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Abstract: The marine DC power supply system is the key to a ship’s power supply, which needs
to convert the energy from storage batteries or distributed power generation units into stable DC
voltage for electric propulsion or the ship’s electronics. The LLC resonant converter can be used as
the key power conversion link in the marine DC power supply system due to its ability to realize
electrical isolation in a high-power environment and soft switching within a wide load range. Aiming
at the problem of sudden changes in voltage gain at a high switching frequency under light load
conditions and the problem of insufficient voltage gain under heavy load conditions due to the
parasitic parameters of power devices (mainly referring to the junction capacitor), this paper first
proposes a full operating range performance optimization design method. By adding an auxiliary
circuit that can be opened according to the operating conditions and a multi-objective particle swarm
parameter optimization method that considers the converter loss and voltage gain under heavy
load conditions, the performance of the LLC resonant converter can be improved in a full range of
operating conditions. Finally, the effectiveness of the proposed method is verified by an experimental
prototype and compared with the conventional methods and existing solutions to highlight the
superiority of the proposed method in this paper.

Keywords: marine DC power supply system; LLC resonant converter; full operating range performance
optimization design; multi-objective particle swarm parameter optimization method

1. Introduction

The marine DC power supply system in ships is categorized into high-power supplies
and low-voltage auxiliary power supplies according to their functions [1]. Among them,
the power supply of all-electric propulsion ships consists of a diesel engine and generator,
which is a high-power power supply used to drive the propeller to provide power to the
ship. The low-voltage auxiliary power supply is generally composed of battery packs and
a DC/DC converter of small- and medium-power power supplies used for the cockpit and
the centralized control room for a variety of low-voltage power supplies. In the design
requirements of marine DC power supplies, the power quality requirements of the power
supply increase as the accuracy and stability requirements of these electronic devices in-
crease. Moreover, due to the very large temperature difference in the maritime environment,
the requirements for converter efficiency and temperature rise are relatively high [2–5]. In
general, compared with the inland power supply, the marine DC power supply has higher
requirements for voltage regulation accuracy, conversion efficiency, power density, and
other aspects. In order to meet the high-power density requirements of marine DC power
supplies, it is feasible and effective to increase the switching frequency. With the extensive
use of MOSFETs in power supply equipment, the operating frequency of the converter has
been increased, and the requirements for power supplies have been further improved. The
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LLC resonant converter has received extensive attention and research from scholars all
over the world because of its simple topology, ability to realize zero-voltage switching over
a wide load range, and thus its high efficiency in power transfer [6–8].

When the switching frequency is higher or lower than the resonant frequency point,
the LLC resonant converter will reduce or increase its voltage gain, so that the output
voltage of the converter can be regulated by the variable frequency control technique. In
order to obtain an accurate relationship between the voltage gain and switching frequency,
scholars have proposed many modeling methods, such as the first harmonic approximation,
extended description function, and generalized mean models [9–11]. However, these
modeling methods often do not consider circuit parasitic parameters such as the junction
capacitors of MOSFET and the diodes. These can lead to an insufficient accuracy when
analyzing the problems that exist under different operating conditions. For example, in the
marine DC power supply system, the energy storage battery will operate in light load or
very light load conditions during the charging process. This will lead to the problem of the
voltage gain rising instead of decreasing when the switching frequency of the LLC resonant
converter is higher than the resonance frequency, thus affecting the voltage regulation
and deteriorating the control performance. Ref. [12] develops an impedance model that
posits this problem is due to the secondary diode junction capacitor and proposes an
improved circuit topology to solve it, but it does not consider the effect of switching junction
capacitors, so their analysis is not comprehensive enough. This approach is also used in [13]
to analyze the light load performance, but also without considering the parasitic parameters
of the switching device. Nowadays, most of LLC resonant converters use MOSFET, whose
junction capacitor cannot be easily ignored. In order to solve the problem of the sudden
change in voltage gain under light load conditions, [14–16] propose various modulation
methods, but none of them consider the effect of the parasitic parameters of power devices.
In the authors’ previous work, an impedance model considering the switching device’s
junction capacitor and diode junction capacitor is established to analyze the causes of the
sudden change in voltage, and then an improved circuit topology is proposed to solve the
problem of the sudden change in voltage under light load conditions [17].

