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Abstract

The large scale integration of renewable energy sources requires suitable energy
storage systems to balance energy production and demand in the electrical grid.
Bidirectional fuel cells are an attractive technology for energy storage systems due
to the high energy density of fuel. Compared to traditional unidirectional fuel cell,
bidirectional fuel cells have increased operating voltage and current ranges. These
characteristics increase the stresses on dc-dc and dc-ac converters in the electrical
system, which require proper design and advanced optimization.

This work is part of the PhD project entitled "High Efficiency Reversible Fuel Cell
Power Converter" and it presents the design of a high efficiency dc-dc converter
developed and optimized for bidirectional fuel cell applications.

First, a brief overview of fuel cell and energy storage technologies is presented.
Different system topologies as well as different dc-ac and dc-dc converter topologies
are presented and analyzed. A new ac-dc topology for high efficiency data center
applications is proposed and an efficiency characterization based on the fuel cell
stack I-V characteristic curve is presented.

The second part discusses the main converter components. Wide bandgap power
semiconductors are introduced due to their superior performance in comparison to
traditional silicon power devices. The analysis presents a study based on switching
loss measurements performed on Si IGBTs, SiC JFETs, SiC MOSFETs and their
respective gate drivers. Magnetic components are a fundamental part in most power
converters and have a significant impact on power converters performance and cost.
After basic introduction on magnetic components, planar magnetics are evaluated
for fuel cell (high current) applications as possible candidate for reducing the cost
of magnetic components especially for large production volumes.

At last, the complete converter design is presented in detailed and characterized in
efficiency terms. Both benefits, provided by SiC power devices and by a redesign of
the converter layout increased the converter power density up to 2.2 kW/l, achieving
efficiency above 98%.

A flyback derived topology designed for low power high voltage applications is also
presented as a side task in connection to the PhD project.
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Résumé

Den store integration af vedvarende energikilder kræver egnede energioplagringssys-
temer for at balancere energi-produktion og -efterspørgsel i elnettet. Tovejs brænd-
selsceller er en attraktiv teknologi til energilagringssystemer på grund af den høje
energitæthed af brændstof. Sammenlignet med traditionel envejs brændselscelle,
har tovejs brændselsceller øget driftsspænding og strømområder. Dette kendetegn
øger belastningen på dc-dc- og dc-ac-omformere i det elektriske system, som kræver
et ordentlig design og avanceret optimering.

Dette arbejde er en del af ph.d.-projekt med titlen "High Efficiency Vendbar Fuel
Cell Power Converter" og præsenterer udformningen af en højeffektiv dc-dc kon-
verter udviklet og optimeret til tovejskommunikation brændselscelleapplikationer.

Først gives en kort oversigt over brændselscelle- og energilagringsteknologier. Forskel-
lige systemtopologier samt forskellige dc-ac- og dc-dc-omformertopologier præsen-
teres og analyseres. Der foreslås en ny ac-dc topologi til højeffektive datacenter-
applikationer og en effektivitetskarakterisering baseret på brændselscellestakkens
I-V-kurvekarakteristik er præsenteret.

I anden del er de vigtigste omformerkomponenter diskuteret. Bredbåndgabs ef-
fekthalvledere introduceres på grund af deres overlegne ydeevne i forhold til tradi-
tionelle siliciumeffekthalvledere. Analysen viser en undersøgelse baseret på skiftetab-
smålinger foretaget på Si IGBT’er, SIC JFET’er, SIC MOSFET’er og deres respek-
tive gate drivere.

Magnetiske komponenter er en grundlæggende del i de fleste omformere og har en
betydelig indvirkning på omformernes ydeevne og pris. Efter en grundlæggende
introduktion til magnetiske komponenter, er planar magnetik evalueret til brænd-
selscelleapplikationer (høj strøm) som mulig kandidat til at nedbringe udgifterne
til magnetiske komponenter ved store produktionsmængder.

Til sidst bliver det komplette omformerdesign præsenteret i detaljer og karakteris-
eret i form af effektivitet. Fordelene ved SiC-effekthalvlederne og et redesign af
omformerens layout øger omformerens effekttæthed op til 2.2 kW/l og bevirker en
effektivitet over 98%.

En flyback afledet topologi designet til laveffekt højspændingsapplikationer præsen-
teres som en sideopgave i forbindelse med dette ph.d.-projekt.
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Chapter 1

Introduction

1.1 Scope

The scope of this thesis is to present results achieved as part of the PhD project
"High Efficiency Reversible Fuel Cell Power Converter" carried out by the author
during the period from December 2011 till November 2014. The scientific results of
the research have been published in form of peer reviewed conference and journal
papers. The published papers form an integral part of this thesis and are included
in Appendix.

The objective of this thesis is to supplement the already published information, and
thereby present a more coherent and complete overview of the research work and
results obtained in the project.

Furthermore, this thesis with its appendix condenses a large amount of advanced
knowledge on design of high efficiency dc-dc converters. Work carried through this
thesis is useful to power engineers who are about to design high efficiency dc-dc
converters in the multi-kW power range for fuel cells and other applications.

1.2 Thesis Structure

The structure, organization and content of this PhD thesis are visualized in Figure
1.1 and 1.2. The flow chart guides the reader through the thesis contents starting
from a general system view, moving towards more detailed view of wide bandgap
devices and magnetics components. The last part presents an example of the com-
plete converter design.

The main project contributions are highlighted through the different chapters and
sub-chapters in Figure 1.1 and 1.2.
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1.3. Background and Motivation

1.3 Background and Motivation

The current electric grid is almost 100 years old. The grid infrastructure has been
updated, but its topology remained unchanged for decades. Over the last two
decades there has been a large scale diffusion of renewable energy sources due to
the global awareness on the limited availability of natural resources. Renewable
energy sources are mostly unpredictable and create high dynamics in the energy
production. Traditional grid struggles to couple with high dynamics due to the
limited information on the status of the grid as a system. Thus, the traditional
grid is progressively moving towards a smart grid [1] where large use of informa-
tion technology provides increased reliability, better dynamic load adjustment and
efficiency, by balancing the energy production and demand, as shown in Figure 1.3.

Energy storage systems are fundamental components in smart grids [2]; they bal-
ance the energy production and demand, when there is an excess of power from the
renewable energy sources or vice versa. For these systems, bidirectional fuel cells
represent an attractive technology due to the high energy density of fuel. Bidi-
rectional fuel cells typically operate at low voltages and high current levels, which
furthermore challenge the design of high efficiency power converters [3]. In order
to limit the converter losses, large amount of prime materials, such as copper and
silicon, is required. This results in an increase of the converter cost and complexity.
For these reasons, it is necessary to accurately model and design power converters
by selecting suitable technologies that can potentially reduce the converter cost.

Nowadays, the latest developments in power semiconductor technology, resulted in
commercially available dc-ac converters with efficiency up to 99% [4] and above
[5, 6]. This highlights that absolute converter efficiency is not the main concern
anymore; the new focus is the cost reduction in terms of lower amount of prime
materials, less components and automated manufacturing.

Traditional 
Grid

Smart
Grid

Figure 1.3: Electrical grid evolution from traditional grid to smart grid.
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1.4. Project Objectives

In traditional fuel cell applications dc-dc conversion efficiency up to 98% has al-
ready been proven [7]. This is not the case for bidirectional fuel cells, where the
large operating ranges that the dc-dc converter is expected to operate impose sig-
nificant design challenges in order to achieve such efficiency. The use of new power
semiconductors and high current planar magnetics could provide the desired system
efficiencies and at the same time reduce the cost of magnetic components. For all
these reasons, bidirectional dc-dc efficiency is the major interest of this PhD thesis.

1.4 Project Objectives

The project was established to study the efficiency of electrical power conversion in
bidirectional grid-tie fuel cell systems. The main goal was to establish a prototype of
a high efficiency dc-dc that could cope with the increased requirements in operating
voltage range typical of bidirectional fuel cells.

The major project objectives are:

• Demonstrate high efficiency bidirectional low voltage high current dc-dc con-
version for bidirectional fuel cells. The aim is to achieve dc-dc conversion
efficiency above 98% even when the converter is designed to operate in a wide
voltage range.

• Investigate new power semiconductors; study their performance compared
to traditional Si power devices and verify their potential in for bidirectional
grid-tie fuel cell systems.

• Study high current magnetic components taking into account manufacturing
issues. Planar magnetics can be a viable solution to reduce the manufacturing
cost of the magnetic components, however it is particularly challenging to
design high efficiency low-voltage high-current planar magnetics.
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Chapter 2

Grid Tie Energy Storage Systems

This chapter presents a system overview of bidirectional energy storage systems
and power converters.

2.1 Grid Tie Energy Storage Systems

Sustainability is the major driving force for large scale diffusion of renewable ener-
gies. The large scale adoption of renewable energy requires energy storage systems
to balance the energy demand and energy production [2]. In fact, renewable energy
sources are mostly unpredictable [8] and energy storage systems are required to
guarantee a continuous energy supply even during periods with low energy produc-
tion [2]. This is especially true with a large percentage of renewable energy over
traditional energy sources (e.g. coal, gas, etc.).

The main energy storage technologies for grid applications [9] can be summarized
in

• Pumped hydro

• Compressed air storage

• Batteries

• Power-to-gas: hydrogen and synthetic natural gas

• Flywheel

• Molten salt

From all these energy storage technologies, power-to-gas systems [10] represent
an attractive solution, since energy can be stored as a high energy density fuel.
Moreover, these systems can be used to produce natural gas or hydrogen [10],
which can be further used for other applications, such as residential and urban
mobility [11].
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2.2. Bidirectional SOEC/SOFC Technology Grid Tie Energy Storage Systems

2.2 Bidirectional SOEC/SOFC Technology

Fuel cell (FC) technology is divided into two main categories: proton exchange
membrane (PEM) [12] and solid oxide (SO) [13] fuel cell technology. PEM FCs
operate at low temperatures (usually in the 80-90 ◦C range). Pilot and small com-
mercial projects demonstrate the feasibility of the technology however, until now,
the technology struggles to be successful on the market. The major drawbacks
of this technology are related to the relatively high cost due to the use of rare
materials (such as platinum) [14] and the sensitivity to fuel poisoning (especially
to carbon monoxide) [15, 16]. Solid oxide fuel cells /electrolyzer cells (SOFC/-
SOFC) are another type of FC technology which has the potential to significantly
reduce the materials cost in the FC stacks. This type of FCs have been proven for
bidirectional operation, often referred as regenerative fuel cells (RFCs), operate at
high temperatures ~1000 ◦C and are sensitive to degradation [17], which introduces
major challenges for the materials used in the construction of the stacks. Newly
developed SOEC/SOFC cells operate at more manageable temperatures (≤ 800 ◦C)
which allows cheaper construction materials. SO-technology can operate not only
with water, but also with a wider variety of fuels such as CO2 [18, 19]. This makes
SO-technology especially attractive for reducing the CO2 emissions. Other major
advantages of bidirectional SOEC/SOFC technology can be summarized in

• High efficiency at high operating temperatures
• Operates with multiple fuel compositions
• Water and CO2 can be used to produce synthetic natural gas (SNG) [19]

2.2.1 System Topologies for Bidirectional SOEC/SOFC Fuel Cells

An overview of system topologies for grid tie energy storage with SOEC/SOFC
stacks is presented in Figure 2.1. There is no unique suitable system topology
[20], however costs and manufacturing challenges impose constrains to the system.
Moreover, the maturity of the cells technology imposes physical constrains to cell
stacks, such as maximum number of stackable cells, maximum current density,
maximum cells voltage, operating temperature, etc.

A preliminary overview of dc-dc and dc-ac power conversion for fuel cell systems
is performed in Appendix A. This type of fuel cell systems often includes auxiliary
power sources (APS) such as supercapacitors [21] or batteries [22] to compensate the
slow transient response of fuel cell systems [23]. In collaboration with a SOEC/-
SOFC cell manufacturer and system operator it was determined that an APS is
not required, since the typical transient response from the SOEC/SOFC cells is
sufficient for the expected dynamics in the ac-grid. It was also determined that a
50-cells stack, with a cells active area of 10x10 cm, would represent a realistic design
case. Based on the expertise in the SOEC/SOFC cells technology, the operating
conditions for a 50-cells stack were defined as following

• SOEC mode: current up to 80 A
• SOFC mode: current up to 40 A
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• Typical operating voltages are in the 50-80 V range for SOEC mode and in
the 30-50 V range for SOFC mode

• Planned demonstrator system nominal power ~50 kW.

The listed specifications are used to preliminary define the power converters spec-
ifications. Pro and cons of each system topology in Figure 2.1 are summarized in
Table 2.1. The topology in Figure 2.1a requires a too large cells stack which is not
feasible due to limitations in the SOEC/SOFC cells technology. The topology in
Figure 2.1b has centralized dc-dc and dc-ac converters. Since the same current flows
through each cell stacks, the monitoring and control system has to compensate for
variations in the cells characteristics. Moreover, a major drawback of Figure 2.1b is
the required galvanic isolation between the stacks, which is particularly challenging
for the fuel system. System topologies in Figure 2.1c and in Figure 2.1d are the
most suitable for the state of the art cells. The major difference is related to the
light load efficiency and system redundancy. An inverter failure in the system of
Figure 2.1c would cause the shutdown of the entire system, while in Figure 2.1d it
would cause the shutdown of only one sub-system branch. In terms of light load
efficiency, the system in Figure 2.1d has better performance; in fact, it is possible
to shutdown the light load operating branches and keep active only one part of the
system.
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Figure 2.1: Investigated SOEC/SOFC system topologies.
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Table 2.1: System topologies advantages and disadvantages

System topology Advantages Disadvantages
Few components Large stack

Figure 2.1a Two converters Light load efficiency
Non optimal cells I-V

Small stacks Electric insulation
Figure 2.1b Two converters Light load efficiency

Non optimal cells I-V
Small stacks Many dc-dc converters

Figure 2.1c Optimal stack I-V Increased complexity
Light load efficiency
Small stacks Many converters

Figure 2.1d Redundancy System complexity
Light load efficiency

The reference system is based on Figure 2.1c; it is designed for 10 sub-systems
giving a total power rating of ~60 kW in SOEC mode and ~15 kW in SOFC mode.

2.2.2 Dc-ac and Ac-dc Converter Topologies

The ac-side of the system is defined based on the system power rating. Assuming
a loss-less system the dc-ac converter in Figure 2.1c is rated to handle the entire
power in SOEC mode of all 10 sub-systems. Therefore, the dc-ac converter has
to be rated >60 kW; light overrating is desirable in order to have reactive power
compensation [24] also at nominal system power.

Single phase systems are suitable for residential applications with typical power
levels below 10 kW. Already above 5 kW there is a major trend to shift towards three
phase systems due to their lower losses [25]. Multi-kW 400 Vrms three phase systems
are widely used in industrial environments and are the most suitable systems at
these power levels. Higher voltages are usually preferred with power ratings in the
range of 500 kW-1 MW (e.g. converters in three phase systems rated at 690 Vrms for
wind power applications [26]). Therefore, according to the design ratings for the
SOEC/SOFC system, a 400 Vrms ac system represent the most suitable solution.

Dc-ac and ac-dc power conversion in multi-kW applications is typically performed
with two or three level inverter topologies [27]. A typical example is represented
by solar inverters, which exceptionally achieved low cost ($/W) and remarkable
efficiencies above 98% [28] with traditional silicon power devices and up to 99% [4]
with new wide bandgap devices. This latest developments highlight that efficiency
is not a major concern any more. Reducing the power converters $/W cost while
maintaining high efficiency is now the major focus. In order to achieve these goals,
researchers are investigating new power semiconductor materials, which potentially
can reduce both semiconductor power losses and converter cost.

Appendix B presents an evaluation of the efficiency improvement achieved in dc-dc
and dc-ac converters with the introduction of new power semiconductors (silicon
carbide). The analysis is performed on two laboratory converter prototypes. This
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allows to quantify the overall efficiency for the SOEC/SOFC system with different
power semiconductor technologies. It is observed that an overall electrical system
efficiency improvement in the 1-3% range can be achieved. Moreover, it is possible
to reduce the size of the converter cooling system and of the passive components,
such as inductors and capacitors. This also allows a quick estimation of the eco-
nomical benefit and payback time for the electrical system.

2.2.3 Integrated Ac-dc-dc Converter Topologies

During the research studies alternative high efficiency ac-dc topologies for data
center applications [29] have been investigated. In these applications, the major
concern is to increase the power distribution efficiency from the grid level down
to the computational units. This can be achieved by increasing the efficiency of
the single conversion units and by reducing the number of conversion stages in the
system. Besides, compared to traditional ac systems the use of dc power distribution
architectures [30] can reduce the number of power conversion stages and provide
higher system efficiency [31].

A comparative evaluation of three phase isolated matrix-type PFC rectifiers is pre-
sented in Appendix C. The analysis compares different ac-dc PFC rectifier topolo-
gies designed for data center applications and presents a new topology, the Isolated
Integrated Active Filter Matrix-type (I2AFM) PFC rectifier, shown in Figure 2.2.
The analysis considers two design cases of 7.5 kW converters. One design is based
on the isolated matrix-type Y-rectifier topology (IMY-rectifier, [32]) and other on
the I2AFM topology. Both topologies provide significant major advantages, which
can be summarized in

• Galvanic isolation
• Sinusoidal ac voltages and currents
• Unitary power factor
• Minimized dc-link capacitance.

Figure 2.2: Proposed Isolated Integrated Active Filter Matrix-type (I2AFM) PFC
rectifier, Appendix C.

The design presented in Appendix C, is based on an interleaved dc-dc power stage,
which can significantly improve the converter performance in mid-high load condi-
tions.
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The presented topology can also be adapted for bidirectional SOEC/SOFC systems.
This solution can be applied to a system topology, as presented in Figure 2.1d, by
replacing the inverter stage with a matrix-type PFC. Compared to the design case in
Appendix C, it is necessary to redesign the transformers and replace the rectifiers
diodes with suitable active switches (e.g. Si IGBTs and Si MOSFETs). In this
scenario the I2AFM topology could minimize the dc-link capacitance and provide
very high system efficiency despite a higher number of power semiconductors and an
increased complexity in the control system (minimized dc-link capacitance requires
synchronization between the ac-dc and the dc-dc stages).

2.2.4 Dc-dc Converter Topologies

One of the major challenges of the electrical SOEC/SOFC system is the design
of the dc-dc converter. The converter has to adapt the voltage and current levels
of the SOEC/SOFC cells stack with the ones of the dc-ac converter. Based on
the SOEC/SOFC cells stack characteristics, the preliminary specifications of the
dc-dc converter are specified in Table 2.2. It is observed that the low voltage port
(LV-side) of the dc-dc converter is expected to operate in the 30-80 V range with
currents up to 80 A. In this case, the voltage variation at the port has a 2.67 factor,
which significantly challenges the design of high efficiency dc-dc converters. Both
dc-dc conversion efficiency and converter cost are important factors in the selection
of the converter topology.

Resonant converters are well known for being capable of achieving high conversion
efficiency due to their soft switching capabilities [33]. Resonant topologies are
rather simple topologies however, they struggle to maintain high efficiency with
large voltage variations at the converter ports [34]. This results in low conversion
efficiencies outside their optimal operating conditions. After an analysis of the state
of the art of dc-dc converter topologies, two main topologies are considered as the
most suitable candidates for the dc-dc converter in the system in Figure 2.1c and
2.1d: the isolated full bridge boost converter (IFBBC) [35, 36] shown in Figure
2.3a and the dual active bridge (DAB) [37] shown in Figure 2.3b. These topologies
were selected due to their proven efficiency performance [7, 38] and to the limited
number of components (low complexity topologies).

Table 2.2: SOEC/SOFC cells and converter specifications

Specification SOEC SOFC Dc-dc converter
Voltage LV-side 50-80 V 30-50 V 30-80 V
Current LV-side 0-80 A 0-40 A 0-80 A
Power 0-6000 W 0-1500 W 0-6400 W
Power flow ⇐ ⇒ ⇔

from the grid to the grid bidirectional

I order to select the most suitable topology for the application, a component stress
factor (CSF) analysis is performed and presented in Appendix D. The analysis is
performed according to [39] where the individual stresses are calculated based on
the components current and voltage stresses. Results from the analysis highlight
that the DAB topology is more suitable for narrow converter operating ranges. Far
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from the optimal operating points and especially at light power loads, the DAB CSF
values increase significantly, which result in challenging designs for high efficiency.
On the other hand, the IFBBC topology has a more homogeneous distribution
of CSF values highlighting that the topology could provide a more homogeneous
efficiency distribution for the entire dc-dc converter operation range.

Based on this analysis and on previous experience accumulated, the IFBBC topol-
ogy is selected for further analysis and design cases.

(a) IFBBC topology

(b) DAB topology

Figure 2.3: Analyzed dc-dc converter topologies.

2.3 SOEC/SOFC I-V Characteristics

SOEC/SOFC cell stacks have I-V characteristic that is dependent on the cells
operating temperature, fuel composition and pressure. This leads that the I-V curve
of a cell stack is not unique. It also requires that the dc-dc converter specifications
are defined accordingly to the I-V stack characteristics, including a margin factor.

A complete model of the SOEC/SOFC stacks can become very complex [40, 41]
and it has a minimum interest from electrical point of view. With the purpose
of determining the simplified I-V stack characteristic, the SOEC/SOFC stacks are
modeled as a voltage source or cells stack open circuit voltage (OCV) with a series
impedance (ZS), as shown in Figure 2.4. The dominant component in ZS is the
series resistance of the cell stack. In fact, cell geometry is typically rectangular
(about 10 cm by 10 cm and 1~3 mm tick). The current flow is orthogonal to the
cell plane, this leads that its stray inductance is negligible. The stray capacitive
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component can also be neglected due to the series connection of the cells and due
to the large thickness of the solid oxide between the cell electrodes. The cells’ Joule
losses (due to the series resistance RS) are dependent on the operating conditions of
the cells however, for modeling purposes RS and OCV are supposed constant. From
the equivalent circuit in Figure 2.4 it is observed that a change in the operating
mode (from SOEC to SOFC and vice versa) is achieved by controlling the dc-voltage
at the cells stack terminals with a suitable dc-dc converter.

+

Vstack

-

Zs
(temperature,
pressure, fuel)

+
-

OCV
(temperature,
pressure, fuel)

+

Vstack

Rs

+
-

OCV

-

Figure 2.4: SOEC/SOFC equivalent electrical circuit model.

The dc-dc converter characteristics are determined by extrapolating and averaging
the I-V curve of two SOEC/SOFC cell stack prototypes (10 and 20 cells). The two
stack prototypes were tested at 60 A SOEC and at 20 A SOFC; their I-V charac-
teristics is linearly scaled up to cover the entire stack operating range (up to 80 A
in SOEC and up to 40 A in SOFC).

The extrapolated characteristics of the stacks at the maximum rated operating
conditions (80 A for SOEC mode and 40 A for SOFC mode) are presented in Figure
2.5. In both operating modes, the converter specifications ensure a suitable margin
over the stack characteristics.

Figure 2.5: SOEC/SOFC prototype stacks I-V characteristics at 80 A in SOEC
and at 40 A in SOFC (scaled characteristic).

The average I-V stack characteristics is used to determine the I-V operating points
of the dc-dc converter low voltage side. Efficiency of dc-dc converters is typically
characterized at different voltage levels [42], at different current levels and with

14/223



2.3. SOEC/SOFC I-V Characteristics

different power flow directions [43] (e.g. SOEC vs. SOFC), as shown in Figure
2.6a and 2.6b. The introduction of the I-V stack characteristics defines the dc-dc
converter operating points. The resulting dc-dc efficiency is presented in Figure
2.7. It is observed that when the dc-dc converter is operated in the SOEC/SOFC
system the maximum theoretical dc-dc converter is never achieved.

The dc-dc converter efficiency that takes into account the I-V characteristic of the
SOEC/SOFC cell stacks is presented in Appendix E.
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Figure 2.6: 6 kW dc-dc converter efficiency, conventional efficiency characteri-
zation.
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Figure 2.7: 6 kW dc-dc converter efficiency based on SOEC/SOFC I-V curve
and Si IGBTs.
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Chapter 3
Wide Bandgap Power

Semiconductors

This chapter presents an overview of the state of the art wide bandgap power
semiconductors and of the results achieved with these devices.

3.1 Evolution of Power Semiconductors

Power semiconductors were firstly introduced in 1952 with the introduction of
the power diode and subsequently other devices such as semi-controlled rectifiers
(SCRs) or thyristors [44] and other power devices such as BJTs, MOSFETs [45]
and IGBTs [46].

Nowadays, power semiconductors are a key component in every switch mode power
supply (SMPS). More efficient energy conversion has been the major focus over the
last decade supported by the large scale integration of renewable energies. Silicon
(Si) power semiconductors represent almost the entire power semiconductor mar-
ket [47] however, new wide bandgap (WBG) power semiconductors materials are
rapidly growing interest due to their pledge of outstanding performance [48]. The
global interest in WBG power devices is driven by the potential advantages over
traditional Si power semiconductors [49].

These advantages can be summarized in:

• Higher operating frequencies
• Higher efficiency
• Higher voltage ratings
• Higher operating temperatures
• Smaller passive components
• Smaller cooling system
• Lower amount of raw materials
• Lower cost due to smaller passive components and reduced requirements for

the cooling system
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Silicon carbide (SiC) and gallium nitride (GaN) are the two main WBG semicon-
ductors candidates to replace Si in power applications. Their physical potential is
huge in comparison to the Si limits, as shown in Figure 3.1 [50].

Figure 3.1: Si, SiC and GaN material physical limits for unipolar devices in com-
parison with the state of the art devices.

The materials physical characteristics are key components to determine the power
semiconductor switching, conduction, blocking and thermal characteristics. A gen-
eral overview of the main properties of Si, SiC and GaN is presented in Figure 3.2a
[51]. Diamond is often used as reference as ideal semiconductor material however,
material cost and processing represent the main challenges for this semiconductor.

Research in SiC started back in 1927, yet only recently SiC power devices reached
the market. Although SiC has different crystalline structures, all commercial SiC
power devices are based on 4H-SiC [52]. Material cost is down to ~10 $/cm2 [53] for
4 inches wafers [54] and more recently 6 inches wafers became available [55]. The
wide bandgap energy and high electric field of SiC allows high temperature and
high blocking voltage devices with lower on-state resistance mΩ · cm2 compared to
Si.

GaN technology has been widely used since 1990s for bright light-emitting diodes
(LEDs) [56]. Only recently GaN became attractive for conventional power electron-
ics [57] due to the lower cost of the substrate (GaN deposited on Si lowers the price
down to <1 $/cm2 [53]). The major advantages of GaN are its high electric critical
field and its high electron mobility compared to SiC [58]. However, the major chal-
lenges for GaN are related to the large thermal mismatch with the substrate when
GaN is deposited on Si or sapphire and the lower thermal conductivity compared
to SiC.

On overall, SiC and GaN have similar material properties and are in a tight competi-
tion. At present SiC technology seems more mature as there are already commercial
products based on SiC power devices. However, GaN market growth rate over the
last three years has been ~250%/yr while for SiC this was ~35%/yr [59]. There is
no clear winner between the two technologies. A short term forecast indicates that
GaN will replace Si for low voltage devices (<600 V) while SiC will mostly replace
the market nowadays taken by the Si IGBTs (>600 V), as seen from Figure 3.2b
[60].
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(a) Material properties.
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Figure 3.2: Si, SiC and GaN power semiconductors materials and devices.

3.2 SiC Power Semiconductors

This section presents an overview of the most diffused power devices that have been
developed in SiC.

3.2.1 SiC Schottky Diodes

SiC Schottky diodes [61] were the first commercial power devices in SiC. SiC diodes
have comparable forward voltage drop as Si diodes, however they have extremely
low reverse recovery charge Qrr [62]. This results in higher converter efficiencies
and reduced EMC/EMI issues caused by the high di/dt. SiC Schottky diodes are
commercially available for voltages in the 600~1700 V range.

3.2.2 SiC JFETs

SiC junction field effect transistors (JFETs) are developed based on two structures:
lateral channel layout (LCJFET) and vertical trench channel (VJFET) [63]. The
SiC LCJFET are normally-on (SiCED-Infineon structure) [63] while SiC VJFET are
available both as normally-on or normally-off (Semisouth Laboratories structure).
The VJFET can provide very low mΩ · cm2 [64] however, the device structure does
not include a body diode. SiC JFETs are available with very limited availability
(mostly engineering samples) from few companies such as Infineon and GeneSiC.

3.2.2.1 Normally-ON

Normally-on SiC JFETs [65] are available with on-state resistance of 45~85 mΩ
rated at 1200 V 150 ◦C in TO-247. The pinch–off voltage of these devices is typically
in the −6~−26 V ; in off-state their gate leakage current (100~800 μA) is usually
negligible and a small positive voltage (2 V) is often used to furthermore reduce the
channel on-state resistance. The gate driver is required to provide a high current
pulse to further reduce the device switching losses [66].
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3.2.2.2 Cascode Structure

The cascode structure was introduced [67] to overcome the normally-on behavior
of SiC JFETs. The structure is normally-off and it is build on series connection of
a normally-on SiC JFET with a Si MOSFET. The structure proved to be scalable
also to high voltages [68] while maintaining control over its dV/dt [69].

3.2.2.3 Normally-OFF

Normally-off SiC JFETs [70] are available with on-state resistance of 65~100 mΩ
rated at 1200 V 150 ◦C in TO-247 package. The devices have typically a low thresh-
old voltage 1~2 V and their leakage gate current during on-state is not negligible
(10~200 mA). When reversely biased the gate leakage current is negligible (as for
normally-on JFETs). A pulsed gate driver [66] or an ac-coupled gate driver [71] is
required to reduce the device switching losses and achieve the best performances
from the devices.

3.2.3 SiC MOSFETs

SiC MOSFETs development started back in the 1980’s [72], however only recently
the devices became available. Current commercial devices are based on the UMOS-
FET structure [73]. Devices are available with voltage rating of 650~1700 V and
on-state resistance down to 25 mΩ in TO-247 package [74]. SiC MOSFETs are
normally-off with typical gate threshold voltages are in the 1.5~3.5 V range. On-
state voltages up to 15~20 V are required to achieve low on-state resistance while
off-state reverse biased voltages are limited to −5~−10 V.

3.2.4 SiC BJTs

SiC BJTs [75] are available with voltage ratings of 900~1700 V, currents up to 50 A
and they are based on the NPN junction structure. Typical current gains are in the
40~80 β range, they provide the lowest mΩ · cm2 and temperature dependence [76].
The devices require a continuous gate current; for very large devices and at high
currents it can be up to 1.2 A. Nowadays, availability of SiC BJTs is very limited
moreover, there are still concerns on long term reliability of the devices due to the
risk of bipolar degradation [77].

3.3 SiC Device Comparison

Selecting the most suitable power devices for a specific applications is a non-trivial
issue. This requires the analysis of the device performance, reliability, cost and
availability. When considering SiC power semiconductors, there is a limited avail-
ability of devices that reached the market. During the first half of 2012, an analysis
was performed on commercially available SiC power semiconductors. The investiga-
tion focused on power devices for multi-kW power converters with a device voltage
rating of 1200 V and a current rating in the 15~40 A range. These device ratings are
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determined by the converter specifications in Table 2.2 and by the system topologies
presented in Figure 2.1. The investigation concluded that for the device voltage
rating of 1200 V there is a limited number of SiC devices that are commercially
available; these are limited to SiC MOSFETs, normally-on and normally-off SiC
JFETs. In Si material, the considered power ratings are entirely covered by Si
IGBTs. Other Si devices are not suitable, e.g. Si MOSFETs structures (including
CoolMOS) are limited to voltages below 900 V and thyristor-type devices are more
suitable for very high power applications in the kA-range. However, the major
advantage of Si IGBTs is their wide availability from different manufacturers and
different optimized structures.

A summary of the experiments and results achieved is presented both in Appendix
F and Appendix G. The analysis and comparison of the power semiconductors is
performed on the following devices:

• Si IGBTs (no.1 IGW15N120H3, no.2 IRG7PH30K10)
• Cascode structure (SJDP120R085+IPB017N06N3)
• SiC normally-on JFETs (SJDP120R085)
• SiC normally-off JFETs (SJEP120R100)
• SiC MOSFETs (CMF20120D)

Even though, Si IGBTs cannot be directly compared to SiC power devices, it is
necessary to consider the state of the art of Si devices as technology reference.
Moreover, the analysis and comparison presented in Appendix F and Appendix G
can provide a quantitative analysis of the expected loss reduction that is achievable
with SiC power semiconductors. In order to perform a proper comparison it is
necessary that each power semiconductor is driven with a suitable gate driver, as
presented in Appendix G.

Si IGBTs were selected among two manufacturers (Infineon and IR), focusing on
devices which are optimized for fast switching (high frequency applications up to
100 kHz). These devices represent the latest generations of trench IGBTs.

The Cascode structure was analyzed in Appendix F. The structure is interesting
since it can represent a bridge between Si and SiC technology. The major advantage
of the structure is its normally-off behavior and the possibility of using a simple Si
IGBT/MOSFET gate driver.

Normally-on SiC JFETs have the unwanted normally-on behavior, however they
can be efficiently driven like a traditional Si MOSFET/IGBT with reversed driving
voltages. This was considered a good compromise between device performance,
gate driver complexity and cost. Normally-off JFETs represent a more interesting
solution in multi-kW converters simply due to their normally-off behavior, which
guarantees that a control power outage does not cause the destruction of the power
converter. Normally-off SiC JFETs would significantly under-perform if driven
with a simply gate driver. These devices require a high current at device turn-on,
therefore a pulsed gate driver structure was used [66].

SiC MOSFETs represented the most recent evolution in Si power devices. The
tested device, CMF20120D, is the first generation of commercially available devices.
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Devices effectively perform with a simple gate driver with shifted voltage levels (e.g.
from −4 V to 20 V).

In hard switched converter topologies, the characterization of power semiconductors
is mostly focused on:

• Conduction losses
• Switching losses

3.3.1 Conduction Losses

Conduction losses, or static characteristic, of the device can be easily characterized
with a good accuracy based on datasheet values. Power semiconductors manufac-
turers often provide device temperature dependency and analytical equations that
can be used to extract the I-V or I-P static forward characteristic. I-V curve tracers
are also commonly use to characterize the conduction losses. A major advantage
of I-V curve tracers is that they can characterized the device by using short pulses
without affecting the device junction temperature.

The analysis of the conduction losses is based on calculations starting from datasheet
values. This is presented in Figure 3.3a at 25 ◦C and in Figure 3.3b at 100 ◦C. It is
observed that, especially at low current levels, all SiC devices provide a significant
reduction of the condition losses. As the device current increases, the advantage of
the SiC devices is reduced. In fact, the forward voltage drop of IGBTs dominate
at low current levels. As the current increases, the gap between Si IGBTs and SiC
devices is reduced due to the lower on-state resistance of the considered Si IGBTs.
As the device junction temperature increases, device losses increase. In Si IGBTs
the increase of on-state resistance is partially compensated by the reduction of the
forward voltage drop resulting in limited increase of device losses. In SiC JFETs
there is a large increase of on-state resistance for both normally-on and normally-off
devices. In both devices, the increase in the channel resistance is in the 40%~50%
range. The first generation of SiC MOSFETs have a more limited increase in on-
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Figure 3.3: Si and SiC conduction losses.
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state resistance (~20%) compared to SiC JFETs. The second generation of SiC
MOSFETs, introduced in early 2013 [78], has a lower increase of on-state resistance
compared to the first generation due to the improved device structure.

3.3.2 Switching Losses

Power semiconductors switching losses are more difficult to characterize, since they
strongly depend on the device parasitics, on the gate driver, on the circuit topology
and circuit parasitics [79]. Circuit parameters are very challenging to model as they
depends on components package and circuit layout. For these reasons, the most
common approach is to perform switching loss measurements with an inductive
clamped circuit [80] or double pulse tester (DPT). The circuit in Figure 3.4a applies
two short pulses of variable width (typically in the 1~100 μs range). The pulses rise
the inductor current to the desired level, then the power semiconductor switching
losses are measured through a voltage and current probe on the device. With this
methodology it is possible to characterize independently device turn-on and turn-
off losses. Since test pulses are of short duration and represent a single event,
the device’s junction temperature increase due to the energy dissipated during the
pulses can be neglected. This allows performing switching loss measurements at
constant junction temperatures, where the junction temperature is set with an
external controlled heat source. The waveforms acquired with the setup in Figure
3.4b are then post-processed to extract the device switching losses. The switching
losses are computed by integrating the instantaneous power loss around its peak
with a threshold of 3%, as presented in Appendix G.

(a) DPT circuit (b) DPT laboratory setup.

Figure 3.4: Double pulse tester (DPT).

It is fundamental that, for obtaining a trustworthy comparison of different devices,
the test circuit layout and components remains the same. The power semiconduc-
tors part of the analysis have been characterized with a DPT. Measurements were
performed at 700 V with currents up to 21 A. Linear scaling-interpolation of the
energy loss measurements can be used to calculate converter switching losses for
different voltages and currents levels [81].

The analysis aimed to investigate the efficiency improvement achievable with SiC
power semiconductor due to the reduction of switching losses over traditional Si
IGBTs. In order to consider the best trade-off, different devices were characterized
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with different gate drivers, as presented in Appendix G. Si IGBTs and the Cascode
configuration were driven with a single ended supply 0-15 V; on-JFET were driven
with a negative single ended supply −15-0 V; off-JFET were driven with −15-3 V
with a high current pulse at device turn-on and SiC MOSFETs were driven with
−4-20 V. All Si and SiC power devices are in TO-247 package, expect for the low
voltage Si MOSFET used in the Cascode configuration (TO-263-7 package). A
comparison of the power semiconductor switching losses is presented in Figure 3.5a
for the devices turn-on and in Figure 3.5b for the devices turn-off.

The Cascode structure has large turn-on losses compared to fully SiC switches. In
this structure, the JFET’s turn-on is delayed compared to the Si MOSFET’s turn-
on and the SiC JFET is switched-on without a high current pulse, this leads to
high device turn-on losses. The lowest turn-on switching losses are achieved with
normally-off SiC JFETs driven with an optimal gate driver or with SiC MOSFETs
Figure 3.5a. IGBTs of the latest trench generation, optimized for fast switching
(high switching frequencies >30 kHz), have smaller tail currents compared to soft
IGBTs. IGBTs are still the devices with the largest turn-off losses due to their
tail current Figure 3.5b. As expected, all SiC configurations achieve lower turn-off
switching losses than then state of the art Si IGBTs. It is observed that the Cascode
structure has extremely low turn-off losses, in fact the JFET’s turn-off controlled
by the low on-state resistance of the Si MOSFET (mΩ range). This acts as an
extremely low gate resistance and achieving the lowest possible turn-off losses from
the structure.

The overall device switching losses are presented in Figure 3.6. In general, IGBTs
still represent the best trade-off between the power semiconductor performance
and cost (without taking into account the other converter components). This is
especially true when IGBTs are driven at their limit of the switching performance.

SiC devices can achieve remarkably low switching losses when suitable gate drivers
are used. In the case of SiC JFETs, it is necessary to use a high current pulse
at device turn-on through a pulsed gate driver or and RCD gate network [66,
82]. The major drawback of SiC JFETs is their high dependency of the on-state
resistance on the junction temperature and, for normally-off JFETs, the current
required to maintain the devices in low ohmic on-state. SiC MOSFETs achieve
very low switching losses without the need of a high current pulse at device turn-
on. Moreover, these devices have the lowest increase of on-state resistance as a
function of the temperature.

A major concern, which has to be considered when choosing power semiconductors,
is the device availability from different manufacturers. Currently, SiC JFETs, both
normally-on and normally-off from Semisouth Laboratories, have been discontinued.
Other companies (GeneSiC) started to commercialize SiC JFETs, however their
availability is very limited and these devices are often more expensive than their SiC
MOSFET competitors. Most of the large competitors in the power semiconductor
market are focusing on SiC MOSFETs. SiC MOSFETs require a more simple gate
driver structure compared to SiC JFETs, moreover SiC MOSFETs have a negligible
gate leakage current. For all these reasons, SiC MOSFETs are the preferred choice
for new converter designs.

An analysis and comparison of the switching performance of different Si and SiC
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devices has been performed and are presented in Appendix F and in Appendix G.
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Figure 3.5: Si and SiC switching losses. Separate components.
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Chapter 4

Magnetics Design

4.1 Planar Magnetics Overview

Magnetic components are fundamental part of switch mode power supplies and, for
this reason, they are a major research interest [83]. For simple winding structures
traditional wire wounded components are suitable for high volume production, how-
ever as the winding structure complexity increases, they require more production
steps, which significantly increases the manufacturing cost.

Over the last years developments in commercial electronics and in its manufactur-
ing techniques have led to large cost reductions in printed circuit boards (PCBs)
technology. PCBs represent the elementary support unit for creating the intercon-
nections between all electronic components. PCBs are also an attractive technology
for windings of magnetic components [84, 85]. In these specific cases, it is possible
to integrate the magnetic component together with the other circuit components
in a manufacturing friendly layout [86].

The integration of PCB windings is often combined with low profile magnetic com-
ponents, which have a better aspect ratio for this purpose. Low profile magnetics
are often referred as planar magnetics [87] and can be used with PCB windings or
other winding technologies such as foil windings and traditional winding techniques.
Planar transformers are available up to 20 kW [88], where the use of foil windings
can ensure also high power density. Planar magnetics technology has been widely
discussed and researched for many applications [87, 89]. The technology has been
particularly successful in low power (<1 kW) and high power density applications,
where integration of magnetic components with power and control devices is the key
factor [86]. Typical example of this success are bus converters, where integration
allowed reaching power densities up to 167 W/cm3 (VI Chip® BCM®, 2750 W/in3

[90]).
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4.1.1 Advantages and Disadvantages

Designing magnetic components for power converter based on planar magnetics can
provide significant advantages over traditional magnetics designs. In order to take
full benefit from this technology, it is necessary to consider both advantages and
drawbacks [91].

The major advantages provided by planar technology can be summarized in:

• Good thermal performance allows to easily cool the transformer core

• High power density

• High fill factor with foil windings or flexible PCB

• Easy interleaving with PCB windings

• Suitable for low leakage structures

• High repeatability with PCB technology

• Cost reduction with low cost PCB windings, suitable for mass production

• High integration, magnetic components can be integrated on the same boards
as the other power components.

The major drawbacks of planar technology are:

• Low filling factor with PCB windings

• Large stray capacitances with PCB/foil windings

• Challenging design of high current magnetics

• Difficult to achieve large number of turns

• High prototyping cost of multilayer and thick copper PCBs.

4.2 Losses in Magnetic Components

The design of highly efficient magnetic components requires accurate loss models
for both core and winding losses. The most common approach is based on the
minimization of the total magnetic component losses in Eq. 4.1 [92, 93]. This point
is in proximity of the even distribution of the losses between the core and the wind-
ings. This type of optimization is mostly performed as a closed loop optimization
[94] based on a fixed converter operating point. For power converters with large
operating ranges, magnetics optimization becomes particularly challenging and it
requires the use of weight factors to take into account different operating points.

Ploss = Pcore + Pwindings (4.1)

The main methodologies to analytically evaluate the winding and core losses in
magnetic components are briefly summarized in the following part.
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4.2.1 Winding Losses

Winding losses can be classified in three main components: dc losses, ac losses
and fringing flux losses [95]. Dc winding losses can easily be calculated based on
the winding geometry and winding current. The analysis of ac winding losses is
more complex. The most common method is represented by Dowell’s approach
[96], which is a 1D solution based on the assumption that current and voltages are
sinusoidal, that the winding area is completely filled, that the windings are infinitely
long with negligible curvature and that the leakage flux is parallel to the conductors
surface. This method takes into account eddy current losses, skin and proximity
effects, and it allows expressing the winding resistance as in Eq. 4.2 where the
Rac/Rdc ratio is calculated as in Eq. 4.3. ξ = h/δ where h is the layer height
along the 1D section, δ is the skin depth and m (Eq. 4.4) is a coefficient that takes
into account the magneto motive force (MMF) of each layer. Ac fringing losses are
due to the fringing flux in proximity of gaps along the magnetic core. Dowell’s 1D
approach is not valid anymore and it is required to analyze the structure in a 2D
solution, considering both x-y flux components of the 2D plane, as presented in [97]
and [98]. In designs where the gap dimension is small compared to the core cross
sectional area and where the windings are distant from the gap, it is possible to
neglect the fringing flus loss component. Another possibility to minimize fringing
flux losses is to design magnetic components based on magnetic materials which
does not require a gap (e.g. distributed gap materials such as Kool Mu) [99].

Rac =
∑

layers

(
Rac

Rdc

)
layer

· Rdc,layer (4.2)

(
Rac

Rdc

)
layer

=
ξ

2

[ sinh(ξ) + sin(ξ)
cosh(ξ) − sin(ξ)

+ (2m − 1)2 sinh(ξ) − sin(ξ)
cosh(ξ) + sin(ξ)

]
(4.3)

m =
MMF (h)

MMF (h) − MMF (0)
(4.4)

4.2.2 Core Losses

Based on a loss separation [100, 101] approach core losses can be classified as
hysteresis, eddy current losses and excess of eddy current losses [102] in the core
material. In ferrite-based core materials, due to the high core resistivity, the eddy
current and the excess of eddy current losses can be neglected, thus the core losses
are simply hysteresis losses. The most common method to analyze hysteresis losses
is based on the generalized Steinmetz equation [103] and its further developments.
These approaches are summarized in:

• Generalized Steinmetz equation (GSE) [103]

• Improved generalized Steinmetz equation (IGSE) [104]

• Improved2 generalized Steinmetz equation (I2GSE) [105].
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The most used approach is the GSE [103], based on empirical coefficients (K, α and
β) provided by the core manufacturers, as in Eq. 4.5. The computations through
the GSE are straight forward and only depend on the peak flux density Bmax

and the operating frequency f , however the equation is only valid for sinusoidal
excitation. The IGSE [104] applies a piece wise linear model for calculating the
hysteresis losses for any form of excitation, using the same empirical coefficients
as the GSE. The I2GSE [105] improves the IGSE model by taking into account
that the core losses are not necessarily zero when zero voltage is applied (constant
flux). However, this approach requires additional empirical parameters which are
not provided by the manufacturers and require additional measurements.

Pcore/vol. = K · fα · Bβ
max (4.5)

4.3 Stray Parameters

Winding structures strongly influence the stray parameters in magnetic compo-
nents. In a transformer, heavy interleaving results in low leakage inductance, re-
duced winding ac resistance, but increased interwinding capacitance [106]. There-
fore, it is necessary to consider the major stray parameters.

4.3.1 Leakage inductance

The leakage inductance is due to flux linkage in air which causes non ideal cou-
pling between the transformer windings. In some topologies like the DAB, leakage
inductance could be desirable, e.g. for integrating the ac inductance with the trans-
former [107, 108]. However, in other topologies, such as the IFBBC, the leakage
inductance causes voltage spikes and oscillations, increasing the converter losses
and increasing the current commutation time [7]. Leakage inductance can be cal-
culated as in [109] or extracted from finite element analysis (FEA) simulations. It
is commonly believed that planar structures are intrinsically low leakage. However,
low leakage in this structures is achieved from the advantageous aspect ratio of the
windings (winding thickness and width) and from heavy interleaving.

4.3.2 Stray Capacitance

Magnetic component windings act as electrode in a capacitor, electrostatic energy
can be stored in insulation layer between the winding turns. There are mostly
two types of stray capacitance in magnetic components: interwinding capacitance
and winding stray capacitance. Interwinding capacitance, e.g. primary-secondary
stray capacitance, is a major source of EMI issues (common mode) [110] and thus
requiring large EMI filters or suppression techniques [111]. Interleaving structures
have large interwinding capacitance due to the large number of interface layers (in-
sulation layers) between primary and secondary windings. The winding stray ca-
pacitance is the winding self-capacitance, which causes oscillations and resonances
in the circuit. Heavy interleaving typically reduces this capacitance due to the in-
creased distance between turns of the same winding. In resonant topologies winding
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self-capacitance can be used as a resonant element [112]. Planar transformers, due
to the flat winding aspect ratio, have large stray capacitances which means that
they are prone to produce oscillations in the circuit and to require large EMI filters.

4.4 Design of High Efficiency Planar Magnetics

In order to achieve high efficiency magnetic designs it is necessary to analyze dif-
ferent solutions in terms of core shapes, core materials, winding typologies and
structures. One of the most common approaches for determining suitable trans-
former core dimensions is based on the core shape and material, operating frequency
and applied waveforms. This approach often refers to the core area product and
provides a rough indication of the power handling capability of a specific core [92].
Based on the dc-dc converter specifications in Table 2.2 and for the required target
efficiency, it was determined that stacked planar E58, E64 and E99 [113] are the
most suitable. Most of the studies are performed on the E64 core shape due to the
good aspect ratio of the core winding window.

A key factor for achieving high transformer efficiency and high power density is
represented by the winding area WA fill factor KW . Low fill factors will result
in non optimized magnetic components due to the larger magnetic core required
for the desired number of turns N1,2. When designing high efficiency magnetic
components it is essential to achieve high fill factors in order to reduce the winding
losses, Eq. 4.6 [92]. This strategy has been applied to the design of both high
frequency transformer and high frequency inductor for dc-dc converters.

Pwinding ∝ 1
Kw

· f(ρ, MLT, N1,2, I1,2, WA) (4.6)

In Appendix H an analysis of two equivalent planar core shapes is performed. The
analysis focuses on determining whether for high current applications the reduced
core mean turn length (MTL) in the ER64 cores [114] can provide a significant
advantage over the E64 cores. It is verified that the core with round cross sectional
window (ER64) provides higher ac-resistance compared to the equivalent E64. This
is due to the non-constant winding width of the ER64 core (limited winding width
in proximity of the core center). The ER64 core would be more suitable in for
transformer designs where the turn width does not occupy the entire winding area
width (e.g. high number of turns and low current windings).

Using windings that occupy the entire winding area width in planar transformer
cores can provide high fill factor, especially with multiple stacked layers. This type
of windings becomes especially suitable for low voltage and high current applica-
tions, where the transformer windings have a low number of turns. However, in
transformer structures which require both low voltage and high voltage windings
(high turns ratio) large number of turns can be difficult to achieve.

A hybrid transformer structure, combining thick copper foil and Litz wires, is pre-
sented in Appendix I. The hybrid structure, presented in Figure 4.2a, combines the
high filling factor achieved with copper foils with the high number of turns of Litz
wires. In Appendix I different transformer winding structures are analyzed. The
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(a) Planar E64 (b) Planar ER64

Figure 4.1: Analyzed Planar E64 and ER64 core shapes in Ansoft Maxwell.

goal is to determine the trade-offs between PCB windings interleaved structures
and thick copper foil windings. It is observed that extreme copper foil thickness is
not advantageous due to the skin effect at high frequencies, which leads to a poor
copper utilization and waste of expensive material. Thick copper PCBs (e.g. 6 oz
copper thickness) can also provide high fill factor however, this requires a large
number of PCB layers to completely fill the core winding area. It is also observed
that with switching frequencies typical of multi-kW converters (e.g. up to 150 kHz),
thick copper foils (400-1500 μm) and PCB windings provide the best performance
especially with interleaved structures, as shown in Figure 4.2b, and with switching
frequencies that are not critically high.
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Figure 4.2: Hybrid transformer structure for high efficiency dc-dc converters.

