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Abstract: The LLC resonant converter is a widely used DC/DC converter that offers the
benefit of enabling soft switching compared to classical DC/DC converters. However,
traditional PI control strategy based on a linear model has drawbacks such as slow dynamic
response and poor anti-interference performance. To overcome the shortage, a passivity-
based control strategy based on the Euler-Lagrange (EL) model is proposed in this paper to
improve the dynamic performance of the half-bridge LLC resonant converter. In addition,
the stability of the system based on the proposed strategy is analyzed and verified. Further,
the effectiveness and performance of the proposed strategy is verified in the simulation by
comparing with the traditional PI controller. Finally, a prototype was built to verify the
dynamic performance of the LLC resonant converter based on the proposed control strategy.
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1. Introduction

In recent years, the new energy industry has undergone rapid development, presenting higher
challenges for power electronic conversion devices. As a result, researchers have conducted
extensive research in pursuit of converters with high power, high efficiency, and high-power density.
Meanwhile, the DC converters have drawn significant attention in recent years as an important
link in power conversion [1-3]. In which, the LLC resonant converter has been widely used in
various applications, such as data centers [4], server power supplies [5], microgrids [6], vehicle
chargers [7]. The popularity of the LLC resonant converter can largely be attributed to its soft
switching, low EMI, high efficiency, high power density, and electrical isolation. LLC resonant
converters often requires a wide range of input or output voltages according to the practical
applications, making them increasingly prevalent [8—10].

In the domain of LLC control strategies, traditional PI control has been associated with slow
transient response speed and poor robustness. To overcome these challenges, researchers have
proposed various nonlinear-based control strategies, such as sliding mode control, passivity-based
control and adaptive control. Passivity-based control is an effective control approach that utilizes
the energy characteristics of a system to design a controller, thereby enabling the system to maintain
energy balance and avoid instability. This method exhibits robustness and can maintain system
stability even with parameter disturbances and external disturbances. By performing mathematical
derivations, it can derive control equations of the system and effectively design controllers.
Additionally, passivity-based control can minimize energy loss, making the system more efficient
in energy consumption. The implementation of the passivity-based control method is relatively
straightforward and does not require complex controller architectures and algorithms. Furthermore,
this method can be applied to a range of dynamic systems, including mechanical [11], electrical [12],
and chemical systems. There are currently multiple nonlinear control methods applied to LLC
resonant converters. For instance, the paper [13] proposed a robust control strategy that leverages
second-order sliding mode technology for LLC resonant DC/DC converters, which improved the
dynamic performance of the system. This method has good dynamic response, but its steady-state
performance is not outstanding, with obvious output voltage ripple. Similarly, the paper [14]
proposed a control strategy called super twisted sliding mode (STSMC) control, which is based on
sliding film control. Notably, this control strategy does not require factorization of the internal
parameters of the system. Instead, it only needs to solve the first-order derivative of the input,
which is a computationally simple process. This method uses a reduced order model for modeling,
which has a relatively simple calculation process and achieves good dynamic performance, but
the output steady-state error is significant. A hybrid control strategy for LLC converters using
linear active disturbance rejection control (ADRC) is proposed in the paper [15, 16]. In this article,
frequency modulation is used to control the output voltage, while phase angle compensation is
used to compensate for gain errors caused by changes in resonant components. Adopting this
method improves the speed and anti-interference performance of the system without introducing
additional switching losses. However, the use of this control strategy still has significant overshoot,
and its advantage over PI control in terms of speed is limited. Furthermore, the paper [17] proposes
a fuzzy adaptive PI controller for the voltage outer loop and a traditional PI controller for the
current inner loop. Joint simulation of this approach using MATLAB and PLECS demonstrates the
superiority of using a fuzzy adaptive PI controller, particularly with respect to voltage regulation.
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However, the calculation method is relatively complex and needs to be improved in terms of
parameter errors and magnetic integration. The paper [18] proposes a PWM strategy based on the
event triggered control (ETC) method. This method can achieve fast and smooth startup of the
system, and keep the resonant circuit current and capacitor voltage below the preset threshold. The
biggest advantage of the ETC method is the smooth transition between the start-up and steady
state. In [19,20], a simplified optimal trajectory control (SOTC) for the LLC resonant converter is
proposed. This article uses different control strategies and modulation methods in transient and
steady-state situations. This method has good control effect, but the design is relatively complex.
Compared with the above methods, passivity-based control variables are optional. The most
convenient control method only requires sampling and controlling the output voltage of the system.
It has the advantages of faster dynamic performance and no overshoot. When the system is in
a stable state, there are no obvious ripple waves in the system.

