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Abstract—This paper proposes a novel automatic resonant
frequency tracking (ARFT) scheme based on adaptive extended
state observer (AESO) for unregulated LLC converter. A second-
order LLC converter small-signal model using extended describ-
ing function (EDF) method with simplified resonant circuit is
presented. A new adaptive scheme that automatically updates
the inner model of extended state observer (ESO) are provided.
The proposed AESO can well track the resonant frequency with
limited sensors, and is easier to implement compared with the
conventional ARFT scheme. Finally, simulation and experimental
results demonstrate the effectiveness of the proposed ARFT
scheme.

Index Terms—Adaptive extended state observer (AESO), au-
tomatic resonant frequency tracking (ARFT), LLC resonant
converter.

I. INTRODUCTION

LLC resonant dc/dc converters have attracted high attention
due to their desired features: primary-side zero-voltage switch-
ing (ZVS) and secondary-side zero-current switching (ZCS)
[1], [2], leading to high efficiency and power density, as shown
in Fig. 1.

For LLC-based dc transformers (DCX), the resonant con-
verter works at fixed resonant frequency. The parameters of
the resonant circuit have tolerances in manufacturing and
even vary with time due to temperature variation, This makes
the switching frequency deviate from the designed resonant
frequency. Once the mismatch between predicted and actual
resonant frequency occurs, the converter tends to have a larger
turn-OFF current for switches and circulating current in reso-
nant tank tends to increase, which degrade the efficiency. Thus,
an automatic resonant frequency tracking (ARFT) scheme is
needed to keep unregulated LLC resonant converter always
working at the resonant frequency, which is also the maximum
efficiency point [3], [4].

The state of art ARFT techniques can be mainly divided
into two categories: the time-detecting-based methods and the
gain or phase relationship-based methods.

The first category detects time related to resonant frequency,
such as the zero-current duration time of the secondary diode
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Fig. 1. Schematic of full-bridge LLC resonant converter (LLC).

[5], which has a linear relationship with the resonant frequency
and is independent of resonant circuit parameters. However,
this method doesn’t work if the switching frequency is higher
than the resonant frequency, as the duration time no longer
exists. In [6] 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 resonant
frequency. However, almost all of the time-detecting-based
methods require additional current sensors and zero current
detection. This increases the cost of the ARFT scheme.

The second category utilizes the relationship of variables
in resonant circuit and output voltage to track the resonant
frequency. Based on the gain relationship between the LLC
resonant converter output and input voltage [7], a simple
ARFT scheme can be applied. Though the proposed method
has low cost and control circuit loss, the tracking performance
is not desired due to the nonlinear characteristics of LLC
resonant converter. Based on the gain or phase relationship
between different variable pairs in a resonant circuit [3], a
unified ARFT scheme is established. This method has higher
frequency tracking accuracy, but to detect both the phase and
gain relationship, the cost is high. Hence, an ARFT scheme
with easy to implement and high tracking accuracy is required.

For conventional LLC resonant converter, observer-based
controller has superiority over PID controller [8]. This con-
cept can be also extended to ARFT scheme. Extended state
observer (ESO) is one of the most suitable observer-based
controller [9], which gains its popularity in ARFT techniques
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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
circuit. The time-invariant model is utilized in ESO, if there
is an adaptive law to update the model or gain matrix inside
the ESO, which is adaptive extended state observer (AESO)
[10]. This helps improve the performance. AESO-based ARFT
scheme has advantages both in cost and tracking accuracy.

In this paper, a novel ARFT scheme based on AESO
for LLC resonant converter is proposed. The relationship
between output voltage and switching frequency contains
the information of resonant frequency. First a second-order
small-signal model for the LLC resonant converter provides
the relationship between the output voltage and switching
frequency, then based on the derived model, an extended
observer is established. The proposed AESO algorithm tracks
the resonant frequency well in simulations and experiments.

II. MODELING OF LLC RESONANT CONVERTER

To build an AESO control scheme, an accurate small-
signal model is of the LLC resonant converter is necessary.
The volt-frequency characteristic of LLC resonant converter is
nonlinear, so it is not easy to derive the model. The extended
describing function (EDF) method is adopted. By applying
the Kirchhoff′s laws to LLC resonant converter, the resonant
inductor current ir, the resonant capacitor voltage Vc, the
magnetizing current im, the output capacitor voltage VCo are:

dir
dt

=
Vin − Vc − nsgn(ir − im)VCo

Lr
(1)

dVc
dt

=
ir
Cr

(2)

dim
dt

=
nsgn(ir − im)VCo

Lm
(3)

dVCo
dt

=
n|ir − im|

Co
− VCo

R
(4)