The transformer presented in Appendix I is designed for an IFBBC for bidirectional
SOEC/SOFC as specified in Table 2.2. Copper foil is ideal for the low voltage
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high current winding, as shown in in Figure 4.3a, in fact, copper foil is mostly
suitable for low number of turns (3 primary turns). The large number of secondary
turns (24), required on the transformer high voltage, would significantly complicate
the transformer winding structure. For this reason, copper foil is not suitable
for the secondary winding. Other winding techniques, such as PCB windings or
more traditional wire-winding techniques, are required. Proper selection of Litz
wire could ensure high fill factor, high number of turns and good high frequency
performance, therefore Litz wires became the candidate solution, as shown in Figure
4.3b.

The transformer primary (P) secondary (S) interleaved structure, PSPSP, has a
significant impact over the transformer performance. The interleaved structure
reduces the maximum transformer magneto motive force (MMF in Figure 4.2b),
resulting in lower transformer leakage inductance and ac-resistance compared to
non interleaved cases. Minimizing the transformer leakage inductance is of vital
importance in the IFBBC topology in order to minimize the current loops commu-
tation times, and therefore the losses in the converter.

(a) Transformer high current side (copper foil). (b) Transformer high voltage side (Litz wires).

Figure 4.3: High frequency high current transformer prototype.

The design of high current planar inductors requires a similar analysis as performed
for planar transformer. The winding structures analyzed in the transformer cases
can be similarly applied to planar inductors, however in this case, the approach
requires a different perspective; now it is necessary to minimize the conduction
losses taking into account both their ac and dc components. Core losses can be
analyzed as performed for transformers based on the three methods presented in
[101, 100].

It is possible to perform a distinction between two major inductor structures:
gapped and ungapped. In terms of winding losses, the major difference between
gapped and ungapped inductors lies in how the winding losses are calculated. In
gapped inductors the winding losses are calculated based on skin effect, proximity
losses and fringing flux losses. In ungapped inductors, the fringing flux is consid-
ered negligible, this results in a reduction of the total winding losses. Advanced
magnetic materials, such as distributed gap materials, have been developed in order
to avoid fringing flux losses, an therefore provide constant permeability over the
entire magnetic path. Distribute gap materials, are available with different satu-
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ration flux under different names (such as Kool Mu and AmoFlux materials from
Magnetics [113]). The major advantage given by powder based materials is that
cores can be customized to a variety of shapes. Kool Mu cores are also available in
planar shape, which makes these cores suitable for high current inductors with no
fringing effects.

The study presented in Appendix J analyses five different winding structures for a
high current planar inductor based on Kool Mu material. The design case is a boost
inductor for an IFBBC for bidirectional SOEC/SOFC as specified in Table 2.2. The
major goal of the study is to investigate how dc and ac resistances varies, depending
on the copper thickness and on the number of PCB layers. These parameters
directly affect the fill factor and the conduction losses.

Results from the analysis of the ac resistance of the five different cases are pre-
sented in Figure 4.4a. Here it is observed that in the analyzed frequency range the
winding ac resistance is lower for in the thick copper cases; this results that having
multiple thin copper layer in parallel is not beneficial in terms of ac resistance. The
relation between the winding dc resistance and the fill factor in the different cases is
presented in Figure 4.4b, where the dc resistance has been normalize to an unitary
value (3.03 mΩ).

(a) Ac-resistance (b) Dc-resistance and fill factor

Figure 4.4: High current inductor analyzed cases.

The prototype of a custom planar inductor is also presented in Appendix J. The
prototype is based on three planar E6030 core pairs in Kool Mu material. The
E6030 core pairs were obtained as engineering samples from Magnetics and are
manufactured from grinded from 6030 cores core blocks. The core stack is com-
posed by two cores, with a relative permeability of 90 and one core, with a relative
permeability of 26. This allows an intermediate permeability level reducing also
the inductance drop at high dc bias currents.
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Kool Mu 26 Kool Mu 90

Windings: 
5 turns, 2x400 μm foil
16x6x2 cm

Figure 4.5: High current inductor prototype.
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Chapter 5
Converter Design and
Experimental Results

This chapter briefly summarizes the design approach utilized to design a high effi-
ciency bidirectional dc-dc converter for fuel cells applications.

5.1 Converter Specifications and Topology

The SOEC/SOFC application does not have strict direct requirements for the con-
verter topology; efficiency and converter cost are the main concerns for this appli-
cation. Moreover, system galvanic isolation is desired and therefore an advantage
for isolated converter topologies. The dc-dc converter is expected to operate with
a variety of SOEC/SOFC cells. For this reason the converter is not tailored or
optimized for a specific I-V curve.

The dc-dc converter specifications are defined in Table 5.1; the converter is often
referred as a 6 kW converter, however, the maximum converter power is determined
by the maximum converter current and voltage on its low voltage side.

Table 5.1: Converter specifications

Specifications
Low voltage (LV) side 30-80 V
High voltage (HV) side 700-800 V
LV-side current 0-80 A
Power rating 1500-6400 W
Efficiency (peak) ≥98 %
Voltage ripple (LV) <5%

The converter topology is selected based on an isolated full bridge boost converter
(IFBBC) [35]. In order to achieve a high dc-dc conversion efficiency it is necessary
to have an overview of all the loss components of the converter.
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The main contribution to the converter losses can be summarized as:

• Power semiconductors losses: switching and conduction, LV and HV sides
• Magnetic components losses: core and winding
• Capacitive components losses
• Control and gate driver losses
• Cooling system.

Different approaches can be used to optimize a power converter. The most common
approach considers the converter design constrains, available devices and resources
[115]. This method evaluates all possible design combinations through recurring
consecutive optimization loops. It also provides the absolute best design based
on the desired design constrains however, it is very complicated to construct the
complete optimization routine without incurring into large computational time and
data handling issues [116].

A second approach is based on genetic algorithm where a constrained fitness func-
tion is used to evaluate the converter designs [117, 118]. This approach requires
a databased of "genes", possible genes combinations and constrains for the genetic
algorithm. The genetic algorithms do not evaluate all possible "genes" combina-
tions, saving computation time. The convergence of the algorithm returns a local
minimum of the fitness function, however the algorithm does not ensure that the
local minimum is also the absolute minimum. For this reason, different instances
of the genetic algorithm can return different minimums.

The approach utilized in this thesis is based on resource distribution of the losses,
based on the converter specifications. Based on the design target efficiency, the
resources are equally distributed and assigned to the main sources of converter
losses, as in Figure 5.1. As second step, the main converter components are designed
according to the resource allocation; a 20% margin factor is used in the resource
allocation allowing better resource optimization based on available components.

Primary switches

Secondary switches

Inductor

Transformer

Control and others

20%

20%

20%

20%

20%

Figure 5.1: Arbitrary loss distribution
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The design refinement is then performed, completing the optimization loop, as in
Figure 5.2.

The design approach used for the converter design focuses on two key points:

• Optmize duty cycle operation range

• Maximize utilization factor of each converter component.

The converter duty cycle is dependent on the converter’s voltages and transformer’s
turns ratio, as in Eq. 5.1. A conventional rule of thumb is to limit the variations
in duty cycle in order to optimize the converter for a fixed operating point. More-
over, it is necessary to avoid extreme duty cycles. In this case, as the transformer’s
number of turns increase, the duty cycle operation range deceases, Eq. 5.2 and 5.3.
However, reducing the transformer’s turns require increased voltage ratings for the
power semiconductors (low voltage side) and, as a consequence, the converter would
operate at high average duty cycle. Since the candidate power semiconductors for
the converter low voltage side are Si MOSFETs and their on-state resistance is
∝ V 2.5∼2.7

DS,max [119], it is desirable to minimize the voltage ratings of these devices,
and therefore choose high transformer turns ratio. High utilization of each con-
verter component can provide high power density and low converter cost due to
fewer materials. However, power density is often a trade-off with the efficiency
requirements [120, 121]. For the magnetic components, this means utilize small
magnetic cores with high fill factor. In a similar way for power semiconductors,
it is required to select available devices with the lowest ratings that respect the
resource constrains.

D = 1 − n

2
VLV

VHV
(5.1)

Dmax = 1 − n

2
VLV,min

VHV,max
(5.2)

Dmin = 1 − n

2
VLV,max

VHV,min
(5.3)

The initial design approach used to evaluate the different source of losses in the
converter is presented in Appendix K. The converter design and optimization is
performed in order to prioritize the SOFC operating mode (with current up to
40 A). This mode is particularity trivial since the SOEC/SOFC stack can process
about 1/4 of the power compared to SOEC mode. Additionally, SOFC mode is
expected to operate during high electricity price, as presented in Appendix K.
For these reasons, it is interesting to achieve the maximum conversion efficiency,
around 40-50 A (maximum power from the cell stack in SOFC mode). Forehand
calculations on the converter losses and on the size of the magnetic components
determined that operating frequencies around 40 kHz would be suitable to achieve
the desired performance.
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Figure 5.2: Converter design procedure

5.2 Magnetic Components

The design of magnetic components was performed based on planar E64 and E6030
cores. The methodology and different cases are briefly previously presented in
section 4.4, in Appendix J and Appendix I. The converter magnetics are custom
designed based on thick copper flat windings.

5.2.1 Boost Inductor

The boost inductor is operating at 80 kHz, twice the converter’s switching frequency
(40 kHz). In high power inductors a suitable ratio between the nominal inductor
current (80 A) and the ripple current (peak to peak) is in the range from three to
five times. This requires limiting the inductor ripple current to ~20 App and an
inductance in the 10-20 μH range.

Candidate materials for the boost inductor are gapped ferrites and high flux materi-
als. High flux distributed gap materials were preferred due to the absence of fringing
flux and, therefore, simplifying the inductor structure. Moreover, distributed gap
materials, such as Kool Mu, have an almost linear dc bias in the intended operating
range (typically up to a 50-70 % reduction in permeability).

The final inductor prototype is based on three stacked cores. The combination of
different Kool Mu permeabilities (90-26-90) allows achieving the desired inductance
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levels while maintaining the inductance above 50%, also at full converter current.
To maintain low dc and ac resistances thick copper PCB windings are used. The
inductor requires five turns, where each turn occupies the entire winding area width
(18 mm winding width and 20 mm winding area width). Each turn has two stacked
400 μm copper layers (top and bottom) on a PCB support, Figure 5.3a. The turn
to turn insulation is ensured by Kapton layers and high current copper-filled vias
interconnect subsequent turns, Figure 5.3b. The inductor’s dimensions are com-
parable to two stacked planar E64 cores achieving a filling factor of ~36% and,
together with its main characteristics, are presented in Table 5.2.

Single turn,
Copper 2*400 μm

PCB support, 
FR4 500 μm

Turn to turn 
insulation,
Kapton 200 μm

(a) Winding structure. (b) Turn to turn interconnections.

Figure 5.3: High current inductor prototype.

Table 5.2: Inductor prototype characteristics

Inductance 19.8μH
Inductance @80 A >65 %
Dc-ac current ratio (rms) 6.5
Turns 5
Winding PCB 2*400 μm
Turn-to-turn insulation 2*100 μm Kapton
Dc-resistance 1.47 mΩ
Ac-resistance (80 kHz) 22.3 mΩ
Rac/Rdc ratio 15.1
Core E6030 planar
Core material/structure Kool MU 90-26-90
Dimensions 160x60x20 mm

5.2.2 Transformer

The transformer in the IFBBC is operating at the converter switching frequency
of 40 kHz. The large variations in converter duty cycle affect the transformer V-μs
product and, therefore, its loss distribution.

E64 planar cores are easily available in Epcos N87, Magnetics R and P type materi-
als. Magnetics R type material was selected due to its slightly lower losses compared
to the other materials and also for its availability. The stacked transformer structure
(two planar E64 pairs) allows to limit the number of transformer turns (large cross
sectional area), which is especially critical for the primary winding (high current
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winding). The primary winding (P) is interleaved with the secondary winding (S)
in a PSPSP structure, Figure 4.2a. The interleaved structure reduces both wind-
ing ac resistance and leakage inductance [109]. Each of the three primary turns is
realized with two parallel copper layers (400 μm). In order to achieve both high
filling factor and high number of turns for the transformer secondary winding, thick
Litz wires (30 strands of 0.2 mm diameter) are used for the two secondary winding
sections (12 turns each). In the designed transformer prototype the achieved filling
factor 32.4%.

Since the selected topology is operated without active clamp, the transformer leak-
age inductance will cause voltage overshoot and eventually avalanche losses on the
primary power semiconductors. As consequence, the transformer design directly
affects the switching losses on the converter low voltage side. Limiting the leak-
age inductance is necessary both to limit the power dissipation and to achieve
the desired efficiency. The interleaved structure resulted in a leakage inductance
of 78.2 nH, which represents 0.0286% of the transformer magnetizing inductance
(273.9 μH). A summary of the main transformer characteristics is presented in
Table 5.3.

Table 5.3: Transformer prototype characteristics

Turns ratio 8
Primary (LV-side) 3 turns
Secondary (HV-side) 24 turns
Core 2*E64 pairs
Core material Magnetics R-type
Winding structure PSPSP
Primary (P) winding PCB 2*400 μm
Secondary (S) winding 30*200 μm Litz wire
Insulation P-S 2*100 μm Kapton
Operating frequency 40 kHz
Eq. primary magnetizing inductance 273.9 μH
Eq. primary resistance (40 kHz) 5.72 mΩ
Eq. primary leakage 78.2 nH
Dimensions 200x64x20 mm

A genetic transformer multi-objective optimization is setup in order to prove the
potential of PCB windings, in order to achieve low transformer losses and low leak-
age. The optimization consider different PCB copper thicknesses (1-6 oz), insulation
thicknesses, different winding structures (both interleaved and non-interleaved),
core materials and core shapes. The output from the optimization is presented in
Figure 5.4, where different transformer designs (blue dots) are presented as a Pareto
front (red-dashed line) based on their total losses and on their leakage inductance.
It is observed that the lowest leakage and power loss are achieved with stacked
planar E64 cores (two stacked), with a large number of PCB layers (full-filling the
winding area), with high copper thickness (6 oz) and with heavy interleaving (PSP-
SPSPS). This also results in high prototyping costs. It is important to observe that
PCB windings with high interleaving can provide extremely low leakage inductance,
well below 10 nH for a 6 kW 40 kHz transformer.
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Figure 5.4: Example of a 6 kW 40 kHz PCB transformer multi-objective genetic
optimization.

5.3 Power Semiconductors

Converter power semiconductors are selected based on the voltage-current ratings
required by the topology, on power semiconductor availability, on package and
power loss ratings.

5.3.1 Low Voltage Side

The full bridge on the converter low voltage side is required to handle the entire
current from the SOEC/SOFC cells stack and to block the reflected voltage from
the converter secondary side. This implies, that with a transformer turns ration
of 8, the minimum blocking voltage for the primary side semiconductors has to be
higher than 100 V. At this voltage range Si MOSFETs are the preferred devices
in terms of static and dynamic performance, availability and cost. Other devices,
such as GaN FET, might also be suitable at these voltage ratings. However, these
devices became mostly available in 2013-2014 only and GaN FET mostly utilize
LGA or PQFN packages which can provide low stray inductances but cannot handle
high current and high power loss. For all these reasons GaN FET has not been
considered.

The IFBBC topology is often used in combination with a voltage clamp. The
voltage clamp limits the transient over voltage during the commutations of the
primary side switches. In this case, it is required to have an operating margin
between the maximum reflected voltage over the primary power semiconductors
and the absolute maximum voltage rating of the primary power semiconductors.
This margin is necessary to store and eventually ri-generate (active clamp) power
over the clamping capacitor. For these reasons, to effectively utilize the clamping
circuitry, 150-200 V rated Si MOSFET would be required.

Another approach relies on the ruggedness of modern Si MOSFETs. State of the art
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Si MOSFETs can withstand repetitive avalanche conditions; in this case the phe-
nomena is thermally limited as long as the maximum device and package absolute
currents are limited. It is important that the absolute maximum device current is
limited in order to avoid too high current densities in the chip-bond interface, which
could cause interface and chip degradation. The maximum avalanche energy for Si
MOSFETs is limited by the maximum junction temperature rise. The power MOS-
FETs can handle repetitive avalanche conditions as long as the avalanche losses are
properly dissipated by the cooling system. In this way, it is possible to reduce the
MOSFET’s voltage ratings down to 120-150 V.

For Si MOSFETs the on-state resistance mΩ · cm2 is proportional to the maxi-
mum drain to source voltage with an exponential coefficient between two and three
(typically ∝ V 2.5∼2.7

DS,max [119]). This implies that for limiting the converter conduc-
tion losses, it is desirable to utilize MOSFETs with lowest voltage ratings that are
suitable for the selected topology. Assuming the package stray inductance of the
low voltage side MOSFETs negligible, the current commutation loop inductance
is determined by the transformer leakage and by the stray inductances of the in-
terconnections and PCB, Eq. 5.4. At turn-off the power devices will be subject
to an overvoltage due to the limited di/dt [7]. Assuming the turn-off event driven
by the avalanche voltage of the MOSFETs (VBR.MOS) and assuming the voltage
constant during this interval, the current commutation time is calculated as in Eq.
5.5. This results that the contribution of the transformer leakage inductance on
the MOSFET’s switching losses (Ploss,stay) is expressed as in Eq. 5.6.

Ltot,stray = Lleak,tr. + Linterconn. + Lpcb (5.4)

toff,di/dt = Ltot,stray · IDC,LV

VBR.MOS
(5.5)

Ploss,stay = fsw. · Ltot,stray · I2
DC,LV (5.6)

Under the assumption that the current ripply is negligible, the current in the pri-
mary side switches Isw.LV,RMS is calculated as in Eq. 5.7. This results that in the
worst case operating conditions (maximum converter current and minimum duty
cycle) each switch, on the primary side, would have to handle a current of 55 A.

Isw.LV,RMS = ILV

√
3
4

− D

2
(5.7)

Both 120 V and 150 V Si MOSFETs are available with current ratings above 100 A
in TO-220 and TO-247 packages. A 120 V MOSFET in TO-220 package has lower
on-state resistance than a 150 V MOSFET in TO-247 package. Moreover, the TO-
220 package has lower leakage inductance (about ~50%) compared to the TO-247
package. This leads that high power 120 V MOSFETs in TO-220 are preferable
compared to higher voltage ratings. The same MOSFET chip is also available
in other packages TO-263-7 (D2PAK-7); however, SMT packages cannot easily
dissipate large amount of power (e.g. more than 5 W) without a significant increase
of the junction temperature [122]. In fact, the device top side has too high junction
to case thermal resistance and the bottom side tab requires thermal PCB vias [122]
or PCB copper planes to transfer the heat away from the device. Double side

44/223



5.4. Thermal Analysis

cooled packages (e.g DirectFET, Power-56-8, TSDSON-8, etc. ) can minimize the
package leakage inductance and they are also compatible with SMT technology
which could potentially reduce the manufacturing cost. The major disadvantage
of these packages is that they are not designed to dissipate a sustained amount of
power and their low profile does not allow having other large SMD components on
the same PCB side when a heatsink is mounted on the power device.

5.3.2 High Voltage Side

The full bridge on the converter high voltage side has to withstand the maximum
dc-bus voltage (800 V) plus a margin factor. Assuming the ripple current in the
boost inductor negligible and the switches are bidirectional, it is possible to express
the device rms current Isw.HV,RMS as a function of the dc current on the converter
low voltage side ILV , of the duty cycle D and of the transformer turns ratio n, as
shown in Eq. 5.8.

The power semiconductors on the converter high voltage side are required to handle
a maximum current of ~10 A. Power devices rated at 1200 V and capable of han-
dling currents above 15 A are chosen. With this specifications the main component
candidates are Si IGBTs and SiC MOSFETs, as presented in section 3.3. IGBTs
were selected, among the ones optimized for fast switching, in order to reduce the
converter switching losses, when the power flow is form the high voltage side to the
low voltage one.

Isw.HV,RMS = ILV

√
1 − D

n
(5.8)

The first converter prototype, presented in Appendix K, is based on Si IGBTs.
Even thought the selected IGBTs have low switching losses (IGW15N120H3 and
IRG7PH30K10), there is a significant difference in converter efficiency depending
on the power flow direction. This is also presented in the loss analysis in Appendix
K. In SOFC mode, the converter high voltage power semiconductors are purely
used for rectification while in SOEC mode these power semiconductors operate in
hard switching conditions. Using IGBTs introduces large switching losses in SOEC
mode, thus limiting the converter efficiency in this operating mode.

The use of SiC MOSFETs for the second converter prototype, presented in Ap-
pendix D, significantly improved the overall efficiency. The major efficiency im-
provement is due to the reduction of switching losses (SOEC mode); however, there
is also a significant reduction of conduction losses (active rectification) which results
in a peak efficiency above 98% in SOFC mode. Another major advantage is the
overall loss reduction which allows to operate the devices at much lower junction
temperature and eventually reduce the size of the converter colling system.

5.4 Thermal Analysis

Thermal analysis is a fundamental component in the design process of a power con-
verter. Thermal investigations are initially performed on an IFBBC unidirectional
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low power converter prototype, as presented in Appendix L and Appendix M. In a
second step, the analysis considered the full power converter prototype. In this case
the major concern is the short avalanche pulses (high power dissipation), which can
cause power cycling stresses. Thus, a thermal analysis of the low voltage side power
semiconductors is presented in Appendix N.

Appendix L contains an analysis on how the device temperature varies, when multi-
ple devices are mounted on the same heatsink and its relation to the device distance.
These cases are representative of power devices are mounted close to each other or
when a unidirectional switch (e.g. IGBT) is combined with an external antiparal-
lel diode. Moreover, the influence of the airflow (forced cooling) on the heatsink
performance is presented.

Thermal analysis is performed on the individual converter components of the low
power converter prototype, as presented in Appendix M. The layout of the con-
verter’s components affects strongly the temperature distribution in the converter.
In order to increase the power density of the low power converter prototype, 3D
FEM is used to design a boxed converter, shown in Figure 5.5a. Here, the con-
verter components are rearranged to obtain a more compact design and their cool-
ing capabilities are improved by introducing thermal interface materials between
the converter components and the heatsink. Better thermal interface provides bet-
ter cooling for the converter’s components resulting in an overall reduction of the
component’s temperatures, shown in Figure 5.5b.

(a) 3D model. (b) Temperature distribution.

Figure 5.5: FEM analysis of a low power converter prototype in COMSOL.

Even thought modern MOSFETs are avalanche rated, it is necessary to verify that
the maximum absolute device operating conditions are withstood (both maximum
operating temperature and maximum device current) even for the worse converter
operating conditions. This is presented in Appendix N.

Power cycling is a phenomena that slowly degrades the layers of the power semicon-
ductor package, which would lead to a converter failure [123, 124]. Repetitive high
power dissipation during avalanche pulses could cause the junction temperature to
oscillate, thus degrading the package layers [125, 126]. It was verified that having
low transformer leakage inductance limits the avalanche interval to ~60 ns at the
nominal converter current. During this interval the power dissipation is not suffi-
cient to instantaneously increase the junction temperature to critical levels, which
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could cause power cycling stress.

The maximum operating temperature for the low voltage side power semiconductors
was analyzed for both even and unequal distribution of the avalanche losses in these
power semiconductors. FEM analysis highlights that in case of uneven distribution
of avalanche losses, the MOSFET’s case temperature can reach values ~100 ◦C (so
the junction temperature), as seen from Figure 5.6a. This was also experimentally
verified on the developed converter prototype, as shown in Figure 5.6b.

(a) 3D model. (b) Temperature distribution.

Figure 5.6: FEM analysis and temperature distribution on the low voltage side
of the full power converter prototype (full load, 80 V 80 A).

5.5 Efficiency and Measuring System

Power conversion efficiency has been one of the major concerns related to the con-
verter design. During the studies three converter prototypes were developed: a low
power prototype (1 kW), a full power converter prototype based on Si IGBTs and
one based on SiC MOSFETs.

The first converter prototype was developed to perform initial studies on the IF-
BBC topology and on planar magnetics. The full power prototype, shown in Figure
5.7, was initially designed to prove the achievable performance with Si power semi-
conductors, as presented in Appendix K.

This converter proved to achieve efficiencies up to 97.8% in SOFC mode and up to
96.5% in SOEC mode. This prototype has been afterwards upgraded to operate
with SiC MOSFETs.

The efficiency of the final converter prototype, based on SiC MOSFETs, is pre-
sented in Appendix D and Appendix B, as shown in Figure 5.8 for both SOEC and
SOFC operating modes. Measurements were performed according to the converter
specification in Table 5.1. Efficiency characterization was performed with a fixed
dc-link voltage of 750 V and by varying the voltage on the converter primary side
allowing currents up to 80 A. Measured efficiencies are linearly interpolated and
plot in Figure 5.8. These values also take into account the control and cooling (fans)
losses. For both converter operating modes the highest efficiency is achieved with
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Figure 5.7: Full power converter prototype, operated first with Si IGBTs then
upgraded to SiC MOSFETs.

the converter operating at 80 V at a power of ~3 kW. In SOFC mode the achieved
efficiency is up to 98.2%, while in SOEC mode this is limited to 97.45%. The total
converter power loss are briefly presented in Figure 5.9.

The converter efficiency that take into account the I-V curve of the SOEC/SOFC
stack is presented in Figure 5.10. It is possible to observe that an efficiency im-
provement around 1% is achieved compared to the converter prototype based on Si
IGBTs (as presented in Figure 2.7). This efficiency improvement come at a price
of a higher cost for the high voltage power semiconductors (increased by ~80$).

Figure 5.8: Efficiency of the developed converter prototype (IFBBC topology)
based on SiC MOSFETs considering gate and control losses. SOEC
operating mode (left side) and SOFC operating mode (right side).
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Figure 5.9: Power loss [W] of the developed converter prototype (IFBBC topol-
ogy) based on SiC MOSFETs considering gate and control losses.
SOEC operating mode (left side) and SOFC operating mode (right

side).

Figure 5.10: Efficiency of the developed converter prototype (SiC MOSFETs)
tanking into account the I-V curve of the SOEC/SOFC stack.

5.5.1 Measuring System

Measuring power loss from very high efficiency converters is not trivial. Three
methods are mostly used: traditional voltage-current measurement, calorimeter loss
measurement [127, 128] or losses measurement through two bidirectional converters
(closed loop) [129]. Measuring the power converter losses through a voltage-current
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measurement is the most straight forward method. The major drawback of this
method is the large error, which can be encountered if the setup is not properly
analyzed and calibrated. A proven method that provides high accuracy is the loss
measurement through a calorimeter [127, 128]. This method is especially suited for
high efficiency converters (dc-dc, dc-ac, ac-dc), however it requires the design and
calibration of a calorimeter (time and cost) and the converter size is constrained
by the calorimeter chamber. Last method considers two bidirectional converters
in a closed loop configuration [129]. In this case, only the power loss is fed to the
system and the renaming power flow is regenerated in the converters as a closed
loop system. Even though it is possible to measure the energy fed to the system
with high accuracy, it is not directly possible to separate the losses between the
two converters in the closed energy loop.

For the developed dc-dc converter prototype, the efficiency was characterized based
on a voltage-current measurement calibrated setup as presented in Figure 5.11.
Four high precision multimeters (Agilent 34410A) were used to measure converter
voltages and currents. The instruments were connected and synchronized through a
PC, as in Figure 5.11, and set up with long integration times to ensure sufficient high
frequency noise filtering. The absolute error on the efficiency, due to the instruments
accuracy, is <0.01 % (taking into account measurement range, temperature and
last calibration). However, dc currents are measured through high power precision
(0.1 %) current shunts. This leads that before system calibration in the worst case
scenario, the absolute error on efficiency was ~0.2 %. After shunt calibration the
maximum error on efficiency is less than 0.1 %, which is acceptable for efficiency
characterization.

LAN/Ethernet

Figure 5.11: Efficiency measurement setup.

5.6 Redesign for High Power Density

The converter prototype was designed to have easy access to the different converter
components. A rearrangement of the converter layout can significantly increase the

50/223



5.6. Redesign for High Power Density

converter power density, while maintaining the same converter components. The
layout of the critical paths, such as low voltage and high voltage side bridges, is
maintained as in the original prototype. This also implies that the new layout,
shown in Figure 5.12a and 5.12b, has the same efficiency performance as the pre-
vious design. The control board and the power semiconductors gate drivers are
placed between the magnetic components and the main power board.

The new converter layout can achieve peak efficiency above 98% with a power
density of 2.2 kW/l.

15 cm

9 cm

20 cm

(a) Top view.

Heatsink

High voltage sideLow voltage side

(b) Bottom view.

Figure 5.12: New converter layout.
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Chapter 6

Conclusion

The presented work analyzes the electrical systems of an energy storage system
based on bidirectional SOEC/SOFC cells. The main focus was the bidirectional
operation of the dc-dc converter, which directly interfaces with the SOEC/SOFC
cells stack. The design of this converter is particularly challenging due to the
converter wide operating conditions and economic profitability of the system. The
analysis includes both system and power converters electric efficiency, including the
detailed design of the dc-dc converter and its components.

The major challenges that have been addressed are:

• The design of high efficiency dc-dc converters for fuel cells is challenging due
to the low voltage high current characteristics typical of fuel cells. These
operating conditions are further stressed in SOEC/SOFC due to even wider
operating ranges.

• Selecting the most suitable topology for a specific application is a key com-
ponent in designing high efficiency converters. However, there is no proved
straight forward methodology.

• Converter design and optimization are complex problems which have to take
into account several factors such as application, cost and time. The solution
to the problem is not unique.

• New power semiconductors have been recently introduced on the market.
These devices are proven to be superior compared to Si semiconductors how-
ever, their selection is not trivial due to their limited availability, increased
costs and unknown long term reliability.

• Planar magnetics can represent a solution for low cost magnetic components
and high power density converters. However, designing highly efficient planar
magnetics is challenging mostly due to the low fill factors and large stray
parameters of this technology.
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In order to prove that a simple topology, if properly designed, can provide high ef-
ficiency over a wide operating range, the design of a high efficiency dc-dc converter
for bidirectional operation of SOEC/SOFC cells is performed. The analysis firstly
studies the system on its overall taking into account the voltage-current character-
istics of the SOEC/SOFC cell stacks. These characteristics are used to define the
converter topology, to characterize the converter efficiency for the given application
and to design the converter components.

The outcome from the studies highlights that:

• High conversion efficiency is achieved by distributing the converter losses over
the major converter components. In this case simple non-resonant topologies
are capable of very high conversion efficiencies (with peak efficiencies above
98%), even when the converter is designed for wide operating ranges.

• Integrated ac-dc and dc-dc converters based on matrix-type PFC topologies
represent a valid alternative in SOEC/SOFC systems. However, this signifi-
cantly increases the number of active components in the power converter and
complexity of the control.

• Dc-dc converter efficiency is required to be characterized based on the specific
application. In SOEC/SOFC systems the voltage-current characteristics of
the SOEC/SOFC cell stacks determine the dc-dc converter operating points,
affecting its efficiency curve.

• In the 600-1200 V range, replacing Si power devices with SiC power semicon-
ductors can easily reduce the converter switching losses up to 80% and also
provide a reduction of the converter conduction losses at light loads. This
gives a significant efficiency improvement over the entire converter operating
range.

• High current planar magnetics can be designed for high efficiency and high
power density. This requires high fill factors of the magnetic components,
which are achieved by copper foil or thick copper PCB windings (e.g. with
6 oz).

• High current planar transformers with high turns ratio can be achieved by
hybrid transformer winding structures, such as combining copper foil and Litz
wires.

• Modern power MOSFETs are avalanche tolerant, therefore converter clamping
circuitry may be omitted, simplifying the converter circuitry and reducing
the converter cost. This is valid as long as the additional avalanche losses are
taken into account during the design phase of the converter cooling system
and the device’s absolute maximum operating conditions are respected.

6.1 Perspective and Future Work

Further research work is required to bring the design to a final product, to perform
further optimizations and to achieve even higher power densities. Issues that have
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not been addressed in this thesis are related to the different control methodologies
and modulation techniques which can be investigated on the developed converter.
Moreover, depending on the application, converter EMI compliance might be re-
quired, therefore requiring a dedicated EMI filter.

Further research should be addressed on:

• Thermal management: Analyzing reliability issues in connection with pla-
nar magnetics focusing thermal management issues especially for PCB vias
interconnections (hot spots) between the PCB layers.

• Interconnections: Analysis of high current low inductive connections for rapid
converter assembly (e.g. inductor and transformer terminations).

• Power density: Optimize the layout of the converter components in order
to increase further more its power density. This can be achieved by using
a smaller heatsink with high CFM fans and rearranging the fundamental
converter components.

• Converter control: Analyzed advanced control techniques for the IFBBC
topology. This could include phase-shift modulation of the high voltage full
bridge in order to achieve soft switching.

• Electromagnetic compatibility (EMC/EMI): In applications which require to
comply EMC regulations, an EMI filter is required. This will reduce the
converter power density and also affects its efficiency.
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Chapter 7

Other Research Topics

Research performed during the PhD studies was not entirely focused on high effi-
ciency dc-dc converters. Thanks to collaborative discussions with colleagues and
supervisors new ideas and concept were developed and demonstrated.

7.1 High Voltage High Step-Up Flyback Topology

A new flyback–based topology has been proposed for low power applications which
requires very high voltages with high step-up ratios. The topology named "Primary
Parallel Secondary Series Flyback Converter" (PPSSFC), shown in Figure 7.1, was
developed to achieve very high step-up ratios minimizing the converter complexity
and cost. The topology is presented and analyzed in Appendix O and compared
with other solutions in Appendix P.

CHVCLV

+

VLV

-

+

VHV

-

Low Voltage Side (LV) High Voltage Side (HV)

IHVILV

Lleak_1

SLV

Rp_1 Rs_1
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Lleak_2

Rp_2 Rs_2

Cs_2

Lleak_n

Rp_n Rs_n
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Tn

T2

T1

DHV

Figure 7.1: Primary Parallel Secondary Series Flyback Converter (PPSSFC)
topology.
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7.2 Modular Concept for Power Electronics Control
Board

A new modular concept for implementing a prototyping converter control board for
testing power electronics is presented in Appendix Q. The concept has an approach
similar to the Arduino; the interface board for power electronics provides the flexi-
bility of using the desired developing platform between the Arduino, a dsPIC based
Arduino and the TI piccolo DSP controlSTICK, as presented in Figure 7.2a and
7.2b.

(a) Block view. (b) Control board prototype.

Figure 7.2: Developed control board.
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Abstract 

This paper presents an overview of most promising power electronics topologies for a fuel cell hybrid power 
conversion system which can be utilized in many applications such as hybrid electrical vehicles (HEV), distributed 
generations (DG) and uninterruptible-power-supply (UPS) systems. Then, a multiple-input power conversion system 
including a decoupled dual-input converter and a three-phase neutral-point-clamped (NPC) inverter is proposed. The 
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to show the feasibility of the proposed system and the effectiveness of the control methods. 
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1. Introduction 

Sustainable energy is the main driving force for all renewable energy sources applications. Due their 
nature, energy supply from renewable energy sources is fluctuating depending on the availability of the 
energy source. Availability of the energy sources is mostly unpredictable (e.g. wind energy, solar energy, 
etc.) therefore, it is essential to have other energy sources that are more predictable to guarantee energy 
availability during periods of low energy supply from renewable sources. During period of energy surplus 
it is advantageous to store energy and make it available during the periods of low energy production and 
high energy demand. An efficient and high density way of storing energy is to produce fuel to accumulate 
the energy surplus. 
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According to the energy strategy by the Danish government “A visionary Danish energy policy” 
published on January 2007, the goal is that wind energy should contribute for 50% of the national 
electricity consumption by 2025 [1]. Large scale integration of wind power and other renewable energy 
sources will require the development of a suitable grid infrastructure for handling the variability of the 
generation and load conditions. During periods of high wind the energy surplus from the wind parks is 
required to be stored or redirected towards other loads in order to avoid wasting precious energy. Large 
scale integration of solid oxide electrolysis cells (SOECs) and solid oxide fuels cells (SOFCs) based 
systems represent and attractive solution for handling energy surplus and pitfalls. 

SOEC and SOFC operate at high temperatures nearly ~1000°C, compared to other fuel cell 
technologies (e.g. proton exchange membrane fuel cells, PEM FCs) SOFCs are made of hard solid 
materials which allow the cell to have different shape and not being limited to a flat plane structure. One 
of the main advantages of operating at such high temperatures is that there is no need for precious-metal 
catalyst reducing the costs. Moreover the SO cells can run on a variety of fuels including hydrocarbons; a 
major advantage is that pure hydrogen is not required however, since the main reactions involved require 
hydrogen, the fuel must contain hydrogen atoms.  

Fuel cells can be operated in reversed mode with reduced efficiency; this type of cells are known as 
regenerative fuel cells and the main drawback of this reversibility comes from the low efficiency. This is 
the main reason why SOFC and SOEC systems for generating and storing energy are mostly based on 
independent fuel cell and electrolyser [2]. One of the main drawbacks of operating at such high 
temperature is the long thermal ramp-up required for the cell to avoid damage (due to thermal strains) to 
the cells.  

In newly developments SOEC/SOFC have been allowed to operate at more manageable temperatures 
(<~800°C) allowing using common metallic materials (such as stainless steel) allowing reducing 
manufacturing cost and increasing reliability of the cell stacks. Operating at high temperatures allows 
SOEC/SOFC to have very high efficiency [3-4]; for this reason SOEC/SOFC systems are becoming more 
and more interesting as energy storage and energy source. 

Power electronics converters, as the interfacing circuits between renewable energy sources, storage 
elements, utility grid and customers, have been more and more important for power control, energy 
saving and system reliability. Integration of power electronic converters as interface for fuel cell (FC) and 
electrolyser cell (EC) based systems with the grid introduces new challenging issues related to the slow 
cell dynamics and transient response, therefore, hybrid generation systems are required for obtaining fast 
transient response. Additional energy storage elements, such as battery and super capacitor banks, are 
expected to be a core element for increasing the system dynamic performance. Efficient energy 
management and control of the system power flows in the various system components is a key point for 
system performance. The highest reported efficiency for a fuel cell converter is up to ~98% [5] however, 
no previous research has been found on bi-directional FC/EC applications. In such applications where 
wide input voltage and high current are required, very high efficiency DC-DC conversion remains a 
challenge [6]. Novel power semiconductor devices based on silicon carbide (SiC), gallium nitride (GaN), 
advanced magnetic components and magnetic material could provide a significant difference. 

Hereby, a diagram block to demonstrate the hybrid generation system based on fuel cell, super 
capacitor and battery system is presented in Fig. 1. 

2. Power Electronics Converters for Fuel Cell Hybrid Energy Systems 

According to the characteristics of the distributed generation systems based on the fuel cells, interface 
converters are necessary to boost the low variable voltage from the fuel cells and other auxiliary power 
sources (APS) such as batteries and super-capacitors, in order to provide the high quality, regulated dc 
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voltage to the cascaded inverter for grid-connecting purposes. Hence, a large number of alternative 
converter topologies and implementations for low voltage high power applications have been proposed 
[5], [7]-[8].  

2.1. DC-DC converters 

Basically, DC-DC converters can be divided into two categories depending on using the galvanic 
insulation or not: non-isolated converter or isolated converter. As to the non-isolated converters, 
normally, boost-type converters are favourable to fuel cell application [9]. These topologies are simple, 
but they require a bulky input inductor to limit the current ripple in the components, especially with high 
voltage gains are required. To minimize the input inductor size and the current ripple, as well as to reduce 
the switch current stress, the converter can be designed with multiple legs interleaving each other by 
means of the input coupling inductors, and high efficiency can be obtained. For isolated DC-DC 
converters, in [5], the low voltage high power isolated converters have been overviewed and compared 
very well. The high efficiency full-bridge boost type fuel cell converter without any auxiliary snubber 
circuit is designed in [10]. Moreover, a novel parallel method is proposed in [11] to increase the power 
level to 10 kW. Summarily, as with typical designs, tradeoffs exist in choosing the optimum DC-DC 
converter, so the designers must establish the exact requirements of the fuel cell system in question to 
determine the most advantageous design. 

As for the interfacing circuits of APS, generally, bidirectional DC-DC converters are needed. 
Theoretically, all the isolated unidirectional DC-DC converters overviewed in [5] and [7] can achieve 
bidirectional power delivering ability, through changing the diode-rectifiers to synchronized rectifiers 
which are based on gate-controlled semiconductors, such as MOSFETs or IGBTs. 

 
Fig. 1. Block diagram of a fuel cell battery and super-capacitor powered line-interactive renewable generation system. 
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2.2. Hybrid DC-DC conversion systems 

The block diagrams of the widely utilized DC-DC hybrid systems with FCs and APS are summarized in 
Fig. 2 (a) and (e) [12]. In Fig. 2 (a) and (b), the DC bus is fixed by the fuel cell or by the APS [13]. In this 
case, the main advantage is related with the fact that the current flows through APSs only during the 
transients, enlarging the lifetime of the APS. The critical disadvantage is that the usual dc bus conditions 
impose that the DC voltage cannot vary strongly. In Fig. 2 (c), only one power converter is used. The 
main characteristic of this direct connection is that both elements, the fuel cell and the APS, share the 
same voltage value. This will reduce the weight and will increase the reliability of the system. But it is 
difficult to control the fuel cell current flexibly [14]. Fig. 2 (d) and (e) show the block diagrams of the two 
voltage source power conversion system with two individual DC-DC converters, and hereby the two input 
power sources are decoupled completely. While, obviously, the cost and complexity of the whole system 
are increased [15]. 

Hence, in terms of system cost, complexity, fuel cell protection, super-capacitor management, load 
peaking capability and parameter matching, the different structures analyzed above are compared in the 
spider plot as shown in Fig. 2 (f). 

In order to simplify the hybrid power conversion system and reduce the system cost, the multiple-input 
DC-DC converters can be used. The input voltage sources or current sources (voltage source cascaded 
with large inductance) can be connected either in series or in parallel for the DC-DC converters to transfer 
the desired power to the load. Furthermore, some parts of the DC-DC converter (such as filter or rectifier) 
can be shared by different input sources, so it has the potential to achieve higher power density [16], [17]. 

2.3. DC-AC inverters 

The DC/AC converter technology is mature and uses mainly the hard-switching voltage source 
inverter (VSI), with single-phase, dual-phase or three-phase output, controlled by means of sinusoidal 
pulse-width-modulation (SPWM) or space vector PWM (SVPWM) [18]. Multilevel voltage-source 

 

 
     (a)                                                           (d)                                                             (e) 

 

               
                                                                                                                                             (f)                                                                  
Fig. 2. Various converter connections and comparison. 
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inverters [19] provide a cost effective solution in the medium voltage energy management market. 
Nowadays, there exist three commercial topologies of multilevel voltage-source inverters: neutral point 
clamped (NPC), cascaded H-bridge (CHB), and flying capacitors (FCs). Among the high-power 
converters, the NPC inverter introduced 25 years ago is the most widely used in all types of industrial 
applications, such as wind power generation, UPS and so on, in the medium and high voltage range. 

3. Proposed topology and System Design 

The authors and other researchers from the Electronics Group, Technical University of Denmark 
(DTU), have given many contributions on analysis and design of the fuel cell converters. Based on our 
research results in this topic, a dual-input two-stage power conversion system, including DC-DC and DC-
AC is proposed, analyzed and verified in this paper. 

3.1. The proposed hybrid power conversion system 

The topology of the proposed fuel cell hybrid power conversion system is shown in Fig. 3. A fuel cell 
is used as the primary source and an APS (supercapacitor or battery) is employed as the transient energy 
storage. The dual-input DC-DC converter interfaces the fuel cell and the APS to the three-phase NPC 
inverter and manages the power flow in the system. The inverter output can be connected to the grid or 
the local loads depending on the grid condition. 

Unlike conventional power converters, this new DC-DC stage for a fuel-cell power conditioning 
system has two power inputs. In this paper, the dual-input isolated boost converter [20] was chosen. The 
converter topology consists of four individual and uniform transformers and four bridges. The topology is 
bidirectional due to the active rectifier bridge on the secondary side. In addition to galvanic isolation, this 
converter can easily match the different voltage levels at the ports. Moreover, the two input ports are 
decoupled completely by the phase-shift PWM modulation strategy. Based on the modeling of the 
proposed dc converter, the control scheme can be designed for the DC-DC stage which aims to 
simultaneously regulate the dc-link voltage and the fuel-cell power with two bridge duty cycles as control 
variables. The APS sinks/sources the power difference between the inverter and the fuel cell to keep the 
power of fuel cell constant and match the variations of the power drawn by the inverter [21]. 

A three-phase voltage source NPC inverter is used for dc-ac power conversion and grid interfacing. 
The main function of the inverter is to maintain a regulated output voltage when operating in stand-alone 
mode, and when operating in grid-connected mode, to inject an optional real power as well as reactive 
and harmonic current into the grid. Because of the boost function in the DC-DC stage, low-voltage fuel 
cell and energy-storage devices as APS can be utilized in the whole system. A new SPWM modulation 
strategy based on the circuit-level decoupling algorithm is employed in the NPC inverter. This 
modulation scheme can not only simplify the closed-loop controller design but also reduce the switching 
losses [22]. 

3.2. Simulation analysis and experimental results 

The proposed topology is simulated by Simulink/PLECS where a supercapacitor (SC) bank is used as the 
APS, and simulation parameters are listed in Table 1. Fig. 4 shows relevant waveforms in different 
operating conditions. During T1, the fuel cells are in warm-up stage and have no output power, so the 
load is fully powered by the SC bank. The fuel cells start to provide the power and recharge SC bank in 
T2 in which the bidirectionality of the proposed converter structure can be shown clearly. During T3, the 
power of fuel cells is constant and the voltage of SC bank is increasing slowly. The load response of the 
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system is presented in the subinterval of T4 and the transient power is fully taken over by the SC bank 
rather than the fuel cells. 

In order to verify the theoretical analysis, a laboratory prototype of the proposed topology is 
implemented and tested. The specifications and component details of the tested prototype are given in 
Table 2. 

Table 1. Parameters in the simulation 

Name of the Parameters Value  

Fuel cell voltage 50 V DC 

SC bank voltage 100 V DC 

Dc-link voltage 

Output ac voltage 

Output power 

400 V DC 

120 VAC 

1000 W 

Table 2. Specifications and component details of the tested prototype  

Rated input voltage, V1 and V2 30 – 60 VDC 

Rated output voltage, Vo 400 VDC 

Rated output power, Po 2 kW 

Switching frequency of DC-DC converter 50 kHz 

Boost inductors, L1 and L2 22 μH, N87 ferrite core, copper foil winding  

Dc-link film capacitor 

Dc-link electrolytic capacitor  

6.8 μF/250V Film Cap: 4 in parallel 

2820 F 

MOSFETs S1-S8 IRFP4568, 150V/171A 

Diodes D1-D4 

Ac output filters 

Switching frequency of NPC inverter 

IGBT Ta1-Tc4 

HFA15TB60, 600V/15A 

LA=LB=LC=120 H, CA=CB=CC=40 F 

20 kHz 

600 V/40 A 

 

Fig. 3. Proposed DC-DC-DC-AC dual input power conversion system. 
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Fig. 5(a) shows the experimental waveforms of the voltages vab-DC and vcd-DC as well as the currents ip1 
and ip2 on the primary side of the DC-DC stage, as denoted in Fig. 3, under the dual-input mode with 
input voltages of 50 V and 30 V. Fig. 5(b) shows the output voltage response to transients of the two 
input currents. A small super-capacitor bank (60 V / 14.6 F) is used as input source Vg2 and then the 
experimental waveforms can be obtained and present in Fig. 5(c). At t0, the converter starts and iref1 is 0, 
which is to simulate the warm-up stage of the primary power source Vg1, so converter operates under 
single-input mode. The required load power is provided by super-capacitor bank and output voltage keeps 
constant; after t1, iref1 is given according to voltage of Vg1 and the required output power, and thereby ig2 
starts to reduce until it reaches zero at t2. 

Fig. 6(a)-(c) show the experimental waveforms obtained on the NPC inverter with the circuit-level 
decoupling SPWM modulation strategy. The converter three phase line output voltage after the PWM 
filter is shown on Fig. 6(a); Fig. 6(b) shows the output PWM phase voltage and Fig. 6(c) the output PWM 
line to line voltage. 
 

Fig. 4. Simulation results: fuel cell warm-up (T1), fuel cell transient period (T2), SC recharging (T3 and T5) and load 
disturbance (T4). 
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(a) 
 

(b) 
 

(c) 
 
Fig. 5: Experimental results: (a) Ch1: vab-DC [200 V/div], Ch2: vcd-DC [250 V/div], Ch3: ip1 [10 A/div], Ch4: ip2 [10 
A/div]. (Time base: 5 S/div); (b) Transient response with respect to the input current disturbances under conditions: 
Vg1=50V, Vg2=30V. Ch1: vo-DC [200 V/div], Ch2: ig1 [10 A/div], Ch3: ig1 [10 A/div]. (Time base: 1s/div); (c) Transient 
period, Ch1: vg2 [20 V/div], Ch3: ig2 [10 A/div], Ch4: ouput volage vo-DC [100 V/div]. (Time base: 5s/div). 
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4. Conclusions 

In this paper, an overview of power electronics converters and inverters for fuel cell hybrid power 
conversion system is given. Based on the previous research carried out at Electronics Group, Technical 
University of Denmark (DTU), a topology proposed here is composed of a dual-input DC-DC converter 
and three-level NPC inverter. The system can operate in both the stand-alone and grid-connected modes 
providing fast dynamic response and high efficiency. The benefits of using super-capacitors have been 
shown clearly in the improved transient response compared to a system with no energy storage elements. 
Further research will analyse hybrid energy storage solutions with three or more in converter ports.  

 

(a) 

(b) 

(c) 
Fig. 6. Experimental results: (a) three-phase output voltage, vAO, vBO and vCO (10 ms/div); (b) switched waveform for 
phase voltage vaO (5 ms/div), and (c) switched waveform for line to line voltage, vl-l-ab (5 ms/div). 
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Abstract—In renewable energy applications power conversion
efficiency is major concern. This is especially true for grid-tie
energy storage systems based on bidirectional dc-dc and dc-
ac converters where the power always flows through these sys-
tem components. Latest developments in power semiconductors
allowed to significantly reduce the switching and conduction
losses in dc-dc and dc-ac converters. This paper analyzes the
efficiency improvement that is achieved by the introduction of
SiC power semiconductors in dc-dc and dc-ac converters used
in fuel cell grid-tie energy storage systems. Results highlight dc-
dc conversion efficiencies up to 98.2% with an isolated topology
and dc-ac conversion efficiencies up to 97.7%. Overall system
efficiency improvements above 1% are achieved compared to
traditional Si devices. Efficiency improvements are analyzed
based on two laboratory converter prototypes of an isolated full
bridge boost converter (IFBBC) and a three level T-type inverter
(BSNPC).

I. INTRODUCTION

Energy produced from renewable energy sources is fluctu-

ating depending on the availability of the energy source [1].

For this reason, grid-tie energy storage systems are expected to

play an important role in the future energy systems. Different

energy storage technologies are nowadays available, such as

pumped hydro, compressed air systems, battery systems and

other chemical-based processes. In these applications, bidirec-

tional fuel cells represent a very attractive technology since

they allow storing energy in a fuel form (high energy content)

[2]. For all energy storage systems efficiency is an important

aspect in power conversion especially in dc-dc converters and

dc-ac inverters where power semiconductor devices are key

components. Apart from different converter topologies, loss

contributions are mainly determined by the choice of the power

semiconductors. One way to increase efficiency in converters

with voltage levels in the 600V-1200V range is to replace

commonly used silicon (Si) devices with silicon carbide (SiC)

devices [3].

