
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Towards partial power processing with built in impedance spectroscopy

Jørgensen, Kasper Lüthje

Publication date:
2020

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Jørgensen, K. L. (2020). Towards partial power processing with built in impedance spectroscopy. Technical
University of Denmark.

https://orbit.dtu.dk/en/publications/c8cffabb-efaa-4f00-8792-ec338368a8e4


DTU Electrical Engineering
Electronics

Towards partial power processingwith
builtin impedance spectroscopy
DTU Electrical Engineering
Kasper Lüthje Jørgensen
Ph.D.Thesis



Towards partial power processing with builtin impedance spec
troscopy
Ph.D.Thesis

By
Kasper Lüthje Jørgensen

Supervised By
Zhe Zhang, DTU Electrical Engineering
Michael A. E. Andersen, DTU Electrical Engineering

Copyright: Reproduction of this publication in whole or in part must include the
customary bibliographic citation, including author attribution, thesis
title, etc.

Edition: First
Coverphoto: copyright on frontpage photo
Published by: DTU Electrical Engineering, Electronics, Elektrovej, Building 325,

Kongens Lyngby, Denmark
www.ele.elektro.dtu.dk



DTU Electrical Engineering
Electronics

Towards partial power process
ingwith builtin impedance spec
troscopy
DTU Electrical Engineering
Kasper Lüthje Jørgensen
Ph.D.Thesis

17th April, 2020





Preface and Acknowledgements

This Ph.D. thesis was prepared at the Department of Electrical Engineering at the
Technical University of Denmark in fulfilment of the requirements for acquiring a Doctor
of Philosophy degree. The research was conducted between February 2017 and April
2020, as part of the ”Smart Chargers” project funded by Innovation Fund Denmark. It
is a joint project with the Danish companies Lithium Balance A/S and GreenHydrogen.

The last three years has been a great journey, that has brought along challenges,
travels and good companionship. Many people have been a part of the journey, and
has my greatest gratitude for their part in the journey. Even though it is impossible
an attempt at a listing of thank you’s is done here.

• My deepest gratitude to my supervisors Zhe Zhang and Michael A. E. Andersen
for giving me the opportunity to move from wireless communication into the field
of power electronics, even though my knowledge of power electronics were rather
limited. The amount of freedom to pursue the direction within in the project
confines, that I found most interesting has been amazing and challenging at the
same time. Lastly a thank you for all the hours spent in the laboratory and your
office to try and come up with solutions.

• Postdoc Maria Mira del Carmen has been a great help to get the project off the
ground and keeping it there, without your work I would not have gotten as far as
I have.

• The 2nd floor of building 325 will always be a special place for me, due to all the
colleagues in the electronics group. When help or someone to talk to is needed,
there is always someone available (even when it is so late that there shouldn’t
be). It has been a great group to join and the work environment has always been
encouraging and stimulating for new thoughts. A special mention goes to Yudi,
Bainan and Yi for great discussions, and help (and for making my conference trips
extra interesting). A special thank you to Henriette, Hans Christian, Carmen,
Dorte and Allan for making everything around the research project work fluently,
whether it is a project running out and oracle therefore not working to a device
needed for the lab or just generally having help with a system at DTU.

• I would like to thank Professor Christoph Weber at Kiel University of Applied
Sciences for allowing me to visit him for my external stay - and for being gracious
when I need to shorten the visit to a month. It was a great experience that has
given me extra insight into electrochemical impedance spectroscopy. Also a big
thank you to Fabian Edgar Franke for all the help in the lab at Kiel University
of Applied Sciences, without you I wouldn’t have gotten far. Also thank you for
letting me revisit a year later and redo some of the measurements with the last
prototype.

• My wife Christina has my biggest gratitude. She has stood by my side and always
been there for me, no matter how difficult I have been to live with during the last
three years of our lives. Her for proof reading of my thesis has been invaluable,
and without her the result would have been much worse. For bringing Jonathan
into the world last year, and all the pleasures (and challenges) he has brought us.



ii Preface and Acknowledgements

• And to Jonathan for just being a joy to be around.

Kongens Lyngby, 17th April, 2020

Kasper Lüthje Jørgensen



Abstract

The world is moving away from using the traditional fossil fuels as energy sources
and towards a system with an increasingly share of renewable energy. Many types of
renewable energies come from forces of nature such as wind and sun, and are therefore
as unreliable as the weather.

The volatile nature of renewable energy creates a demand for energy storage to
ensure supply of energy when the wind isn’t blowing and the sun isn’t shining. The en-
ergy produced by these renewable energy sources is in the form of electricity. Electricity
can’t be stored directly, but has to be converted to other energy forms to be stored.
The energy might be stored as chemical, potential or kinetic energy, but in order to
store the energy a conversion from one potential to another is almost certainly needed.
In this thesis the focus will be on electrochemical devices such as an electrolyzer cell
or batteries as storage elements. Every bit of energy that is produced should be used,
but the fact is that there are losses in transporting the energy, converting it, storing
it and then converting it back to electricity before the energy can finally be used. The
fact that there are two conversions, makes the efficiency of the converter extremely
important to not loose any more energy then absolutely necessary.

In this thesis the partial power configuration is presented, which has the ability to
boost the efficiency of the energy conversion using a regular converter. Traditionally
the source, dc-dc converter and load has been connected one after the other, forcing
the converter to process the full power delivered to the load. The partial power config-
uration has the source, one side of the dc-dc converter and load in series, leading to the
converter processing the full current, but only the difference in voltage between source
and load. Since the difference in voltage potentials of source and load is processed, it
is required that the potentials should be relatively close to get the maximum effect of
the partial configuration. The remaining side of the dc-dc converter can either feed the
converted power back to the source or forward it to the load. Therefore only part of
the power enters the dc-dc converter and is affected by the converters efficiency. Since
only part of the power is being processed, even a low efficiency converter can be used
to achieve a highly efficient system energy transfer. A synthesis of all different partial
power configurations shows that there are only two different configurations for partial
power processing, when using a bipolar, bidirectional dc-dc converter.

The thesis considers the design of dc-dc converters in order to test partial power
processing. A graphical interface is introduced, which visualizes the consequence of each
individual design choice on component loss, voltage and current. The calculated losses
of each component is then used to estimate the total loss and efficiency of the designed
converter. Three different prototype dc-dc converters are presented, which are all part
of the ”Smart Chargers” project. The first prototype is a ”proof-of-concept”, and is
the only one to be run at full power. For the second prototype the layout of the power
loop is considered in conjunction with the converter topology, i.e. the natural occurring
inductance and capacitance of the converter topology is considered for optimizing the
layout for a capacitance and induction reduction. The third prototype is designed with
an on-board electrochemical impedance spectroscopy measurement setup, such that the
impedance spectrum can be measured while the converter is charging or discharging a
battery or electrolyzer stack.

Lastly electrochemical impedance spectroscopy is introduced to partial power pro-
cessing. Electrochemical impedance spectroscopy is an analysis tool that can be utilized
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to measure the impedance spectrum of a device. To enable online measurement of a
device the electrochemical impedance spectroscopy is built in to the dc-dc converter.
This means that it will be possible to monitor the state of the chemical device, while it
is being charged or discharged. The measurements are done both with a 2-point and a
4-point measurement and the benefits of using either is discussed.

The thesis shows a potential way towards a more efficient, monitored electrical setup
that includes more fluctuating energy sources and storage elements.



Resumé

Verden bevæger sig væk fra brug af de traditionelle fossile brændstoffer og mod et
system med større og større brug af vedvarende energi. Mange typer af vedvarende
energi kommer fra naturkræfter såsom vind og sol, og er derfor lige så usikre som
vejret.

Den svingende produktion af vedvarende energi medfører et behov for energiopbe-
varing, der kan sikre at der kan leveres energi når vinden ikke blæser og solen ikke
skinner. De fleste vedvarende energi kilder producerer elektricitet, hvilket ikke kan
opbevares direkte, men skal konverteres til andre energiformer. De andre energiformer
kan være kemisk, potentiel eller kinetisk energi, men en konvertering af strøm eller
spænding er næsten altid nødvendig. I denne afhandling vil fokus være på kemiske
apparater til opbevaring af energi, så som elektrolyse eller batterier. Hver eneste del
af energien, der bliver produceret, skal så vidt muligt bruges, men da intet er ideelt vil
der være tab i konverteringen, da kæden energien skal igennem inden den kan bruges
er transport, konvertering, opbevaring og, konvertering igen. Eftersom der skal to kon-
verteringer til før den producerede energi kan bruges, er effektiviteten af konverteren
ekstremt vigtig for ikke at miste mere energi end højst nødvendigt.

I denne afhandling vil en delvis effektkonvertering blive præsenteret, som kan højne
effektiviteten af energikonverteringen ved brug af en almindelig konverter. Traditionelt
er kilden, dc-dc konverteren og belastningen forbundet lige efter hinanden, hvilket
tvinger konverteren til at behandle hele effekten, der bliver leveret til belastningen.
I delvis effektkonvertering er kilden, den ene side af dc-dc konverteren og belastnin-
gen forbundet i serie, hvilket får konverteren til at behandle hele strømmen, men
kun difference i spændingen mellem kilde og belastning. Da det kun er differencen
i spændingspotentialerne mellem kilden og belastningen, der bliver behandlet, opnås
den største effekt af den effektkonvertering når potentialet mellem kilde og belastning
er lille. Den tilbageværende side af dc-dc konverteren kan enten sende den konverterede
effekt tilbage til kilden eller sende det til belastningen. Det vil kun være denne del af
effekten, der bliver behandlet af konverteren, og der vil derfor kun være tab på en del
af den samlede effekt. Dette medfører at selv en konverter med lav effektivitet kan
blive brugt til at skabe et højeffektivt system til energioverførsel. En syntese af alle
forskellige delvis effektkonverteringer viser, at der kun er to forskellige konfigurationer
for delvis effektkonvertering, såfremt der bruges en bipolær konverter der kan sende
effekten begge veje.

I afhandlingen designes tre prototype dc-dc konverterer for at teste delvis effektkon-
vertering. En grafisk brugergrænseflade bliver introduceret for at visualiserer hvilke
konsekvenser de forskellige design valg har på spændingen over, strømmen gennem og
tabet i komponenterne. Det beregnede tab for hver komponent bliver brugt til at
estimere det samlede tab og effektiviteten for konverteren. Den første prototype er
”proof-of-concept”, og er den eneste, der bliver kørt ved fuld effekt. Den anden pro-
totypes layout for effektsløjfen bliver designet med tanke på konverterens topologi. I
topologien vil der i forvejen forekomme høje induktanser og kapacitanser, som para-
sitterne fra layout kan skjules i blandt, og dermed også hvilke parasitter der ikke kan
skjules og derfor skal reduceres. Den tredje prototype bliver designet med henblik på
at kunne udføre en elektrokemisk impedansspektroskopi måling, samtidig med at et
batteri eller elektrolysecelle bliver op eller afladet.

Elektrokemisk impedansspektroskopi er en målemetode til at få impedanspektrum-
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met af en kemisk komponent, og kan blive brugt til at diagnosticere komponentens til-
stand. I afhandlingen bliver elektrokemisk impedansspektroskopi benyttet i den delvise
effektkonvertering, imens der lades på et batteri. Dette betyder at det er muligt at mon-
itorere status for et kemisk apparat, mens det bliver ladet eller afladet. Elektrokemisk
impedansspektroskopi målinger bliver her lavet med både en 2-punkts og 4-punkts
måling, og fordele og ulemper ved hver af disse bliver diskuteret.

Denne afhandling viser en potentiel vej mod et mere effektivt, overvåget elektrisk
system, som inkluderer mere fluktuerende energikilder og opbevaringselementer.
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1
Introduction

I myself, joking aside, am amazed how my old and new discoveries of
... pure and simple electricity caused by the contact of metals, could
have produced so much excitement. -Alessandro Volta

Fossil fuels are being replaced by renewable energy, which is notoriously unpre-
dictable and have the disadvantage of not being as easily stored. The beauty of fossil
fuels is that they can be easily stored (the earth has already done so for millions of
years): Coal is a solid that can be put in a pile on the ground, and oil is a liquid that
can be stored in an open tank. The fossil fuel that can be difficult to store, as the
physical appearance is not something that can be grasped, is natural gas. However
natural gas can with some difficulty be stored in a closed tank in its gas form, if the
tank is sufficiently air tight.

Substituting fossil fuels with renewable energy is going to require a huge amount of
energy conversion to store the produced energy in periods with a surplus production for
periods with a deficit. Since most renewable energy is coming from nature sources such
as the wind and sun, there are both large predictable and unpredictable variations
in production throughout the day and time of the year. During a windy night the
production from solar cells are next to zero, while the wind might result in a production
that is much higher than the demand. At the other extreme, a clear and calm day in
the middle of the winter might not result in enough production to cover the demand
of workplaces and heating. Therefore short and long term storage is needed to flatten
out the daily and seasonal variation in production and demand.

Energy storage can be done in many ways for example by pumped-hydro, com-
pressed air, hydrogen and batteries [1, 2]. Pumped-hydro is a well-known storage
method that has been used for many years. This is practically limited to places with
two reservoirs and a large height difference between them, since the energy is con-
verted through pumps to gravitational potential energy. Compressed air makes use of
geographical formation such as disused salt mines or hard-rock to store air as elastic
potential energy. Since both pumped-hydro and compressed air use ac to store the
energy, they are removed from consideration for this thesis.

Hydrogen and batteries on the other hand require dc to store and retrieve the
electrochemical energy, and are thus prime candidates for this thesis due to its focus
on dc-dc converters. Hydrogen is produced by electrolyzer cells, which basically splits
water (H2O) into hydrogen (H2) and oxygen (O2). The produced hydrogen can then be
stored or further processed into methane (making it easier to store). When the energy
stored is then needed again a fuel cell can be used to combine oxygen and hydrogen
back into water generating energy. Batteries work by storing an excess of electrons in
the anode when being charged, and the stored electrons then return to the cathode
when a connected device require the energy.
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The most likely scenario is that the renewable energy being produced is at a dif-
ferent voltage than the device where it is needed or where it is going to be stored.
Therefore a converter is used to match the voltage between the renewable energy and
the storage device. Storing and retrieving energy from batteries or electrolyzer/fuel
cells requires two conversions from electrical energy to chemical energy and then back
to electrical energy, which makes the efficiency of the dc-dc converter very important.
dc-dc converters are made as Switch-Mode Power Supplies (SMPS), for which there
is a plethora of different topologies. Traditionally the converter is placed between the
source and the load as depicted in Figure 1.1a, while Figure 1.1b shows the connec-
tion style that will be explored in this thesis. The connection shown in Figure 1.1b
is called Fractional or Partial Power Processing (PPP), with the occasional occurrence
as Differential Power Processing. The idea behind PPP is that only part of the power
has to pass through the dc-dc converter, and a higher efficiency of the system level can
therefore be achieved.

The chemical devices used for storing the energy experience degradation by the
charging-decharging cycles, which reduces their storage capacity, and might lead to
failures. With more chemical devices moving into the energy system knowing when a
device is misbehaving, can be useful to either repair or replace it before it malfunctions.
One method is Electrochemical Impedance Spectroscopy (EIS) which measures the
impedance of the chemical device, and with enough measurements it is assumed that
predictions of the device can be made.

1.1 Thesis objectives
The scope of this thesis is to investigate the PPC shown in Figure 1.1b. The objectives
of the thesis are summarized as

• To investigate the use of PPC and explain how it can increase dc-dc conversion
efficiency.

• To analyse and evaluate the possible configuration types for PPP.

dc
dc

+

−

+

−

+
−

Load

(a) Traditional source, dc-dc converter and
load.

dc
dc

+

−

+

−

+
−

Load

(b) The new partial power processing configuration
of source, load and one side of the dc-dc converter
in series.

Figure 1.1: Comparison of the traditional configuration and the Partial Power Configuration (PPC).
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• To design and build a dc-dc converter with high efficiency.

• To create optimized layouts of the power loop based on converter topology.

• To evaluate different measurement methods for EIS.

• To design and build a circuit adding EIS to the PPC creating an online measure-
ment.

1.2 Scope
The scope of the thesis is to present the results achieved in the PhD project ”Next
generation Power Supplies and their applications in mobility and electrolysis” carried
out by the author during the period February 2017 to April 2020. The PhD project was
part of the Innovation Fund Denmark ”Smart Chargers” project, which has two Danish
companies as project partners. The two project partners were: Lithium Balance, a
battery management system manufacturer, and GreenHydrogen, a hydrogen production
integrator.

The scientific results obtained during the thesis have been published in peer reviewed
conference and journal articles, and the patent presented in the appendix of this thesis.
The main goal of the thesis is to give a coherent overview of the achieved research work.

1.3 Thesis outline
The outline of the thesis is visualized in Figure 1.2, where all published material is
shown and their contribution to each chapter is indicated.

Initially a state-of-the-art of PPP, high gain, high efficiency dc-dc converters, and
EIS is given in Chapter 2. A full explanation of functioning and possible PPC is done
in Chapter 3, which is followed by a graphical interface design of a dc-dc converter in
Chapter 4. Chapter 4 also presents 3 prototypes, a discussion of layouts based on topol-
ogy and a small signal model of the converter. In Chapter 5 EIS is explained and two
different implementations of building EIS in to a PPP scheme is investigated.Chapter
6 concludes the thesis, and Chapter 7 provides outlooks on future work that can be
done to improve dc-dc converters utilizing PPP and/or EIS.
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Figure 1.2: Thesis outline with an overview of where the written material contributes to the thesis.



2
State of the art

The three major topics that are considered in the thesis are par-
tial power processing, high gain dc-dc converter and electrochemical
impedance spectroscopy, and therefore a state of the art analysis of
each of these field is given.

2.1 Partial Power Processing

PPP has been used in many different applications, such as electric vehicle (EV) on
board charger and charging station, electrolyzer cell (EC) and fuel cell (FC) chargers,
LED drivers and photovoltaic (PV) panels. Some examples of the use of PPC are shown
Table 2.1. The power spans from 45 W up to 5333 W, while the voltages range from
2 V to 278 V on the converter side that is in series with the source and load in the PPC.
Only one of the references uses a 3 terminal (i.e. non-isolated) converter topology [3].

The earliest found case of PPP is shown in Figure 2.1a [10], and was aimed at
charging a battery from a PV array installed in a space application. It is highlighted
that this configuration increased the power density of the converter system, increased
the efficiency and added redundancy to the system. Another use with the same circuit
is described in [6], where it is used to charge a FC. The operation mode is extended by
making the output bipolar as shown in Figure 2.1b, which lets the the output of the
converter work around zero, and the source and load voltage can both be higher and
lower than each other.

Another use described in literature is as a fast charging station for EV [18], where
PPC is drawn as Figure 2.1c. Here the end goal is to achieve extreme fast charging
for EV, which requires more than 350 kW. Utilizing PPP for this application would
decrease cost, and ease installation procedures and maintenance.

The final example that will be highlighted is shown in Figure 2.1d, and is an appli-
cation where PPP is used as a battery emulator [16]. The idea is that a small battery
emulator is necessary for testing equipment to comply with regulations.

The PPCs drawn in 2.1 are all very different in style, but redrawing them all to the
style used in this thesis would result in Figure 2.2 for all of them, and they are therefore
electrically the same. When searching for PPC in literature it becomes apparent that
there are many different ways to illustrate the configurations, even though they might
be the same electrically. It also quickly becomes apparent that the naming is not
completely settled with fractional power [4] and differential power [20] being used along
with partial power processing. However the naming differential power seems to be
mostly used for PV panels. In Section 3.1 it will be investigated the number of ways
PPC can be achieved.
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Table 2.1: Different partial power configurations in literature

Ref. Year Application
Power in
the load
(W)

Vs (V) VL (V) Vdc−dc
(V)

[3] 2017 Battery Energy storage 1200 200 140-200 0-60
[4] 2019 EV on board charger 4000 489-566 288-403 86-278
[5] 2018 LED Driver 45 24 33-45.5 9-21.5
[6] 2004 FC 500 120 120-180 0-60
[7] 2014 PV panel 300 − − −
[8] 2019 PV panel 200 20 90 70
[9] 2018 PV panel 200 36 25 11
[10] 1996 PV panel 280 20 28 8
[11] 2019 Charging Station EVs 3200 300 360-400 60-100
[12] 2011 LED Driver 45 150 102-125 20-50
[13] 2018 EC 3456 50-58 35-48 2-23
[14] 2013 PV panel 100 28 40 12
[15] 2014 PV panel 2700 20-120 288-400 268-380
[16] 2019 Battery emulator − 30 42-58 12-28

[17] 2019 Test of partial power
configuration 750 154-220 220 66

[18] 2018 Charging Station EV 2730 300-350 400 50-100

[19] 2018
Loop resistance mea-
surement in Gas insu-
lated switchgear

5333 24 16 8

Examining the source and load voltage of Table 2.1 shows that the gain needed for
their particular application varies from a few times and up to 24 times, which means
that a high gain dc-dc converter is needed for the PPC.

2.2 High gain, high efficiency dc-dc converters
For the PPC shown in Figure 2.2 and applied to for example [13], the gain needed in
the converter is in the worst case scenario is going from 2 V to 58 V, or having a gain
of 29 V/V. Therefore it is important to have a high gain in the dc-dc converter, and a
state-of-the-art for high gain, high efficiency bidirectional dc-dc converters was done in
[21].

Table 2.2 shows a summary of the investigated topologies sorted from lowest to
highest gain. As is evident there is a variety of different topologies, each with their
benefits and disadvantages. Considering the type of converter, many of them is a
derivation of a basic type of converter with a change or addition to it. For the basic
buck-boost there are the options of adding a coupled inductor, a resonant network, or
cascade the buck-boost with a series resonant converter. The SEPIC gets a tapped
inductor added on, and there are also a couple of switched-capacitor circuits, where
one adds a coupled inductor and the other switched-capacitor circuit is interleaved.

Figure 2.3a shows the different topologies plotted with voltage gain versus power,
and it shows that only isolated topologies can achieve a voltage gain above 20. Figures
2.3b and 2.3c shows the efficiencies in step down and step up mode, respectively. For
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(a) Partial power configuration connections as
drawn by [10].
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drawn by [18].
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Figure 2.1: Examples of partial power configurations as drawn in literature.
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Figure 2.2: Redrawn example of the four connections shown in Figure 2.1.



8 State of the art

Table 2.2: Comparison of high gain topologies [21] ©2017 IEEE.

Efficiency η (%)Ref. Topology Power (W) Step up Step down
Vlow
(V)

Vhigh
(V)

Gain
(Vhigh/Vlow)

Switching
frequency (kHz)

Number
of switches Isolation

[22] Buck/Boost with Coupled
Inductor 200 96.2 96.7 14 42 3.00 50 3 N

[23] Buck-Boost with Resonant
Network 250 93.0 94.0 14 48 3.43 1000 4 N

[24] Cascaded Buck/Boost and
Series Resonant Converter 5000 96.5 - 200 700 3.50 - 10 Y

[25] Three State Switching Cell 500 92.0 86.0 24 120 5.00 25 6 N

[26]
Boost Half Bridge Con-
verter with an Auxiliary
Circuit

5000 97.9 97.7 72 400 5.56 30 8 N

[27] Interleaved Switched-
Capacitor 1500 97.8 96.6 50 300 6.00 120 36 N

[28] Dual Active Bridge and
Three-State Switching Cell 2000 96.0 95.5 48 311 6.48 30 8 N

[29] Half Bridge and Push-Pull 100 90.0 86.6 55 400 7.27 100 4 Y
[30] SEPIC derived 100 91.8 94.4 24 180 7.50 66 3 N

[31] Buck-Boost Using a Cou-
pled Inductor 2000 96.3 95.3 48 360 7.50 100 3 N

[32] LCL Resonant dc/dc Con-
verter 350 95.5 95.0 48 380 7.92 105 4 N

[33] SEPIC with Tapped Induc-
tor 400 96.4 95.0 48 380 7.92 50 4 N

[34]
Isolated Dual Active
Bridge Converter with Tap
Changer

10000 93.9 93.9 50 400 8.00 100 20 Y

[35]
Unregulated Level Con-
verter Cascaded with Inter-
leaved Buck-Boost

500 95.0 96.0 48 385 8.02 20 8 N

[36] Resonant Half Bridge Buck
with Current Doubler 200 95.6 96.3 24 200 8.33 50 4 Y

[37] Full Bridge with CLLC
Tank 500 96.0 96.0 48 400 8.33 - 8 Y

[38] Cascaded Switched Capac-
itor 100 95.5 - 20 173 8.67 100 12 N

[39] Isolated Winding-Coupled
Bidirectional Converter 1000 94.4 95.0 40 380 9.50 100 6 Y

[40] Two Stacked Boost Con-
verters 160 98.5 95.5 25 250 10.00 30 4 N

[41]
Dual Active Half Bridge
Combined with a Buck-
Boost

1000 95.0 95.0 40 400 10.00 100 36 N

[42] Buck-Boost with Built-In
dc-Transformer 1000 96.6 96.6 40 400 10.00 100 4 N

[43] Switched Capacitor with
Coupled-Inductor 1000 96.0 94.5 24 400 16.67 200 8 N

[44]

Two-Stage Isolated dc-dc
Converter with Current
Ripple Reduction Tech-
nique

2000 98.0 98.0 18 300 16.67 90 6 Y

[45] Isolated Full Bridge Boost 6000 97.8 96.5 30 800 26.67 40 8 Y

[46] Isolated Dual Active
Bridge 256 88.0 88.0 12.8 400 31.25 200 4 Y

[47] Isolated Resonant Two In-
ductor Boost Converter 2000 96.0 96.0 10 400 40.00 20 4 Y

the investigated topologies most of the efficiencies are above 90 %, with a few topologies
reaching 98 %. In Section 4.1 the review is used as a basis for choosing the the high
gain topology of the prototypes.