On the other hand, the marine DC power supply system operates under heavy load
conditions when the ship is at full speed, which requires the converter to be able to
stabilize the voltage output and at the same time minimize losses as much as possible. The
parameters of the resonant tank of the LLC resonant converter directly affect the voltage
gain and loss under heavy load conditions, so it is necessary to analyze and optimize
them. The impedance model that takes into account the parasitic parameters of power
devices is used in [18] to qualitatively analyze the effect of the resonant tank’s parameters
on the voltage gain. However, it does not give quantitative results and focuses only
on the dynamic performance affected by the voltage gain and not on the effect of the
parameters’ design on losses. Since it is difficult to optimize the dynamic performance
corresponding to the loss and voltage gain at the same time, a compromise is needed. With
the development of artificial intelligence optimization technology in recent years, many
scholars have combined AI with the parameter optimization of converters. Evolutionary
algorithms such as bee swarm optimization, particle swarm optimization (PSO), and the
genetic algorithm are often used in power supply optimization design [19–21]. They utilize
large data populations and multiple iterative updates to find the global optimum. And
among them, the particle swarm optimization algorithm is simple, practical, and widely
used to find optimal solutions. In [22], a five-stage PSO-based design method is proposed
to satisfy three constrained objectives simultaneously. In [23], the PSO algorithm is used
to obtain the optimal operating point over the entire power range of a dual active bridge
converter, which improves the system efficiency. In [24], the multi-objective optimization
design method is also used for inductive power transfer systems to achieve a high-efficiency,
high-power-density, and low-stray electric field. However, none of the above studies
considered the parasitic parameters of the power devices in their objective function, and
only a few of them simultaneously considered both the converter’s dynamic performance
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and loss as the objective function, which are key indicators of the marine DC power
supply system.

Therefore, to improve the performance of the LLC resonant converter in the marine DC
power supply system within the full operating range, this paper proposes a full-operating-
range optimization design method, which first establishes an impedance model that takes
into account the parasitic parameters of power devices on the primary and secondary
sides of the transformer. For light load conditions, an auxiliary inductor in series with an
auxiliary resistor branch is connected in parallel with the primary side of the transformer
in the conventional topology for LLC resonant converter circuits. It solves the problem
of the sudden change in voltage gain that occurs when the switching frequency is higher
than the resonance frequency under light load conditions. For heavy load conditions, a
multi-objective particle swarm parameter optimization algorithm is designed in the method
to obtain the optimal resonant tank parameters with the converter loss and voltage gain
as the optimization objectives. Then, in order to avoid the loss brought by the auxiliary
circuit under heavy load conditions, this paper calculates the critical operating point of the
sudden change in the voltage gain and designs a window-switching method to open or
close the auxiliary circuit for the appropriate operating condition. Finally, an experimental
prototype is designed and constructed, and the effectiveness of the proposed method is
verified through experimental results and a comparison with existing research results.

The rest of the paper is organized as follows. Section 2 introduces and analyzes
the performance of the impedance-model-based LLC resonant converter under different
operating conditions and draws impedance bode plots to illustrate the aforementioned
issues. Section 3 proposes a full-range operating performance optimization method and
gives detailed design steps. Section 4 verifies the effectiveness of the proposed method by
building an experimental prototype and compares it with the existing methods. Section 5
is the conclusion.

2. Performance Analysis of LLC Resonant Converter Based on Impedance Model
under Different Operating Conditions

The topology of the LLC resonant converter is shown in Figure 1, where the resonant
inductor, resonant capacitor and magnetic inductor are represented by Lr, Cr and Lm,
respectively. RL and Co mean the load and output capacitor, respectively. And T represents
the transformer, which turns ratio is n. The primary side of the transformer adopts a
full-bridge structure (Q1–Q4), and the secondary side is a rectifier bridge consisting of
diodes (D1–D4). The design of the parameters in the resonant tank can realize the converter
within a wide range of ZVS, and it can also adjust its switching frequency to adjust the
voltage gain of the converter so as to achieve voltage regulation. In order to obtain the
relationship between the voltage gain and switching frequency, the conventional method
mainly uses a fundamental wave analysis to achieve this. However, because it does not take
into account the parasitic parameters of the switch and diode, this will lead to a sudden
change in the voltage gain when the switching frequency increases to reduce the voltage
gain under light load conditions. Meanwhile, when the switching frequency is reduced in
order to increase the voltage gain under heavy load conditions, an improper parameter
design can lead to the problem that the voltage gain cannot be increased.
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To analyze the causes of these problems in depth, this paper considers the parasitic
parameters of the power devices and then uses the impedance modeling method to establish
the impedance model of the LLC resonant converter, where Cp and Cs mean the parasitic
capacitor of switching and diode, respectively. This method starts by plotting the topology
of the converter circuit into three impedance sections: Z1, Z2, and Z3 as shown in Figure 1,
in which the secondary diode junction capacitor and the load need to be converted to the
primary side. By the calculation method proposed by the authors in [18], the voltage gain
Gc can be calculated as follows.