The introduction of SiC Schottky diodes represented a first

breakthrough for SiC technology. Even though SiC Schottky

diodes are significantly more expensive compared to their

equivalent Si devices, they have been widely employed in

multi-kW power converters due to their nearly-zero reverse

recovery current. Since then, SiC power semiconductors have

become more attractive, more mature and more accessible.

SiC MOSFETs have extremely low switching losses [4] com-

pared to Si IGBTs which, whether possible, makes them the

preferred power semiconductors over Si IGBTs. Their perfor-

mance has been evaluated in previous work [5][6] however, it

is always challenging to quantify the real expected efficiency

increase without proper full power converter prototypes.

This paper presents the results achieved with dc-dc and dc-

ac converters designed for an energy storage system based

on bidirectional fuel cells. The designed converters have been

characterized in efficiency terms with both Si IGBTs and SiC

MOSFETs power semiconductors. Efficiencies achieved with

the converter prototypes are presented and analyzed taking into

account the entire system efficiency. Efficiency improvements

up to 1% were achieved for the entire operating range of the

system. While for the single converters, efficiencies improve-

ments up to 1%-3% range were observed depending on the

converter operating point.

II. ENERGY STORAGE SYSTEM BASED ON

BIDIRECTIONAL FUEL CELLS

Grid-tie energy storage systems require power conditioning

units (both dc-dc and dc-ac) to process the energy to and

from the grid. System topology is strongly influenced by the

maturity of the candidate fuel cell technology and by the

economic feasibility of the system. The fuel cell technology

determines also the power conditioning unit operating condi-

tions (I-V characteristics [7] for the dc-dc converters in Fig. 1a

and 1b). The system topology and the dc-dc /dc-ac converters

efficiency will strongly affect the overall system performance

since both in power generation mode and power regeneration

mode energy flows through the power conditioning units.

In order to ensure long term system reliability and high

efficiency it is desired to operate the cells stacks in optimal

conditions in terms of cells current density, of temperature

and fuel distribution. Therefore, a dc-dc converter is required

for each cells stack. The system in Fig. 1a has a single dc-ac

inverter unit which minimized the system complexity and cost.

However, at light systems loads the overall system efficiency

is limited by the light load efficiency of the inverter unit. The

system in Fig. 1b can provide higher efficiency especially

at light loads. In fact, light load efficiency of a large dc-

ac converter is typically lower than the efficiency of a small



(a) Centralized inverter (b) Distributed inverter

Fig. 1: SOEC/SOFC system topologies.

TABLE I: SOEC/SOFC cells and converter specifications

Specification SOEC SOFC Converter
Voltage LV-side 50-80V 30-50V 30-80V
Current LV-side 0-80A 0-40A 0-80A
Power 0-6000W 0-1500W 0-6400W
Power flow ⇐ ⇒ ⇔

from the grid to the grid bidirectional

inverter unit operating in mid or high load conditions.

The analysis of the overall system efficiency is based on Fig.

1b system topology where a single sub-system is considered.

The I-V characteristics of a 50 cells stack of bidirectional

fuel cells is summarized in Table I. Multi-kW dc-dc and

dc-ac converter prototypes have been established according

to the characteristics of cells stack of solid oxide fuel cells

/electrolyzer cells (SOFC /SOEC). The cells stack electric

specifications determine the dc-dc converter characteristics,

while the dc-ac inverter characteristics are determined by the

grid specifications.

III. SI AND SIC POWER DEVICES

The introduction of SiC power semiconductors in dc-dc

and dc-ac converters significantly increases the cost of the

converter power devices. This increase has to be justified by

an efficiency improvement or by a reduction of the cost of

other converter components, such as magnetic and capacitive

components.

The investigation performed on Si IGBTs (IGW15N120H3

and IKW12N120T2) and SiC MOSFETs (Cree

C2M0080120D and ST SCT30N120) considered both

conduction and switching losses. Switching losses are

the most challenging to model and to estimate, therefore,

switching measurements based on double pulse test (DPT)

has been performed. Switching waveforms for SiC MOSFET

−100 −80 −60 −40 −20 0 20 40 60 80 100
−5

−4

−3

−2

−1

 0

 1

 2

 3

 4

 5

Time [ns]

d
iv

.

Scope Turn−On Switching Transient

 

 
V

DC
 100V/div

V
DS

 100V/div

I
DS

   4A/div

V
GS

 5V/div

(a) Turn-on

−100 −80 −60 −40 −20 0 20 40 60 80 100
−5

−4

−3

−2

−1

 0

 1

 2

 3

 4

 5

Time [ns]

d
iv

.

Scope Turn−Off Switching Transient

 

 
V

DC
 100V/div

V
DS

 100V/div

I
DS

   4A/div

V
GS

 5V/div

(b) Turn-off

Fig. 2: SiC MOSFET switching transients.
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Fig. 3: Si IGBTs and SiC MOSFETs loss comparison

at 800V and 20A are presented in Fig. 2a for device turn-on

and in Fig. 2b for device turn-off. Even though of the highly

optimized layout, the devices have a strong tendency to gate

oscillations due to the extremely high dV/dt and large package

stray inductances (TO-247). A complete view of the reduction

of switching losses achieved with SiC devices is shown in

Fig. 3a. The largest reduction of switching losses is achieved

at high current levels; in this case, the reduction can reach

up to ∼80%. Even though the latest generations of Si IGBTs

can operate with switching frequencies up to 100 kHz, the

tail current gives a large contribute in the turn-off switching

losses.

For both Si IGBTs and SiC MOSFETs the conduction losses

can easily be characterized with information retrieved from

the devices datasheets. The reduction of conduction losses

achieved with SiC MOSFETs (C2M0080120D) over Si IGBTs

(IGW15N120H3) is represented by the device forward voltage

drop show in Fig. 3b. In this case the largest reduction is

observed at low current levels where the IGBT forward voltage

drops dominates. As the current increases the difference is

progressively reduced by the higher on-state resistance of SiC

MOSFETs compared to IGBTs. The gap between IGBTs and

SiC MOSFETs is also reduced at high junction temperatures.

In this case for both devices the on-state resistance increases

however, for the IGBTs this is compensated also by the lower

threshold voltage VT0 (bipolar behavior).

IV. DC-DC POWER CONVERTER

The dc-dc converter in the system in Fig. 1a and 1b is

designed based on an isolated full bridge boost converter

(IFBBC) topology [8]. The converter prototype is shown

in Fig. 4 where its main components are highlighted. The

converter low-voltage side (30-80V) power stage is based

on Si MOSFETs (120V 4.1mΩ two devices in parallel for

each switch of the full bridge) and is connected to the cells

stack. The converter high voltage side (700-800V) represents

the dc-link bus for the dc-ac converter. The full bridge of

the high voltage side of the dc-dc converter has been tested

with Si IGBTs (IGW15N120H3) and with SiC MOSFETs (ST

microelectronics SCT30N120 which are equivalent to Cree

C2M0080120D). The dc-dc converter magnetic components

are designed based on high current planar cores for an oper-

ating switching frequency of 40 kHz. The transformer cores

Fig. 4: 6 kW bidirectional isolated full bridge boost dc-dc

converter. Highlighted its main components: low voltage side

(LV-side), high voltage side (HV-side), control board, boost

inductor and high frequency isolation transformer (magnetic

components).
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Fig. 5: Dc-dc converter efficiencies measured with Si IGBTs and with SiC MOSFETs.

are two E64 pairs in Magnetics R-type material while the

boost inductor use three E6030 stacked core pairs in KoolMu

material. The test setup for measuring the system efficiency is

based on four 6 1
2 high precision multimeters synchronized and

connected with a PC. Two multimeters measured the LV-side

and the HV-side voltages while the other two measured the

converter currents through calibrated precision shunt resistors.

The absolute error on the measured efficiency is less than

0.1%.

The absolute dc-dc conversion efficiency of the converter

based on SiC MOSFETs for both power flow directions is

presented in Fig. 5a. In this case, the efficiency takes into

account also the gate driver and the cooling losses. With SiC

MOSFETs the dc-dc converter was just above 96% at 30V on

the converter LV-side and reached a peak of 98.2% at 80V.

Converter efficiency based on SiC MOSFETs is compared with

the first converter prototype based on Si IGBTs in Fig. 5b.

The efficiency improvement is presented at 30V, 50V and

80V, but it has been investigated for the entire converter

operating range (30-80V). A limited improvement is observed

in fuel cell mode (FC-mode) in Fig. 5b (continuous lines).

In this mode, the SiC MOSFETs are operating in active

rectification; the efficiency improvement (monotonic function

trend) is mostly noticeable at light converter loads and it

slowly decreases at high power levels. At light loads, IGBTs

antiparallel diodes have significant losses due to the forward

voltage drop while SiC MOSFETs have only resistive voltage

drop. For this reason, higher efficiency improvements are

observed at converter light load. Large efficiency improvement

is observed in electrolyzer cell mode (EC-mode) in Fig. 5b

(dashed lines). In EC mode the high voltage power semicon-

ductors are operating in hard switching conditions, therefore,

the major improvement is given by the large difference in

switching losses between the IGBTs and SiC MOSFETs

switching losses [9]. The efficiency improvement is in the 1-

3% range (dashed lines in Fig. 5b) with a peak at converter

light load.

V. DC-AC POWER CONVERTER

The dc-ac converter is the second power stage in the

conversion process. The dc-ac converter is designed as a 3 kW

single phase low-power variant, the dc-link is specified as

700-800V to comply a 230VRMS grid with a fundamental

Fig. 6: 3 kW dc-ac inverter based on T-type (BSNPC) topology

[11]. Heatsink is removed.
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frequency of 50Hz. Several different inverter topologies could

be considered however, for low voltage grid, two- and three-

level topologies are the most common ones due to their good

trade-off between cost, complexity and efficiency. Multi-level

topologies are mostly interesting because it is possible to

reduce the size of filtering components [10].

A converter prototype of a 3 kW single phase T-type inverter

[11] (also known as Conergy or BSNPC) has been developed

and tested [12], shown in Fig. 6. The T-type inverter is a

three level topology derived from the neutral point clamped

(NPC) topology. The topology has the middle branch switches

connected to the mid-point of the dc-link and they operate at

the same frequency as the grid (50Hz). For this horizontal

branch, the conduction losses are dominating and the switching

losses can be neglected. Devices employed in this branch are

Si IGBTs (IKP15N60T) rated at 600V. The vertical branch

of the T-type single phase inverter has been tested with

both Si 1200V (IKW15N120T2) and with SiC MOSFETs

(C2M0080120D). These are the high frequency devices of the

dc-ac inverter, in this case the switching frequencies have been

16 kHz and 30 kHz for Si IGBTs and up to 60 kHz for SiC

MOSFETs. In this case to measure the efficiency of the dc-

ac converter a N4L PPA5500 power analyzer was used. The

instrument has a basic accuracy of 0.01% and can measure

harmonics up to 2MHz.

Dc-ac conversion efficiencies are measured up to the nom-

inal converter power with an LC output filter (3mH, 4.4 μF).

Results from the measurements are presented in Fig. 7 at

different switching frequencies for both Si IGBTs and SiC

MOSFETs. An overall, the adoption of SiC MOSFETs can

provide an efficiency improvement of ∼0.8% for a major part

of the converter operating range. This results that at 30 kHz

at full converter power (3 kW) the total power semiconductor

losses (conduction and switching) of the vertical leg are re-

duced by 72% and of the total converter power semiconductor
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Fig. 8: Comparison of the total system efficiency with Si

IGBTs and SiC MOSFETs when the system power flows from

the fuel cells stack to the grid.

losses by 70%. This efficiency improvement is mostly due

to the reduction in switching losses rather than conduction

losses [12]. This also allows reducing the size of the converter

cooling system by a similar amount. From Fig. 7 it is also

observed that with SiC MOSFETs it is possible to almost

double the converter switching frequency and achieve a similar

efficiency as achieved with Si IGBTs. This results that the size

of the converter filtering components can be reduced.

VI. SYSTEM EFFICIENCY

The overall system efficiency is determined by the series

efficiency of the dc-dc and dc-ac converter stages. From the

system operating point, the fuel cell mode represents the most

critical. In fact, in this mode the system provides power to

the grid and the fuel cell efficiency is limited to ∼50%. The

remaining power from the fuel cell is dissipated as heat (used

for distributed heating). Moreover, in this operating mode, the

maximum cells stack current is limited to ∼40A to limit the

cells degradation (as presented in Table I).

The fuel cell operating mode limits are 30-50V on the low

voltage side of the dc-dc converter. The total dc-ac system

efficiency of the two stages presented in Fig. 8.

The system efficiency improvement given by the introduc-

tion of SiC MOSFETs as replacement of Si IGBTs is above

1% for the entire range in Fig. 8. At 1.5 kW the efficiency

gain is ∼1.5% and at light load reaches a peak of 3% at

50V. At converter light load the gain is more pronounced

this is due to the large reduction of switching losses and

forward voltage drop (conduction losses) achieved with SiC

MOSFETs. However, in light load conditions efficiency is also

strongly influenced by the losses in the magnetic components

(e.g. high frequency transformer in the dc-dc stage and filtering

components in the dc-ac stage) which are not affected by

the power semiconductor type. This efficiency improvement



can be used to estimate the economic gain given by SiC

power semiconductors. It should be also considered that the

cost reduction in size terms of passive components and raw

materials is a major advantage.

VII. CONCLUSION

In this paper, efficiency investigations on a grid-tie energy

storage system for bidirectional fuel cells have been con-

ducted. Efficiency improvements for both the dc-dc and the

dc-ac power stages are investigated when the 1200V Si IGBTs

are replaced by SiC MOSFETs.

In fuel cell mode (SiC MOSFETs operating in active

rectification mode), the dc-dc converter maximum efficiency

improvement of 2.5% is achieved, this is due to the rather

large forward voltage drop of the SiC antiparallel diodes.

In electrolysis cell-mode (SiC MOSFETs in hard switching

conditions), maximum efficiency improvements of 3% are

achieved thanks to the significant reduction of the switching

losses of SiC MOSFETs compared to Si IGBTs. On overall the

dc-dc converter with SiC MOSFETs was capable of achieving

a absolute maximum efficiency of 98.2% in fuel cell mode.

The dc-ac converter based on a T-type topology achieved a

maximum efficiency 97.7% with SiC MOSFETs. Compared

to Si IGBTs this has been an efficiency improvement of

∼0.8% over almost the entire converter operating range, this

also allows to significantly reduce the size of the converter

cooling system (easily up to 50%). It is also observed that SiC

MOSFETs can be used to double the switching frequency of

the dc-ac converter and therefore reduce the size and cost of

the filtering components.

On a system point of view, the introduction of SiC MOS-

FETs allowed to increase the overall system efficiency of ∼1%

over the entire power range in fuel cell mode with peaks up

to 1.5-3% depending on the converter operating point.
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Abstract

Due to the high energy consumption in data and telco centers, the use of 380V or 400V DC facility-level

distribution has been proposed as an alternative to the conventional AC distribution for a more efficient

power delivery structure. The DC voltage is powered from the three-phase mains by a PFC rectifier

and in many cases a mains transformer is used to provide galvanic isolation. In order to achieve a high

efficiency in the DC voltage generation and to implement the required isolation, a single-stage concept,

such as a matrix-type rectifier that enables PFC functionality and galvanic isolation in a single conversion,

can be beneficial. In addition, due to the fact that with the matrix-type rectifier the galvanic isolation is

performed with a high-frequency transformer, this results in a more compact rectifier system compared to

conventional systems where the mains-frequency isolation transformer is located at the input of the PFC

rectifier.

In this paper, an overview of isolated matrix-type PFC rectifier topologies is given and a new converter

circuit is proposed, analyzed and comparatively evaluated against another promising PFC rectifier concept,

the phase-modular IMY-rectifier.

1 Introduction

To improve the energy efficiency in telco and data centers, the use of a DC power distribution architecture

(PDA) instead of an AC PDA has been proposed in the literature [1, 2]. The basic structures of a

conventional AC PDA and a facility-level DC PDA are shown in Fig. 1. As can be noticed, the conventional

AC PDA (cf. Fig. 1(a)) includes multiple conversion stages, which lead to a strongly reduced overall

power distribution system efficiency. Typically, at the AC distribution system’s input a double conversion

Uninterruptible Power Supply (UPS) in combination with a bulky 50/60 Hz main transformer is utilized.

The UPS rectifies the 400/480V AC into a DC voltage where an energy storage system, e.g. battery

backup system, is connected. Then, the DC voltage is inverted back to 400/480V AC voltage that supplies

the Power Distribution Unit (PDU). At the PDU, the voltage is stepped down to a voltage suitable to

the Power Supply Units (PSU), typically between 90 and 264 V AC. In the PSU this AC voltage is then
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Fig. 1: Power distribution architectures (PDA) for data and telco centers, (a) conventional AC power distribution

and (b) 380V DC facility-level power distribution.
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Fig. 2: 380V DC facility-level PDA with an isolated three-phase buck-type PFC rectifier that features PFC

functionality and provides galvanic isolation with a high-frequency transformer.

again converted to a DC voltage which is finally – due to the large conversion ratio – stepped down by an

isolated DC/DC converter to the 12V DC required by the different loads in the servers. Depending on the

efficiency of the different components, the overall efficiency of such an AC PDA is between 50 % and

70 % [1].

In a facility-level DC PDA, however, several conversion steps can be avoided. As shown in Fig. 1(b), the

DC/AC conversion in the UPS, the transformer in the PDU and the AC/DC conversion in the PSU are

eliminated, resulting in a higher efficiency of the power distribution system, e.g. 72.7 % efficiency [1]

(assuming 95.3 % efficiency of the AC/DC converter).

In the last years, the selection of the optimal voltage level for the facility-level DC PDA has been discussed

in the literature and also several organizations are working on the standardization of low voltage DC grids,

where mainly the use of 380V DC [2, 3, 4] or 400V DC [1] is proposed for a more efficient DC power

distribution architecture. However, a discussion about the optimal converter topology that supplies the

facility-level DC power distribution is still missing in the literature.

Since the facility-level DC PDA is also powered from the three-phase 400V/480V mains, with the

mentioned DC voltage selection of either 380V or 400V DC boost-type PFC rectifiers are no more suitable

because the DC output voltage of boost-type PFC rectifiers has to be at least above the peak value of

the mains line-to-line voltage; thus, with a wide input voltage range up to 480Vrms, the output voltage

is typically selected to 700V to 800V DC. Consequently, a three-phase buck-type PFC topology has to

be selected which allows to directly step down the varying input voltage to the proposed 380-400V DC.

In addition, the overall system volume can be strongly reduced by omitting the bulky mains-frequency

transformer if the galvanic isolation is realized with a subsequent DC/DC conversion stage which contains

a high-frequency isolation transformer (cf. Fig. 2). Furthermore, in order to achieve a high overall AC/DC

conversion efficiency, instead of this conventional two-stage conversion concept, a three-phase matrix-type

buck rectifier topology which provides PFC functionality and galvanic isolation in a single conversion can

be used; thus also no large DC-link capacitance for intermediate energy storage is required.

In this paper, a review of different three-phase matrix-type buck-type isolated PFC rectifier topologies is

presented in Section 2 and the most promising topology, regarding efficiency and realization effort, is
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Fig. 3: Topologies of isolated matrix-type three-phase AC/DC converters, (a) direct matrix converter. (b) indirect

matrix converter. (c) VIENNA rectifier III and (d) IMY-rectifier.

further analyzed in Section 3, and is compared in Section 4 with a previously analyzed phase-modular

matrix-type PFC rectifier system, the IMY-rectifier [5].

2 Isolated Matrix-Type PFC Rectifiers

Typically, the single-stage power conversion can be realized with a direct matrix-type PFC rectifier that

directly converts the mains-frequency AC voltage into a high-frequency AC voltage which is supplied to

a high-frequency isolation transformer and whose secondary voltage is then rectified to the desired DC

output voltage as proposed in [6] (cf. Fig. 3(a)). As can be noticed, in this topology for the direct AC/AC

conversion a large number of semiconductor devices is needed, thus, also the control and modulation

scheme complexity are high.

In order to strongly reduce the system complexity and in most of the cases also the number of switches,

the direct AC/AC conversion stage can be split into an AC/DC and a DC/AC conversion, which is then due

to the still missing intermediate energy storage a so called indirect matrix-type PFC rectifier. As proposed

in [7, 8], e.g. a conventional buck-type PFC rectifier in combination with a phase-shift DC/DC converter

could be used (cf. Fig. 3(b)). In this case, however, the conventional buck-type PFC rectifier suffers

from high conduction losses in the high-frequency diodes which are needed in series to the switches

[9]. Nevertheless, since with the indirect matrix-type rectifier also other more efficient AC/DC converter

topologies can be combined, it offers a high flexibility and is attractive for the realization of the active

front end of the DC PDA. Therefore, in order to fully utilize the potential of indirect matrix-type isolated

PFC rectifiers, in this paper it is proposed to substitute the conventional buck-type PFC rectifier by a

simple diode rectifier with an integrated active filter as presented in [10, 11], which in combination with
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the isolated DC/DC converter provides galvanic isolation and a highly efficient PFC functionality (cf.

Fig. 4, [12]).

As an alternative, the indirect matrix-type converter in Fig. 3(b) could be modified in such a way that

one bridge-leg of the DC/DC converter is again integrated into the input rectifier stage, thus results in

the VIENNA rectifier III [13] which could be seen as hybrid combination of a direct and an indirect

matrix-type rectifier (cf. Fig. 3(c)). However, even if the system complexity and the number of switches

are further reduced – only five instead of ten switches are needed – the large number of diodes leads to

high conduction losses. Consequently, this topology is not further considered in this paper.

Utilizing the indirect matrix-type rectifier concept, a different approach is to use phase-modular converters,

e.g. the isolated matrix-type Y-rectifier (IMY-rectifier) as proposed in [5, 14], where the three-phase

indirect matrix-type converter is split into three separated single-phase indirect matrix-type converters

(cf. Fig. 3(d)). Besides the advantage of modularity, since to each of the single-phase converters only the

single-phase voltage is applied, 600V instead of 1200V semiconductor devices can be used, which feature

a lower on-state resistance and improved switching behavior. In addition, the converter can be controlled

with a simple modulation scheme that enables soft-switching for each switching transition. Hence, due to

the low system complexity and the expected high efficiency, the phase-modular IMY-rectifier is another

suitable option to supply the DC PDA.

Therefore, in the next section the proposed three-phase Isolated Integrated Active Filter Matrix-type

(I2AFM) PFC rectifier is presented and will be evaluated in comparison to the phase-modular IMY-rectifier.

3 Isolated Integrated Active Filter Matrix-type PFC Rectifier

3.1 Operating Principle

As shown in Fig. 4, the rectifier stage of the proposed I2AFM PFC rectifier consists of a simple three-phase

diode bridge rectifier with an additional injection circuit, the integrated active filter (IAF), comprising a

high-frequency bridge-leg with the switches S1 and S2, the inductance L and the low-frequency bidirec-

tional switches Sa, Sb and Sc. As can be noticed, as long as the injection circuit is not enabled, that means

S1 and S2 are not switched, the input stage of the I2AFM rectifier is working as a simple three-phase diode

bridge rectifier and a highly distorted input current is flowing through the two diodes connected to the

highest and lowest input voltage (cf. Fig. 5(c) for t < 40 ms). However, in order to achieve sinusoidal

input currents drawn from the mains, the switches S1 and S2 of the injection circuit can be controlled

in such a way that always a third harmonic current is impressed into the phase with the smallest input

absolute voltage, i.e. the input phase which would not conduct current at that time (cf. Fig. 5(d) for

t > 40 ms). Since in the three-phase mains every 60◦ of the mains period the smallest absolute input

voltage (va, vb or vc) alternates between the input phases a, b and c, the proper phase has to be selected

by turning on one of the switches Sa, Sb or Sc (cf. Fig. 5(b) for t > 40 ms). As analytically described in

[10, 11], if during each 60◦ interval the injected current is proportional to the smallest input voltage, i.e. a

60◦-portion of a sine wave, and a constant output power is delivered by the DC/DC converter stage, with

this modulation scheme all input currents will show a sinusoidal shape (cf. Fig. 5(c) for t > 40 ms). The

major advantages of the IAF rectifier are the relatively low implementation effort with the low component

count, the simple modulation scheme and the high expected efficiency, since on the one hand for the

bridge rectifier slow switching rectifier diodes with a low on-state voltage drop can be used and on the

other hand in the injection circuit always only the phase current with the lowest instantaneous value has

to be processed. However, assuming a certain needed intermediate capacitance Cdc in order to keep the

inductance in the commutation path of the injection circuit and the DC/DC converter low, the output

voltage vdc will not be constant but will vary with a sixfold mains-frequency (cf. Fig. 5(e)). In fact, the

output voltage is always equal to the maximum phase-to-phase input voltage since it is now defined by

the diode rectifier and thus the average output voltage can also vary with the possible wide input voltage

range of the local mains. Therefore, in order to eliminate the sixfold mains-frequency and to avoid large

output voltage variations, the highly promising IAF rectifier has to be combined with a subsequent DC/DC

converter that provides an isolated and constant output voltage. In the DC/DC stage, both half-bridges are

modulated with a 50 % duty cycle, whereas the output voltage is controlled by the phase shift between

the two half-bridge voltages. As already mentioned, since the instantaneous input voltage is varying
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Fig. 5: Simulated waveforms of the I2AFM PFC rectifier, where the IAF rectifier is turned on at time t = 40 ms,

while the DC/DC stage is already in steady-state operation at t = 0 ms, (a) phase input voltages, (b) switching

signals of the IAF rectifier, (c) phase input currents, (d) inductor current in the injection circuit, (e) intermediate

DC-link voltage, (f) duty cycle of the DC/DC converter, i.e. the phase shift between the half-bridge voltages, (g)
rectified output voltage of the transformer and (h) controlled output voltage.

over time, the phase shift between the two half-bridge, i.e. the duty cycle, has to be properly adapted in

order to obtain a constant output voltage (cf. Fig. 5(f)-(h)). In addition, it is assumed that the leakage

inductance of the isolation transformer is large enough and thus enables soft-switching for each switching

transition. This almost eliminates all switching losses and only slightly increases the conduction losses in

the switches, thus results in high overall system efficiency.
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Table I: Current stresses in the semiconductor devices of the I2AFM PFC rectifier. (Îin denotes the mains phase

current amplitude and Idc is the output current).

Component Average current RMS current

Input diodes Îin

√
3

2π Îin

√
1
6
+

√
3

8π

Injection circuit switches Sa,Sb,Sc
Îin

π

(
1−

√
3

2

)
Îin

√
1

12
−

√
3

8π

Half-bridge switches S1,S2
3Îin

π

(√
3

2
ln(

√
3)−

√
3−1
2

)
Îin

√
3
π

(√
3

2
− π

6
+

√
3

2
ln
(

2√
3

))

Antiparallel diodes of switches S1,S2
3Îin

π

(√
3

2
ln
(

1√
3

)
+ 1

2

)
Îin

√
3
π

(
3
√

3
8

− π
6
−

√
3

2
ln
(

2√
3

))
DC-DC converter switches N2

N1

Idc

2
N2

N1

Idc√
2

DC-DC converter output diodes Idc

2
Idc√

2

3.2 Converter Design

For the design and optimization of the proposed I2AFM PFC rectifier, first the current stresses in the

different components have to be calculated, which for the IAF PFC rectifier was already done in [11]. A

summary of the current stresses in the semiconductor devices of the I2AFM PFC rectifier is shown in

Table I. There, a large output inductor of the DC/DC stage is assumed, whereby the switching frequency

ripple of the output current can be neglected.

In order to enable a fair comparison of the proposed I2AFM PFC rectifier and the IMY-rectifier, the design

of the I2AFM PFC rectifier is performed for the same operating conditions as described in [5] which are

listed again in Table II.

Since in the I2AFM PFC rectifier the voltage stress of all semiconductor devices is defined by the peak

phase-to-phase input voltage of the three-phase mains, 1200V instead of 600V semiconductor devices

have to be used. A major part of the losses in the IAF PFC rectifier result due to the conduction losses

in the input bridge rectifier, which rectifies the low frequency input voltage. Therefore, silicon diodes

with low forward voltage drop have to be selected, in order to keep the efficiency high. Based on the

specification given in Table II, with the selected 1200V/45A diodes (DSP45-12A) the conduction losses

in the input rectifier are 23.6 W.

For the bidirectional switches Sa, Sb and Sc of the injection circuit which also switch at low switching

frequency – two times the mains frequency – the switching losses are negligible and therefore can be

implemented with two standard IGBTs connected in anti-series that feature a low forward voltage drop.

Alternatively, it would be also possible to use reverse blocking IGBTs in antiparallel connection, which

would reduce the conduction losses from 6.6 W to 5 W. However, due to the limited availability of

RB-IGBT, 1200V/40A standard IGBTs (IHW40T120) with integrated antiparallel diodes are used.

In contrast to the bidirectional switches Sa, Sb and Sc, for the switches S1 and S2 of the high-frequency

bridge-leg, that controls the current over the IAF inductor L, the switching losses have to be considered.

Due to the needed blocking voltage of 1200V silicon MOSFETs are not applicable, thus the selection of

the proper switch technology is limited to either IGBTs which are optimized for fast switching applications

(e.g. 1200V, 40A, IGW40N120H3) or Silicon Carbide (SiC) MOSFETs (1200V, 80 mΩ, C2M0080120D).

Although the conduction losses in both cases are low (4.6 W with IGBTs and 1.6 W with SiC-MOSFETs),

Table II: Electrical specifications used for the comparative evaluation of the I2AFM PFC rectifier and the IMY-

rectifier.

Parameter Value

Nominal power P0 7.5 kW

Output voltage Vout 380 V

Input voltage VN 400 Vph−ph,rms

Switching frequency fsw 48 kHz
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Table III: Main components of the I2AFM PFC rectifier prototype.

Component Value/details

Input diodes 1200 V/45 A rectifier diodes (DSP45-12A)

Inj. circuit switches Sa,Sb,Sc 1200 V/40 A IGBTs (IHW40T120)

Half-bridge switches S1,S2 1200 V/31.6 A SiC MOSFETs (C2M0080120D)

DC/DC converter switches 1200 V/31.6 A SiC MOSFETs (C2M0080120D)

DC/DC converter output diodes 1200 V/54 A SiC diodes (C4D40120D)

IAF inductor L 380μH, 1 pair E55 N87 cores, 3x1.4 mm air gap,

36 turns of 2 mm, 0.1 mm/175 strands litz wire

Isolation transformers Stack of two E55 N87 cores, N1/N2 = 16/16,

40μm/270 strands litz wire (4 in parallel)

Filter inductor Lout 2x497μH, E55 N87 cores, 3x0.8 mm air gap,

34 turns of 2.5 mm solid copper wire

the switching losses in the IGBTs (36 W) are five times higher than for the SiC-MOSFETs (6.7 W)

assuming a switching frequency of 48 kHz.

Consequently, the switches S1 and S2 of the injection circuit as well as the switches of the DC/DC

converter’s full-bridge are realized with SiC-MOSFETs, even if the full-bridge can be operated in soft-

switching at nominal output power. However, namely at low load conditions, where the current in the

leakage inductance is no more sufficient to charge/discharge the output capacitances of the switches,

soft-switching is lost resulting in high switching losses. The conduction losses in the DC/DC converter’s

full-bridge are calculated to 44.9 W at nominal output power.

Due to the high switching frequency and the hard commutation of the output rectifier, which would lead

to high reverse recovery losses if silicon diodes would be used, the output diode bridge is realized with

1200V SiC Schottky diodes (C4D40120D). Even if the reverse recovery losses can be neglected in this

case, the conduction losses in the output rectifier of 83 W (together with the conduction losses of the

full-bridge) are dominating the achievable efficiency of the DC/DC stage, since the forward voltage drop

of SiC Schottky diodes compared to silicon diodes is relatively high.

In order to keep the input filter effort low and due to reasons of system controllability, the inductor L of

the IAF rectifier’s injection circuit is designed with respect to a maximum current ripple which has to be

below 50 % of the peak input current. Based on this assumption, an inductor optimization considering

different core types and wires (solid and litz wire) is performed, and the inductor design offering the best

compromise between losses and volume is selected. The same optimization procedure of the magnetic

components was also applied for the design of the output inductor Lout, however with a lower current

ripple of 2.5A (25 %), as well as for the isolation transformer. The turns ratio of the isolation transformer

was selected to N1/N2 = 1, which still allows a 15 % voltage margin for the output voltage control at

minimum input voltage. Details concerning the design of the magnetic components and a list of the

selected semiconductor devices are summarized in Table III.

The corresponding 3D CAD model of the designed laboratory prototype is visualized in Fig. 6(b). In

order to show the placement of the described power components, the top board containing the EMI filter,

control board and output capacitors has been omitted. Based on this design, a total volume of 4.68 dm3

and/or a power density of 1.6 kW/dm3 is achieved.

For the sake of completeness, it has to be mentioned that the DC/DC stage of the laboratory prototype is

advantageously realized with two parallel DC/DC converters (cf. Fig. 6(a)). Consequently, on the one

hand the efficiency can be further increased, especially in part load below 50 % where e.g. one DC/DC

converter can be turned off, and on the other hand the current ripple in the output capacitor can be reduced

by interleaving the switching signals of two parallel DC/DC converters.
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Fig. 6: I2AFM PFC rectifier 7.5 kW laboratory prototype, (a) circuit diagram with two parallel interleaved DC/DC

converters, (b) 3D CAD model of the converter without the top PCB.

4 Comparative Evaluation of Three-Phase Isolated Matrix-Type PFC Rec-
tifiers

Based on the specifications given in Table II, now the performance of the proposed and designed

I2AFM PFC rectifier is compared to the also promising phase-modular IMY-rectifier presented in [5]

(cf. Fig. 3(d)). Two alternative implementations for each PFC rectifier topology are considered for the

comparative evaluation:

• I2AFM PFC rectifier with a DC/DC stage consisting of only one DC/DC converter;

• I2AFM PFC rectifier with a DC/DC stage consisting of two parallel DC/DC converters;

• IMY-rectifier where each switch of the full-bridge is implemented with only a single MOSFET of

the CFD-CoolMOS series from Infineon (IPW65R041CFD);

• IMY-rectifier where each switch of the full-bridge is implemented with two parallel MOSFETs of

the CFD-CoolMOS series (IPW65R041CFD).

For the efficiency calculations of the two considered implementations of the I2AFM PFC rectifier, the

analytical equations for the current ratings given in Table I and the devices listed in Table III are used.

The efficiency of the phase-modular IMY-rectifier is calculated according to the design presented in [5].

In addition, for both PFC rectifier topologies it is considered that in the full-bridges soft-switching is only

achieved above a certain minimum output power and thus in low load operation the switching losses have

to be taken into account.

The calculated efficiencies of the different implementations as a function of the load power are shown

in Fig. 7(a). At nominal load, with the I2AFM PFC rectifier and a DC/DC stage consisting of only one

DC/DC converter an overall efficiency of 97 % can be achieved, which can be increased to 97.6 % if a

second DC/DC converter is connected in parallel. The maximum efficiency of 97.7 % is achieved at 25 %

of the nominal load, whereas 20.8 % (12.1W) of the losses are generated in the AC/DC stage and 79.2 %

(45.9W) in the DC/DC stage. As already mentioned, in order to improve the low load behavior of the

I2AFM PFC rectifier, the second DC/DC stage is turned off when the load current is below a certain limit

and therefore the efficiencies of both implementations, with either one or two DC/DC converters, are the

same (cf. Fig. 7(a)).
In contrast, the achievable efficiency of the IMY-rectifier is considerably lower, which is 95.3 % if only

one MOSFET is used per switch and 96 % if two parallel MOSFETs are used per switch [5] (cf. Fig. 7(a)).
The main reasons for the difference in efficiency can be found in the conduction losses of the input diode

rectifier, the full-bridge and the transformer, which in the IMY-rectifier are almost twice to three times

higher than those of the I2AFM PFC rectifier (cf. Fig. 7(b)). In all three cases this can principally be
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Fig. 7: Comparative evaluation of the I2AFM PFC rectifier and the IMY-rectifier, (a) achievable efficiency at

different load conditions, (b) calculated loss distribution at nominal load of 7.5 kW and (c) resulting efficiencies at

nominal load of 7.5 kW with respect to the normalized converter costs considering the power semiconductors and

main passive components.

explained by the higher number of components which are needed in the IMY-rectifier compared to the

I2AFM PFC rectifier; 12 instead of 6 input diodes, 12 instead of 4 switches in the full-bridge and 3

transformers instead of 1 transformer. In addition, each input diode of the IMY-rectifier is conducting the

input current during one half-cycle of the mains voltage, while in the I2AFM PFC rectifier an input diode

is only conducting during one third of the mains period. Hence, due to the same input current amplitude

in both converter topologies, for the IMY-rectifier this results in higher average and RMS currents and

consequently in higher conduction losses. Furthermore, even if in the IMY-rectifier 650V-CoolMOS

devices with a superior low on-state resistance can be used, the three times larger number of switches

results in more than twice the conduction losses in the full-bridge compared to the I2AFM PFC rectifier.

Despite the fact that additional losses are generated in the injection circuit (cf. Fig. 7(b)), the IMY-rectifier

can’t compete in efficiency, since the losses in the injection circuit are moderate compared to the overall

I2AFM PFC rectifier losses (cf. Fig. 7(b)).
Besides the achievable efficiency the comparative evaluation also considers another aspect, namely

the resulting material costs of each PFC rectifier topology. In Fig. 7(c) a normalized cost comparison

considering the costs of the power components is shown, where the prices for the semiconductor devices

and passive components have been extracted from distributor’s data, i.e. the price for 1000 pieces. It can

be noticed that for both PFC rectifier topologies the costs are very similar (difference of only 8 %) if in the

IMY-rectifier only one MOSFET per switch and in the I2AFM PFC rectifier only one DC/DC converter

is used (Fig. 7(c)). Improving the efficiency of both rectifier topologies by approximately 0.6 % (45W),

by either adding a second MOSFET per switch in the IMY-rectifier or a DC/DC converter in the I2AFM

PFC rectifier, increases the corresponding costs by 33 % and 28 %, respectively. This relatively strong

increase in costs clearly shows that the expensive semiconductor devices account for the largest share of

the overall costs.
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5 Conclusions

This paper gives an overview of isolated matrix-type PFC rectifier topologies suitable for facility-level

DC PDA for more efficient telco and data centers. In the comparative evaluation of isolated three-

phase PFC rectifier systems it is shown that matrix-type PFC rectifier topologies offer the advantage of

performing PFC functionality and galvanic isolation in a conversion single-stage. On the one hand, this

potentially enables higher system efficiency compared to two-stage concepts and on the other hand, the

bulky mains transformer, which is typically used in existing power distribution systems, can be omitted.

Furthermore, in this paper a new isolated matrix-type PFC rectifier topology is proposed, the I2AFM

PFC rectifier. The I2AFM PFC rectifier features an indirect matrix converter structure which basically is

a combination of an AC/DC stage and a subsequent DC/DC stage without intermediate energy storage

elements. The rectification with PFC functionality is performed with a simple three-phase diode rectifier

circuit with an additional injection circuit, the IAF-rectifier. The major advantages of the IAF-rectifier are

the relatively low implementation effort with the low component count, the simple modulation scheme

and its high efficiency.

The performance of the designed I2AFM PFC rectifier is evaluated in comparison with the phase-modular

IMY-rectifier, which is also a promising solution for the realization of the active front end of the DC PDA.

It is shown that with the proposed I2AFM PFC rectifier an almost 2 % higher efficiency can be achieved

compared to the IMY-rectifier, even if the material costs are approximately the same. With a single DC/DC

output stage of the I2AFM system the achievable efficiency at nominal load is 97 %, and can be improved

up to 97.6 % if a second DC/DC converter is used in parallel. Future work includes the realization of a

7.5 kW laboratory prototype to experimentally verify the presented converter performance.
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Abstract—This paper presents an analysis and comparison of 
isolated topologies for bidirectional fuel cell systems. The 
analyzed topologies are the dual active bridge (DAB) and the 
isolated full bridge boost converter (IFBBC). The analysis is 
performed based on the component stress factor (CSF). Results 
highlight that the DAB has lower CSF than the IFBBC for 
narrow converter operating points. On the other hand the IFBBC 
presents a more homogeneous CSF over the entire converter 
operating range. Finally, experimental results obtained from a 
30-80 V 80 A 6 kW 40 kHz IFBBC are presented. The converter 
achieves efficiencies up to 98.2% and 97.45% depending on the 
converter power flow. 

Keywords—Dual Active Bridge (DAB), Isolated full Bridge 
Boost Converter (IFBBC), Component Stress Factor (CSF), High 
Efficiency, Bidirectional Fuel Cells. 

I.  INTRODUCTION 
Power converter’s efficiency has been one of the major 

driving forces in power electronics especially over the last two 
decades. The latest developments in the power semiconductor 
technologies allowed developing converters with efficiency 
above 98% even with isolated topologies [1],[2]. However, 
selecting the latest silicon carbide (SiC) power semiconductors 
[3] it is not sufficient to achieve high efficiency. It is necessary 
to perform an analysis and optimization of different solutions 
in terms of converter topology, power semiconductors, 
magnetic component design as well as converter optimization. 

Large scale integration of renewable energies requires grid 
tie energy storage to balance the energy production and 
consumption [4]. For these applications bidirectional fuel cells 
represent an attractive technology [5]. However, bidirectional 
fuel cells, also called regenerative or reversible fuel cells 
(RFCs), have wider operating conditions than conventional 
unidirectional fuel cells. Choosing the most suitable topology 
that can guarantee good performance over the entire system 
operating range is always troublesome and challenging. This is 
especially true for fuel cells applications where power 
converters are expected to operate at low-voltage and high-
current levels. 

This paper presents an analysis of two isolated dc-dc 
converter topologies: the isolated full bridge boost converter 
(IFBBC) [2] and the dual active bridge (DAB) [6]. The two 
topologies are analyzed in terms of component stress factor 
[7],[8] and compared based on the converter specifications for 
bidirectional fuel cell applications. Based on the analysis, a 
6 kW bidirectional dc-dc IFBBC has been developed. The 
converter prototype achieves peak efficiencies of 98.2% and 
97.45% depending on the converter power flow. 

II. SYSTEM ANALYSIS AND SPECIFICATIONS  
An energy storage bidirectional system based on 

regenerative fuel cells requires high efficiency dc-dc and dc-ac 
converters to effectively operate the system at its maximum 
performance. The cell technology strongly affects the system 
topology in fact, the voltage of a single cell is too low to 
realized multi-kW energy storage systems. It is necessary to 
stack several cells to achieve voltage levels that can better be 
processed by multi-kW power converters. Stacking a large 
number of cell increases the manufacturing challenges, such as 
homogeneous operating conditions of the cells stack and fuel 
pressure equalization. Moreover, not all fuel cells are suitable 
for bidirectional operation since operating in the two modes 
could significantly change the stress conditions of the cells and 
affect their reliability.  

Based on a close cooperation with a large fuel cells 
manufacturer, it was determined that new solid oxide cell 
technology can be operated in both fuel cell mode (SOFC) and 
electrolyzer cell mode (SOEC). Table I shows the dc-dc 
converter specifications, which are defined based on a 
laboratory prototype of SOFC/SOEC cells stack. A 50 kW 

TABLE I 
SOFC AND SOEC DC-DC CONVERTER SPECIFICATIONS 

 SOFC SOEC 
Low Voltage (LV) side 30-50 V 50-80 V 
Current (LV) side 40-0 A 0-80 A 
High Voltage (HV) side 700-800 V 700-800 V 
Power Rating ~1500 W ~6000 W 



 

system for grid connected energy storage applications is 
presented in [9]. The system is composed by 10 cells stacks 
and each stack has a dc-dc converter. The operating mode of 
the system (SOFC or SOEC) determines the operating 
conditions of the dc-dc converter (I-V curve, [9]) and therefore, 
the system efficiency for the different operating points.  

III. ISOLATED TOPOLOGIES FOR BIDIRECTIONAL FUEL 
CELLS SYSTEMS: SELECTION AND ANALYSIS 

Different isolated topologies can be candidate for energy 
storage systems based on bidirectional fuel cells. However, 
resonant topologies have difficulties to achieve suitable high 
efficiency when the converter ports voltage varies significantly 
(e.g. in this application by a factor 2.6). Another factor that 
influences the selection of the topology is its complexity in 
terms of number of power semiconductors, passive components 
and control. All these parameters will significantly affect also 
the cost of the converter and the economical sustainability of 
the system.  

The results from the analysis of different isolated dc-dc 
converter topologies highlighted two candidate topologies 
suitable for the system: the isolated full bridge boost converter 
(IFBBC) and the dual active bridge (DAB). 

A. Isolated Full Bridge Boost Converter (IFBBC) 
The IFBBC topology shown on Fig. 1, has proved to 

achieve efficiency up to 98% [2] in fuel cell applications. The 
main CCM operating waveforms are presented in Fig. 2. The 
boost inductor  is the component that controls the 
energy transfer from the converter low voltage side to the high 
voltage side and it has to handle the high current level  on 
the converter low voltage side. Given an operating point, the 
duty cycle (0.5<D<1) is calculated according to (1). 

 (1) 

For a given converter switching frequency fSW=1/TSW, the 
maximum and minimum boost inductor currents are expressed 
by (2) and (3) respectively. The transformer rms current of the 
low voltage side (4) can be calculated using (2) and (3). 

 (2) 

 (3) 

 (4) 

By neglecting the ripple in the boost inductor, it is possible 
to simplify (4) obtaining the transformer current in the low 
voltage winding as shown in (5). 

 (5) 
 

Assuming ideal current distribution in the converter 
switches, during the intervals t0-t1 and t2-t3 each switch on the 
converter low voltage side carries ILV/2. During the intervals 
t1-t2 and t3-Tsw the full ILV current flows through the switch. 
This results that the rms current of the low voltage side 
switches can be calculated as in (6). 

 (6) 

The rms current of the high voltage side transformer 
winding and of the high voltage switches is expressed as a 
function of the current in the low voltage winding as in (7).  

 (7) 

B. Dual Active Bridge (DAB) 
In the DAB topology, shown in Fig. 3, the power flow is 

controlled through the ac-inductance in series with the 
transformer. Phase-shift modulation allows controlling the 
power flow in the converter with the phase-shift angle. By 
defining  the phase-shift angle between the primary full 
bridge and the secondary full bridge, the power transfer 
between the low-voltage and the high voltage sides of the 
converter can be expressed as in (8). The maximum power 
transfer is achieved for ; it can be observed that large 

 
Fig. 1  IFBBC topology. 

 
Fig. 2  IFBBC CCM main operating waveforms. 



 

values of the Lac would limit the maximum power flow in the 
converter. 

 (8) 

Defining the voltage transfer ratio as in (9) allows 
expressing the transformer current at time intervals t0 and t1 
as in (10) and in (11) respectively.  

 (9) 

 (10) 

 (11) 

The symmetry of the transformer current (12) allows 
expressing the rms transformer low voltage side current as in 
(13). The transformer current on the high voltage winding is 
related to the rms current on the transformer low voltage side 
by the turns ratio n. The ac-inductor current rms current is the 
same as the rms current of the transformer low voltage side 
winding. It is a common design procedure to integrate the ac-
inductor in the transformer by tuning the transformer leakage 
inductance.  

 (12) 

 (13) 

The rms current of both low voltage and high voltage 
switches is defined as a function of the transformer low voltage 
windings rms current as in (14). 

 (14) 

IV. COMPONENT STRESS FACTOR ANALYSIS 
Component stress factor (CSF) is an analytical method used 

to evaluate and compare different converter topologies for a 
specific application. The method provides an estimation of the 
converter stresses and gives a quantitative measure of converter 
performance. The CSF method is similar to the component load 
factor (CLF) [4],[5], the difference in the two methods lies in 
how the individual and total components are calculated. In 
order to perform a fair comparison of the topologies, CSF 
assumes that the same amount silicon, magnetic material and 
capacitor volume are used on the analyzed topologies. This is 

ensured by applying weighting factors to each component. The 
CSF analysis is performed based on three separate components: 
the semiconductor component stress factor (SCSF) (15), the 
winding component stress factor (WCSF) (16) and the 
capacitor component stress factor (CCSF) (17). The total stress 
over the different components is computed separately by 
adding together the relative components of the semiconductors 
(18), windings (19) and capacitors (20).  

The different CSF values are calculated based on the 
devices voltages and rms currents. For power semiconductors 
the maximum voltage that the devices have to withstand over 
the entire converter operating range is considered. For 
wounded components, such as inductors and transformers,  
represents the maximum averaged value (based on duty cycle). 
For capacitive components  is the maximum peak value. All 
the CSF values are scaled with the processed power, making 
the CSF a dimensionless quantity. 

 (15) 

 (16) 

 (17) 

 (18) 

 (19) 

 (20) 

In (15)-(17)  represent the total available resources 
for each component and  represent the amount of resources 
assigned to the specific component. In order to minimize the 
different CSF values, the resources can be differently 

 

Fig. 3  DAB topology. 

 

Fig. 4  DAB main operating waveforms with phase-shift modulation. 



 

distributed by using the  weighting factors however, as first 
iteration the resources are supposed equally distributed. In 
(18)-(20) each component represents a specific stress; 
therefore, a CSF comparison requires to compare only 
components of the same type.  

A. CSF Analysis for the Candidate Topologies 
The results from the CSF analysis are presented in Fig. 5. 

The plots are shown as function of the converters operating 
voltages and currents on the low voltage side. The converter 
voltage on the high voltage side is fixed at 750 V and a 
summary of the dc-dc converter specifications used for the 
analysis is presented in Table II. The maximums values have 
been limited in order to have more comprehensive plots.  

From Fig. 5 it can be observed that the values of the 
IFBBC’s CSF (SCSF, WCSF and CCSF shown in Fig. 5a, 5b 
and 5c respectively) increase as the converter operating voltage 
on the LV-side decreases and the values are independent on the 
operating current. The transformer turns ratio also affects the 
values of the CSF; in the case of the IFBBC, the transformer 
turns ratio n=8 is chosen in order to minimize the voltage stress 
on the LV-side power semiconductors. Similarly, the SCSF, 
WCSF and CCSF values for the DAB topology are presented 
in Fig. 5d, 5e and 5f respectively. In this case, all the CSF 
values vary with both converter voltage and current. This is due 
to the variation of the phase-shift angle that controls the power 
flow in the DAB. For all the CSF values of the DAB, there is a 
minimum defined by the transformer voltage transfer ratio 
between primary and secondary. In this case, the optimal 
transformer ratio n=14 was selected in the middle of the 

converter voltage operating range on the LV-side. By varying 
the number of transformer turns, it is possible to move the CSF 
minima to other converter operating points.  

There is a major difference in the distribution of the CSF 
values within the two analyzed topologies: for specific 
operating points, the minimum value of SCSF and CCSF is 
lower for the DAB topology compared to the IFBBC. 
However, the IFBBC has lower WCSF over the entire 
converter operating range. In all the CSF values the DAB has a 
minimum at 54 V and 7 A; while, the IFBBC has always a 
minimum at 80 V on the converter LV-side. The major 
difference in the CSF values is observed for the WCSF: the 
IFBBC has very low WCSF while these values for the DAB 
are large due to the large ac-currents and voltages that 
continuously stress the magnetic components. The CSF values 
of the IFBBC increase at low voltage levels; this trend is 
homogeneous over the entire converter operating range. On the 
other hand, in the DAB, the CSF values widely increase 
especially at low current levels, when the converter is operating 
outside its optimal voltage transfer ratio, e.g. 54 V with n=14.  