2.3 Electrochemical Impedance Spectroscopy
EIS is a diagnostics tool that can be used to analyse the processes that is happening
inside a chemical device. EIS has long been used in the development phase of different
chemical devices, such as batteries [48–53], FC [54–59], EC [60] and supercapacitors [61].
In electrochemical devices the different chemical processes is happening at the same
time, but at different speeds. Therefore a measurement of the impedance at different
frequencies can give a better understanding of what is happening in the electrochemical
device. The frequencies of interest for EIS ranges from a few mHz to a few kHz. Figure
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Figure 2.3: Summary of gain and efficiency of high gain converter topologies. References with square
markers use an isolated topology, while those with circle markers use a non-isolated topology [21] ©2017
IEEE.

2.4 shows a Nyquist plot of an EIS measurement of a Changhong NF-S Series Nickel-
Iron battery. A Nyquist plot shows the measured impedance as the real part on the
x-axis and the imaginary part on the y-axis. The highest and lowest frequency used in
this EIS measurement are indicated in the figure.

Being able to obtain the EIS with a dc-dc converter enables ”online” EIS, meaning
the ability to obtain the impedance spectrum while the chemical device is in operation.
The main idea is that with continuing measurements of for example a battery, it will,
at some point with enough data, be possible to predict when a battery is going to
malfunction, and the manufacture can fix it before this happens.

EIS has been added in multiple ways to the traditional converter setup, but the
author has been unable to find examples of combining PPP with EIS. Therefore the
following will only be referencing implementations done for the traditional converter
setup.

Table 2.3 lists different methods to obtain the impedance spectrum of Figure 2.4.
The first two methods only give a partial view of impedance, but don’t require any
change to the dc-dc converter. The last three methods all require a change in the
control of the dc-dc converter, however they are able to deliver the full impedance
spectrum.

The method described in [57] uses the slope of the voltage and current ripple, exem-
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Figure 2.4: EIS for a battery at 25 different frequencies.

Table 2.3: Different methods of EIS.

Ref. Method Pros Cons

[57] Ripple
Fast, and does not re-
quire any change to the
converter.

Only estimates the
resistive part of the
impedance.

Limited
EIS

[58]
Switching
frequency
ripple

Does not require any
change to the converter.

Only gives the
impedance of the funda-
mental frequency and
the first 4 harmonics.

[49, 52–
54, 59,
62–64]

Sinusoid
at single
frequency

Obtains full spectrum
Measurement time1 is
tmeas =

∑25
i=1 4

1

fi
.

Full
EIS [51, 55]

Sinusoid at
multiple fre-
quencies

Obtains full spectrum
faster than the one
above.

Measurement time1,2 is
tmeas =

∑5
i=1 4

1

f5i
.

[65, 66]

Pseudo
Random
Binary
Sequence

Obtains the full spec-
trum faster than a sinu-
soidal method could.

Need more processing
to extract the frequency
spectrum.

1 Assuming 25 frequencies to be measured.
2 Assuming the frequencies are grouped into multiples of 5 frequencies.

plified in Figure 2.5a, of the FC to estimate the real part of the impedance. This is all
done in the time domain. The benefit of this approach is that no changes are needed
to the converter, while the drawback is that only the real part of the impedance at one
frequency is obtained.

In [58] the method still uses the ripple, exemplified in Figure 2.5a, but transforms
it to the frequency domain in order to give the impedance of up to 5 frequency points,
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by only using the switching frequency of the converter. The main problem with this
method is that to obtain some of the frequencies shown in Figure 2.4, the switching
frequency of the converter has to be unrealistically low.

Moving on to the full EIS methods the first ones [49, 52–54, 59, 62–64] uses the fact
that a small sinusoid, as shown in Figure 2.5b, can be added to the reference of the con-
trol signal to cause a corresponding ripple in the voltage/current being controlled. This
means that a ripple of any desired frequency can be achieved and measured. Repeating
this for all desired frequencies can give the full impedance spectrum as shown in Figure
2.4. The down side to this method is that measuring first a couple of cycles of a 25 mHz
signal, followed by a couple of cycles of 50 mHz signals up to 1.5 kHz is going to take a
long time. While the device is being charged/discharged it is changing operating state,
resulting in an impedance spectrum that might itself be changed simply based on the
changes in state.

The next method [51, 55] uses the same approach as the previous, but introduces
the concept of overlapping multiple sinusoids, as shown in Figure 2.5c, i.e. being
able to retrieve measurements of multiple frequencies by one measurement and thereby
reduce the total measurement time. The minimum time one measurement takes is still
limited by the lowest frequency that needs to be measured, but since some of the higher
frequencies are measured at the same time the total measurement time is reduced.

The last method [65, 66] use Pseudo-Random Binary Sequence (PRBS), shown in
Figure 2.5d as the perturbation of the control signal, instead of the different forms
of sinusoids of the last two methods. PRBS is a well-established perturbation signal,
which with the right approach can reduce the sinusoid methods measurement time by
a factor of 6.

The method of injecting sinusoids are implemented in Chapter ??, while PRBS is
left as future work.
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Figure 2.5: Examples of signals used to measure the impedance spectrum.
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2.4 Summary
The three state of the art reviews has identified some critical points:

• A unified approach for representations of PPC would improve comparison of
configurations across literature.

• Use cases for PPC vary in voltage and power ranges.

• For some use cases a high gain converter topology is required to implement PPP.

• EIS has multiple implementation methods. Some retrieve the full spectrum while
others only retrieve a partial spectrum. The chosen method will therefore be
dependent on the use case.

• Implementing EIS with either sinusoidals or PRBS gives the full impedance spec-
trum.



3
Partial power processing

This chapter defines partial power processing as considered in the the-
sis. A synthesis of the different possible partial power configurations
is then done.

The PPC has some benefits compared to the traditional configuration. The power
flow for the two can be seen in Figures 3.1. For the traditional configuration in Figure
3.1a the entire power flows through the converter, and thus results in a loss on the entire
power. Opposed to that the power flow of the PPC in Figure 3.1b and 3.1c, mostly
flows directly between source and load, and only a part of the power flows through
the converter. The PPC in Figure 3.1b forwards some of the power to the load, while
Figure 3.1c returns some power from the load to the source. The converter efficiency is
only relevant for the part of the power that flows through the converter, and the loss
is thus reduced. At the same time, since only a part of the power is flowing though the
converter, it can be dimensioned for a lower power, which makes it possible to shrink
the physical size of the converter, but still get the same power flowing between the
source and the load. Along with the shrinking of components due to lower power, the
cost of the components can also be reduced, as there is a high current/low voltage, and
a low current/high voltage side, and therefore the rating of the components only need
to be high rated of one of the two.

An example of the traditional connection and the PPC are considered in Figure
3.2a and 3.2b. If the efficiency of the converter is given as ηdc−dc, then the system
efficiency of Figure 3.2a can be stated as

ηsys,3.2a =
PL
Ps

= ηdc−dc, (3.1)

where ηsys,3.2a is the system efficiency and PL and PS are the load and source power,
respectively. Since the full power is being processed by the converter, the system
efficiency is equal to the system efficiency. The system efficiency for the PPC in Figure
3.2b can be determined as

ηsys,3.2b =
PL

Ps
=

VLiL

Vsis
=

VLiL

Vs (iL − idc−dc)
=

VLiL

Vs

(
iL − iLVdc−dcηdc−dc

Vs

)
=

1

1 +
Vs−VL

VL
(1− ηdc−dc)

, (3.2)
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(a) Power flow of traditional configuration.
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Figure 3.1: Comparison of the power flow for traditional configuration and the PPC.

using that

is = iL − idc−dc (3.3)

idc−dc =
iLVdc−dcηdc−dc

Vs
, (3.4)

where VL, Vs and Vdc−dc are the voltage across the load, source and converter, respec-
tively and iL, is and idc−dc are the current through the load, source and converter
respectively.

Assuming a dc-dc converter with a fixed efficiency for all ratios of VL/VS, the system
efficiency of the traditional setup will be constant, but the efficiency for the PPC will
vary with Vs and VL. This is shown in Figure 3.2c for 2 different converter efficiencies
with varying ratios of VL/VS. The point of where the PPC efficiency outperforms the
traditional varies with efficiency ratio. The higher the efficiency of the converter, the
larger the ratio of VL/Vs needs to be for the PPC to out perform the traditional setup.

Using (3.2) the ratio of VL/Vs for which PPC gives a higher efficiency is defined as
VL
Vs

>
ηdc−dc

1 + ηdc−dc
, (3.5)

which is also plotted in Figure 3.2c. It can be seen that with a ratio of 0.5 or higher
the PPC will always outperform the traditional setup.

3.1 Synthesis of partial power topologies
The setup consists of 4 components, i.e. source, dc-dc converter, load and a wire as
shown in Figure 3.3. The connection shown in Figure 3.2b is just one example of
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Figure 3.2: Efficiency of the traditional configuration compared to PPC.
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Figure 3.3: The four components used in a 4-terminal converter setup for partial power.

how these can be connected and it will therefore be interesting to derive all possible
connections for PPC.

Connecting any of the three 2-terminal components, i.e. the source, load, or wire,
with a converter, can in theory be done in

m =
n−1∑
x=1

(n− x) (3.6)

where n is the number of terminals of the converter, which will be 4 in this case, and m is
the number of possible connections for each individual component to the dc-dc converter.
For a 4-terminal converter, this results in m = 6 different placements. Disregarding
any electrical considerations, the maximum ways of connecting the 3 devices to the
4-terminal converter is then j = 63 = 216. Out of the 216 configurations there will be
some that are infeasible and/or not PPP. Some of these are shown in Figure 3.4. There
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will be cases where the three devices or some of them are in parallel (3.4a), the wire
can short the input or output (Figure 3.4b) and the source and load can be connected
in the traditional way with a wire at best doing nothing or at worst shorting out the
converter (Figure 3.4c).

Eliminating configurations that are either infeasible or not partial power from the
total number of connections j, is done by computing m for each component as msource,
mload and mwire. The total number of possible meaningful connections jpossible will then
be

jpossible = msourcemloadmwire. (3.7)

All possible connections will be allowed for the source, which will then be the basis of
determining the number of connections for the load and the wire. Thus

msource = m = 6. (3.8)

For the possible non-conflicting load locations there are two considerations to be
made: no parallel connection of load and source, and ensuring a possible PPC. First the
possibility of a parallel connection is eliminated by removing 1 from the first connection
point i.e. the first sum is changed from (n − 1) in (3.6) to (n − 2), and taken out of
the sum by increasing the start number to x = 2. For a possible PPC a free terminal
is needed for the wire to connect to (a free terminal doesn’t ensure it is a PPC, just
gives the possibility), and therefore one terminal is removed from the calculations i.e.
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+
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+
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dc
dc
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−

+

−

+
−

(c)

Figure 3.4: Examples of configurations that are not functioning circuits or partial power processing.
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the sum is now summed to n− 2 instead of n− 1. Thus

mload = (n− 2) +
n−2∑
x=2

(n− x) (3.9)

= (4− 2) +

4−2∑
x=2

(4− x) = (4− 2) + (4− (4− 2)) = 4. (3.10)

Since the wire needs to be connected to the free terminal, and it can’t connect to
the terminal from the same input or output port as the free terminal, there is only 2
possible placements for the wire. This could also be expressed as the sum

mwire =
n−2∑
x=2

(n− x) =
4−2∑
x=2

(4− x) = (4− (4− 2)) = 2, (3.11)

where x = 2 indicates that one terminal is used by one end of the wire, and one
terminal would short input or output, while n − 2 removes the possibility of the wire
being connected in such a way that it is possible to put it in parallel with load or source.

Therefore the total number of possible connections will be

jpossible = msourcemloadmwire = 6 · 4 · 2 = 48, (3.12)

as opposed to the earlier 216 connections. Out of the remaining 48 there will still be
some connections that do not constitute PPP and this therefore need to be investigated
more closely.

When the wire is connected to the setup, that now includes source, load and con-
verter, the resulting configuration can either be of the type shown in 3.2b i.e. PPP or
the type shown 3.4c, which is not PPP. To determine the number of setups that result
in PPP the possible placements of load and source are split into two types.

First consider the placements in Figure 3.5a, which will be known as Type I con-
nection. The wire can be connected in 2 different ways as shown in Figure 3.5b and
3.5c. Except for not including the polarity, the setup in Figure 3.5b is the same as
that shown in the example of Figure 3.2b, and therefore a possible PPC. The setup in
Figure 3.5c is not easily identified and therefore redrawn as Figure 3.5d. This shows
that the setup is in fact the traditional setup with a wire connecting the input and
output, and therefore not a PPC. For Type I there is thus only one possible PPC, and
the wire multiplier can in this case be changed to mwire,I = 1.

Figure 3.6a shows a configuration where neither the source nor the load is connected
to a port, which will be known as Type II connection. The two possible wire placements
are shown in Figure 3.6b and 3.6d, which are redrawn for clarity in Figure 3.6c and 3.6e
respectively. Both wire connections are possible PPC and therefore the wire multiplier
for Type II will be mwire,II = 2.

Having determined all possible wire connections for Type I and II, which result in
a partial power setup, the total number of PPC can be determined. This is done by
determining msource and mload for each type.

For Type I msource,I = 2, since the source is connected either across the input or
output port. This excludes the load from being connected directly to either port, and
therefore the resulting calculation will only give half of the possible configuration. The
other half will be the opposite i.e. the load connected across either the input or output
instead excluding the source from being connected directly. This means that the total
number of possible connections is twice of the resulting calculation or mI correction = 2.
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(a) Starting point for connecting the wire.
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(b) First wire location. This is similar to the draw-
ing style of 3.2b for partial power connections.
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(c) Second wire location. This is not similar to the
drawing style of 3.2b for partial power connections,
and is therefore redrawn in (d).
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(d) Redrawing of (c).

Figure 3.5: Type I source and load placement.

Since any parallel/traditional connections are already excluded when placing the load
mload,I = mload = 4. Thus the number of Type I connections that are possible partial
power candidates are

jI = (msource,Imloadmwire,I)mI correction = (2 · 4 · 1) · 2 = 16. (3.13)

The possible Type II connections can be calculated by reducing both msource,II and
mload,II with 2 for the two placements at the port covered by Type I, i.e. msource,II =
6− 2 = 4 and mload,II = 4− 2 = 2, respectively. The number of possible PPC for Type
II is

jII = msource,IImload,IImwire = 4 · 2 · 2 = 16, (3.14)

and in total

jpartial power = jI + jII = 16 + 16 = 32. (3.15)

Out of the 48 possible configurations in (3.12) the number is reduced to 32 possible
PPC by this distinction. Half of the configurations coming from a Type I and the other
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Figure 3.6: Type II source and load placement.

half coming from a Type II. Each of the connections in either Type I or Type II are
unique, however each connection appears in both Type I and Type II giving 2 of each
in total. Therefore if only unique configurations are considered, half of the connections
can be removed, bringing the total down to 16.
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Figure 3.7: Considerations to reduce the total number of unique configurations. The difference between
(a) and (b) is a switch of load and source, which does not make the configuration unique in PPP.
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Figure 3.8: Partial power setup A, A+, B, and B+.

Further reduction in the number of configurations can be done by considering Fig-
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Figure 3.9: Partial power setup C, C+, D, and D+.

ures 3.7a and 3.7b. The difference between these two are not in the connection as such,
but in the placement of source and load, which has been swapped. These are going to
be considered the same topology, and the number of possible connections can then be
reduced by half down to 8. The switch of source and load should not matter for the
PPC, as there is no input or output port to begin with.

The remaining 8 PPC are drawn in Figures 3.8 and 3.9, and named A, B, C, and
D on the left hand side, and A+, B+, C+ and D+ on the right hand side. They are
essentially the same configuration, except for a change in the polarity of the output
port of the converter. The polarity change between A and A+ will be shown in Section
3.2 to extend the operation limits of PPP. Most 3-terminal converters comes with two
positive terminals, and a common reference terminal, which B and D can both be
considered as. This special case of a 3-terminal is investigated in Section 3.1.1.

The classification shown in Figures 3.8 and 3.9 can now be applied to the literature
from Table 2.1, and is done in Table 3.1. It can be seen that the most commonly
used configuration is A+, with A, C and D being the next most used ones. Strangely
enough the configuration B has not been found in literature. This might be that the
categorization is somewhat difficult as it is not always clear in literature what is the
input and output of the converter, when it is connected in the PPC.
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Table 3.1: PPCs in literature with classification

Ref. Year Application Partial Power Configu-
rations

[3] 2017 Battery Energy storage A+, C
[4] 2019 EV on board charger D
[5] 2018 LED Driver A
[6] 2004 FC A+, C
[7] 2014 PV panel A+
[8] 2019 PV panel A+, D+
[9] 2018 PV panel D
[10] 1996 PV panel A+
[11] 2019 Charging Station EV A, D+, A+
[12] 2011 LED Driver A
[13] 2018 EC D
[14] 2013 PV panel A+, A, C
[15] 2014 PV panel A, A+
[16] 2019 Battery emulator A+

[17] 2019 Test of partial power
configuration A+

[18] 2018 Charging Station EV C, D+

[19] 2018
Loop resistance mea-
surement in Gas insu-
lated switchgear

D

3.1.1 The 3-terminal special case
Until now an isolated converter has been considered, but when considering B (Figure
3.8c) and D (Figure 3.9c) they could be replaced by a non-isolated or a 3-terminal
converter. It is therefore interesting to investigate the number of possible 3-terminal
connections. Furthermore, in Section 3.2 a 3-terminal converter is used to show two
different orientations of the load polarity.

The building blocks for the 3-terminal case is shown in Figure 3.10. Applying (3.6)
for n = 3 gives

msource,3 terminal =
n−1∑
x=1

(n− x) =
3−1∑
x=1

(3− x) = (3− 1) + (3− 2) = 3 (3.16)

possible source placements. Attempting to apply (3.9) is not possible in its current
form, since mload,3 terminal = (n − 2) = (3 − 2) = 1 which is lower than the 2 possible
connections that is the minimum of (3.9). This issue arises since (3.9) takes into account

dc-dc+
−

++
−

Load

Source 3-terminal dc-dc converter Load

Figure 3.10: Components used along with the 3-terminal converter, connected to a source and load.
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the issue of paralleling source and load, and the need for a free terminal to connect the
wire. For the three terminal case there is no wire to connect, neither is it an option to
have a free terminal. Adjusting mload to mload,3 terminal gives

mload,3 terminal = (n− 2) +
n−1∑
x=2

(n− x) = (3− 2) + (3− 2) = 2, (3.17)

which then results in a total number of connections

j3 terminal = msource,3 terminalmload,3 terminal = 3 · 2 = 6. (3.18)

mwire is not included as the wire is not a possible component for the 3-terminal case.
Figure 3.11 shows all 6 possible combinations. Figures 3.11a and 3.11c are the tradi-
tional combination, while Figures 3.11b and 3.11e correspond to D without isolation,
and the same goes for Figures 3.11d and 3.11f with regards to B.

dc-dc+
−

+

+
−

Load

(a)

dc-dc+
−

+

+
−

Load

(b) B

dc-dc+
−

+

Load
+
−

(c)

dc-dc+
−

+

+
−

Load

(d) D

dc-dc+
−

+

Load

+ −

(e) B

dc-dc+
−

+

Load

+ −

(f) D

Figure 3.11: All possible ways of connecting a 3-terminal converter with a source and load.
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3.2 Polarity of source and load
The polarity of the converter is fixed, and therefore only the polarities of source and
load have to be considered. For all of the possible partial power candidates it goes that
either the source or load will be connected directly to the input or output port (see
Figure 3.8), thus fixing the polarity of it. This means that the polarity of either source
or load can be chosen. Consider the special case of a 3-terminal converter shown in
Figure 3.12, where the load in Figure 3.12a has one defined polarity, the load in Figure
3.12b has the opposite polarity.

Calculating the power processed in source, load and converter is simply done as
P = UI and for Figure 3.12a the powers are

Psource = UsourceIsource = 20 V · 1 A = 20 W (3.19)
Pload = UloadIload = 18 V · 1.1 A = 19.8 W (3.20)
Pdc−dc = Udc−dcIdc−dc = 2 V · 1.1 A = 2.2 W (3.21)

and the example shows that the converter only processes 2.2 W out of the 20 W supplied
by the source, and the 19.8 W delivered to the load. Repeating the calculation for Figure
3.12b results in

Psource = UsourceIsource = 20 V · 1 A = 20 W (3.22)
Pload = UloadIload = 18 V · 1.1 A = 19.8 W (3.23)
Pdc−dc = Udc−dcIdc−dc = 38 V · 1.1 A = 41.8 W (3.24)

where the converter processes more power than is delivered by the source, 41.8 W com-
pared to 20 W. This scenario has not been investigated further by experiment, but it
could be interesting to investigate what happens if such an experiment was carried out.

For the general 4-terminal case, there is 8 different possibilities that need to be
considered as shown in Figure 3.13. Here the configuration A and A+ are chosen
to represent the 4-terminal case. Where only the powers were considered for Figure
3.12, the analysis for Figure 3.13 is based on applying Kirchoffs Voltage Law (KVL).
Applying KVL to the four configurations shown in Figure 3.13 results in

Figure 3.13a : − Vs + Vdc−dc + VL = 0 ⇒ Vdc−dc = Vs − VL (3.25)
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Figure 3.12: Consideration of the effect of choice of polarity for the load in a possible partial power
configuration for a 3-terminal converter.
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Figure 3.13b : − Vs + Vdc−dc − VL = 0 ⇒ Vdc−dc = Vs + VL (3.26)
Figure 3.13c : − Vs − Vdc−dc + VL = 0 ⇒ Vdc−dc = VL − Vs (3.27)
Figure 3.13d : − Vs − Vdc−dc − VL = 0 ⇒ −Vdc−dc = −Vs − VL (3.28)

PPP was obtained for Figure 3.12a, where the output of the converter is the difference
between the source and the load. Looking at the equations above the same is true
for Figures 3.13a and 3.13c. Thus it can be concluded that when the node connecting
source and load is connecting the same polarity of source and load, PPP is achieved.
This in turn means that a node connecting source and load with opposite polarity is
not a PPP.

Considering the implications of (3.25) and (3.27), PPP can be achieved for Vs > VL
in Figure 3.13a, while it is the other way around for Figure 3.13b: Vs < VL. This
makes it possible to design a PPP system such that the main operating mode has the
converters output close to zero, and a bipolar output to cover the source voltage being
higher or lower than the load voltage. Since (3.2) is only valid for Vs > VL, it is now
adjusted for bipolar operation as shown in Figure 3.13c, and thereby Vs < VL. First the
current arrows are added in Figure 3.14a, and then the system efficiency is calculated
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Figure 3.13: Consideration of the effect of the choice of polarity for the load in a possible partial power
configuration for a 4-terminal converter.
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as

ηsys,3.13c =
PL

Ps
=

VLiL

Vsis
=

VLiL

Vs (iL + idc−dc)
=

VLiL

Vs

(
iL +

iLVdc−dc

Vsηdc−dc

)
=

1

1 +
Vs−VL

VL

(
1− 1

ηdc−dc

) , (3.29)

using that

is = iL + idc−dc (3.30)

idc−dc =
iLVdc−dc
Vsηdc−dc

. (3.31)

Plotting both (3.2) and (3.29) is done in Figure 3.14b, where it is observed that the
efficiency of Vs < VL is higher than that of Vs > VL. Examining (3.29) leads to the
conclusion that the lowest efficiency that will theoretically be achieved is ηdc−dc for
Vs ≪ VL, while the efficiency is close to 100 % for Vs ≈ VL. An experiment with
the configuration shown in Figure 3.14a has not been done, but considering that the
theoretical system efficiency goes towards the converter efficiency, instead of towards
0 % as for (3.2), this configuration should be preferred.

Using a bidirectional converter, with a bipolar output the possible configurations
from Figure 3.8 can be reduced to 2 as shown in Figure 3.15. Making the converter
bidirectional removes the need for differentiating between Figure 3.8a (A) and Figure
3.9a (C), and a bipolar output does the same for Figure 3.8b and 3.9b.

With regards to the converter being bidirectional it was shown in Figure 3.2c that a
ratio of VL/Vs higher than 0.5, and close to 1 was desired to increase system efficiency.
This also means that the voltage level of one port of the converter is low, while the
other port is fixed at the load or source voltage. The distinction between configuration
A and C is if one prefers to consider the converter as a buck type (A) or a boost type
(C).
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(a) Redrawing of Figure 3.13c with current arrows
for calculating the theoretical efficiency when Vs <
VL.

