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Abstract: This elaboration presents the concept of the design, parameters, experimental investigation,
and thermal numerical model solved using the finite element method of a high-power-density DC–
DC converter. The analyzed unit can be utilized as a stand-alone converter or as a module for a
scalable high-voltage gain system. The converter has a decreased bill of materials since it does not use
typical chokes and heatsinks. It is based on switched capacitor circuits supported by a resonant choke
which protects against inrush currents. A printed circuit board is utilized not only for the resonant
inductance design but also for cooling transistor and diode devices. The paper demonstrates the
design concept and the achieved parameters. Experimental results show heat distribution on the
printed circuit board and components in a steady state and dynamical states as well. The converter
parameters and their efficiency are measured as well. The convergence of experimental results and
heating simulations is demonstrated. The numerical model is used for the investigation of design
cases. The printed circuit board size, thermal via pattern, and heating process during the overload of
the converter are investigated.

Keywords: DC–DC boost converter; high power density; low-volume converter; high-temperature
converter; SiC-based converter; switched capacitor converter; FEM simulations

1. Introduction

A decrease in the number of components of a power converter is an important op-
timization issue. Some types of converters and design approaches allow the removal of
chokes and heatsinks from a bill of materials (BOM). Such an approach is demonstrated
in the presented implementation of the switched capacitor (SC) resonant DC–DC step-up
converter. Implementations of the switched capacitor technique for power electronic con-
version have been developed significantly in recent years [1]. It is one of the important
methods of voltage boosting [2]. Energy transfer in SC converters is achieved with the
utilization of periodically recharged capacitors in series-parallel configurations forced by
semiconductor switch operation. To avoid inrush currents in SC power converters, the
switched capacitor recharging may occur in resonant circuits upon application of low-
volume inductors. Oscillatory currents allow operation in zero current switching (ZCS)
mode and improve the efficiency of a converter since the converter utilizes resonant in-
ductances which store a very little amount of energy and can be designed as ferrite-less
device. Publication [3] presents that the high power density of a switch-mode converter
can be achieved by the application of switched capacitor (SC) conversion technique and
magnetic-less design. In the case of SC-based converters, a design concept is one of the
important optimization problems. In [4], two design concepts were demonstrated for the
implementation of converters with a 4-fold voltage step-down ratio. The basic parame-
ters for optimization are the converter power density and efficiency. Design aspects of a
novel concept of an SC-based converter for data center applications are presented in [5]
where such parameters as efficiency and power density are optimized. The publication [6]
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presents an SC converter for data center application as well; in its design, the balance
between efficiency and the prospective cost is demonstrated. The concept of the resonant
SC converter presented in [7] shows its outstanding power density along with high effi-
ciency as well. An analysis of the volume of the passive components is an important design
problem that is presented for the resonant SC converter in [8].

The SC voltage doubler belongs also to a family of resonant switched capacitor con-
verters. This is a very effective converter that allows high efficiency and low volume to be
achieved. In [9,10], the high efficiency of such a converter was demonstrated with a peak
value significantly above 99%. The high efficiency of such a converter was achieved by
application of GaN switches, zero voltage switching (ZVS) operation, and power loss mini-
mization in other converter components. The experimental GaN-based setup presented
in [10] is characterized by low volume, achieved by the implementation of a planar choke.
In [10,11], it was demonstrated that the SC voltage doubler can be used as a module section
in a cascaded converter which gives a very effective high voltage gain DC–DC converter.
All the components of the converter and the overall design are focused on high power
density in a steady state and dynamic states as well.

One of the methods for BOM reduction is heatsinkless design. To avoid significant
power limitation, a high temperature of converter operation may be assumed. This re-
quires the use of components with increased rated temperature. An analysis of the high-
temperature design concept of the power converter is also an important subject of research
and publications [12–15]. Assuming the operation of a converter and transistors at high
temperatures, silicon carbide (SiC) switches were selected in the design concept demon-
strated in this paper. In experiments, a high-temperature PCB and capacitors were used
as well. Furthermore, no additional heatsink is used, and the PCB board is utilized for
heat spread from semiconductor devices. The major research issue demonstrated in this
paper is associated with the analysis of thermal parameters of the converter in such a
specific design along with its electrical parameters. The power limit, converter volume
and dimensions, and heating process can be further compared to other design approaches.
The experimental results of the efficiency show a very low drop at larger power and high
temperature. Operation at such a high temperature may lead to a decrease in the reliability
of the converter; therefore, the proposed design may be considered in a mission profile
with a short average time of operation.