Gc =
nVo

Vin
=

Z1

Z3//(Z1 + Z2)
=

Z1(Z1 + Z2 + Z3)

(Z1 + Z2)Z3
(1)

where Z1 is the resonant inductance and resonant capacitor and Z2 is the impedance con-
nected in parallel to the primary side of the transformer. Since the primary-side switching
network of the LLC resonant converter is a full-bridge structure, this means that there are
always two switching devices with junction capacitor connected in parallel. Therefore,
these junction capacitors will change the impedance of the resonant tank, thus adding an
impedance cell, Z3, whose expression is shown below.

Z1 = SLm//Rac// 1
SCs

= SLmRac
S2LmCsRac+SLm+Rac

Z2 = 1
SCr

+ SLr =
S2LrCr+1

SCr
Z3 = 1

2SCp

(2)

where “//” denotes a parallel connection, and Rac is the equivalent AC resistance of the
load R converted to the transformer’s primary side.

Based on the above voltage gain model, the impedance bode plots can be plotted
for light load and heavy load conditions, respectively, as shown in Figure 2, which gives
the relationship between the switching frequency and voltage gain. It can be seen that
when the circuit parasitic parameters are taken into account, the voltage gain appears to be
abrupt in the high switching frequency under light load conditions and there is insufficient
gain in the low switching frequency under heavy load conditions, thus failing to meet the
operation and control requirements.
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For the voltage gain under heavy load conditions, the authors of this paper proposed
a parameter optimization method based on the impedance model in [18], which improves
the voltage gain in the low-frequency band by increasing the value of the resonant capacitor
on the basis of the conventional parameter design. For the light load condition, the authors
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of this paper propose to use the improved LLC resonant converter topology in [17], which
solves the problem of the sudden change in voltage gain in the high-frequency band by
connecting an auxiliary inductor in series with an auxiliary resistor branch in parallel on
the primary side of the transformer. However, the above method does not consider the
whole range of operating conditions, so there are limitations.

3. Full-Operating-Range Performance Optimization Design Method for LLC
Resonant Converter

Although the above-proposed methods can solve their corresponding problems under
different operating conditions, they have not been effectively combined together. In the
marine DC power supply system, the LLC resonant converter not only operates under
light load conditions in energy storage, but also under heavy load conditions during its
normal operation. Therefore, in order to optimize the performance of the LLC resonant
converter within a full range of operating conditions, this paper combines the aforemen-
tioned methods for light load and heavy load conditions and deduces their design laws.
Then, a full-operating-range performance optimization design method based on the circuit
topology of the improved LLC resonant converter is proposed, which adopts the equivalent
circuit topology shown in Figure 3, where Ladd, Radd and Qa mean the auxiliary inductor,
auxiliary resistant and auxiliary switching, respectively. Since the LLC resonant converter
does not have the problem of the sudden change in voltage gain under heavy load condi-
tions, there is no need to open the auxiliary circuit, and thus a switching device is added to
the auxiliary circuit branch to change the auxiliary circuit’s open state under different oper-
ating conditions. Therefore, our main focus is on how to optimize the converter parameters
under heavy load conditions.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 6 of 18 
 

 

 
Figure 3. Equivalent LLC resonant converter circuit topology based on full-operating-range perfor-
mance optimization design method. 

3.1. Multi-Objective Parameter Optimization Method for Heavy Load Conditions 
For the performance of the LLC resonant converter system, in addition to its voltage 

gain, its efficiency is also one of the key design factors, especially under heavy load con-
ditions. Therefore, multiple objectives need to be considered when designing the param-
eters in order to improve the whole system’s performance. So, the process of solving the 
multi-objective optimization problem of the LLC resonant converter requires balancing 
multiple objective functions and seeking a set of compromised optimal solutions. The 
multi-objective particle swarm algorithm is able to find the optimal solution to the prob-
lem by using a population of individuals through an iterative process, so this algorithm is 
used in this paper to solve the optimal resonant tank parameters of the LLC resonant con-
verter under heavy load conditions. The next step is to first obtain the two objective func-
tions. 

3.1.1. Objective Function: Loss Breakdown and Voltage Gain 
According to the circuit topology of the LLC resonant converter, its losses are mainly 

composed of switching losses, transformer losses, and resonant inductor losses. 
First of all, in terms of switching losses, there is no turn-on loss because the LLC res-

onant converter can realize ZVS. Meanwhile, the conduction loss is related to the RMS 
value of the resonant current, the switch, and diode on-resistance. The turn-off loss is re-
lated to the turn-off process switch. Therefore, the switching loss can be expressed as fol-
lows. 