(a)  (b)  (c)  

(d)  (e)  (f)  

Fig. 5  IFBBC topology CSF: SCSF in (a), WCSF in (b) and CCSF in (c). DAB topology CSF: SCSF in (d), WCSF in (e) and CCSF in (f). Black dots in (d) and 
in (f) represent the intersection between the IFBBC CSF and the DAB CSF values. 
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TABLE II 
DC-DC CONVERTER PARAMETERS FOR CSF ANALYSIS 

LV-side voltage 30-80 V 
LV-side current 0-80 A 
HV-side voltage 750 V 
Transformer turns ratio 8 (IFBBC), 14 (DAB)  

 



 

In order to select the most suitable topology, it is not only 
necessary to perform a CSF analysis, but it is also necessary to 
consider the overall system in which the dc-dc converter is 
expected to operate. Based on the cells stack characteristics 
presented in Section II, an I-V curve of the cell stack is built 
for both SOFC and SOEC operating modes [9]. The I-V model 
is used to determine all converter operating points. The 
converter CSF values are computed and averaged for all SOFC 
operating points and for all SOEC operating points. The 
obtained CSF values for SOFC and SOEC operation of the dc-
dc converter are presented in Table III.  

From the averaged CSF values it is interesting to observe 
that for both system operating modes (SOFC and SOEC) the 
average CSF of the IFBBC is significantly lower than the 
DAB. The IFBBC’s average SCSF in FC-mode is 1/4 of the 
DAB’s average SCSF in the same mode. The difference in 
average SCSF is to 1/2-1/3 in EC-mode. Similar differences are 
observed also in the average CCSF values. The IFBBC’s 
average CCSF is about five times lower in FC-mode than the 
DAB; this difference is reduced down to three times for the EC 
operating mode. The largest difference is observed in the 
magnetic components stress factor, in this case the IFBBC has 
an average WCSF which is almost 1/20th in FC-mode and 
1/10th in EC-mode compared to the DAB’s average WCSF. 
The DAB has a high average WCSF due to the ac current 
circulating in the transformer windings and to the fixed duty 
cycle of the phase-shift modulation. 

On overall, the IFBBC has lower CSF values and a more 
homogeneous variation over the entire converter operating 
range. It should be observed that for fixed operating points the 
DAB would be preferable. However, when computing 

averaged values, the large CSF values that are observed in non-
optimal operating points of the DAB give large contribution 
and therefore, they have a large weight on the overall average. 

V. EXPERIMENTAL PROTOTYPE OF A ISOLATED FULL 
BRIDGE BOOST CONVERTER 

The dc-dc converter for fuel cells is expected to operate 
with a variety of cells stacks; therefore the dc-dc converter is 
required to operate over the entire I-V specification in Table I. 
This requirement is necessary since the SOEC/SOFC 
technology if not fully mature and variations in the I-V 
characteristics are expected. Moreover, the I-V curve of 
SOEC/SOEC stacks depends also on the stack operating 
conditions (temperature, fuel composition, etc.). The IFBBC 
topology is selected since it has a more homogenous 
distribution of the CSF thus, a more homogeneous distribution 
of the converter efficiency is expected. 

The converter prototype of a high efficiency IFBBC for 
bidirectional fuel cells, shown in Fig. 6a, has been developed 
and tested. The initial converter prototype was based on Si 
MOSFETs, Si IGBTs and SiC diodes. This prototype was 
capable of achieving efficiencies up to 97.8% and 96.5% 
[9][10] depending on the power flow direction. The converter 
was then updated with SiC MOSFETs in the full bridge of the 
converter HV-side. Its main operating waveforms at 60 V 80 A 
are shown in Fig. 6b and a summary of the converter 

(a)              (b)  

Fig. 6  IFBBC prototype highlighted its main components (a) and main operating waveforms at 60 V 80 A (b). 

TABLE IV 
IFBBC DC-DC CONVERTER CHARACTERISTICS 

Voltage primary side (LV) 30-80 V 
Maximum current primary side 80 A 
Voltage secondary side (HV) 700-800 V 
Maximum power 2400-6400 W 

Low Voltage (LV) side MOSFETs 120V 4.1m  TK72E12N1 
2 in parallel 

High Voltage (HV) side SiC MOSFETs SCT30N120 SiC MOS 
C4D15120 SiC diode 

Inductor  20 μH 
Inductor core size/material 3xE6030 KoolMu 90-26-90 
Turn ratio n 1:8 
Transformer core size/material 2xE64 pairs/Magnetics R 
Switching frequency 40 kHz 

 

TABLE III 
AVERAGE CSF VALUES DEPENDING ON THE OPERATING MODE 

Topology SCSF WCSF CCSF 
IFBBC FC-mode 217.8 6.5 11.3 
DAB FC-mode 816.3 153.1 51.0 
IFBBC EC-mode 109.0 5.5 5.3 
DAB EC-mode 259.7 48.7 16.2 

 



 

characteristics is presented in Table IV. The converter 
magnetics are based on custom planar cores in high frequency 
ferrite for the transformer (Magnetics R-type material) and in 
distributed gap material (Magnetics KoolMu) for the boost 
inductor. 

The new converter based SiC active switches is capable of 
achieving efficiencies up to 98.2% when operating in fuel cell 
mode (power flow from the converter LV-side to the HV-side) 
and up to 97.45% with reversed power flow, as shown in 
Fig. 7a and 7b respectively. The highest dc-dc conversion 
efficiencies are always measured with a current of ~40 A and at 
the highest converter voltage on the LV-side (80 V). At the 
lowest voltage on the LV-size (30 V) the converter achieved an 
efficiency above 96% and 95% depending on the direction of 
the converter power flow, as shown in Fig. 7a and 7b. 

VI. CONCLUSIONS 
This paper presents a component stress factor (CSF) 

analysis of the isolated full bridge boost converter (IFBBC) 
and of the dual active bridge (DAB) operating with phase-shift 
modulation. The analysis focuses on bidirectional dc-dc 
converters for fuel cell applications since they require wide 
operating voltage and current ranges.  

The analysis highlights that the DAB has a lower absolute 
CSF however, the CSF in the DAB rapidly increases as the 
operating conditions deviate from the optimal operating point. 
In the DAB, the CSF varies along with both converter voltage 
and current; while in the IFBBC it depends only on the 
converter operating voltage. The IFBBC has a lower at average 
CSF which is also independent from the converter current. The 
bidirectional fuel cell I-V characteristic has been used to 
compute an average CSF for both fuel cell and electrolyzer cell 
operating modes. This highlighted that the IFBBC is a 
preferable topology for wide operating voltage ranges.  

A 6 kW (30-80 V 80 A boosted up to 700-800 V) converter 
prototype of an IFBBC has been developed. The converter is 

based on high current fully planar magnetics and is capable of 
achieving peak efficiency of 98.2% in fuel cell mode and of 
97.45% in regenerative mode. 
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Fig. 7  Measured efficiency of the IFBBC prototype for fuel cell operating mode (a) and for electrolyzer cell operating mode (b). Peak efficiency in SOFC mode 
98.2% and in SOEC mode 97.45%. Darkened area indicates current limitation of the dc-dc converter. 



Component Stress Factor: Analysis of Dual Active Bridge and Isolated Full
Bridge Boost Converter for Bidirectional Fuel Cells Systems

110/223



Appendix E
Analysis of DC/DC Converter
Efficiency for Energy Storage

System Based on Bidirectional
Fuel Cells

IEEE 4th European Innovative Smart Grid Technologies (ISGT 2014)

111/223



Analysis of DC/DC Converter Efficiency for Energy 
Storage System Based on Bidirectional Fuel Cells 

Riccardo Pittini, Zhe Zhang and Michael A.E. Andersen 
Technical University of Denmark 

Dept. of Electrical Engineering 
Oersteds Plads 349 

Kgs. Lyngby, Denmark 
ripit@elektro.dtu.dk, zz@elektro.dtu.dk, ma@elektro.dtu.dk 

 
Abstract—Renewable energy sources are fluctuating depending 
on the availability of the energy source. For this reason, energy 
storage is becoming more important and bidirectional fuel cells 
represent an attractive technology. Fuel cells require high-
current low-voltage dc-dc or dc-ac converters as power interface 
to the grid. In power electronics, the converter efficiency is 
characterized at fixed operating voltage for various output 
power. This type of characterization is not suitable for fuel cells, 
since as the power from the fuel cell increases, the cell voltage 
decreases. This paper analyses how the fuel cell I-V 
characteristics influences the power electronics converter 
efficiency and their consequence on the overall system. A load-
dependent efficiency curve is presented based on experimental 
results from a 6 kW dc-dc converter prototype including the 
most suitable control strategy which maximizes the dc-dc 
conversion efficiency. 

Index Terms—Fuel cells, Energy storage, Smart grids, Dc-dc 
power converters, Energy efficiency. 

I. INTRODUCTION 

Renewable energy sources are expected to play and 
important role in the future energy market. However, large 
scale integration of dynamic renewable energy sources 
introduces new stress on the old electric grid. Most of the 
renewable sources are unpredictable (e.g. wind, solar and tidal 
energy) leading to an increasing need for sustainable grid-tie 
energy storage. Bidirectional fuel cells, often referred as 
regenerative fuel cells (RFCs), represent an attractive 
technology capable of storing energy with high energy density 
since, electricity is stored as a fuel [1]. Conventional fuel cells 
are based on polymer electrolyte membrane (PEM); these cells 
are not suitable for bidirectional operation and they are often 
combined with supercapacitors or batteries for increasing the 
system performance [2][3].High temperature solid oxide fuel 
cells /electrolyzer cells (SOFC /SOFC) have been proven to be 
capable of operating bidirectionally and with high efficiency 
making this technology particularly interesting for large scale 
integration of grid-tie energy storage. 

One of the main challenges of RFCs is related to the 
manufacturing and design of the cells. Designing high power 

stacks of RFCs is challenging in terms of reliability, long term 
degradation and fuel /gas-pressure equalization. Moreover, as 
the number of series stacked cells increases, higher is the 
probability that the single cell stresses vary since the same 
current flows through all the cells (series connection) and 
different degradation rates are expected to be observed. Dc-dc 
and dc-ac converters are used for power conditioning in order 
to avoid too large cells stacks and for properly utilizing the 
stacks at the desired operating point. In an energy storage 
system based on RFCs the power flows through the dc-ac and 
dc-dc converters every time energy is produced or stored, 
Fig. 1. For this reason, the system efficiency is strongly 
dependent on the power converters efficiency. Having a 
dedicated dc-dc converter for each cell stack is advantageous 
in order to allow controlling each cells stack at a different 
operating point and allowing high system efficiency since 
each dc-dc converter is optimized for the single RFC stack. 

In most of power electronics applications, dc-dc and dc-ac 
converters efficiency is characterized at different voltage and 
power levels [4]. This type of characteristic does not take into 
account the nature of the source which can strongly affect the 
operating point and efficiency of the converter. In fact the I-V 
characteristic of the RFC stack determines the dc-dc converter 
operating points and, therefore, efficiency characteristic. This 
paper presents the efficiency characteristics of an experimental 
dc-dc converter for RFCs rated at 6 kW. The dc-dc converter 
efficiency is discussed in relation to peak and infield 
efficiencies. The converter prototype is capable of a peak 
efficiency of 97.8% however, the I-V characteristics of the 
RFC stack limits its efficiency to 96.8% at best. A new 
efficiency characterization of dc-dc converter based on I-V 
characteristics of the RFCs is proposed. Moreover, a 
comparison of the calculated and experimental efficiency is 
presented and discussed.  

II. SYSTEM TOPOLOGY FOR RENEWABLE ENERGY 

STORAGE BASED ON FUEL CELLS 

There are several system topologies that would be suitable 
for grid-tie energy storage systems based on bidirectional fuel 
cells. The system configuration and system components will 
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affect the performance and controllability of the system. The 
case scenario is a 50 kW energy storage system based on 
SOFC /SOEC cells, Fig. 1. The selected system topology 
considers a single grid-tie inverter however, for better system 
performance at low power levels, small paralleled inverters are 
recommended.  

In the analyzed case each cell stack is composed of 
50 solid oxide fuel cells /electrolyzer cells (SOFC /SOEC) 
capable of operating up to 75 V 80 A in SOEC mode and up to 
35 V 40 A in SOFC mode (50 cell stack). The maximum 
continuous power that the cells can handle is about 5-6 kW in 
SOEC and 1.5 kW in SOFC; higher power and current would 
reduce the lifetime of the cells stack. The cells stack 
characteristics represent the minimum requirements for the dc-
dc converter design. Each cells stack has its own dc-dc 
converter in order to have optimal control and monitoring of 
each cells stack. During high energy production the system is 
operated in SOEC mode while during low energy production 
the system operates in SOFC mode. This type of operation 
mode also reflects the electricity spot price (low spot price 
when there is a surplus of energy production and vice versa 
when the energy production is low). An additional energy 
storage element is added to the system in order to compensate 
the low dynamic behavior of the SOFC /SOEC cells. This 
element increases the dynamic response of the system but also 
increases the system cost. 

III. DC/DC CONVERTER: BIDIRECTIONAL ISOLATED FULL 

BRIDGE BOOST CONVERTER 

The influence of the dc-dc converter efficiency is analyzed 
based on a developed prototype of an isolated full bridge boost 
converter (IFBBC [5]), Fig. 2a. This topology proved to be 
suitable for fuel cell applications achieving very high 
efficiency up to 98% at low voltage and high current [4]. One 
of the main drawbacks of the selected topology is its startup 
problem when the output voltage (inverter side) is lower than 
the specified minimum voltage [6]. Several solutions have 
been proposed to solve this issue [7][8] however, the selected 
system topology is not affected by this issue since the control 
loop of the grid tie inverter maintains the high voltage bus in 
the specified range. 

The converter is designed according to the RFCs 
specifications on Table I. The developed converter is 
characterized by a low voltage side (RFCs interface) of 30-
80 V and 0-80 A, while the high voltage side is defined at 
700-800 V for a 400 Vrms grid-tie inverter. The converter has 
a maximum power of ~6 kW limited by the maximum current 
on the low voltage side and a switching frequency of 40 kHz, 
Fig. 2b. The developed dc-dc converter prototype is based on 
fully planar magnetics (Kool Mu material for the boost 
inductor and R type material for the transformer, both from 
Magnetics). The power devices on the low voltage side are Si 
MOSFETs (IPP041N12N3) and on the high voltage side are 
Si IGBTs (IGW15N120H3) with SiC diodes (C4D15120A) in 
antiparallel. The converter efficiency is characterized by 
laboratory measurements at different voltage levels for the 
RFCs side (30-80 V) and for both power flow directions. The 
high voltage dc-bus was kept constant at 750 V. 

Fig. 1. Overview of the energy storage system based on bidirectional 
fuel cells. 

TABLE I 
SOFC AND SOEC DC-DC CONVERTER SPECIFICATIONS 

 SOFC SOEC  
Low Voltage (LV) side 30-50 50-80 [V] 
Current (LV) side 40-0 0-80 [A] 
High Voltage (HV) side 700-800 700-800 [V] 
Power Rating ~1500 ~6000 [W] 

 

(a)      (b)  
Fig. 2. Developed prototype of the dc-dc converter (a) and switching waveforms (b) at 60 V 40 A on the low voltage side and 750 V on the high 

voltage side in SOFC mode. Ch.1(yellow): Vce,IGBT (350 V/div), Ch.2(red): Vds,MOSFET (50 V/div), Ch.3(blue): ILV inductor,AC (10 A/div), 
Ch.4(green): IHV,transformer (5 A/div). Time 5μs/div. 

Ch.1: Vce,IGBT (350 V/div) Ch.3: ILV inductor,AC (10 A/div) 

Ch.4: IHV,transformer (5A/div) Ch.2: VDS,MOSFET (50 V/div) 

GRID 
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IV. INFLUENCE OF DC/DC CONVERTER EFFICIENCY ON 

SYSTEM PERFORMANCE 

In power electronics dc-dc and dc-ac converters efficiency 
is often characterized as a function of the output power for 
different input voltage levels [4]. This type of characterization 
is commonly used for solar inverters, converters for wind 
power and also for commercial power adapters. The 
conventional characterization [4] does not take into account 
the surrounding system around the dc-dc converter and 
therefore, the impedance of the energy source; the converter 
efficiency can vary due to different operating conditions 
depending on the application. As the current from the fuel cell 
increases, its terminal voltage decreases and the dc-dc 
converter efficiency is typically reduced. When the fuel cell is 
operated as an electrolyzer cell, the cells stack terminal 
voltage increases as the current and the power increase. For 
this reason two types of converter characterization are 
presented: a conventional one and a load dependent one that 
takes into account the nature of the source. 

A. Modeling and Simulation Method 

The methodology used for the analysis is based on 
experimental measurements and results. A dc-dc converter 
was designed and prototyped; its performance in efficiency 

terms was characterized based on a conventional efficiency 
characterization [4]. The RFC parameters and model were 
extracted from measurements on RFC prototypes. The models 
were combined in order to obtain an efficiency 
characterization of the dc-dc converter that includes the source 
impedance. As a last step, the dc-dc converter efficiency was 
compared and validated with the calculations performed 
during the design phase of the dc-dc converter (a MATLAB 
script was used to perform the calculations and estimate the 
dc-dc converter efficiency). 

B. Efficiency Characterization of the Converter Prototype 

The developed converter prototype, Fig. 2a, is 
characterized for the entire voltage range on the RFCs side 
(30-80 V). The high voltage side is fixed to 750 V (constant) 
since it is connected to a dc-ac converter and its control loop 
maintains the dc-link voltage constant. The power flow 
direction affects the efficiency. When the power flow is from 
the low voltage to the high voltage side (SOFC), the power 
flows through the low voltage MOSFETs and then through the 
SiC diodes. Vice versa, when the power flow is reversed, on 
the high voltage side the power flows through the Si IGBTs 
and on the low voltage side through the MOSFETs (active 
rectification). 

(a)  (b)  
Fig. 4. Measured dc-dc converter efficiency for SOFC (a) and SOEC (b), 30-80 V and 0-6000 W. Measured values have been interpolated in order to 

obtain an efficiency surface plot. Darkened area represents a forbidden operating condition for the dc-dc converter (current overload). 

(a) (b)  
Fig. 3. Measured dc-dc converter efficiency for SOFC (a) and SOEC (b), 30-80 V and 0-6000 W. 
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It is observed that in SOFC mode, Fig. 3a, the converter 
efficiency is significantly higher than in SOEC mode, Fig. 3b. 
This is explained by the fact that in SOEC mode the power 
flows through the IGBTs and these devices generate a 
significant amount of losses (both conduction and switching 
losses). As expected, as the voltage on the RFC converter port 
increases also the converter efficiency increases for the same 
power level. In this case, the conduction losses decrease as 
well as the switching losses. At low input voltages the 
maximum power is limited by the maximum converter current 
(e.g. Fig. 3a and Fig. 3b 30 V characteristics). With this 
conventional characterization the converter peak efficiency is 
about 97.8% in SOFC mode and 96.8% in SOEC mode 
(including the power required for the gate drivers and the 
control). The measurements are imported in MATLAB and 
interpolated for obtaining the complete efficiency 
characteristic of the converter prototype (Fig. 4a and Fig. 4b). 

C. Introducing the RFCs Model into the Efficiency 
Characterization 

The RFC stack model is introduced to determine the 
converter efficiency in a real application scenario. Based on 
the SO-cells I-V characteristic (Fig. 5) it is observed that the 
electrical behavior of the cells stack is like a voltage source 
with a series impedance. Since the RFC stack is composed of 
50 series connected cells, the series impedance will be the sum 
of the series impedance of the single cells. The model series 

impedance is dominated by the resistive component which is 
will determine the static I-V characteristic of the RFC stack, 
Fig. 5. The I-V characteristics of the RFC stack is determined 
based on the I-V characteristics of single cells; this results in a 
stack open circuit voltage (OCV, Fig. 5) of 46.3 V and a series 
resistance (RSO) of 0.3125 . These parameters for the SO-
cells stack are obtained from measurements performed on two 
sample stacks of 10 and 20 cells. 

This simple model is included in the original efficiency 
measurements to determine the dc-dc converter efficiency 
when this is connected to the RFC stack. The dc-dc converter 
will never operate in all possible cases presented on Fig. 4a 
and Fig. 4b, but it will only operate on a line that describes the 
I-V characteristics of the RFC on the surfaces of Fig. 4a 
(SOFC mode) and Fig. 4b (SOEC mode). This line is plotted 
in 2D, Fig. 6a, giving a clearer view on the real dc-dc 
converter efficiency when connected to the RFC. It becomes 
clear that even if the dc-dc converter has a peak efficiency of 
97.8 %, in the real application its maximum efficiency is 
limited to 96.4% in FC-mode and 95.9% in EC-mode 
(Fig. 6a). 

In the presented characteristics it is observed that positive 
power flow in Fig. 6a indicated that the system is operating in 
SOEC mode vice versa for negative power flow the system 
operated in SOFC. The efficiency dip at low power levels is 
caused by the low power processed by the dc-dc converter. 

(a)             (b)  
Fig. 6. (a) Measured dc-dc converter efficiency including model of the cells stack and (b) comparison of the measured and calculated dc-dc converter 

power loss. 
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Even though the overall converter losses are low they 
represent a large component in the overall power processed by 
the converter. The new presented characteristics can be used 
for operating the system around its maximum efficiency and 
obtaining better system performance. 

D. Dc-dc Converter Modeling and Analysis  

During the design phase the different components of the 
converter losses were analyzed in detail. The loss calculations 
for the magnetic components were based on the generalized 
Steinmetz equation (GSE [9]) and on Dowel’s equations for 
taking into account ac-resistances in the inductor and 
transformer windings, [10]. The switching losses of the 
MOSFETs (power semiconductors on the RFC stack side) are 
calculated based on inductive driven commutation [11]. On 
the high voltage side the losses are calculated based on 
datasheet values and on switching loss reference 
measurements [12]. The calculated converter efficiency is 
compared to the measured one and the dc-dc converter losses 
are presented on Fig. 6b. It is observed that there is a good 
match between the two curves in Fig. 6b; this indicated that it 
is possible to predict the converter efficiency with fair 
accuracy. A mismatch is observed especially at low power 
levels where power semiconductor switching losses and 
inductive component core losses are dominating. This is due 
to the simplifications used in the models that assume fixed 
components operating temperature while in a converter 
prototype temperature varies continuously depending on the 
converter operating point.  

E. High Dc-dc Efficiency System Operation 

It is desirable to operate the system at high efficiency in 
order to have the lowest energy loss in a storage-generation 
complete cycle. In fact, every storage-generation cycle, energy 
flows through the dc-dc converter twice having a strong 
impact on the system performance in both terms of energy 
efficiency and profitability. 

For this reason, the presented system in Fig. 1 has to be 
operated in order to have the highest number of sub-systems 
operating close to their maximum efficiency. In each sub-
system maximum dc-dc electrical efficiency is defined by the 
characteristics on Fig. 6a (500-1500 W for SOFC and 1500-
5500 W for SOEC). Having wide windows with high dc-dc 
conversion efficiency increases system controllability and 
efficiency for various power levels. A flat dc-dc converter 
efficiency curve represents a good converter design however, 
this is especially challenging in SOFC mode. Operating each 
subsystem at low power levels (range 0-500 W) would not 
result in a good overall system efficiency since the low dc-dc 
converter efficiency at this point would significantly impact 
the overall system efficiency.  

In this application, the realized converter prototype has 
peak efficiencies of 95.9% and 96.4% depending on the 
converter operating point. Since efficiency is one of the major 
concerns for this application, the replacement of the high 
voltage power semiconductors with SiC JFETs or SiC 
MOSFETs would be beneficial in order to further increase the 
dc-dc converter efficiency. However, this will significantly 
increase the cost of the dc-dc converter due to the more 
expensive power devices and gate drivers [13]. 

CONCLUSIONS 

The paper presented an energy storage system for 
renewable energy applications based on regenerative fuel 
cells. A high efficiency dc-dc converter prototype was 
presented and experimentally characterized in efficiency 
terms. The influence of the dc-dc converter efficiency was 
discussed and a new dc-dc converter load-dependent 
efficiency curve was presented. The converter has peak 
efficiencies of 97.8% and 96.8% depending on the power flow 
direction. The paper highlight that load-dependent converter 
efficiency is a key factor for having high system efficiency 
and the I-V characteristics limits the converter efficiency to 
96.4% in fuel cell mode and to 95.9% in electrolyzer cell 
mode. 
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Abstract— In power electronics there is a general trend to 
increase converters efficiencies and power densities; for this 
reason new power semiconductors based on materials such as 
Silicon Carbide (SiC) and Gallium Nitride (GaN) are becoming 
more popular. This is especially valid for renewable energies 
applications where the generated energy has a higher cost than 
with conventional energy sources. This paper proposes an 
experimental analysis of the switching performance of a high 
voltage SiC JFET connected in cascade connection with a low 
voltage MOSFET. The analysis focuses on the influence of the 
MOSFET output capacitance on the switching performance of 
the SiC Cascode connection in terms of switching energy loss, 
dV/dt and dI/dt stresses. The Cascode connection switching 
performances are compared with the switching performance 
latest Trench IGBTs. The analysis is based on a set of several 
laboratory measurements and data post-processing in order to 
properly characterize the devices and quantify whether the SiC 
JFET Cascode connection can provide good performances with 
a simple MOSFET gate driver. 

I. INTRODUCTION 
In the last years a large growth of power electronics has 

been experienced mainly driven by the huge interest in 
renewable energy sources and smarter energy use. Moreover, 
in many applications there is and increasing trend to improve 
systems efficiencies supported by state policies and by 
economical benefits.  

Silicon Carbide (SiC) together with Gallium Nitride (GaN) 
have been known to be attractive wide band gap 
semiconductors especially suited for increasing the efficiency 
and power density of switch mode power supplies (SMPS) 
compared to silicon (Si) based SMPS [1]. They have the 
potential of providing power semiconductors characterized by 
high band-gap, higher mobility and higher thermal 
conductivity than Si, leading to lower conduction and 
switching losses, higher breakdown voltage, possibility to 
operate at high temperatures, increased switching frequency 
and power density. 

The recent improvements in the crystal fabrication, 
fabrication yield increases and availability of new low-cost 
power devices based on SiC have made SiC-based power 
semiconductors more competitive [2][3]. However, there are 
still a limited number of power semiconductors available in 
SiC; they are limited to SiC Schottky barrier diodes, SiC 
Junction Effect Field Transistors (JFETs) available in both 
normally-on and normally-off variants, SiC Bipolar Junction 
Transistors (BJTs) [4] and recently SiC Metal Oxide 
Semiconductor Field Effect Transistors (MOSFETs) [5][6].  

SiC-diodes have become price competitive as Si-diodes; 
SiC-diodes are often used as replacement of Si-diodes in 
applications characterized by high efficiency and high voltage 
due to their almost zero-recovery losses at device turn-off [7]. 
SiC JFETs have really become price competitive and they can 
provide very low switching losses and low on-state resistance 
[8]. The main drawbacks related to the use of SiC JFETs are 
related to the driving circuitry: SiC JFETs are voltage driven 
devices with threshold and driving voltages that differ from 
Si-MOSFETs. Moreover, SiC JFETs require a low continuous 
power from the driver (high leakage current) and therefore 
they do not represent a direct and easy replacement for Si-
MOSFETs or Silicon Insulated Gate Bipolar transistors (Si-
IGBTs). The driver complexity [9] and the limited the 
availability of commercial drivers suited for Si-JFETs also 
contribute to limit the device diffusion in different 
applications. The driver issue in terms of continuous power 
from the driver is even worse for SiC-BJTs moreover, the 
limited availability of SiC-BJTs have also reduced their 
success. During 2011, SiC-based MOSFETs has been released 
thorough commercial channels [5]; the devices have with 
similar ratings as SiC JFETs promising good performance 
making the devices suited for significantly increase the 
switching frequency and the power density of power 
electronics converters. However, also in this case to properly 
take advantage of the new device a custom designed driver is 
required and it will probably limit the device diffusion due to 
the lack of commercial available drivers. 
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One common solution for easily driving SiC JFETs require 
using a low voltage MOSFET series connected  with the SiC 
JFET in a Cascode connection [10]. The Cascode allows 
creating a high voltage valve that can be easily driven with a 
simple and commercially available MOSFET driver. The main 
drawbacks of the solution are that requires an additional low-
RDS,on MOSFET which increases the conduction losses and 
has a tendency to oscillations especially at turn-off increasing 
the overall switching losses. 

This paper focuses on performing an analysis based on 
experimental results of the influence of the low voltage 
MOSFET’s output capacitance on the switching performance 
of the SiC JFET Cascode configuration. The analysis focuses 
on switching energy loss, transition times and maximum 
stresses in terms of dV/dt and dI/dt. Moreover, the paper also 
presents a comparison of the switching losses of the Cascode 
SiC JFET configuration with the switching performance of 
recent Trench IGBTs with similar ratings as the Cascode. The 
typical application is a 5 kW DC/DC isolated boost converter 
for fuel cell where the low voltage (~50 V) primary stage is 
designed based on MOSFETs and the high voltage (700-
800 V) stage is designed based on IGBTs or SiC devices. 

II. JFET CASCODE CONFIGURATION 
The circuit showing the SiC normally-on JFET in Cascode 

connection with a low voltage MOSFET is presented in Fig. 1. 
The Cascode connection allows using normally-on JFETs for 
creating normally-off valves which are desirable in many 
applications where in case of failure on the gate driver a 
normally-on valve would create a critical and dangerous 

condition (e.g. short-circuit in a voltage source converter). The 
scalability of the Cascode connection has also been proven 
[11] making the Cascode connection a possible candidate for 
realizing high voltage SiC switches. 

When the voltage applied to the MOSFET gate-source is 
below the MOSFET’s threshold, the valve is in off-state or 
blocking mode. The gate of the JFET is connected to the 
source of the MOSFET; when a low voltage is applied across 
the valve drain-source the MOSFET will support most of the 
voltage but as soon and the voltage over the valve is increased 
the JFET becomes pinched off and it will support most of the 
voltage. The valve can be turned on by applying a voltage 
greater than the MOSFET’s threshold across the MOSFET’s 
gate-source. As soon as the MOSFET turns on it will 
subsequently, the voltage applied to the JFET’s gate-source 
will become low turning on the JFET. In this case the JFET’s 
turn-on/turn-off are delayed compared to the MOSFET’s turn-
on/turn-off. 

III. SETUP CONFIGURATION AND TESTED DEVICES 
The test setup is a simple pulse clamped inductive circuit  

shown in Fig. 2. The inductive provides an easy way to test 
power devices up to their nominal ratings without heating 
them up. To perform this, the Device Under Test (DUT), is 
turned on for a small time interval, during this interval the 
current through the load inductor (L) builds up and the desired 
value is reached, the DUT is turned off (Fig. 3). At this 
interval is possible to measure the device switching losses for 
the selected current value. Immediately after that the device 
has been turned it is possible to turn it on again. When the 

 
Fig. 1  High voltage (1200 V 85 mOhm, normally ON) SiC JFET in 
Cascode connection with a low voltage (60 V 1.5 mOhm) MOSFET 
showing the MOSFET’s output capacitances . 
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Fig. 2  Inductive clamp test circuit. Highlighted in green the leakage 
inductance critical loop. 
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device off-time is sufficiently low, the inductor current decay 
is small (the inductor discharges slightly through its resistance 
and through the freewheeling diode) and allows turning on the 
DUT for measuring a turn-on event at the same current level 
as the turn-off event. After this second turn-on event the 
device is switched off permanently and kept in off state until 
the inductor is completely discharged. After that it is possible 
to vary the first pulse width to increase or reduce the desired 
current and at which the measurement should be performed. 

The test setup (Fig. 4) characteristics are summarized: 

- DC voltage source: 700 V 

- Capacitor bank: 1000 V 300 F 

- Load inductor: 285 H 

- Freewheeling diode: SiC 1200 V 20 A 

A. Tested Devices 
The paper focused on analyzing devices with similar 

characteristics in order to establish references for converters 
with DC voltages of 700-800 V. At this voltage levels 
CoolMOS provide a limited voltage margin (available up to 
900 V) and their on state resistance is significantly high 
compared to SiC devices or Si IGBTs. Since for the candidate 
application efficiency is one of the most important factors, 
1200 V SiC JFETs (SJDP120R085) were one of the first 
candidates for achieving high efficiency. Alternatively, 
1200 V SiC MOSFETs could have been used however, the 
price performance ratio of the SiC JFET looked well 
application-suited. The low voltage MOSFET was selected 
due its very low on resistance (IPB017N06N3) that would 
give a minimum impact on the total on state resistance of the 
Cascode connection. The large availability of  IGBT devices 
in the 1200 V range made the selection of IGBTs more 

complex. However, among all, trench IGBTs can provide both 
fast switching with limited tail current and low . The 
selected devices have similar current ratings as the selected 
SiC JFET and are produced by two different manufacturers 
identified as IGBT no.1 (IGW15N120H3) and IGBT no.2 
(IRG7PH30K10) in the measurements and in the comparison 
plots. A summary of the main device characteristics is 
presented on Table I. 

B. Instrumentation and Measurements 
All measurements were performed with the comparable 

test conditions in terms of voltage, current, time intervals and 
temperature. The power connection from the DC-link 
capacitor to the power components was realized with flat 
copper conductor to obtain as low inductance as possible as 
visible on Fig. 4. The gate driver was placed close to the DUT, 
the wires were twisted in order to reduce the loop inductance 
and it was connected to a digital control card used to generate 
test pulses. The minimum resolution of the pulses is 1 s with 
a basic accuracy of 0.25 s. The digital control card ensured 
test repeatability having well defined pulses width for each 
current level. All measurements were performed with the 
same probe configuration with an exception for the IGBT 
measurements where there was no MOSFET’s drain-source 
voltage measurement.  

The oscilloscope features allow saving measurements 
directly in Matlab format for post-processing. The 
oscilloscope configuration was the following (examples of 
measured switching transients on Fig. 5): 

- Ch.1: DUT source/emitter current. Current probe is a 
ultra miniature Rogowsky coil with a bandwidth of 
20 MHz (20mV/A) measuring the Cascode source 
current excluding the gate driving current. 

- Ch.2: Gate-source/gate-emitter voltage of the Cascode 
configuration/IGBTs; 100 MHz 1X voltage probe. 

- Ch.3: DUT drain-source/collector-emitter voltage. 
High voltage probe 100X (LeCroy PPE 4 kV) 
measuring the Cascode drain-source voltage. 

- Ch.4: drain-source voltage of the low voltage 
MOSFET in the Cascode configuration;100 MHz 1X 
voltage probe. Not used with IGBT’s. 

TABLE I 
TESTED DEVICE CHARACTERISTICS  

JFET 
SJDP120R085 

MOSFET 
IPB017N06N3 

IGBT no.1 
IGW15N120H3 

IGBT no.2 
IRG7PH30K10 

1200 V 60 V 1200 V 1200 V 
85 mOhm 1.7 mOhm 2.05 Vce 2.05 Vce 

27 A* 180 A* 30 A* 33 A* 
17 A** 180 A** 15 A** 23 A** 

*Parameter at 25 ° C 
**Parameter at 100 ° C

                                    
Fig. 5  Cascode JFET measured turn-on (left) and turn-off (right)  detail 700 V 9 A, MOSFET gate resistance 2.5 ohm. Ch.1: 5 A/div, Ch.2: 5 V/div, Ch.3: 
200 V/div and Ch.4: 10 V/div, time: 100 ns/div. 
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The Rogowsky coil delay was measured in a reference 
comparison measurement with a shunt resistor where it was 
quantified in 24 ns; this value is verified also in probe manual. 
The oscilloscope features de-skew compensation, however, 
this was not used but implemented digitally during data post-
processing. Measurements were performed at different current 
levels (from 5 A to up to 20 A) for the selected DC voltage 
(700 V).  
C. Methodology and Data Post-Processing 

The first set of measurements focused on analyzing the 
effect of the MOSFET output capacitance on the switching 
performance of the Cascode configuration. The main focus 
was to observe if it is possible vary the switching performance 
with simple low voltage components instead of using 
components rated at high voltage [11]. To simulate a large 
MOSFET’s output capacitance, additional capacitors of 
different values (0-100 nF range) were added in parallel to the 
low voltage MOSFET used in the Cascode connection. The 
capacitors were connected directly on the MOSFET’s leads in 
order to reduce the leakage inductance to the minimum and to 
avoid possible unwanted oscillations. In the second step, the 
switching performance of the Cascode valve were measured at 
different current levels and as last phase the Cascode valve 
was replaced with the selected IGBTs for characterizing their 
switching performance. 

All measured waveforms were stored in MATLAB format 
in order to allow post-processing of the measurements and 
create adequate plots. Light filtering was applied to the 
measurements for reducing the measurement noise; after 
filtering the waveforms were verified to ensure that the 
filtering process did not change the measurement information. 
MATLAB functions were developed for extracting the desired 
information from the measurement files, such as switching 
energy loss, the transition intervals (turn-on and turn-off 
times), the voltage and current stresses in terms of dV/dt and 
dI/dt and instantaneous peak power loss. 

IV. CASCODE SWITCHING LOSS DEPENDENCY ON 
MOSFET’S OUTPUT CAPACITANCE 

In the first set of measurements the switching losses of the 
Cascoded devices are measured by varying the MOSFET’s 
output capacitance for a fixed current (9 A). For reasonably 
low additional capacitances (0-100 nF range) the turn-on 
losses have a minimal dependency on the MOSFET’s output 
capacitance as observed in Fig. 6. In this case, at the Cascode 
turn-on the MOSFET’s delay and switching speed determine 
the turn-on instant of the JFETs. The turn-off losses on Fig. 6 
increase more than the turn-on losses, in fact as the 
MOSFET’s output capacitance increases, the turn-off losses 
increase with a linear trend. This could be explained by 
analyzing the Cascode configuration a bit more in detail. 

At device turn-on the MOSFET’s output capacitance 
discharges through the low ohmic low voltage MOSFET and 
the voltage change across the JFET’s gate-source (also output 
capacitance terminals) varies as in a capacitor discharge 
through a resistor with the RC-time constant defined by the 
MOSFET’s output capacitance and the MOSFET’s on-state 
resistance.  

Vice versa, at device turn-off the MOSFET’s output 
capacitance is slowly charged through the JFET’s on-state 
resistance; at the start of the JFET’s turn-off process the 

Fig. 6  Cascode switching loss dependency on MOSFET’s output 
capacitance. 
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Fig. 7  Cascode dV/dt stress dependency on MOSFET’s output 
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voltage rises over the MOSFET with an initial RC time 
constant defined by the JFET’s on state resistance and the 
total output capacitance. As soon as the voltage over the 
MOSFET’s start to increase, the JFET’s on resistance 
increases giving an additional contribute to the JFET’s turn-
off losses until the JFET becomes completely pinched off. 
For this reason, an increase of the MOSFET’s output 
capacitance slightly influences the Cascode turn-on 
performance and will strongly influence the turn-off 
performance. 

This effect is also observed in the dV/dt stress at device 
turn-on and turn-off on Fig. 7. The dV/dt stress at turn-on is 
slightly influenced by the MOSFET’s output capacitance 
while the dV/dt stress at turn-off is significantly reduced with 
a large MOSFET’s output capacitance. The dV/dt stress 
reduction at turn-off is large, in fact the dV/dt stress is 
reduced from 38 kV/us down to 10 kV/us with the largest 
tested capacitance value. According to the measurement a 
small capacitor can be placed on parallel to the low voltage 
MOSFET to reduced the turn-off dV/dt and balance it with 
the turn-on dV/dt reducing the immunity requirements for the 

gate driver. However, it is also necessary to observe how 
other parameters are affected by a large MOSFET output 
capacitance.  

It is also interesting to observe how the dI/dt stress varies 
as a function of the MOSFET’s output capacitance. On Fig. 9 
it can be observed that the turn-on dI/dt has a light variation 
(small reduction), however, large output capacitance mainly 
influences the turn-off dI/dt. This stress can be reduced down 
to about 33% or the initial value. Therefore, it can be deduced 
that a large MOSFET’s output capacitance can reduce both 
dV/dt and dI/dt at turn-off. This result is also confirmed by 
taking a look at the transition times (turn-on and turn-off 
times) of the Cascode configuration on Fig. 9.  

It was observed that in the Cascode configuration, the turn-
on losses are dominating over the turn-off losses (Fig. 6 
700 V 9 A); by increasing the MOSFET’s output capacitance 
the Cascode turn-off time increase as seen in Fig. 11. 
Therefore, it is possible to find a balance between the turn-on 
dV/dt and the turn-off dV/dt with a slight increase of 
switching losses (Fig. 11). Depending on the application and 
on the desired performances in terms of switching losses and 
maximum dV/dt and dI/dt stresses, this could be 
advantageous for reducing the immunity requirements of the 
gate driver which are normally very high (recommended 
immunity for SiC gate drivers is about ~50 kV/us). 

V. COMPARISON OF THE SWITCHING LOSSES OF SIC 
CASCODE WITH SI IGBTS 

In multi-kW applications with DC-link voltage level of 
700-800 V SiC normally-on JFET in Cascode connection with 
a low voltage MOSFET has to be compared with newly 
developed high speed trench IGBTs which, especially for the 
latest series (3rd generation); these devices can provide very 
low  and low switching losses (or operation up to 
~100 kHz). The IGBTs switching performance were measured 
with different gate resistors values; starting with a large values 
as used in their datasheets (e.g. 35-22 Ohm), down to a very 
low values (2.5 Ohm). To analyze the switching performance, 
the turn-on and turn-off losses are analyzed independently for 
IGBT no.1 and IGBT no.2. Subsequently, the total switching 

Fig. 9  Cascode dI/dt stress dependency on MOSFET’s output 
capacitance. 
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losses are analyzed in comparison with the Cascode 
configuration. 

IGBT no.1 is a fast switching IGBT (IGW15N120H3) 
rated for operation up to 100 kHz; its turn-on and turn-off 
switching losses are presented on Fig. 12 and Fig. 13 
respectively. When the IGBT is operated with large gate 
resistors as characterized in the datasheet, the switching losses 
losses are significantly higher than the SiC Cascode 
configuration. However, by reducing the gate resistor the turn-
on losses are significantly reduced. With a minimum gate 
resistor the reduction can be down to 33% of the losses 
specified in the datasheet. The performance achieved in terms 
of turn-on losses are also better than the ones obtained with 
the SiC Cascode. Vice versa, the IGBT turn-off losses are 
independent form the gate resistance and vary linearly with the 
device current (Fig. 13). The turn-off losses are always larger 
than the SiC Cascode turn-off due to the IGBT tail current.  

In a similar way the switching losses of IGBT no.2 are 
compared with the switching losses of the SiC Cascode on 
Fig. 14 and Fig. 15. The measured turn-on losses of IGBT 
no.2 are significantly lower than the ones measured for 

IGBT no.1 (Fig. 12 and Fig. 14) for large gate resistor values. 
Also in this case, with reduced gate resistors compared to the 
value specified in the datasheet, it is possible to reduce the 
IGBT turn-on losses even lower than the turn-on losses of the 
SiC Cascode. The turn-on losses with low gate resistors 
become lower than the SiC Cascode for all measured current 
levels. As observed in the previous case, the IGBT no.2 turn-
off losses are almost not influenced by the reduction of the 
gate resistance and, also for this case, their value is 
significantly larger than the SiC Cascode turn-off losses for 
the entire range of tested currents. Therefore, it is observed 
that even though latest generation of trench IGBT have very 
low switching losses, the tail current is still one of the main 
sources of turn-off losses in IGBTs. 

As observed until now is clear that when IGBTs are used 
up to their boundaries in terms of switching speed, they can 
provide good performances even in comparison to the new 
power semiconductors based on SiC. It is required to analyze 
the total switching losses (both turn-on and turn-off energy 
loss) to evaluate the overall performance of the devices. To 
achieve a complete comparison the total losses (turn-on and 

 
Fig. 12  IGBT no.1 and Cascode turn-on energy loss. 
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Fig. 14  IGBT no.2 and Cascode turn-on energy loss. 
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Fig. 13  IGBT no.1 and Cascode turn-off energy loss. 
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Fig. 15  IGBT no.2 and Cascode turn-off energy loss. 
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turn-off) have to be evaluated. 

A comparison of the total switching losses of IGBT no.1 
with SiC Cascode and IGBT no.2 with SiC Cascode are 
presented on Fig. 16 and Fig. 17 respectively. Both IGBTs 
types are rated for high-speed (IGBT no.1 up to 100 kHz and 
IGBT no.2 up to 30 kHz), however, it is observed that IGBT 
no.1 has higher switching losses compared to IGBT no.2 when 
this ones are used with the gate resistors specified in the 
datasheet, this is observed especially at high current values 
(above 10 A). In both IGBTs it is possible to significantly 
reduce the total losses by decreasing their gate resistor to a 
very low value. In this case the energy loss reduction in IGBT 
no.1 is larger compared to IGBT no.2. The IGBTs switching 
performance can be increased to a level where the energy loss 
during the switching transient is very close to the one 
observed for the SiC Cascode (Fig. 16). 

VI. CONCLUSIONS 
The paper presented the effects of increased MOSFET’s 

output capacitance on the switching behavior of the Cascode 
configuration.  

It was observed that in the Cascode configuration the turn-
off dV/dt stress can be significantly reduced with a limited 
increase of the switching losses by a larger MOSFET’s output 
capacitance; e.g. by adding an additional capacitor in parallel 
to the MOSFET. The additional capacitor influences mainly 
the turn-off losses with little influence on the turn-on losses.  

The Cascode configuration was characterized in terms of 
switching losses and compared with newly 3rd generation 
trench IGBTs. This latest IGBTs proved to be very 
competitive also towards SiC devices in the multi-kW power 
range. In fact, when IGBTs are switched very fast the 
measured switching losses are very close to the switching 
losses of a SiC Cascode configuration. Undoubtedly, pure SiC 
power devices provide lower losses, however, there is still a 
big lack of available integrated gate-driver solutions for these 
devices. For this reason, the Cascode configuration or latest 
IGBT generations are still very appealing for many 
applications. 
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Fig. 17  IGBT no.2 and Cascode total switching energy loss. 
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Fig. 16  IGBT no.1 and Cascode total switching energy loss. 
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Abstract— In this paper an analysis of two planar transformers 
designed for high-current switching applications is presented. 
Typical converter application is represented by fuel and 
electrolyser cell converters. The transformer designs are based 
on E+I and ER+I planar cores while the analysis focuses on 
winding resistance and leakage inductances which represent the 
main concerns related to low-voltage high-current applications. 
The PCB winding design has a one to one turn ratio with no 
interleaving between primary and secondary windings. The main 
goal was to determine if ER planar core could provide a 
significant advantage in terms of winding losses compared to 
planar E cores. Results from finite element analysis highlight 
that low frequency winding resistance is lower for the ER core 
since it is dominated by the lower mean turn length however, as 
the AC-resistance becomes dominating the winding eddy current 
losses increases more in the ER core than in the E core design. 
Calculated and simulated leakage inductances for the analyzed 
cores do not show relevant differences. A laboratory prototype 
based on E64 planar core is used as reference. Laboratory 
measurements highlight that FEM analysis provides more 
realistic results when computing the winding AC-resistance. 
 
Keywords— Planar Magnetics, Transformer Parasitics, DC/DC 
Switching Converters, High-Current. 

I. INTRODUCTION 
As renewable energies are getting more important, power 

electronics converter are becoming more diffused and are 
demanded to operate in more critical applications. Non 
isolated Switch Mode Power Supplies (SMPS) are a limited in 
their applications and transformer based SMPS can provide 
several advantages in terms of safety (input to output 
isolation), reducing the component stresses (e.g. minimizing 
voltage and current peaks) and flexibility since they can 
provide easily multiple outputs and voltage regulation (turn 
ratio selection). Their main disadvantage is to introduce 
additional cost, losses and increase the volume and converter 
weight. The main drawbacks of transformer based SMPS are 
highly compensated by their advantages, therefore the market 
of wounded components is growing in parallel to the power 
supplies market [1]. 

Many efforts have been performed for reducing the cost 
and the size of magnetic components in power supplies [2] 

and planar structure provides an excellent solution for 
magnetic components into SMPS. In fact, in planar 
transformers windings have a flat structure commonly made 
with Printed Circuit Board (PCB) layers or copper foils [3]; 
PCB windings are easily integrated in mass production 
reducing costs and giving a low-profile high-power density 
structure. The natural flatness of the winding cross section is 
more suitable for operation at high frequencies since it is less 
sensible to skin effect compared to traditional wires, moreover, 
the leakage inductance can be significantly reduced by heavy 
interleaving [4][5][6][7] compared to traditional wounded 
components. The main disadvantages of planar transformers 
comes from their high capacitive coupling between the 
windings [8], difficulties for designing high voltage due to 
limited clearance and creepage distances, and challenging  
high current designs since it is difficult to laminate thick 
copper tracks on PCB. In some applications it is desirable to 
operate at low-voltage and high-current (e.g. fuel cells [9][10]) 
and as the converter power ratings increase the design of high-
current planar transformers based PCB windings becomes 
more and more challenging. Most of the previous research on 
high-current low-voltage transformers focuses on 
conventional high-power and wounded transformers moreover, 
a limited number of publications were found on high-current 
planar transformers [11][12] highlighting that the topic 
requires further investigations and analysis for determining 
which are the most suitable cores for these applications.  

The selected application is a transformer for a full bridge 
isolated boost converter which represents one of the most 
suitable topologies for high-current and low-voltage 
applications with wide input voltage window. This paper will 
present an analysis of two planar cores, E64/10/50 and 
ER64/13/51, aiming to highlight which is the most suitable 
core in terms of winding losses and leakage inductance for 
high current planar transformers. Since the most suitable core 
is application and topology dependant, the paper will not state 
which is the best core, however, will give a clear picture of the 
differences in terms of stray parameters when the two selected 
cores are used for designing high current planar magnetic. 
Analytical and finite element analysis results are compared 
with a laboratory prototype. 
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  (a) 

  (b) 
Fig. 1.  Planar transformer cores used in the analysis, E64/10/50 (a) and 

ER64/13/51 (b). 

Fig. 2. Planar transformer E64/10/50 core, 3D model with high current 
winding: highlight axes used in 1D & 2D analysis. 

1D& 2D

0 35 70(mm)

Fig. 3.  Planar transformer ER64 core, 3D model with visible high-current 
winding geometry. 

0 35 70(mm)

TABLE I.   SELECTED CORE CHARACTERISTICS 

Core Type E64/10/50 ER64/13/51 ER64/10/51b 
Material 3F3 3F3 3F3 
Effective area [mm2] 519 566 566 
Effective volume [mm3] 40700 52600 a ~43700 
Effective length [mm] 79.9 93 ~80 
Core min area [mm2] 519 507 507 
Core mass [g] ~100 ~152 ~125 
Gapped No No No 

a. Volume difference is due to the different core height. 
b. Clipped ER64 core.