Recently, numerical modeling has been developed in the field of modeling and op-
timization of electronic devices [16–18]. Typically, commercial software such as ANSYS
(Manufacturer: Canonsburg, PA, USA) and COMSOL (Manufacturer: Burlington, MA,
USA) is used to solve problems. The features of such an approach are the possibility of
the study of physical phenomena with the geometry and materials applied. Finite element
method (FEM)-based modeling is one of the methods for thermal process simulation in
power converters. It can be used for a more advanced analysis than the commonly used
estimation based on a thermal impedance model. Such a model requires determining
parameters such as thermal resistances and capacitances. The literature [16,17] presents
examples of modeling methods and their utilization for the thermal design improvement
of a PCB-assembled converter. FEM-based thermal 3D modeling of a power converter and
its utilization for analysis of the converter’s design is presented in [18]. The presented
optimization method in [18] leads to a decrease in the volume of the DC–DC converter.

The paper demonstrates the numerical model computed by the finite element method.
The results of the simulations are compared with the experimental results. The model
allows for optimization of the design for various purposes. A description of the numerical
models, the comparative results with the experiments, and the simulation tests of overload
conditions or thermal parameters of the redesigned converter are presented in this paper.

To achieve a low-BOM design the power electronic module based on SC voltage
doubler topology has the following features:

• High temperature of operation;
• Heatsinkless design;
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• Integrated inductive component;
• Stray capacitance utilized in the energy conversion process;
• Minimum mechanical parts.

Such qualities as high power, high power density, and low volume are beneficial in
the proposed design as well. The major contribution of the research is the following:

• Design concept towards high volume and integration of passive components;
• Temperature variation results and steady-state results;
• Determination of a junction of ambient thermal resistance for transistors in the pro-

posed design;
• Determination of the power density of the designed module;
• Demonstration of the efficiency of the DC–DC module and its voltage gain as a function

of the temperature of components;
• FEM model implementation for multiphysics simulation of thermal processes in the

investigated converter;
• Demonstration of convergence between the FEM model results and experiments;
• Demonstration of optimization cases of the design on the basis of FEM modeling;
• Determination of the relationships between the mechanical and electrical parameters

of the system, such as power density vs. PCB size and thermal via pattern.

The paper is organized as follows: Section 2 demonstrates the operation principle of
the SC doubler. Section 3 contains the results of the converter efficiency analysis supported
by simulation results. Section 4 presents a laboratory setup with efficiency. Section 5
includes FEM model synthesis with a comparison to measured data. Section 6 presents the
possibilities of using simulations and PCB optimization. Section 7 concludes the article and
includes the proposed topics for future research.

2. Topology of the Power Electronic Module

The converter, which is designed as a power electronic DC–DC boost type, utilizes
a topology of a switched capacitor (SC) resonant voltage doubler (Figure 1a). In a uni-
directional design, the SCVD is composed of two switches, two diodes, the switched
capacitor, and the resonant choke [14]. The principle of operation assumes complemen-
tary switching of transistors and transfers the energy in two cycles from the input to the
output (Figure 1b,c).
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Figure 1. The power electronic unit: (a) unidirectional SC resonant voltage doubler. Stages of 
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Figure 1. The power electronic unit: (a) unidirectional SC resonant voltage doubler. Stages of
operation of the SCVD: (b) charging and (c) discharging of resonant capacitor.

In a synchronous design, the SCVD can operate bi-directionally or with continuous
output voltage control. These concepts of operation of the SCVD are described in detail
in [9,10,14]. Basic waveforms which demonstrate the principle of the SCVD operation
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are presented in Figure 2 [14]. The recharge of the switched capacitor and the oscillatory
character of its current are clearly visible.
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Figure 2. Experimental steady-state waveforms [14] at Pout = 700 W of the MOSFET drain-source
voltage (CH1) and the switched capacitor voltage and current (CH2, CH3).

For Pout = 700 W, the pulsed current of transistors achieves a maximum IDmax ≈ 6 A;
in the case of diodes, IDmax = 8 A. The maximum voltage stresses are VSmax ≈ 270 V (with
voltage overshoot). To operate in a safe operation area (SOA), the tests were performed to
the limit of the case temperature of MOSFET transistors to TCmax = 180 ◦C.