_ _ _ _ _ _ sec= + +loss sw loss c loss off pri loss offP P P P  (3)

where the turn-off losses include the primary-side switch’s turn-off losses and secondary-
side diode’s turn-off losses. 

Secondly, the resonant inductor losses include the core loss and coil loss, which can 
be obtained by the Steinmetz formula and the copper wire resistance formula, mainly re-
lated to the core size, copper wire parameters, switching frequency, the RMS value of the 
resonant current, etc., which can be expressed as follows. 

_ _ _ _ _= +loss inductor loss L copper loss L ironP P P  (4)

Finally, the transformer loss and resonant inductor loss calculation methods are ba-
sically the same; the difference is that the transformer loss includes the primary side loss 
and secondary side loss, expressed as follows. 

_ _ _ _ _= +loss transforer loss T copper loss T ironP P P  (5)

The total loss of the LLC resonant converter, i.e., the loss objective function, can be 
obtained by summing the above losses. 

On the other hand, the voltage gain objective function of the LLC resonant converter 
can be calculated based on the impedance model in the previous section. From the above 
two objective functions, it can be seen that they are directly related to the parameters of 

Figure 3. Equivalent LLC resonant converter circuit topology based on full-operating-range perfor-
mance optimization design method.

3.1. Multi-Objective Parameter Optimization Method for Heavy Load Conditions

For the performance of the LLC resonant converter system, in addition to its voltage
gain, its efficiency is also one of the key design factors, especially under heavy load
conditions. Therefore, multiple objectives need to be considered when designing the
parameters in order to improve the whole system’s performance. So, the process of solving
the multi-objective optimization problem of the LLC resonant converter requires balancing
multiple objective functions and seeking a set of compromised optimal solutions. The
multi-objective particle swarm algorithm is able to find the optimal solution to the problem
by using a population of individuals through an iterative process, so this algorithm is used
in this paper to solve the optimal resonant tank parameters of the LLC resonant converter
under heavy load conditions. The next step is to first obtain the two objective functions.

3.1.1. Objective Function: Loss Breakdown and Voltage Gain

According to the circuit topology of the LLC resonant converter, its losses are mainly
composed of switching losses, transformer losses, and resonant inductor losses.

First of all, in terms of switching losses, there is no turn-on loss because the LLC
resonant converter can realize ZVS. Meanwhile, the conduction loss is related to the RMS
value of the resonant current, the switch, and diode on-resistance. The turn-off loss is
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related to the turn-off process switch. Therefore, the switching loss can be expressed
as follows.

Ploss_sw = Ploss_c + Ploss_o f f _pri + Ploss_o f f _ sec (3)

where the turn-off losses include the primary-side switch’s turn-off losses and secondary-
side diode’s turn-off losses.

Secondly, the resonant inductor losses include the core loss and coil loss, which can
be obtained by the Steinmetz formula and the copper wire resistance formula, mainly
related to the core size, copper wire parameters, switching frequency, the RMS value of the
resonant current, etc., which can be expressed as follows.

Ploss_inductor = Ploss_L_copper + Ploss_L_iron (4)

Finally, the transformer loss and resonant inductor loss calculation methods are basi-
cally the same; the difference is that the transformer loss includes the primary side loss and
secondary side loss, expressed as follows.

Ploss_trans f orer = Ploss_T_copper + Ploss_T_iron (5)

The total loss of the LLC resonant converter, i.e., the loss objective function, can be
obtained by summing the above losses.

On the other hand, the voltage gain objective function of the LLC resonant converter
can be calculated based on the impedance model in the previous section. From the above
two objective functions, it can be seen that they are directly related to the parameters of the
resonant tank of the LLC resonant converter, so the optimal parameters can be solved by
the multi-objective optimization method.

3.1.2. Multi-Objective Particle Swarm Parameter Optimization Method for LLC
Resonant Converter

According to the basic principle of the multi-objective particle swarm optimization
algorithm, it is known that the parameters will converge to the Pareto optimal frontier
after many iterations, so that multiple objectives can reach an optimal combination point.
Figure 4 shows the multi-objective parameter optimization design process.
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Firstly, the boundary of the parameters is determined by setting the initial conditions
and then taking the ZVS conditions as constraints. Then the weights between the two objec-
tive functions are set. Because the converter should first satisfy the dynamic performance
and voltage regulation ability, the weight of the voltage gain objective function can be set
greater than 0.5. Then the particle information is updated continuously and iteratively
by updating the equations of particle velocity and position. The global optimal particle
library (GOPL) and current optimal particle library (COPL) are represented by gopl and
copl, respectively. The specific update equations are shown below.{

vj(k + 1) = ωvj(k) + a1r(1, n)
(
coplj(k)− pj(k)

)
+ a2r(1, n)

(
goplj(k)− pj(k)

)
pj(k + 1) = pj(k) + vj(k + 1)

(6)

where vj and pj are the velocity and position of the jth particle; r() is a stochastic function;
and coplj and goplj are the current best result of the jth particle and the global best result
of the overall particle, respectively. k and n are the current number of iterations and
parameter dimensions.