(b) Theoretical system efficiency for both Vs > VL
and Vs < VL.

Figure 3.14: System efficiency when Vs < VL.



3.3 Summary 27

Power flow
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Figure 3.15: Utilizing a bidirectional converter with a bipolar output the total possible configurations
can be reduced to (a) and (b).

The main difference between the two configurations in Figures 3.15a and 3.15b, is
that Figure 3.15a has a common negative grounding point for all 3 components, where
as the topology in Figure 3.15b can ground two of the devices to a negative point or
all of them to a positive terminal. It will be application specific, if the grounding point
makes any difference.

3.3 Summary
In PPP, compared to the traditional configuration, the converter only process part of
the power flowing between source and load. This means that there will only be a loss on
part of the power resulting in higher efficiency. For the theoretical system efficiency of
the PPC it was determined that for VL/Vs > 0.5 the efficiency would always be higher
than for the traditional configuration.

Through a systematic approach it was possible to determine, which of all possible
configurations would result in PPP. For a unidirectional converter with a fixed output
polarity this resulted in 8 different configurations. Using bidirectional and bipolar
converters the total number of of PPCs could be reduced to the 2 configurations in
Figure 3.15. Furthermore, to ensure PPP the node connecting to the source and the
load has to have the same polarity.





4
Design

This chapter details the design of the three prototypes. The design
equations have previously been presented in Appendices C, D, E, and
F. A discussion of how the converter topology influences power loop
layout is considered. Finally a small signal model of the converter has
been made. Neither of the two Gallium Nitride (GaN) Field-Effect
Transistor (FET) prototypes have been run at full power.

The dc-dc converter was chosen to operate in a ”C”-type partial power configuration
as shown in Figure 4.1. ”C” was chosen in order to have a reference point at the negative
terminal for both source and load. As was discussed in Chapter 3 the best performance
is achieved with a source and load that has approximately equal voltage. The converter
was designed for an electrolyzer stack currently being powered by a full power dc-dc
converter. The system specifications can be seen in Table 4.1.

4.1 Topology choice by stress factor comparison
First step in the design process is to chose a topology for the dc-dc converter. Consid-
ering that the dc-dc converter needs to boost the voltage from 2 V to 58 V, i.e. a gain
of 29 V/V, only a few topologies from the review in [21] are relevant to consider. The
relevant topologies is the IFBB with a gain of 26.67 V/V [45], the isolated Dual Active
Bridge (DAB) with a gain of 31.25 V/V [46] and the isolated resonant two inductor
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−

VL −+

Vs

Figure 4.1: Partial power processing setup ”C”. Here the source, load and converter share a common
grounding point.
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Table 4.1: System specifications [67] ©2019 IEEE.

Variable Value
Supply voltage, Vs 58 to 50 V
Load voltage, VL 35 to 48 V
Load current, IL 1 to 72 V
dc-dc converter voltage, Vdc−dc = Vs − VL 23 to 2 V
Maximum electrolyzer power, PL 3456 W
Maximum dc-dc converter power, Pdc−dc 733 W

boost with a gain of 40 V/V [47]. The topology suggested in [47] has not been consid-
ered further, but a comparison of stress factors [68–70] is done for the IFBB and DAB
in [67].

The DAB and IFBB converters are shown in Figure 4.2a and 4.2b, respectively.
The DAB converter can have zero-voltage / zero-current switching operation, while the
IFBB is a hard-switched topology. The DAB converter has several modulation forms
to control the power flow, and one common method is to use a phase-shift (ϕ) between
the two H-bridges. The IFBB uses a constant phase-shift and modulates the duty
cycle (D) of the pulse-width modulation (PWM) to control the output voltage. This is
reflected in the waveforms of the gates and the inductor in Figure 4.3 and 4.4 for the
DAB and IFBB, respectively, where T is switching period. For the IFBB the period is
further subdivided by DL and TL being the duty cycle and time period observed from
the inductor, which are defined as DL = 2D− 1 and TL = T/2. The transformer turns
ratio is n.

The components included in the component stress factor are the Semiconductor
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(a) The dual active bridge converter.
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(b) The isolated full bridge boost converter.

Figure 4.2: Comparison of the Dual Active Bridge converter and the Isolated Full Bridge Boost [67]
©2019 IEEE.
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Figure 4.3: Timing diagram for the DAB [67] ©2019 IEEE.

Component Stress Factor (SCSF), the Winding Component Stress Factor (WCSF) and
the Capacitor Component Stress Factor (CCSF). They are calculated as [68–70]

SCSFi =

∑
j Wj

Wi

V 2
maxI

2
rms

P 2
in

(4.1)

WCSFi =

∑
j Wj

Wi

V 2
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2
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P 2
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(4.2)

CCSFi =

∑
j Wj

Wi

V 2
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2
rms

P 2
in

(4.3)

Vmax,avg =
∑
i

Di |Vi| (4.4)

where
∑

j Wj
Wi

is the weighting factor for each component, Vmax is the maximum volt-
age across the component, Irms is the rms current through the component, Pin is the
maximum input power and Vmax,avg is the maximum voltage the component is stressed
with for one period Di. This is done for each i component, and the stress factor is then
summed as

SCSF =
∑
i

SCSFi

WCSF =
∑
i

WCSFi

CCSF =
∑
i

CCSFi.

(4.5)
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Figure 4.4: Timing diagram for the IFBB [67] ©2019 IEEE.

The component stress factors are shown in Figure 4.5, and are normalized using the
maximum stress value of the DAB topology. Before comparing the stress factors to
each other, it is noted that the DAB for all stress factors has the highest stress factor
at the lowest power level. This is due to the circulating reactive current of the DAB,
which is very large compared to the processed power. Comparing the two SCSF’s it is
seen that for a range of load powers the DAB has a lower stress rating than the IFBB,
and the CCSF has a small range where the DAB has a smaller stress factor. The WCSF
on the other hand is much lower for the IFBB than for the DAB, and taking all of these
into account the IFBB is the topology with the lowest stress factor of the two. The full
details of this analyses can be found in Appendix C.

4.2 Losses, and visual comparisons when designing

4.2.1 Winding losses

Design of the IFBB is done in [67, 71, 72], where [71] gives a visual approach to the
design, which is partly reproduced here. The design is summarized in the flowchart
shown in Figure 4.6. First step is to set the design specifications, which was done in
the Section 4.1. Next the inductor is designed, which influences the design of the rest
of the converter due to the resulting ripple current. For the graphical interface made in
[71] it is assumed that both the inductor and winding are made in a planar geometry.

Before calculating the ripple current, the desired peak flux density (Bpk) has to be
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Figure 4.5: Component stress factor analyses of the DAB and IFBB. (a) DAB’s SCSF, (b) IFBB’s
SCSF, (c) DAB’s WCSF, (d) IFBB’s WCSF, (e) DAB’s CCSF and (f) IFBB’s CCSF [67] ©2019 IEEE.

chosen, which in the example in Figure 4.8 is set to 0.3 T. From here the airgap (lg) is

lg =
Nµ0Iin

Bpk −
(
VL,onDLTL

2NAe

) , (4.6)

where N is the number of turns, µ0 is the permittivty of air, Iin is the dc current,
VL,on is the voltage across the inductor during on time, DLTL is the charging time of
the inductor, and Ae is the effective area of the core. Then the inductance can be
calculated as

L =
µ0N2Ae

lg
, (4.7)
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Figure 4.6: Flowchart for designing the IFBB [71] ©2018 IEEE.

and the ripple current is

∆IL =
VLDLTL

L
. (4.8)

Using (4.6), (4.7), (4.8) 3 of the 4 plots in the graphical interface in Figure 4.8 can be
generated. They show the inductance, air gap and ripple current for different number
of turns. Both air gap and inductance is linear, while the ripple current is exponential.
To the left of the figures in Figure 4.8 different parameters can be set to design the
inductor. For the inductance, air gap and ripple current only the frequency and peak
flux density (Bpk) is used. The remaining parameters are for the physical layout of the
inductor and is used for the loss calculation.

The inductor (and transformer) losses can be split into core loss (Pcore loss) and
winding loss (Pwinding loss). The inductor core loss is found with one of the Steinmetz
equations[73–75] and here the basic equation is chosen

Pcore loss = kfαBβ
pkVe, (4.9)

where Pv is the power loss per unit volume, f is the frequency as seen from the inductor
(twice the switching frequency for the IFBB), Ve is the effective volume of the core (given
by the core shape), and k, α and β are material constants (and therefore given when
choosing the core material). The Steinmetz equation used here is for sinusoids, and
therefore only gives a rough estimate of the loss.
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The winding loss depends on the geometry of the core, and the thickness, width
and length of the copper traces. The dc resistance (Rdc) is found by determining the
length of the traces and the area of trace during that length. The chosen core shape is
the planar E, which can be seen in Figure 4.7a. The planar E shape’s traces are going
to be a square donut form as seen in Figure 4.7b, and the mean length of the traces are

l = 2(w − e) + 2(b− e) (4.10)

where w is the width of the square, b is the breadth of the square and e is the space
for the track. The subtraction of e from w and b gives the mean length of the track
instead of either the longest track (2w + 2b) or the shortest ((2w − 2e) + (2b− 2e)).

The cross sectional area of the traces is A = e · t, where t is the thickness of the
trace. The dc resistance per turn is then calculated as

Rdc =
ρl

a
, (4.11)

where ρ is the resistivity of the conductor. Using Dowell’s equation[76–78] to find the
ac resistance of the windings as

Fr =
Rac
Rdc

=
ξ

2

[
sinh ξ + sin ξ

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

cosh ξ + cos ξ

]
, (4.12)

where ξ = t/ρ and m is the ratio of the magneto motive forces F (h) and F (0) as

m =
F (h)

F (h)− F (0)
. (4.13)

The magneto motive forces for an inductor simply increases with each layer, but for a
transformer that is interleaved it can be reduced considerably. The winding loss can
then be calculated as

Pwinding loss = RdcI
2
in +RacI

2
ac. (4.14)

(a) The planar E core shape to the left, and the I core
shape to the right. w

b

e

e

(b) Planar E-core seen from above, and defi-
nitions of lengths, widths and heights.

Figure 4.7: Planar E core.
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where Iin is the dc value and

Iac =
∆iL√

3
. (4.15)

The final plot showing the losses in Figure 4.8 can then be generated. The fields
”Choose spacing between tracks”, ”Choose thickness of insulation” and ”Choose solder
mask thickness” are used to ensure that there is enough space with the chosen core.
The field ”Choose number of parallel layers” adds more layers in parallel to reduce the
resistance.

The transformer has the same set of choices as the inductor (except for the number
of turns), and is in the program hard-coded to be fully interleaved.

4.2.2 Loss in the switches
Both of the prototypes has been designed with GaN FETs. The graphical interface for
the switches is shown in Figure 4.9, where the waveforms in the primary side switches
is included along with the calculated losses. For the switches the loss can be split into
conduction loss, switching loss and output capacitance loss. The conduction loss is
calculated by

Pconduction = Rds,onI
2, (4.16)

where Rds,on is the on resistance of the switch and I is the current through the switch.
The switching loss is calculated as[79]

Pon =
VbusIDSfsw

2

QGDRG,on
VDR − Vpl

+
QGS2

(
RG,on +RCSI

)
VDR −

(
Vpl+Vth

2

)
 , (4.17)

Poff =
VbusIDSfsw

2

QGDRG,off
Vpl

+
QGS2

(
RG,off +RCSI

)(
Vpl+Vth

2

)
 , (4.18)

where the parameters used are explained in Table 4.2.
The output capacitor and switching node capacitance losses are calculated as [80]

Poss = fsw

∫ Vbus

0
vDSCossdvds, (4.19)

Figure 4.8: Graphical interface for the inductor including losses, ripple current, air gap and inductance
[71] ©2018 IEEE.
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Figure 4.9: Graphical interface of choices for the primary side switches [71] ©2018 IEEE.

Table 4.2: Parameters used for switching loss calculations [71] ©2018 IEEE.

Parameter Description
Vbus Applied voltage across VDS of the transistor
IDS Current through the transistor
fsw Switching frequency
QGD Gate charge required to leave the plateau
RG,on Gate resistor for turn on
VDR Gate drive voltage
Vpl Gate plateau voltage at QGD
QGS2 Gate charge required to reach the plateau voltage
RCSI Resistor equivalent from the common source inductor
Vth Gate threshold voltage
RG,off Gate resistor for turn off
Coss Output capacitance

Pqoss = fsw

∫ Vbus

0
(Vbus − vDS)Cossdvds. (4.20)

The switching and conduction losses can be seen in Figure 4.9 for different input cur-
rents. Notice how the main loss in the switches comes from the conduction loss, which
is approximately a factor of 10 higher than the switching loss.

4.2.3 Capacitor losses
The last components included in the loss calculation are the capacitors. The capacitor
size determines how much voltage ripple there will be from the input and output.
Determining the minimum capacitance needed to ensure a specific ripple is done by

Cin,min =
∆IL
4fsw

∆Vin,pp, (4.21)

Cout,min =
Iout
16fsw

∆Vout,pp, (4.22)

where the difference in factor is due to the input current ripple being calculated based
on the inductors triangular current waveform, and the output current ripple having a
square waveform. ∆Vin,pp and ∆Vout,pp are the desired maximum voltage ripple, and
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∆IL is the ripple in the inductor, that is being transferred from the inductor, while Iout
is the peak output current. The capacitor losses are calculated as

Pcapacitor = I2
rmsESR, (4.23)

where and ESR is the equivalent series resistance of the capacitors, and Irms is the
Root-Mean Square (rms) current running in the capacitors. The rms current of the
input and output capacitors are

Irms,in =
∆IL

2
√
3

(4.24)

Irms,out =

√
Iin

(
1 + 2DL − 3D2

L
3

)
, (4.25)

respectively.
Figure 4.10 shows the capacitor choice on the left hand side, while showing the

voltage and current waveforms on the right hand side, along with the calculated losses
for different input currents. The loss on the input side is higher for the same ESR of
capacitors, since the ripple current is higher on the input side.

4.2.4 Gathered calculations

Finally all of the different choices can be gathered in one graphical interface, where
only the efficiency of the choices are shown as in Figure 4.11. Here all the choices from
earlier are shown, in addition to an efficiency plot and a loss breakdown. This can then
be used in the early design stages for a new converter.

4.3 Prototypes

Three prototypes has been developed for partial power for an electrolyzer cell, and a
summary of them are shown in Table 4.3.

Figure 4.10: Graphical interface for the capacitors. The load resistance has not been specified, so the
output current shown has the wrong value [71] ©2018 IEEE.
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Figure 4.11: Graphical interface for choices of all the components, calculating the total losses and
showing the efficiency [71] ©2018 IEEE.

Table 4.3: Overview of the three prototypes that has been made.

1st prototype 2nd prototype 3rd prototype
Primary
FETs IRL7472L1 EPC2020 GS61008T

Secondary
FETs AUIRF7759L2 GS61008P GS61008T

Inductor

1.3 µH,
EILP43/10/28,
Ferrite N87, PCB
windings

Same as 1st proto-
type

EILP32/6/20, Fer-
rite N87, Copper
foil windings

Transformer
1:2, EILP43/10/28,
Ferrite N87, PCB
windings

Same as 1st proto-
type

1:2, EELP32/6/20,
Ferrite N87, Cop-
per foil windings

Switching
frequency 50 kHz 200 kHz 200 kHz

Digital con-
troller TMS320F2808 TMS320F28335 TMS320F28335

Control PI-controller PI-controller PI-controller
Used for Test of PPC 4-point EIS 2-point EIS

Made by Postdoc. Maria
Mira del Carmen Author of thesis Author of thesis
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4.3.1 First prototype: Designed by Maria Mira del Carmen

The first prototype for the project was designed and made by Postdoc Maria Mira del
Carmen and is shown in Figure 4.12 [67]. The specific design can be seen in Table 4.3.
The inductor is made with 3 turns, where each turn takes up a full layer in the PCB.
These 3 turns are then put in parallel with another 3 turns in the same 6-layer PCB.
Finally when assembling the core, two of these PCBs are placed in parallel to further
reduce the loss.

The transformer is designed with the same EILP43/10/28 as the inductor, and the
same N87 core material. The PCB here has 8 layers, and there is 2 turns on the primary
side and 4 turns on the secondary. In order to do full interleaving the primary turns
are put in parallel, as shown in Figure 4.13, making it possible for each turn to take
up a full layer. The switching frequency of the prototype is 50 kHz and the converter
is controlled by a TMS320F2808 DSP.

This converter has been run at full power in the partial power processing setup with
an electrolyzer cell as shown in Figure 4.14a. The measured IV curve of the supply, EC
stack, and dc-dc converter are shown in Figure 4.15a. For the dc-dc converter the IV
curve is shown for the side that is in series with the supply and EC stack. The voltage

Figure 4.12: Prototype made by Postdoc Maria Mira del Carmen [67] ©2019 IEEE.
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Figure 4.13: Transformer winding structure [67] ©2019 IEEE.
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at the converter side starts at 14.81 V, but drops down to 1.45 V at 73.48 A.
Plotting against the current is done, since the power in the system and the converter

is not equal, but the current is approximately the same.
Figure 4.15b shows the efficiency of the system and the converter plotted against the

current through the EC. This is done, since the power in the system and the converter
is not equal, but the current is approximately the same. The system efficiency is for
all measurements higher than the converter efficiency. At 500 W the system efficiency
is greater than 96.5 %, which increases to 98.2 % as the highest efficiency. The highest
system efficiency is achieved with a converter efficiency of 41.7 %, which shows that as
long as the gain of the converter is high enough, it does not need to be efficient.

A closer look is taken in Figure 4.15c, where the voltage and power levels at three
points are shown for the converter and for the EC (the EC voltage and power are
indicated on the system curve). As the power level of the system increases, the power
level of the converter first increases and then decreases. This decrease in power for
the converter, while the power of the system increases is part of the reason why the
efficiency of the system increases. When considering the voltage it is observed that for
higher power, the ratio of VL/VS increases, which as shown previously leads to a higher
efficiency (for a system with VL < VS).

4.3.2 Second prototype: Using GaN FETs

The second prototype reuses the inductor and transformer from the first prototype, but
replaces the silicon switches with GaN switches. The prototype was made to improve
the efficiency of the converter, and to try out the layout techniques investigated in [81].
It was concluded that placing the switches on opposite sides of the PCB had the lowest
loss. The four different layouts shown in Figure 4.16, where tested as half-bridges used
in a buck converter as shown in Figure 4.17.

The testing was done in two ways; First it was tested how much power the design
could handle before reaching a temperature of 100 °C. Secondly the temperature of the
board was determined for the operating conditions in Table 4.4. The result of the first
test is shown in Table 4.5, and it is seen that the minimal layout can handle 10 W more

(a) Setup for measuring the efficiency of the system
with an EC stack [67] ©2019 IEEE.

dc
dc

+

−

+

−

+
−

VL −+

Vs

(b) Figure 4.1 is redrawn here for the readers con-
venience.

Figure 4.14: System and system efficiency for the first prototype connected to an electrolyzer stack [67]
©2019 IEEE.
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(a) Measured IV curves of the supply, the EC and the
converter side that is in series with the other two.

(b) System efficiency and converter efficiency plotted
against the current through the system.

(c) System and converter efficiencies with power and
voltage levels for the dc-dc converter and the the EC
for three instances.

Figure 4.15: Comparison of measured converter efficiency and system efficiency.

than the hybrid layout. The measured temperature from the second test can be seen
in Figure 4.18. The maximum temperature is lowest for the minimal layout by around
4 °C to the second lowest layout and 14 °C for the worst layout.

The main idea with the minimal layout was to add capacitance at C in Figure
4.17a of the buck totem pole daughter board, while at the same time minimizing Lp_h,
Lp_l and Lp_m. Adding capacitance is done by having two PCB tracks with different
polarity overlapping, while a reduction in inductance can be achieved by having two
PCB tracks with current flowing in opposite directions on top of each other.

The inductances Lp1 and Lp2 are irrelevant as those are in series with the main
inductor, whose inductance is much larger than the parasitic inductance. For a 2-layer
PCB holding the half bridge along with some caps, the current path is illustrated in
Figure 4.19. By placing the via right on top of the pad of Q1 and Q2, the inductance
between them is as low as possible. Having the same current running through Lp_h and
Lp_l minimizes the mutual inductance by having the magnetic fields around the traces
cancel each other out. The inductance reduction comes at a price of increasing the
capacitance between the layers, but since this capacitance is in parallel with physically
mounted capacitors it is added to that capacitance, which is desired.

Therefore the second prototype was build with the minimal layout in mind, and it
was implemented with plugin boards each having a full-bridge mounted on them. The
secondary side in Figure 4.20a has the same capacitance across the dc bus as the half-
bridge used in Figure 4.17a, so an equal layout was made as shown in Figure 4.20b. The
on periods of all the switches are summarized in Table 4.6. The transformer winding is
externally mounted through a connector, and should be as close to the switching node
as possible to reduce both capacitance and inductance. In the meantime it has become
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(a) Lateral layout.
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(b) Vertical layout.
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(c) Hybrid layout.
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(d) Minimal layout.

Figure 4.16: Comparison of four different layouts [81] ©2019 IEEE.
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(a) Schematic view of the setup used to do the layout
analyses.
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(b) Picture of one of the daughter boards.

Figure 4.17: Half bridge used for layout analyses [81] ©2019 IEEE.

obvious that this was a mistake, and in Chapter 7 a better approach is discussed, as it
has become apparent the approach used actually decreases the capacitance, while not
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Table 4.4: Switching Condition for Thermal Comparison [81] ©2019 IEEE

Paramter Value

Input voltage 400 V

Output voltage 200 V

Output power 300 W

Output current 1.5 A

Switching frequency 100 kHz

Dead time 100 ns

Table 4.5: Maximum Power Capability [81] ©2019 IEEE

Lateral layout Vertical layout Hybrid layout Minimal layout

388 W 400 W 430 W 440 W

changing the inductance.

For the primary side two figures for the parasitics are needed; Figures 4.20c and
4.20d. For periods 1 and 3 the layout used in Figure 4.20c reduces the inductance, but
increases the capacitance. Since the primary side is in series with an inductor, this
is actually the opposite of the desired effect. For periods 2 and 4 though, the layout
from Figure 4.20c does reduce the capacitance by not having PCB tracks with opposite
polarity on top of each other as shown in Figure 4.20d.

The prototype can be seen in Figure 4.21. The two vertical boards hold the full
bridge and can be seen in Figures 4.21b and 4.21c, the digital signal processor (DSP)
has been changed to the TSM320F28335, but the transformer and inductor stay the
same. This prototype has not been run at its designed power due to troubles mounting
a heat sink, and a shift in focus towards EIS.

Table 4.6: On and off periods for the IFBB switches

Switch
Period 1 2 3 4

S1,2 On On On Off
S3,4 On Off On On
S5,6 Off Off Off On
S7,8 Off On Off Off

Duration DLTL TL −DLTL D − TL 1−D
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Lateral layout

(a)

Vertical layout

(b)

Hybrid layout

(c)

Minimal layout (front side)

(d)

Minimal layout (back side)

(e)

Figure 4.18: Comparison of heat distribution in four different GaN layouts [81] ©2019 IEEE.

4.3.3 Third prototype: Built-in impedance spectroscopy

The final prototype was build with the same design specifications, but was aimed at
integrating the EIS measurement. The prototype can be seen in Figure 4.21, where on
the left there is a connector to mount the EIS measurement. The EIS measurement
board connected to the connector is shown in Figure 4.22b, and the components on
that will be shown in Chapter 5. The prototype goes back to mounting the switches
underneath the board for easier mounting of a heat sink, in order to be able to cool
the switches for full power operation (which has not been done).

The inductor and transformer was redesigned for operation at 400 kHz and 200 kHz,
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Top layer
I Q1

Lp_m

Q2

I

Bottom layer

PCB+

−
Vbus

Figure 4.19: Minimizing parasitics in a half bridge, based on the converter schematic shown in Figure
4.17a.
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(a) Schematic of the IFBB with the inductance and capacitance that are wanted in
the circuit.
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(b) Cancelling of parasitic capacitance of the secondary side of the IFBB, at the cost
of increased inductance.
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(c) Reduction of inductance for the primary side for periods 1 and 3 of the IFBB.
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(d) Reduction of capacitance for the primary side for periods 2 and 4 of the IFBB.

Figure 4.20: Cancelling parasitics by layout for the IFBB converter primary side.

respectively. They were done with planar windings, but manufactured with copper foil
instead of PCBs as can be seen in Figure 4.23. The core shapes are EILP32/6/20 and
the material is Ferrite N87 for both inductor and transformer.

The transformer has 2 turns on the primary side, which are placed in parallel with
another 2 turns. The secondary side has 4 turns, which are interleaved with the 4 turns
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(a) Prototype 2 for partial power processing. This prototype utilizes the minimal
layout from [81] and has placed the switches on plug-in boards.