3. Converter Loss Estimation

The efficiency model of the proposed converter is derived based on conduction losses
related to RMS and average currents, which flow through components of the converter
as well as through PCB tracks. Switching losses associated with Coss capacitance were
also considered.

When analyzing waveforms captured during the simulation research (Figure 3), equal
peak current values (Im) can be observed in all considered converter branches. This property
allows simplifying further calculations. RMS and average current values can be derived
based on the maximal current value, which is bounded to the output power of the converter
by the following equation:

IDout AVG =
1

TSW

∫ TOSC
2

0
Im sin (ωt)dt =

Pout

Uout
(1)

where TSW is the switching period and TOSC is the oscillating period dependent on LC
component values and can be calculated as follows:

TOSC = 2π
√

LC (2)
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For further simplifications, it was assumed that the examined converter operates in
a steady state with the ideal voltage gain (GU ≈ 2). All fluctuations in the converter’s
output voltage were neglected. Once the value Im is derived, the RMS current as well as
the average current value of each crucial current path can be calculated using Equations
(3)–(6). Those equations were created based on current waveforms captured during the
simulation research (recorded waveforms can be seen in Figure 4).

IDAVG =
ImTosc

TSWπ
(3)

IDRMS = ITRMS (4)

ITRMS =
Im

2

√
Tosc

TSW
(5)

ILRMS = ICRMS = Im

√
Tosc

2TSW
(6)
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Total conduction losses ∆PC present in the proposed converter are described by the
following formula:

∆PC =
2

∑
1

ITRMS
2RDSON +

2

∑
1

IDAVG VF + IL&CRMS
2(ESRC + ESRL) +

(
IDRMS + ITRMS + IL&CRMS

)2RPCB (7)

The derived efficiency model considers switching losses as well. This type of loss, for
this converter, is mainly related to the transistor’s output capacitance (COSS) and remains
in direct proportion to the applied switching frequency (fSW):

∆PSW = Eon· fSW (8)

where Eon is the transistor’s turn-on switching energy.
In this case, switching losses related to transistor turn-off transitions are neglected.

This simplification is done assuming that the examined converter operates in a zero current
switching mode (Figure 3). A profound analysis of conduction losses in an SC voltage
multiplier is presented in [19], and a detailed description of a method utilized for switching
loss estimation is provided in [20]. Finally, the converter’s efficiency can be calculated by
the following relationship:

η =
Pout

Pout + ∆PC + ∆PSW
(9)

The dependency of the converter’s efficiency versus power, based on the derived
efficiency model, is presented in Figure 4.

4. Design Concept of the Module

The design assumes the implementation of a 700 W low-volume converter (module)
as a base for its further optimization in the FEM simulation environment. Table 1 presents
assumptions for the design and concept of an implemented solution. The SCVM converter
designed according to the basic concepts and the parameters of the experimental setup
are presented in Table 2. The results of efficiency versus the output power measured
in the tested design are presented in Figure 5. The converter achieves above 95% peak
efficiency, and a very insignificant loss increase for higher output power is observed.
Operation at a high temperature changes the efficiency and voltage gain of the converter
very insignificantly, which is presented in Figure 6. The tests were performed in a very
wide temperature variation (25–180 ◦C), which proves that the design is appropriate for
high-temperature operation. An increase in the temperature affects the resistive loss rise,
but conduction losses on diodes fall.

Table 1. Assumptions and concept of solution of the designed module.

Assumption for the Design Solution

No external choke.
Integrated inductive component. PCB air-choke

Minimum mechanical parts PCB choke does not require connectors.
No heatsinks. Components are assembled on the PCB surface.

High-temperature operation
The SCVD is designed without ferrites.

Switches, PCB laminate, and capacitors are high-temperature-resistant.
Drivers and electronic parts are thermally isolated from the power board.
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Table 2. Parameters of the experimental setup and its implementation.