In this paper, a novel passivity-based control strategy for LLC converters based on the
Euler-Lagrange (EL) model is proposed, which exhibited superior performance of dynamic
characteristics. The EL model of the LLC converter is built and the passivity of the system is
verified. The EL model of the half-bridge LLC resonant converter is designed by injecting damping,
enabling the system to reach steady state quickly, so as to obtain no overshoot, fast adjustment speed
and good anti-disturbance characteristics. In the meanwhile, the feasibility and advantages of the
passivity-based control strategy are verified with an LLC resonant converter based on MATLAB.
Finally, a prototype was built to preliminarily verify the good dynamic performance of the LLC
resonant converter under passivity-based control strategy when facing sudden load changes.

2. Working principle of a half-bridge LLC resonant converter

2.1. Circuit topology diagram of LLC resonant converter

The topology of a half-bridge LLC resonant converter is shown in Fig. 1(a), which is composed
of four critical components. The first component is a switching circuit that comprises two main
switches. The second component is a resonant tank that is composed of resonant inductance L,,
excitation inductance L,,, and resonant capacitor C,.. The third component is a full wave rectification
circuit, which includes an ideal transformer and four diodes. Finally, the fourth component is a low-
pass filter that consists of a filtering capacitor Cr and a load. The ideal output waveform for each part
is presented in the figure to provide a comprehensive understanding of the system’s functioning.

The equivalent circuit diagram of the half-bridge LLC resonant converter is shown in Fig. 1(b).
This diagram provides an overview of the system’s constituent elements and their voltage and
current relationships, which lays the foundation for developing control strategies based on this
topology.

The different variables depicted in Fig. 1(b) denote the DC input voltage as u;,, input voltage
of the resonant circuit as u,j,, resonant inductance current as iy ,-, excitation inductance current as
izm, Tesonant capacitor voltage as uc,, output current of the resonant circuit as i,,, rectifier bridge
output current as is, filter capacitor current as i. ¢, converter output current as i,, converter output
voltage as uo, output resistance as R, and ratio of primary and secondary turns of the transformer
as n. These variables are crucial to the operation of the half-bridge LLC resonant converter and
are instrumental in developing effective control strategies for optimal system performance.
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(a) Topology diagram of half bridge (b) Equivalent circuit diagram of half bridge
LLC resonant converter LLC resonant converter

Fig. 1. Half-bridge LLC circuit schematic of passivity-based controller based on EL model and its equivalent
circuit diagram

3. Mathematical model of LLC resonant converter based on EL model

3.1. Design of passivity-based controller for LLC resonant converter

The dynamic equation of the equivalent circuit diagram of a half-bridge LL.C resonant converter
can be described as:

L d:th’ L d’;’” = Uap — Ucy

Lmdistm = sgn (ip) - nu,

c,d”éf’ g : )
C,«'dgt” =n-abs(ip) - luo

where ugyy,, sgn (i), and abs (i) are the nonlinear variables. The nonlinear variables present in
Eq. (1) are as follows:

abs (ip) = |ip|, 2)

. 1 i,>0
sgn(zp)z{ 1 iZ<0 . (3)

In the state equation, the dead time is not considered, and the upper and lower bridge arms can be
regarded as conducting separately. Therefore, the switching signal S = S;-5, of the MOSFET tran-
sistor is introduced into the equation, where S| and S, are the driving signals of the upper and lower
switch transistors, respectively. Taking the state variable x =[xy, x, x3, xa)T =lirr,irm, ucr uol”,
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the introduced state equation is as follows:

dx
er—tl +x3+nSx4 = ugp

d
Lmﬁ—nszo

e @)
x3
C—-x=0

a M

d)C4 1
Cr——nS(x;—x2)+—=x4=0

" (x1 = x2) i

By expressing Eq. (4) in matrix form, an EL mathematical model of the LLC resonant converter
can be obtained:

Mx +Jx +Rx = U, (5)
where:

L. 0 0 0 0 0 1 nS
|0 L. 0 0 o o0 0 -ns
M=o 0 ¢ of 75l=1 0 0 o

0 0 0 ¢ -nS nS 0 0

000 0
u
000 0 o
R=10 0 0 o U=[,
000 + 0
R

Because J = —J7 is an antisymmetric matrix, it has the properties of the EL equation.
Set the desired balance point to:

X = [y o 1T = [, e, 01 ©)

The purpose of a passivity-based controller is to make the state variable x reach the steady
state equilibrium point x*. Set the error of the state variable to x, = x —x*, and the error energy
storage function to:

1
H, = ExeT Mx,. (7

When H, — 0, x, — 0, the purpose of control can be achieved.
The derivative of the error energy storage function for time is:

H, = x'Mx,. (8)
To accelerate the convergence rate of H,, a damped R, is injected in the form of Formula (9).
Mx, + Jx, + Rgx, = U — Mx* — Jx* — Rx" + R,x,. )

In the formula, Ry = R + R,, where Ry is the positive definite matrix.



110 Yajing Zhang et al. Arch. Elect. Eng.

Substitute Mx, into the derivative of the error energy function over time:
H, = x'[U - M%* - J(x, + x*) = Rx" + R.x.] — xI Ryx,. (10

To ensure H, = —xTRyx, < 0, select a passivity-based controller:

U = Mx* + Jx + Rx* — Ryx,, (1)
where:

Re 0 0 0 o

0O R, O 0 er =1,

1 iLm—13
Ro=| 0 0 — 0 | x=| " 'tm
Ra 1 MCr_u*Cr

0 0 0 — o = Uo

R,

Due to the fixed frequency modulation, the duty cycle d of switch S| needs to be introduced.
The input-output relationship of the converter is as follows:

—_ = — 12
uig, 05 2n (12)

U, d M
In the formula M is the DC gain, taking the normal value M = 1, substituting Eq. (12) into the
last equation of Eq. (4), taking d as the control variable, and iy, ifm, Ucr, Uo as the controlled
variable, the control rates are as follows:

du’

o

dr

nR nS(iLr - iLm) — Cf

1
- R—(Mo - MZ)

d= < (13)

Mu* ’

in

Considering that iz, and icy cannot be sampled in practical application, and the controller
has better anti-load disturbance performance, equivalent substitution is needed. The input-output
relationship between transformer and bridge rectifier is as follows:

du’

nS(iy = iLm) = Cp— % = is = icf = o (14)

The optimal control rate can be obtained by substituting Formula (14) into Formula (13):

5)
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3.2. The system passivity proof of LLC resonant converter

Based on the mathematical model Formula (4) of the half-bridge LLC resonant converter, the
following can be deduced:

. Lr . . .
LrlLr? = iprUagh — ILrUcr — L nSu,
di .
Lmleﬂ = ipmnSu,
dr . (16)
duCr .
CruCrT =Uucrlry
du, . .
Crito— = = onS(ivr = iLm) = —u

RO

The equation of Eq. (16) is added to obtain the power equivalent equation of the system:

d|1r. , 1, 1 5 1 5 . 1,

T ELrlLr + ELmle + EC,uCr + chuo =lip,ugh — Eu"' (17
—_——— ——— — ' ——
Hpr(t) Hpm(t) Hcr (1) Hcy(t)

In the formula: Hy,(¢) and Hy,,(t) are the electromagnetic energy stored in the resonance
inductance and excitation inductance, respectively, and Hc,(t) and Hcy(t) are the electric field
energy stored in the resonance capacitance and the filter capacitance, respectively.

The power equivalent equation of Eq. (17) is obtained by integrating O to ¢:

t t

1
H(t) = H@O) + / irruapdt — / —uldr . (18)
S~ SN~ R
Energy at time #  Initial emergy 0 0

Supply energy Dissipated energy

In the formula: H(¢) = Hy,(t) + Hpm(t) + Her(t) + Hep(2) is the total energy of the circuit, T
is an integral time constant. Since u, > 0 and R > 0, a dissipative inequality can be obtained:

t

H(t) - H(0) < / iLrttapdr. (19)
0

Equation (16) represents the input u,5, output u,,, and energy supply rate iz ,u,p oOf the system,
proving that the system is strictly passive.