II. SELECTED PLANAR CORES 
As general rule, rounded core cross section transformers are 

preferred in many applications due to their lower mean turn 
length and leakage inductance. However, round core cross 
section transformers might not be the best for all applications 
and selecting the best core for the candidate application might 
not be straight forward but, it would require more design and 
optimisation cycles for different core shapes. 

In planar transformers for high current applications the 
smaller winding area width can represent significant issue in 
terms of increased winding resistance, in fact a winding 
resistance of few mOhm at high current (e.g. 50-100 A) can 
easily produce power losses in the range of tenths of Watt and 
more. For this reason to verify the possible advantages and 
disadvantages of rounded core planar transformers requires an 
accurate analysis of different transformer designs. 

The two selected cores for the analysis are E64/10/50 and 
ER64/13/51 from Ferroxcube in 3F3 material, Fig. 1. The 
cores have been selected since they have similar effective area 
and minimum area; their base footprint is the same 
(64*50.8 mm) however, their main difference is in their height 
that differs by ~3 mm giving a substantial difference in the 

core volume. For this reason for obtaining a better trustworthy 
analysis the ER64/13/51 core height has been clipped to 
10.2 mm obtaining an ER64/10/51. The cores main 
characteristics as specified from the manufacturer are 
summarized in Table I. 

III. METHODOLOGY 
It is essential that the method used to analyze the two 

transformers is coherent, therefore, for performing a more 
trustworthy analysis purely based on the transformer core 
geometry and not on the winding topology, a simple Primary-
Secondary (P-S) winding topology has been considered. More 
complicated winding arrangements can be designed however, 
this is not in the scope. The high current primary windings on 
Fig. 2 and Fig. 3 were designed for using the maximum 
available winding area width in order to reduce as much as 
possible the winding resistance since it is the most critical 
factor regarding integration of high current tracks on PCB. In 
the ER core the winding width was selected as in the E core 
case however, due to geometrical limitations of the ER core 
the winding width was reduced in proximity of the core centre, 
as visible in Fig. 6. The same creepage and clearance 
constrains were used for designing the transformer windings. 

A. Analytical Approach 
Analytical approach is often performed considering core 
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Fig. 4.   Example of a planar transformer based on E64/10/50, 1:1 turns ratio, 
modeled with 3D FEM 

0 35 70(mm)

symmetries to simplify the analytical expressions, 1-D or 2-D 
as in Fig. 2; this allows to easily calculate the main stray 
parameters in planar transformers. 

In planar transformers the windings consist of parallel and 
flat conductors creating a parallel plane capacitor structure. In 
this type of transformers the intra-winding capacitance can 
often be neglected due to the dominating primary-secondary 
winding capacitance. This capacitance can be the main issue 
for common mode noise and it can be simply estimated as (1) 
[4]. 

 

  (1) 

 
Where  is the permittivity in free space,  is the relative 

permittivity of the insulating material,  is the length of the 
center leg cross-section,  is the conductor width,  is the 
distance between the conductive plates and  is the number of 
overlapping turns. 

The most used analytical approach for estimating the 
winding leakage inductance considers the energy stored in the 
transformer windings. From the transformer winding generic 
expression of the leakage inductance can be extracted as in (2) 
[4]. 

 

 (2) 

 
Where  is the permeability,  is the length of one turn, 

 is the width of each turn,  is the number of turns on the 
winding which the leakage inductance is to be referred,  is 
the number section interfaces,  is the sum of all section 
layer heights (windings) and  is the sum of all inter-
section layer heights (insulator). This approach computes the 
leakage inductance considering the magneto motive force 
(MMF) linear between non-interleaved sections. Therefore, 
the approach provides identical leakage inductance values for 
different winding arrangement (e.g. P-P-S-S-S-S-P-P provides 

the same leakage inductance as P-P-S-S-P-P-S-S considering 
the same insulation thickness). Inaccuracies due to this 
approach can be reduced by using a piecewise linear approach 
described and proven in [3]. However, in this paper the most 
diffused methodology is used for comparison with FEM 
methodology. 

For a simple two winding topology as in the selected case 
scenario (P-S) with only one interface layer between primary 
and secondary the leakage inductance can be estimated with 
(3) [4]. 

 

 (3) 

 

Where  and  are the heights of the primary and 
secondary windings respectively,  is the height of the 
insulation layer between the primary-secondary traces. 
Winding losses represent the main concern regarding high 
current integrated magnetics; in a transformer the skin effect 
and the proximity effect strongly influences the Joule losses 
especially at high switching frequencies. Planar transformers 
have the advantage of having flat conductors which sensibly 
reduces the sensitivity to skin effect. Proximity effect is caused 
by current flowing in adjacent conductors, also this effect 
contributes to increase the conductor AC-resistance moreover, 
and the proximity effect can dominate over the skin effect. The 
ratio between the AC-resistance and the DC-resistance that 
takes into account the skin and proximity effects can be 
expressed as in (4) [4]. 

 

 
(4) 

 

Where ,  is the conductor height,  is the skin 
depth in the conductor and  is >1 for non interleaved 
multilayer windings. 

B. FEM Analysis (FEA) 
Finite Element Method (FEM) can be used for calculating 

transformer characteristics and stray parameters. FEM can be 
performed based on two different approaches: 

 2-D approach 

 3-D approach 
2-D simulations perform an analysis on the transformer 

based on its symmetry axes. The simulation can be performed 
on the entire transformer cross section or only on half of it 
considering its symmetry, as shown on Fig. 2. This approach 
requires limited computation time however it can only 
partially consider the flux linkage in free air (without end 
effects) since it cannot take into account that the core 
geometry is limited. 
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       (a)                (b) 
Fig. 5.  Magnetic flux in the E+I core transformer (a) and in the ER+I core transformer (b).  

0 35 70(mm) 0 35 70(mm)

 
Fig. 6.  ER 3D model highlighting (red) cropped winding sectors. 

Cropped parts due
to core shape

0 35 70(mm)

TABLE II.   TRANSFORMER SPECIFICATIONS 

Core Type E+I 64/10/50 ER+I 64/10/51a 
Material 3F3 3F3 
Material relative permeability ( ) 1760 1760 
Transformer turn ratio 1:1 1:1 
Winding structure  P-S P-S 
Primary copper thickness [mm] 0.2 0.2 
Secondary copper thickness [mm] 0.2 0.2 
Primary copper width [mm] 20 20~11b 
Secondary copper width [mm] 20 20~11b 
Dielectric material FR4 FR4 
Dielectric thickness [mm] 0.8 0.8 
Temperature [°C] 25 25 
a. Core volume reduced for having same height/volume as E64. 
b. Winding width limited by winding area width.  

3-D approach performs a FEM analysis over the entire 
transformer model as on Fig. 4. This type of analysis is the 
most accurate since it computes the transformer parameters 
considering also part of the windings that is exposed to free 
air. However, this type of computation requires very long 
computation times since the entire geometry has to be 
modelled with a fine mesh. Moreover, when a model is 
composed by large and small geometries the mesh used for the 
analysis should be selected properly to achieve the desired 
analysis accuracy. 

IV. METHODOLOGY APPLIED TO THE ANALYSED CASE 
This analysis was performed based on three approaches: 

analytical, 3D FEM and experimental. Since performing an 
accurate analytical analysis of a complex geometry requires 
geometrical simplifications especially when modelling 
rounded geometries, a simple case analysis is selected. The 
transformer is specified to have a 1 to 1 turn ratio and a simple 
P-S structure with no interleaving, Table II. The analysis 
focused on determining the AC-resistance and the leakage 
inductance for the two proposed geometries and comparing 
the obtained values with analytical calculations and laboratory 
measurements on a prototype.  

An adequate analytical analysis of the rounded cross 
section planar core has to consider minimal geometrical 

approximations in order to reduce computational errors. It is 
possible to analyse transformer resistance and leakage 
inductance with a piece-wise approach which require dividing 
the winding into several sectors and execute the calculations 
for each sector. The selected approach considers and 
equivalent rectangular winding where the winding length is 
defined by the core mean turn length (MTL) and the winding 
width by the ratio between the effective surface of the winding 
and the MTL of the core. The effective winding surface can be 
easily computed by considering surface of an annulus with 
width equal to the winding width used in the E64 design and 
removing to that value the two sector regions highlighted on 
Fig. 6. The geometrical approach simplifies the computation 
since avoids performing an analytical analysis for many 
winding sections.  

In the 3D FEM approach the two transformers were 
designed and simulated with Ansoft Maxwell v15,  as shown 
on Fig. 5 where the magnetic flux for the two analysed cases 
is plotted on the core surface. Since the complete 3D model 
for E64 and ER64 core based transformed does not represent a 
very complex structure to analyse the simulation was defined 
with a minimum convergence of 0.1% without requiring too 
long computation time (also limited by the few analysed 
frequencies). The FEM simulations allow extracting directly 
the transformer parameters; both the AC-resistance and the 
leakage inductance were extracted for different frequency 
values: 50 Hz as low frequency reference and 50-150 kHz as 
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Fig. 7.  Comparison of calculated winding resistance and FEM analysis for 

E64 core, 1:1 turns ratio. 
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Fig. 8.  Comparison of calculated winding resistance and FEM analysis for 

ER64 core, 1:1 turns ratio. 
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Fig. 9.  Comparison of calculated winding resistance, FEM analysis and 

measurement for E64 core, 1:1 turns ratio. 
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the expected operating frequency range of the power converter. 
The AC-resistance is extracted from the winding losses, its 
value at 50 Hz represents a DC-resistance reference and at 50-
150 kHz represents the actual winding resistance (AC). With a 
similar procedure it is possible to extract the transformer 
leakage inductance form the sum of the energies stored in the 
transformer leakage layers. However, since the FEM 
simulations can provide the transformer coupling matrix (L11, 
L12, L21 and L22), extracting the leakage inductance from these 
values is a direct procedure. 

The experimental approach has been used for establishing 
concrete references to validate the analytical computations 
and the analysis performed in 3D FEM. During the initial 
phase, the aim was to develop two prototypes that would have 
been used as reference however, due to the lack of availability 
of ER64 cores, only a prototype based on E64 core was 
developed highlighting that the availability of specific core 
shapes and materials might represent an important issue 
related to transformer design. The prototype based on E64 
core is used to verify that the analytical and FEM approach 
produce coherent values. 

V. ANALYSIS OF THE RESULTS 
The analysis of the results is divided into two parts: in the 

first part results from the analytical approach and the FEM 
analysis are compared, while in the second part the results 

obtained with the laboratory reference prototype are analysed. 
The analytical and FEM results are presented on Fig. 7 and 

Fig. 8, which allow comparing the transformer winding AC-
resistance: the E core based transformer has a slightly higher 
low frequency primary resistance (DC-resistance) compared 
to the ER solution, this is due to the higher mean turn length 
of required for the E core windings. Nevertheless, at higher 
frequencies the AC-resistance significantly increases and 
becomes dominating for the ER core. The ER core windings 
width is not constant, in fact winding width is limited by the 
narrow winding area width in proximity of the core centre 
while, away from the core centre the width is defined as in the 
E core case. For the analysed case the proximity effects in the 
narrow winding area width of the ER core dominate compared 
to E core. The calculated resistance at low frequencies 
matches (DC-resistance) good the FEM analysis however, at 
high frequencies the mismatch significantly increases 
highlighting that geometrical approximations and assumptions 
used in the calculation introduce large inaccuracies (e.g. 
Dowell’s equation (4) considers infinite MLT length and 
uniform turn current density). The comparison with the 
reference prototype (Fig. 9) highlights that FEM analysis can 
produce results which are more realistic compared to 
analytical calculations based on (4). The relevant differences 
observed between analysis and measurement can be explained 
by the prototype accuracy (realised with copper foil and 
dielectric layers, on Fig. 10), the contact point resistance and 
the instrument resolution when measuring such low-resistance 
values. 

The leakage inductances referred to the transformer 
primary are presented on Table III. The two analysed cases 
show similar leakage inductance at the expected operating 
frequencies with a slightly higher value for the E core 
compared to the ER core in the calculations. The higher mean 
turn length of the E core is compensated by the wider winding 
giving comparable leakage inductances for the two designs. 
The opposite effect is observed on the ER core design, where 
the limited winding width is balanced by a lower mean turn 
length. The calculated leakage inductance was evaluated 
based on geometrical approximation introducing significant 
approximations, while the FEM analysis provided a difference 
between the E64 and ER64 core of less than 0.1% which also 
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 (a)                         (b) 
Fig. 10.   Pictures of E64 core and realized winding (a) and assembled transformer (b). 

is the defined FEM accuracy for convergence. The 
experimental results have a large deviation from the expected 
value, in fact the laboratory prototype based on copper foil 
windings has an insulation layer thickness which is slightly 
inhomogeneous compared to the designed case, giving a 
larger measured inductance. Even though, low-inductance 
Kelvin probes have been used, they introduce significant stray 
inductance (~<10 nH) due to the measuring system which 
justifies the observed difference.  

 

VI. CONCLUSIONS 
Designing planar transformers for high current SMPS 

require analysis and selection of the most suitable core for the 
selected application. This is not a straight forward choice and 
it is required a detailed analysis that can be performed as 
described in this paper. Different analysis can produce 
significantly different results making the selection of the most 
application-suitable core even more complicated. The 
proposed analysis does not define which is the best core 
(application dependent) however, gives a clear indication for 
winding losses and leakage inductance on transformers based 
on planar E or ER cores. 

For the selected designs, high current planar transformers 
based on E cores have shown lower winding losses compared 
to the ER cores. This effect is observed mainly due to 
proximity and skin effects which significantly increase the 
winding resistance in the narrow winding area width of the ER, 
in fact E cores are less sensible to this effect since the winding 
area width is significantly higher than ER cores. In the 
analysed cases both core designs have shown similar leakage 
inductance values; differences can be enhanced by increasing 
the number of turns. Differences observed with the laboratory 
prototype (leakage inductance) are mainly related to the 
slightly different and inhomogeneous insulation layer 

thickness and to stray inductance introduced by the measuring 
system. 
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Abstract— This paper presents a design and 
optimization of a high current planar transformer for very 
high efficiency dc-dc isolated boost converters. The analysis 
considers different winding arrangements, including very 
high copper thickness windings. The analysis is focused on 
the winding ac-resistance and transformer leakage 
inductance. Design and optimization procedures are 
validated based on an experimental prototype of a 6 kW dc-
dc isolated full bridge boost converter developed on fully 
planar magnetics. The prototype is rated at 30-80 V 0-80 A 
on the low voltage side and 700-800 V on the high voltage 
side with a peak efficiency of 97.8% at 80 V 3.5 kW. Results 
highlights that thick copper windings can provide good 
performance at low switching frequencies due to the high 
transformer filling factor. PCB windings can also provide 
very high efficiency if stacked in parallel utilizing the 
transformer winding window in an optimal way. 

Keywords— Planar Magnetics, High Current DC-DC 
Converter, High Efficiency, PCB windings. 

I.  INTRODUCTION 
The major trends in power electronics have been 

focused on increasing converters efficiency, increasing 
switching frequencies and power densities, decreasing 
converter weight and cost. Power semiconductors 
technology has seen large improvements due to the 
introduction of new wide bandgap materials and due to 
the improvements in the conventional silicon technology. 
However, this is not the case for passive components 
such as inductors and capacitors. The developments in 
the magnetic and dielectric materials have been more 
limited compared to the ones in the power 
semiconductors. Moreover, passive components represent 
a significant part in the volume, cost and weight of a 
power electronic converter. 

Planar magnetics [1] have large potential for reducing 
the magnetic components manufacturing cost, increased 
component integration and increasing converter power 
density due to their good thermal performance. Planar 
transformers are often used for small low power dc-dc 
converters since the transformer windings are easily 
integrated on the same PCB with the power 
semiconductors and the control circuitry [2]. One of the 
major drawbacks of this type of magnetics comes from its 

large stray capacitance which is often unwanted in many 
commercial applications (e.g. due to increased EMI filter 
size) [3]. Moreover, for medium power or high current 
applications it is challenging to achieve high efficiency 
due to the low transformer window filling factor usually 
achieved with PCB windings [4]. 

This paper presents the design approach utilized for a 
high current planar transformer in a high current high 
efficiency dc-dc converter. Several winding arrangements 
are presented and the analysis is focused on winding ac-
resistance and on winding leakage inductance. The 
analysis is validated based on an experimental prototype 
of a 6 kW dc-dc isolated full bridge boost converter 
(IFBBC, 30-80 V 0-80 A on the low voltage side and 
700-800 V on the high voltage side) achieving a peak 
efficiency of 97.8 % with power flow from low voltage to 
high voltage side.  

II. PLANAR TRANSFORMER AND PCB TECHNOLOGY 
Planar transformers are very suitable for low current 

applications moreover, creating an interleaved winding 
structure becomes natural with multilayer PCBs reducing 
ac-winding resistance and leakage inductance. One of the 
major challenges in the design of high current PCB 
windings [5] is the limitation in the PCB manufacturing 
technology in terms of copper thickness. In order to 
integrate high currents into PCB windings it is necessary 
to utilize multilayer PCB and even in this case with 
conventional copper thicknesses (from 1 oz. to 3 oz. or 
35 μm to 105 μm) it is difficult to minimize the winding 
losses due to the rather low filling factor. After a study of 
the current production capabilities of several PCB 
manufacturers it was observed that copper thicknesses up 
to 6 oz. (210 μm) are easily achievable. Above this value 
the PCB production cost increases exponentially since it 
most of the machinery is not capable of handling such 
high copper thickness. 

The following analysis and design are performed on a 
high current transformer for a dc-dc converter. The 
analyzed reference cases considers a multilayer PCB (6 
layers) with 210 μm of copper thickness and 200 μm of 
insulation thickness. The multilayer PCB is compared 
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with very high copper thickness custom made PCBs 
(400 μm and 1500 μm copper bar).  

III. DC-DC CONVERTER FOR FUEL CELL 
APPLICATIONS 

The reference design is a 6 kW bidirectional IFBBC 
for bidirectional solid oxide electrolyzer/fuel cells 
(SOEC/SOFC) [6]. The converter specifications are 
defined according to the SOEC/SOFC stack 
characteristics as specified on Table I. For this topology a 
complete loss analysis was performed in [7] where it was 
highlighted how the power loss distribution varies 
depending on the converter operating point. In the 
selected topology, the transformer is beneficial since it 
allows achieving high efficiency with a high converter 
step-up ratio. However, the transformer design is critical 
since in the IFBBC the transformer is required to have 
low leakage inductance in order to minimize the current 
commutation loop which strongly affects the switching 
losses on the power semiconductors in the converter low-
voltage side [8]. For this reason, in order to achieve high 
dc-dc conversion efficiency special care has been taken 
in order to minimize the transformer leakage inductance 
and ac-resistance.  

IV. TRANSFORMER DESIGN AND OPTIMIZATION 
Transformer optimization procedures are focused on 

minimizing the transformer overall losses by minimizing 
the sum of the winding losses with the core losses [7]. 

However, this paper does not analyze the complete 
transformer losses but highlights the differences for the 
analyzed winding topologies. Up-front calculations 
determined that a good balance between core losses and 
winding losses is achieved with three primary turns when 
the converter is operating with a switching frequency of 
40 kHz. The analyzed transformer has a turn ratio of 8 
defined by the topology, by the converter specifications 
and by the components ratings. Since the transformer 
leakage inductance is very critical for the candidate 
topology the goal was to analyze the trade-offs in the 
winding arrangements, leakage inductance and winding 
ac-resistance. 

The structures that have been considered for the 
analysis are presented on Fig. 1: a simple primary-
secondary structure (PS) Fig. 1a, a fully interleaved 
structure (PSPSPS) Fig. 1b, an interleaved structure with 
very thick windings for primary and secondary (PSPSP) 
Fig. 1c and a similar structure (PSPSP) only with thinner 
copper (2*400 μm in parallel, Fig. 1d). This last structure 

TABLE I 
SOFC AND SOEC SPECIFICATIONS FOR DC-DC CONVERTER DESIGN 

 SOFC SOEC  
Low Voltage (LV) side 30-50 50-80 [V] 
Current (LV) side 40-0 0-80 [A] 
High Voltage (HV) side 700-800 700-800 [V] 
Power Rating ~1500 ~6000 [W] 

 
Fig. 1  Analysed windings arrangements, Case 1 and Case 2 with PCB copper thickness of 210 μm, Case 3 with very thick copper (1500 μm) and 
Case 4 with intermediate copper thickness (400 μm two layers in parallel for the primary winding). 
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aims to highlight the trade-offs between the windings 
copper thickness and their ac-resistance.  

A. Theoretical Background and Analytical Analysis 
The four cases are analyzed focusing on the windings 

ac-resistance and on the leakage inductance for the 
different configurations. The winding ac-resistance is 
calculated according to Dowels equations [9]; this takes 
into account the effect of the skin depth and the 
proximity effects (1) on the ac-resistance. The proximity 
effects (2) are included through the magneto-motive force 
(MMF) of each transformer layer. The totals ac-
resistance is computed for each layer of the transformer 
windings based on (3). The transformer leakage 
inductance is calculated from the energy stored in the 
windings and leakage layers (4). This approach considers 
the MMF varying linearly in the conductor layers and 
constant in the insulation layers (as presented in [10]), as 
shown on Fig. 1. In the analyzed cases based on PCB 
windings the main assumptions are that the primary and 
secondary windings have the same copper and insulation 
thicknesses and that the winding window is completely 
filled. 

 
(1) 

 (2) 

 (3) 

Where ,  is the conductor height or copper 
thickness,  is the skin depth in the conductor and  is 
>1 for non-interleaved multilayer windings, 

and  are the MMFs values for the 
analyzed layer. In a similar way the transformer leakage 
inductance is computed starting from the overall energy 
stored in the primary and secondary windings and in the 

insulation layers, calculated from (4) and (5). 

 (4) 

 (5) 

Where  the magnetic field of the layer,  is the 
total winding height, is the transformer mean turn 
length,  is the winding width, and  are 
respectively the magneto motive-force and the height of 
the considered layer.  

Cases three and four require more specific 
considerations in order to perform a proper analysis. 
These two cases consider the secondary winding realized 
with litz wire (two secondary winding sections with 12 
turns each) and the primary winding with thick copper 
foil. The selection of litz wire for the transformer 
secondary was necessary due to the complexity of 
realizing a large number of turns with thick copper 
strands. The litz wire has 30 strands of 0.2 mm in 
diameter. In this case, different values of  has to be used 
for primary and secondary winding (1). Assuming ideal 
litz wires (woven and twist), with the  coefficeint for the 
litz wire is given by the litz wire stand diameter over the 
skin depth (6). This allows to properly calculate the ac-
resistance for an ideal litz wire winding. 

 (6) 

            
Fig. 2  Results from the analytical calculation of the ac-resistance for the four different cases in the 1-150 kHz range (a) and calculated ac-
resistance over dc-resistance for all the analysed cases (b). 
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TABLE II 
TRANSFORMER LEAKAGE INDUCTANCE  

 Leakage  
Case 1 136.8 [nH] 
Case 2 19.5 [nH] 
Case 3 88.3 [nH] 
Case 4 69.1 [nH] 
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B. Analysis of the Designs 
The cases analyze the stray parameters of different 

configurations in the 1-150 kHz frequency range; this is 
the expected operating range of magnetic components in 
hard-switched multi-kW converters. Results from the 
analytical analyses of the winding ac-resistance are 
presented on Fig. 2a and 2b; for the leakage inductance 
on Table II. 

Case 1 and Case 2 (6 layers PCB windings with 
copper thickness of 200 μm) provide the highest ac-
resistance due to the low winding window filling factor in 
for the planar E64 core pairs. The non-interleaved Case 1 
(PS winding structure) suffers of high ac-resistance due 
to proximity effects, in facts the fully interleaved version 
Case 2 (PSPSPS winding structure) has minimal variation 
in ac-resistance over the analyzed spectrum range 
(Fig. 2a). 

Case 3 and Case 4 have similar ac-resistance values 
even though Case 3 has a significant higher filling factor 
for the primary winding (a single layer of 1500 μm of 
copper in Case 3 vs. two layers of 400 μm in Case 4). 
The difference increases at lower frequencies: ac-
resistance of Case 3 is lower than Case 4 due to the 
increase of the skin depth layer which allows to better 
utilize the thick copper layers. The increase of ac-
resistance over dc-resistance is presented on Fig. 2b. 
Winding ac-resistance in the extreme thick copper 
(Case 3) rapidly increases mostly due to the large 
influence of the skin depth effect. However, even though 
the frequency increases (e.g. frequencies in the 100-
150 kHz range) the thick copper interleaved structures of 
Case 3 and Case 4 can provide lower ac-resistance than 
the non-interleaved structure of Case 1. 

The structure of Case 2 thanks to the fully interleaving 
provides the lowest increase in ac-resistance over the 
analyzed frequency range. However, also Case 4 has a 
similar gives an increase of ac-resistance close to the 
fully interleaved Case 2. Therefore, Case 4 represents a 
good trade-off for achieving a low ac-resistance and 
minimizing the amount of un-used copper due to due to 
skin and proximity effects. In fact, the low increase of ac-
resistance over the dc-resistance observed in Case 4 is 
due to the  

Transformer leakage inductance is another factor that 
significantly affects the converter performance. The 
leakage inductance for the analyzed cases is summarized 
on Table II. As expected Case 1 has the highest leakage 
inductance of the analyzed cases due to the large MMF 
values which give a large contribute in the leakage 
inductance calculations (5). Case 2 provides the lowers 
inductance thanks to a full interleaving structure and to 
the minimal thickness of each layer (both copper and 
insulation layers). The last two cases have similar leakage 
inductance however, separated parallel primary winding 
layers in Case 4 can provide a lower leakage inductance 
the 1500 μm copper thickness of Case 4.  

The most interesting observation can be performed by 
analyzing the transformer equivalent winding ac-
resistance (referred to the primary, Fig. 2a). Even though 
the windings are realized with thick copper, their ac-
resistance at the converter switching frequency (40 kHz) 
is well below the winding resistance of the Case 1 and 
Case 2. This is due to the fact that by using a single PCB 
of 6 layers and with a copper thickness of 6 oz. (210 μm) 
per layer the transformer filling factor is low and its 
winding resistance is relatively high compared to the 
thick copper cases. On the other hand, the PCB windings 
(6 layers, Case 1 and Case 2) have a finished thickness of 
~2.5 mm where the height of the transformer winding 
window is 10.2 mm (planar E64 pair). This would allow 
stacking three identical PCB windings (same winding 
geometry) in order to increase the transformer winding 
window filling factor and decrease both ac-winding 
resistance and leakage inductance. With the assumption 
of equal current distribution in the paralleled layers, it 

TABLE III 
TRANSFORMER CHARACTERISTICS 

Turns ratio 8 
Primary 3 turns 
Secondary 24 turns 
Core 2*E64 pairs 
Core material Magnetics R 
Structure P-S-P-S-P 
Primary winding (P) PCB 2*400 μm 
Secondary winding (S) 30*0.2 mm litz wire 
Insulation P-S 2*0.1 mm Kapton 

 
Fig. 3  Winding cross section of the realized transformer prototype according to Case 4, primary winding with thick copper and secondary winding 
with litz wires. 
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would result in a reduction by a factor 3 and for both 
interleaved and non-interleaved case (Case 1 and Case 2). 
In this theoretical case, the ac-resistance would be 
reduced below the one achieved in Case 3 and Case 4, as 
well the leakage inductance. 

C. Transformer Prototype Constuction Details and 
Analysis 

In order to validate the performed design transformer 
was manufactured based on the winding arrangement of 
Case 4. This case combines the advantages of thick 
copper foil for the primary windings and minimizes the 
complexity of the construction by using litz wires for 
achieving a high number of secondary turns. The design 
is performed for a converter switching frequency of 
40 kHz, as presented in [7].  

A detailed cross section of the transformer winding is 
presented on Fig. 3; the transformer windings have three 
primary sections interleaved with two secondary sections 
(PSPSP structure). Each section of the primary winding is 
realized based on a custom two layer thick copper PCB 
where each copper layer has a thickness of 400 μm. Each 

section of the primary winding has one transformer turn 
composed by two copper layers in parallel. An insulation 
layer of FR4 (500 μm) separates the two copper layers 
(Fig. 3). Each secondary section accommodates 12 
secondary turns of 30x0.2 mm litz wire for a total of 24 
secondary turns. High voltage insulation between primary 
and secondary is guaranteed by a 200 μm layer of Kapton. 
The transformer core is based on two planar E64 core 
pairs of material R-type from Magnetics. The transformer 
characteristics and specifications are summarized on 
Table III. 

The realized prototype is presented on Fig. 4a and 4b; 
where the details of the transformer primary terminations 
(Fig. 4a) and secondary terminations (Fig. 4b) are 
highlighted. Case 4 was used as a reference design since 
it could provide good performance within the analyzed 
cases and it was possible to realize a custom made 
laboratory prototype without encountering the 
manufacturing costs of a single PCB unit. Moreover, 
calculations in Case 4 were explicitly tuned for the real 
design case. 

A precision impedance analyzer (Agilent 4294A) was 

(a)                        (b)  

Fig. 4  Realised transformer prototype according to Case 4 design and specification according to Table III. Primary winding terminations shown 
on (a) and secondary winding terminations shown on (b). 

(a)       (b)  

Fig. 5  Short circuit measurement of the transformer prototype characterized from the secondary side, ac-resistance and leakage inductance at 
40 kHz. Open circuit measurement performed from the transformer primary side highlighting the magnetizing inductance at 40 kHz. Transformer 
characterization in the 40 Hz-1 MHz range. First resonance frequency at 180 kHz. 
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used to measure the transformer windings resistance and 
leakage inductance. Transformer parameters have been 
measured referred to the secondary. This was necessary 
since the parameters measured from the transformer 
primary side are very small (in the range of m  for the 
transformer resistance and of nH for the transformer 
leakage inductance). Measuring the transformer 
parameters on the secondary side significantly reduced 
the error due to terminations and allowed the impedance 
analyzer to operate in a measurement range with better 
accuracy. In fact, it is possible to observe that the high 
current screw terminations would introduce several nH of 
stray inductance. 

D. Analysis of the Measurements on the Transformer 
Prototype 

Measurements are performed in short and open circuit 
conditions in the 40 Hz to 1 MHz band to determine the 
electrical characteristics of the realized prototype, shown 
on Fig. 5a and 5b. With the transformer primary shorted 
by a low stray inductance connection, the total 
transformer leakage inductance was 5 μH with a total 
winding resistance of 366 m  (measured from the 
secondary, Fig. 5a). Transformer magnetizing inductance 
is relatively large compare to the transformer stray 
parameters, for this reason, the open circuit measurement 
is performed from the transformer primary side with the 
transformer secondary side open (Fig. 5b). The 
transformer magnetizing inductance is 273.9 μH at the 
converter switching frequency (40 kHz, Fig. 5b). The 
transformer has a first resonance at a frequency of 
180 kHz however, this is not critical case since at this 
frequency the transformer has high impedance 
(impedance peak).  

The transformer leakage values measured from the 
secondary side are reflected to the transformer primary 
side based on the transformer turns ratio Table III 
obtaining 5.72 m  and 78.2 nH. For the realized 
prototype, the leakage inductance is only 0.0286% of the 
magnetizing inductance. This value is low compared to 
regular transformers for dc-dc converters, in fact, leakage 
inductance is usually 0.1% or more compared to the 

magnetizing inductance. This also indicates a very high 
coupling between primary and secondary of the 
transformer. 

A comparison of the ac-resistance and leakage 
inductance for the analyzed cases and for the transformer 
prototype is presented on Fig. 6a and 6b. The calculated 
ac-resistance at the converter switching frequency is 
5.06 m , this leads to an error of about 13%, Fig. 6a. The 
same error (in this case 13.2%) is observed between the 
calculated leakage (69.1 nH) inductance and the 
measured one (78.2 nH), shown on Fig. 6b.  

The error observed in the ac-resistance can be 
explained by analyzing the litz wire structure and the 
current distribution in the litz wire strands. The 
calculations for the winding ac-resistance were 
performed considering a fully transposed litz wire, this is 
an ideal condition and ensures an optimal current 
distribution in the litz wire strands (minimum ac-
resistance). The transposition of the litz wire strands in 
the transformer prototype is not ideal; in fact, inner 
strands are less transposed than the outer strands. This 
leads to an inhomogeneous current distribution in the litz 
wire strands and therefore, to a higher ac-resistance. 
Moreover, ac-resistance calculations for the ideal litz 
wire neglected the proximity effects of the litz wire inner 
strands on the outer strands which also increase the ac-
resistance. 

The error observed in the leakage inductance can be 
explained by analyzing the construction of the 
transformer prototype on Fig 4a and 4b. The transformer 
has not a coil former or a support to contain the windings 
in a predefined shape. This leads that the windings 
“relaxed” and filled completely the winding area of the 
EE64 core pairs. The relaxation led to an increase of the 
effective secondary winding height (the primary 
windings were assembled in a glued PCB structure) that 
gave a slightly larger leakage inductance than the 
expected calculations. Moreover, also transformer 
terminations have a large effect when measuring stray 
inductances in the range of nH. 

(a)    (b)   

Fig. 6  Picture of the realized converter prototype with highlighted in blue the transformer prototype (a) and complete efficiency characterization 
with power flow from the low voltage to the high voltage side (b). Darkened area highlights the current limitation area of the converter. 
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V. EXPERIMENTAL RESULTS BASED ON A 6 KW 
CONVERTER PROTOTYPE 

The transformer design and optimization was 
performed as part of the design process of a high 
efficiency bidirectional dc-dc converter for fuel cell 
applications. The realized converter prototype is show 
Fig. 7a, where it is highlighted the main power 
transformer. The converter characteristics are defined by 
the fuel cell characteristics on Table I. The converter low 
voltage side is characterized by voltage ranged between 
30 V up to 80 V with a maximum current of 80 A. The 
converter was designed for a switching frequency of 
40 kHz. 

The converter uses 4.1 m  MOSFETs on the low 
voltage side (8 devices arranged two in parallel for each 
switch in a full bridge) and 1200 V Si IGBTs with anti-
parallel 1200 V SiC Schottky diodes on the high voltage 
side. The boost inductor is also realized with planar 
KoolMu material (three E6030 core pairs stacked in 
series) and thick copper PCB windings (custom designed). 
The transformer prototype was developed with custom 
made PCBs milled out from a PCB stack for the primary 
windings (as specified in Case 4). The initial design goal 
was to achieve a high current planar transformer fully 
based on PCB windings. However, due to manufacturing 
complexity and issues encountered during the milling 
process, the converter secondary windings were realized 
with litz wires, Table III. Therefore, the analytical 
analysis has to be updated based on these new constrains. 

The transformer leakage inductance has been a major 
concern since in the selected topology it directly limits 
the primary MOSFETs current commutation time and 
therefore, their switching losses [7]. A complete loss 
analysis of the converter was presented in [7]. 

On Fig. 7b is presented a complete efficiency 
characterization of the converter. The design resulted in a 
dc-dc converter prototype with a peak efficiency of 80 V 
at ~3.5 kW of 97.8%. At the lowest input voltage (30 V) 
the peak efficiency was limited to 95.5%. Peak 

efficiencies are always measured when the current on the 
converter low voltage side is in the range of 40 A, 

The converter is designed for bidirectional power flow 
however, efficiencies with power flow from the high 
voltage side to the low voltage side were lower than the 
ones measured with opposite power flow. The lower 
efficiency observed in this operating mode was due to the 
large switching losses of the high voltage power 
semiconductors (IGBTs). In this other operating mode 
the maximum measured efficiency was 96.5% at 80 V 
and 93.4% at 30 V. In this operating mode, a significant 
improvement in efficiency can be achieved by 
introducing SiC power semiconductors as replacement 
for Si IGBTs. 

It is interesting to observe the influence of the 
transformer leakage inductance on the overall converter 
losses. Based on the four analyzed cases, the converter 
losses determined by the leakage inductance are 
calculated at different current levels (40 A, 60 A and 
80 A); these are presented on Fig. 8a. It is observed that 
large leakage inductance values as in Case 1 would 
introduce large converter losses especially at high current 
levels (quadratic dependency, as observed in Fig. 8a and 
as presented in [7]). Case 2, thanks to full interleaving 
and to the low thickness of each layer, introduces very 
minimum additional losses in the converter. The realized 
transformer prototype based on Case 4 introduces an 
acceptable amount of losses for a converter with target 
efficiency around 98 %. The leakage inductance 
introduces a significant amount of losses only at high 
current levels, as shown on Fig. 8a. The leakage 
inductance in the transformer causes short avalanche 
transients of the MOSFETs on the converter low voltage 
side, as shown on Fig. 8b. The duration of the short 
avalanche condition depends on the input current level 
that determines the time interval required to commutate 
the input current through the transformer primary side 
windings (low voltage side). In this case, the avalanche 
interval with an input current 60 A is around 50-55 ns, as 
shown on Fig. 8b.  

(a)    (b)  

Fig. 7  Picture of the realized converter prototype with highlighted in blue the transformer prototype (a) and complete efficiency characterization 
with power flow from the low voltage to the high voltage side (b). Peak efficiency is 97.8% at the maximum converter input voltage (80 V 
40 A). Efficiencies above 97% are already measured at 50 V. Maximum current: 80 A. 
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VI. CONCLUSIONS 
A design and analysis of a high current transformer 

based on planar magnetics has been presented. The 
analysis considered different windings structures and 
different copper thicknesses from 210 μm up to 1500 μm. 
Results highlighted that the larger copper thicknesses 
were preferable for achieving low ac-resistances at 
frequencies ranges around 40 kHz since this type of 
winding could achieve high filling factor. Cooper foil or 
thin copper bars become beneficial in transformers for 
low voltage high current converters especially at 
frequencies below 100 kHz. 

Simple PCB windings struggle to provide the desired 
transformer performance in high current high efficiency 
dc-dc converters. However, state of the art PCB 
technology with copper thicknesses up to 6 oz. (210 μm) 
and allowing paralleling of multiple PCBs (e.g. three 
PCBs stacked on top of each other) would also allow to 
achieve high filling factor and high flexibility for 
interleaving. This would reduce both ac-resistance and 
leakage inductance down to levels that are only 
achievable with copper foil.  

A transformer prototype was developed based on thick 
copper (400 μm) windings. The prototype was utilized in 
a dc-dc isolated boost converter achieving a peak dc-dc 
conversion efficiency of 97.8% at the highest input 
voltage and a peak efficiency of 95.5% at the lowest 
input voltage.  
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(a)     (b)  

Fig. 8  Converter power loss due to transformer leakage inductance for the different analysed cases and at different current levels, shown on (a). 
Avalanche interval at 60 A current for the low voltage side MOSFETs, shown on (b). Low voltage side DC-current (Ch.1: 20 A/div), drain to 
source voltage of the low voltage side MOSFET (Ch.2: 50 V/div), boost inductor AC-current (Ch.3: 10 A/div) and high voltage side transformer 
voltage (Ch.4: 200 V/div). 
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Abstract—Efficiency is one of the main concerns during the 
design phase of switch mode power supply. Planar magnetics 
based on PCB windings have the potential to reduce the 
magnetic manufacturing cost however, one of their main 
drawbacks comes from their low filling factor and high stray 
capacitance. This paper presents an analysis of different planar 
windings configurations focusing on dc and ac resistances in 
order to achieve highly efficiency in dc-dc converters. The 
analysis considers different copper thicknesses form 70 μm up to 
1500 μm (extreme copper PCB) taking into account 
manufacturing complexity and challenges. The analysis is 
focused on a high current inductor for a dc-dc converter for fuel 
cell applications and it is based on FEM simulations. Analysis 
and results are verified on a 6 kW dc-dc isolated full bridge 
boost converter prototype based on fully planar magnetics 
achieving a peak efficiency of 97.8%. 

I. INTRODUCTION 
Fuel cells represent an attractive technology for energy 

storage and energy production in grid-tie applications [1]. 
However, fuel cells typically operate at low voltage and high 
current and require a dc-dc converter as power interface to 
other components in the system [2][3]. Achieving high 
efficiency for these converter types is challenging and it often 
represents a trade-off between the dc-dc converter efficiency 
and its cost [4][5]. One of the largest cost figures in power 
electronics converters is represented by passive components. 
A solution for reducing the size of the passive components is 
to increase the switching frequency of power electronics 
converters despite a reduction in the converter efficiency [6]. 
High switching frequencies [7] are widely used in low power 
applications were efficiency around 90% are usually 
considered a high value. This is not the case for multi-kW 
applications for renewable energies where the demand of high 
efficiency resulted in commercial products with 98%+ 
efficiency (e.g. solar inverters [8]). New power 
semiconductors allow higher switching frequencies, high 
efficiency and at the same they allow smaller passive 

components [9]. However, at multi-kW power levels current 
magnetic components such as inductors and transformers, tend 
to become bulky, difficult to manufacture and expensive as 
most of the magnetic components are custom designed. 

Planar magnetics represent an attractive technology for 
reducing the magnetic components manufacturing cost and for 
increasing components integration [10]. This advantage is due 
to the good thermal performance of planar magnetic core and 
to the possibility of integrating the inductor or transformer 
windings in printed circuit boards (PCB) together with the 
other converter circuitry [11] (e.g. with the power and control 
stages). These types of magnetics are often used in low power 
or low current converter. Designing magnetics components 
based on multilayer PCB windings allows easily creation of 
interleaved structures which might be beneficial for reducing 
leakage inductance and ac-resistance. On the other hand, it is 
very challenging to design high current high power planar 
magnetics (e.g. for fuel cell dc-dc converters [12]) since 
copper thicknesses used in standard PCB productions are very 
low (typically between 18 and 70 μm). This would result in 
high winding losses or in an oversized magnetic component. 
Paralleling multiple PCB would increase the winding area 
filling factor, but PCB’s with standard copper thicknesses do 
not allow achieving high filling factor [13]. Increasing copper 
thickness is a key element for achieving high filling factor, 
reduce magnetic components size and achieve high efficiency. 

The paper presents an analysis of different planar winding 
technologies and configurations performed during the design 
phase of a high current planar inductor. Each case is analyzed 
based on 2D finite element analysis (FEM) performed with 
Ansoft Maxwell. Analysis and calculations are validated on an 
experimental prototype of an isolated full bridge boost 
converter (IFBBC) for bidirectional fuel cells applications. 
The prototype uses a high current planar inductor which was 
developed based on very thick copper PCB windings and 
planar KoolMu cores. The converter prototype has a power 
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rating of 6 kW, the low voltage side is characterized by 30-
80 V and currents up to 80 A while the high voltage side is 
designed as interface to a grid tie inverter (700-800 V). The 
developed converter prototype is based on fully planar 
magnetics and it was proved to achieve very high efficiency 
(up to 97.8% peak). 

II. PLANAR MAGNETICS AND PCB WINDINGS 
TECHNOLOGY 

In the latest years PCB technology had significant 
improvements; this allowed large cost reductions for 
conventional PCB productions. These are mostly limited to 
copper thicknesses in the 0.5-2 oz. range (17.5-70 μm) and 
multilayer boards. Most of the current machinery used in the 
PCB production process can operate with high copper 
thicknesses (typically up to 6 oz. or 210 μm), however above 
these values the manufacturing cost significantly increase 
since only a limited number of companies are prepared to 
support higher copper thickness. In order to evaluate the 
differences between multilayer PCBs with ultra-thick copper 
(e.g. 1500 μm and 400 μm, Fig 1a, 1b and 1c), thick copper 
(210 μm, Fig. 1d) and thin copper (e.g. 70 μm, Fig. 1e) are 
considered. 

Thin copper (70 μm) cases are taken into account since 
they represent an economic and easy to manufacture solution. 
Thick copper (210 μm) represent a slightly more expensive 
solution however, this has large potentials since it is supported 
by most of the current production lines. Ultra-thick copper 
(>210 μm) is analyzed in order to verify if it could provide a 

significant advantage over thick copper (210 μm). This could 
justify larger manufacturing costs. In general, thin and thick 
copper PCBs have high one-off setup cost; these costs have 
minimal influence on the overall production cost when several 
panels are manufactured. All the analyzed cases are 
summarized in Table I. For all cases the insulation is FR4 
material with a thickness between 200 μm (minimum value) 
and 500 μm.  

The presented work focuses on a high current inductor for 
dc-dc converters for fuel cell applications. The analysis is 
performed around an EE core pair, as shown on Fig. 1f. The 
selected core (E6030) has a winding window of 10x20 mm 
and is available both as ferrite and as a distributed gap 
(KoolMu) materials. The inductor was designed for a dc-RMS 
current of 80 A with an inductance of 20 μH. 

III. METHODOLOGY AND THEORETICAL BACKGROUND 
Designing a high current inductor for a high efficiency 

converter require taking into account both inductor core losses 

(a)     (b)  

(c)              (d)  

(e)                (f)  
Fig. 1: Different analysed cases: 1500 μm (a), 400 μm three layer in parallel (b), 400 μm two layer in parallel and increased isolation thickness (c), 210 μm 

(d) and 70 μm (e). Isolation layers in green and cupper layers in orange. Example of a 2D structure implemented in Ansoft Maxwell (f). 

TABLE I 
ANALYZED CASES FOR A FIVE TURNS INDUCTOR 

 Copper 
Thickness  

Isolation(FR4) 
Thickness 

Layers  
(in parallel) 

Case 1 1500 μm 200 μm 1 
Case 2 400 μm 200 μm 3 
Case 3 400 μm 500 μm 2 
Case 4 210 μm 200 μm 4 
Case 5 70 μm 200 μm 7 
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and winding losses. Core losses are determined by the ac 
inductor current which derived from the inductor turns and 
inductance value. With upfront calculation it was determined 
that the inductor is required to have five turns over a stack of 
three sets of EE6030 core pairs. The following analysis 
focuses on the winding losses, the current density distribution 
and on the relationship with the filling factor. One assumption 
used in the analysis is that parallel windings of the same turn 
are equipotential and therefore, there is no energy stored in the 
stray capacitance within paralleled windings of the same turn. 
This results that the inductor stray capacitance is given by the 
capacitance between each turn, this is independent from the 
number of parallel layers of each turn. For this reason, the 
winding stray capacitance is the same in all analyzed cases 
and, therefore it is not analyzed.  

A. Analytical Approach 
Winding dc-resistance can be easily calculated from the 

winding cross sectional area ( ), the inductor turns ( ) and 
the inductor mean turn length ( ). This is simply expressed 
by (1) and it assumes constant cross sectional area of the 
conductor (interconnections between different layers in a 
planar inductor are neglected). 

Slightly more complex is the analysis of the ac-resistance, 
this has to take into account the operating frequency, the 
winding arrangement-geometry, the conductor material and 
temperature, skin and proximity effects. The most common 
approach is based on Dowell’s analysis [14]; this is considered 
a 1D approach which assumes that the magnetic core winding 
area is completely filled by the windings. In this case the ratio 
between the ac and dc resistances is calculated as in (2). The 
two parts of the equation takes into account the skin effect 
which is represented by the left side term of (2) in the squared 
brackets and the proximity effects which are taken into 
account by the right term in (2) in the squared brackets. In 
order to take into account the proximity effects it is necessary 
to consider the winding structure. Arranging the windings in a 
single layer structure can significantly reduce the ac-resistance 
since proximity effects are minimized [14]. This effect is due 
to the magneto motive force (MMF) of each winding layer; it 
is taken into account in the second term of equation (2) with 
the  factor from equation (3). The MMF varies depending on 
which inductor layer is analyzed and therefore, dc and ac 
resistances are computed for each single layer. Therefore, the 
total winding ac-resistance is obtained as in equation (4). 

 (1) 

 
(2) 

 (3) 

 (4) 

Where ,  is the conductor height or copper 
thickness,  is the skin depth in the conductor and  for 

non-interleaved multilayer windings,  and  
are the MMFs values for the analyzed layer. 

B. Finite Element Analysis or Method (FEA or FEM) 
Finite element analysis is used to evaluate the different 

cases and to verify the selected design prototype. There are 
mostly there 1D, 2D and 3D.  

1) 1D FEM 
1D finite element analysis performed similarly to the 

analytical approach; it is commonly used for analysis of 
chemical processes. 1D analysis is often referred as a 2D 
analysis taking into account that the magnetic flux has a single 
one-dimensional component [15]. 

2) 2D FEM 
2D analysis considers a two dimensional representation of 

the analyzed component. The approach can consider two 
symmetries: an axial symmetry over a revolution axis (e.g. 
when analyzing a toroid) or axial-infinity symmetry (e.g. 
when the component 2D section is small compared to its 
extension over the third axis). In the analyzed case simulations 
are performed on the inductor cross section (two-dimensional 
magnetic flux). The major advantage of this approach is its 
limited computational time however, it cannot take into 
account the end effects due to the limited core geometry. 

3) 3D FEM 
3D FEM is the most suitable analysis for complex 

geometries and it can provide the highest accuracy compared 
to 1D and 2D FEM. 3D FEM takes into account the limited 
core geometry and its effects on the magnetic structure (e.g. 
part of the windings no covered by the magnetic core). 
However, it is very time consuming especially when a fine 
mesh is required for solution convergence. Symmetry axis can 
be beneficial for analyzing only a small section of the 
complete object and reducing the computation time. 

C. Windings Configurations and FEM Analysis 
Different windings configurations and manufacturing 

techniques are considered [16], as shown in Table I. As 
reference case an inductor based on a planar magnetic core 
E6030 is used. The analyzed frequency range is from 10 kHz 
up to 250 kHz which represents the interesting frequency 
range for a multi-kW dc-dc converter. Cases, shown in Fig. 1, 
are simulated in with 2D finite element analysis using Ansoft 
Maxwell; the case inductors have 5 turns and the ac current 
amplitude is 10 ARMS. 

IV. ANALYSIS OF THE RESULTS  
Results from the 2D FEM analysis of the different cases 

are presented below focusing on ac-current density, dc and ac 
resistances and relation with the filling factor. 

A. AC-Current Density Distribution 
At first the ac-current density in the windings for the 

different configurations is analyzed. The current density 
distribution in the inductor windings for the five analyzed 
configurations are presented on Fig. 2: 1500 μm, 400 μm (3 
layers in parallel), 400 μm (2 layers in parallel and higher 
insulation thickness), 210 μm (4 layers in parallel) and 70 μm 
(7 layers in parallel). 
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At low frequencies (10 kHz, left on Fig. 2) the thick 
copper configuration is beneficial in terms of ac-resistance 
since a large portion of the copper is used. However, there is 
still a large part of the copper where the current density is low, 
as shown on Fig. 2a left. This is not the case for paralleled 
PCB layers with thinner copper thicknesses; in this case the 
current density is much more homogeneous with minor areas 
with lower current density, as shown on Fig. 2d left. In this 
case some winding layers have completely homogenous 
current density. At higher frequencies (50 kHz, in the middle 
on Fig. 2) the current density decreases in the central part of 
the windings and it is possible to observe high negative 
current densities due to proximity effect of neighbor layers. 
These effects increase the winding ac-resistance especially for 

the thick copper windings. This phenomenon is well known 
and increases as the ac current frequency increases (eddy 
current effects) as observed on the right of Fig. 2. It is possible 
to observe that the current distribution in the layers is very 
similar independently on the copper thickness. The current is 
concentrated on a thin layer on Fig. 2a and this layer thickness 
is close to the current density in the thinner PCB layers as in 
case Fig. 2d. 