After the number of iterations reaches a preset value, the algorithm stops the cal-
culation and stores the final optimal parameters in GOPL. Since the calculation process
will produce a large number of optimal results but not every result meets the practical
conditions, further screening is needed. The main purpose of this is to delete the particles
with excessive losses and also to consider the ratio of the resonant inductor to the magnetic
inductor to prevent effects on the resonance process. In order to ensure the voltage regula-
tion capability under heavy load conditions, the set of resonant cavity element parameters
with the highest gain is finally selected.

3.2. Critical Operating Point and Window Condition Switching Method

Compared with the circuit topology proposed in [17], a switching device is added to
the auxiliary circuit for opening under light load conditions and closing under heavy load
conditions. This optimizes the voltage regulation performance under light load conditions
and avoids adding excessive losses under heavy load conditions. The role of the auxiliary
circuit is to solve the problem of the sudden change in the voltage gain under light load
conditions, while such problems do not exist under heavy load conditions. Therefore, in
order to determine the appropriate open conditions for the auxiliary circuit, it is necessary
to find the critical operating point at which the sudden change in the voltage gain occurs,
as shown in Figure 5.
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Figure 5. Schematic diagram of critical operating point for the sudden change in voltage gain.

As can be seen from Figure 5, when the load increases, the degree of the high-frequency
band of the sudden change in voltage gain is gradually reduced until the voltage gain
is equal to 1. When the load is further increased, the high-frequency band voltage gain
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is no longer greater than 1, and the phenomenon of the sudden change in voltage gain
disappears. Therefore, based on the aforementioned impedance model, this paper calculates
the operating conditions in which the voltage gain equals 1 at the high-frequency point,
and the specific process is shown below:

First, let s = 2πfsj and then convert Equation (1) to the complex frequency domain.
Then, the voltage gain G can be calculated by the amplitude-frequency equation as follows.

G = 20lg|Gc(2π fs j)| (7)

The switching frequency point expression for G = 1 can be calculated from the above
equation as follows.

G =

∣∣∣∣C + Dj
A + Bj

∣∣∣∣ (8)

where the expressions for A, B, C, and D are shown below, respectively.


A =

(
CrLrω2 − 1

)(
−CsLmRacω2 + Rac

)2 −
(
CrLrω2 − 1

)
(Lmω)2 − Cr

(
−CsLmRacω2 + Rac

)(
−LmRacω2)

B = 2
(
CrLrω2 − 1

)(
−CsLmRacω2 + Rac

)
(Lmω)− Cr(Lmω)

(
−LmRacω2)

C = 2Cp
(
CrLrω2 − 1

)(
−CsLmRacω2 + Rac

)(
−LmRacω2)− Cr

(
−CsLmRacω2 + Rac

)(
−LmRacω2)

D = Cr(Lmω)
(
−LmRacω2)+ 2Cp

(
CrLrω2 − 1

)
(Lmω)

(
−LmRacω2)− 2CpCr

(
−LmRacω2)2

(9)

Then, by deleting the points where the switching frequency is equal to the resonance
frequency in the above calculation results, and retaining the expression for the points at
which the switching frequency is greater than the resonance frequency, its relationship
can be obtained with the load R, i.e., the expression for its relationship with the operating
conditions. Because the above expression is more complicated, it is more difficult to
solve the critical operating condition point Pc. And there is no need to be too fine when
considering the load power, as long as the unit power accuracy can meet the performance
requirements. Therefore, the critical operating point can be determined in the mathematical
simulation software by substituting a certain power range to plot the gain variation.