There is a close relationship between passivity and stability, and the positive definite storage
function of a passive system can be used as a Lyapunov function. Passive systems are not a subset
of stable systems, only passive systems with detectability conditions are stable.

Therefore, as long as the system is zero state observable or zero state detectable, the system is
stable. There are definitions as follows: For a system, if u (#) = 0, y (t) = 0, shall be xlggo x(t)=0.

The system is defined as zero state detectable.
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For the LLC resonant converter system, when the input and output of system is zero, as the
time ¢ tends towards infinity, the state variable x of the system can be concluded as zero. Therefore,
the system is zero state detectable. Combined with the strict passivity of the system, the system is
asymptotically stable.

Furthermore, a numerical simulation based on the Lyapunov exponent was conducted in
MATLAB, in order to further verify the stability of the system [21]. Generally, the Lyapunov
exponent represents the numerical characteristic of the average exponential divergence rate of
adjacent trajectories in phase space. Also known as the Lyapunov feature index, it is one of the
features used to identify several numerical values of chaotic motion. The formula of the Lyapunov
exponent is as follows:

n—1
LEs:lileIn'M‘. (20)
e dx

The Lyapunov exponent is often used to determine the chaos of a system, and images can
intuitively determine whether a system or mapping is a chaotic system or mapping.

For the Lyapunov index LEs, different values have the following different meanings:

When LEs > 0, the system motion will enter a chaotic state, and the corresponding mapping is
called chaotic mapping;

When LEs < 0, the motion state of the system tends to stabilize;

When LEs = 0, the system is in a stable state [22].

The numerical simulation algorithm of the LLC converter is to construct the Lyapunov function
of the system through the Jacobian matrix of the system space state equation. In which the system
state variable x = [x1, x2, X3, X417 = [iL,iLm tUcrs Uo]T and the duty cycle of the switch d are
selected as the two Lyapunov variables.

The numerical simulation result of the system is shown in Fig. 2. In which, d represents the
duty cycle of switch S;. It can be seen that the value range of d is between 0 and 0.5, and the
Lyapunov exponent is always less than zero. It can be seen that the system is asymptotically stable
within this range.

-0.018
-0.02

-0.022

LEs

-0.024

-0.026

-0.028 :
0 0.1 0.2 03 0.4 0.5

Fig. 2. Lyapunov exponent of the system



Vol. 73 (2024) Passivity-based control strategy for resonant converter 113

4. Simulation analysis of passivity-based controller for LLC resonant
converter based on EL model

To verify the effectiveness of the control strategy proposed in this article, a simulation model
of the LLC resonant converter with a rated power of 500 W was built in Simulink. PI control and
passivity-based control were used as the control strategies for the circuit. The passivity-based
control block diagram is shown in the Fig. 3.

Fig. 3. Half-bridge LLC circuit schematic of passivity-based controller based on EL model

The output voltage and current of the circuit under different working conditions were compared
to obtain simulation results of the steady-state and transient performance of the circuit. The PI
control parameters are k, = 0.0025, k; = 110, and the passivity-based control injection damping
R, is 0.125 Q. The circuit simulation parameters are shown in Table 1.

4.1. Steady-state performance of LL.C based on proposed control strategy

The soft switching process during passivity-based control of the LLC resonant converter
achieves zero voltage turn-on of the primary side and zero current turn-off of the secondary side,
as shown in Fig. 4.

The comparison of steady-state performance simulation between passivity-based control and
PI control is shown in Fig. 5. Among them, passivity-based control has no overshoot, steady-state
error is 1.15%, and adjustment time is 8.67 x 107> s. The steady-state error of PI control can
be ignored, with an overshoot of 15.6% and a rise time of 1.42 X 1074 s, adjustment time is
8.39 x 10™* s. From the perspective of adjusting time and overshoot, passivity-based control is
superior to PI control.
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Table 1. Circuit simulation parameters

Parameter name Symbol Value Unit
Transformer ratio n 3.96
Switching frequency fs 160 kHz
Converter input voltage Uin 380 v
Converter output voltage Up 48 v
Resonant inductance L, 21.7 uH
Magnetizing inductance Ly 86.9 uH
Resonant capacitor Cr 29.2 nF