When the LLC resonant converter works in steady state, us-
ing the harmonic approximation, ωs is the switching frequency,
ωr is the resonant frequency of resonant circuit:

ir(t) = irssinωst+ irccosωst (5)

Vc(t) = Vcssinωst+ Vcccosωst (6)

im(t) = imssinωst+ imccosωst (7)

VCo(t) = VCossinωst+ VCoccosωst (8)

EDF method can be used to approximate LLC resonant
converter model. The EDFs are defined as (9)-(12) [8]:

f1(Vin, d) =
4

π
Vdc (9)

f2(irs − ims, ip, Vcf ) =
4

π
· irs − ims

ip
· Vco (10)

f3(irc − imc, ip, Vcf ) =
4

π
· irc − imc

ip
· Vco (11)

f4(irs − ims, irc − imc) =
2

π
ip (12)

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

ip =
√
(irs − ims)2 + (irc − imc)2 (13)

Substituting EDFs back to the (1)-(4), we can get an
equivalent circuit model of LLC resonant converter. But the
order of this model is too high. Thus some approximation
should be implemented. The resonant circuit can be simplified
as the capacitor behaves like an equivalent inductor with
respect to the switching frequency [11]:

Le = Lr +
1

Crω2
s

= Lr(1 +
ω2
r

ω2
s

) (14)

With this simplification, 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
)

Qp =
8n

π2
RL

√
Co
Le
, ωp =

√
8n

Leπ2Co

(15)

where GDC is the slope of the dc voltage gain curve. This
relationship of output voltage and switching frequency is:

V̈o = −
ωp
Qp

V̇o − ω2
pVo +GDCωs = h(Vo, ωs) (16)

III. AUTOMATIC RESONANT FREQUENCY TRACKING
SCHEME BASED ON EXTENDED STATE OBSERVER

The ESO treats the inner uncertainties and external distur-
bances as the total disturbance f :

V̈o = f + b0ωs (17)

f = − ωp
Qp

V̇o − ω2
pVo + (b− b0)ωs (18)

b0 =
−4Vin
π2

Ln
fs

n

LrCo
(19)

Define the state as x = [x1, x2, x3]
T=[Vo, V̇o, f ]T , thus an

extended state-space matrix can be derived from (17):{
ẋ = Ax+Bu+ Eḟ

y = Cx

A =

0 1 0
0 0 1
0 0 0

 ,B =

 0
b0
0

 , E =

00
1

 , C =
[
1 0 0

]
(20)
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Then an observer named ESO can be constructed:{
˙̃x = Ax̃+Bu+ Lo(y − ỹ)
ỹ = Cx̃

Lo =
[
l1 l2 l3

]T (21)

where x̃, ỹ is the estimated value of x, y from ESO, Then the
estimated dynamics error e of ESO is:

ė = Le+ bh

L =

−l1 1 0
−l2 0 1
−l3 0 0

 ,b =
00
1

 , e =
x̃1 − x1

x̃2 − x2

x̃3 − x3

 (22)

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

s3 + l1s
2 + l2s+ l3 = (s+ ωo)

3 (23)

It can be proved that when L is asymptotically stable, x̃
approaches x and the observer error e converges to zero [12].

ESO uses a certain LLC model at the designed resonant
frequency, but we can update this model according to the
predicted resonant frequency to improve the performance
of the observer, which makes ESO becoming AESO. The
algorithm flowchart is shown in Fig. 2.

LLC resonant 

converter

Adaptive law

ωs(t) Σ 
+ Vout(t) 

R

Vin 

System state

-

e1  e2   e3 

Extended State 

Observer

Model update

Fig. 2. Flowchart of the proposed AESO.

For the adaptive law shows in Fig. 3, when the estimate
error ei goes below the threshold ei,th, system calculates a
new resonant frequency fn+1 from the total disturbance x̃3.
The difference of fn+1 and the resonant frequency calculated
in the last round fn goes below the frequency threshold fd,
which means we get the real resonant frequency, it can be
used as the operating frequency of unregulated LLC resonant
converter.

Start ei < ei,th
Reset the LLC 

model of ESO

Calculate a new 

resonant frequency 

from X3

|fn-fn+1|  < fdEnd

No

Fig. 3. Block diagram of the transfer function for the proposed adaptive law.

IV. SIMULATION AND EXPERIMENTAL RESULTS

To validate and demonstrate the effectiveness of the pro-
posed ARFT scheme, an LLC resonant converter and AESO
scheme have been established using Matlab/Simulink. The
parameters of the designed LLC converter in the simulation
are presented in Table I.
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Fig. 4. Predicted frequency performance of AESO in simulation evaluated
by error rate.