(b) Primary side plugin board. (c) Secondary plugin board.

Figure 4.21: Inductor made for 400 kHz ripple, and transformer made for 200 kHz.

from the primary side. The inductor has 3 turns per foil winding, which there is two
of in parallel to reduce the resistance, and thereby the losses.

4.4 Small signal model of the converter in the traditional
setup

One way to tune the controller of the converter, is to build a model from the control
signal to the output. The converter here is current controlled, and the control parameter
is the duty cycle (d). Therefore the desired transferfunction is

H(f) =
iL
d

(4.26)
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(a) Prototype 3 adds built-in electrochemical
impedance spectroscopy.

(b) Measurement board for built-in electrochemical
impedance spectroscopy.

Figure 4.22: Prototype 3 and measurement board for EIS.

(a) Inductor

(b) Transformer

Figure 4.23: Inductor made for 400 kHz ripple, and transformer made for 200 kHz.

A small signal model of the converter’s transfer function from duty cycle (d̂) to inductor
current (iL) has been developed through state space averaging [82] and will here be
described. This model can be used to derive the control parameters, which has not yet
been used in the control.

The circuit has four different time periods, as identified in Table 4.6. Periods 1 and
3 are completely identical, with the same switches being on and off, and the model for
those two periods are shown in Figure 4.24. Periods 2 and 4 are electrically identical
and the model is shown in Figure 4.25. Alle circuit parameters for the models are found
in their respective figure.

The circuit equations for Figure 4.24 are

vin (t) = L
d

dt
iL (t) + iL (t) req,1 (4.27)

Cin
d

dt
vc,in (t) =

vin (t)− vc,in (t)

rin
(4.28)

iL (t) =
vin (t)− Vg

Rg
+

Vin − vc,in (t)

rin
(4.29)
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Figure 4.24: Circuit used for period 1 and 3 for small signal model

io (t) =
vc,o (t)− vo (t)

ro
(4.30)

Co
d

dt
vc,o (t) =

vo (t)− vc,o (t)

ro
(4.31)

vc,o (t) = Lo
d

dt
io (t) + roio (t) +RLio (t) (4.32)

where req,1 gathers the parasitic resistance of the inductor and switches. These equa-
tions are then rearranged into matrix form for state space averaging as

d

dt

[
x
]
=

[
A1

]
·
[
x
]
+
[
B1

]
· Vg (4.33)

x =


iL (t)
vc,o (t)
vc,in (t)
io (t)

 (4.34)

where

A1 =



Rgrin−Rgreq,1−req1rin

L(Rg+rin)
0

Rg

L(Rg+rin)
0

0 0 0 − 1

Co

Rg

Cin(Rg+rin)
0 − 1

Cin(Rg+rin)
0

0
1

Lo
0 −RL+ro

Lo


(4.35)

B1 =



rin

Cin(Rg+rin)

0
1

Cin(Rg+rin)

0


(4.36)



50 Design

For period 2 and 4 shown in Figure 4.25 the equations are

vin (t) = req2iL (t) + L
d

dt
iL (t) +

vT (t)

n
(4.37)

iL (t) =
vin (t)− vg (t)

Rg
+

vin (t)− vc,in (t)

rin
(4.38)

Cin
d

dt
vc,in (t) =

vg (t)− vc,in (t)

rin
(4.39)

iL (t)

n
=

vo(t) − vc,o (t)

ro
+ io (t) (4.40)

Co
d

dt
vc,o (t) =

vo (t)− vc,o (t)

ro
(4.41)

vo (t) = Lo
d

dt
io (t) +RLio (t) (4.42)

vt (t) = vo (t)− 2
iL (t)

n
rsw (4.43)

and in matrix form this results in

d

dt

[
x
]
=

[
A2

]
·
[
x
]
+
[
B2

]
· Vg (4.44)

where

A2 =



(Rg−req,2)−Rgreq,2

L(Rg+rin)
+

2

rsw−
ro

2


Ln2

− Rg+rin

nL(Rg+rin)

Rg

L(Rg+rin)

ro

nL

1

Con
0 0 − 1

Co

0 0 − 1

Cinrin
0

ro
n 1 0 −ro


(4.45)
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Figure 4.25: Circuit used for period 2 and 4 in the small signal model.
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B2 =



rin

L(Rg+rin)

0
1

Cinrin

0


(4.46)

The duration for each period with respect to Figure 4.4 are: Period 1 lasts for DLTL,
Period 2 lasts for TL −DLTL, Period 3 lasts for D − TL and Period 4 lasts for 1 −D.
This is also shown in Table 4.6. Time-averaging the state space equations with these
period times result in

A =(DLTL)A1 + (TL −DLTL)A2 + (D − TL)A1 + (1−D)A2 (4.47)
B =(DLTL)B1 + (TL −DLTL)B2 + (D − TL)B1 + (1−D)B2, (4.48)

where DL = 2D − 1 and TL = 0.5, corresponding to the duty cycle and time period
as seen by the inductor. The resulting matrices are too big to reproduce here. All
variables are perturbed by x̂ around a quiescent operating point X giving (X + x̂),
where X >> x̂. Removing the dc and second order terms gives the first order linear
model

x̂ = (sI −A)−1 · [(A1 −A2) ·X + (B1 −B2)Vg] d̂, (4.49)

where I is the identity matrix and X is found as

X = −
(
A−1

)
·BVg. (4.50)

The first row of the matrix in (4.49) corresponds to the desired transfer function,

Table 4.7: Parasitics used in the small signal modelling of prototype
3.

Description Parameter Value
Input voltage Vg 5 V
Supply resistance Rg 1 µΩ
Input capacitor Cin 1.2 mF
ESR of input capacitor rin 300 µΩ
Inductor1 L 2.5 µH
Parasitic resistance of inductor1 rL 70 mΩ
Switch on resistance rsw 10 µΩ
Output capacitor Co 200 µF
ESR of output capacitor ro 350 µΩ
Load resistor2 RL 10.35Ω
Parasitic load inductance2 Lo 5 µH
Duty cycle coascient point D 75 %
Turns ratio of transformer n 2

1 Measured with Agilent Technologies 4294A Precision
Impedance Analyzer.
2 Measured with Bode 100 impedance analyser.
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when divided by x̂. The values used in the model can be seen in Table 4.7. The final
equations with variables and values are not included here due to their size, since this
would not contribute to any understanding.

Comparison between the model and the measurement is done with a Bode100 and
shown in Figure 4.26. The measurement and model has a good fit, which in turn means
that the parameters given to the model has a close resemblance to the real world values.

4.5 Summary
Through a stress factor analysis the DAB and IFBB was compared in the PPC. It was
concluded that the IFBB experience less stress than the DAB.

A graphical interface is used to visualize the design process of the converter. Here
the impact of different design choices on the final design are shown.

Three prototypes have been developed for PPP:

• The first prototype converter was used to showcase the efficiency gain of the PPC.

• The second prototype was made to incorporate EIS in the configuration. The
converter topology was considered in the layout process of the power loop. This
was done to take advantage of the capacitance and inductance that is already
present in the topology, and add the parasitic inductance and capacitance in
series and parallel, respectively. Therefore, the layout of a full bridge for an
IFBB and a DAB converter is going to be different, since the inductor is placed
differently for those two topologies.

• The third prototype was solely made with a focus on built-in EIS.

Finally a small signal model of the converter was computed, and a match with the
measured transfer function was achieved.

Figure 4.26: The small signal model compared to the converter measurement with a Bode100.



5
Electrochemical Impedance

Spectroscopy

This chapter combines a partial power processing dc-dc converter with
”on-line” electrochemical impedance spectroscopy. The mathematical
expressions to obtain the impedance spectrum from the data is shown.
Two different measurement techniques are used, and both are com-
pared to reference measurements.

When connecting a converter to a battery, a PV array, an EC stack or a FC, it
might work well at the beginning, but over time all of these electrochemical devices
will degrade. For some applications the result of the degradations will be a lower output
or energy storage potential. Other types of degradation might result in the smoke or
liquid coming out of the devices, typically damaging what it is being used for. Therefore
doing a measurement while the electrochemical device is being charged or discharged
by the converter, can be used to predict if the device has degraded to a point where
it needs to be replaced. This type of measurement is called an ”on-line” measurement.
This measurement could be EIS, and Figure 5.1 repeats the goal of the measurement,
which is to generate the impedance spectrum of the electrochemical device.

5.1 How to do Electrochemical Impedance Spectroscopy?
As the name suggest EIS gives the impedance spectrum of an electrochemical device.
The usual way to find the impedance of an unknown load is to measure the current (I)

Figure 5.1: Electrochemical Impedance Spectroscopy done for a battery at 25 different frequencies.
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or voltage (V ) appearing in the load when it is subjected to a voltage or current. With
this measurement the impedance (Z) is found as

Z(ω) =
V (ω)

I(ω)
, (5.1)

where ω is the angular frequency given as 2πf and f is the frequency.
There are several ways to obtain the impedance spectrum, but the most ideal case

is illustrated with the setup shown in Figure 5.2. In Figure 5.2 there is a source, a
load, an amperemeter and a voltmeter. The value of the resistor as measured with a
multimeter is 11Ω, when the source is supplying 16 V with an ac on top. An example
waveform is shown in Figure 5.3a, where a 1 Hz sinewave with an amplitude of 0.1 A
is applied to the load and the corresponding voltage change is shown below. Since the
example is of a resistor, the two waves almost overlaps but not entirely, because of
parasitic inductance and capacitance. In general for electrochemical devices there will
be a phase delay between the two.

Once the time domain signal has been obtained a Fast Fourier Transform (FFT) of
the current and voltage takes the measurements from the time domain to the frequency
domain. To avoid having a large peak that is dominating the spectrum at dc, the mean
of the measurement is substracted from the time signal. The FFT is done by MatLab’s
fft function, which is defined as

Y (k) =
n∑

j=1

X(j)W (j−1)(k−1)
n (5.2)

for input X and output Y . Wn one of n roots of unity [83] defined as

Wn = e(−2πt/n). (5.3)

Exactly how the function works is not important here, but simply said it sorts the time
domain signal X into sinusoids of different frequencies. The more sample points j that
there is in X the closer the frequency bins k will be for the frequency spectrum Y . To
get the best possible result when doing the FFT a couple of things should be considered

1. A whole number of periods of the time domain signal is being transformed.
The FFT works best for whole periods of the signal if possible. To ensure that the
FFT is being done with a whole number of periods, first a zero padded ”dummy”
FFT is being run on all the data. This is then used to determine the frequency of

A

VLoad

Figure 5.2: Basic setup to obtain the Impedance Spectrum.
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the measured data, and the real FFT can then be run with the maximum number
of full periods taking from the sampled data. Figure 5.4a shows the reduction in
measured data to ensure a whole number of periods.

2. The time signal is zero at the beginning and end.
When the whole number of periods is taking from the previous point there is no
guarantee that the data starts and ends with zero, which is corrected by using a
window on the data to force the end and start to be zero. In this case a Hann
window is used. Figure 5.4b shows the measured data before and after applying
a Hann window to it.

3. There are many samples in the time signal.
As mentioned earlier the more samples there is in the time domain signal, the
closer the frequency bins will be. This is because the highest frequency will be
half the sampling frequency, and the number of samples in the time domain signal
will be the number of bins in the frequency domain. Therefore the first thing that
can be done to get a better frequency resolution is to zero pad the time domain
signal, which is to add zeros after the actual measured data. Figure 5.4c shows
the final measured data after zero padding.

The result of the FFT needs to be scaled correctly, which means the energy needs to
be divided out among the number of samples (L) before zero padding, then corrected
for the mean of the window function (w) and multiplied by 2 since only the positive
frequencies are considered, which gives

Y =
2X

Lw
. (5.4)

The resulting frequency domain is shown in Figure 5.3b and 5.3c respectively for
current and voltage. For both current and voltage the amplitude of the signal is centered
around 1 Hz, and compared to Figure 5.3a the amplitude of the sinewaves are correct.
The phase of both current and voltage on the other hand is changing wildly, which is
due to the fact that for all other frequencies than 1 Hz there is no signal, only noise.
Therefore the phase at all other points is the phase of the random noise that is picked
up at that frequency.

With both the current and voltage transformed to the frequency domain, the
impedance can be found by dividing the two, which is shown in Figure 5.3d. The
impedance of the resistor found by this method is 10.53Ω with a phase of 0.02°, which
is a close match to the value measured with the multimeter and within variation due
to using different cables and measurement tolerances.

5.2 How to speed up Electrochemical Impedance Spec-
troscopy?

The process of measuring the impedance of all frequencies of interest is a long one. At
Kiel University of Applied Sciences, they have defined the frequencies of interest for
the measurement device, which will be used as reference later, as: 25 mHz, 50 mHz,
75 mHz, 100 mHz, 150 mHz, 250 mHz, 500 mHz, 750 mHz, 1 Hz, 1.5 Hz, 2.5 Hz, 5 Hz,
7.5 Hz, 10 Hz, 15 Hz, 25 Hz, 50 Hz, 75 Hz, 100 Hz, 150 Hz, 250 Hz, 500 Hz, 750 Hz, 1 kHz,
and 1.5 kHz. If 4 periods are taking as the minimum number of periods needed to get
a clean measurement of the impedance, it will take 400 s to obtain the impedance of
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(a) Current and voltage waveforms for a 1 Hz signal
across an resistor that is measured to be 11Ω with
a multimeter.
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(b) Fourier transformation of the current wave-
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(c) Fourier transformation of the voltage waveform.
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(d) Resulting impedance spectrum by V/I.

Figure 5.3: Basic waveforms for impedance spectroscopy.

the 25 frequencies. Since the goal is to do an ”on-line” measurement of the impedance
this means that from the start of the first measurement, till the last measurement is
obtained, the electrochemical device will have moved its operating point. How big the
influence of this move depends on both the electrochemical device and the charge that
has been going through it, i.e. the change might be minimal if the current has been
1 A for a 70 A device, but be larger if the current had been 70 A.

One way to reduce the measurement time is to overlap several sinewaves [55, 84]. Ide-
ally this reduces the time of all measurements to only be as long as the lowest frequency,
and the entire spectrum will be measured in one measurement. For now what is done
is grouping the frequencies into 5 groups of 5 frequencies; 25 mHz, 50 mHz, 75 mHz,
100 mHz, 150 mHz, the next group 250 mHz, 500 mHz, 750 mHz, 1 Hz, 1.5 Hz, and re-
peating up to 1.5 kHz. Figure 5.5a shows the first group of these 5 frequencies, and
Figure 5.5b shows what would happen to the amplitude if they are all overlapped. Since
the electrochemical devices are not necessarily linear, the best would be to move as lit-
tle as possible from the operating point. The overlapping sinusoids are being generated
with the following equation

f(t) = A sin(2πf1t+ ϕ1) +

A sin(2πf2t+ ϕ2) +

A sin(2πf3t+ ϕ3) +

A sin(2πf4t+ ϕ4) +

A sin(2πf5t+ ϕ5),

(5.5)
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(c) Zero-padding the reduced, windowed data to
get more frequency bins in the frequency domain.

Figure 5.4: Steps taking to improve the obtained impedance spectrum.

which describes the overlapping of the 5 sinewaves. Here A is the amplitude of the
signal, f1 to f5 are the desired frequencies, and ϕ1 to ϕ5 are the phase shifts. To move
as little as possible from the operating point, these 5 phase shifts can be adjusted to
minimize the amplitude. One simple way to reduce the amplitude is to use a function,
such as MatLABs fminsearch, that can minimize the numerical value of a function. An
optimization using fminsearch reduces the amplitude from around 0.8 to 0.5, which is
shown in Figure 5.5c.

Using the method of overlapped sinewaves produces the measurement shown in Fig-
ure 5.6. Figure 5.6a and 5.6b shows that the amplitude and phase are relatively stable
up to 100 Hz, and thereafter the cabling starts influencing both phase and amplitude.
Figure 5.6c shows the Nyquist plot of the resistance. For a perfect measurement on
a perfect resistor the Nyquist plot should show a single dot with the resistance value
and no imaginary part. Since the measurement includes cables and the resistor is not
perfect, the real part of the impedance drops at higher frequencies and is replaced by
a higher imaginary part. The time of doing the measurements are reduced from 400 s
to 178 s.

5.3 Electrochemical Impedance Spectroscopy and the dc-
dc converter

Prototype 2 and 3 is now used to implement ”on-line” EIS. For Prototype 3 EIS is built-
in, while for Prototype 2 it is external. To ensure that adding EIS to the converter does
not break the implemented code on the DSP, the signal generation and measurement
has been split into two physically different units. The signal generation is done with
the DSP, while the measurement is done with a data acquisition (DAQ).

Using a DSP to generate the sinusoid in the current to provoke a change in the
voltage is relatively simple. As noted in Table 4.3 the converter is implemented with a
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ing the resulting amplitude.

Figure 5.5: Overlapping of 5 different sinusoids at once.

PI controller, that controls the current running into the converter. By adding a sinewave
to the reference of the PI controller as shown in Figure 5.7 the current running into
the converter is changed to be sinusoidal in nature. The same implementation goes
for overlapping sinewaves, making the implementation simple if there is enough clock
cycles free in the DSP. If one were to implement the functionality in a product, a
communication form between generation and measurement would be needed, which
would make the system as a whole more complex.

5.3.1 Implementation - the fast way and the built-in way
The measurement has been implemented in two different ways; A 4-point connection
that was the result of a quick ”proof-of-concept”, and a 2-point connection that is
built-in to the PCB. Both ways come with benefits and downsides.

The 4-point connection was done first, and the setup is shown in Figure 5.8a. The
setup shown is the partial power concept with a power loop and a feedback of the current
through the dc-dc converter. The DAQ is a NI USB-6009, which has a resolution of
14-bits and an acquisition speed of 24,000 samples/second. Since the highest frequency
of interest is 1.5 kHz, the limiting factor here is the resolution of measurement with
the 14-bits. The same measurement was done with a LeCroy scope concurrently, which
had a resolution of 8-bits and sampled 30,000,000 per minute.

The 4-point implementation has the benefit of separating the current carrying wires
from the measurement wires, and thus the impedance in the wires due to the current
is removed from consideration. The disadvantage of the implementation of the 4-point
measurement, is that it isn’t possible to remove the dc offset in the measurement, as
the DAQ (and scope) is directly measuring across the battery and the sense resistor.
The battery being measured is shown in Figure 5.8b. An example of a measurement is
shown in Figure 5.8c, which shows the current variation, whereas the change in voltage
is hardly noticeable. Acquiring the data while removing the offset, would have allowed
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Figure 5.6: Obtained impedance spectrum of a resistor.
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Figure 5.7: Implementation for adding a signal to the current wave form.

the usage of all 14-bits of the DAQ, and the difference in voltage would have been
clearer, as will be shown for the next implementation of the measurement circuit.

The 2-point connection measurement is done across a sense resistor mounted on the
PCB of the dc-dc converter, and across the connectors on the PCB for connecting the
electrochemical device. Figure 5.9a shows the converter, where the measurement points
are connected to the two operational amplifier (opamp)s going to measurement circuits.
The voltage across the shunt resistor and load are measured by the circuits shown in
Figures 5.9c and 5.9d, respectively. To keep the same delay in the two measurement
chains, the same number of opamps have been utilised in both cases. The first stage in
Figure 5.9c is a differential opamp that measures across the sense resistance and has a
small amplification, this is followed by a low-pass filter to remove any switching noise
that is being picked up. Then follows a substractor circuit that is used to remove the
dc-offset, which is followed by a gain circuit and finally a buffer circuit before going to
the DAQ. The DAQ in this case is changed to the NI USB-6003 which has a resolution
of 16-bit, but has a fixed input voltage limit of ±10 V.

The opamp chain to measure the voltage of the electrolyzer is shown in Figure 5.9d.
It is almost the same as for Figure 5.9c, but here the voltage is measured across a
voltage divider instead of a differential opamp. This might not be the optimal way,
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(c) Measurement example of overlapping sinusoids
by the 4-point measurement setup.

Figure 5.8: Implementation of the 4-point measurement, and an example of a measurement.

since it is not possible to change between a 2-point and 4-point implementation, and
as will be shown later the 4-point implementation has its benefits. A better approach
would have been to implement it with a differential opamp like the current, and then it
is possible to do a 2-point or 4-point measurement. An example measurement is shown
in Figure 5.9b, where the overlapping sinewave approach has been used. The changes
in the voltage are prominent even though the amplitude of it is only 0.1 V.

5.4 Measurement and comparison to a reference
Obtaining a single measurement of the current and voltage is not a difficult task, but
showing consistent measurements and delivering ”correct” results is a bit more challeng-
ing. Consistency is tested by doing several measurements, and plotting them together.
Ensuring that the measurement is ”correct” is done by comparing it to a reference
measurement.

In this case the reference measurement was done by Fabian Edgar Franke at Kiel
University of Applied Sciences, with Christoph Weber as supervisor. Their measure-
ment is done by injecting sinusoids with opamps, and then measuring the current and
voltage. This means that they do not have any ripple from the dc-dc converter that
might influence the measurement. The exact setup is not available, but it has been
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(b) Example 2-point measurement.

−

+

RshuntFrom (a)

−

+

−

+

−

+

−

+

−
+ Vbias

To USB-6003

Differential opamp Opamp Lowpass filter Substractor circuit Opamp with adjustable gain

(c) This operational amplifier circuit amplifies the differential signal obtained by the first stage, and removes the
dc-offset in the fourth stage.

−

+

From (a)
−

+

−

+

−

+

−

+

−
+ Vbias

To USB-6003

Buffer Lowpass filter Substractor circuit Opamp Opamp

(d) This operational amplifier circuit amplifies the signal obtained by the first stage, and removes the dc-offset
in the third stage.

Figure 5.9: Implementation of the 2-point measurement with opamps to improve the measurement,
and an example of a measurement.

calibrated with another reference measurement device.

5.4.1 4-point measurement

For the 4-point measurement it was not possible to create a dc offset in the reference
measurement, since this is done with the dc-dc converter. Thus some differences are
expected due to the measurements with the prototype version 2 has a dc offset, while
the reference measurement does not.
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As mentioned the 4-point measurement was done with both an oscilloscope and a
DAQ, and the resulting spectrum of 10 measurements are shown in Figure 5.10. Here
it should be noted that fewer points were measured in the spectrum with the dc-dc
converter setup than with the reference.

Comparing the reference (blue solid line with circle markers) to both the measure-
ment done with the TI DAQ and the LeCroy oscilloscope, the measurements are of
the same magnitude and relatively close together. The DAQ achieved more consistent
measurements, which is attributed to the increased resolution allowing it to capture a
smoother voltage curve. From Figure 5.10a the oscilloscope measurement varies quite
a bit, but splitting the curves in real and imaginary parts in Figures 5.10b and 5.10c
respectively, makes the variation seem smaller. The figures also show that the DAQ
achieves quite consistent results.

In Figure 5.11 the mean of the 10 measurements is taken to get an idea of the actual
curve form. Here there is a good match between the measurements done with the dc-dc
converter as signal generator and the reference measurement. The difference between
the two measurement at low frequencies are attributed to the reference method not
having a dc offset, while the used method does have a dc offset.

5.4.2 2-point measurement

For the 2-point measurement it was possible to do the reference measurement with an
offset, giving the best test conditions.

Figure 5.12 shows the Nyquist plot of 12 measurements to test the consistency
between measurements. Figure 5.12b shows that the low frequencies (corresponding
to the highest real impedance value) is shifting between measurements. One of the
reasons for this is that the battery is being charged, and is thus moving away from the
current state-of-charge between the measurements. For reference the time difference
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Figure 5.10: 10 measurements from the 4-point implementation compared to a reference measurement.
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Figure 5.11: Mean of the 10 measurements to test consistency of the 4-point measurements.

between first and last measurement was 1 h and 12 min, i.e. the battery had charged
with 1 A for a little over an hour. Another factor that might influence the result is that
only 300 s are measured, which for a 25 mHz signal corresponds to 7.5 periods. While
7.5 periods should be enough to get a good measurement, all the other measurements
have significantly more than this.

Figure 5.12b compares the 12 measurements to the reference measurement, which
shows that there is a difference in the real part of the impedance and at the higher
frequencies also some added imaginary impedance. This is one of the weaknesses of the
2-point measurement stemming from the impedance of the connections being included
in the measurement. Plotting the measurement with amplitude and phase instead
results in Figure 5.13, which shows the gap in the amplitude. The phase is not as
different between the two measurements.
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Figure 5.13: Magnitude and phase of the 2-point measurement compared to the reference.

Attachment of the cable also cause some difference in the 2-point measurement. Fig-
ure 5.14 shows three measurements, where the cable has been detached and reattached
again. The shift in measurement between detaching and reattaching the cable makes
it harder to compare the measurements between different devices, so the measurement
seems to be more suitable for detecting a movement in measurements on a device, that
remain attached.

5.5 Discussion

The relative simplicity with which the sinusoid can be implemented in the charger, is
one of the reasons it is interesting to do. For the converters designed for this thesis
the DSP is already measuring the current and voltage across both source and load as a
2-point measurement. Assuming enough free clock cycles it would be possible to fully
implement EIS in the converter and transfer the spectrum from the DSP to a storage
unit somewhere.