To avoid the frequent opening of auxiliary circuits near the critical operating condition
point, this paper adopts the window condition switching method to avoid this problem.
First of all, the auxiliary circuit closing conditions are set to more than 20% of the critical
operating point. Then, the open conditions of the auxiliary circuit are set to more than
10% of the critical operating point, that is, to avoid the frequent opening and closing the
auxiliary circuits brought about by the same operating point and to ensure that the problem
of the sudden change in voltage gain before the opening of the auxiliary circuits will not
occur. The specific working conditions are shown in Figure 6.
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3.3. Proposed Full-Operating-Range Performance Optimization Design Method

According to the method of auxiliary circuit design by the authors of this paper in
a previous research work, it is known that the selection of the auxiliary inductor with
the improved circuit topology under light load conditions is consistent with the resonant
inductor, while its auxiliary resistance is determined based on the power consumption.
Therefore, in order to determine the auxiliary inductor, it is necessary to determine the
resonant inductor first. Then, the full-operating-range performance optimization design
method for the LLC resonant converter should first start from the multi-objective parameter
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optimization design for heavy load conditions and finally return to the parameter design
for light load conditions, as shown in Figure 7. The detailed design steps are as follows:
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3.3.1. Step 1: Determination of Soft-Switching Conditions

Since the primary side of the converter uses a full-bridge structure with four MOS-
FETs, the realization of soft switching has a decisive effect on the converter losses and
electromagnetic interference, which is mainly realized by charging and discharging the par-
asitic junction capacitor of the switches by the magnetic inductor current in the dead time.
Therefore, the boundary value of the magnetic inductor can be calculated as shown below.

Lm =
nVo

4 fs Im
=

nVo

4 fs Ip
=

nVoTd
4 fsVinCzvs

(10)

where n is the turns ratio. Td and Czvs are the dead time and junction capacitor, respectively.

3.3.2. Step 2: Loss Calculation

LLC resonant converter loss is one of the core indicators of converter design, which
is mainly divided into conduction loss, turn-on loss, turn-off loss, inductor copper loss,
inductor iron loss, transformer copper loss, and transformer iron loss. The calculation
formulas of these designs are present in a lot of existing research and will not be elaborated
in detail here. As different resonant tank parameters can deduce different loss results of the
converter, the part of the loss calculation can be used as one of the objective functions of
the multi-objective optimization parameter design.

3.3.3. Step 3: Determination of Voltage Gain Calculation

According to the impedance-model-based modeling method, the transformer primary-
side impedance Z2 of the LLC resonant converter with the shunt auxiliary circuit can be
recalculated as follows.

Z1 = SLm//Rac// 1
SCs

//(SLadd + Radd)

= S2LmRac Ladd+SLmRacRadd
S3Lm LaddCsRac+S2Lm(CsRacRadd+Ladd)+S[Lm(Radd+Rac)+Rac Ladd ]+RacRadd

(11)

where Ladd and Radd are the auxiliary inductor and auxiliary resistor, respectively.
Then the above equation can be substituted into Equation (1) to calculate the LLC

resonant converter voltage gain at the same frequency. Therefore, in the multi-objective
optimization parameter design, the voltage gain calculation can be used as another objective
function to determine whether the selected resonant tank parameters can satisfy the voltage
gain requirement in the specified frequency band.

3.3.4. Step 4: Multi-Objective Optimized Parameter Design for Heavy Load Condition

The optimal design of the resonant tank parameters using the multi-objective particle
swarm parameter optimization method is given in Section 3.2, with the converter loss and
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voltage gain as the design objectives, and the specific steps and flowchart are shown in
Figure 4. The resonant tank parameters can be finally determined: the resonant inductor Lr,
the resonant capacitor Cr, and the magnetic inductance Lm.

3.3.5. Step 5: Parameter Design for Auxiliary Circuits

According to the method of calculating the parameters of the auxiliary circuit proposed
in [17], the parameters of the auxiliary inductor Ladd can be determined and selected to
be consistent with the resonant inductor Lr. Then, the auxiliary resistance calculation is
shown below, with the auxiliary circuit loss not exceeding 1.5% of the light load power as
the upper boundary.

Radd =

√√√√√
(√2

2
nVo

)4

/(P× 1.5%)

− (2π fsLadd) (12)

In addition, the selection of the switching device Qa in the auxiliary circuit is mainly
based on the transformer primary voltage and the current flowing through the auxiliary
circuit. Therefore, considering the voltage withstand margin, the Vds voltage withstand
value of Qa should be selected as 1.5 × nVo, and the current withstand value can be
calculated according to the calculation process of Radd. According to engineering experience,
the margin of 1.5 times these values is considered.

3.3.6. Step 6: Auxiliary Circuit Critical Operating Point Calculation

After the parameters of the auxiliary circuit are determined, the critical operating
point for the sudden change in the voltage gain is calculated according to Equation (7), and
then the two switching operating condition points of the auxiliary switch are set according
to the proposed window-switching method.

Through the above six steps, the resonant tank parameters can be designed to optimize
the full-operating-range performance of the LLC resonant converter, and the auxiliary
circuit parameters can be designed to solve the problem of the sudden change in voltage
gain under light load conditions and improve the output voltage regulation capability
under heavy load conditions by using the critical operating condition point of the sudden
change in voltage gain.