TABLE I
PARAMETERS OF LLC RESONANT CONVERTER IN SIMULATION

Symbol Parameter Value

Vin Input voltage 400V

Vout Output voltage 400V

Lr Inductance of resonant inductor 37.25µH

Cr Capacitance of resonant capacitor 68nF

C′
r Switched resonant capacitor 29.92nF

Lm Inductance of magnetizing inductor 350µH

n Transformer ratio 1

fr Resonant frequency 100kHz

f ′
r Changed Resonant frequency 83.33kHz

The first simulation changes resonant capacitance step by
step, to evaluate the accuracy of ESO method. As shown in
Fig. 4, the sampling time for the simulation is 0.05µs, the
step frequency between each test is 1kHz. For the blue line,
the horizontal axis represents the real resonant frequency, and
the vertical axis represents the predicted resonant frequency.
As shown, when the switching frequency is in the vicinity of
resonant frequency, the results given by AESO are accurate
with below 1% error. However, when the difference between
switching frequency and the resonant frequency is too large,
the error of prediction begins to increase. This is because
the model which ESO adopts is no longer correct due to
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Fig. 5. Predicted frequency response for resonant parameter sudden change
of proposed ARFT scheme.

Fig. 6. Simulation results of the converter under resonant parameter sudden
change and back to normal under ARFT scheme.

the assumption that the converter works around the resonant
frequency. By using AESO, the model of ESO will be updated
iteratively until it is near the resonant frequency. Eventually,
all predicted results will fall in the vicinity of the resonant
frequency.

The step change of resonant frequency can better validate
the AESO scheme, the output bus voltage, and input voltage
is set to 400 V.

As shown in Fig. 5, the previous resonant frequency is
100kHz, and when the step change occurs at 0.4 s, the resonant
capacitance is increased to 1.44 times. Thus the resonant
frequency changes to 83.33 kHz. It can be seen from the figure
that AESO well handles this situation and gives the predicted
frequency accurately.

In Fig. 6, iLr is the resonant current, VCr is the resonant
voltage, both of them have a sudden drop when the step change
occurs to charge the resonant circuit. After the ESO shifts
to steady-state, VCr is 0.69 times its original value. At the
time ARFT works, the switching frequency is changed to the

Vds1 (100 V/div)

iLr (5 A/div) 

Vo (100 V/div)

2 ms/div 

Fig. 7. Experiment results of the LLC converter after ARFT is enabled.

predicted frequency to maintain a constant output voltage.

TABLE II
PARAMETERS OF THE LLC CONVERTER PROTOTYPE IN EXPERIMENT.

Symbol Parameter Value

Vin Input voltage 150V

Vout Output voltage 256V

Lr Inductance of resonant inductor 15.8µH

Cr Capacitance of resonant capacitor 12.7nF

Lm Inductance of magnetizing inductor 83µH

n Transformer ratio 1.7

RL Load resistance 280Ω

fr Resonant frequency 350kHz

In experimental verification, a hardware prototype is built.
The ARFT scheme proposed in Section III is implemented in
dSPACE DS1202. The output voltage signal of LLC converter
is sent to dSPACE and calculated online, the ARFT scheme
works periodically to correct the switching frequency. The
detailed parameters of the prototype in the experiment are
presented in Table II. The parameters are deliberately designed
using an accurate algorithm specifically for LLC resonant
converter [13]. The design solution satisfies the peak gain
requirement with minimized component stress.

Fig. 7 shows the experimental waveforms of the unregulated
LLC converter, it can be seen that the converter is working
under resonant frequency with minor deviation. The input
voltage is 150 V while the output voltage is 256 V. Then
the switching frequency is changed to 370 KHz to create a
resonant frequency mismatch situation.

Before ARFT starting work, the switching frequency is 370
kHz, so the initial value of ARFT is also 370 kHz. After the
proposed ARFT is enabled, it can track the resonant frequency
with a satisfactory accuracy, as shown in Fig. 8.

More operation frequencies are tested. As shown in Fig. 9,
the frequency step between adjacent data points is about 7 kHz.
The resonant frequency keeps unchanged and the switching
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Fig. 9. Predicted frequency performance of AESO in experiment evaluated
by error rate.

frequency varies. When the switching frequency is around
the resonant frequency, AESO results are accurate. However,
when the frequency mismatch increases, the error also tends
to increase due to the model is no longer accurate.

V. CONCLUSION

In this paper, a novel automatic resonant frequency tracking
scheme based on an adaptive extended state observer for LLC
resonant converter is proposed. the key concept is that the
output voltage ripple of LLC resonant converter contains the
information of resonant frequency. Firstly, we can obtain a
second-order small-signal transfer function with the simplifi-
cation of the resonant circuit. Then the AESO is established.
The proposed ARFT scheme combines ESO with adaptive law
to improve the accurate range of prediction. Compared with
previous works, the proposed scheme is much simpler with
reduced sensor cost.
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