If there is already a battery management system or equivalent system in place to
monitor the chemical devices current and voltage, adding the sinusoid on the current,
would make it possible to add EIS to the system only changing the programming of the
DSP. This would be the equivalent of a 4-point measurement as the battery management
system is separate from the dc-dc converter. Assuming the battery management system
is communicating somehow with the converter already, adding an extra command in
the battery management system to tell the DSP to perform a EIS measurement should
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Figure 5.14: Result of detaching and reattaching the two cables.
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be possible.

5.6 Summary
Adding a sinusoid to the reference of the PI-controller, makes it propagate to the
load through the shared current of the PPC. By measuring the voltage and current
of the load the impedance spectrum can then be obtained. The impedance spectrum
is calculated by doing a fast fourier transform on the measured voltage and current
waveforms. Before doing the fast fourier transform it is important that there is a whole
number of cycles and that the waveforms starts and end in zero, since that is the
assumption of the transform.

The electrochemical impedance spectrum can be obtained either by the use of a
single sinusoid or by multiple overlapped sinusoids. By overlapping the sinusoids it is
possible to retrieve the spectrum faster, and thereby minimize the change operating
state of the load during the measurement.

The measurement circuit for obtaining the voltage and current waveforms has been
implemented as both a 2-point and a 4-point measurement. Depending on the goal of
the measurement, the 2-point (cheaper, but less precise) or 4-point (more expensive, but
more precise) might be the best solution. The 4-point measurement was implemented
without any prescaler circuit, that removes the dc-offset and scales the measurement to
the full range of the ADC. The prescaler circuit was used for the 2-point measurement,
and it improves the consistency of the measurement results significantly. The prescaler
can be used for both the 2-point and the 4-point measurement, and it is therefore not
a determining factor to choose between the two.

Whether to go with a 2-point or 4-point measurement depends on the actual appli-
cation; Is the measurement done to spot a trend or to be compared between different
devices? For the first case the 2-point measurement can be good enough, but since the
2-point measurement varies with how the cables are attached to the device under test,
it is not suitable for a comparison measurement. The 4-point measurement is the most
precise, but requires two extra cables being attached to the device.





6
Conclusion

Integrating more renewable energy production and storage into the electrical grid, re-
quires adding more converters interfacing the two. Every conversion between a source
and load leads losses, but changing the way the source, converter and load are con-
nected in to a partial power setup, can reduce the losses using the same converter. If
the ratio of load to source voltage (or source to load voltage) is more than 0.5 the
partial power setup will always achieve a higher efficiency then the traditional setup,
and a higher ratio theoretically translates to a higher system efficiency. As an example
a dc-dc converter with a 60 % efficiency would be able to achieve efficiencies above 90 %
if the load to source voltage ratio is higher than 0.8. Furthermore, for partial power
to occur it requires that the voltage at one side of the dc-dc converter is the difference
between the source and load voltage (or load and source voltage). With a ratio between
source and load voltage higher than 0.8 this means that one side of the converter is
going to have a relatively small voltage while the other side will be fixed to source
or load voltage. In a synthesis of the different possible configurations for a system
with 4-terminal dc-dc converter, source, load and a wire, it was shown that there is
in theory only two different setups for PPC, if the converters under considerations are
bidirectional and bipolar. Without those two assumptions it was shown that there are
8 different topologies for PPP.

Since a higher ratio of source to load voltage leads to a higher efficiency, and this
translates to a lower converter voltage, a high gain topology is needed to achieve the
gain required from one side of the converter to the other. The state of the art for high
voltage high gain dc-dc converter led to the conclusion that for a gain higher than 20 the
best topologies includes a transformer. A component stress factor comparison between
a DAB and an IFBB, showed that the IFBB had the lowest component stress factors
of the two topologies. A graphical interface was introduced to help the design process
of the IFBB. The interface shows the implications of design choices in the waveforms of
voltage and current across components as well as the losses and the overall efficiency.

Three prototypes were developed for the Smart Charger project. The first prototype
was used to test the idea of the partial power setup with an electrolyzer stack, and
showed efficiencies above 96 % when the power was above 500 W. The second prototype
was made to replace the silicon switches with GaN switches, and investigate the idea
of considering the converter topology in conjunction with the power loop layout. The
idea was to reduce the capacitance or inductance of the layout depending on what
was already present in the topology. However it was later realised that the layout was
actually not as well thought out as it seemed, since it only cancelled the inductance
for 2 out of 4 periods. The idea should be further investigated by simulation and
experimental verification. The third and last prototype was designed for the purpose
of built-in electrochemical impedance spectroscopy. To improve the control of the
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converters a small signal model of the duty cycle to inductor current transfer function
was done, and future work would require implementation of this in the DSP.

Electrochemical impedance spectroscopy was built-in to the third converter pro-
totype to enable online monitoring of a connected device. The measurement circuit
was implemented with a 2-point measurement, which has the benefit of being slightly
simpler and cheaper than the 4-point measurement. The 4-point measurement on the
other hand, was implemented with the second prototype as external devices, and is
more precise. The measurement is not affected by the connection of the 4 wires, when
connected as an external device. The choice whether to use 2-point or 4-point will
come down to the specific application as it comes with a trade-off between precision
and price.

The research has made initial steps towards partial power processing integrated
with electrochemical impedance spectroscopy. This will lead to smaller, more efficient
systems that are able to monitor the connected storage device resulting in a cheaper
and more reliable system.



7
Future work

There has been a couple of ideas for future work for the three main
topics discussed. A new topology designed for partial power, using the
feedback of power to reduce capacitance needed in the converter, more
work on the layout with focus on the topology and improving the speed
of doing EIS.

7.1 Partial power processing

7.1.1 Patent topology

All the uses of partial power found in literature uses known converter topologies, devel-
oped for the use in traditional power processing. Appendix G is a patent application for
a topology developed for bipolar, bidirectional partial power processing. The topology
is shown in Figure 7.1a along with the partial power processing setup used, and an
isolated version of the prototype is shown in Figure 7.1b. The topology has only been
simulated, and the future work would therefore be to design and built a prototype.

7.1.2 ”Active filtering”

Since the partial power processing configuration feeds back some of the power to the
input, the setup can in theory be used to remove or reduce voltage ripple caused for
example by a rectification of an ac. Without any modification this was tried on the
partial setup discussed in Chapter 4, and the result of exchanging the pure dc source,
with a dc plus ac source. The result is shown in Figure 7.2, where it can be seen
that the load voltage ripple is approximately half of the input voltage ripple. This is
with a simple PI-controller, but adding another control loop might improve the ripple
reduction, and is therefore thought to be a valuable future research topic. The reduction
in ripple can be used to decrease the capacitance needed in the input/output of the
converter, and thereby reduce cost.

7.1.3 More power in converter than being supplied by the load

As was mentioned in Chapter 3 connecting the load and the source so that they add up
at the converter side, seems to end with more power being processed in the converter
than is delivered by the source. Doing an experimental setup to test what is actually
going on would be interesting.
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Figure 7.2: Example of how the load voltage ripple can be reduced compared to the input voltage.

7.2 Design
7.2.1 Philosophical thoughts on layout based on converter type
The idea of doing layout based on how it adds inductance and capacitance to a circuit
was discussed in Section 4.3.2, where it was realized that a mistake was made during
the layout of the second prototype’s plug-in boards. As was discussed in the section the
layout shown in Figure 7.3b actually reduces the capacitance across the dc bus instead
of the inductance, so a better approach would be to use the layout shown in Figure
7.3b, where the capacitance is increased but the inductance is decreased. It would be
interesting to model, simulate or built the two layouts to see which of the two choices
perform best.

Equally for the primary side the layout in Figures 7.3d and 7.3e, where the capaci-
tance is reduced in all periods should result in a better performance (spikes, efficiency)
than what was achieved for the second prototype.

7.3 Electrical impedance spectroscopy
For EIS there is two things that would be interesting to try with the partial power
setup, but which has been done in some form for the traditional setup:

• Test how many sinusoids can be put on top of each other, while still being able
to discern the different frequencies after measurement. Being able to overlap for
example two groups of frequencies, the slowest measurements could all be done
at once, cutting down on the time required for obtaining one full spectrum. In a
perfect world all of the frequencies could be obtained at once, but the experience
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Figure 7.3: Cancelling parasitics by layout for the IFBB converter primary side.

from Kiel University of Applied Sciences was that too many sinusoids at once
degraded the measurement for them.

• PRBS is a technique that has been used successfully on a traditional setup to
generate the full desired spectrum at once. The technique seems promising at
performing full impedance measurement at all times, and would therefore be
interesting to implement in the partial power setup.
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Abstract― A review of high voltage gain, high efficiency 
bidirectional dc-dc topologies is presented. Each converters 
primary benefit is highlighted, and a summary of all the 
converters is presented. It is observed that voltage gains higher 
than 20 is only achieved with topologies using a transformer. 
The average efficiency of the topologies is slightly lower for 
isolated topologies. Different strategies are utilized in most of the 
topologies in order to achieve the high voltage gain, and high 
efficiency, for example charge pumps, resonant circuits, coupled 
inductors, and switching cells. 

Index Terms-- Bidirectional dc-dc converter, energy storage, 
high efficiency, high-voltage gain. 

I. INTRODUCTION 

Green and renewable energy sources, like solar and wind 
power, are in increasing demand from both consumers, 
producers and policy makers. Green energy sources produce 
fluctuating power levels throughout the day and year, which 
does not necessarily match the power consumption of 
consumers [1]. This can lead to stability and reliability issues 
in the power grid [2]. For this reason, research into storing the 
energy in periods with high power production and using the 
stored energy in periods with low energy production, has 
been conducted in recent years [3]. Two storage systems that 
are currently in use are battery systems and fuel 
cell/electrolysis systems. A setup where a battery is charged 
from a dc bus is depicted in Fig. 1. Both batteries and fuel 
cells has a voltage requirement (input and output) for a few 
cells of around 12 V [4], [5], while the voltage on the dc bus 
is commonly around 400 V [6]. Therefore, an interface is 
needed to convert the 400 V to 12V in order to connect the dc 
bus to the battery or fuel cell system. Once the battery is 
charged and the power is needed in the dc bus the converter 
should be bidirectional, so that the power can be delivered 
back [7]. 

Several parameters are interesting when investigating 
bidirectional converters. Depending on the application of the 
converter one parameter might be more interesting than 
another. A common parameter is the efficiency (η) [8] of 
converter, and is given as the output power (Pout) divided by 
the input power (Pin). The efficiency is a number that 
describes how much energy is lost in the conversion, and 
includes both switching losses and conduction losses. 
Generally the efficiency varies with changes in the power 
level it has to convert, and with the direction of the power 
flow. 

In fuel cell/battery to grid applications the achievable 
voltage gain of the converter is an important parameter. In 
this case a voltage gain around 30 is needed in order to 

converter the battery voltage of 12 V to the dc bus voltage of 
around 400 V [7]. With a high gain one side of the converter 
will have a low voltage, while the other has a high voltage. 
Since the power is ideally the same for both sides of the 
converter current will be high in the low voltage side, and low 
in the high voltage side.  

One way to achieve a high gain is with a transformer, 
where the turns ratio can be used to achieve the desired gain 
[9]. The transformer can also be placed in such a way that 
galvanic isolation is achieved, which gives a safety in case of 
converter malfunction [10]. Since the transformer only lets 
alternating current pass through a switch short circuiting will 
not affect the other side of the circuit, and therefore the 
transformer provides galvanic isolation, meaning no physical 
connection from one side of the circuit to the other. 

Another important parameter is how many switches are 
used in the converter, since the complexity of the control 
circuit, physical size of the converter and cost of the converter 
are all tied to the number of switches used. On the other hand 
more switches are able to reduce the amount of voltage and/or 
current that a single switch needs to handle. Therefore a 
trade-off between complexity and component stress has to be 
made [11], [12]. 

Section II first has some general comments regarding the 
different topologies, before a brief summary of each topology 
is presented. In Section III a comparison of the presented 
topologies is presented and a conclusion is presented in 
Section IV. 

II. HIGH VOLTAGE GAIN TOPOLOGIES 

The basic working principle of all the converters are the 
same: dc comes in from one side, gets chopped into ac, and 
rectified back to dc on the other side, and somewhere along 
the way it is stored in an inductor or capacitor or both. While 
it is turned into an ac form it might be passed through a 
transformer, which can help boost the voltage gain along with 
the galvanic isolation. As will be seen later the topologies 
achieving gains above 20 are all with transformers. 
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Fig. 1. Basic power flow for a bidirectional dc-dc converter. 



Very few of the topologies have overlapping in how they 
obtain the high-voltage gain, and therefore the following will 
highlight the main points of each topology, along with the 
maximum efficiency in step-up and step-down will be 
mentioned. 

A. Buck-Boost Using a Coupled Inductor 
A topology using three active switches along with three 

diodes is used in [3]. The converter works in a buck and boost 
state to achieve the bidirectional dc-dc conversion. The 
converter uses a mixture of zero-current-switching (ZCS) and 
ZVS to reduce losses, along with few switches. A 2 kW 
prototype has a step-up efficiency of 96.3% and a step-down 
efficiency of 95.3%. 

B. Isolated Dual Active Half Bridge (DAHB) 
The dual active half bridge of [4] is working at 200 kHz. 

The transformer is used both for isolation and for achieving 
the large voltage gain of 31. The low voltage side switches 
are operated as synchronous rectifiers, and a total of four 
switches are used. The direction and magnitude of power 
flow is controlled by selecting the appropriate phase-shift 
angle between the high voltage bridge and the low voltage 
bridge. Zero-voltage-switching (ZVS) is achieved for all the 
switches, resulting in an efficiency of 88% in both charging 
and discharging mode for a 256 W prototype. 

C. LCL Resonant dc/dc Converter 
In [13] a LCL resonant circuit is used as the heart of the 

dc/dc converter. A half-bridge boost converter is used from 
the low voltage side with a resonant LCL tank, which is 
followed by a voltage doubler to get the high voltage. Going 
from the high voltage side the voltage is first divided by the 
voltage doubler, before a buck half-bridge is achieving the 
final voltage step-down. The switches are turned-on under 
zero-voltage condition, while the diodes are turned-on and off 
under zero-current conditions. This results in an efficiency for 
boost operating mode of 95.5% and buck operating mode of 
95% for a 350 W rated prototype. 

D. Dual Active Half Bridge Combined with a Buck-Boost 
A new topology is proposed in [14], where the equivalent 

circuit can be drawn as a buck-boost and a dual active half 
bridge converter. The two converters share the low voltage 
switches, and stacks the high voltage switches on top of them 
to reduce the component stress on the switches. A total of 
four switches are used for the converter, where two are used 
for the low voltage side and two are used for the high voltage 
side. The buck-boost converter supplies the voltage to the 
dual active half bridge, making it possible for the dual active 
half bridge to have voltage matching. ZVS is achieved for 
both buck-boost and dual active half bridge due to their 
sharing of the low voltage switches. For a 1 kW converter an 
efficiency of 95% is achieved. 

E. Dual Active Bridge (DAB) and Three-State Switching Cell 
(3SSC) 

A three port bidirectional dc-dc converter using two dual 
active bridges and a three-state switching cell is proposed in 

[15]. One of the bridges is directly linked to the low voltage 
side, while the other bridge is coupled to the low voltage side 
with an inductor. Due to the use of two bridges a total of eight 
switches are used. For specific values of duty cycle soft 
switching is achieved for all switches for any value of phase-
shift, while for other values of the duty cycle this is soft 
switching capability is lost. A 2 kW prototype is developed 
and tested between two ports, where an efficiency of 95.5% 
and 96% is achieved for charging and discharging, 
respectively. 

F. Isolated Dual Active Bridge Converter with Tap Changer 
In [16] an approach with four DAB at the low voltage side 

is chosen. The four bridges share the high current at the low 
voltage side. Between the high and low voltage side a tap 
changer is placed to combine the power from the four low 
voltage side bridges or some of the bridges. The tap changer 
consists of eight lanes with switches that can combine any 
number of the low voltage dual active bridge to the single 
high voltage dual active bridge. Having a total of five dual 
active bridges and a tap changer with eight channels and two 
switches per channel brings the switch count up to 36. Even 
with 36 switches the efficiency for a 10 kW prototype is 96%. 

G. Boost Half Bridge Converter with an Auxiliary Circuit 
The converter proposed in [17] consists of half bridge 

boost converter on the low voltage side, while an auxiliary 
circuit consisting of a capacitor, inductor and two switches 
are used on the high voltage side. ZVS is achieved for all 
switches for turn-on, while only some switches have zero-
current conditions for turn-off. The prototype made use an 
interleaved version of the converter, which reduces the stress 
on the components, but doubles the amount of components 
needed, resulting in a need for eight switches. The prototype 
of the converter was made for nominal power of 5 kW, and 
reached an efficiency of 97.9% and 97.7% for forward and 
reverse modes, respectively. 

H. Two Stacked Boost Converters 
In [18] two inductors in parallel at the low voltage side 

split the high current in two, thus making the current handling 
requirement for each component in the low voltage side 
lower. A 160 W prototype with an efficiency of 98.5% and 
95.5% for step up and down, respectively, is presented. 

I. Isolated Full Bridge Boost 
Planar magnetics are used in [19], both to handle the high 

currents of low voltage side and to reduce the losses in the 
magnetic components. A loss analysis of the converter 
topology is presented, including the control and driver 
circuits. It is concluded that the main losses occur as 
switching losses in the semiconductors. A 6 kW prototype is 
produced and shows and efficiency of 97.8% and 96.5% for 
step up and step down, respectively. 

J. Interleaved Switched-Capacitor 
A different approach is used in [20], where they 

theoretically propose to only use the stray inductance as 



inductance (in practice they use some air coils in order to 
achieve the desired inductance). In order to obtain the desired 
voltage gain of 6 and power rating of 1.5 kW they use a total 
of 36 switches, and 18 capacitors (and in theory no 
inductors). In the control there is only two states in both 
forward and reverse modes, which reduces the complexity of 
the control scheme, even though drivers are still needed for 
all 36 switches. The 1.5 kW prototype has an efficiency of 
96.9% and 97.8% for step-up and step-down, respectively. 

K. SEPIC Derived 
Three coupled inductors are used in [21] to reduce the 

input and output current ripple. Along with the reduced input 
current ripple the electromagnetic noise is reduced. Only 
three switches are used, and two states in both forward and 
reverse mode, making the control easy as a single signal can 
be used. The proposed converter was designed for 100 W and 
achieved a maximum efficiency of 94.4%. 

L. Buck-Boost with Built-In dc-Transformer 
A combination of a buck-boost and a dual active half 

bridge converter is presented in [22]. The buck-boost is used 
to insure a constant input voltage to the half bridge, while 
sharing switches with the half bridge. At the same time the 
switches are connected in series in order to reduce the switch 
stresses. The topology achieves almost the same efficiency 
for step-up and step-down, and an equal efficiency across the 
different input voltages. A 1 kW prototype was built and had 
an maximum efficiency of 96.6% for both step and step 
down. 

M. Isolated Resonant Two Inductor Boost Converter 
Two inductors are used at the low voltage side to reduce 

the current ripple through the battery in [23]. While one of the 
low side inductors is charging, the other one is discharging. 
ZVS is achieved for some of the switches, by using the 
parasitic capacitance of the switches along with an inductor to 
open the switch’s body diode, and switch at that time. A 2 
kW prototype was made to demonstrate the functioning and 
an efficiency of around 96% was achieved for both step up 
and down. 

N. Full Bridge with CLLC Tank 
Adding an extra capacitor to the unidirectional LLC 

converter a bidirectional converter with a resonant tank is 
made in [24]. The proposed converter uses the resonance to 
achieve ZCS for the rectifying switches, while ZVS is used 
for the clipper switches. One of the arguments for using the 
topology is that MOSFETs can be used for all switches, thus 
allowing low on resistance and well known switches to be 
used. An efficiency of 96% is achieved for both step up and 
down for a 500 W prototype. 

O. Half Bridge and Push-Pull 
In [25] a simple bidirectional converter using four 

switches, and two diodes is proposed. For operation in step 
down mode the body diodes of low voltage switches are 
employed to rectify the voltage, while the same is though in 

step up mode for the body diodes of the high voltage 
switches. Thereby only two switches are operated actively at 
any given time. The prototype is designed for 100 W in step 
up mode, while 300 W can be processed in step down mode. 
The efficiencies in step up and down mode are 90% and 
86.6%, respectively. 

P. Three State Switching Cell 
A magnetically coupled topology is suggested in [26]. The 

coupling does not provide isolation, but is used for achieving 
a high voltage gain and low component stress. In both boost 
and buck mode only two control signals are active at the same 
time, since the switches are only actively used during either 
boost or buck mode. A 500 W prototype was made and 
achieved and efficiency of 92% in boost mode, and 86% in 
buck mode. 

Q. Buck-Boost with Resonant Network 
At a switching frequency of 1 MHz the proposed topology 

in [27] has the highest switching frequency. Along with the 
highest switching frequency the proposed topology also has 
the lowest voltage gain. By implementing an auxiliary circuit 
that the is coupled to the inductor in a buck-boost converter 
zero-voltage and zero-current switching is almost achieved 
for both switches, through a resonance between the parasitic 
of the switches and the auxiliary circuit. The 250 W prototype 
has an efficiency of 92.99% in step up mode, and 93.98% in 
step down mode. 

R. Isolated Winding-Coupled Bidirectional Converter 
Interleaving on the low voltage side is used to reduce the 

current in each branch in [28]. The windings in each 
interleaved branch is then coupled to two series-connected 
windings in the high voltage side to divide the voltage 
between the windings. The low voltage side has large ripple 
in each branch, but they are opposite in each branch, reducing 
the ripple on the battery side. The control of the inverter is 
done with PWM plus phase-shift, which makes them able to 
achieve ZVS for all the power switches. The efficiency of the 
1 kW prototype is 96% for both buck and boost mode. 

S. Switched Capacitor with Coupled-Inductor 
By the combination of switched capacitors and coupled-

inductors the voltage and current ripples are reduced in [29]. 
This and the coupling of the capacitors lead to a reduced 
current and voltage rating of the associated switches. The 1 
kW prototype achieves an efficiency of 96.4% and 94.5% for 
boost and buck mode, respectively. 

T. Resonant Half Bridge Buck with Current Doubler 
Two inductors are used on the low voltage side in [30] to 

reduce the high current running through the inductors and 
switches. On the high voltage side a dc blocking capacitor is 
placed after the transformer, which is used to half the voltage 
on the transformer, thus helping with the voltage gain. The 
prototype is made for 200 W and has an efficiency of 96.3% 
and 95.6% in step down and step up mode, respectively. 



U. Buck/Boost with Coupled Inductor 
Only two states are used in both step up and step down 

mode in [31]. Along with using three switches, this is one of 
the simplest control converters found. By the use of a coupled 
inductor the voltage and current stresses on the switches are 
reduced compared to a conventional boost/buck converter. 
The coupled-inductors are charged in series and discharged in 
parallel for step down mode, while they are charged in 
parallel and discharged in series for step up mode, both in 
order to increase the voltage gain in the respective modes. A 
200 W prototype was made, and achieved and efficiency of 
96.2% and 96.7% in step-up and step-down mode, 
respectively. 

V. SEPIC with Tapped Inductor 
Only one switch is actively switched during boost mode in 

the topology suggested in [32], and a complementary pair of 
switching signals are used in buck mode. The known SEPIC 
topology is modified to include both a tapped inductor and a 
charge pump, which enhances the gain, but also makes it 
necessary to add a regenerating snubber to recycle the leakage 
energy. The 400 W prototype demonstrates an efficiency of 
96.4% in boost mode, and 95.0% in buck mode. 

W. Cascaded Buck/Boost and Series Resonant Converter 
The cascade of a buck/boost and a series resonant converter 

is done in [33], where the buck/boost converter handles the 
voltage gain, and the series resonant converter provides 
isolation. The series resonant converter is controlled with 
frequency tracking, which is used to extend the load values 
that can achieve ZVS.  For the 5 kW prototype only the 
efficiency in step up mode is reported as 96.5%. 

X. Cascaded Switched Capacitor 
A modular switched capacitor converter is presented in 

[34]. The converter can achieve a gain of an integer number 
of the low voltage, which is due to the way the converter is 
built. The converter consists of several cells that can contain a 
number of switched capacitors. The cells are then further 
cascaded with other cells that can also contain a number of 

switched capacitors, and in this way the desired gain is 
achieved. The 100 W prototype achieves a step up efficiency 
of 95.5%, while the step down efficiency is not mentioned. 

Y. Two-Stage Isolated dc-dc Converter with Current Ripple 
Reduction Technique 

A two-stage resonant converter is proposed in [35]. The 
converter uses three bridges, where two of them is used for a 
static gain and isolation, and the last is used for bidirectional 
control. The transformer is connected between capacitors and 
the switches, and the capacitors are chosen so that the stage 
resonant is resonant, and achieves ZVS. The efficiency curves 
of step up and step down are almost equal, which is seen 
seldom. The 2 kW prototype achieves and efficiency of 98% 
in both step up and step down mode. 