400 - T e 8y voltage usy
H . : —— Amplify §, drive a» Transformer secondary diode Zero Current Switching

signal by 200x

& 200
= 6
e z

or E 4

2.205 2.21 2.215 2.22 E \"‘-.,
» Time 5 |"—3 2 "--,_\
g ' <<+ Dy current ipg 0 y B9 SRt e
E 50 Pt o — D, voltage
= Al i r*'(:b kY % 2
L b F
3 s 4
Z 50 =
£

2.205 221 2215 2.22 1.83325 1.8333 1.83335 1.8334

Time X ||}"‘ Time « 107

Fig. 4. LLC resonant converter soft switching process

4.2. Transient performance of LLC resonant converter based on the proposed control
strategy

Figure 6 shows the waveform of the dynamic performance comparison between traditional
PI control and passivity-based control when the expected output voltage suddenly increases.
From the figure, it can be seen that the adjustment time under the traditional PI control strategy
is 7.88.67 x 1075 s, and there is an overshoot of 1.1 v, while the adjustment time under the
passivity-based control strategy is only 5.2 x 107> s. It can be seen that when the expected output
voltage suddenly changes, the dynamic performance of the passivity-based control strategy is
significantly better than that of PI control.

Figure 7 shows the waveform of the dynamic performance comparison between traditional PI
control and passivity-based control when the input voltage suddenly increases. From the figure, it
can be seen that under the traditional PI control strategy, there is a significant disturbance in the
DC output voltage, and the stabilization speed is slow, while under the passivity-based control
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Fig. 5. Comparison of steady-state performance simulation of PI control and passivity-based control
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Fig. 6. Output voltage waveform when output voltage expectations spike

strategy, the DC output voltage quickly stabilizes without significant disturbance. By comparison,
it can be seen that when the input voltage suddenly increases, the passivity-based control strategy
improves the dynamic characteristics of the system.

Figure 8 shows the waveform of the dynamic performance comparison between traditional PI
control and passivity-based control when the load suddenly changes. The combined resistance is
5 Q, and the load suddenly changes by 50%. From the figure, it can be seen that when facing sudden
changes in load and a sudden increase in output current, the adjustment time under passivity-based
control is significantly faster than that under PI control, and there are significant disturbances in
the output voltage and current under PI control. It can be seen that passivity-based control has
good resistance to load disturbances compared to PI control.



116 Yajing Zhang et al. Arch. Elect. Eng.
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Fig. 8. Comparison chart of output current spikes due to sudden load changes

5. Experiment validation

In order to further verify the effectiveness of the passivity-based LLC resonant converter
control strategy, a prototype of the LLC resonant converter was established. Figure 9 shows
the important working waveforms of the LLC resonant converter, achieving a voltage reduction
function from 200 V to 14 V.
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Fig. 9. LLC resonant converter switch S| voltage ug and resonant inductor current if ,

T T T
o2gns @ -1.20kV

A1.T3us AROV

i [10A/div]

4

Time[400ns/div]

Figure 10 shows the waveform of the LLC resonant converter under passivity-based control
when facing load disturbances. From the figure, it can be concluded that passivity-based control

has good rapidity and does not produce severe fluctuations when facing load disturbances.

Fig. 10. Waveform diagram of load sudden change experiment under passivity-based control

g T

™ ug[50V/div]

i [3A/div]

Time|10ms/div]

6. Conclusions

In this paper, a passivity-based control strategy based on the EL. model for the LLC resonant
converter is proposed. Moreover, a passivity-based controller for a half-bridge LLC resonant
converter was designed and verified by simulation and experiment. Furthermore, the stability of
a system based on the proposed control strategy is analyzed and demonstrated. To further explore
the feasibility and advantages of the proposed control strategy, a passivity-based controller for
a half-bridge LLC resonant converter was developed using Simulink. The proposed control strategy
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in both transient and steady-state situations has a better robust characteristic compared with the
traditional PI controller. Finally, a prototype was built to preliminarily verify the good dynamic
performance of the LLC resonant converter based on the proposed passivity-based control strategy.
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