + 1) = Ax̃(k) + Bu(k) + Lo(y(k) − ỹ(k))
ỹ(k) = Cx̃(k).

(18)

where Lo is the observer gain, which is used to amplify
the error between the observer values and the actual values,
ensuring that the observer values closely approximate true
values.

Lo =
[
l1 l2 l3

]T
. (19)

x̃(k), ỹ(k) are the estimated value of x(k), y(k) from ESO.
Then the estimated dynamic error e(k) of ESO is:

e(k + 1) = Le(k) + bh(k). (20)

where

L =

−l1 1 0
−l2 0 1
−l3 0 0

 , b =

0
0
1

 , e(k) =

x̃1(k) − x1(k)
x̃2(k) − x2(k)
x̃3(k) − x3(k)

 .

(21)

To make sure that L is asymptotically stable, Lo is tuned
using the bandwidthmethod. This sets the characteristic poly-
nomial of the observer to [24]:

z3 + l1z2 + l2z+ l3 = (z+ ωo)3. (22)

It can be proved that when L is asymptotically stable, x̃(k)
approaches x(k) and the observer error e(k) converges to zero
because we ensure that all eigenvalues are locating in the left
half plane. As the observer value x̃3(k) close to the resonant
frequency, we can use this predicted value to control the
LLC converter. In our previous conference paper, when the
switching frequency is near the resonant frequency, predicted
resonant frequency maintain good accuracy [21].
After obtaining the estimated total disturbance, we can get

the predicted resonant frequency:

u =
u0 − f̃
b0

. (23)

where u0 is reference of control input. Then, we can derive the
final 1fs2 from using a PI controller based on the predicted
resonant frequency:

1fs2 = u(kp +
ki
s
). (24)

The control transfer functions Gcl(s) used for designing
large-signal parts are diverse, and different transfer functions
can have varying performances. To have a better comparison
results, PI regulator is selected as Gcl(s), and the parameters
of Gcl(s) are consistent with the situation where only the PI
regulator is active for LLC converter.

IV. EXPERIMENTAL RESULTS
A. EXPERIMENT SETUP
LLC converters often encounter the issue of parameter mis-
matches. Specifically, when the switching frequency and
the resonant frequency are not matched, it can lead to per-
formance degradation. In our experiment, we intentionally
created mismatched conditions to assess the capability of
our algorithm in successfully compensating this mismatch.
The purpose is to determine whether our algorithm could
effectively address the negative effects resulting from such
parameter mismatches.

TABLE 1. Parameters of the LLC converter prototype in experiment.

In experimental verification, a hardware prototype is
designed and tested. The ARFT control scheme proposed
in Section IV is implemented in TMS320F28335. The LLC
converter’s output voltage is sensed by the ADC, and send to
DSP calculates in real time. The detailed parameters of the
prototype in the experiment are presented in Table 1.

The topology of experiment LLC converter is shown in
Fig.6. Compared with the traditional LLC converter, there
is an additional branch paralleled with the original resonant
capacitor Cr . This branch consists of a switch and another
resonant capacitor C ′

r . A pair of back-to-back MOSFETs
are employed as the four-quadrant switch. MOSFET output
parasitic capacitor is denoted asCoss. In turn-OFFmode,Coss
is in series with C ′

r , so the capacitance of switched reso-
nant branch is almost equal to Coss, which has little impact
on the main resonant branch. While in turn-ON mode, the
capacitance of switched resonant branch is C ′

r , the resonant
capacitance of prototype changes to C ′

r + Cr , which lead to
the resonant frequency of LLC converter change form fr2 to
fr1. The experiment prototype can achieve a step change of
resonant circuit parameters.