Z. Unregulated Level Converter Cascaded with Interleaved Buck-
Boost 

A capacitor in one of the interleaved branches is used to 
reduce the voltage stress on the switches in [36]. Cascading 
an unregulated level converter with the buck-boost converter 
also reduces the stress on each component, along with a 
reduction in voltage gain for the second stage converter. The 
reduction in voltages across semiconductors is used in order 
to use lower on-resistance MOSFETs. The duty cycle of the 
buck-boost stage can also be kept lower in a narrower span 
around 0.5 than without the unregulated level converter. An 
efficiency of 95% in step up mode and 96% in step down 
mode is achieved for a 500 W prototype. 

III. COMPARISON OF THE PRESENTED TOPOLOGIES 

A visual comparison of the efficiency of the proposed 
converters in step down and step up mode are shown in Fig. 
2a and Fig. 2b, respectively. The black references use a non-
isolated topology, while the grey references use an isolated 
topology. The average efficiency in step up and step down 
mode are 95.2% and 94.6%, respectively. Considering the 
isolated and non-isolated topologies separately the efficiency  
of the non-isolated topologies in this study has a higher 
average than the isolated topologies. Looking at the 

              
 (a)                                                                                                                                 (b) 

Fig. 2. Reported efficiency of the converters found in the literature in step up mode (a), and step down mode (b). The references in gray use an isolated 
topology, while those in black uses a non-isolated topology. 



efficiencies shown in Fig. 2, it is clear that [4] and [26] are 
the highest contributors to the difference in average. 

A comparison of all the topologies achieved voltage-gain is 
visualized in Fig. 3. Isolated topologies are shown in grey, 
and non-isolated topologies are shown in black. The highest 
gain is achieved by the isolated topologies, which is attributed 
to the transformer turns ratio available to achieve the gain. 

Converters of both topologies have been made for many 
different power levels, so the power level does not seem to 
play an important part in what kind of gain or efficiency is 
desired. 

The main parameters of all the mentioned topologies are 
summarized in Table I. As can be seen the power level varies 
widely between the topologies, along with the voltage gain. 
The efficiency is generally above 90%, and the number of 
switches is often between three and eight. For both 
parameters extremes are observed, such as a topology using a 
total of 36 switches or having an efficiency of 98.5%. The 
switching frequency is usually between 25 kHz and 200 kHz, 
but a single topology manages to get it up to 1 MHz. The low 

voltage varies between 10 V and 200 V, while the high 
voltage is between 120 V and 700 V. As witnessed by the 

TABLE I 
COMPARISON OF TOPOLOGIES 

Ref. Topology 
Power 
(W) 

Efficiency 
η (%) 

 

Step up   Step down 

Vlow 
(V) 

Vhigh 
(V) 

Gain 
(Vhigh/Vlow) 

Switching 
frequency 

(kHz) 

Number 
of 

switches 
Isolation 

[3] Buck-Boost Using a Coupled Inductor 2000 96.3 95.3 48 360 7.50 100 3 N 
[4] Isolated Dual Active Bridge 256 88.0 88.0 12.8 400 31.25 200 4 Y 

[13] LCL Resonant dc/dc Converter 350 95.5 95.0 48 380 7.92 105 4 N 

[14] 
Dual Active Half Bridge Combined 
with a Buck-Boost 

1000 95.0 95.0 40 400 10.00 100 36 N 

[15] 
Dual Active Bridge and Three-State 
Switching Cell 2000 96.0 95.5 48 311 6.48 30 8 N 

[16] 
Isolated Dual Active Bridge Converter 
with Tap Changer 

10000 93.9 93.9 50 400 8.00 100 20 Y 

[17] 
Boost Half Bridge Converter with an 
Auxiliary Circuit 

5000 97.9 97.7 72 400 5.56 30 8 N 

[18] Two Stacked Boost Converters 160 98.5 95.5 25 250 10.00 30 4 N 
[19] Isolated Full Bridge Boost 6000 97.8 96.5 30 800 26.67 40 8 Y 
[20] Interleaved Switched-Capacitor 1500 97.8 96.6 50 300 6.00 120 36 N 
[21] SEPIC derived 100 91.8 94.4 24 180 7.50 66 3 N 

[22] 
Buck-Boost with Built-In dc-
Transformer 

1000 96.6 96.6 40 400 10.00 100 4 N 

[23] 
Isolated Resonant Two Inductor Boost 
Converter 

2000 96.0 96.0 10 400 40.00 20 4 Y 

[24] Full Bridge with CLLC Tank 500 96.0 96.0 48 400 8.33 - 8 Y 
[25] Half Bridge and Push-Pull 100 90.0 86.6 55 400 7.27 100 4 Y 
[26] Three State Switching Cell 500 92.0 86.0 24 120 5.00 25 6 N 
[27] Buck-Boost with Resonant Network 250 93.0 94.0 14 48 3.43 1000 4 N 

[28] 
Isolated Winding-Coupled 
Bidirectional Converter 

1000 94.4 95.0 40 380 9.50 100 6 Y 

[29] 
Switched Capacitor with Coupled-
Inductor 

1000 96.0 94.5 24 400 16.67 200 8 N 

[30] 
Resonant Half Bridge Buck with 
Current Doubler 

200 
95.6 96.3 

24 200 8.33 50 4 Y 

[31] Buck/Boost with Coupled Inductor 200 96.2 96.7 14 42 3.00 50 3 N 
[32] SEPIC with Tapped Inductor 400 96.4 95.0 48 380 7.92 50 4 N 

[33] 
Cascaded Buck/Boost and Series 
Resonant Converter 

5000 96.5 - 200 700 3.50 - 10 Y 

[34] Cascaded Switched Capacitor 100 95.5 - 20 173 8.67 100 12 N 

[35] 
Two-Stage Isolated dc-dc Converter 
with Current Ripple Reduction 
Technique 

2000 98.0 98.0 18 300 16.67 90 6 Y 

[36] 
Unregulated Level Converter 
Cascaded with Interleaved Buck-Boost 

500 95.0 96.0 48 385 8.02 20 8 N 

  
Fig. 3. The calculated voltage gain of the converters found as Vhigh/Vlow, 
where the highest and lowest reported voltages has been used, 
respectively. The references in gray use an isolated topology, while those 
in black uses a non-isolated topology. 



topology naming, most of the topologies used are different, 
and a one-to-one comparison is therefore impossible. 

IV. CONCLUSION 

There are many different ways of making a high gain, high 
efficiency bidirectional dc-dc converter as evidenced by the 
summary presented here. For a gain above 20 only topologies 
with transformers has been found. With regards to power 
level, efficiency, switching frequency and number of switches 
any of the presented topologies is suitable. Based on the study 
only the isolated resonant two inductor boost converter and 
the isolated full bridge boost has shown a gain above 20 and a 
high efficiency is required for an application.  
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Abstract
By a rearrangement of the traditional supply-converter-load system connection, partial-power-processing-based 
converters can be used to achieve a reduction in size and cost, increase in system efficiency and lower device 
power rating. The concept is promising for different applications such as photovoltaic arrays, electric vehicles and 
electrolysis. For photovoltaic applications, it can drive each cell in the array to its maximum power point with 
a relatively smaller converter; for electric-vehicle applications, both an onboard charger with reduced weight 
and improved efficiency as well as a fast charger station handling higher power can be considered. By showing 
different examples of partial-power-processing application for energy-conversion and storage units and systems, 
this paper discusses key limitations of partial-power-processing and related improvements from different 
perspectives to show the potential in future power electronic systems.

Keywords:  batteries; DC–DC converter; differential power processing; fuel cells; hydrogen production; partial-
power processing; wide band-gap devices; fractional power processing

Introduction
Different sources for renewable-energy production are 
currently in use and more are being researched in order 
to bring them to the commercial level [1]. Photovoltaic (PV) 
panels, wind turbines and hydro power are a few examples 
of commercially available sources that are included in the 
power system and more are added to the mix every day. 
Other emerging renewable systems are enhanced geo-
thermal, artificial photosynthesis, concentrated solar 
and cellulosic ethanol [2]. All of these sources can deliver 
electrical power but at different voltage levels, ranging 
from a few volts to kilo or mega volts, and either of the 
AC or DC type. Since some renewable-energy sources are 

intermittent, such as when the sun shines or the wind 
blows, an intermediate is needed to store the energy when 
there is too much energy in the power system.

A wide variety of storage systems are available for 
storing excess energy, for example batteries (many dif-
ferent chemical compositions), pumped hydro, flywheel, 
compressed-air energy storage and some emerging tech-
nologies at various stages: hydrogen systems (electrolyser 
and fuel-cell), superconducting magnetic-energy storage 
and electrochemical capacitors [3]. For the storage sys-
tems, as was the case for the sources of renewable energy, 
the input and output voltages range from a few volts to 
kilo or mega volts. Therefore, an interface between en-
ergy generation and storage is needed. Since the interface 
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needs to be used to both store and retrieve the power, it 
needs to be highly efficient.

The conventional way of interconnecting an energy-
storage system (ESS) to a renewable-energy source could 
be through a DC bus, as shown in Fig. 1, where a positive 
terminal and a negative terminal of a bidirectional DC–DC 
converter are connected to the ESS while the other posi-
tive and negative terminals of the DC–DC converter are 
connected to the regulated DC bus. This means that the 
power (P) running into the DC–DC converter will also be 
the power supplied to the ESS (minus the losses of the DC–
DC converter), thus the DC–DC converter has to be rated at 
the same power level as the ESS and the supply.

Instead of using the conventional way of interconnec-
tion, the next-generation power electronic-converter appli-
cations are proposed to use the idea of connecting the ESS 
in series to the DC–DC converter and the DC bus, which is 
shown in Fig. 2. The ESS is connected between the positive 
terminals of the DC–DC converter, while the DC bus is con-
nected to a positive terminal and the reference of the DC–
DC converter. In that manner and in accordance with Fig. 2, 
the voltage V2 is set by the partial voltage between the DC 
bus and the ESS (V1 − VESS), hence the DC–DC converter only 
processes the partial power between the DC bus and the 
ESS. The definition of V1 and V2 will be followed throughout 
the rest of the paper and their corresponding names in 
other figures will be pointed out. Here, it should be noted 
that, in the literature, this concept is known under at least 
the following names: differential/fractional/partial-power 
processing [4–6] and, for the rest of the paper, it will be 
known as partial-power processing (PPP).

Several different PPP schemes have already been de-
scribed in the literature and here a couple of applications 
will be shown. The earliest configuration using PPP seems 
to be [7] from 1996, where it is called a Series Connected 
Boost Unit (SCBU). The intended use was for PV arrays 
supplying a battery, particularly in space use. The author 
specifies the idea as a ‘unique interconnect topology’ in-
stead of a new DC–DC converter and suggests that many 
isolated DC–DC converters can be used. The topology is 
shown in Fig. 3, which shows the configuration used to fur-
ther boost the output voltage by stacking the voltage of the 
PV cells on top of the converter output. Based on the num-
bers in Fig. 3, the efficiency of the system is calculated as

η =
Pout
Pin

=
Vout · Iout
Vin · Iin

=
28V · 10A
20V · 14.7A

= 95.2%, (1)

for a DC–DC converter efficiency of 85%. This showcases 
the higher-than-normal efficiency of the system view. The 
increase in power density is also calculated by [7] for the 
system in Fig. 3 as

PdSCBU =
Vout

Vboost
· Pdc =

28V
8V

· 80W= 250 % . (2)

Another benefit of the SCBU according to the author is an 
inherent fault tolerance, which for space applications usu-
ally is covered by redundancy in the system. Reference [7] 
argues that the redundancy in the case of the SCBU can be 
a shorting of the output side, which would connect the PV 
array directly to the battery of this system. The usual re-
quirement for redundancy in spacecraft applications is to 
have the required number of converters plus a backup con-
verter, which translates to removing one converter from 
the spacecraft for both cost and weight savings. The last 
benefit worth mentioning is that an isolated DC–DC buck 
converter is used to achieve a boost converter, which is 
possible even with a lower-efficiency converter due to the 
increase in efficiency from the SCBU topology.

The limitations of the system given by [7] as a direct 
quote are

‘1.  The SCBU is a boost converter and requires that the 
output voltage be greater than or equal to the input 
voltage at all times,

2.  Galvanic isolation must not be required between 
input and output circuits, and

Ibus

VESS

IESS

ESSVbus

dc

dc

Fig. 1 Traditional DC–DC converter system. The input of the converter 
is at the left side, while the output is at the right side.

IESS

ESS

Ibus

VESS

Vbus V1 V2

dc

dc

Fig. 2 Series-connected DC–DC converter system. The input of the con-
verter is at V2, while the output is at V1.
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dc

In
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Out

10A

10A

dc

+ +

– –
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Vin
20V

Vout
28V

ESS

Fig. 3 Schematic overview of a Series Connected Boost Unit (SCBU) as 
given in [7]. Vin corresponds to Vbus of Fig. 2 while Vout corresponds to VESS. 
The power is flowing from Vin to Vout.
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3.  The input voltage source has a limited voltage 
range requiring only a small percentage (<50%) of 
voltage boost.’

The last requirement has since been shown by others not 
to be a limitation, whereas the first two requirements are 
still a hindrance to the PPP scheme.

PPP has recently been gaining more attention than earlier, 
especially for PV arrays, where it is used for maximum 
power-point tracking for individual cells of the PV array. 
A recent paper [8] organizes the different techniques used 
for PPP together with PV arrays into two main groups: series-
connected PV strings and parallel-connected PV strings, ex-
amples shown in Fig. 4a and b, respectively. Series-connected 
PV strings are used to achieve a larger voltage than a single 
PV cell can supply on its own, while the parallel-connected 
PV strings are used if the required voltage is only slightly 
larger than the PV cells can supply on their own. The use of 
PPP here is to ensure that each cell is working at its max-
imum power point by either supplying the cell with extra 
current from the bus or feeding excess current to the bus.

PPP has also been suggested in use for extreme fast-
charging stations [9], where the drawing has been redrawn 
in Fig. 5 to reflect our style of drawing. Fig. 5 highlights an-
other feature of PPP: the excess energy can be delivered 
back to the source or the load, depending on what would be 
most beneficial to the actual application. The DC–DC con-
verter chosen for this application is a current-fed resonant 

full-bridge boost converter, which has a transformer to help 
boost the voltage between the input and the output. As in 
the other papers about PPP, the benefits are praised as lower 
initial cost and better efficiency than a full-rated converter, 
but here it is taken a step further and calculates what the 
improved efficiency means in kWh. A straightforward ap-
proach is used, where the loss over time is calculated as

eloss =
ˆ T

0
Ploss(t)dt. (3)

The full power processing is compared to the PPP approach 
for the same charging profile, which shows almost a reduc-
tion of a factor of 10 in used kWh for their example.

The trend in power systems is a move towards distrib-
uted energy-production and storage system [10], which 
translates to a need for more converters placed close to the 
production or storage. PPP is a promising concept in that 
regard, since it is an effective way to minimize the phys-
ical size, which is due to a lower power requirement. At the 
same time, the initial and running costs of converters will 
also be reduced, which is of great benefit when the instal-
lation of more converters is required.

1 PPP examples
Different prototypes have been created at the Technical 
University of Denmark and will here be reproduced as ex-
amples showing the application of PPP.

V2

V2

V2

Vbus Vbus

dc

A

B

dc
dc

dc

dc

dc
PV

PV

PV

Iload

Iload

Istring

Idc1

Idc2

Fig. 4 Example of (a) a series-connected string of PV cells controlled by PPP and (b) a parallel string of PV cells controlled by PPP [8]. The power is 
flowing from the PV panels to the bus; thus, with reference to Fig. 2, Vbus is equal to VESS.

dc

dc
dc

dc

ESS

ESS VESS

VESS

VbusVbus

A
B

Fig. 5 PPP for use in an extreme fast-charging station. (a) Charging the ESS, (b) discharging the ESS.

Jørgensen et al. | 3

D
ow

nloaded from
 https://academ

ic.oup.com
/ce/advance-article-abstract/doi/10.1093/ce/zkz027/5608983 by D

TU
 Library user on 30 O

ctober 2019



Before getting into the examples, a short explanation of 
the gain of PPP is given. When using PPP, there will be an 
efficiency (η) of the DC–DC converter and a different effi-
ciency for the overall system. The efficiency of the system 
can be written as [4]

ηsystem =
1

1+ k · (1− ηDC−DC converter)
, (4)

where

k =
PDC−DC converter

PESS
=

V2 · IESS
VESS · IESS

≈ V1 − VESS

VESS
, (5)

V1 is the DC bus voltage, V2 is the converter input voltage 
and VESS is the ESS voltage, thus V1 – VESS is the DC–DC con-
verter input voltage. This definition of voltages comes from 
Fig. 2.

Fig. 6 shows the system efficiency as a function of 
k and a function of converter efficiency. For k  =  0, the 

system is 100% effective, which is expected, since, at 
k = 0, the converter is not processing any power from the 
system. This requires that V1 is 0 V, which requires in-
finite gain to get the required output voltage and is thus 
hard to achieve. At the other extreme of k = 1, meaning 
the converter processes the full power, there is a small 
improvement if a 90% converter is used, but an improve-
ment of 17% for a 50% efficient converter. k  =  1 means 
that VESS is equal to V2 and thus only half of the system 
power is being processed. This shows that the best way 
to operate a PPP system is to have a small voltage dif-
ference between the energy source and the ESS. One ap-
proach to achieving a high voltage at the input of the 
converter and a low voltage at the output is the so-called 
input-series-output-parallel concept or, in reverse, the 
input-parallel-output-series for a low-input voltage and 
a high-output voltage.
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Fig. 7 Power processed by the DC–DC converter versus power fed into the electrolyser cell for different output voltages of the DC–DC converter, 
where the output voltage is defined in Fig. 8c and corresponds to V1 of Fig. 2 [11, 12]
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1.1 Alkaline electrolyser cell converter

The first prototype was made for an alkaline electrolyser 
cell and the system specifications are shown in Table 1, 
while the relationship between the power processed by the 
DC–DC converter versus the power fed into the electrolyser 
cell at different output voltages is shown in Fig. 7. There is 
no linear relationship between the two, which is due to the 
I-V characteristic of the electrolyser cell. The converter can 
be seen in Fig. 8a [11, 12], the system setup is shown in Fig. 
8b and the system diagram is shown in Fig. 8c. An example 
of a positive load step is shown in Fig. 9a and a negative 
load step is shown in Fig. 9b. Both load steps occur with 
no overshoot and the negative load step is faster than the 
positive load step.

The converter is made for a maximum operating power 
of 733 W, while the maximum system power is 3.5 kW. The 
highest k factor is achieved when the input to the DC–DC 
converter is 2 V and the output is 48 V (corresponding to a 
VESS of 48 V), resulting in k = 0.04. This k factor occurs at the 
same time as the efficiency of the DC–DC converter itself is 
low, as seen in Fig. 10a. Fig. 10a shows the efficiency of the 
DC–DC converter at different V1 levels, giving the worst-case 
DC–DC converter efficiency when V1 is the lowest. In Fig. 
10b, the calculated system efficiency is shown. All the ef-
ficiencies are within 0.5% and the highest efficiency is 
achieved when the converter efficiency is lowest, which is 
attributed to the fact that the k factor is lowest for this 

Table 1 Alkaline electrolyser system specifications [7]

VESS 35 ~ 48 V

IESS 0 ~ 72 A
V1 58 ~ 50 V
V2 = V1 – VESS 23 ~ 2 V
Maximum system power, Psystem 3456 W
Maximum dc converter power, PDC–DC 733 W
k 0.21

Vbus

EC

DC-DC
converter

ESS

IESS

VESS

Vbus V1 V2

dc

dc

A

B

C

Fig. 8 (a) DC–DC converter made for an alkaline electrolyser cell using 
the partial-power concept. (b) The DC–DC converter connected to an 
alkaline electrolyser system. (c) System diagram of the DC–DC con-
verter and the ESS, which, in this case, is an electrolyser cell (EC) [11, 
12]. Reprinted from [12] with permission from IEEE.

V2 (5 V/div)

A B

IESS (2 A/div)

IESS (2 A/div)

V2 (5 V/div)

IL (20 A/div)
IL (20 A/div)

Vgs (10 V/div) Vgs (10 V/div)

Fig. 9 Load-step response of the PPP system. (a) is a positive step and (b) a negative. The shown waveforms are identical between (a) and (b), and are 
as follows from top to bottom: VGS is the gate voltage (10 V/div), V2 is the converter input voltage (5 V/div), IESS is the ESS current (2 A/div) and IL is the 
inductor current (20 A/div), Rogowski coil (100 mV/A). Time scale is 6.4 ms/div [11, 12]. Reprinted from [12] with permission from IEEE.
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V1. The measured system efficiency is shown in Fig. 10c 
and, again, the efficiency is flat at higher powers and the 
highest efficiency is obtained at the highest power level. 
This showcases one of the benefits of PPP, which is that 
the usual worst-case operating mode for the DC–DC con-
verter (high voltage gain) is suddenly turned into a highly 
efficient mode, since the k factor becomes low.

1.2 Solid-oxide electrolyser/fuel-cell converter

The second prototype is of a solid-oxide electrolyser cell 
(SOEC)/solid-oxide fuel-cell (SOFC) setup [13, 14], which can 
be seen in Fig. 11a and the system diagram in Fig. 11b. The 
drawing of the system diagram is changed from the first 
prototype, but the functionality of the two is equal. The 
SOEC/SOFC system is in the background of Fig. 11a, while the 
converter is shown in the front. The I-V curves of the used 
SOEC/SOFC can be seen in Fig. 11c and the overall system 
specifications can be seen in Table 2. The k factor for the 
charging is in the low end and, as shown in Fig. 6, the ex-
pected system efficiency is above 90% regardless of the effi-
ciency of the DC–DC converter. For the discharging case, the 
benefit is reduced due to the higher k but, with a converter 

efficiency of 90%, the system efficiency is still improved to 
~94%. Fig. 12 shows the converter and system efficiency, 
while discharging (SOEC mode). The efficiency on the system 
level improves by around 2% and the system efficiency curve 
is relatively flat, which is usually hard to achieve since the 
control reduces the efficiency at low power levels and con-
duction losses reduces efficiency at high power levels.

1.3 Electric-vehicle converter

The last prototype is a DC–DC converter designed for char-
ging a battery in an electric vehicle [4]. The DC–DC con-
verter is shown in Fig. 13a, the setup is shown in Fig. 13b 
and Table 3 lists the specifications of the system. The 
system diagram is shown in Fig. 13c and it can be seen 
that the configuration is the same as in the first prototype. 
Table 3 shows that the voltage difference between the 
ESS and the supply is smaller than the earlier prototypes, 
which leads to a larger k factor and therefore a smaller im-
provement in the efficiency. The converter and system ef-
ficiency for k = 0.4 is shown in Fig. 14a and, for the lowest 
converter efficiency, the system efficiency is improved by 
8%, while it is improved by around 4% for the rest of the 
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Fig. 10 Alkaline electrolyser cell (a) DC–DC converter efficiency calculation, (b) system efficiency calculation and (c) system efficiency measurement 
[11, 12]. Reprinted from [12] with permission from IEEE.
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system specifications. The efficiencies for k = 0.9 is shown 
in Fig. 14b, where the lowest converter efficiency is im-
proved by 2% at the system level and the rest of the ef-
ficiencies are improved by around 1%. This comparison 
shows the benefit of having a big difference between the 
voltages of the ESS and the source, leaving only a small 
part of the processed power to the DC–DC converter and 
thus improving system efficiency.

2 Results and discussion
For the use cases presented in the previous section, a clear 
efficiency gain is obtained on a system level, even though 
the efficiency of the converter is not the highest that has 
been reported in the literature. Table 4 summarizes the three 
prototypes of the previous section and shows some of the 
variation that can occur in PPP systems. The range of the 

voltages and currents are from 2 to 600 V and from 0 to 72 A, 
respectively, but can in theory go both lower and higher than 
that. The converter power level compared to the system 
power level also ranges by a factor of 10 (from 733 W to 7.2 
kW), which can also vary more for the right applications.

A benefit that has not been mentioned yet is that, due 
to a high-voltage/low-current side and a low-voltage/high-
current side of the converter, the components used does not 
need to be rated for both high voltage and high current as is 
usually the case for DC–DC converters converting voltages 
that are close between the source and the ESS. For example, 
take the system specifications in Table 1, which, for a trad-
itional converter, would need devices rated at 48 V/72 A on 
one side and 58 V/~69 A on the other side. For the system 
employing PPP, those ratings would change to 23 V/72 A and 
48 V/~47 A, which is a ~50% reduction on the high-voltage 
side and 70% reduction on the low-voltage side. This might 
lead to more options of switching devices, lower-cost de-
vices, less copper on the printed circuit board and reduced 
costs for the magnetic and capacitive components.