4. Results
4.1. Calculation and Analysis of Experimental Parameters

In order to verify the validity of the proposed full-operating-range performance
optimization design method for the LLC resonant converter, this subsection performs
parameter calculations in mathematical software. The basic operating parameters are
shown in Table 1, for which the values of the switch junction capacitor and diode junction
capacitor are obtained from the technical manual. Firstly, the parameters of the resonant
tank elements and auxiliary circuit are designed based on the basic parameters and the
steps in Section 3.3, as shown in Table 2. The list of the main components of the prototype
are shown in Table 3.

Table 1. Basic parameters of LLC resonant converter in full operating condition.

Symbol Parameter Value

Vin Input Voltage 60 V
Vo Output Voltage 60 V
PH Heavy Load 180 W
PL Light Load 10 W
Cp Switch Junction Capacitor 600 pF
Cs Diode Junction Capacitor 400 pF
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Table 2. Parameters designed by the full-operating-range performance optimization design method.

Symbol Parameter Value

Lr Resonant Inductor 2.3 µH
Cr Resonant Capacitor 0.97 µF
Lm Magnetic Inductor 50 µH

Ladd Auxiliary Inductor 3 µH
Radd Auxiliary Resistor 1500 Ω

Table 3. Prototype component list.

Component Symbol Part Number/Core Type

Primary Switching Q1–Q4 IRFP3710PBF
Secondary Diode D1–D4 IRFP9140NPBF

Resonant Inductor Lr PQ2020/DMR95
Transformer T PQ3225/DMR95

Adding Inductor Ladd PQ2020/DMR95
Adding Resistor Radd Aluminum Case Resistor

Then, the voltage gain impedance bode plots under the light load and heavy load
conditions are plotted in Matlab, as shown in Figure 8. It can be seen that using the proposed
optimization design method to obtain the parameters of the LLC resonant converter can
lead to the converter having a good decreasing trend in terms of the high-frequency band
voltage gain within a certain range under the light load condition. Although at an even
higher frequency, the voltage gain will still rise, the minimum voltage gain has to satisfy
the need for the regulation of the converter. Under the rated load condition, when the
converter switching frequency is lower than the resonant frequency, the voltage gain rises
obviously, which can improve its output voltage regulation capability.
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Secondly, the voltage gain curve within a certain power range is plotted according
to the above parameters. Due to the limited output switching frequency of the adopted
controller, the switching frequency is set to an upper limit of 300 KHz. And then we
determined the operating point at which the converter voltage gain is less than 1 when the
system outputs the highest switching frequency, as shown in Figure 9. It can be seen that
as the power increases, the converter voltage gain will eventually be less than 1 and the
critical operating point can be determined to be 34 W. Finally, the two switching operating
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points of the auxiliary switch are calculated according to the window-switching method
and are 37.4 W and 40.8 W, respectively.
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4.2. Analysis of Experimental Results

In order to further verify the validity of the parameters of the resonant tank designed
by the full-operating-range performance optimization design method of the LLC resonant
converter, an experimental prototype is built according to Tables 1–3, as shown in Figure 10.
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Figure 10. The experimental prototype of the proposed LLC resonant converter.

The steady-state waveforms under the light load condition and heavy load condition
are shown in Figure 11, which are composed of the converter output current Io, converter
output voltage Vo, resonant current iLr, and auxiliary switch drive signal Qa, respectively.
From the experimental results, it can be seen that when the converter is operating under the
light load condition, the auxiliary switch is opened, and the output voltage is stabilized at
60 V, which indicates that the auxiliary circuit can improve the voltage gain of the converter.
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When the converter is operating in the heavy load condition, the auxiliary switch is closed,
the auxiliary circuit does not participate in the operation, and the output voltage is also
stabilized at 60 V. Therefore, the proposed method can keep the steady-state output voltage
at the desired output voltage of 60 V under different operating conditions.
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Figure 11. Steady-state waveforms for different load conditions. (a) Heavy load condition; (b) light
load condition.

Figure 12 shows the experimental waveforms during the step change between the
light load condition and the heavy load condition. Figure 12a shows the experimental
waveform step from the light load condition to the heavy load condition; it can be seen that
when the condition exceeds the critical condition point of the sudden change in voltage
gain, the auxiliary switch rapidly changes from the closed state to the open state, and
the auxiliary circuit is no longer opened. At the same time, the output voltage is also
quickly adjusted to re-stabilize the falling voltage to the desired value. Figure 12b shows
the experimental waveform step from the heavy load condition to the light load condition.
When the operating condition is lower than the critical condition point, the auxiliary switch
is turned on and the auxiliary circuit is opened to eliminate the problem of the sudden
change in voltage gain under the light load condition. Figure 12c,d show the experimental
waveforms after the output voltage is biased by 55 V, and it can be seen that the converter
can stabilize the output voltage quickly.