Fig. 7 shows the designed experimental prototype. DSP
interface provides I/O ports for the controller to form the
required frequency of LLC converter and generate the driv-
ing signals of the inverter bridge; the inverter bridge is
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FIGURE 6. The topology of experiment LLC converter prototype.

built by MOSFETs, switched resonant branch consists of
two back-to-back MOSFETs and a capacitor C ′

r . When the
four-quadrant switch is turn-ON, C ′

r will access the resonant
circuit, causing the sudden increase of the resonant capacitor.
The same to the situation when four-quadrant switch is turn-
OFF, the resonant capacitor suddenly drops.

FIGURE 7. Experiment LLC converter prototype.

Fig. 8 gives the block diagram of the experiment con-
trol setup. The output ADC shown in Fig. 7 is selected as
ADS8320, and then the data will be sent to controller, and
finished the proposed control loop calculation.

Fig. 9 illustrates the open-loop dynamic response test con-
ducted on our designed prototype. In the test, the resonant
capacitor undergoes a step change from 70 nF to 91 nF. The
step change in capacitance is initiated by activating the four-
quadrant switch, which in turn affects the output voltage. As
a results of this change, the resonant current deviates from a
pure sinusoidal waveform and exhibits a slight distortion.

The zoomed version at capacitance sudden increase instant
is shown in Fig. 10. The degree of resonant current overshoot
is tolerable. The instant of C ′

r access in should be better
set to when the main branch capacitor voltage is 0, but it

FIGURE 8. Block diagram of the experiment setup.

FIGURE 9. Experiment results of the prototype under resonant capacitor
sudden change from 70 nF to 91 nF under open-loop.

needs a very high speed sensor, here we don’t optimal this
instant. It should be noted that the random instant sudden
voltage change in capacitor may cause infinite current to flow
through the parallel resonant capacitor. However, this is not
a big problem as there are parasitic inductors and resistors
on the PCB board that limit the effect of sudden voltage
changes on the parallel resonant capacitor C ′

r . The second
phenomenon is the delay of resonant circuit responses, but
in this manuscript, Such a delay is irrelevant. But it is hard to
take this four-quadrant switch and auxiliary resonance branch
into control loop.

Fig. 11 shows the experiment results of prototype under
resonant parameter sudden change from 91 nF to 70 nF
under open-loop and its zoom-in waveforms. The delay in
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FIGURE 10. Experimental open-loop response when sudden increase of
resonant occurs.

the process of turning-OFF the four-quadrant switch has
increased, but it’s okay as we just want change the resonant
tank parameter.

FIGURE 11. Experimental open-loop dynamic response when resonant
capacitance steps from 91 nF to 70 nF.

B. EXPERIMENTAL RESULTS
PID control can also be used to regulate the output voltage of
an LLC converter. In the experiment, a PID controller-based
LLC converter is tested as the baseline for comparison. In fact,
PID control is a commonly used technique for controlling
the output of many types of power converters, including LLC
converters.

PID control is a powerful technique for controlling the out-
put of an LLC converter and can help improve the converter’s

FIGURE 12. Experiment results of the prototype under resonant
parameter sudden change from 70 nF to 91 nF and back to normal under
PI control.

stability and response time. However, tuning a PID con-
troller can be challenging, especially for complex systems
like power converters such as the LLC converter [25]. The
tuning process can be time-consuming and require significant
expertise, as the optimal PID gains can depend on various
factors, such as the dynamics of the system, the desired
response time, and the specific requirements of the applica-
tion. However, an empirical approach can be used to tune
the PID controller based on experimental data. The empirical
approach involves adjusting the PID controller gains based
on the system’s response to a step input. This method first
set the proportional gain to a small value, and the integral
gains to zero, then apply a step input to the system and record
the output response, increase the proportional gain until the
output voltage begins to oscillate, and then reduces the gain
slightly, add a small amount of integral gain to eliminate any
steady-state error.

Fig. 12 shows the experimental results of the prototype
under resonant parameter sudden change and back to normal
under PI control. The resonant capacitor is changed from
70 nF to 91 nF, resulting in a shift of the resonant frequency
from 105 kHz to 91 kHz. When PI control is applied, the
switching frequency is gradually adjusted to approach the
resonance frequency. The response time for this adjustment is
approximately 280ms, and the peak overshoot percentage is
about 16.57%. However, due to the non-linear characteristic
of the LLC converter, the response performance is not as
desired.