So is this configuration the new way for all applica-
tions? Certainly not. PPP has its limitations, as mentioned 
earlier, which are: (i) best performance obtained for a 
voltage difference between the source and load close to 
zero, (ii) source voltage greater than load voltage and (iii) 
no galvanic isolation. One use of isolated DC–DC con-
verters is normally that they provide galvanic isolation, 
which provides safety to both the source and the ESS, but 
also to any eventual human interaction with the devices. 
For the three cases here, galvanic isolation has either not 
been a desired feature or it has been implemented in a 
different manner.

A difficulty that seems to occur in some DC–DC con-
verters/some PPP configurations is that non-active power 
is circulating and erodes the benefits of the PPP [15, 16], 
the idea being that the reactive element of the DC–DC con-
verter is storing non-active energy and losing a bit of that 
energy every switching cycle.

3 Conclusions
The concept of PPP fits into the decentralization trend of 
society and thus of power electronics moving to distributed 
systems, where smaller converter units are used close to the 
source/load instead of bigger centralized units. There are 
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Fig. 11 (a) SOEC/SOFC under partial-power test, (b) the system diagram, 
where V1 and V2 are the same as in Fig. 2 [14], and (c) I-V curve of the 
SOEC/SOFC setup

Table 2 SOEC/SOFC system specifications [6]

Charging Discharging

VESS 450 ~ 540 V 360 ~ 450 V
IESS 0 ~ 60 A 30 ~ 0 A
V1 600 V 600 V
V2 = V1 – VESS 150 ~ 60 V 240 ~ 150 V
Maximum system power, Psystem 32.4 kW 10.8 kW
Maximum dc converter power, PDC–DC 3.6 kW 7.2 kW
k 0.11 0.67
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several benefits of using PPP, which include a lower initial 
price, higher efficiency (and thus lower operational cost), 
lower-rated devices (voltage, current and/or power) and 
smaller size. As always in electrical engineering, nothing 

comes for free and the tradeoff for PPP is the requirements 
of no galvanic isolation and higher source voltage than load 
voltage. For many applications, the voltage requirement is 
no problem by default or the system can be set up in such 
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Fig. 12 Converter and system efficiency. VESS = 300–450 V and PESS = 10 kW [14].
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Fig. 13 (a) DC–DC converter for charging of batteries in electric vehicles, 
(b) DC–DC converter connected to batteries for testing and (c) system 
diagram of the proposed system. Reprinted from [4] with permission 
from IEEE.

Table 3 Electric-vehicle system specifications [3]

VESS 288 ~ 403 V

IESS 10 A
V1 489 ~ 566 V
V2 = V1 – VESS 201 ~ 163 V
Maximum system power, Psystem 4 kW
Maximum dc converter power, PDC–DC 2.8 kW
k 0.70
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Fig. 14: Efficiency curves for the DC–DC converter of the electric-vehicle 
charging and the system efficiency. Operating conditions (a) VESS = 273 V, 
V1 = 400 V, k = 0.4 and (b) VESS = 273 V, V1 = 540 V, k = 0.9. Reprinted from 
[4] with permission from IEEE.
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a way as to be no problem. Left is the question of galvanic 
isolation, which again might be of no consequence or can 
be solved with a fuse, digital instrumentation or some 
other smart ideas.

It has been shown through examples that PPP is suit-
able for electrolyser cells, fuel cells, battery storage and, 
from a literature example, PV arrays. The impact of using 
PPP compared to the traditional method has been quanti-
fied through the use of k factor for the improvement in ef-
ficiency and an example calculation of a battery-charging 
session for the saved energy.

The examples shown here have a moderate power level 
of 700 W to 7 kW, but both lower and higher power levels 
would be of interest to investigate in the future and have 
been shown in the literature with PV panels and the ex-
treme fast electric-vehicle charger. Therefore, the applica-
tion of the PPP idea is suggested to enable cheaper, lighter 
and more efficient charger systems. Overall, PPP will be one 
of the key power electronics systems enabling technolo-
gies for next-generation energy-conversion and storage 
units and systems.

Conflict of Interest: None declared
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V2 = V1 – VESS 23 ~ 2 V 150 ~ 60 V 240 ~ 150 V 201 ~ 163 V
Maximum system power, Psystem 3456 W 32.4k W 10.8k W 4k W
Maximum dc converter power, PDC–DC 733 W 3.6k W 7.2k W 2.8k W
k 0.21 0.11 0.67 0.7

Jørgensen et al. | 9

D
ow

nloaded from
 https://academ

ic.oup.com
/ce/advance-article-abstract/doi/10.1093/ce/zkz027/5608983 by D

TU
 Library user on 30 O

ctober 2019





C
Fractional Charging Converter
with High Efficiency and Low

Cost for Electrochemical Energy
Storage Devices

Published in IEEE Transactions on Industry Applications on June 6th 2019





0093-9994 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIA.2019.2921295, IEEE
Transactions on Industry Applications

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. X, NO. X, MONTH YEAR 
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A. E. Andersen, Member, IEEE 

Abstract—High efficiency and low cost power converters for 

interfacing energy storage have become critical in renewable 

energy systems. In this paper a fractional charging converter 

(FCC) is proposed to reduce power rating as well as cost of the dc-

dc converter for hydrogen production by alkaline electrolyzer cells. 

The FCC configuration only processes the partial power resulting 

from the voltage difference between the source and the energy 

storage element.  Moreover, the converter employed in such 

configuration can be either isolated or non-isolated, which 

simplifies topology selection. An analysis and comparison of two dc-

dc topologies using a high-frequency transformer based on 

component stress factor (CSF) is performed to determine the 

optimal solution for the evaluated application. Based on the results 

of the CSF analysis, and due to its capability of handling wide input 

voltage, the isolated full-bridge boost (IFBB) converter is designed, 

built and tested. Experimental results prove the feasibility of the 

fractional charging configuration with a reduction of 80% of the 

power rating compared to the traditional interconnection, which 

implies a reduction in cost, weight and an increase in efficiency. The 

converter’s maximum voltage gain achieved is 25 and the highest 

measured system efficiency is 98.2 %. 
 

Keywords—energy storage, converter, fractional, electrolysis. 
 

I. INTRODUCTION 

Electrochemical energy storage is an emerging technology, 

which can provide high flexibility in terms of energy density and 

power capacity [1]-[2]. Power-to-X (P2X) is a promising option 

for storing intermittent sustainable renewables and providing 

clean energy to residential, industrial, transportation users, etc. 

For example, alkaline water electrolysis (H2, Al and Cl) have a 

global capacity >100 GW and its demand is growing fast in 

recent years [3]-[5]. The advantages of hydrogen is that it can be 

produced locally, and it offers high energy density, long-term 

scalable storage and low environmental impact. However, the 

cost of the initial investment is high and there are safety 

considerations. Thus, in order to make electrolysis units 

practical and economic in renewable energy systems, a complete 

system powered by renewables, including the renewable power 

source, electrolyzer, and interfacing power electronic devices, 

must be effectively integrated and optimized to improve system 

efficiency as well as reduce cost [6].  

The conventional way of interconnecting energy storage 

systems (ESS) to a dc bus is shown in Fig. 1 (a), where a positive 

and a negative terminal of a bidirectional dc-dc converter are 

connected to the ESS, while the other positive and negative 

terminals of the dc-dc converter connected to a regulated dc bus 

[7]. With the conventional power conversion system, the dc-dc   

 
(a) 

 
(b) 

 

Fig. 1: Block diagram of dc power conversion system for energy storage systems 

(ESS). (a) Traditional parallel connection and (b) proposed fractional charging 
converter (FCC) configuration. 

 

converter must be rated, at least, at the maximum operating 

power of the ESS. Therefore, efficiency improvement and cost 

reduction are very challenging to achieve for full power 

bidirectional dc-dc converters, in particular for electrolyzer or 

fuel cells with wide input voltage range and high current.  

Therefore, fractional or partial power processing 

technologies were proposed to reduce power rating of power 

electronic devices and systems in different applications. For 

instance, in wind generation, the power converters used in 

doubly fed induction generators (DFIG) are typical 30% of the 

generator rated power. This reduces the cost as well as power 

losses in power electronics [8]. In spacecraft powered by 

photovoltaics, the idea of the series connection of source and 

load originated in [9]. The proposed configuration, called series 

connected boost unit (SCBU), showed numerous advantages 

compared to the traditional interconnection. High efficiency and 

high power density can be achieved because the dc-dc converter 

only processes a fraction of the total power of the system, which 

results in small, lightweight and low cost power supplies, which 
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in space implementations are extremely important. Depending 

on the requirements of the application, the series connection of 

source and load can be performed at the input (input-series-

output-parallel ISOP) or at the output of the dc-dc converter 

(input-parallel-output-series IPOS) [10]. For PV systems, [11] 

discussed and summarized the various topologies incl. both 

isolated and non-isolated converters, which can achieved partial 

power regulation. Reference [12] reviewed the differential 

power conversion techniques and pointed out that cost reduction 

and reliability improvement is still challenging. As an example, 

in [13], a dual active bridge (DAB) converter based universal 

dc-dc optimizer was proposed by stacking PV strings and 

batteries, however, without power efficiency reported. Besides 

PV applications, in [14] and [15], Flyback and DAB converters 

are used to achieve partial power processing in the applications 

of wearable devices and fast battery charging, respectively. 

Nevertheless, due to stacking connection between input and 

output, isolated topologies must be adopted for such systems in 

[9], [10] and [13]-[15]. On the other hand, in [16], a 6.7 kW dc-

dc converter has been implemented which aims to be able to 

regulate 27 kW solid oxide electrolysis cells (SOEC) and can 

achieve a peak system power efficiency of 98.9%. In [17], GaN-

based converter with a peak equivalent efficiency of 99.63% was 

reported. However, an auxiliary load or source is needed in both 

[16] and [17] to absorb the circulated power. 

In this paper, a directly coupled configuration as shown in 

Fig. 1 (b), so-called fractional charging converter (FCC) is 

proposed. The ESS is connected between the positive terminals 

of the dc-dc converter and dc-bus, and its operation principles 

have been briefly described in [18]. The input voltage of the dc-

dc converter Vin is set by the differential voltage between the dc 

bus and the energy storage system (Vbus-VESS). Hence, the dc-dc 

converter only processes the differential power between the dc 

bus and the ESS. The smaller the voltage difference, the lower 

the power that needs to be processed. Moreover, due to the 

common ground connection, either isolated or non-isolated dc-

dc converters can be applied. Based on the theoretical analysis 

of component stress factor (CSF), an isolated boost converter, 

which can deal with wide input voltage, is designed and system 

test is carried out with alkaline electrolyzer cells. The converter 

achieves the maximum voltage gain of 25 and the highest 

measured system power efficiency of 98.2 %. 

This paper is organized as follows. After this introduction, an 

energy storage system based on alkaline electrolyzer cells (EC) 

as well as its power converter specifications is introduced in 

Section II; in Section III CSF compares DAB and isolated full-

bridge boost (IFBB) converters; then, the IFBB converter design 

is presented in Section IV and the experimental results are given 

in Section V. Finally, Section VI gives a conclusion. 

II. SYSTEM ANALYSIS 

The system being analyzed is an ESS based on alkaline 

electrolyzer cells (EC); nevertheless, the system configuration 

can be applied to battery charge systems as well. Fig. 2 shows 

the electrolyzer stack voltage as a function of the current and 

Table I presents the specifications of the system in the FCC 

configuration. 

 
Fig. 2. Electrolyzer stack voltage (VESS) as a function of the current (IESS). 

 
Fig. 3.  FCC dc-dc converter input voltage (Vin) as a function of the ESS power 

(PESS) for different output voltages. 

 
Fig. 4.  FCC dc-dc converter input power as a function of the ESS power (PESS) 

for different output voltages.  

 

 

TABLE I 

SYSTEM SPECIFICATIONS 

Vbus 50 ~ 58 V 

VESS 35 ~ 48 V 

IESS 1 ~ 72 A 

Vin=Vbus - VEss 2 ~ 23 V 

Maximum electrolyzer power, PESS 3456 W 

Maximum dc converter power, Pdc-dc 733 W 
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As shown in Table I, such an arrangement results in the 

maximum input power processed by the converter to be Pdc-dc = 

733 W. Compared to the traditional parallel connection, where 

the converter would have been rated at the maximum ESS power  

of PESS = 3456W. Therefore, a reduction of nearly 80% of the 

required power of the dc-dc converter is achieved, which 

considerably reduces the cost and weight of the dc-dc converter, 

as well as increasing the power density and efficiency of the 

system. For the fractional charging configuration the converter 

input voltage is defined as Vin =Vbus-VESS, and the converter 

output voltage is defined as Vo. Fig. 3 and Fig. 4 show the input 

voltage and input power of the dc-dc converter in FCC 

configuration, respectively, as a function of the power of the 

ESS, for different values of the output voltage. As it can be 

observed, the FCC configuration has the disadvantage of a large 

variation of the converter input voltage, which requires the 

selected topology to operate efficiently within a wide input to 

output voltage range. It is important to notice that the point at 

which the converter power is maximum, will not correspond 

with the maximum power of the ESS, as the characteristic 

electrolyzer stack curve will make the voltage at the input of the 

converter decrease as the power increases. It is also important to 

observe that the system needs to be designed so the amount of 

power processed by the converter tends to zero, thus, reducing 

p  

   
 

 

the losses inserted in the system. Therefore, maximizing the 

efficiency of the direct power flow, which corresponds to the 

path to charge the ESS, will minimize the power processed by 

the dc-dc converter and maximize the efficiency of the system. 

III. COMPARING DAB AND IFBB CONVERTER BY 

COMPONENT STRESS FACTOR 

The topology selection is a key factor in achieving high 

efficiency, since it will determine the performance of the overall 

system. From the system specifications, it can be observed that 

the power stage presents a large input/output voltage variation. 

The challenge is to select a topology that can provide high power 

conversion efficiency over the whole operating range. 

An analysis and review of high efficiency bidirectional dc-

dc converters with high voltage gain is performed [19]. Based 

on the analysis and the system specifications, the topology 

selection is narrowed down to two candidate topologies: dual 

active bridge (DAB) and isolated full bridge boost (IFBB) 

converter. The selection is performed based on complexity in 

terms of number of active switches, passive components and 

control. These components will affect the efficiency, cost and 

reliability of the entire system. Both DAB and IFBB topologies 

have been proved to achieve high efficiency, with a reduced 

component number (low complexity). Fig. 5 and Fig. 6 show the 
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Fig. 6. IFBB converter and its typical waveforms, top and bottom, respectively. 

 

  
Fig. 5. DAB converter and its typical waveforms, top and bottom, respectively. 
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schematic of the DAB and IFBB topologies and their operating 

waveforms, respectively. As it can be observed, both converters 

present the same number of active switches and passive 

components. In the DAB, the power is delivered to the output 

through an ac inductor, whose charge and discharge is controlled 

with the phase-shift angle of the half bridge switching legs. In 

the IFBB converter, the control parameter is the duty cycle of 

the primary switches and the input inductor is the component 

that transfers the energy to the output port. 

The analysis of the DAB and IFBB topologies is performed 

based on component stress factor (CSF) [20]. CSF is a derivation 

of the component load factors approach (CLF) [21]. CLF is a 

numerical method, which is calculated based on the components 

voltage and current stress and normalized to the processed power 

(volt-amp/watt figure), which makes the calculation 

dimensionless.  

The approach of the CSF analysis is based on the assumption 

that the evaluated topologies have the same amount of resources: 

silicon for semiconductors, magnetic material and copper for 

windings and capacitor volume for energy storage/filter 

components. A weighing factor is applied to distribute the 

resources within the topology. The result of the CSF analysis 

provides an effective way to evaluate the losses in the individual 

components of the circuit, and consequently, an estimation of 

the converter performance. Therefore, the analysis gives a 

quantitative measure to compare the performance of different 

topologies for a specific application [22]. 

The CSF method adopts two assumptions in order to simplify 

the calculations, i.e., the power losses in the converter are 

neglected (efficiency 100%) and the inductors are large enough 

to have no ripple current (square waveform). 

The stress factor is calculated independently for each 

component: semiconductors (SCSF), windings (WCSF) and 

capacitors (CCSF), as shown in (1), (2), (3), respectively. The 

CSF is related to the power dissipated in the component. In the 

semiconductors, the conduction losses are calculated with the 

squared root mean square (rms) current through the device 

multiplied by the channel on-resistance of the switch. For a 

given die size, the channel on-resistance is proportional to the 

voltage rating to the power of 2.5, higher voltage rating will 

result in a longer channel with smaller cross section. Taking the 

rated voltage squared gives a good approximation to relate the 

maximum voltage and the channel on-resistance. Therefore, 

SCSF is calculated with the breakdown voltage squared, times 

the rms current squared, and normalized to the square of the 

processed power, to provide a dimensionless quantity. 

Regarding the calculation of the stress factor of magnetic 

components, to perform a fair comparison, each topology should 

have the same amount of copper volume, and hence, the same 

winding area. The windings losses in magnetic components are 

calculated with the rms current squared, times the winding 

resistance. The winding resistance is related to the number of 

turns and the cross-sectional area of the copper. The voltage 

applied to the windings is proportional to the number of turns. 

Therefore, the resistance will increase with the square of the 

number of turns, which is proportional to the voltage squared. 

The WCSF is then computed as the maximum voltage applied to 

the windings squared, multiplied by the rms current squared (2). 

The maximum voltage applied to the winding is calculated as the 

average voltage applied to the winding over a period, as shown 

in (4). 

The stress factor of capacitors is determined by the resistive 

losses due to the equivalent series resistance (ESR). The ESR is 

related to the capacitor volume, and the volume is proportional 

to the energy storage capacity, thus, the CCSF is calculated with 

the squared maximum voltage and the rms current as presented 

in (3). 
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The distribution of the resources is implemented by the term

j i

j

W W , which represents the weighting factor for 

component i, where 
j

j

W is the sum of the individual weights 

of all components of the same type and 𝑊𝑖  is the weight 

assigned to the component i. In the first iteration, the resources 

are distributed equally. Based on the results, the weight 

distribution can be adjusted. As a result, the component with 

higher CSF can be assigned with a larger amount of the resource 

in order to reduce the stress factor. 

Once the stress factor for each component is calculated, the 

total CSF is computed as the sum of component stress factors of 

the same type as in shown in (5). 

 


i

iSCSFSCSF  


i

iWCSFWCSF                         


i

iSCSFCCSF  

(5)  

From the procedure of the CSF calculation, we can observe 

that the analysis accounts for the conduction losses in switches, 

magnetic components and capacitors. However, it does not 

consider the switching losses in the semiconductors and the 

magnetic core losses. From the system specifications presented 

in Table I, the application under analysis is a low voltage, high 

current application; therefore, the conduction losses in the 

semiconductors will dominate over the switching losses. 

Regarding the magnetic components, the core losses are a 

function of the magnetic material, the volts-seconds, the peak-

to-peak ac flux density and the switching frequency. As 

discussed before, the system is characterized by a low input 

voltage to the dc-dc converter, and the switching frequency is 

limited to 50 kHz. Therefore, the CSF approach is considered a 

valid method to compare the topologies for the application under 

analysis. 
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Fig. 7 (a) to (f) shows the results of the CSF analysis for the 

DAB and the IFBB topologies for semiconductors (SCSF), 

windings (WCSF) and capacitors (CCSF), respectively. The 

graphs show the stress factor values as a function of the power 

of the ESS for different values of the output voltage. The CSFs 

are normalized to the maximum stress value, which occurs in the 

DAB topology. At low power levels the DAB converter present 

very high CSF in semiconductors, winding and capacitors 

compared to the IFBB topology. This is because the DAB 

topology presents a large rms circulating reactive current. At low  

 

power levels, the rms current is very large compared to the 

processed power, which results in large CSF values. As the 

power of the electrolyzer stack increases, the ratio of the rms 

current to the processed power is reduced and thus, the CSF. In 

the IFBB converter, the highest CSF occurs at the maximum 

ESS power level (maximum ESS current) and minimum output 

voltage. As we can observe from the SCSF, the DAB presents a 

minimum value for the different output voltages, which 

corresponds to the point where the converter reactive current is 

minimized. The IFBB presents higher stress as the input to 

Fig. 7. CSF analysis. (a) DAB’s SCSF, (b) DAB’s WCSF, (c) DAB’s CCSF, (d) IFBB’s SCSF, (e) IFBB’s WCSF and (c) IFBB’s CCSF. 

 

(a) (d) 

(b) (e) 

(c) (f) 
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output voltage transformation ratio is increased, which is an 

expected result from boost-derived topologies. The DAB 

therefore, shows a reduced SCSF compare to the IFBB, but only 

in a small range of the operating region. However, the WCSF for 

the DAB is significantly worse than that of the IFBB in all the 

operating range due to the increased voltage stress in the 

magnetic components and the alternating current nature in the 

resonant inductor. Based on the results of the CSF analysis, the 

IFBB converter is the selected topology to implement the energy 

storage system in FCC configuration. 

IV. IFBB CONVERTER DESIGN 

A 750W prototype of the IFBB converter is designed, 

constructed and tested in order to verify the theoretical analysis 

and test the FCC configuration.  

A. Magnetic components 

Due to the practical height constraint in the electrical power 

supply unit for the stack of electrolyzer cells, planar magnetic 

design for the inductor and the transformer is adopted. Planar 

magnetics offers low profile structure with high surface area and 

good thermal characteristics. Moreover, it helps implementing 

interleaving techniques to achieve low leakage inductance and 

ac resistance. However, in terms of loss, selecting PCB winding 

or wire-wound winding highly depends on required 

specifications as discussed in [23]. 

The IFBB inductor is designed for inductance of L = 2.4 μH, 

with the maximum current ripple of Δi = 25 A under the worst 

condition (maximum volt-sec). Three different core sizes and 

number of turns are compared as shown in Table II. From Table 

II, it can be observed that, for the same number of windings (3 

turns), the loss efficiency (Ploss/Pdc-dc) difference of the inductors 

with cores ELP43/10/28 and ELP58/11/38 is only 0.1%. 

ELP43/10/28 (volume = 11500 mm3) has almost half of the 

volume of ELP58/11/38 (volume = 20800 mm3), which gives 

higher power density and lower price, therefore, this core is 

finally selected. The inductor is manufactured in a six layers 

PCB with 210 μm (6 oz.) copper thickness. Two PCBs are stack 

in parallel in order to reduce the dc resistance. 

The transformer is manufactured in an eight layers PCB with 

210 μm (6 oz.) copper thickness with the turns-ratio of 1:2. The 

primary winding (Prim) is formed by two turns in parallel, which 

are fully interleaved with four turns of the secondary winding, 

in a structure as shown in Fig. 8. Full interleaving winding 

technique is implemented in order to reduce the transformer 

leakage inductance, in this case M=8 in (6). Achieving a low 

leakage inductance is critical in full bridge boost configurations 

without any clamp circuit, because the energy stored in the 

leakage inductance will cause an overshoot in the primary 

MOSFETs. The measured transformer leakage inductance is Llk  

= 19.4 nH. Full interleaving technique can also help reducing the 

ac resistance, as the magneto motive force (MMF) is always 

equal to one i.e. m = 1 in (7).  

where µ0 represents permeability of free space, lw is mean turn 

length,  bw  is  breadth  of  winding, M  is  number  of  primary- 

 
 

 

secondary intersections and N is number of winding turns. 

where φ = h/δ, and h and δ are height of conductor and 

penetration depth in material. 

B. Converter prototype 

Besides the magnetic components, the converter is designed 

with a 4-layer PCB and a special attention is paid to minimize 

the ac current loops i.e. the source and return paths are on top of 

each other. Due to the high current application, 140 μm (4 oz) 

PCB copper thickness is used in order to minimize the resistive 

losses [24].The main converter components are listed in Table 

III. The design is based on Silicon (Si) MOSFETs with low RDS 

on-resistance in order to reduce the conduction losses. 

DirectFET technology from Infineon is selected, which provides 

low package inductance and maximized thermal transfer due to 

copper drain clip. The high rms current on the IFBB primary side, 

which is around Irms_prim_MOS = 40 A, will cause high conduction 

losses, therefore, primary MOSFETs with very low on-

resistance are selected, RDS =0.34 mΩ at VGS = 10 V. The 

maximum rms current on the secondary side is Irms_sec_MOS = 15 

A, which allows to select devices with higher on-resistance than 

in the primary side. The converter switching frequency is fsw = 

50 kHz, to limit the switching losses.  

The control law is implemented in a digital signal processor 

(DSP) TMS320F2808 from Texas Instruments. The reading of 

the inductor current is performed with a high precision Hall- 

Effect current sensor, which inserts an extremely low resistance 

of Rsens = 0.1 mΩ. Fig. 9 shows the experimental prototype of the 

IFBB converter. The primary and secondary MOSFETs are 

placed on the bottom side of the PCB, in order to transfer the 

heat to the heat sink through an isolated gap pad material with a 

thermal conductivity of 4.0 W/mK. 
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TABLE II 

INDUCTOR DESIGN 

Core Winding Current ripple Loss 

ELP38/8/25 
2 turns ΔI = 44.0 A 3.4 W 

3 turns ΔI = 26.6 A 4.3 W 

ELP43/10/28 
2 turns ΔI = 36.0A 3.3 W 

3 turns ΔI = 22.3 A 4.1 W 

ELP58/11/38 
2 turns ΔI = 25.2 A 2.9 W 

3 turns ΔI = 15.8 A 3.6 W 

 

Fig. 8. Transformer winding structure. 
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TABLE III 

IFBB CONVERTER COMPONENTS 

M1 ∼ M4 IRL7472L1 

M5 ∼ M8 AUIRF7759L2 

ISO gate drivers  SI8235AB-D-IS1 

Transformer 1:2, EILP43/10/28, Ferrite N87 

Inductor 2.3 µH, EILP43/10/28, Ferrite N87 

Capacitors Cin 20 x 10 µF 50V X7R 

Capacitors Cout 20 x 10 µF 100V X7S 

Current sensor ACS770LCB-100B 

Switching frequency fsw = 50 kHz 

Digital controller TMS320F2808 DSP 

 

 
 

Fig.9. IFBB converter prototype. 
 