Input voltage (Uin) 200 V (DC)

Output voltage (Uout) 400 V (DC)

Switching frequency (f SW) 200 kHz

Resonant inductance (L) 832.11 nH (PCB-based air-choke)

Switched capacitance (C) 2 × 220 nF (KEMET KC-LINK)

PCB 1 oz, 6 layers

Maximum PCB temperature Tg = 180 ◦C

N-MOSFET-SiC transistors SCTW90N65G2V-UDS = 650 V, ID = 90 A,
IDM = 220 A, PD = 565 W, EOSS = 6 uJ

SiC diodes STPSC12065, V = 650 V, Iavg = 12 A

Maximum N-MOSFET junction temperature
and high-temperature drain-source resistance RDS(on) = 30 mΩ for TJ = 200 ◦C

Maximum output power (Pout) 700 W for 25 ◦C ambient temperature

Air flow cooling system No forced air flow

Heatsink No external heatsink

Size 83 mm × 112 mm × 18 mm

Measurement equipment Oscilloscope: MDO3104, power meter:
Yokogawa WT3000, IR camera: Flir E5-XT
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Table 3 presents the board with the selected test points in a steady-state operation with
maximum power Pout = 700 W. The power density factor is 4.18 W/cm3. The transistors
generate the majority of heat in the system and reach the highest temperature (up to
180.9 ◦C) whilst diodes and the air choke are not overheated. The design allows collecting
the heat from the semiconductor switches to the PCB board.

The results of temperature in the transient processes (Figure 7) allow the estimation of
a thermal impedance curve from the proportion of T(t) and the power of the dissipation
process. The temperature of the SP1 test point (Table 3) was taken for the calculation of the
heat transfer from the board to the ambient at a given point according to the relationship,
assuming that Ploss = 35 W was the total power dissipated in the board:

Zth(B−A) =
TSP1(t)− TA

Ploss

°C
W

(10)
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Table 3. The temperature of measurement points and results for Pout = 700 W.
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For the analysis of energy accumulation, the model of the thermal impedance of the
system is important. Figure 8 presents the variation of the thermal impedance versus time,
during the heating process, expressed as the Formula (1). From the results, it follows that
the heat accumulation (related to thermal capacitance dE/dT) remains approximately in the
range of 0.8–0.1 through 10 s.
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5. Modeling

The simulation model was implemented in the COMSOL Multiphysics software.
Two approaches were considered initially. The first, based on the exported geometry
from ALTIUM Designer software (Manufacturer: San Diego, CA, USA), failed due to
the enormous number of geometrical components which resulted in an enormous mesh
size. The second one is based on custom modeling. To minimize the computational effort
and open a possibility of custom meshing, the second method was chosen. To obtain the
responsible model of the PCB, custom parts were drawn and composed together. Moreover,
the parametrized components (such as vias and layers) allowed cloning the parts and
modifying their size and locations. The information defining the copper fields in the form
of polygon vertex coordinates and a list of vias described by center coordinates, inner and
outer diameter, and a list of layers that are connected by individual vias were exported
from the PCB package. Finally, a custom PCB generator was realized. For the defined
domains, the appropriate material properties were applied and the physics was defined.
The basic parameters of the simulation model are described in Table 4. Figure 9 presents
the fragment of the developed model with the grid distribution in the cross-section of the
board as well as the thermal transient simulation. The thermal measurement points of the
PCB during simulation are according to the case presented in Table 3. Since the copper and
the dielectric layers are meshed on the inside as well, the thickness of the layers affects the
thermal capacity of the board and the heating time-constant.

Table 4. The material properties used in the simulation model.

Parameter Copper FR4 Tin Epoxy Resin

Density (kg/m3) 8940 1850 7500 2900

Thermal conductivity (W/(m·K)) 400 0.8 60 0.5

Heat capacity (J/(kg·K)) 385 396 200 880



Energies 2022, 15, 7040 10 of 15Energies 2022, 15, 7040 10 of 15 
 

 

 
 

 
Figure 9. The developed model with grid distribution—the cross-section view of layers (L) and the 
thermal transient simulation for Pout = 700 W (a top side view). 

Figure 10 presents a comparison of simulation and experimental results of 
temperature across the converter’s board. The accuracy of heating process simulation at a 
transient state is the highest for SP1 and equals 6.65%. The accuracy of the model in a 
steady state is satisfactory. The steady-state relative error for SP1 is 2.75% and for SP2 is 
2.61%. 

0
30
60
90

120
150
180

0 50 100 150 200 250 300 350 400 450 500 550

Te
m

pe
ra

tu
re

 (°
C)

SP1 SP1 - model

Figure 9. The developed model with grid distribution—the cross-section view of layers (L) and the
thermal transient simulation for Pout = 700 W (a top side view).