One major difference between thick copper windings and 
conventional multilayer PCB windings is that the filling factor 
is very different from one configuration to the other therefore, 
for the same magnetics size the dc and ac resistances are 
affected. For these reasons, the filling factor is used in the 

 
 

(a)      

(b)      

(c)      

(d)      

(e)      
Fig. 2: Current density distribution for four cases of a 5 turns inductor: Case 1 1500 μm (a), Case 2 400 μm 3 layers in parallel (b), Case 3 400 μm 2 layers in 
parallel (c), Case 4 210 μm 4 layers in parallel (d) and Case 5 70 μm 7 layers in parallel (e). On the left current density at 10 kHz, in the centre at 50 kHz and 

on the left at 250 kHz. Current density from 100 A/cm2 (red) to -100 A/cm2 (blue); green colour corresponds to low current density (~0 A/cm2). 

10 kHz 250 kHz 50 kHz 
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analysis of the different configurations. 

B. Winding AC-Resistance 
The analysis performer on the ac-current

be used for evaluating the winding ac-
uniform current densities results in low
resistance; vice versa large variations in th
and large areas with low current density re
resistances.  

Based on the analyzed cases, on Tab
resistance at different frequencies is extracte
winding losses. The windings ac-resistance
Fig. 3a covering the entire 1-250 kHz range. 
the highest copper thicknesses are also pro
ac-resistance; this is valid for all the analyzed
this is due to the large amount of copper prov
copper cases (higher fill factor). This is inte
shows that thin copper layers could not 
significant benefit in this frequency range.  

Another factor that as to be taken into 
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decreasing the inductor volume compared to lower filling 
factors. It is important to observe the relation between the 
filling factor and the increase of ac-resistance over dc-
resistance for the analyzed cases. It is possible to contain the 
increase of ac-resistance over the dc-resistance by using two 
instead of three paralleled layers and increase the insulation 
layer between these ones, as shown on Fig. 4b columns two 
and three. The case with two parallel layer instead of three has 
lower Rac/Rdc ratio, this results that even though the filling 
factor is reduced the ac-resistances in the two cases are 
comparable (as shown in Fig. 3a). 

V. EXPERIMENTAL PROTOTYPE AND VALIDATION 
Based on the case studies a high current inductor prototype 

was designed for an IFBBC topology. The major focus in the 
converter design and optimization was to limit the overall 
converter power loss and achieve high efficiency with planar 
magnetics.  

The inductor prototype was realized with two paralleled 
copper foil conductors of 400 μm thicknesses separated by a 
500 μm layer of FR4. The inductor’s five turns were 
manufactured with a CNC machine and interconnected with 
high current vias, Fig. 5a. The inductor is designed at 20 μH 

and rated for dc-currents up to 80 A with ripple currents of 
15 ARMS. The inductor prototype is presented on Fig. 5b. 

The inductor was characterized with a precision 
impedance analyzer (Agilent 4294A rev. 1.1). The instrument 
can measure impedances with frequencies from 40 Hz up to 
110 MHz with a basic impedance accuracy of ±0.08%. The 
inductor winding dc-resistance was measured at 100 Hz, as 
shown on Fig. 6a and the ac-resistance was measure at the 
inductor operating frequency (80 kHz) shown on Fig. 6b. The 
measurement was performed by removing the inductor core in 
order to remove the core losses from the measurement. This 
can be observed from the inductance measurements in Fig. 6b 
where the inductance value is only 1.3 μH (inductor without 
core). At low resistance values (around 1-2 m ) the 
instrument is at its limits for the specified operating range and 
therefore, larger error compared to the absolute impedance 
accuracy is expected. A comparison of the calculated results 
from the 2D FEM analysis and the measurements performed 
on the inductor prototype are presented on Table II. The FEM 
values have a good match with the measurements; the 
mismatch is less than 10% which is good considering that 2D 
FEM is less accurate than 3D FEM.  

The inductor cores are three core pairs of KoolMu 

(a)    (b)  
Fig. 5: Pictures of the realized inductor prototype, details of the interconnections (soldered pin-vias) between the inductor turns (a) and complete inductor 

compared to a TO-220 package (b). The large holes in the copper layers are the high current terminals of the inductor. 

(a)          (b)  
Fig. 6: Impedance measurements with precision impedance analyser (Agilent 4294A). Impedance at 100 Hz (a) used as reference measurement for the dc-
resistance (40 Hz-1 kHz sweep) and measurements at 80 kHZ (b) (40 Hz-10 MHz sweep). Measurement performed on the inductor windings with no core. 

6 cm 

16 cm 

2 cm 
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material: two pairs have a relative permeability of 90 and one 
pair has a relative permeability of 26. A measurement of the 
ac-resistance and inductance at 80 kHz is performed on the 
complete inductor (including the cores) and shown on Fig. 7. 
The measured inductance is 19.7 μH and the ac-resistance 
which includes also core losses is 82.8 m . 

The inductor is part of a dc-dc bidirectional isolated full 
bridge boost converter for fuel/electrolyzer cells, Fig. 8a. The 
dc-dc converter uses 120 V 4.1 m  MOSFETs (eight devices, 
two in parallel in a full bridge configuration) in the low 
voltage side bridge; 1200V Si IGBTs rated at 15 ARMS in the 
high voltage side bridge and a transformer with a 1:8 turns 
ratio. The dc-dc converter’s efficiency was characterized at 
different voltage levels in the 30-80 V range. Peak efficiencies 
up to 97.8 % in boost mode (Fig. 8b) have been measured. 
The efficiency in buck mode (power flow from the high 
voltage side to the high voltage side) is limited to ~96.5% due 
to the high IGBT’s switching losses. 

VI. CONCLUSIONS 
The paper analyzed different planar winding 

configurations and technologies for high current planar 
magnetics. It was proved that selecting thin copper layers for 
PCB windings it is not always beneficial for achieving low dc 
and ac resistances for high current high power dc-inductors 
with operating frequencies in the 10-250 kHz range. Good 
results in terms of both ac and dc resistance were achieved by 
using 400 μm copper layers or by increasing the insulation 
thickness between the layers and reducing the number of 
paralleled layers. This last solution limited the increase of the 
ac-resistance as a function of the frequency and provided at 

the same time a suitable high filling factor which is essential 
for low dc-resistance. It was observed that even though the 
Rac/Rdc resistance increases more in the thick copper 
windings compared to the thin ones, thick copper winding are 
still advantageous due to their high filling factor in the 
analyzed frequency range (10-250 kHz). 

Based on the performed analysis a prototype of a high 
current planar inductor based on distributed gap material was 
developed. The inductor prototype was used on an isolated full 
bridge boost converter for bidirectional fuel cells. The 
prototype is based on thick copper PCB windings and it was 
capable of achieving peak efficiencies up to ~97.8% and 
~96.5% depending on the converter power flow. Good match 
between simulations and experimental results was achieved. 
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Abstract 
Energy production from renewable energy sources is continuously varying, for this reason energy 
storage is becoming more and more important as the percentage of green energy increases. Newly 
developed fuel cells can operate in reverse mode as electrolyzer cells; therefore, they are becoming an 
attractive technology for energy storage grid-tie applications. In this application dc-dc converter 
optimization is very challenging due to the large voltage range that the converter is expected to 
operate. Moreover, the fuel-electrolyzer cell side of the converter is characterized by low voltage and 
high current. Dc-dc converter efficiency plays a fundamental role in the overall system efficiency 
since processed energy is always flowing through the converter; for this reason, loss analysis and 
optimization are a key component of the converter design. 
The paper presents an isolated full bridge boost dc-dc converter (IFBBC) designed for this new 
application focusing on losses analysis. The system topology is briefly discussed and the major 
concerns related to the system, cells stacks and converter operating points are analyzed. The dc-dc 
converter losses are modeled and presented in detail; the analysis is validated on adc-dc converter 
prototype rated at 6 kW 30-80 V 0-80 A on the low voltage side and 700-800 V on the high voltage 
side (for a grid-tie application). The prototype is based on fully planar magnetic, Si MOSFETs, Si 
IGBTs and SiC diodes; efficiencies up to ~96.5% and ~97.8% were demonstrated depending on the 
converter operating point. 

Introduction 
The energy production from renewable energy sources, such as wind, solar and tidal energy, is 
strongly fluctuating daily and seasonally, this is due to the nature of these energy sources. During high 
energy demand peaks or during low energy production from renewable energy sources it is necessary 
to relay on other more predictable energy sources. Vice versa, when the energy demand is low or there 
is an energy surplus from renewable sources it is desirable to store this energy. For this reason, smart 
grids and energy storage started to play an important role in today’s energy market and energy 
policies.  
Fuel cell technology was initially discovered in the late 19th century, and still nowadays is considered 
one of the most promising sources for distributed energy. Fuel cells are an attractive solution for 
distributed high-power density clean energy generation however, in order to have a bidirectional 
system they are often combined with electrolyzer cells [1]. In fact, conventional fuel cells cannot 
operate in reverse mode (with reversed current direction [2]) without incurring in low-efficiency and 
complex system design. Recent developments in fuel cell /electrolyzer cell technology, especially in 
Solid Oxide Fuel Cells (SOFC) and Solid Oxide Electrolyzer Cells (SOEC), have enabled these cells 
to operate in both modes with high efficiency. These cells could represent an attractive solution for the 



(a)  (b)  

Fig. 1.   System overview for fuel cell/electrolyzercell operation (a) and DC-DC converter structure (b). 
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next generation of smart grids since they can be used both as energy source and as energy storage 
depending on the market demands. 
Realizing high power stacks of SOFC/SOEC represents a big challenge in terms of fuel /gas-pressure 
equalization within the cells, reliability and long term degradation. Therefore, in most cases fuel or 
electrolyzer cells are stacked in a limited number, which result in low voltages and high currents. For 
this reason a power conditioning system is required to adapt the voltage and current levels of the cells 
stack to a grid interface. DC-DC converters are used for power conditioning in several applications 
such as solar inverters, uninterruptible power supplies (UPS) and battery systems [3]; they represent 
the ideal interface for matching the SOFC/SOEC V-I characteristic to the grid interface. 
This paper presents a complete loss analysis of an isolated boost DC-DC converter (IFBBC), suitable 
for bidirectional operation of SO cells. The analysis is verified on a 6 kW prototype with peak 
efficiency up to ~96.5 % and 97.8% depending on the converter operating mode. Results are discussed 
and analyzed in relation to the specified application. 

System Specification and Converter Topology 
The system topology strongly depends on the technology level reached by the SO cells; this defines 
the number of cells that can be stacked and, therefore, the low voltage interface of the DC-DC 
converter. As the number of stacked cells increases, cells reliability decreases and degradation 
increases due to different cell characteristics and unbalances in the fuel system. After a close 
discussion with SO-cells manufacturer and based on the state of the art a cells stack of 50 cells was 
considered as the most suitable for this application. With these specifications it was possible to define 
the DC-DC converter specifications as presented in Table I. The system can be scaled to various 
power levels by paralleling different SO cells stack and DC-DC converters as presented in Fig. 1a. 
Each DC-DC converter, Fig. 1b, allows operating each stack at its optimal point independently from 
the other stacks. 
A simple bidirectional non-isolated boost converter could be sufficient however, for high step-up 
ratios its design becomes challenging making difficult to achieve high converter efficiency for wide 
operating voltage and power range. Moreover, another drawback of this topology is the lack of 
galvanic isolation: electric isolation from the fuel cell to the other part of the system is often desired in 
order to protect the cells stack especially when high voltages are present in the system. For this reason, 
isolated boost full bridge dc-dc converter represents a good candidate for this application (Fig. 2). It is 
capable of providing electric isolation with a small high frequency transformer moreover, the 
transformer provides voltage scaling allowing achieving high efficiency also with large step-up ratios. 
This topology when properly optimized can achieve very high efficiency and it proved to have the top-
efficiency performance for these applications [4]. Most of the boost derived topologies suffer of start-
up problems [5], this occurs whenever the output voltage is lower than the input voltage. In this 
application, the start-up is not critical since the DC-link voltage range is guaranteed by the grid-tie 
inverter and SO cells have a slow ramp-up time compared to the converter time constants which allow 
a soft start of the converter. 



TABLE I 
SOFC AND SOEC SPECIFICATIONS FOR DC-DC CONVERTER DESIGN 

 SOFC SOEC  
Low Voltage (LV) side 30-50 50-80 [V] 
Current (LV) side 40-0 0-80 [A] 
High Voltage (HV) side 700-800 700-800 [V] 
Power Rating ~1500 ~6000 [W] 

 

Isolated Full Bridge Boost DC-DC Converter Design and Loss Analysis 
The design and optimization of the converter should consider the different operating modes of the 
system. One of the main concerns related to energy storage is the profitability of the system; this has 
to be taken into account as weighting factors in the converter design and optimization. Supposing an 
electric energy conversion efficiency of 90% for both power flow directions, an electricity price of 35 
€/MWh during periods of large availability from renewable energies and 50 €/MWh during high 
electricity demand [6]; with these values is possible to calculate the economic loss due to the convert 
efficiency: 
 

• SOFC mode (energy production) loss 5 €/MWh 
• SOEC mode (energy storage) loss 3.5 €/MWh 

 
In both operation modes the energy conversion efficiency would cause a significant economic loss 
however, in SOFC mode low converter efficiency would cause more economical losses than in SOEC 
mode. For this reason it is preferable to have higher efficiency in SOFC mode than SOEC mode. 
Converter losses can be minimized for one operating point however, the converter has still to be 
capable of operating in the entire voltage range (30-80 V). 
In the following sub-section an analysis of the converter losses when the converter is operating. This 
analysis is performed on a 6 kWdc-dc converter prototype designed for a maximum input current of 
~80 A and capable of operating in the whole 30-80 V range. The converter high voltage side is rated at 
700-800 V and it is suitable for a 400 VAC,rmsgrid-tie inverter. 

DC-DC Converter Loss Categorization  
In order to perform a suitable converter design where the losses are minimized; it is essential to 
identify all the major loss sources, create models and verify the achieved results. When the major 
sources of losses are identified it is possible to tune the converter design in order to achieve high 
efficiency and minimize the losses. In order to obtain accurate models design-measurement loop 
iterations are required. These are time and cost demanding therefore, it is often desired to minimize 
these iterations. In this paper, the approach that has been used tried to gather as many information as 
possible from datasheet and minimize the number of measurements. In a second step the losses are 
evaluated for different converter operating points and the calculated converter efficiency is compared 
with the measured one. 

Transformer Losses 
The transformer is a key component to achieve high efficiency in an IFBBC. The low voltage side of 
the converter is characterized by high current therefore, particular care should be taken to minimize 
the winding losses. Moreover, the transformer leakage inductance acts as common source inductance 
in the selected topology limiting the current commutation time at MOSFET’s turn-off and also the 

 
Fig. 2:  Bidirectional isolated boost DC-DC converter. 



converter efficiency. An interleaved winding structure for minimizing both winding losses (ac-
resistance) and leakage inductance was selected for the transformer; the selected interleaved structure 
is P-S-P-S-P. The main drawbacks of introducing an interleaved structure are that the transformer P-S 
stray capacitance increases that the manufacturing process of the transformer is more complex. Large 
transformer stray capacitance is usually unwanted since it increases the common mode noise. 
However, for the intended application EMC requirements are not included and the EMC filter is not 
part of the study.  
The transformer is designed based on planar cores (E64), two cores are stacked “in series” on in order 
to increase the overall core cross section and minimize the number of transformer primary turns (low 
voltage high current winding). The overall transformer design is performed for a switching frequency 
of 40 kHz minimizing the losses (1) around this switching frequency. Core losses are computed with 
the generalized Steinmetz equation (2)[7] and the winding losses are calculated based on Dowel’s 
equation that takes into account skin and proximity effects (3)[8][9]. The transformer characteristics 
are summarized in Table II. 

TABLE II 
TRANSFORMER CHARACTERISTICS 

Turns ratio 8 
Primary 3 turns 
Core 2*E64 pairs 
Core material Magnetics R 
Structure P-S-P-S-P 
Primary winding (P) PCB 2*400 μm 
Secondary winding (S) 30*0.2 mm litz wire 
Insulation P-S 2*0.1 mm Kapton 

 
For the 6 kW prototype the design procedure resulted in 3 primary turns and 24 secondary turns on a 
two series E64 R-material planar transformer cores (for a frequency range around 40 kHz, K=0.074, 

=1.43 and =2.85, with B in kG and f in kHz, result in mW/cm3). The primary transformer turns are 
realized with two parallel layers of 400 μm copper (custom thick copper PCB) insulated from each 
other by 500 μm layer of FR4. The 24 secondary turns are created with litz wires (30 strands of 
200 μm diameter) interleaved with the primary winding in a P-S-P-S-P structure. Insulation between 
primary and secondary is created with two layers of Kapton tape (100 μm each layer). Very thick 
copper PCB windings (primary) were selected in order to achieve high filling factor in the transformer 
(in this case ~32%) which is normally not achievable with conventional PCBs. For modeling the 
transformer losses, the transformer windings resistance was reflected to the primary. A transformer 
short circuit measurement identified  and  at the 
switching frequency.  
 

      (1) 
      (2) 

     (3) 

Low Voltage Side: Conduction and Switching Losses 
The maximum stress over the power semiconductors of the low voltage side of the converter is defined 
by the converter high voltage side (700-800 V) reflected to the low voltage side (87.5-100 V). At this 
voltage levels MOSFETs are the most suitable devices. The MOSFETs rating should be just above the 
maximum voltage stress plus a margin factor. MOSFETs are available rated at 120 V and 150 V, 
however, due to the low voltage high current the 120 V (lower ) were preferred over the 150 V. 
Another advantage of the low 1 120 V MOSFETs is that they are available in TO-220 package 
which has a lower stray inductance than the TO-247 package (used for low  150 V devices). In 
order to decrease the conduction losses two MOSFETs are paralleled, each MOSFET has its 
independent gate resistor (2.5 ) and they are driven by a common driver with a 9 A capability. The 
selected MOSFETs are Infineon 120 V 4.1 m  TO-220. Since they converter does not have an active 
clamp, the devices may observe avalanche during switching; the selected power semiconductors have 
avalanche capability of 900 mJ for a single pulse and for repetitive pulses is thermally limited. 



The primary low-voltage power semiconductor losses (4) are classified into: conduction ( ), turn-
on ( ) and turn-off ( ) losses. Conduction losses are simply calculated based on the 
MOSFETs RMS current( ) dependent on the duty cycle(5). Turn-on losses are limited to 
the discharge of the MOSFET’s output capacitance ( )(6) since the current commutation is 
delayed by the common source inductance [10][11]. The MOSFET’s turn-off losses are due to the 
limited current commutation speed due to the common source stray inductance which also includes the 
transformer leakage inductance (in series during in the commutation path). The MOSFETs body diode 
(10) conducts only when the converter power flow is from the high voltage to the low voltage side. In 
this case we have both conduction losses (11) and reverse recovery losses (12); dead time is applied to 
both rise and fall edges (factor two in (11)) and the current flowing through the device is the dc-
current plus the ac-current component (first dead time interval) and the dc-current minus the ac-current 
(second dead time interval). The equivalent conduction losses of the body diode can be approximated 
with the average dc-current (11). 
 

        (4) 
        (5) 

        (6) 

     (7) 

      (8) 

     (9) 
      (10) 

    (11) 
      (12) 

High Voltage Side: Conduction and Switching Losses 
The converter high voltage side uses 1200 V 3rd generation Trench IGBTs from Infineon 
(IGW15N120H3) and SiC Schottky diodes (Cree C4D15120A) in antiparallel to the IGBTs. The 
IGBTs conduction and switching losses are introduced in the model based on datasheet values. The 
IGBTs conduction losses ( ) are calculated based on the IGBTs forward characteristic 
(datasheet); linearized to a threshold voltage ( ) and an on state resistance ( ) as shown in 
(14). The IGBTs switching losses are initially extracted from datasheet and then corrected based on a 
reference measurement in order to have higher accuracy in the calculation. From datasheet it is 
possible to scale the IGBTs losses for different temperatures, different gate resistors and different 
device switching voltage. This type of scaling is often linear and commonly used for simple loss 
modeling [12].In this case, the IGBT datasheet values also included the reverse recovery losses of the 
antiparallel diode which for the designed converter is a SiC diode. For this reason, the IGBT switching 
losses were scaled based on a reference measurement at 15 A 700 V [13]with a linear coefficient 

aand  (15).  
In SOFC mode the current flows through the full bridge created with SiC Schottky diodes (IGBTs they 
do not have free-wheeling diodes and in this mode they do not contribute to the losses). The diodes 
losses (16) due to the forward voltage drop and due to the diodes resistance are included in 

 (17). SiC Schottky diode are often claimed to have zero-recovery charge 
( ) compared to conventional silicon diodes however, they also give a small contribute to 
the high voltage side losses due to the energy stored in their stray capacitance ( ) (18). 
 

              (13) 
            (14) 

     
          (15) 

            (16) 



   (17) 
    (18) 

Boost Inductor Losses 
The boost inductor has to carry all the input current for this reason it is important to analyze and try to 
minimize the losses in this component. The losses in the boost inductor (19) are due to dc-resistance 
( ), ac-resistance [9]( ) and core losses( ). The inductor winding losses are 
computed based on the dc-resistance ( ) and the dc inductor current ( ) (20). The 
resistance is easily calculated based on the copper cross section and the total length of the inductor 
windings. The ac-current ripple ( ) strongly influences the converter efficiency especially at 
low power levels therefore, it has to be taken into account (21).According to Dowels [8], in a 
conventional inductor with concentric windings the ac-resistance rapidly increases due to proximity 
effect. In this design planar (PCB) windings are used, windings are not concentric anymore and the ac-
winding resistance can be approximated based on the conductor thickness ( ) times the dc-
resistance (22). Inductor core losses strongly depend on the core material: high frequency materials 
such as gapped 3F3 cores provide low core losses however, they significantly increase the winding 
losses due to fringing flux in proximity of the gap. In this case the inductor was designed based on 
planar Kool Mu cores. This material has a distributed gap and it does not generate losses in the 
windings due to fringing flux. The main drawback of this material is its higher hysteresis core losses. 
The designed inductor has three planar Kool Mu E6030 cores pairs, two pairs in 90μ material and one 
pair with 26μ material. The cores are arranged in “series” in order to increase the overall core cross 
section. The winding structure is based on thick copper PCB windings (400 μm copper thickness); the 
inductor has five turns and each of them is realized by two parallel layers of 400 μm copper track. 
Core losses have been calculated from Steinmetz equation based on the coefficients for Kool Mu 
material (Kool Mu 26μ K=120, =1.46, =2.09 and Kool Mu 90μ K=193, =1.26, =2.01 with fsw in 
kHz and flux density in T) according to (2). 
 

     (19) 
      (20) 

      (21) 
       (22) 

Control and Driver Losses 
Control and driver losses have to be included in the loss analysis (23). Gate driver losses are easily 
calculated from the input capacitance (both for MOSFETs and IGBTs gate drivers (24)). This 
approximation simply considers the power required for driving the devices and not the overall power 
required by the gate driver (other circuitry on the gate driver). Moreover, the overall control power 
( ) is difficult to calculate since it also depends on the power used by the DSP board with depends 
on the control loop and DSP features that are used ( ) (25). In addition, cooling fans are used on 
the converter heatsinks (on the bottom of Fig. 3a), these fans have a power consumption of 3.8 W 
( ). At low power level they have a strong impact on the converter efficiency, and therefore, to 
increase the overall efficiency, temperature control is desired.  
 

     (23) 
  (24) 

      (25) 



Overall Converter Losses 
The converter efficiency depends on the power flow direction; in fact in one operating mode the 
converter is operating as a boost converter (power flow from the low voltage to the high voltage side, 
SOFC mode), while with the opposite power flow the converter acts as a buck (SOEC mode). In 
SOFC mode the body diode of the low voltage side MOSFETs will never conduct and therefore, it will 
not have a contribution to the converter losses. In this operating mode, the current in the high voltage 
side bridge will flow uniquely through the SiC Schottky diodes and IGBTs will not contribute to the 
losses since they are bipolar devices and they cannot be used for active rectification. Similarly, in 
SOEC mode the diodes in the high voltage bridge are not used and, therefore, only the diode 
capacitance will contribute to the losses (no conduction losses). Moreover, the MOSFETs will have 
very low switching losses since during turn-off the MOSFETs body diode will start carrying the 
current and will maintain a low-voltage across the MOSFET (close to soft switching). 
The other components of the losses remain unchanged and they do not depend on the converter 
operating mode. This results that the total converter losses for the two operating modes are given by: 
 

     (25) 
 (26) 

Experimental Results and Analysis 
Experimental results are based on a developed 6 kW prototype (Fig. 3a and Fig. 3b). The goal of the 
prototype was to verify the expected performance of the converter and identify the main source for 
losses with experimental verification. 
The converter was operated in SOFC and SOEC mode and its efficiency measured with a precision 
power analyzer (N4L PPA5530) using 1 mOhm 100 A current shunts for the entire 30-80 V range at 
different power levels. Measured efficiencies are presented on Fig. 4a and Fig. 4b for both power flow 
direction (SOFC = boost mode, SOEC = buck mode). At low voltage levels the power on the 
developed prototype is limited by its maximum current (80 ARMS). Efficiency measurements were 
exported and interpolated with MATLAB to obtain a smoother plot. The darkened area on Fig. 4a and 
Fig. 4b indicates a prohibited operating point for the converter (current overload). In this darkened 
area(current overload)the efficiency was extracted based on a fit of the measured values in the normal 
converter operating range (30-80 V and 0-80 A).At the lowest input voltage (30 V) efficiency is 
limited by the high current flowing in the converter that give significant contribute in the conduction 
and switching losses. In this case the efficiency is limited to 95.9% in SOFC and 93.3% in SOEC 
mode. At the highest input voltage (80 V) the converter efficiency reaches a peak of 97.8% in SOFC 
and 96.5% in SOEC. It is observed that the efficiency is SOEC is always lower than in SOFC. In 
SOFC the MOSFETs are hard switching and the IGBTs do not give contribution to the losses, while in 
SOEC the IGBTs are giving large contribute to the losses (both switching and conduction losses) and 
the MOSFETs are used for active rectification (close soft switching). 

(a)  (b)  
Fig. 3:  6 kW prototype of isolated boost converter (a) and switching waveforms at 60 V 40 A. Ch.1(yellow): ILV 
(20 A/div), Ch.2(red): VDS,MOS (50 V/div), Ch.3(blue): IAC,inductor (10 A/div) and Ch.4(green): IHV, transformer 
(5 A/div). 

Ch.1: ILV (20°A/div) Ch.2: VDS,MOS (50°V/div) 

Ch.4: IHV, trasformer (5°A/div)  Ch.3: IAC,inductor. (10°A/div) 



Measured vs. Modeled Efficiency 
The operating point of the dc-dc converter is defined by the SOFC /SOEC cells stack. In SOFC mode 
the voltage of the cells stack decreases as the power increases, vice versa in SOEC mode. The 
modeled converter efficiency is compared with the measured one. Two characteristic curves are 
presented: one at 40 V for SOFC mode (Fig. 5a) and one at 60 V for SOEC mode (Fig. 5b).Based on 
the presented loss model of the IFBBC a small difference is observed. It should be considered that the 
presented model assumed constant device temperature for power semiconductors, magnetic 
components and for copper. This assumption introduces an error since the converter component 
temperatures will vary continuously depending on the voltage and power flow through the converter. 
It is interesting to observe that the peak efficiency at 40 V and SOFC mode is ~96.8% at 1-
1.5 kW(Fig. 5a); at 60 V in SOEC the peak efficiency is observed at 2-3 kW and it is ~95.9% 
(Fig. 5b). 

Components of the Converter Losses 
In proximity of the peak efficiency at 40 V in SOFC and 60 VSOEC, the different sources of losses in 
the converter are presented based on the modeled values (Fig. 6). It is observed that in SOFC mode at 
1 kW and 40 V (Fig. 6a) the main source of losses is the boost inductor. At this power level the main 

(a)  (b)  
Fig. 4:  Measured efficiency of the 6 kW IFBBC prototype at different voltage and different power levels, SOFC 
mode (a) and SOEC mode (b). Darkened area indicates that the converter is not allowed to operate in these 
conditions due to over current on the low voltage side (80 A current limitation). 

(a)  (b)  
Fig. 5:  Comparison of measured versus calculated efficiency of the 6 kW IFBBC based on the presented models. 
Efficiency comparison at 40 V (a) SOFC mode (power flow from the low voltage side to the high voltage side) and 
60 V (b) SOEC mode (power flow from the high voltage side to the low voltage side). 80 A current limitation. 
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inductor losses are due to the core losses; in fact even though the ripple current is limited, ac inductor 
flux produces significant losses (Kool Mu material has larger losses than traditional ferrites). As the 
power increase (e.g. 1.5 kW 40 V) the inductors losses have a minimal increase mostly due to winding 
losses. However, the losses in the other components significantly increase especially the ones in the 
power semiconductors. MOSFET’s turn-off commutation time increases due to the large current to be 
commuted. Then above 1.5-2 kW (Fig. 5a) the efficiency starts decreasing due to the significant 
increase of the conduction losses at large current. 
The loss components at 60 V 3 kW (Fig. 6b) in SOEC mode significantly change. The MOSFET’s 
main loss contribution is given by the conduction losses (active rectification). The MOSFET’s body 
diode conducts only for a short time (dead time) and their total contribution (conduction and reverse 
recovery) is minimal compared to other losses. The main sources of loss are the high voltage power 
semiconductors (IGBTs in hard switching condition); dominant are the switching losses which account 
up to ~45% of the total losses at this operating point, Fig. 6b. 
On overall, it is observed that even with a limited variation of the voltage on the converter low voltage 
side (from 40 V up to 60 V) compared to the overall operating voltage range the distribution of the 
converter losses varies significantly. It is observed that the lowest efficiency in SOEC operating mode 
is due to the large losses generated by the IGBTs on the converter high voltage side. This operation 
mode would significantly benefit by the introduction of SiC devices which would increase the 
converter efficiency. Vice versa, in SOFC mode there is a significant component of the losses that is 
given by the boost inductor (mostly core losses). The inductor could be designed based on a gapped 
ferrite core which would significantly reduce the core losses but, would increase the inductor winding 
losses due to fringing flux in the core air gap. 

(a)  

(b)  
 

Fig. 6:  Calculated loss components of the 6 kW IFBBC prototype at 40 V 1 kW in SOFC mode (a) and at 
60 V 3 kW in SOEC mode (b). Based on the developed loss model. 
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Conclusions 
The paper presented a new challenging application for bidirectional isolated boost DC-DC converters 
boost with wide low-voltage input and high-current. The developed converter is based on fully planar 
magnetic and has peak efficiency of 97.8% and 96% depending on the converter operating mode. The 
design procedure has taken into account the operating mode (SOFC/SOEC) of the cells stacks and a 
loss analysis for the converter prototype was presented. The presented loss models were evaluated 
based on a 6 kW converter prototype; measured and modeled efficiency had a good match validating 
the models. The converter losses were analyzed for two different operating points (40 V 1 kW and 
60 V 3 kW) which are determined by the SOFC/SOEC stack characteristics. 
The design highlighted how the two different converter operating modes (SOFC and SOEC) have 
significant variation in the distribution of the losses in the converter. Latest Trench IGBTs proved to 
be suitable for designing high efficiency converters achieving peak efficiency up to 96 %.However, it 
was observed the IGBT losses were still a large loss component and they are the main cause of the 
lower efficiency in SOEC mode compared to the SOFC mode. The introduction of new power 
semiconductors based on SiC (e.g. SiC JFETs or SiC MOSFETs) is required in order to further 
increase the converter efficiency especially in SOEC operating mode. 
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1Abstract—Research and optimisation of cooling of electronic
components using heat sinks becomes increasingly important in
modern industry. Numerical methods with experimental real-
world verification are the main tools to evaluate efficiency of
heat sinks or heat sink systems. Here the investigation of
relatively simple heat sink application is performed using
modelling based on finite element method, and also the
potential of such analysis was demonstrated by real-world
measurements and comparing obtained results. Thermal
modelling was accomplished using finite element analysis
software COMSOL and thermo-imaging camera was used to
measure the thermal field distribution. Ideas for future
research involving improvement of the experimental setup and
modelling verification are given.

Index Terms—Finite Element Method, heat sinks,
temperature measurement.

I. INTRODUCTION

All components including capacitors, inductors and
semiconductor devices which are used in power converters
have maximum operating temperatures defined by
manufacturer. Increased power density is the main factor
which influences the thermal management to become so
important. Researchers look for new methods how to
increase the systems cooling efficiency and engineers try to
optimize the placement of components on PCB which
improves cooling possibilities as well. In modern industry,
the cooling efficiency of a system is primarily determined by
using numerical modelling techniques [1].

There is a wide range of numerical methods used in
thermal analysis like boundary element method, finite
difference method, and finite element method. Nowadays the
finite element method is most widely used to analyse,
simulate, optimize and design electronic devices and their
systems. Most material properties are temperature-
dependent, and this effect introduces multi-physics
modelling, for example connecting electrics and heat transfer
physics in one area. Finite element analysis software
COMSOL Multiphysics was selected to perform modelling in
our case.

Manuscript received January 28, 2013; accepted April 4, 2013.

II. COMPONENTS USED FOR THE EXPERIMENTS

The heat sink made by company Wakefield Thermal
Solution was selected (Table I) [2].

TABLE I. SPECIFICATIONS OF THE USED HEAT SINK.

Standard
P/N

Dimensions
of heat sink,

(mm)

Number
of fins

Natural
convection,

Power
dissipation

[W],
60 ºC rise

heat sink to
ambient

Forced
convection
Thermal

resistance
at 300
ft/min,
(ºC/W)

517-95AB 57.9x61x24.
1 8 11 W 2 ºC/W

After heat sink selection the transistor and the diode were
selected. In this work the heat sink is investigated in
environments containing natural and forced convection
types. From the specifications of heat sink it is known, that
the dissipated power of heat sink is 11 W when the natural
convection is used. Also from specifications we know that
the thermal resistance is equal to 5.45 ºC/W. As it can be
seen from Table I the thermal resistance of the forced
convection is equal 2 ºC/W which means that the dissipated
power can be 2.72 times larger than under natural
convection. So, the theoretical total dissipated power can be
achieved around 30 W. When the maximum dissipated
power is known, the transistor and the diode can be chosen.
In order to investigate the thermal management, it is better to
choose the transistor with larger on-resistance value.

TABLE II. SPECIFICATIONS OF THE USED
TRANSISTOR AT TC = 25 ºC.

On-
resistan-
ce, [Ω]

Maxi-
mum
conti-
nuous
drain

current,
[A]

Opera-
ting and
storage

temperatu
re, ºC

Maxi-
mum

power
dissipat

ion,
[W]

Thermal
resistance
junction
to case,
ºC/W

Thermal
resistance
junction

to
ambient,

ºC/W

Max
Drain to
source

voltage,
[V]

0.85 8 -55 to 150 125 1 62.5 500

Of course, transistor typically dissipates much more
power than the diode. In this case, when the 30 W power is
required, the diode power loss almost doesn’t influence the
total power. Thus, transistor is the predominant power
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dissipator and should be selected primarily. Both
components were selected to produce the total dissipated
power a little larger than 30 W.

The chosen transistor is IRF840 with TO-220 package
type, produced by Fairchild semiconductor and the main
specifications of the transistor regarding to thermal
management are presented in Table II [3].

When the transistor is chosen, the diode can be selected.
The diode was selected regarding to the maximum current of
the transistor. The diode is 10TQ045 with TO-220 package
type from International Rectifier. The main specifications of
the diode regarding thermal management are presented in
Table III [4].

TABLE III. SPECIFICATIONS OF THE USED DIODE.
Maximum

IF(AV) at 50 %
rectangular

waveform and
TJ=151 ºC, [A]

Maximum
forward

voltage drop
at TJ=125 ºC
and 10 A, [V]

Operating and
storage

temperature, ºC

Thermal
resistance
junction to
case, ºC/W

10 0.49 -55 to 175 2

As it can be seen, the diode dissipated power could be
around 2 W in this case. So, it is just few watts comparing
with the theoretical total dissipated power.

TABLE IV. SPECIFICATIONS OF THE USED FAN.

Size,
[mm]

Voltage
rating,

[V]

Current,
[mA]

Consumed
power,

[W]

Speed,
[RPM]

Air
flow,

[CFM]

Static
pressure,

[Inch-
H2O]

50x5
0x10 5 181 0.9 4300 11 0.11

Eventually, the DC axial flow fan was chosen from
Multicomp. The main specifications of the fan are given in
Table IV [5].

III. EXPERIMENTAL SYSTEM

The experiments and simulations were accomplished
using selected transistor, diode, heat sink and fan. Additional
thermal interface material (TMI) of type MK3306-Insulating
kit from Multicomp was used between the transistor or diode
and the heat sink and was applied to TO-220 components.
The TMI is made from mica which has the thermal
conductivity equal to 0.71 (W/m*K) and its dimensions are
19mm x 15 mm x 0.1 mm. The transistor and the diode are
screwed to the heat sink. For experiments the thermo-
imaging camera was used and all experiments were made
under steady state condition. Gate to source voltage applied
to the transistor is equal to 12 V.

TA

Theatsink

RSA

RJC

RJC

RCS

RCSTJ

TJ

TC

TC

Ptransistor

Pdiode

Fig. 1. Thermal circuit of the experimental system.

The thermal circuit of the experimental system is shown in
Fig. 1, where TJ – junction temperature [ºC], TA – ambient
temperature [ºC], RSA – heat sink thermal resistance [ºC/W],
RJC – thermal resistance of junction to case [ºC/W] which is
defined by the manufacturer, RCS – thermal resistance case to
heat sink [ºC/W]. RCS resistance is user defined and it is
defined by thermal interface material which is used between
component and heat sink. This resistance is very small and
sometimes is neglected in the calculation. The thermal
circuit is shown without resistances values, because it
represents only how the resistances of the all system are
interconnected. Certainly, values of some resistances are
fixed and don’t change in the circuit. These resistances are
the junction to case and case to heat sink (TMI resistance).
The ground of the thermal circuit is chosen equal to the
ambient temperature.

Before experiments and simulations in COMSOL
Multiphysics the flow rate of the fan is estimated (expressed
in m/s). The radiation emissivity of the black anodized heat
sink is in the range from 0.82 to 0.86 and in the emissivity
for experiment setup is chosen equal to 0.85 [6]. These
values have to be defined during the modeling. The same
0.85 emissivity is defined in thermo-camera.

Firstly the flow rate it is converted from CFM into m/s.
The square-shaped fan has dimensions 50 mm x 50 mm.

Then LFM is estimated and the correction factor is chosen
equal to 80 % which is introduced into the equation

,CFMLFM
A

(1)

where A is fan area.
Value of LFM is recalculated into m/s (1.66 m/s) has to be

applied when the forced convection is investigated.
Detailed experimental system modelling algorithm using

COMSOL is given in [1].

IV. SYSTEM MODEL IN COMSOL
Dimensions of components are presented in [2]–[5]. Exact

dimensions are used to develop the spatial model in the
COMSOL Multiphysics [7], [8]. M3 type screw is used. The
silicon chip of the transistor and the diode has dimensions
3 mm x 3 mm x 0.3 mm. In Fig. 2 the created spatial model
of experimental system is presented with designated
materials. The geometry model with generated finite element
mesh is shown in Fig. 3. The thermal conductivities of all
designated materials in COMSOL are given in Table V.

Fig. 2. Geometry model with designated materials.
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Fig. 3. Model with finite element mesh.

TABLE V. THERMAL CONDUCTIVITY OF EACH MATERIAL.
Material Thermal conductivity (W/m*K)

Silica glass 1.38
Aluminium alloy 6063 200

Mica 0.71
Copper 400

Steel AISI 4340 54
Silicon 150

Nylon 66 33 % glass fill 0.27
FR4 0.3

Real measurements were taken when the system was
placed on top of paper book; during modeling PCB made
from FR4 was used as a base. Its conductivity is poor (0.03
W/m*K) and it was assumed that it doesn’t influence the
thermal distribution. Additional verification of thermal
conductivity of different base materials should be made in
future investigations.

The estimated convective coefficient is applied for
vertical orientation and the radiation is used 0.85 for
transistor encapsulation, heat sink, the top of the surface of
PCB and bush, because they are main contributors of the
radiation. It is assumed that other surfaces don’t radiate the
power. The average ambient temperature for all simulations
cases is applied equal to 27 ºC which is chosen from
measurements with the FLIR T200 thermo-camera. However
in each case the boundary conditions can vary dependent on
the situation. The variable parameter is the dissipated power
of each component chip. In simulations the current is not
applied to pins of the transistor and the diode (the total
resistance of all pins approaches zero), because silicon chips
of both components dissipate relatively a lot of power.

V. MEASUREMENTS UNDER NATURAL CONVECTION

At first measurements were made without fan. The results
were measured using thermo-camera and the multimeter
AMPROBE 38XR-A. The emissivity in thermo-camera was
defined equal to 0.85. The voltage drop on the diode and the
transistor was measured using multimeter.

All experiments are done when heat sink is placed on the
plane as it is shown in Fig. 2. Three distances between the
transistor and the diode were used (16.51 mm, 26.00 mm,
33.50 mm). The maximum temperature of the transistor
reached close to 123 ºC in all experiments.

At first analysis was performed when one heat sink
outflow is covered and the distance between the transistor
and the diode is equal to 16.51 mm (first case). The results
are presented in Table VI. The heat sink temperature is

measured at the centre of the heat sink. The results when the
distance between components is equal to 26 mm are given in
Table VII, and for distance equal to 33.5 mm are given in
Table VIII.

TABLE VI. RESULTS WHEN THE DISTANCE BETWEEN THE
TRANSISTOR AND THE DIODE IS EQUAL TO 16.51 MM.

I, [A] Vtransistor,
[V]

Vdiode,
[V]

RON,
[Ω]

Ptransistor,
[W]

Pdiode,
[W]

Ttransistor,
[ºC]

Tdiode,
[ºC]

THeatsink,
[ºC]

0.506 0.341 0.370 0.673 0.172 0.187 34.2 32.3 31.5
1.005 0.705 0.389 0.701 0.708 0.391 36.4 34.7 33.9
1.492 1.156 0.394 0.775 1.725 0.588 46.0 40.8 39.0

2.0 1.791 0.396 0.896 3.582 0.791 61.4 48.5 47.5
2.498 2.910 0.391 1.165 7.269 0.976 86.3 60.8 60.1
2.855 4.327 0.38 1.516 12.354 1.085 123.0 78.0 77.4

TABLE VII. RESULTS WHEN THE DISTANCE BETWEEN THE
TRANSISTOR AND THE DIODE IS EQUAL TO 26 MM.

I, [A] Vtransistor,
[V]

Vdiode,
[V]

RON,
[Ω]

Ptransistor,
[W]

Pdiode,
[W]

Ttransistor,
[ºC]

Tdiode,
[ºC]

THeatsink,
[ºC]

0.521 0.349 0.371 0.670 0.182 0.193 33.2 31.9 31.3
1.010 0.7048 0.390 0.698 0.712 0.394 35.1 33.6 32.3
1.498 1.167 0.395 0.779 1.748 0.591 44.9 39.0 37.9
2.012 1.837 0.396 0.913 3.696 0.797 60.4 47.5 46.9
2.504 2.912 0.390 1.193 7.292 0.977 86.2 60.5 60.1
2.814 4.293 0.382 1.526 12.081 1.075 123.0 75.5 77.6

TABLE VIII. RESULTS WHEN THE DISTANCE BETWEEN THE
TRANSISTOR AND THE DIODE IS EQUAL TO 33.5 MM.

I, [A] Vtransistor,
[V]

Vdiode,
[V]

RON,
[Ω]

Ptransistor,
[W]

Pdiode,
[W]

Ttransistor,
[ºC]

Tdiode,
[ºC]

THeatsink,
[ºC]

0.510 0.338 0.373 0.663 0.172 0.190 33.9 32.1 30.9
1.005 0.694 0.391 0.690 0.697 0.393 35.8 33.7 32.9
1.492 1.135 0.397 0.761 1.693 0.592 43.4 38.0 37.2
1.990 1.743 0.398 0.876 3.469 0.792 58.3 46.4 45.1
2.501 2.890 0.394 1.156 7.228 0.986 86.2 59.0 59.1
2.833 4.309 0.381 1.521 12.207 1.079 123.0 74.4 77.0

Fig. 4. The temperature distribution when the distance between the
transistor and the diode is 16.51 mm, one outflow covered.

Picture of thermal field measured using thermo-camera is
shown in Fig. 4. The temperature increase of the diode in
respect of the distance between the transistor and the diode
is shown in Fig. 5. The dissipated power dependent on
distance at 123 ºC transistor temperature is shown in Fig. 6.

Fig. 5. Temperature of the diode: dependency on distances.
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Fig. 6. Dissipated power of the transistor in respect of distances from the
diode.

The largest dissipated power can be achieved when the
distance between components is 16.51 mm and the transistor
is placed almost in the centre of the heat sink.

In simulation the heat conduction, heat convection and the
radiation are used. The convection coefficient comprised of
limited (between fins) and free convection is applied equal
to 4 (W/m2*K). The radiation coefficient is used 0.85 as in
experiments case. The dissipated power for diode is applied
equal to 1.1 W and for transistor it is chosen to use 12.2 W.
These dissipated powers are chosen same for all three
distance values for the purpose of comparison of the
temperature distribution. The result of simulation when the
distance between the transistor and the diode is equal to
26 mm is presented in Fig. 7.

Fig. 7. Temperature distribution when the distance between the transistor
and the diode is equal to 26 mm.

It was obtained that when the distance between
components was 16.5 mm, the transistor temperature was the
lowest (119.03 ºC) from all three simulations. In this case
the heat sink can dissipate more power. When the distance
was 26 mm, the temperature of the transistor was the highest
(125.56 ºC), and this approximately matches real
measurements. And when the distance was 33.5 mm, the
temperature was equal to 123.39 ºC.

Fig. 8. Measured temperature distribution with both heat sink outflows
open.

Also the experiment was made when both heat sink sides
were open for airflow (Fig. 8). Firstly the maximum
temperature of transistor (123 ºC) was reached and then the
orientation of heat sink was changed. Then the temperature
increased to 127 ºC and current dropped from 2.855 A to
2.72 A.

VI. REFERENCE PPOINT OF THE TTEMPERATURE AND REAL
JUNCTION TEMPERATURE EVALUATION

After experiments under natural convection the reference
point measurement was made. This measurement was done
to find approximate value of maximum temperature of
transistor chip. The temperature was compared with the
thermocouple readings. The thermocouple was inserted
under the screw on the transistor. The picture of the
measurement setup is shown in Fig. 9.

Fig. 9. Measurement of the reference point.

Fig. 10. Measurements when emissivity is ε = 0.85 at the largest distance
between components.

Fig. 11. Measurement of temperature on the transistor case.

The temperature of transistor case was measured when the
distance between the transistor and the diode was the largest.
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The current of 2.5 A was applied. It is known that the
encapsulation of the TO-220 package has emissivity around
0.92 [6]. Thermal images made with the thermo-camera at
different emissivity are shown in Fig. 10. The error of
temperature measurements due to difference of emissivity
(0.85 and 0.92) was checked for ambient temperature and
maximum operating temperature of transistor encapsulation
and it ranged from 2 ºC to 5 ºC.

From IRF840 transistor datasheet it is known that the
junction to case thermal resistance is equal to 1º C/W. The
thermocouple mounted on the case of the transistor is very
close to the chip and the maximum temperature point of the
transistor. It can be assumed that the thermal resistance
junction to case is the same (1º C/W) on that point. The
temperature measured with thermocouple at that point was
74 ºC. In this case the dissipated power in the transistor was
estimated equal to 7 W. When the necessary values are
known the junction temperature can be calculated

7 1 74 81 .JT C (2)

It can be seen from Fig. 11 that the reference temperature
measured by thermo-camera very close to thermocouple is
around to 75 ºC. The emissivity of the copper was used
equal to 0.23.

VII. MEASUREMENTS UNDER FORCED CONVECTION

Measurements with fan were made when the distance
between the transistor and the diode is shortest (16.51 mm),
because from earlier results it could be seen that it is the best
choice in order to have better thermal distribution.

Three measurement cases were selected: 1) Fan placed on
top of heat sink, both sides open for airflow; 2) Fan placed
on top, one heat sink air outflow side covered; 3) Fan
mounted on the side of heat sink and airflow is parallel to
base of heat sink.

At first the fan was attached to the top of the heat sink and
for the first case the analysis was made when the heat sink
base is perpendicular to airflow with one outflow covered.
Firstly the maximum temperature of the transistor was
reached around 123 ºC and after that the fan was switched
on. At the maximum temperature of the transistor the current
reached 2.810 A. When the fan was turned on, the
temperature was lowered and transistor current capacity
increased until the maximum temperature (123 ºC) was
reached again. The same method is used for other cases of
investigation. Results are presented in Table IX.

TABLE IX. RESULTS WITH FAN WHEN HEAT SINK BASE IS
PERPENDICULAR TO AIRFLOW, ONE OUTFLOW COVERED.

I, [A] 3.279 3.385 3.496
Vtransistor, [V] 4.085 4.646 5.597

Vdiode, [V] 0.426 0.424 0.422
RON, [Ω] 1.246 1.373 1.601

Ptransistor, [W] 13.395 15.727 19.567
Pdiode, [W] 1.395 1.435 1.476

Ttransistor, [ºC] 94.3 105.0 123.0
Tdiode, [ºC] 45.2 47.1 51.0

THeatsink, [ºC] 41 43 47

When the fan was on, the current was larger, because of
the smaller on-resistance achieved due to forced cooling.

The next experiment was made when the heat sink base
was perpendicular to air flow and both air outflows were
open.

TABLE X. RESULTS WHEN THE HEAT SINK IS PERPENDICULAR
TO AIRFLOW AND BOTH OUTFLOWS ARE OPEN.

I, [A] 3.326 3.432 3.587
Vtransistor, [V] 4.078 4.636 6.007

Vdiode, [V] 0.428 0.427 0.424
RON, [Ω] 1.226 1.351 1.675

Ptransistor, [W] 13.563 15.911 21.547
Pdiode, [W] 1.422 1.465 1.521

Ttransistor, [ºC] 87.7 98.2 123.0
Tdiode, [ºC] 39.5 44.2 47.9

THeatsink, [ºC] 40 42 46

It can be seen from Table X that applied current is a little
larger than before, because we have airflow flowing through
both sides of the heat sink.

The last experiment with fan was when airflow is parallel
to the heat sink base, i.e. fan attached to the side of heat
sink.

TABLE XI. RESULTS WHEN THE HEAT SINK BASE IS PARALLEL TO
AIRFLOW.

I, [A] 3.315 3.441 3.565
Vtransistor, [V] 4.167 4.801 5.595

Vdiode, [V] 0.425 0.424 0.425
RON, [Ω] 1.257 1.395 1.569

Ptransistor, [W] 13.814 16.520 19.946
Pdiode, [W] 1.407 1.459 1.515

Ttransistor, [ºC] 87.5 101.0 123.0
Tdiode, [ºC] 42.1 43.9 49.3

THeatsink, [ºC] 41 45 48

(a)

(b)
Fig. 12. Temperature distribution when airflow of the fan is: a) parallel to
heat sink base; b) perpendicular to heat sink base, one outflow covered.

From Table XI it can be seen that the current is almost
equal comparing with previous investigations even if the
used airflow of fan is lower than in other types. It is correct
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regarding theory, because the airflow is in parallel to fins
and therefore can dissipate more power. Images made by
thermo-camera for this are shown in Fig. 12.

Fig. 13. Dissipated power of the transistor vs. temperature.