To demonstrate the effectiveness of the proposed ARFT
control scheme, we conduct experiments under various sce-
narios. One of the experiments involves subjecting the proto-
type to sudden changes in the resonant parameters, followed
by restoring them to their normal values using the fixed-step
feedback control described in [14], which can represent a
large portion of large-signal methods. This experiment serves
as a demonstration of the efficacy of our proposed control
scheme. Under this control method, the 1fs shown in Fig. 5
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FIGURE 13. Experiment results of the prototype under resonant
capacitance sudden drops from 70 nF to 91 nF and back to normal.
(a) under fixed-step feedback control and (b) under proposed ARFT
control scheme combined with large-signal and small-signal approaches.

is a fixed value. Fig.13 (a) displays the results of this exper-
iment. The resonant capacitor is also changed from 70 nF
to 91 nF, causing a shift of the resonant frequency from
105 kHz to 91 kHz. To maintain a stable output voltage,
the fixed-step feedback control is applied, and the switching
frequency is adjusted to be close to the resonance frequency.
The response time for this adjustment is approximately 90ms,
and the peak overshoot percentage is about 13.1%. Fig.13 (b)
displays the same capacitor change but under proposedARFT
control scheme. The peak undershoot observed is reduced for
the proposed ARFT control scheme in comparison to the PI
controller and fixed-step feedback controller, which is 4.4%.
The response time is also reduced to about 35ms.

Fig.14 (a) shows the experiment results of the LLC con-
verter under resonant capacitance sudden change from 91 nF
to 70 nF and back to normal under fixed-step feedback con-
trol, The response time for this sudden increase is about 80ms,
and the peak overshoot percentage is about 18.3%. However,
there is still room for improvement in the performance of the
system. Fig.14 (b) shows the experiment results of the same
capacitor drops and output voltage back to normal under the
proposed ARFT control scheme combined with large-signal
and small-signal approaches. The response time for the reso-
nant capacitor sudden increase experiment is approximately
45ms, and the peak overshoot percentage is about 8.7%.

FIGURE 14. Experiment results of the prototype under resonant
capacitance sudden increases from 70 nF to 91 nF and back to normal.
(a) under fixed-step feedback control and (b) under proposed ARFT
control scheme combined with large-signal and small-signal approaches.

Compared with the above control strategy, the proposed
ARFT control scheme has superior performance than tradi-
tional methods. This means that the converter can achieve a
faster and more accurate response to changes in load or input
voltage, resulting in improved system stability and efficiency.

Traditional small-signal methods, like those utilized in [12]
and [19], necessitate additional current sensors, leading to
higher hardware costs.In contrast, the proposedARFT control
scheme achieves comparable performance levels without the
need for excessive computing resources or additional sensors.
This is a significant advantage as it enables the implemen-
tation of the control scheme on low-cost microcontrollers,
making it a practical solution for a wide range of applications.
Ultimately, the proposed ARFT control scheme enhances the
performance of controlling LLC resonant converters without
compromising affordability or accessibility.

V. CONCLUSION
This manuscript proposes a new ARFT scheme that based on
large and small signal combined model which has improved
dynamic performance for LLC resonant converter. The ARFT
scheme has been specially optimized for detecting the reso-
nant frequency by using small-signal model based ESO. One
key concept that the output voltage ripple of an LLC resonant
converter contains information about its resonant frequency,
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which can be observed. The controller monitors the volt-
age gain of the converter, which is the large-signal model
approach. By combining these two models, the controller
can achieve improved performance in both response time and
peak overshoot percentage. The experimental results validate
the proposed ARFT scheme for LLC resonant converter. It is
possible to apply this ARFT scheme in future input-series-
output-parallel structure LLC converter.
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