Figure 10 presents a comparison of simulation and experimental results of temperature
across the converter’s board. The accuracy of heating process simulation at a transient
state is the highest for SP1 and equals 6.65%. The accuracy of the model in a steady state is
satisfactory. The steady-state relative error for SP1 is 2.75% and for SP2 is 2.61%.
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Figure 10. The simulation results converge to the experimental ones—PCB test points SP1–SP3 for
the output power Pout = 700 W.

6. Design Concept Change—The Physical Model Simulation

The physical model of the converter allows performing effective research on redesigned
objects under various conditions. In this section, such cases as the temporary overload of the
converter, the size of the board, and the thermal design pattern will be investigated.

6.1. Overload of the Converter and the Thermal Effect

Figure 11 presents the temperature rise after the start of the converter with the maxi-
mum operating power and under overloaded conditions. The overload allows operating
for a limited time interval until the temperature of the device reaches its maximum. For the
overload conditions where the power increases to 190% of the rated maximum, the time of
safe operation of the device is approximately 67 s. For a short-time (42 s) operation profile,
the converter power density can reach a very high value, e.g., 7.964 W/cm3.
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Figure 11. Power increase vs. time to reach 180 ◦C in a hot spot of the device. COMSOL Multiphysics
simulation results.
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6.2. Via Pattern

Heat transfer from the transistors is supported by thermal vias. The pattern of the
vias is presented in Figure 12. The original via pattern is composed of 40 open vias with
1.27 mm diameter and 0.71 mm hole size. The vias allow for heat transfer to the bottom side
and to all the internal copper layers as well to achieve heat accumulation. Forty thermal
vias fill nearly all the available space around the thermal pad, but the number of vias may be
optimized. A large mechanical pad is used as a thermal pad as well which supports the vias.
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Figure 12. The transistors’ thermal via pattern in the model of the board PCB: (a) all vias—equivalent
to the experimental setup; (b) reduced model with 12 vias; (c) model with 8 vias; (d) design for
experimental tests (in ALTIUM Designer software—3D perspective).

The realized model is flexible in the configuration of components, including vias.
On the basis of proposed locations, they were distributed below the transistor pad with
a specific custom distribution. In the performed simulation tests, the number of vias
around a transistor was decreased and a temperature steady-state value was computed
(Figure 13). From the results presented in Figure 13, it is seen that the use of 40 vias allows
decreasing the steady state temperature by 6 ◦C when compared to the case where 8 vias
were used. This allows achieving cost reduction when such a range of temperature increase
is acceptable.
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6.3. Extended Board Size Simulation Analysis of the Board Extending

Numerical simulations allow the effective evaluation of the board geometry change.
In the performed tests, the analyzed PCB was extended in one direction (Figure 14) to
increase all the copper layers and improve the board’s cooling and heat accumulation.
From the results presented in Figures 14 and 15, it is seen that an increase in the PCB area by
5600 mm2 allows a reduction in the steady state temperature by approximately 5 degrees.
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The converter with an increased board size may be designed to operate with a higher
power. An insignificant impact on the time constant of the heating process is observed. The
time constant value changes are below 1 s. Furthermore, no significant impact of maximal
temperature after 20 mm of extension is visible.
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7. Conclusions

The problems of the power electronic converter design optimization supported by
multiphysics simulations are presented. Starting from the base, the parameters of the
converter can be optimized in the simulation model. The experimental results of the 700 W
SC DC–DC step-up converter and its equivalent simulation model were presented. The
experimental results show the power losses, the efficiency of the converter, the design
concept, and the heat distribution over the components. The efficiency of the analyzed
converter in the tested design decreased insignificantly in a wide range of power and
temperature changes. The presented design is heatsinkless. Heat is spread from the PCB
surfaces. Despite its very low weight, the converter has the ability of heat accumulation and
can work overloaded for a limited time interval. The design verification was performed by
custom model and numerical simulation which allows the demonstration of such problems
as the overload of the converter and the optimization of the thermal via count and the
PCB cooling ability. Heat accumulation was also observed in the simulation results. The
converter can remain operating with nearly 200% overload for approximately one minute
until the maximal temperature is achieved. Simulation results also show that an adequate
increase in thermal via number allows limiting the transistor’s solder point temperature
significantly. An increase in the PCB dimensions brings a temperature decrease in a limited
range. The relationship is nonlinear and shows the initial positive effect only. The presented
results can be further enhanced for converter design and optimization of the parameters.
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