In Fig. 13 the dissipated power of the transistor vs.
temperature of each type of experiment is shown. The
dissipated powers of the diode are also not compared,
because the powers are almost equal.

As it can be seen from Fig. 13, the dissipated power is the
largest when airflow is perpendicular to the heat sink base
and heat sink fins are horizontal.

Fig. 14. Temperature distribution of the heat sink when the total dissipated
power is equal to 23.5 W.

In simulation the velocity of air was applied equal to
1.66 m/s and the maximum dissipated power was selected
according to measured value. Figure 14 shows the
simulation results, i.e. temperature distribution when with
airflow perpendicular to heat sink base and with one
outflow. In simulation the PCB was not evaluated (only heat
sink with the transistor and the diode). The applied
dissipated power for transistor and the diode was 22 W and
1.5 W.

Since the real values of main heat sink parameters were
used in simulations (dissipated power, fan air velocity), such
FEM-based model with certain improvements could be used
to verify the cooling capacity of different heat sink and fan
combinations.

VIII. CONCLUSIONS

Three setup types with different distances between
components and one or to air outflows open were
investigated under natural convection. The largest dissipated

power was achieved when the transistor was in the centre of
the heat sink with distance between transistor and diode
equal to 16.51 mm. In this case the dissipated power of the
transistor was by 0.147 W larger compared to case when
distance was 33.5 mm and by 0.273 W when distance was
26 mm. When the distance between components was
changed, the diode temperature was by 3.6 ºC larger
compared to distance of 26 mm.

By comparing results obtained with one and two air
outflows (when the temperature of the transistor reached
123 ºC with one outflow covered) the temperature with both
outflows open was 4 ºC larger. The dissipated power was
0.64 W lower as well. This may be influenced by varied
component placement locations in respect of air movement
under natural convection. This factor should be investigated
thoroughly in future.

Comparing the theoretical dissipated power calculation of
the heat sink with the real dissipated power, in real case the
dissipated power was by 2.5 W larger because in this case
we also have the cooling through the plane where the
components are placed. In theoretical case it is assumed that
the back side of the heat sink has perfect connection with
component.

In case of forced convection it was obtained that the
largest power was dissipated with both outflows open and
with the airflow perpendicular to heat sink base. The
dissipated power of the transistor is by 0.897 W larger
compared to test with one outflow covered and by 0.518 W
larger compared to case when airflow was parallel to the
heat sink base.

Comparing the theoretical dissipated power calculation
under airflow given by manufacturer with the real dissipated
power, the dissipated power was approximately 8 W less.
That was due to smaller fan attached compared to heat sink
specifications. The heat sink area was 1.5 times larger than
area of the fan.

In future research a detailed comparison of measurement
and simulation results should be performed using fine-tuned
heat sink test system with minimized number of uncontrolled
experimental variables, such as electronic component
location in relation to the heat sink or control of ambient
temperature. Also, a method for real-world verification of
modelling results should be developed.
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1Abstract—Power electronic converters are widely used and
play a pivotal role in electronics area. The temperature causes
around 54 % of all power converters failures. Thermal loads
are nowadays one of the bottlenecks in the power system design
and the cooling efficiency of a system is primarily determined
by numerical modelling techniques. Therefore, thermal design
through thermal modelling and simulation is becoming an
integral part of the design process as less expensive compared
to the experimental cut-and-try approach. Here the
investigation is performed using finite element method-based
modelling, and also the potential of such analysis was
demonstrated by real-world measurements and comparison of
obtained results. Thermal modelling was accomplished using
finite element analysis software COMSOL and thermo-imaging
camera was used to measure the thermal field distribution.
Also, the improved configuration of power converter was
proposed.

Index Terms—Power electronic converters, temperature
measurement, thermal modelling, finite element method.

I. INTRODUCTION

This paper discusses about thermal design of boost
isolated DC-DC converter. The thermal design was
accomplished in order to evaluate the accuracy of the
simplified power converter model compared to temperature
measurement readings. To model the thermal distribution of
power converter, it is very important to have a reasonable
power converter model. Then, such modelling principles of
power converter can be used for any type of power converter
thermal investigation and design. Therefore, the temperature
measurements of power converter were done which define
the operating condition of power converter and helps to
create a substantiated thermal model. Also, the power losses
were estimated in order to have actual results for thermal
modelling [1]. Then, this paper discusses the creation of the
simplified component models which can be used to perform
a thermal design of the whole power as a system of
interacting components. Finally, the power converter thermal
design results are compared with actual temperature

Manuscript received December 16, 2013; accepted April 19, 2014.

readings.

II. TEMPERATURE MEASUREMENTS OF FULL BRIDGE BOOST
ISOLATED POWER CONVERTER

For investigation purposes, the Full-bridge boost isolated
power converter was used which is shown in Fig. 1. The
converter mainly consists of the transformer, four transistors
(TO-220), four diodes (TO-220), inductor, three output
capacitors and two input capacitors.

Fig. 1. Investigated Full-bridge boost isolated converter.

In order to find the hottest spot in the components of
converter for temperature measurements, the TROTEC
IC080LV infrared camera was used. The radiation emissivity
of the black anodized heat sink is in the range from 0.82 to
0.86 and the emissivity was set equal to 0.85 on IR camera
[2]. The images obtained by thermo-camera are shown in
Fig. 2. The scale of temperature is different and fluctuating
due to emissivity and other factors.

However the main aspect is not to measure the
temperature as a physical quantity, but to find hot spots that
affect the thermal load of entire system. The heat sinks seem
colder in the images only due to emissivity, because they
have the lowest emissivity comparing with transformer,
inductor or PCB.
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a) b)

c) d)
Fig. 2. The thermal view of whole converter (a); inductor temperature
distribution (b); transistor and heat sink temperature distribution (c);
transformer temperature distribution (d).

As it can be seen the hottest spot is in the inside of the
inductor. Transformer has also hottest spots inside the core
and around its windings. The transistor and the points which
are very close to it reach highest temperature values. Other
components of the converter are neglected, because they
have a very low temperature and therefore are not
investigated.

The thermocouples are chosen for use in temperature
measurements; the thermocouple type is K-type (Chromel +,
Alumel -). They are used with a multimeter Meterman 38XR
in order to get the temperature readings. The attached
thermocouples for whole converter are shown in Fig. 3. The
temperatures were measured on transistor tab/case, on both
heat sinks between transistors, inside of the inductor, inside
the transformer, under the top winding layer and bottom
layer.

Fig. 3. Full-bridge isolated boost converter with attached thermocouples
(yellow wires).

The thermocouple on the transistor tab/case was attached
by soldering. On the heat sink, a small hole was drilled and a
thermocouple was glued inside the hole. The thermocouple
used on inductor was attached between inside windings with
slightly covered thermal grease. In case of the transformer,
the attachment principle was the same as for the inductor.

Afterwards, the measurements were performed when
converter reached the steady-state conditions (constant
temperature reading), but the values in this case contained an
interference component due to electrical/magnetic noises
which significantly influence correct temperature readings.
Therefore the temperature measurements were made when

converter is turned off and the readings immediately were
registered in order to avoid errors caused by converter-
generated interference. For this reason a simple test was
made to check how fast the temperature decreases by 1 ºC
degree on each measured component. While 1 ºC degree was
lower than initial temperature, the time was approximately in
the range 5 seconds-7 seconds for all thermocouples. Then,
the measurements were accomplished and repeated 10 times
for taking average measurement readings from multimeters.
So, the maximum error according to taken readings could be
1 ºC degree. It can be assumed that the errors can be
neglected, because they don’t influence the measurement
significantly.

The measurements were also repeated 10 times under
each different output power in order to account for the
random experimental errors and to obtain the average
temperature value. The measurements were made under
variable output load, input voltage and at 790 V output
voltage with 750 ohm resistive load and 50 V input voltage.
Table I presents several of temperature measurement cases
and other important readings.

TABLE I. MEASURED TEMPERATURES UNDER EACH CASE OF
INPUT AND OUTPUT POWER.
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380 620.3 50 70 61 54 58 70 77 69
750 789.1 50 79 67 63 60 72 78 71
750 790.1 60 72 63 58 46 53 55 52
750 789.5 40 77 67 60 65 71 77 70
950 790.9 50 73 62 57 45 55 61 54

Almost in all cases the temperature variation was
relatively small; when a smaller output resistance value
(380 Ω) was used, in order to get output 790 V, the
temperature can be much higher (see Table I).

After temperature measurements, one particular case was
chosen which was used for power loss estimation and
modelling in COMSOL Multiphysics. The measurement
parameters in this case were: resistive load 750 ohm, output
voltage – 789.1 V, input voltage – 50 V. These operating
parameters are common for this type of converter.

III. THERMAL MODELLING OF SEPARATE COMPONENTS OF
POWER CONVERTER IN COMSOL MULTIPHYSICS

In order to proceed with the thermal modelling of power
converter, the individual components of power converter
should be created in order to ensure the modular structure of
the entire model. The following most critical components are
used: the transformer, inductor and two shiny aluminium
heat sinks with attached transistors. Each heat sink has two
attached transistors. Each component of the converter is
modelled by a simplified geometry, in order to obtain a
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number of degrees of freedom of the entire model as low as
possible.

Primarily, in order to find a simplified model of each
power converter component, the temperature difference was
compared between accurate and simplified models.

Fig. 4. Model of two transistors attached to the heat sink with designated
materials (accurate model).

Firstly, the two transistors attached to the heat sink were
investigated in order to compare accurate and simplified heat
sink models and determine how much the simplified model
impacts the thermal modelling of this component. The heat
sink type OS515 from AAVID THERMALLOY Company
[3] was used. The accurate model of heat sink with two
transistors created in Comsol Multiphysics is presented in
Fig. 4.

The simplified heat sink model was designed without
thermal interface material (TMI), because it introduces an
error of approximately 1 ºC at 5,031 W power losses (value
obtained from modelling results); therefore we chose to
neglect the absence of TMI. The thermal conductivities of
all materials designated using Comsol Multiphysics are
listed in Table II [4], [5].

TABLE II. THERMAL CONDUCTIVITY AND EMISSIVITY OF EACH
MATERIAL.

Material Thermal conductivity
[W/m*K]

Emissivity

Heat sink and transistors
Silica glass 1.38 0.92

Aluminum alloy
6063 (shiny) 200 0.1

Copper 400 0.2
Silicon 150 -

FR4 0.3 0.6
Inductor

Core material
(Carbonyl E Iron

powder)
50.16 -

Copper 400 0.2
Kapton tape 0.12 0.08

Transformer
Core material 3F3

(MnZn) 3.5 0.78

Copper 400 0.2
FR4 0.3 0.2

Steel AISI 4340 54 0.04

The heat transfer in solid physics and steady state
condition is used for modelling, both for transformer and
inductor modelling. In description of physics and boundary
condition in COMSOL simulation, the convective
coefficient and emissivity were applied; however the
emissivity can be neglected due to insignificant impact on

the total heat transfer (ε = 0.1). The average ambient
temperature for all simulations cases, including transformer
and inductor, was selected equal to 20 ºC; this value was
chosen from the ambient temperature measurements. The
convective coefficient is applied equal to 7.23 W/m2*K. For
comparison of simplified and detailed model, the
temperature was measured on the transistor chip.

Also, the chip size of transistor was investigated. The
purpose of this investigation was to analyse how the chip
temperature varies dependent on chip size with the same
boundary conditions as in previous modelling. After
investigation, it was noticed that the size of transistor chip
can influence the maximum value by approximately 0.45 ºC
degree between small (3 × 3 mm) and larger (5 × 7 mm)
chip. Small chip had higher temperature than the large one.

The power loss impact of transistor pins for temperature
increase was evaluated, because the pins are subjected to a
flow of strong electrical current. The electrical current was
measured using oscilloscope and the power per each pin was
estimated [6] to be equal to 0.067 W and during modelling it
was applied only to drain and source pins. After modelling
the chip temperature was higher 2.3 ºC than when heat
power wasn’t applied for transistor pins. Also, comparing
accurate and simplified heat sink models, the transistor chip
temperature was lower by approximately 2 ºC for accurate
model.

After the heat sink modelling, the same was accomplished
for the inductor component. The spatial model of the
inductor is shown in Fig. 5 [7].

Fig. 5. Spatial geometry of inductor with designated materials.

The inductor was modelled when Kapton tape covers the
component, as in real-world case. The used materials and
their properties are listed in Table II. The winding block of
the same geometry as in real case with the same volume,
wrapped around the magnetic core, has been evaluated. The
wrapped block is treated as a uniform power source [8].
Thermal conductivities and emissivities are given in
Table II.

TABLE III. ESTIMATED POWER LOSSES OF EACH COMPONENT.
Transistor Inductor Transformer

Parame-
ter Value Parame-

ter Value Parame-
ter Value

Pcond 1.334 W Pcore 0.478 W Pcore 4.611 W
Psw 3.697 W PDC 6.464 W Ppri 1.114 W
Ptot 5.031 W PAC 0.635 W Psec 0.878 W

The convective coefficient is applied equal to
8.1 W/m2*K, however, heat convection of magnetic devices
can vary in the range 6-10 W/m2*K [9]. The estimated
power losses are applied for core and windings (Table III).

The transformer was modelled and the final model is
shown in Fig. 6. The transformer type E64/10/50 was used
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[10].
The transformer winding block length is 98.5 mm, width –

53.80 mm, height – 10.2 mm. PCB (FR4) thickness is
1.6 mm, length – 100 mm, width – 60.7 mm. The PCB is
used on both core sides. The properties of selected materials
are presented in the Table II [11].

The convective coefficient is applied equal to
6.52 W/m2*K. The estimated power losses are applied for
core and winding block from Table III [12].

Fig. 6. Spatial model of transformer with designated materials.

The dimensions of windings and insulators are relatively
small, what leads to a denser finite element mesh and,
subsequently, modelling can take very long time. Therefore
it is necessary to make some model simplifications. One
method can be used when thermal conductivity of the
winding block is estimated as equivalent [13], [14]. Each
conductor is defined as a heat source inserted within the
block. The internal heat transfer mechanism of the planar
transformer is dominated by conduction; thus the equivalent
thermal conductivity of a uniform block can be calculated by
integrating the conductors and insulators. Firstly, thicknesses
of conductor and insulator should be known. The equivalent
thermal conductivity (keq) is estimated by equation

,Cp Dp Cs Ds
eq

Cp Dp Cs Ds

C Dp C Ds

h h h h
k

h h h h
k k k k

(1)

where hCp – thickness of conductor (primary side – 0.2 mm),
hCs – thickness of secondary side conductor (70 μm), hDp –
thickness of insulator (FR-4 – 0.2 mm), hDs – Kapton tape
thickness (0.1 mm), kC – thermal conductivity of conductor
(400 W/m*K), kDp – thermal conductivity of Kapton tape
(0.12 W/m*K), kDp – FR4 thermal conductivity
(0.3 W/m*K). The equivalent thermal conductivity was
obtained equal to 0.38 W/m*K.

In modelling, a large chip and 0.067 W heat power per
each transistor pins was used in order to make modelling
results as close as possible to measurement results. Despite
the potential error of temperature values, the simplified heat
sink was chosen for use in modelling due to advantages
given by geometry simplification. Mentioned temperature
errors could be evaluated by separate approximations,
because sophisticated geometry influences the modelling
duration and can introduce additional mesh generation
issues. Also, the modelled transformer had quite a high
temperature, because there was no heat sinking through

screws. Next subchapter discusses the thermal design of the
entire power converter and how previously designed models
of separate components are introduced into the overall
converter thermal design.

IV. THERMAL MODELLING OF POWER CONVERTER

The whole power converter placed on the heat sink which
acts as cooling pad/board was modelled. All constituting
components were placed on the heat sink in order to
decrease their temperature which was higher compared to
previous modelling of separate components. Then, the whole
converter was modelled and results were compared with
actual experimental temperature readings which also will be
summarized below.

During the modelling procedure, all previous modelled
components are imported into Comsol Multiphysics. The
transistors with heat sinks are placed on the PCB, and PCB
is attached to the main heat sink using four screws (see
Fig. 7). Transformer was also attached to the heat sink using
four screws. For inductor attachment the Kapton tape was
used under it on the heat sink. The Kapton tape was used in
modelling to reflect the real practical case, when additional
shielding is required, despite the fact that the inductor
temperature without tape can be decreased dramatically by
the heat sink. Therefore, the Kapton tape with dimensions
0.06 m × 0.08 m was also used to cover the inductor in this
case.

Fig. 7. Spatial geometry of power converter.

Fig. 8. Temperature distribution in entire power converter (temperature is
in ºC scale).

When describing the boundary conditions, the ambient
temperature was applied equal to 20 ºC degrees. All
components were defined with the same convection
boundary condition values as previously, because all pins
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attached to the main heat sink had very small surface for
convection. However, heat sink and PCB are used with
6.24 W/m2*K and 5.31 W/m2*K, respectively. Also, the
inductor and two heat sinks touch the main heat sink via very
small area, because one of them has circular form and other
has small flat area which covers PCB. The black anodized
aluminium (ε = 0.85) was used for the main heat sink.
Furthermore, the emissivity for all three components is very
low compared with the main heat sink emissivity, therefore
the emissivity of the main heat sink plays a decisive role in
heat transfer.

The modelling results can be seen in Fig. 8. Actual
measured temperatures were compared with simulated
temperatures at the same points of the converter. The
comparison is shown in Fig. 9. The inside temperature of
transformer, top winding of transformer, bottom side layer of
transformer, inside inductor, heat sink 1, case of transistor,
heat sink 2 are denoted as ITT, TWT, BSLT , II, HS1, CT,
HS2, respectively.
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Fig. 9. Comparison of simulated and measured temperatures (with mesh of
1535771 elements).

The simulated temperatures were very close to actual
measured results. The maximum error of temperature
simulation was 8.17 ºC (with mesh of 1535771 elements)
and is quite a reasonable value, because such difference in
temperatures can still be used for prediction of the overall
converter temperature trends. Usually, power converter is

designed to keep temperature below 100 ºC, so the 8.17 ºC
degrees error in this case is a significant value for
temperature estimation, therefore this issue should be solved
in further works by improving mesh refinement or modelling
methodology.

V. IMPROVING THERMAL DESIGN AND INTEGRATION OF
POWER CONVERTER

This chapter discusses how to improve thermal design and
cooling of boost isolated power converter and to suggest the
layout of components with higher integration compared to
the model shown in Fig. 1. The simulated temperatures were
compared with results for previous power converter.

This type of power converter has input filter consisting of
two capacitors and its heat is neglected, because in
experiments the filter was cold (see Fig. 1 and Fig. 10). The
dimensions of two capacitors are: diameter 35 mm, height
30.5 mm, another one – 41 mm × 20 mm × 37 mm. Also,
output filter consist of three same type capacitors which are
modeled together as a block (see Fig. 10). The dimensions
of capacitor block are 30.5 mm x 20.5 mm x 30.5 mm. The
heat power also is neglected for this component as for input
filter due to low temperatures. The high voltage PCB (see
Fig. 1) was used with four diodes placed under the low-
voltage PCB in order to reach higher integration. Each of the
diodes contributes the heat power around 1 W [1]. The high-
voltage PCB dimensions are 0.105 m x 0.088 m x 0.0016 m.

The heat sink was used of the same type as in previous
case, with different length of 0.2 m. The heat sink is covered
with mica (0.17 m x 0.18 m x 0.001 m) in order to ensure
electrical insulation; for example, inductor, transformer and
four diodes which are attached to the heat sink. The mica is
used in a form of a large sheet in order to simplify the design
in Comsol Multiphysics. Also, the output and input filters
are placed on mica, although in practice it is not used in all
cases. The output and input filters were placed in touch with
inductor (the wires were covered by lacquer) in order to
increase the thermal conductivity through them to the main
heat sink. Furthermore, filters can improve cooling by heat
convection [9].

Fig. 10. Spatial geometrical model of proposed converter integration mode.

42



ELEKTRONIKA IR ELEKTROTECHNIKA, ISSN 1392-1215, VOL. 20, NO. 7, 2014

Fig. 11. The thermal distribution in power converter (temperature is in ºC scale).

The transformer was laid on the mica, in order to increase
the thermal conduction to the heat sink. The vertical position
was considered, but discarded as not reliable in this case due
to contacts and stress for connecting wires, especially, in
case of on-board applications. Thus, the bottom PCB plate
of transformer was removed and the transformer can be
fixed with PCB strip on the top by using two screws. The
strip was chosen to be placed diagonally in order to get a
stronger fixation. Moreover, a tightly attached strip could
increase convection-based cooling. The two mentioned
screws are neglected in modelling due to their relatively
poor cooling impact on the heat sink (see Fig. 8, also
verified by practical measurements). Also, these screws
make the geometry more complex for modelling purposes
and thus not so effective.

The structure which consisted of transistors attached to
the heat sink, low-voltage PCB and four screws as fixing
elements remained the same as in previous modelling (see
Fig. 1 and Fig. 7).

The same boundary conditions are used as previously
[15], however only for introduced capacitors the convection
was applied equal to 5 W/m2*K. The temperature modelling
results are shown in Fig. 11.

The modelling results are shown in Fig. 12, where they
are compared to the first modelling. Since, the low-voltage
PCB had the same properties and the same heat sink, the
temperatures of these components remained the same.
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Fig. 12. Comparison of temperatures of previous modelling and proposed
layout (with mesh of 1535771 elements).

Next modelling was accomplished with AlN and Al2O3

Direct Bonded Aluminum (DBA) substrate which has
thermal conductivity equal to 170 W/m*K and 28 W/m*K,
respectively. This is used in order to decrease temperatures
of transistors together with heat sinks. The transistor
temperatures are compared in Fig. 13.
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Fig. 13. PCB versus DBA technology with AlN and Al2O3.

To summarize, the new layout decreased the temperature
of magnetic devices and integration was increased in power
converter. As discussed previously, the filter helps to
decrease the temperature of inductor; however, one capacitor
influences that mostly, because it has the largest contact area
and directly touches wires. Output capacitor and input
circular capacitor has a very small contact area and even if
the thermal conductivity can be quite high, the cooling is
poor. In case of transformer, the cooling was improved very
strongly. Comparing the PCB, AlN, Al2O3, it can be seen
that AlN material gives the best thermal cooling
improvement and thermal distribution over substrate. Also,
comparing the thermal conductivities of different DBA
materials, the Al2O3 material doesn’t have a very large
difference comparing with AlN, however thermal
conductivities differ around 6 times.

VI. CONCLUSIONS

The library of thermal models of power converter
components was created, which can be used for any type
converter with the same components.

Comparing the measured and simulated temperatures of
power converter components, it was found that the
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temperatures differ within 8.17 ºC, compared to
experimental temperature readings. The thermal modelling
could be made more accurate and the mesh refinement or
improved modelling methodology could be used in order to
reduce the temperature error. It is also quite difficult to
estimate the convection coefficient, but the thermal
modelling can help to vary this coefficient if geometry or
boundary conditions are defined quite accurately.

A new layout was proposed for the entire power converter
design which provides an improved cooling for most critical
components. The inductor temperature was decreased the
least – it was 1.41 times less compared to previous model;
the inside temperature of transformer was 2.13 times less,
top winding of transformer – 1.97 less, the side of bottom
winding was 2.37 less. In case of AlN DBA substrate, the
temperature of transistor and heat sink was lowered with
ratio 1.53 and 1.68, respectively. In case of Al2O3 DBA
substrate, the temperature of transistor heat sink was lowered
with ratio 1.33 and 1.4, respectively. Also, the area of boost
isolated power converter placed on heat sink was reduced
1.5 times compared to the previous version, however the
height remained the same.
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1Abstract—Recent improvements in power electronics 

converters resulted in power converter efficiencies higher than 
99%. The reduction of converters power loss reduces the need 
for converter cooling minimizing also the overall costs. 
Nowadays, a common practice in some high efficiency 
converter topologies is to rely on MOSFET avalanche 
ruggedness in order to minimize the converter complexity and 
cost. This paper presents an analysis of the short repetitive 
avalanche pulses in an isolated full bridge boost converter 
(IFBBC). The analysis aims to verify if short repetitive 
avalanche stresses can represent a reliability issue concerning 
converter power cycling. Moreover, the design of the cooling 
system is analysed based on 3D finite element method (FEM) 
simulations for balanced and unbalanced power dissipation. 
Experimental validation is based on a 6 kW converter 
prototype for bidirectional fuel cells applications achieving a 
peak efficiency of 97.8%.  
 

Index Terms—Power Semiconductor Devices, DC-DC Power 
Converters, MOSFET’s Avalanche Breakdown, Power 
Cycling, Thermal Analysis.  

I. INTRODUCTION 
Renewable energy sources and new applications for 

power electronics are driving the development of power 
converters. Large improvements have been achieved over 
the last decade, such as, new power semiconductors [1][2], 
new converter topologies and modulation strategies, which  
resulted in commercial power converters with efficiencies 
over 99% [3]. Power loss reduction in power converters 
allows minimizing the converter cooling system, which 
decreases the converter size and volume [4].  

Fuel cells technology is a promising technology for 
renewable energy applications and electric mobility. 
Bidirectional fuel cells have large potentials in energy 
storage systems especially for grid connected applications 
[5]. Fuel cell typically operate at low voltage and high 
current levels therefore, they require high efficiency dc-dc 
converters to adapt the voltage-current levels. 

The isolated full bridge boost converter (IFBBC) is a 
suitable topology for achieving high step-up ratio and high 
efficiency [6]. The IFBBC is often used in combination with 
passive or active clamps in order to limit the low voltage 

 
Project sponsored by the Energy Technology Development and 

Demonstration Programme (EUDP) “Green Natural Gas”, 2011-2014 

MOSFET stress. In order to achieve high efficiency, it is 
essential to optimize all the components in the power 
converter. For this topology, special care is required for the 
magnetic components design and circuit layout. This 
contributes to minimize the stresses over the power 
semiconductors. However, due to the circuit and transformer 
parasitics, short repetitive avalanche power loss pulses over 
the low voltage MOSFETs are observed [6]. In state-of-the-
art power MOSFETs, the avalanche is purely limited by the 
maximum junction temperature and by the maximum power 
dissipation of the device. However, the repetitive high 
power loss pulses could represent an issue, not only for 
power dissipation, but also for the converter reliability. In 
many cases, the design of a power electronic converter 
considers the size and optimization of the cooling system 
and does not take into account continuous temperature 
variations of the power semiconductor junction and of the 
package layers. Continuous and periodic temperature 
variations could have a significant impact on the converter 
reliability due to thermal and power cycling stresses [7]. The 
avalanche of a power MOSFET represents a critical 
condition where the power semiconductor is dissipating a 
large amount of power which causes the junction 
temperature to rise. Depending on the duration and on the 
power dissipated during repetitive avalanche conditions, the 
phenomena could cause power cycling stress of the power 
devices influencing the power converter reliability. 

This paper presents an analysis of the avalanche stress 
conditions of the low voltage MOSFETs in an IFBBC. The 
analysis aims to verify that the repetitive avalanche 
condition does not represent a reliability issue in terms of 
converter power cycling of the low voltage side MOSFETs. 
Moreover, thermal analysis of the power stage is performed 
in finite element method (COMSOL) in order to validate the 
converter thermal design. The analysis is based on an 
experimental IFBBC prototype optimized for bidirectional 
fuel cells applications and capable of achieving peak 
efficiency of 97.8% [6].  

II. POWER SEMICONDUCTORS POWER AND TEMPERATURE 
CYCLING 

Power and temperature cycling of power semiconductors 
are a well know source of failure of power electronics 
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converters. Failure mechanisms are related to mechanical 
stresses that are generated between the different materials in 
the power semiconductors packages. These are caused by 
the different thermal expansion coefficients of the various 
package layers.  

Power cycling occurs due to the heat that is generated by 
the power semiconductor itself (switching and conduction 
losses). The heat generated by the power semiconductor 
chip flows through the various layers in the package until it 
reaches the heatsink. Power semiconductors conduction and 
switching losses do not generate power cycling if the 
converter is operated in steady state conditions (except in 
specific topologies and applications, as presented in [8]). 
This occurs because the layers of the power semiconductor 
package act as a low pass filter allowing only the average 
component of the power loss to flow through the heatsink. 
However, repetitive light and full load cycles would cause 
temperature cycling of the power semiconductor package 
layers.  

Thermal cycling is another cause of failure of power 
semiconductors. Similar to power cycling the failure is 
related to the repetitive stress of the power semiconductor 
package layers. However, in this case the source that causes 
the temperature cycles is external and not due to the 
semiconductor’s power loss itself.  

Repetitive high power dissipation during short periods 
(e.g. during avalanche conditions) can represent a source for 
semiconductor power cycling, which will affect the 
reliability of power electronics converters. 

A. Bond Wire Lift-Off 
Bond wires are used for interconnecting the package leads 

to the chip. Due to the repeated temperature cycles of the 
junctions and bond wires, large mechanical stresses are 
accumulated at the bond wire-chip interface. Micro-fractures 
at this interface start growing until the bond wire cracks and 
detaches from the chip. This phenomenon can be monitored 
by measuring the on-state resistance of the power 
semiconductor. An increase of the on-state resistance of 
more than 5% indicates degradation of the bond wire 
connections and imminent failure of the power 
semiconductor [9][10]. 

B. Solder Layer Fatigue 
A thin solder layer is used to attach the chip to the 

package tab (e.g. TO-220 package) or on a direct bonded 
copper substrate (DBC [10]). Repetitive temperature cycles 
of the chip and this layer causes strains in the solder layer 
that lead to micro-fractures. Micro-fractures cause an 
increase of the junction-to-case thermal resistance (Rjc) and 
limit the power dissipation capabilities of the device [10]. 
The increase of Rjc increases the junction temperature and 
its temperature swings during on-off operation worsening 
the phenomenon. An increase of Rjc of 20% [10] indicates a 
significant degradation of the solder layer. 

III. ANALYSIS OF MOSFETS POWER CYCLING FOR IFBBC 
The developed high efficiency dc-dc converter is an 

IFBBC as shown in Fig. 1, which is designed for 
bidirectional fuel cells applications. The converter is 
designed to operate in a wide voltage and current ranges 

(30-80 V up to 80 A on the low voltage side and 700-800 V 
on the high voltage side) [6]. The transformer has been 
optimized to have low leakage inductance since this would 
limit the current commutation time of the low voltage side 
MOSFETs. No active or passive clamp is used in the 
topology and therefore, high power semiconductor stresses 
are expected on the converter low voltage side. 

 
Fig. 1.  Analysed converter topology: isolated full bridge boost converter 
(IFBBC) presented in [6]. 

Repetitive avalanche conditions occur every switching 
cycle at every turn-off event. Fig. 2 shows the first time 
interval (charging interval) where all low voltage side 
MOSFETs are active and the current in the input inductor 
rises. Fig. 3 shows the inductor’s discharging interval. Two 
diagonal switches are turned off, which creates a current 
path through the transformer and allow the energy to be 
transferred to the secondary side. The current commutation 
time (current di/dt, from the charging cycle to the 
discharging one) is limited by the leakage path of the 
transformer, by the MOSFET package (stray inductance of 
TO-220) and by the circuit interconnections/layout. During 
this transition, as shown in the interval t1-t2 on Fig. 4, the 
MOSFETs that are switching off are operating in avalanche 
conditions. The avalanche produces large power loss since 
the power devices are stressed with high voltage (above its 
nominal ratings) and high converter current. This is 
highlighted in Fig. 4 where the MOSFET on the converter 
low voltage side goes into avalanche conditions for about 
60 ns (interval t1-t2).  

 
Fig. 2.  IFBBC: Current path during boost inductor charging cycle. 

 
Fig. 3.  IFBBC: Current path during boost inductor discharging cycle. 
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Fig. 4.  IFBBC switching waveforms during avalanche at 80 A input 
current. Voltage over the high voltage switches (Ch.1: 350 V/div). Voltage 
over the low voltage switches (Ch.2: 50 V/div). Dc-current on the converter 
low voltage side (Ch.3: 50 A/div). Ac-current on the transformer winding 
on the high voltage side (Ch.4: 10 A/div). 

In the developed converter each switch of the full bridge 
configuration on the low voltage side is composed by two 
parallel MOSFETs (Toshiba TK72E12N1). However during 
avalanche it is not possible to ensure that the current is 
equally shared between the two parallel devices due to 
differences in avalanche thresholds [11]. For this reason the 
worst case scenario has to be considered (the entire 
converter current is handled by a single device). The energy 
dissipated during a single avalanche event is calculated as in 
(1), which assumes that the current varies linearly during the 
avalanche period (inductive commutation). Considering the 
converter operating at its maximum current (80 A) the 
MOSFETs avalanche occurs at 140 V and 90 A (MOSFETs 
turn-off current including the inductor ripple). In these 
conditions, each avalanche event produces a power loss of 
378 μJ. The MOSFETs are rated for a single pulse 
avalanche of 256 mJ, which is almost a factor 1000 below 
the verified stress condition. Lower converter current levels 
will have lower avalanche energy loss and therefore, they 
will represent less critical conditions. 

2

1

1
2

t

av MOS MOS av av av
t

E V t I t dt V I t    (1) 

A. Derivation of the Thermal Model for the Power 
Semiconductors Package and Heatsink 
The analysis requires a complete thermal model of the 

power semiconductors and of the converter cooling system. 
Since only the low voltage power devices are subject to 
avalanche conditions only the package used in these 
switches (TO-220) is analysed in detail. One device package 
has been open in order to verify the silicon chip size and tab 
dimensions since these have significant influence on the 
circuit thermal transient response.  

A Foster thermal equivalent network could be extracted 
from the thermal transient response of the components 
datasheet. However, this type of thermal equivalent network 
is only a mathematical representation and it does not have 
any correlation to the physical layers of the of the device 
package. For this reason, a Cauer network representing all 
the package layers is built. Each layer of the package is 
represented by a thermal ᴨ equivalent; this representation 
considers the layer interfaces and it equally distributes the 

layer thermal capacitance at the layer boundaries.  
Each layer is based on the material properties shown in 

Table I, the equivalent thermal capacitance are calculated as 
in (2) and in a similar way its thermal resistance is given by 
(3). 

TABLE I. MATERIALS PROPERTIES. 

Material 

Thermal 
Conductivity 

 

Density 
 

 

Specific Heat 
Capacity 

 

Silicon 130 2330 703 
Solder (SnAgCu) 57.3 7500 230 

Copper 400 8940 385 
Silicone Pad 1 2100 1300 
Aluminum 237 2700 897 

 

th spec avC C m          (2) 

1
th

lR
A          (3) 

Where  is the specific heat capacity,  is the mass,  
is the thermal conductivity,  is the length,  is the area of 
the layer assuming the heat flow perpendicular to all the 
layers. 

Based on the dimensions of the silicon chip (chip size 
4 mm x 6.5 mm x 0.25 mm) it is calculated that the mass  
of a single silicon chip is 1.51 μg and its thermal 
capacitance is 11 mJ/K. Based on (3) the thermal resistance 
of the Si chip is 0.072 . The silicon chip is soldered on 
the tab of the TO-220 with a thin layer (~40 μm) of lead free 
solder (SnAgCu). Given these values it is possible to 
calculate the thermal resistance and capacitance of the 
solder layer assuming that the area perpendicular to the heat 
flow is the same as the junction-chip area. This results in a 
thermal resistance of 0.026  and a thermal capacitance 
of 1.85 mJ/K. The copper tab of the TO-220 package that 
transports most of the heat is just below the silicon chip; the 
tab active area is about 5.8 mm x 8.4 mm and it has a 
thickness of 1.3 mm. This results in a tab thermal resistance 
of 0.067  with a thermal capacitance of 218 mJ/K.  

The overall calculated thermal resistance from junction to 
tab is 0.165  while the maximum value one specified in 
the datasheet of the device is 0.49 ). The silicone pad 
and heatsink thermal capacitances and resistances are 
calculated as in (2)(3). The thermal capacitance and 
resistance of each layer are summarized in Table II. Based 
on these values the Cauer thermal model shown in Fig. 5 is 
built. In the simplified thermal, shown in Fig. 6, C1 
represents the interface between the junction and the solder 
layer, C2 represents the interface between the solder layer 
and the package tab, C3 represents the interface between the 
package tab and the silicone pad, and, C4 represents the 
interface between the silicone pad and the heatsink.  

TABLE II. SUMMARY OF THE THERMAL EQUIVALENT PARAMETERS. 

Property Thermal Resistance 
[ /W] 

Thermal Capacitance 
[J/K] 

Junction 0.072 11e-3 
Solder 0.026 1.85e-3 

Tab 0.067 218e-3 
Pad 1.6 105e-3 

Heatsink* 14.4 39 
* With natural cooling considering the heatsink thermal resistance and capacitance are considered 
equally distributed between all the power MOSFETs 

140 V

t1 t2

VDS, MOS (50V/div)

VDS, MOS HV (350V/div)

IIND, LV (50A/div)

ITR, HV (10A/div)
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Fig. 5.  Complete distributed thermal network. 

 
Fig. 6.  Simplified distributed thermal network. 

B. Power Cycling Analysis 
The analysis is based on the complete thermal model of 

the MOSFET-heatsink assembly. It is assumed that 
avalanche is the only phenomena that generates heat during 
the avalanche interval (interval t1-t2, avQ E ) and it is 
entirely generated in the MOSFET chip. Therefore, it is 
possible to calculate the chip temperature rise according to 
(3). Each avalanche pulse produces a temperature rise of the 
MOSFET chip of 0.06 his is based on the assumption 
that avalanche and the generated heat are an instantaneous 
event. Moreover, the generated heat is considered to 
increase the temperature over the thermal capacitance Cj/2 
(half-layer distribution of the junction thermal capacitance). 

av

th spec MOS

EQT
C C m        (4) 

Power cycling is observed when layers in a structure are 
subject to continuous significant temperature variations. 
Temperature variations below 1  are in general not 
sufficient to cause significant strains to damage the layers in 
the structure. The stress analysis is followed up since other 
MOSFETs types (e.g. with smaller chip size) can be subject 
to higher temperature cycles and, therefore, sensitive to 
power cycling.  

Based on the thermal equivalent shown in Fig. 6, it is 
observed that the dissipated avalanche power Pd in parallel 
to half the junction capacitance Cj/2 are the source of the 
temperature cycles. Once the junction operating temperature 
has been reached (operating point dependant), based on the 
assumption that the avalanche loss generation an 
instantaneous event, the temperature oscillations over the 
junction will simply be determined by the dissipated 
avalanche energy (4). This indicates that in steady state 
conditions, the parallel of Pd and Cj/2 in Fig. 6 can be 
replaced by an ac-source representing the temperature 
oscillations at the junction, . 

The critical layers for power cycling are the junction-
solder interface and the solder-tab interface. Therefore, the 
temperature at these interfaces is the most relevant and it is 
represented by the temperatures across C1 and C2 in Fig. 6. 
The temperatures at interfaces T1 and T2 can be studied 
based on a Laplace transform/anti-transform or with a 
transient analysis. An ac-analysis of the thermal equivalent 
circuit in Fig. 6 highlights that large R-C values will result 
in large thermal time constants. The converter is operating at 

a switching frequency of 40 kHz therefore, also the 
avalanche period is 25 μs. Time constants significantly 
larger than the avalanche period will allow only the 
averaged dissipated power to flow through the structure. 
One of the largest thermal time constants is encountered at 
the pad-heatsink interface; this is due to the large thermal 
resistance of the thermal interface material and the large 
mass of the aluminium heatsink. Therefore, it can be 
assumed that at the previous interface shown in Fig. 6 (tab-
pad interface, T3) only the average power loss is flowing 
through the structure. With the previous assumption, the 
capacitance C3 is paralleled to a low impedance network. 
The ac-analysis can be performed based on a Laplace 
transformation giving the temperature swings at the desired 
interfaces (T1 and T2). The temperature swings at interface 
T1 can be expressed as in (5) and a similar derivation can be 
performed also for the interface T2. 

1 2

1 1 2

1
|| [ || ]

|| [ || ]
s tab

s tab

C R C R

j ac R C R C R

Z Z Z ZT
T Z Z Z Z Z    (5) 

With this method it is possible to obtain a simplified 
analysis of the thermal swings across the layers in the power 
semiconductor and in the cooling system structure. When 
temperature swings in the critical layers (e.g. in the power 
semiconductor junction or in the solder layers) are in the 
range of 5  or above, then, the components are subject to 
power cycling. This stress, if not properly taken into 
account, could lead to a device and converter failure. 

IV. THERMAL ANALYSIS OF THE LOW VOLTAGE POWER 
SEMICONDUCTORS AND CONVERTER PROTOTYPE 

Aforementioned the repetitive avalanche conditions in the 
IFBBC do not represent an issue for power cycling of the 
low voltage power semiconductors. The avalanche 
phenomenon is entirely limited by the converter cooling 
system and by the maximum power dissipation of the single 
power semiconductor (package limitation). For this reason 
the converter cooling system is modelled in COMSOL and 
results are validated on an experimental prototype. 

The primary power stage model is built in COMSOL 
according to the package layers and to the model shown in 
Fig. 6. The switches are mounted on a heatsink SK44-100 
(100 mm x160 mm x 15 mm) with forced air cooling from 
the bottom side of the heatsink, as shown in Fig. 7. Losses 
are calculated according to [6] and based on the converter 
low voltage side operating point (40 V 80 A). At this 
operating point the low voltage side MOSFETs are 
dissipating ~20 W due to conduction losses and ~54 W due 
to avalanche losses/switching losses. Two cases are 
analysed in the thermal simulations: the first case considers 
the losses equally distributed between all the primary 
MOSFETs and the second case considers the avalanche 
unevenly distributed between the MOSFETs. 

Assuming balanced loss power dissipation over the 
MOSFETs (due to asymmetric positioning of the power 
semiconductors compared to the heatsink) the junction’s 
temperatures are in the 79-73  range. The hottest power 
devices are in the middle location on the heatsink on the top 
part as shown in Fig. 8. The heatsink temperature was in the 
53-32  range where the hottest temperature is observed in 
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the semiconductors center part. In the second case 
unbalanced power dissipation is investigated on Fig. 9. A 
large difference in the junction temperatures of the power 
devices is observed: the devices with the largest power 
dissipation reach temperature in the range or 98 , while for 
the other devices the junction temperatures are limited to 
~54  as shown in Fig. 10. The heatsink temperature 
remains in the same range (54-32 ). 

One important consideration is that as the temperature of 
the power semiconductor increases, the avalanche voltage 
increases [12][13]. This phenomenon leads that in a 
MOSFET parallel connection, the hottest MOSFET will be 
less likely to be the one subject to avalanche condition. 
Therefore, the phenomenon will try to balance the avalanche 
losses over all the power MOSFETs. 

The converter thermal design is verified on a dc-dc 
converter prototype, as shown in Fig. 11. The designed 
converter [6] has the power semiconductors assembled on a 
heatsink mounted under the PCB board, as shown in Fig. 11. 
Due to this fact, it is not possible to measure the temperature 
of all eight low voltage power devices with the thermo-
camera. The layout allows monitoring the temperature of 
two power semiconductors representing the devices on the 
right side of Fig. 12. Temperatures are monitored with a 
thermo-camera Flir T650 positioned on the right side of the 
converter prototype. It is verified that there is an unbalance 
in the power loss distribution of the power devices. In fact, 
one device reaches a temperature of 100  while the other 
one 71.4  (spot 2 in Fig. 13). This confirms the 3D FEM 
analysis with the unbalanced case, where the device 
temperature can reach peaks of ~100 . The measured 
heatsink temperature is 47.6 (spot 1 in Fig. 13) compared 
to a simulated temperature of ~48  (maximum temperature 
on the right side of the heatsink in Fig. 12). 

 
 
 
 

 
Fig. 7.  COMSOL model of the power semiconductors and of the cooling 
system (heatsink) for the converter low voltage side. Steady state thermal 
analysis considering equal power dissipation over the power MOSFETs. 

 
Fig. 8.  COMSOL model: junction temperatures at steady state for equal 
power dissipation over the power MOSFETs. 

 

 
Fig. 9.  COMSOL model: steady state thermal analysis considering uneven 
power dissipation over the power MOSFETs. 

 

 
Fig. 10.  COMSOL model: junction temperatures at steady state for uneven 
power dissipation over the power MOSFETs. 
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Fig. 11.  Developed 6 kW dc-dc converter prototype (30-80V 0-80 A and 
700-800 V, [6]). 

 
Fig. 12.  COMSOL model: steady state temperature on the right side of the 
heatsink. 

 
Fig. 13.  Thermal image of the low voltage power semiconductors 
highlighting uneven power dissipation. Hottest MOSFET 100 , coldest 
MOSFET 71.4 , heatsink wall temperature 47.6  

V. CONCLUSIONS 
The paper presents a thermal analysis of the repetitive 

avalanche in a high efficiency isolated full bridge boost 
converter (IFBBC). The methodology to verify the impact of 
the avalanche pulses on the converter power cycling has 
been presented. Short repetitive avalanche conditions do not 
represent an issue for power cycling of power 
semiconductors in IFBBC since the energy dissipated during 
these pulses is not large enough to create relevant 

temperature oscillations over the junction temperature. 
Moreover, large thermal time constants act as a low pass 
filter minimizing even more the temperature oscillations.  

The thermal design of the converter prototype is verified 
with COMSOL simulations. This verified that even in 
unbalanced avalanche conditions (dissipated power not even 
between the power semiconductors) the MOSFETs are 
operating within the maximum temperature ratings. The 
FEM analysis is verified based on an experimental prototype 
of a dc-dc converter highlighting that in the experimental 
prototype unbalance power loss occurs. 
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Abstract— Flyback converters are widely used in several 
applications, however, with this topology it is very challenging to 
achieve high voltage operation especially with very high step-up 
ratio (>500) within limited space. This paper presents a new 
flyback-based topology which utilizes primary parallel and 
secondary series transformer connection in order to achieve 
very high step-up ratio (up to 650) as well as high voltage 
operation (~2 kV) in a small volume. The topology is presented 
and analyzed. The advantages and disadvantages of the 
proposed topology are discussed. A prototype used to verify the 
proposed topology has been implemented. Finally, experimental 
results are used to validate the performance of the proposed 
topology. 

I. INTRODUCTION 
Power electronics converters are used in an increasing 

number of fields and applications. The improvements in 
power electronic devices and semiconductor materials have 
significantly reduced the cost of power converters and 
increased their efficiency. The research concerning the power 
converters, however, is mostly focus on processing the power 
for resistive or resistive-inductive load. In recent years, 
capacitive load applications have been gradually brought into 
the view of researchers as well as engineers. One successful 
application is the photoflash capacitor inside the camera [1]. 
In addition, capacitive smart material, such as piezoelectric 
material and Dielectric Electro Active Polymer (DEAP) 
[2][3], have gained extensive attention from academia and 
industry and they can be potentially used in a variety of 
applications [4][5]. The major advantage given by these 
materials is that it is possible to have non-magnetic actuator 
which can be applied in some magnetic sensitive occasions, 
e.g. in magnetic resonance imagining (MRI). These types of 
actuators have a capacitor-like structure where the dielectric 
material is confined between two electrodes. By applying a 

voltage difference between the electrodes, charge is stored in 
the device. Then the induced electrostatic force creates an 
attraction between the two electrodes and causes a 
displacement of the dielectric material. This movement can be 
used to create a non-magnetic linear actuator that behaves as a 
variable capacitor in electrical terms. One common issue for 
above-mentioned capacitive loads is that they require 
relatively high voltage to be operated [6]. In the case of 
photoflash and piezoelectric material applications, this voltage 
is in the range of hundred volts. However, in the case of 
DEAP actuators, the voltage level is in the multi-kV range 
(typically 2.5 kV) [7].  

Flyback converters are widely used in a large variety of 
industrial and consumer applications, such as laptop chargers, 
mobile phone chargers, standby power supplies for computers 
and other low power (<250 W) switch mode power supplies 
(SMPSs). The success of the flyback topology is due to its 
simplicity, low component count and cost. In fact, flyback 
converters are also often used for achieving high step-up 
ratios. However, in low power high voltage applications, the 
converter design becomes challenging mostly due to parasitic 
elements and component stresses. In high voltage applications 
[8] one of the major factors that affects converter performance 
is the flyback transformer. The transformer leakage inductance 
causes significant stresses over the primary power 
semiconductors. In addition, the transformer end-to-end 
capacitance (or stray capacitance) becomes one of the main 
concerns for high voltage applications (>1 kV) [4][9][10]. 
This is mostly due to the large amount of energy that is stored 
in this stray capacitance at high voltages. Limiting the energy 
stored in this interwinding stray capacitance can significantly 
improve the converter performance in terms of efficiency as 
well as increasing the working voltage. One solution to 
achieve this is to have an optimized transformer winding 
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configuration which results in a higher manufacturing cost. 
Besides, a small value of stray capacitance can be easily 
achieved by using a large core volume which would provide 
flexibility in the winding arrangement and in the selection of 
the wire diameter. 

In this paper, in order to have a high voltage converter 
within a small converter volume, a new topology based on 
primary parallel secondary series flyback converter (PPSSFC) 
is presented. The new topology uses series and parallel 
connection of multiple transformers to achieve very high step-
up ratio (up to 650) and low energy stored in the transformer 
output stray capacitance. A low-power high-voltage converter 
prototype has been designed for DEAP actuator (capacitive 
load) in heating valve applications. The converter is 
characterized by an input voltage of 3 V and an output voltage 
of 2 kV with a size of ~3.5x2.5 cm. Experimental results 
validate the proposed topology achieving a step-up ratio of 
~650 times (from a 3 V battery up to 2 kV). 

II. PROPOSED TOPOLOGY: PRIMARY PARALLEL 
SECONDARY SERIES FLYBACK CONVERTER (PPSSFC) 

It is challenging to achieve a low winding stray 
capacitance for a high voltage flyback transformer without 
applying complex winding configurations or without a highly 
optimized transformer design. This is especially true in the 
case of small transformers.  

It is well known that capacitors series connection results in 
a smaller equivalent total capacitance. Based on this basic 
principle, the series connection of several transformer 
secondary windings is beneficial for reducing the equivalent 
secondary winding stray capacitance. In capacitive load 
charging applications, the energy stored in flyback transformer 

during each charging cycle can be used as criteria for 
evaluating the capacitive load charging capability. That 
means, the more energy the transformer can store, the higher 
output voltage the converter can achieve in the case of same 
winding stray capacitance. For this reason, the parallel 
connection instead of series connection for primary windings 
tends to be beneficial in increasing the transferable energy to 
the secondary side. 

The primary in parallel secondary in series based flyback 
converter has been derived and depicted in Fig. 1. Assuming 

 transformers, each transformer has a secondary winding 
stray capacitance Cs, then the secondary equivalent stray 
capacitance (Cseq) can be obtained through (1), which results 
in a capacitance is reduced by a factor of N. 

                                       (1) 

Similarly, the total primary equivalent inductance (Lprieq) 
can be calculated through the following equation 

                            (2) 

where Lp_m and Lp_l are the primary magnetizing inductance 
and the leakage inductance, respectively. Considering the 
same peak current as in the single transformer case, the energy 
stored in the PPSSFC configuration will be N times larger than 
the energy stored in only one transformer. 

Minimizing the energy stored in the windings stray 
capacitance is extremely beneficial for high voltage 
applications. However, this advantage is reduced by the 
increased secondary series resistance. In fact, the windings 
series connection at the transformers secondary sides results in 
higher winding losses since the total secondary winding 

 

Fig 1. Circuit scheme of the proposed primary parallel secondary series flyback converter (PPSSFC) topology.
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resistance (Rw_s_eq) is  times the single transformer secondary 
winding resistance (Rw_s), as in (3). Therefore, there will 
always be a trade-off between the energy stored in the output 
capacitance and the total secondary winding resistance. 