From the above experimental results, it can be seen that the selected resonant tank
parameters and auxiliary circuit parameters can be able to stabilize the output voltage of
the converter when the operating condition fluctuates violently. It shows good dynamic
performance and eliminates the phenomenon of the sudden change in voltage gain under
the light load condition.

4.3. Comparison of Conventional Methods and Performance

In order to better illustrate the advantages of the method proposed in this paper
over conventional methods and existing solutions, a comparison with recent optimization
design methods is given in Table 4 for each key index. The table compares whether the
parasitic parameters, voltage regulation capability, converter loss, the light load voltage
gain problem, and the full range of operating conditions are considered or not. The table
also shows the number of optimization objectives. It can be seen that the method proposed
in this paper takes all the above factors into account, whereas the other existing solutions
in the table fail to consider all these factors at the same time and hence have limitations.
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Figure 12. Experimental waveforms for step changes in different operating conditions. (a) Step from
light load to heavy load. (b) Step from heavy load to light load. (c) Step from light load to heavy load
after setting the output voltage bias. (d) Step from heavy load to light load after setting the output
voltage bias.

Table 4. Comparison of existing optimization design methods.

Ref.

Considering

Objective
Number

Voltage
Regulation
Capability

Parasitic
Parameters Loss

Light Load
Voltage Gain

Problem

Full
Operating

Range
Design Method

[17] Yes Yes No Yes No 1 Impedance
[18] Yes Yes No No No 1 Impedance
[22] No No Yes No No 1 PSO
[23] No No No No No 1 IPSO
[24] No No Yes No No 3 MO-PSO
[25] No Yes Yes No No 3 RODD-PSO
[26] No No Yes No No 3 MO-PSO

Proposed Yes Yes Yes Yes Yes 2 MO-PSO

To further illustrate the superiority of the proposed method, this subsection conducts
an operating condition step experiment using the conventional method, as shown in
Figure 13. During the experiments, the converter operating conditions are stepped from
light load to heavy load conditions and then from heavy load to light load conditions,
respectively. From the experimental results, it can be seen that it is difficult to ensure its
voltage regulation ability under both light load and heavy load conditions.
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Figure 13. Experimental waveforms for step changes with conventional method.

4.4. Comparison of Loss Breakdown

Since the method proposed in this paper has loss as one of its focuses, a comparison of
the loss with conventional parameters under the rated power is shown in Figure 14a. From
the comparison results, it can be seen that the losses based on the proposed optimization
design method are smaller than those of the conventional parameter design method. A
comparison of the efficiency with the conventional method over the full load range is shown
in Figure 14b, and it can be seen that the proposed method is able to improve the voltage
regulation performance, although it is slightly less efficient than the conventional method
due to the auxiliary circuits in the light load condition. And in all other operating conditions,
the efficiency of the proposed method is higher than that of the conventional method.
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Figure 14. The loss breakdown comparison and efficiency comparison. (a) Loss breakdown compari-
son under rated power. (b) Efficiency comparison over the full load range.
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5. Conclusions

In the power conversion of marine DC power supply systems, the LLC resonant
converter is often used, so its performance is very important. However, the parasitic
parameters of power devices have a great influence on the system, which leads to different
problems under different operating conditions. Under light load conditions, there is a
problem of the sudden change in voltage gain when the switching frequency is higher than
the resonance frequency. Under heavy load conditions, there is a problem of insufficient
voltage gain which affects its voltage regulation. Therefore, this paper combines the authors’
previous research work to propose a full-operating-range performance optimization design
method for the LLC resonant converter. It analyzes the causes of the above problems by
establishing an impedance model of the converter that takes into account the parasitic
parameters of the switch and diode. Then, the problem of the sudden change in the voltage
gain in high-frequency band is solved by introducing auxiliary circuits under the light load
condition. And under the heavy load condition, the optimal circuit parameters are solved by
using the multi-objective particle swarm parameter optimization method with the converter
loss and voltage regulation capability as our focuses and the ZVS condition as the constraint.
Then the critical condition point and window-switching method are calculated, so that
the auxiliary circuit only works in the light load condition to avoid losses in the heavy
load condition. Finally, the specific design steps are given, the parameters are designed
according to practical operating conditions, and an experimental prototype is built. The
effectiveness of the proposed method in this paper is verified by the experimental results,
and then the losses are compared with those of the existing solutions and conventional
methods to highlight the superiority of the proposed method.
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