                              (3) 

III. OPERATING PRINCIPLES AND ANALYSIS 
A. Assumption and General Information 

In this investigation, the N-transformers are supposed to be 
identical. Possible mismatches of primary inductances due to 
parameters variation in the transformer production will cause 
different peak current in each transformer but, the secondary 
series connection forces the current in the transformers to be 
equal. Therefore, to simplify the analysis, the current in each 
transformer stage can be considered to be equal. Similarly, the 
mismatches of secondary stray capacitances will result in the 
unbalanced voltage sharing. The primary parallel connection 
forces the voltage over winding to be equal. For this reason, it 
is reasonable to assume that the voltage is balanced for the 
secondary windings. 

Commonly, converters used in charging capacitive load 
applications stops working when the pre-set output voltage is 
reached and do not regulate the output voltage like in regular 
converters operating in steady state. In fact, the entire charging 
process consists of a series of consecutive charging cycles. In 
order to improve the charging efficiency, reduce the overall 
duration of the charging process and effectively limit the 
maximum flux density, the boundary mode control as well as 
primary peak current control methodology are the most 
suitable candidates and they have been widely employed in 
ongoing capacitive load charging applications [11-13]. 
Another advantage of these control modes is that it is possible 
to operate the converter in closed loop by using feedback from 
the converter primary side. This does not require a feedback 
loop that crosses the converter galvanic insulation barrier. 

It is possible to analyze the working principle based on one 
charging cycle with the initial output voltage VoutInitial due to 
the similarity in behavior for all charging cycles during the 
entire charging period. The behavior under high voltage 
condition represents the general case for the analysis. To some 
extent, the low voltage operation can be considered as a 
special case of high voltage operation. For these reasons, the 
high output voltage operation will be investigated in detail and 
the difference between high voltage and low voltage operation 
will be discussed briefly later. 

B. Operation Modes Under High Output Voltage 
The operation modes in one charging cycle under high 

output voltage condition can be expressed in four time 
intervals, presented on Fig. 2. And the corresponding critical 
operating waveforms are shown in the right side of Fig. 3. 

Mode 1 [t0’  t  t1’: Fig. 2(a)]: At the beginning of this 
time interval, primary MOSFET S1 is switched on. Due to the 
resonance between the secondary winding inductance and 
stray capacitance during the last operation mode [t3’ t4’] of 
previous charging cycle, a negative minimum primary 
winding current is induced at time instant t0’, which can be 
roughly estimated through the following equation 

                 (4) 

where VoutInitial not only represents the initial output voltage for 
the current charging cycle, but also stands for the final output 
voltage of previous cycle. Cs, Lp_m and Lp_l are the secondary 
winding stray capacitance, primary magnetizing inductance 
and primary leakage inductance for one transformer. N 
represent the total transformer number in the PPSSFC 
configuration. 

In this operation mode the primary winding current 
increases from Ipri_min until it reaches the pre-set peak current 
Ipri_p. Considering the influence of the on-resistance of S1 
(Rdson), this current for each transformer Ipri_T can be expressed 
as 

 

 (5) 

where Vin is the input voltage for the proposed converter. 

Correspondingly, the on-time of S1 can be calculated 
through the following equation 

          (6) 

For this interval, neglecting the impact of winding 
resistances, the secondary winding voltage for each 
transformer can be expressed as 

      (7) 

where nratio stands for the turns ratio for one transformer and it 
is equal to the secondary winding turns divided by the primary 
winding turns. 

Mode 2 [t1’  t  t2’: Fig. 2(b)]: When S1 is switched off at 
time t1’, the stored energy in the transformers cannot be 
transferred instantaneously to the capacitive load due to the 
influence of Cs. The voltage over Cs needs to build up until it 
reaches VoutInitial/N before the current freewheeling period can 
start; this assumes that the voltage drop of freewheeling diode 
D2 is negligible. The energy used for charging Cs comes from 
the energy stored in the transformers. This also means that the 
secondary peak current Isec_p cannot be obtained through the 
direct reflection from Ipri_p, and can be approximately 
estimated by 

        (8) 

where Vcs(t1’) is the voltage over Cs at the time instant t1’. In 
this time interval, the circuit is driven by the resonance 
between the secondary magnetizing inductance and Cs. The 
initial energy comes from the secondary peak current. 
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Fig 3. Converter critical operating waveforms at low voltage (left side) and at high voltage (right side). 

      
(a) [t0’- t1’]                                                                                                            (b) [t1’- t2’] 

      
(c) [t2’- t3’]                                                                                                               (d) [t3’- t4’] 

 
Fig. 2. Equivalent circuit schemes of the operation modes in PPSSFC under high output voltage condition. 

1443



 

 

Assuming negligible the influence of resistance and core 
losses, the voltage over Cs can be roughly estimated as in (9). 

                                     (9) 

where f is the resonant angular frequency of secondary 
magnetizing inductance and Cs and can be calculated as 

                             (10) 

Mode 3 [t2’  t  t3’: Fig. 2(c)]: When Vcs reaches 
VoutInitial/N at the time instant t2’, the secondary current 
freewheeling starts. If neglecting the impact of resistances in 
the secondary side and the voltage drop of D2, the 
freewheeling current can be expressed as 

                                (11) 
where CL is the capacitance of the capacitive load and f is the 
resonant angular frequency of secondary magnetizing 
inductance and CL, which can be calculate by (12). 

                             (12) 

Correspondingly, output voltage for this time interval can 
be calculated as in (13). 

      (13) 

This time interval ends when Isec(t) reaches 0, then the 
duration time for this period can be calculated through 

               (14) 

Mode 4 [t3’  t  t4’: Fig. 2(d)]: After the secondary 
freewheeling current reaches 0 at the time t3’, due to the stored 
energy in Cs, the drain voltage of S1 is still larger than Vin, 
based on the basic principle of boundary mode control, S1 
cannot be switched on at this time instant. In fact, similar to 
Mode 2, at this time interval the circuit is driven by the 
resonance between secondary magnetizing inductance and Cs 
however in this case, with the initial energy from Cs. 

The voltage over Cs in this period can be calculated 
through 

            (15) 

where Vout(t3’) is the voltage over Cs at the time t3’. 

Neglecting the impact of the body diode in S1, this time 
interval ends when Vcs reaches -nratio·Vin, then the duration 
time can be calculated as  

               (16) 

The presented analysis is simplified, a more detailed 
analysis of the time intervals is presented on [14]. 

C. Low Output Voltage Operation Discussion 
At low output voltages, the key operating waveforms are 

presented in the left side of Fig. 3. 

In Mode 1, the current starts from 0 and not from negative. 
This happens because of the small amount of energy stored in 
Cs at low output voltage, this is not sufficient to force the 
energy be transferred back to the primary creating a negative 
peak current.  

In the case of low output voltage, the time used to charge 
Cs tends to be really short, therefore, the Mode 2 does not need 
to be considered and the secondary peak current is the primary 
peak current divided by the transformer turns ratio, as 
illustrated in (17). 

                                  (17) 

Furthermore, in Mode 4, at low output voltage, Vcs cannot 
reach -nratio·Vin, the time interval can be estimated by half of 
the resonance period of secondary magnetizing inductance and 
Cs, shown in (18). 

                                     (18) 

IV. PPSSFC TOPOLOGY DISCUSSION 
A. Topology Advantages 

Conventional flyback converters for high voltage 
capacitive charging applications require an optimized 
transformer design or large volume core in order to limit the 
secondary winding stray capacitance ( ). As the converter 
output voltage ( ) increases, the energy stored in the 
secondary stray capacitance ( ) increases with the 
quadratic of the converter output voltage, shown in (19). This 
will limit the maximum achievable output voltage for the 
converter. 

                     (19) 

The proposed topology is derived from a flyback topology 
by replacing the flyback transformer with two or more 
primary parallel secondary series connected transformers. In 
this case the converter output voltage is shared between the 
series connection of  secondary windings. This results that 
the energy stored in the winding stray capacitance is halved in 
case of , it is 1/3 in case of  and so on, as in 
equation 

            (20)

where  stands for the total energy stored in 
the winding stray capacitances of  transformers. This 
characteristic greatly improves the charging ability of the 
converter. 

Assuming an ideal flyback converter topology loss-less 
and without any parasitic elements, using peak current and 
boundary mode control schemes, the energy transferred by the 
flyback transformer in every charging cycle is constant, shown 
in (21). 

                 (21) 
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Assuming a complete charging process for output voltage 
from 0 V up to Vout, the total energy required to charge the 
capacitive load is expressed as  

                       (22) 

Therefore, for a conventional flyback topology, the 
number of successive charging cycles, Ncharging cycles, required 
to complete the entire charging process can be calculated as 

                  (23) 

In the presented PPSSFC topology, assuming the primary 
current is maintained constant for each transformer, then in 
each charging cycle, the energy transferred by the flyback 
transformers increases by N times, as shown in (24). 

                 (24) 

This eventually results that the PPSSFC topology requires 
N times less cycles for charging the capacitive load under 
same conditions, illustrated in (25). 

          (25) 

Moreover, with PPSSFC configuration, the major 
advantages are that it is possible to achieve a high voltage 
converter within limited space and with a low price by 
employing small size off-the-shelf transformers. A large 
transformer with optimized for low stray capacitance can also 
be used to obtain high output voltage. This can normally be 
achieved by separating the windings in different sectors in a 
coil former or applying complex winding configurations, 
which will result in high transformer manufacturing cost. 
Small off-the-shelf transformers are not required to be highly 
optimized and therefore, they can be manufactured with very 
low cost. Besides, the PPSSFC with small transformers can 
provide higher flexibility in the PCB layout compared to the 
flyback configuration based on a single large transformer. 
This tends to be especially useful when converter power 
density optimization is required or large transformer cores are 
not available in the desired size. 

B. Topology Disadvantages 
Compared to one single transformer operated at the same 

peak current, like the transferrable energy stored in the 
transformer magnetizing inductance increases by N times, the 
non-transferrable energy stored in the leakage inductance will 
increase by N as well, illustrated in (26) and (27). 

                            (26) 

                   (27) 

where Eleak is the energy stored in the leakage inductance for 
one transformer, and Eleak represents the total leakage 
inductance energy in the PPSSFC configuration. The N times 
larger leakage inductance energy will bring much more 
pressure for the voltage stress of S1. Fortunately, a variety of 
low-voltage power MOSFETs are available on the market. 
The impact of this disadvantage can be minimized by 
carefully calculating the voltage stress caused by the energy 

stored in the leakage inductance and selecting the power 
semiconductors with suitable voltage rating. 

Assuming identical current sharing between all the 
transformers primary stages, the current through S1 can be 
expressed as  

                            (28) 

This means the power MOSFET S1 has higher current 
stress compared with one transformer case. However, low 
voltage MOSFETs are available with very low on-resistances 
and for these reasons, this disadvantage has very limited 
impact. 

The series connection of the transformers on the high 
voltage side provides increased loss due to the series 
connection of the secondary winding resistances, which will, 
to some extent, limit the benefit from reducing stray 
capacitance. The increased number of components 
(transformers) is another disadvantage of the PPSSFC 
configuration. 

V. PROTOTYPE IMPLEMENTATION 
In order to validate the proposed topology, a small size 

prototype with the ability to charge the capacitive load to a 
high voltage has been implemented, as shown in Fig. 4 (a) and 
(b). An off-the-shelf flyback transformer CJ5143-AL from 
Coilcraft is employed in this prototype [15]. The critical 
parameters for the converter, capacitive load as well as the 
flyback transformer are summarized in Table I. Peak current 
as well as boundary mode control schemes are implemented 
by the capacitor charger controller LT3750 from Linear 
Technology [13]. An optimized design and layout can 
furthermore reduce the converter volume. 

VI. EXPERIMENTAL RESULTS 
The experiments have been carried out to verify the 

proposed topology as well as the implementation of the 
prototype. The overall charging process for a 220 nF 
capacitive load is shown in Fig. 5. The maximum output 
voltage (2 kV) is achieved through a 3 V input voltage within 
400 ms continuous charging time. 

TABLE I.   
PARAMETERS OF PPSSFC PROTOTYPE, DEAP ACTUATOR AND 

FLYBACK TRANSFORMER 

Parameters Values 
Vin 3 V 

Maximum Vout 2 kV 
Transfomer number 6 

Converter size 3.5x2.5 cm 
CL 220 nF 

nratio 15 
Lp_m 15 μH 
Lp_l 250 nH 
Cs 18.5 pF 

Rw_p 1  
Rw_s 25  
Ipri_p 1.2 A 
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The detailed operating waveforms for three successive 
charging cycles at low voltage are shown in Fig. 6 (a) and (b), 
including both current and voltage waveforms. From the 
primary winding currents in transformer T1 and T6, it can be 
seen that good current sharing between transformers is 
achieved. Moreover, it also can be observed that the peak 
current and the boundary mode control are achieved. At low 
output voltage, the resonance current at the beginning of each 
switching cycle is caused by the primary leakage inductance 
and secondary winding stray capacitance. Due to the impact of 
parasitic capacitors in the secondary side, it is difficult to 
measure the real voltage waveform over Cs for one of the 
transformers. Instead, the overall transformers secondary 
voltage is measured. These voltage waveforms are presented 
on Fig. 6 (b), where the three operation modes at low output 
voltage can be observed. 

In a similar way, the experimental waveforms for three 
charging cycles at high voltage operation are shown on Fig. 7. 
The realization of current sharing between transformers can be 
confirmed through the winding current waveforms in Fig. 7 
(a). Moreover, at the beginning of each charging cycle a 
negative current spike can be observed. This was mentioned in 
the analysis and it is also verified in the current waveforms. At 

high output voltage, a resonance is observed at the beginning 
of every switching cycle due to the secondary winding leakage 
inductance and secondary winding stray capacitance. In the 
voltage waveforms on Fig. 7 (b), the charging of the intra 
winding capacitance Cs can be observed. 

The experimental results verify that the converter 
prototype operates accordingly to the analysis performed in 
the previous section. 

 
Fig. 5. Overall experimental waveform for the entire charging process. 

                 
                                               (a) Top view                                                                                                        (b) Bottom view 

Fig. 4. Converter prototype (reference scale in cm). 

 
(a) Current waveforms 

 

 
(b) Voltage waveforms 

Fig. 6. Detailed experimental waveforms for charging cycles at low 
output voltage. 

Vin  500 mV/div 

Charge control signal  1 V/div 

Vout  500 V/div 

Ipri_T1  500 mA/div 

Isec  50 mA/div 

S1 Vgs  2 V/div 

Ipri_T6  500 mA/div 

S1 Vgs  2 V/div 

Vout  5 V/div 

  50 V/div 

1446



 

 

VII. CONCLUSIONS 
The paper presents a primary parallel secondary series 

flyback converter (PPSSFC). The new topology is derived 
from the conventional flyback converter and uses multiple 
transformers to mitigate the effects of the secondary stray 
capacitance. The topology is very suitable for applications 
which require very large step-up ratios, low end-to-end 
capacitance and high output voltage within limited space. 

The operating principles and switching cycle based 
analysis are presented for both high and low voltage operation. 
The advantages and disadvantages for the proposed topology 
are discussed in terms of energy stored in the secondary stray 
capacitance, transferrable and non-transferrable energy stored 
in the flyback transformers as well as the voltage and current 
stress for semiconductor components. Compared to a single 
large transformer case, the proposed topology can be 
beneficial for reducing the transformer winding complexity 
and for providing high flexibility in PCB layout. 

The proposed PPSSFC topology has been verified on a 
converter for a DEAP actuator (capacitive load). The PPSSFC 
achieved very high step-up ratio (650x) and high voltage 
operation (2 kV) and it is based on six off-the-shelf 
transformers. It is observed that the switching cycle based 

operating analysis of the proposed converter is exactly 
validated by the experimental results. 
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(a) Current waveforms 

 

 
(b) Voltage waveforms 

Fig. 7. Detailed experimental waveforms for charging cycles at high 
output voltage. 
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Abstract—As a new type of smart material, the Dielectric 
Electro Active Polymer (DEAP) is introduced in terms of 
configuration, working principle and potential applications. The 
design of autonomous high voltage driving system for DEAP 
actuator is investigated. The system configuration and the design 
methodology of high voltage converter are discussed in detail. 
Based on the heating valve application, three different high 
voltage converter solutions have been proposed. Different 
proposals have been compared in terms of energy loss, volume 
and cost. Finally, the design selection suggestions are provided to 
be a reference for the future designers. 

Keywords—high voltage; driving system; DEAP actuator; 
autonomous; design comparison 

I.  INTRODUCTION 
With the advancement of material science, recently, a new 

kind of smart material, called DEAP (Dielectric Electro Active 
Polymer) material, increasingly arouses concerns from 
academia and industry [1-2]. The chemists and material 
scientists are focusing on improving the performance of the 
material. Mechanical researchers are investigating possible 
configurations based on the material as well as the various 
application occasions. Mathematicians are making effort to 
establish the math model for DEAP and to build the simulation 
toolbox. In order to properly utilize the DEAP material, 
electrical researchers are trying to design and develop highly 
efficient, small size and low cost electronics circuits. 

DEAP material has similar structure to that of the capacitor 
– the soft dielectric silicone polymer is placed between the 
compliant electrodes. In most operation cases, the material can 
be considered with purely capacitive property. When voltage 
difference is applied on the conducting plates, according to 
Coulomb’s law, a certain amount of electrostatic force is 
induced, which compresses the flexible insulation layer in 
thickness direction and expands the size of the polymer. The 
basic configuration and the working principle are illustrated in 
Fig. 1. According to this characteristic, DEAP material can be 
utilized to form an actuator [3]. In addition, when the material 
is stretched, the capacitance changes accordingly, which 
enables the material to be a sensor. Furthermore, by using the 
reverse energy conversion of actuation, the material can be 
used to constitute a generator, which can transform the 
mechanical energy to electrical energy. 

When applying DEAP based actuator, compared to its 
conventional counterparts, such as the hydraulic, pneumatic 
and electromagnetic actuators, it is much lighter and with noise 
free operation as well as faster electromechanical response 
speed [4]. This kind of actuator is especially suitable for the 
weight and noise sensitive applications, such as the aerospace, 
automobile industry and dwelling space. 

In order to design and develop feasible DEAP actuation 
system, especially in the autonomous applications, not only the 
compact DEAP actuator is needed, the highly efficient, small 
size and low cost driving system for the actuator is required as 
well. The recent research progress of the material indicates, for 
the current version of DEAP material, the voltage to fully 
elongate the actuator needs reach 2 kV. A high output voltage 
converter with high efficiency, compact size and low cost 
design, therefore, needs to be investigated. These general 
requirements for power electronics converters, however, are 
normally contradictory. In general, it is impossible to achieve 
the small volume converter with lowest cost and highest 
efficiency. The trade-off evaluation needs to be carried out in 
order to achieve the optimum design. The high driving voltage 
and the capacitive load property make the design methodology 
of DEAP actuator driving converter diverse from that of the 
conventional low output voltage steady-state operation 
converters.  

In this paper, the autonomous driving system and the high 
voltage converter design are discussed. Different design 
solutions are proposed for a specific application. The solutions 
are compared in terms of energy consumption, volume and cost 
to summarize the design selection suggestions for future use. 

Dielectric silicone
polymer

Complaint electrodes

+
-V

Force

Fig. 1. Basic structure of DEAP material and the illustration of its 
fundamental working principle. 



II. AUTONOMOUS HIGH VOLTAGE CAPACITIVE ACTUATOR 
DRIVING SYSTEM DESIGN METHOLODOGY DISCUSSION 

A. System Configuration 
The autonomous high voltage DEAP actuator driving 

system consists of five major parts: the power source, the high 
voltage converter, DEAP actuator, terminal mechanical load 
and the system level sensing and control unit. Considering 
different terminal application cases, the entire driving system is 
depicted in Fig. 2.  

In autonomous situation, battery normally tends to be the 
only energy source. The capacitive property of the actuator and 
the low electrical energy to mechanical work transformation 
efficiency result in that most effective energy is stored in the 
actuator [5]. In such case, the introduction of the energy 
recovery technique is beneficial in improving the energy 
utilization on the system level. In order to deal with the 
recycled energy in a highly dynamic condition and to stabilize 
the input voltage for the high voltage converter, a dynamic 
energy storage element, such as super capacitor, need to be 
employed. 

High voltage DC-DC converter transforms the low voltage 
from the power source to high output voltage in order to drive 
the DEAP actuator. The converter consists of three parts: the 
power stage to provide the energy path, the control stage to 
generate the PWM signal and realize the inner current loop 
control and the auxiliary power supplies to provide power for 
the ICs employed in the control stage. 

As an electromechanical device, DEAP actuator transform 
the electrical energy from high voltage converter to mechanical 
force in order to actuate the terminal mechanical load, such as 
the aircraft wind flap, automotive mirror or indoor heating 
valve, etc. The connection between high voltage converter and 
actuator is electrical, while actuator and mechanical load are 
mechanically coupled. 

The ultimate goal of the system is to regulate the terminal 
control parameter, such as the displacement, rotation angle or 
temperature according to the requirement. To achieve this goal, 
the feedback control of terminal parameter needs to be 
implemented with the help of corresponding sensors. 
Alternatively, if the relationship between the terminal control 
parameter and the output voltage of high voltage converter is 
known, and the terminal parameter cannot easily be obtained, 
with the help of high voltage sensing circuit, the output voltage 
closed loop control can be employed to replace the terminal 
parameter based feedback control. The measurement of high 
voltage normally consumes large amount of energy and is not 
desired in the autonomous system with limited energy 
resource. If the output voltage has the relationship with other 
parameter, such as the charging time considering the capacitive 
property of actuator, the other parameter based open loop 
control can be beneficial for saving energy. 

In this paper, the attention will be focused on the critical 
electrical part in this entire electromechanical coupling system, 
i.e. the high voltage DC-DC converter.  

B. High Voltage Converter Design Discussion 
Traditionally, flyback converter has been employed to 

achieve high output voltage and high step-up ratio. Recently, 
with the penetration of piezoelectric technology, the 
piezoelectric transformer (PT) based converter tends to be 
another option in the field of low power high voltage 
generation. Even though, for the same output voltage level, PT 
can be much smaller than the traditional flyback transformer, 
the extra space and cost for more active semiconductor devices 
and the complex control circuits in the PT based solution make 
the flyback topology to be a more reasonable choice in the 
current stage of product development. 

1) High voltage flyback topology discussion 
As aforementioned, the energy recovery technique can be 

applied to improve the overall efficiency. Shown in Fig. 3 a), 
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Fig. 2. System level configuration of autonomous high voltage DEAP actuator driving system with terminal loads. 



the traditional bidirectional flyback topology which can 
provide the path for the energy flow back and forth, therefore, 
can be one option for the power stage in the high voltage 
converter. However, the active semiconductor component in 
the secondary side and the control circuits to realize the energy 
recovery introduce extra cost, space occupation and energy 
consumption. The unidirectional flyback topology, shown in 
Fig. 3 b), therefore, tends to be another option in some cases. 

The large number of winding in the high voltage 
transformer leads to high self-capacitance of the winding [6]. 

In the capacitive load charging application, the high winding 
stray capacitance results in lower achievable output voltage, 
longer charging time as well as the lower charging efficiency. 
One possible solution to weaken the influence of this 
capacitance is proposed, i.e. the multiple flyback transformer 
based topology with primary windings in parallel and 
secondary windings in series, shown in Fig. 3 c) [7]. If the self-
capacitance of secondary winding for one transformer is 
denoted as Cs, the equivalent secondary side stray capacitance 
of N transformer based configuration can be calculated as  

                                        (1) 

In addition, this structure can provide more flexibility in space 
utilization if small size flyback transformer is applied 
compared to one single transformer based configuration. 

The high output voltage and the capacitive feature of the 
actuator load limits the utilization of the commercial flyback 
transformer. As the most critical part in the power stage, the 
high voltage flyback transformer, therefore, needs to be 
designed and implemented on one’s own. The detailed design 
methodology and the practical skills to implement the 
transformer can refer to [8]. Compared to single transformer 
structure, the lower secondary side winding voltage of each 
transformer in multiple transformers based configuration 
enable the adoption of the small size commercial flyback 
transformer. The parallel configuration in the primary side can 
guarantee the equal voltage sharing over secondary windings. 
If the output voltage is denoted as Vout, the voltage over the 
secondary winding of each transformer is expressed as 

                                  (2) 

2) High voltage flyback converter control strategy 
discussion 

In capacitive load charging application, the flyback based 
configuration has simple working principle. In each switching 
cycle, when primary active semiconductor is turned on, the 
electrical field energy is transferred to the magnetic field 
energy and stored in the flyback transformer. When the 
primary MOSFET is turned off, the stored magnetic energy is 
automatically released to the capacitive load through the 
freewheeling diode in the secondary side, which corresponds to 
the increase of the output voltage. The successive switching 
cycles leads to the accumulation of the output voltage until it 
reaches the preset value. If energy recovery technique is 
employed, the same working concept is applied to the 
discharging process of capacitive load, which corresponds to 
the release of the actuator. 

With the help of current sensing circuits, the current closed 
loop control can be implemented to generate PWM signals for 
driving the MOSFETs in the power stage. Compared to the 
average current control, the peak current control is more 
suitable due to its quick response and cycle-by-cycle current 
limit to avoid the saturation of magnetic core. 

In each switching cycle, in order to achieve the complete 
transfer of the stored energy in flyback transformer to 
capacitive actuator, the current Discontinuous Conduction 
Mode (DCM) or Boundary Conduction Mode (BCM) needs to 
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a) Bidirectional flyback topology 
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b) Unidirectional flyback topology 
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c) Primary parallel secondary series flyback topology 
Fig 3. High voltage converter topologies. 



 
a) Solution 1 prototype (50mm×50mm×32mm) 
 

 

b) Solution 2 prototype (50mm×40mm×20mm) 
 

 

c) Solution 3 prototype (50mm×30mm×6mm) 

Fig 4. High voltage converter prototypes. 

TABLE I.  HIGH VOLTAGE CONVERER DESIGN SPECIFICATIONS 

Parameters Specifications 
Input voltage 3 V 

Maximum output voltage 1.8 kV - 2 kV 
Capacitance of DEAP actuator 200 nF 

Maximum continuous charging / 
discharging time 5 s 

be adopted. Some commercial ICs with the BCM or DCM 
function can be directly applied in the control stage of the high 
voltage converter. 

3) Auxiliary power supplies 
For high input voltage and fixed low output voltage DC-DC 

converter, normally, the auxiliary power comes from the output 
voltage instead of input voltage to achieve lower power loss. 
This strategy, however, cannot be applied for high output 
voltage converter with capacitive load, since the output voltage 
is high and variable. In this case, the switching power supply 
based commercial ICs, which can directly be powered by the 
battery, tends to be good candidates in terms of size and 
efficiency. 

III. CASE STUDY AND DESIGN SOLUTIONS COMPARISON 
In an indoor heating valve application, a 3 V battery 

powered autonomous high voltage DEAP actuator driving 
system needs to be investigated. The design specifications of 
high voltage converter are summarized in Table I. 

A. Power Stage 
The high voltage topologies shown in Fig. 3 can lead to 

three different solutions for the autonomous high voltage 
DEAP actuator driving system: solution 1 can be the system 
with bidirectional flyback topology; solution 2 corresponds to 
the traditional single transformer based unidirectional flyback 
topology as the power processing stage; solution 3 is the 
multiple flyback transformers toplogy based driving system. 
Solution 1 is with intrinsic discharging ability to release the 
energy stored in DEAP actuator when it is needed. Solution 2 
and 3, however, need extra discharging circuits to realize the 
controllable energy release for the actuator. The circuits can be 
formed by the series connection of the high voltage resistors 
and active high voltage MOSFET and are connected to the 
actuator in parallel. When the MOSFET is triggered on, the 
energy in actuator can be discharged through the high voltage 
resistors. 

Concerning the critical flyback transformer design, solution 
1 and 2 can share the same design and implementation. The 
detailed design and implemented parameters can refer to [8]. 6 
small size commercial flyback transformers CJ5143 from 
Coilcraft are adopted in solution 3. The detailed transformer 
parameters can refer to [9]. 

B. Control Stage 
As stated before, the terminal parameter feedback control 

can be employed to regulate the terminal control parameter. 
The output voltage closed loop control can also be utilized to 
indirectly regulate the terminal parameter. However, this 
approach tends to be inefficient in terms of energy utilization. 

System level burst mode control, therefore, is proposed to save 
energy as well as to directly regulate the terminal control 
parameter. 

In burst control mode, the terminal parameter tends to be 
sensed at regular intervals instead of continuously. The output 
voltage closed loop control is absent in order to save energy 
and improve overall energy efficiency. Instead, the high 
voltage converter only works when there are trigger commands 
from the terminal parameter closed loop control. When the 
charging trigger signal is captured, the high voltage converter 
starts to charge the actuator until the output voltage reaches the 
preset voltage. Then the entire driving system shuts down to 
save energy. In the same way, the converter needs to discharge 
the actuator to 0 V when the discharging trigger signal is 
captured. Then the whole system goes to sleep mode again 
until the arrival of next trigger signal. This strategy is 



 
a) Solution 1 prototype waveforms 
 

 
b) Solution 2 prototype waveforms 
 

 
c) Solution 3 prototype waveforms 

Fig. 5. Experimental waveforms of prototypes. 

especially beneficial for heating valve application, since 
temperature control system is normally with large inertia 
constant and does not need to regulate so frequently. 

C. High Voltage Converter Implementation 
Corresponding to three different solutions mentioned 

above, three prototypes have been implemented and the 
pictures are shown in Fig. 4 a) b) and c), respectively. In 
addition, the converter dimensions are indicated in the figure 
caption. The functionality of each solution has been 
experimentally verified and the experimental waveforms are 
shown in Fig. 5 a) b) and c), respectively. 

D. Aquasition of Critical Evaluation Parameters 
In order to evaluate the performance of different solutions, 

some critical assessment indicators need to be obtained 
experimentally. One important indicator tends to be the 
efficiency of the power stage in high voltage converter. The 
capacitive property of the actuator calls for the energy 
efficiency rather than the power efficiency for the converter 
powering resistive load. In this case, for charging process, the 
energy efficiency is defined as the final stored energy in the 
actuator (Estored) divided by the total input energy to the 
converter (Ein) and is expressed as  

                                (3) 

Likewise, for bidirectional topology, the discharge efficiency is 
defined as the total recovered energy (Erecovered) divided by the 
energy stored in the actuator 

                          (4) 

The measured efficiency for different solutions is shown in Fig. 
6. Since solution 1 and 2 share the same high voltage 
transformer and have used the same components in the power 
stage, the charging efficiency of these two solutions tends to be 
equal. In addition, the charging and discharging time used to 
evaluate the energy loss of auxiliary power supplies as well as 
the maximum achievable voltage are another two critical 
evaluation parameters, which can be obtained from the 
waveforms in Fig. 5 and are summarized in Table II. 

E. High Voltage Converter Comparison 
For battery operated autonomous system, one of the 

primary concerns tends to be the battery life time. This 
parameter can be evaluated through calculating the energy 
consumption of the high voltage converter. The efficiency data, 
charging and discharging time and maximum output voltage 

CH1 – Energy transfer signal 
CH2 – Energy recovery signal 
CH3 – Input voltage Vin 
CH4 – Output voltage Vout 

CH1 – Primary switching current 
CH2 – Discharge signal 
CH3 – Input voltage Vin 
CH4 – Output voltage Vout 

CH1 – Primary switching current 
CH2 – Discharge signal 
CH3 – Input voltage Vin 
CH4 – Output voltage Vout 

 
Fig. 6. Measured efficiency of three solutions. 
 

TABLE II.  CHARGING AND DISCHARGING TIME AND MAXIMUM 
OUTPUT VOLTAGE OF HIGH VOLTAGE CONVERER 

Solutions Charging Time 
 / ms 

Discharging Time 
 / ms 

Maximum 
Voltage / kV 

Solution 1 500 300 2 
Solution 2 300 500 2 
Solution 3 300 500 1.9 
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a) Solution 1 prototype 
 

 
b) Solution 2 prototype 
 

 
c) Solution 3 prototype 

Fig. 4. Experimental waveforms of prototypes 

 
a) Energy consumption comparison 
 

 
b) Volume comparison 
 

 
c) Cost comparison 

Fig. 7. Implemented prototypes comparison. 
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can be applied to obtain the total energy loss for the entire 
charging and discharging period. The energy consumption 
comparison of 3 solutions is shown in Fig. 7 a), which 
indicates that energy dissipated in the control stage and 
auxiliary power supplies can be neglected when compared to 
the energy dissipation in the power stage, and this is mainly 
due to the employment of the system level burst mode control. 
The curves of power stage for solution 1 and 2 can prove that if 
the battery life time is the concern with highest priority, the 
energy recovery technique is worthy to be implemented. 

In order to achieve high power density, low volume power 
converter is desired. The volume comparison for 3 three 
solutions is shown in Fig. 7 b). Combining the energy loss 
information in Fig. 7 a), it can be concluded that the volume 
reduction corresponds to the increases of the energy loss in the 
power stage. This phenomenon becomes more and more severe 
with the increase of the output voltage. Fig. 7 b) also indicates 
that if volume distribution can be practically implemented, 
such as replacing the large single transformer with several 
small independent transformers, it will be greatly beneficial for 
the reduction of the total volume. 

The cost comparison of different solutions is illustrated in 
Fig. 7 c), which indicates that the cost of the power stage 
dominates the cost of the entire high voltage converter, since 
normally high voltage semiconductor devices tend to be more 
expensive compared to other components. With the 
advancement of the material, if the driving voltage can be 
decreased, the expenses to build the corresponding driving 
system will decrease dramatically. 

IV. CONCLUSION 
In this paper, the structure, working principle and 

application fields of the DEAP material are introduced first. 
The design of the autonomous high voltage driving system for 
DEAP actuator is discussed in detailed, especially the most 
critical part in the system, i.e. high voltage converter. The 
investigation of autonomous system for heating valve 
application has been carried out and three possible solutions 
have been proposed. The different solutions are compared in 
terms of energy consumption, volume and cost. The design 
selection suggestions are provided to be a reference for the 
future designers to achieve optimum design. 
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Abstract—In this paper a new control-interface card for 
developing simple control loops and generating test signals for 
power electronic converters is presented. The control board can 
operate with two computational cores (Texas Instruments and 
Microchip) allowing using the preferred DSP architecture and 
development environment. Moreover, the interface board can 
operate with open hardware Arduino-like boards such as the 
ChipKit Uno32. The paper also describes how to enhance the 
performance of a ChipKit Uno32 with a dsPIC obtaining a more 
suitable solution for power electronics. The basic blocks and 
interfaces of the boards are presented in detail as well as the 
board main specifications. The board operation has been tested 
with three core platforms: TI Piccolo controlSTICK, a 
Microchip dsPIC and a ChipKit Uno32 (Arduino-like platform). 
The board was used for generating test signals for 
characterizing 1200 V Si and SiC power semiconductors. A 
6 kW dc-dc converter prototype is presented; the converter is 
based on the developed interface board. 

I. INTRODUCTION 
As green energy is getting more important, developing 

optimized power electronic converters is becoming more and 
more complex. Developments in new power semiconductors 
such as silicon carbide (SiC) together with new topologies and 
control strategies resulted in commercially available 99%+ 
efficiency power converters (examples of 99%+ efficiency 
SMA solar inverter [1], and converter prototypes [2][3]). High 
efficiency designs are challenging, require advance knowledge 
in power electronics and also in digital electronics. In fact, 
novel and complex modulations strategies are mostly 
implemented on microcontrollers (uCs) or more commonly 
digital signal processors (DSPs [4]) and field programmable 
gate arrays (FPGAs [5]). Boards hosting DSPs require variety 
of auxiliary circuitry for signal conditioning and powering all 
auxiliary peripherals which are required for a proper operation 
of the power electronics converter. On the market there is a 
large availability of control boards for power electronics: 
some solutions allow focusing on development-optimization 

of control loops and modulations strategies without having 
detailed knowledge about DSP architectures [6]. These 
solutions are very flexible and suited for developing 
prototypes or proof of concepts however, they often tend to be 
costly and not always suited for the single research groups. 
Other available solutions are represented by development kits 
provided by several microcontrollers, DSPs and FPGAs 
manufacturers. These boards necessitate of various external 
components and the developer is often designing his own 
interface boards, since commercial boards are often 
overwhelmed with functions. The lack of availability is 
mainly due to the fact that each application is different and 
requires a custom-designed controller board depending on the 
design needs.  

In recent years Arduino-like platforms have seen 
enormous diffusion both in amateur applications and in 
research environments due to their simplified programming 
language and low-cost [7]-[9]. The spreading of the new open 
hardware platform led to an increase of available “interface 
shields”; this increased furthermore the flexibility of the 
Arduino platforms which started to spread in most of the 
academic environments. In the development of control loops 
for power electronic converters, the platform was not really 
successful probably due to the limited performances of the 
microcontrollers which the boards are based on or the lack of 
availability of suitable interface boards for power electronics. 

The paper presents an interface board that can be used for 
developing power electronics test platforms and control loops. 
The interface board can operate with the low-cost TI Piccolo 
controlSTICKs or with an Arduino-based platform like the 
Arduino 2009 or the ChipKit Uno32. For increasing the 
performance of the Arduino-like platforms the paper proposes 
the replacement of the original microcontroller on ChipKit 
Uno32 boards with a more performance dsPIC which 
performance are similar to the TI platform. The interface 
board can be operated with the desired core and simply 
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(a) (b) (c)  
Fig. 1.   Commercially available development boards for power electronics and signal conditioning applications. Microchip dsPIC development board (a), TI 
controlCARD F28035 (b) and DSP header board F2812 (c). 

(a)             (b)  
Fig.2.   Conventional block structure for power electronics control boards (a) and structure of the designed interface board based on multi-platform support (b). 
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programmed with the available tools from the manufactures 
(e.g. Texas Instruments Code Composer Studio or Microchip 
MPLAB). The developed interface board was used for 
generating test signals and characterizing the switching 
performance of 1200 V Si and SiC power semiconductors 
[10][11]. Moreover, a 6 kW dc-dc isolated boost full bridge 
converter prototype was developed and tested with the 
presented interface board [11]. 

II. CONVENTIONAL POWER ELECTRONICS CONTROL 
BOARDS AND INTERFACES 

Conventional platforms utilized for developing control 
loops for power electronic converter prototypes have a main 
core (e.g. uC, DSP, FPGA) surrounded by additional signal 
conditioning circuitry, general I/O interfaces and ports 
(Fig. 1a). These boards tend to have a large number of features 
and during the development of a converter prototype most of 
these features remains unused. Moreover, these boards tend to 
be costly also due to the large number of embedded features. 
Some development boards have minimal embedded circuitry 
which is just sufficient for generic data transfer and for board 
programming (Fig. 1b). This approach often utilizes a 
daughter board which can be used to develop customized 
signal conditioning circuitry depending on the project needs. 
Another approach utilizes “core boards” (Fig. 1c); in this case 

the board hosts uniquely the main core (e.g. uC, DSP, FPGA), 
the core power stage and the programming interface. All other 
I/Os are directly interfaced to the main core with no signal 
conditioning circuitry along the path. In some products, 
different cores are implemented on a single board (e.g. DSP 
with FPGA) providing additional functionality and enhanced 
possibilities for customization of the core functionalities. All 
these platforms have a common structure that can be 
summarized as Fig. 2a. This structure is based on a fixed core 
which cannot be exchanged with other cores. These solutions 
often limit the developer to the development tools from the 
board supplier or manufacturer moreover, migrating towards 
another DSP architecture is complex and time demanding. 

III. A NEW CONCEPT FOR A FLEXIBLE POWER 
ELECTRONICS CONTROL BOARDS 

A new controller card for quick prototyping and 
developing control loops for power electronic converters was 
developed. The main concept behind the developed board is 
its multi-platform support, Fig. 2b. The interface board is 
compatible with the two most used DSP development tools in 
power electronics: Code Composer Studio from Texas 
Instruments and MPLAB from Microchip. Moreover, in order 
to allow fast prototyping, the board has an interface 
compatible with an Arduino board (e.g. Arduino 2009 or 
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IV. DESCRIPTION OF MAIN BLOCKS AND INTERFACES 
The developed board is an interface board whose main 

functional blocks (Fig. 4a) are described below and an 
overview of the board prototype is presented on Fig. 4b. 

A. Arduino /dsPIC /DSP TI Piccolo controlSTICK  
Connectors  
The board features the capability of operating with a TI 

Piccolo controlSTICK or with an Arduino /ChipKit Uno32 
/dsPIC which represent the computational cores of the board. 
All digital I/O of the platforms are isolated through high speed 
capacitive isolators providing also voltage level shifting (up to 
5 V) and higher I/O current capability (up to 15 mA per I/O). 
I/O capability is limited by the selected platform. On one 
ChipKit Uno32 the original microcontroller was replaced with 
a more powerful dsPIC more suitable for controlling power 
electronic converters (Fig. 5a). The interfacing sockets are 
located on top and on the bottom of the board, Fig. 5b. 

B. Integrated Power Supply and Voltage References 
The board is supplied with dual 12-15 V. The +12/15 V 

rail directly powers the gate driver connectors and has to 
ensure sufficient power for driving the power semiconductors 
(gate drivers). Additional dual 5 V are used for powering the 
onboard op-amps. The board features a 3 W isolated dc/dc 
power supply for generating the digital rail voltages required 
for the DSP and the digital ICs (5 V and 3.3 V). 

The board grounds (analog and digital) were kept 
separately; however, since low-cost DSP boards like the TI 
Piccolo controlSTICK  does not have separate analog and 
digital grounds, there is always one point of common coupling 
for the two grounds (DSP board). Ferrite beads can be placed 
between the two board grounds (maintaining the common 
coupling point); alternative, 0-Ohm resistors can be replace 

the ferrite beads depending on the system ground 
configuration. This section of the board also integrates two 
auxiliary voltage reference required as auxiliary reference for 
the A/D converter (+2.5 V) and +1.25 V used as DC-bias. 

C. Gate Driver/PWM Interface 
The gate driver interface (PWM connectors on Table I) 

provides up to six complementary PWM channels. The 
connectors also provide analog supply (+12/15 V depending 
on the board supply voltage) and digital supply (+5 V) useful 
for powering directly the gate drivers and local signal 
conditioning logic. The gate driver connectors are grouped 
into three main categories depending on the PWM signals they 
provide. The complementary connectors provide two PWM 
signals (complementary connector CPWMx) suited for a 
phase-leg of a voltage source converter. The boost full bridge 
PWM connectors provide two independent PWM signals (e.g. 
PWM1 and PWM2, connector BPWMx) ideal for driving the 
phase legs in a full bridge isolated boost converter and the 
single gate driver connectors are a general purpose single-
PWM channel. 

 

TABLE I.   GATE DRIVER - PWM CONNECTORS  

 PWM1H  PWM1H  PWM2H  PWM2H
NC NC  DGND  DGND  DGND  DGND NC NC
PWM1L PWM1H  5V0  5V0  5V0  5V0 PWM2L PWM2H
DGND  5V0  AGND  AGND  AGND  AGND DGND  5V0
AGND  +15V  +15V  +15V  +15V  +15V AGND  +15V

CPWM1 PWM1H PWM1H PWM2H PWM2H CPWM2

 PWM1L  PWM1L  PWM2L  PWM2L
NC NC  DGND  DGND  DGND  DGND NC NC
PWM2H  PWM1H  5V0  5V0  5V0  5V0 PWM2L  PWM1L
DGND  5V0  AGND  AGND  AGND  AGND DGND  5V0
AGND  +15V  +15V  +15V  +15V  +15V AGND  +15V

BPWM1 PWM1L PWM1L PWM2L PWM2L BCPWM1
 

(a)    (b)  
Fig. 5.   Core boards (a) and core boards installed on the interface board (b). NB: the core boards cannot be used simultaneously. 
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(a)    (b)
Fig. 6.   Interface board used in a test bench for characterizing 1200 V Si and SiC power semiconductors switching performance (a) and measured waveforms 

across the power semiconductors. Pulses were generated with the control card and a gate driver for properly driving the power semiconductors (b). 

D. Analog Input Interface 
The board has the capability of receiving six unipolar 

analog signals. When the board is powered by a TI Piccolo, 
the internal ADC operates at 12 bit resolution while, with a 
dsPIC, the resolution is limited to 10 bit. The analog 
connectors provide also a 5 V supply for powering the sensor 
(e.g. LEM module). Each analog channel has signal 
conditioning circuitry: operational amplifiers add dc-bias, 
moreover they perform a second order active filtering (Sallen–
Key filter) and scaling. The op-amps have a dual power 
supply to ensure linear operation in the 0-3.3 V range (min-
max ADC range). 

E. General Purpose I/O 
The interface board also provides 12 isolated 5 V general 

purpose inputs (8) and outputs (4) (GPIO). Since the selected 
digital isolators are unidirectional devices, the input /output 
pins cannot be reconfigured. 

V. DEVELOPMENT TOOLS AND NEW DSPIC-BASED 
CHIPKIT 

The standard Arduino development environment cannot 
provide suitable performances for developing complex control 
systems. Moreover, the performances of on board 
microcontroller on Arduino-like platforms are too low for the 
specified requirements. This reduces the choice to two main 
solutions: the TI Piccolo controlSTICK and a ChipKit Uno32 
based on a dsPIC. For these platforms the manufacturers 
provide suitable development tools with some limitations for 
the free versions (TI Code Composer Studio [14] and 
Microchip MPLAB [16]).  

The use of Arduino environment is limited to the 
supported microcontrollers. This represents the main 
limitation in terms of performance and resources. Moreover, 
the Arduino development environment (or Arduino-like 
environments) does not provide support for dsPICs. A 
commercial Arduino platform can still be used with the 
designed interface board; this will have some limitations in 
terms of performances (e.g. low A/D sampling rate), available 
resources and DSP features. 

On one ChipKit Uno32, the original onboard 
microcontroller (PIC32MX320F128H) was replaced with a 
dsPIC (33FJ64GS606, Fig. 5a) which is a digital signal 
controller with features for power electronics. The 
replacement of the original microcontroller was possible since 
the pin layout of the PIC32 and dsPIC families (e.g. 33F series 
64-pin TQFP package) are compatible for the same package 
type. This solution is more suitable for designing control loops 
for power electronic converters, since it is possible to benefit 
of all DSP functionalities of the dsPIC family. The main 
drawback of this solution is that it is not possible to program 
the platform with the Arduino environment as previously done 
for the PIC32 (simplified C programming language). With the 
new dsPIC it is required to use development tools that support 
these devices such as MPLAB. The solution gives a 
significant performance and features increase thanks to the 
DSP functionalities of the dsPIC (e.g. faster PID execution 
due to the dedicated DSP functionalities). 

VI. EXPERIMENTAL TESTS AND PROTOTYPE OF A DC-DC 
CONVERTER 

The functionality of the interface board was tested with a 
TI Piccolo controlSTICK, a ChipKit Uno32 and a ChipKit 
Uno32 modified with a dsPIC. When using the ChipKit 
Uno32 the board was programmed in Arduino-like 
environment for generating double pulse test signals for 
measuring the switching performance of 1200 V Si and SiC 
power semiconductors, Fig. 6a. The Arduino-like environment 
allowed to easily creating a USB-serial interface that could 
vary the pulse width and, therefore, the test conditions for the 
power semiconductor through a computer interface. This setup 
on Fig. 6a is often referred as double pulse test circuit; it was 
used to characterize the switching performance of power 
semiconductors such as Si IGBTs, SiC JFETs and SiC 
MOSFETs in [10][11]. During these test it was important to 
maintain exactly the same pulse width (therefore, the same 
testing current, Fig. 6b, to guarantee that the test conditions 
were maintained the same for different power semiconductors. 
In this case, the main advantage was that the pulse and test 
repeatability was higher than when an analog pulse generator 
is used. 

Ch.1: IDUT (5 A/div) 

Ch.3: VDUT (200V/div) 

Ch.2: VGATE (10V/div) 



(a)    (b)  
Fig.7.   Developed prototype of the dc-dc converter with the interface board (a) and switching waveforms (b) at 60 V 40 A on the low voltage side and 750 V on 

the high voltage side in SOFC mode. Ch.1(yellow): Vce,IGBT (350 A/div), Ch.2(red): Vds,MOSFET (50 V/div), Ch.3(blue): ILV,AC (10 A/div), 
Ch.4(green): IHV,transformer (5 A/div). Time 5μs/div. 

(a)    (b)  
Fig. 8.   Dc-dc converter efficiency characterization at different voltage and power levels. Power flow from the low voltage to the high voltage side (a) and from 

the high voltage to the low voltage side (b).  
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A 6 kW bidirectional dc-dc isolated full bridge boost 
converter (IFBBC) prototype was developed [11], Fig. 7a. The 
converter low voltage side is characterized by and 30-80 V 
range with current up to 80 A (current limitation). The 
converter high voltage side is designed as dc-link for a 
400 Vrms grid-tie inverter with a dc-link voltage in the 700-
800 V range. The converter uses Si MOSFETs on the low 
voltage side and Si IGBTs with SiC antiparallel diodes on the 
high voltage side. The converter is switching at 40 kHz and its 
main waveforms are presented on Fig. 7b. The converter 
control boards is based on the developed interface board and 
the main core is a ChipKit Uno32 modified with a dsPIC. The 
converter was tested at different voltage levels, power levels 
and characterized in efficiency terms. Efficiency 
characterization is shown on Fig 8a with the power flow from 
the low voltage to the high voltage side and on Fig. 8b with 
the power flowing form the high voltage side to the low 
voltage one. Respectively the peak efficiencies are 97.8% and 

96.5% both at 80 V (maximum voltage on the converter low 
voltage side). At lower voltages (30 V) the peak efficiency is 
limited to ~96% and to 93% depending on the power flow 
direction. 

VII. CONCLUSIONS 
When developing control loops and test setups for power 

electronics converters choosing the suitable development tool 
is often a challenge that takes into account personal skills, 
available time and cost. The paper has presented a simple and 
flexible solution for developing controls of power electronics 
converters which can operate with different microcontrollers 
or DSP platforms (open hardware Arduino /ChipKit Uno32 
/TI Piccolo controlSTICK). The board has the potential to 
reduce the prototyping time since it allows using the preferred 
DSP /microcontroller technology and development tools (e.g. 
Arduino, Texas Code Composer Studio or Microchip 
MPLAB). The support of the Arduino environment can 

Ch.1: Vce,IGBT (350 V/div) Ch.3: ILV,AC (10 A/div)

Ch.4: IHV,transformer (5A/div) Ch.2: VDS,MOSFET (50 V/div)



significantly reduce the development time due to the 
simplified programming language. Moreover, to overcome the 
limitations of the conventional platforms based on Arduino-
supported microcontrollers, the paper recommends replacing 
the PIC32 on a ChipKit Uno32 with a dsPIC of the 
“33FxxxGSxxx” family. In this way the interface board would 
benefit from enhanced DSP functionalities especially suited 
for closed loop control of power electronics converters. 

The developed interface board was successfully used for 
generating test signals to characterize the switching 
performance of 1200 V Si and SiC power semiconductors. 
Moreover, the board was used in the development of a high 
efficiency dc-dc isolated full bridge boost converter prototype 
achieving peak efficiencies of 97.8% and 96.5% depending on 
the converter power flow. 
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