V. EXPERIMENTAL RESULTS 

The experimental test is carried out with two steps: the 

constructed IFBB converter is tested in the laboratory firstly to 

verify the design validity. Then the IFBB converter is connected 

with a real 3.5 kW stack of alkaline electrolyzer cells in the 

manner of the proposed fractional power charging configuration 

shown in Fig. 1, and therefore the entire system test is 

accomplished. 

A. IFBB converter test 

For the experimental test of the IFBB converter, the behavior 

of the electrolyzer stack is simulated with an electronic load in 

series with a power resistor. The electronic load is configured as 

a constant voltage source and will set the starting point of the 

characteristic V-I curve shown in Fig. 3. The power resistor (R 

= 0.185 Ω connected in series, will provide the slope of the V-I 

curve as the IESS current increases. Fig. 10 shows the steady state 

waveforms of the IFBB converter, where vGS is the gate-source 

voltage of the low-side switch S4, iL is the inductor current, and 

vab and itrf represent the transformer voltage and current as 

denoted in Fig.6. Fig. 10 (a) shows the converter operating at VO 

= 50 V, VESS = 38 V, IESS = 13 A Vin = 12 V, PESS = 594 W, Pdc-dc 

= 156 W. In this conditions, the duty cycle D is approx. 75%. 

Fig. 10 (b) shows the IFBB converter waveforms at the system 

maximum power level i.e. the electrolyzer is charging at the 

maximum current. The converter operating conditions are VO = 

50 V, VESS  = 48 V, IESS = 72 A, Vin = 2 V, PESS = 3456 W, Pdc-dc 

=144 W and the converter’s duty cycle is maximum D = 99 %.  

 

 

As it can observed the inductor current ripple reduces as the 

input voltage of the converter decreases. However, the peak 

current on the transformer secondary side increases due to the 

reduced conducting time of the secondary MOSFETs.  Fig. 11 

shows an enlarged portion of the steady state waveforms when 

the converter operates at maximum duty cycle (Fig. 10 (b)). As 

it can be observed, the voltage across the transformer does not 

clamp, which indicates that there is no avalanche mode 

operation of the MOSFETs primary side, which proves the low 

leakage inductance design of the transformer, thus, no snubber 

components are required. Fig. 12 presents a thermal image of the 

IFFB converter operating at the worst conditions, which are 

minimum input voltage and maximum input current, while the 

system is working at the maximum power level PESS =3456 W. 

The thermal image shows a maximum temperature of 98.9 °C. 

As the input voltage decreases, the converter current stress on 

the secondary side reduces, while it increases on the primary side, 

therefore, the highest temperature appears at the converter 

primary side. 
 

 

 
 

(a) 
 

 
 

(b) 
 

Fig. 10. IFBB operating waveforms, from top to bottom: primary gate-to-source 

voltage (10 V/div); voltage across the transformer primary side (20 V/div); 
transformer secondary side ac current (25 A/div) Rogowski coil (20 mV/A); 

inductor ac current (20 A/div) Rogowski coil (100 mV/A). Time scale 5 μs/div. 
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Fig. 11. Enlarged IFBB operating waveforms from top to bottom: primary gate-
to-source voltage (10 V/div); voltage across the transformer primary side (20 

V/div); transformer secondary side ac current (25 A/div) Rogowski coil (20 

mV/A); inductor current ac (20 A/div) Rogowski coil (100 mV/A). Time scale 

200 ns/div. 

 

 
Fig. 12. Thermal image of the IFBB converter operating at the electrolyzer 
stack maximum power PESS = 3456 W. 

 

 
 

Fig. 13. Block diagram of the integration test. 

 

B. System test 

For system test, the tested IFBB converter is inserted into the 

proposed fractional charging configuration, as shown in Fig. 13.  

 
 

Fig. 14. System test setup. 

 

The IFBB’s primary side is connected in series with the ESS. 

This series configuration allows for the converter to control the 

current flow through the ESS, and consequently its power, by 

controlling the IFBB converter input current. If the input port Vin 

is shorted, i.e. the switches M1~M4, or M1 and M2, or M3 and M4 

are always kept ON, the ESS will be directly connected in parallel 

with the dc bus, Vbus. However, if the input port Vin is open, i.e. 

the switches M1~M4, or M1 and M3, or M2 and M4 are always kept 

OFF, there will be no current flowing through the ESS. Finally, 

a real 3.5 kW stack of alkaline electrolyzer cells, as the ESS for 

hydrogen production and the corresponding tests are then carried 

out. Fig. 14 shows the system test setup, where the dc bus voltage, 

Vbus, the electrolyzer stack, and the dc-dc converter are 

highlighted. The converter efficiency and the system efficiency 

have the relationship expressed as (8) and (9). 

As it can be observed in Fig. 15, the highest efficiency of the 

system occurs at the worst conditions of the dc-dc converter (dc-

dc converter input voltage Vin = 2 V, and electrolyzer current IESS 

= 72 A). It is because the IFBB converter is processing the lowest 

amount of power (Pdc-dc = 144 W) compared to the system output 

power (PESS =3456 W). The highest measured system efficiency 

is ηsys = 98.2 %. 

Fig. 16 (a) and (b) show a load step from 0 to 6 A, positive 

and negative, respectively. These waveforms correspond to the 

start-stop test of the converter. First, we can see that the 

electrolyzer current is fully controlled and it presents a critically 

damped response without overshoot. The settling time is 

approximately 5 ms for the positive current step, and 2 ms for 

the negative load step. Second, due to the V-I characteristics of 

the electrolyzer stack, the system can still operate at no current 

IESS, by controlling the corresponding switches M1~M4 to open 

the IFBB converter input. Furthermore, from the start-stop test, 

it can also verify the effective fault protection and the converter 

can quickly cut off the electrolyzer current. 
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Fig. 15. Measured system efficiency ηsys. 

 

  
 

(a)  
 

  
 

 (b) 
 

Fig. 16. System test of load step response. (a) positive step and (b) negative step. 
From top to bottom: converter input voltage (10 V/div); dc-dc converter input 

voltage Vin (5 V/div); electrolyzer stack current IESS (2 A/div), inductor ac current 

(20 A/div), Rogowski coil (100 mV/A). Time scale 6.4 ms/div. 
 

VI. CONCLUSION 

This paper presents a fractional charging converter (FCC) 

configuration, which can use a 750 W dc-dc converter to 

regulate an approx. 3.5 kW electrolyzer stack to generate 

hydrogen. The analytical comparison of dc-dc topologies in such 

proposed configuration was carried out. Selecting the most 

appropriate topology for a specific application is crucial in 

achieving high efficiency. Although the two analyzed converters 

present the same number of active switches and passive 

components, the CSF analysis shows a big difference of the 

converters’ performance for the given configuration. Based on 

the analysis, an IFBB converter is designed and tested. 

Experimental results shows the converter can handle the 

maximum system power level with a reduction of 80% of the 

power rating compared to traditional load connection, which 

achieves a high reduction on the converter size, weight and price. 

However, due to the series connection, there is no galvanic 

isolation between the input power supply and electrolyzer stack, 

which may introduce other issues for some applications and 

thereby needs investigate in the future research work. 
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Abstract—Designing a switched-mode power supply 
includes the calculation of the loss in all of the different 
components: inductor, transformer, switches and capacitors. 
By combining all of the loss calculations, and providing a 
graphical user interface to the designer, the designer is able to 
get an understanding of the loss distribution and thereby the 
influence of each component on the complete design. 

Keywords—dc-dc converter, low-loss, H-bridge, IFBB, SMPS 

I. INTRODUCTION (HEADING 1) 

Renewable energy systems, electrical vehicles and dc 
microgrids all require flexible and effective reversible dc 
power flows, making bidirectional dc-dc converters essential 
[1]–[4]. Often galvanic isolation is a requirement in order to 
avoid failures propagating through the system. A common 
way of achieving galvanic isolation is the use of a 
transformer, which can then also be used to increase the gain 
of the converter [5]. The plethora of bidirectional dc-dc 
topologies, and their derivations, can for high voltage gain be 
narrowed down to two common ones; the dual active bridge 
(DAB) and the isolated full bridge boost/buck (IFBB) [6], 
[7]. The IFBB is chosen as the focus of this paper due to a 
simpler control than the DAB. The simpler control comes at 
the cost of the IFBB being a hard switching topology, and 
thereby having higher switching losses than the DAB, which 
can achieve soft switching. The IFBB can be seen in Figure 
1. The IFBB is chosen as an example for a visual approach to 

designing dc-dc converters because of its inclusion of the 
common components found in a converter: switches, 
inductor, capacitors and a transformer. The example program 
has been written in Python. 

II. EASE OF USE 

Before designing the dc-dc converter the system 
specification needs to be set. The system is defined by three 
of the following four specifications: input voltage, output 
voltage, input current and output current. Conversation of 
power will set the last system specification. At this point it 
would also make sense to choose the switching frequency 
( ) of the converter, as that will influence the rest of the 
component designs. 

The design of a dc-dc converter involves many different 
choices, including: core shape, core material, and winding 
strategy for the inductor (and transformer if it is included in 
the topology), and switches and capacitors. A summary of 
the needed steps can be seen in Figure 3 as a flowchart.  

A. Inductor design 

The first component to be designed is the inductor, since 
it will determine the ripple current in the converter, and thus 
it has an influence on the switching losses, the losses in the 
capacitors and the losses in the transformer. Once the 
inductor has been designed, the resulting ripple current needs 

Figure 1: Schematic of the Isolated Full Bridge Boost converter.



to be used for the rest of the component design and choices. 

For this example the inductor is chosen to be 
implemented as a planar inductor. Beside the shape and 
material of the core, also the number of windings of the 
inductor has a big influence on the inductance, and by 
extension the ripple current in the converter. The ripple 
current ( ) can be calculated from the voltage across the 
inductor ( ), the time period of the voltage (  and 

T) and the inductance ( ) as 

 	 	 . (1) 

The ripple current versus different number of turns are 
then shown visually in the program as seen in Figure 3. To 
make it easy to change between different core sizes and core 
materials, these are also included in the program as a button 
to click. Along with the ripple caused by the inductor, the 
losses that are dissipated in the inductor are also interesting, 
and should be considered at the same time as the ripple 
current – thus a tradeoff between losses, ripple current, 
number of turns and the size of the air gap in the core should 
be chosen. The losses in the inductor can be split into core 
and winding losses, where the core loss ( ) are 
determined by the core shape, core material, switching 
frequency in the inductor (find) and the magnetic flux, as  

 	 	 	 , (2) 

where , , and  are material constants (that can be 
calculated from the manufactures datasheets), and  is the 
effective volume of the chosen core [8], [9].  

 For calculating the winding loss ( ), first the dc 
resistance is found by 

 , (3) 

where  is the resistivity of the material,  is the length of the 
trace,  is the width of the trace and  is the thickness of the 
trace. Next the ac resistance ( ) can be found by [9] 

 2 2 1 	 sinh 2 sin 2cosh 2 cos 24 1 sinh cos cosh sin	cosh 2 cos	 2 , (4) 

where ⁄ , and  is the thickness of the copper traces 
and  the skin depth of copper at the switching frequency.  
is the ratio of magneto-motive force (  to the layer 
ampere-turns and is given by  

 , (5) 

where  and  is representing the two layers of the 
inductor being analyzed. 

Now the loss in the winding can be calculated by multiplying 
the resistances with the square of the respective dc and ac 
currents as 

Figure 3: Flowchart showing the design process of a dc-dc 
converter 

Figure 2: The interface of the inductor choices, along with the results when using it. 



 	 2√3 . (6) 

B. Transformer design 

 The transformer is also made as a planar transformer using 
a printed circuit board (PCB), and it has the same core 
shapes and materials available as the inductor. When 
calculating the loss in the transformer, the interleaving 
between primary and secondary windings has to be 
considered [10].  This means that the losses will be changing 
depending on interleaving strategy, where the simplest 
approach is to have a complete interleave of primary and  
secondary layers, which results in 1. The rest of the loss 
calculation for the transformer are exactly as for the inductor. 

C. Choosing switches 

The switches should be chosen so that they are rated for 
the voltage and current conditions that they are going to 
experience. This means that an analysis of all waveforms in 
the converter should be done, and is here plotted in Figure 4 
right side, where the top left figure shows the voltages and 
the lower left graph shows the current.  

For this design program the choice was made to calculate 
GaN FETs, and split the losses into conduction and 
switching. The conduction loss is calculated by using the on 
resistance of the device ( , ) and multiply it by the 
current through the device squared as 
 	 , , (7) 

The switching loss can be split into four different parts: 
the switch on loss, the switch off loss, the output capacitance 
loss and the loss occurring from the capacitance of the 
switching node, which here will be taking as the output 
capacitance of the other switch in the half-bridge. The switch 
on loss is calculated using (9) from [11] and is given as 
 2

2 , 
(8) 

and the switch off loss is calculated as 
 2

2 . 
(9) 

On top of the switching losses there will also be losses in 
the output capacitor and the switching node capacitance [12]. 
Both of these losses can be calculated the same way as 
 , (10) 

and 
 , (11) 

where the parameters used in (8), (9), (10) and (11) are 
explained in Table 1. The parameters are a combination of 
datasheet values and system values. The loss calculation can 

Figure 4: Example of a way to visualize the choice of switching devices. 

Table 1: Parameters used in (8), (9), (10) and (11) 

Parameter Description 
 Applied voltage across  of the 

transistor 
 Current through the transistor 
 Switching frequency 
 Gate charge required to leave the 

plateau 
 Gate resistor for turn on 
 Gate drive voltage 
 Gate plateau voltage at  

 Gate charge required to reach the 
plateau voltage 

 Resistor equivalent from the common 
source inductor 

 Gate threshold voltage 
 Gate resistor for turn off 
 Output capacitance 



be seen in Figure 4 to the right, where the losses has been 
split in conduction and switching loss. 

D. Choosing capacitors 

Both the input and output capacitor needs to be chosen so 
that the voltage ripple caused due to the charging and 
discharging of the inductor are acceptable, and so that the 
losses in the capacitor also stays low. The capacitance 
needed can be calculated based on the triangular waveform 
of the inductor current seen in Figure 5 middle row to the 
left. The minimum input capacitance ( , ) can thus be 
determined based on 

 , 16	 , , (12) 

where ,  is the allowable voltage ripple. For the output 
capacitor the current waveform is a square, as seen in Figure 
5 middle row to the right, resulting in a minimum output 
capacitance of  
 , 4 , , (13) 

where ,  is the allowable output voltage ripple and  
is the output current. Figure 5 top graphs shows the voltage 
ripple with the chosen capacitance. 

To calculate the loss in the capacitors, first the rms 

Figure 5: Visualization of the waveforms concerning the capacitors. 

Figure 6: Example view of a picture showing all the choices, complete loss in the dc-dc converter and the break-down of the losses 
into individual components. 



current  (I ,  and , ) through them are calculated 
as 
 , 	 √3, (14) 

and by multiplying with the series resistance ( ) the 
loss in the input capacitor is 
 , . (15) 

For the output capacitor the rms current is 
  

 , 1 22 2	 (16) 

and the loss is  
 , . (17) 

The losses of the capacitor can be seen in Figure 5 
bottom graphs. 

III. COMPLETE DESIGN 

Once all of the individual elements has been added to 
program, they can be combined in a complete loss picture as 
shown in Figure 6, where the efficiency is shown along with 
a breakdown of the different elements contribution to the 
losses. The loss breakdown can be viewed at different 
operating condition, giving the means to see what is 
degrading the efficiency at any operating condition. 

With the visual approach two designs can be compared 
side-by-side as shown in Figure 7, to see which design is 
performing best, but also to see what the differences between 
the two designs are.  

IV. CONCLUSION 

This paper illustrates a way to visualize the design 
process of a dc-dc converter, so that a better understanding of 
the different choices / trade-offs of the converter design can 
be gained. Suggestions on how to visualize each component 
design are included, and an example of a gathered program 
that shows all of the choices at once. 
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Abstract—A theoretical loss analysis is presented
for GaN switches, for which conduction and switching
losses are considered, and for planar transformers,
where winding and core losses are considered. The
analysis is then used to make a comparison of the
losses in the partial parallel isolated full bridge boost
converter and the isolated full bridge boost converter.

Index Terms—dc-dc converter, bidirectional, full
bridge boost, partial parallel.

I. Introduction
Renewable energy systems, electrical vehicles and dc

microgrids all require flexible and effective reversible dc
power flows, making bidirectional dc-dc converters essen-
tial [1]–[3]. Often galvanic isolation is a requirement in
order to avoid failures propagating through the system,
which narrows the plethora of bidirectional dc-dc topolo-
gies, and their derivations, down to two common ones;
the dual active bridge (DAB) and the isolated full bridge
boost/buck (IFBB) [4], [5]. The IFBB is the focus of this
paper due to simpler control and ease of calculations than
the DAB. The IFBB is a hard switching topology, which
leads to relatively high switching losses.

High gain is the hallmark of the isolated topologies [6],
and leads to a converter with a high current side, and a
high voltage side. Various techniques have been employed
to handle the high current, for example the method of
directly paralleling semiconductor devices [7]. Paralleling
switches complicates circuit layout, and increases parasitic
inductance around the switches.

In this paper the high current side of the IFBB will
be paralleled, while the high voltage will be connected
in series, leading to the partial parallel (PP) IFBB. The
losses in the GaN switches and the transformers are then
compared.

II. Loss calculation
A. Operation principle

The IFBB converter is shown in Fig. 1, and the PP IFBB
is shown in Fig. 2. The two topologies have in common
the inductor on the low voltage side and the switches on
the high voltage side. Since these are common for the two
topologies, their losses will be neglected in this analysis.
The switches in the red box of Fig. 2 carry half the current

than those in Fig. 1, but due to a difference in turns
ratio between the transformers the same voltage will be
seen across the switches on the low voltage side. For the
transformers in the blue box of Fig. 2, the current is half
of that of Fig. 1, while the voltage on the high voltage
side is half for one of the transformers in Fig. 2, giving
the same total voltage across both of them as that of the
transformer in Fig. 1.

B. Losses in the switches
The losses in the switches can be divided into two

categories: switching and conduction losses. The switching
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Fig. 1: The isolated full bridge boost converter. The boxes
indicates components that are compared.
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losses can be split up into turn-on (Pton) and turn-off
(Ptoff) losses, output capacitance loss (Poss), gate charge
loss (PG), reverse conduction loss (PSD), and reverse recov-
ery loss (PRR). Reference [8] has a derivation of the losses,
which is only summarized here. The total switching losses
thus becomes

Psw = Pton + Ptoff + Poss + PG + PSD + PRR. (1)

The turn-on losses are calculated as

Pton = VBUSIDSfsw

2

QGDRGon

VDR − Vpl
+ QGS2 (RGon +RCSI)

VDR −
(
Vpl+Vth

2

)
 ,

(2)
where
VBUS: Voltage across the device when the device is off.
IDS: Current through the device when the device is

on.
fsw: Switching frequency.

RGon: Gate on resistance (small internal resistance plus
any externally placed resistor).

QGD: Charge required to into the gate to change the
drain voltage down from blocking state to near
zero.

VDR: Gate drive voltage.
Vpl: Gate plateau voltage at QGD.

QGS2: Charge required to increase gate voltage from
the stated threshold voltage of the device to the
plateau voltage.

Vth: Gate threshold voltage.
RCSI: Equivalent impedance of the common source in-

ductance. Since this is layout dependent it will
be set to zero for the comparison, but it should
be noted it has a significant contribution to the
switching losses.

The values corresponding to the system parameters can
be found in Table I, while the parameters that are device
specific can be found in the corresponding datasheet (the
typical value has been used).

Next the turn-off losses are calculated as

Ptoff = VBUSIDSfsw

2

QGDRGoff

Vpl
+ QGS2 (RGoff +RCSI)(

Vpl+Vth
2

)
 ,

(3)
where RGoff is the gate off resistance (small internal
resistance plus any externally placed resistor).

The loss in the output capacitance can be calculated as

Poss = fswEoss = fsw

∫ VBUS

0
vDSCoss (vDS) dvDS, (4)

where vD̊S is the drain source voltage and Coss is the
output capacitance at a given vDS.

The gate charge loss is calculated next as

PG = QGVDRfsw, (5)

where QG is the gate charge.

PSD is zero because of the topology, which has no
periods of reverse conduction for the primary switches.
PRR is zero because GaN devices have no reverse recovery
charge.

Next the conduction losses in the switches are calculated
as

Pc = I2
DS,rmsRDS,ON, (6)

where RDS,ON is the drain source on resistance and IDS,rms
is the rms current through the device. For both the IFBB
and the PP IFBB IDS,rms is given as

IDS,rms =

√(
I2
L
4 + ∆I2

L
48

)
(3 − 2D), (7)

where IL is the current through the inductor, ∆I is the
ripple in IL and D is the duty cycle of the switches. D is
calculated as

D = 1 − VLn

2VH
, (8)

where VL is the low side voltage, VH is the high side
voltage and n is the turns ratio between the primary and
secondary side of the transformer.

The losses in the IFBB can be expressed as PIFBB =
4Psw + 4Pc, and for the PP IFBB it can be expressed as
PPPIFBB = 8Psw + 8Pc. Here it is important to remember
that the current in each switch of the PP IFBB is half
of that of the IFBB. The calculations of the losses have
been done using GaN switches operating close to their
maximum voltage and current ratings, i.e. different kind
of switches have been used for the PP IFBB (EPC2035)
and the IFBB (EPC2020).

The systems specifications can be seen in Table I, and
the calculated losses are shown in Fig. 3. Fig. 3a shows that
the switching losses for the PP IFBB is higher than for the
IFBB, but they are negligible compared to the conduction
losses. Fig. 3b shows that the conduction losses are much
higher than the switching losses, and that the losses are
double for the IFBB compared to the PP IFBB.

C. Losses in transformer
The transformer losses are split into two: core and

winding losses. To calculate either of them the first step is
to calculate how many turns the transformer should have.
For both of the considered topologies the first calculation
is to determine the worst case volt seconds (Vs) that the
transformer will experience as

Vs = VH (1 −D)
fswn

, (9)

TABLE I: System specification

Parameter Value Parameter Value

VL 2 V to 22 V IDS,IFBB 1 A to 70 A
VH 48 V to 60 V IDS,PP IFBB 0.5 A to 35 A
VBUS 24 V to 30 V ∆IDS,IFBB 20 A
D 0.5 to 1 ∆IDS,PP IFBB 10 A
fsw 50 kHz Device IFBB EPC2020
n 2 Device PP IFBB EPC2035
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Fig. 3: Loss for the primary switches, with switching losses
shown in (a) and conduction losses shown in (b).

where the worst case is experienced as the highest Vs. Next
the number of primary turns (Np) can be calculated as

Np = Vs

∆BAe
, (10)

where ∆B is double the peak flux (Bpk) that will stay
below core saturation and Ae is the effective area of
the core. In case a fractional number is calculated, it is
rounded to the next integer in order to physically be able
to built it. This rounding of the number of turns leads to
a decrease in the flux, which is therefore recalculated with
the chosen number of turns as

∆Bactual = Vs

NpAe
. (11)

The core losses per volume (Pv) can be calculated based
on the Steinmetz [9] equation

Pv = KfαswB
β
pk, (12)

where K, α and β are material constants found in the
datasheet for the materials. The core losses for the chosen
core shape and material can then be found as

Pcore = PvVe, (13)

where Ve is the effective volume of the core.
The windings are made with planar magnetics, where

each turn is made with a layer taking up the full breadth
of the core window. The dc resistance (Rdc) per layer/turn
is thus calculated as

Rdc = ρ
l

Ac
, (14)

where ρ is the resistivity of copper, l is the mean turn
length of the turn and Ac is the area of the conductor.
From this the ac resistance (Rac) for planar magnetics,
can be found through Dowell’s equation [10]–[12], which
is expressed as

Fr = Rac

Rdc
= ξ

2

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

cosh ξ + cos ξ

]
,

(15)
where ξ is the ratio of the height of the copper (h) to the
skin depth of the material (δ), and m is defined as the
ratio in

m = F (h)
F (h) − F (0) , (16)

where F (h) and F (0) are the magneto motive forces
(MMFs) at the limits of a layer. With no interleaving of
the primary and secondary layers m will get as high as
the number of primary or secondary layers, while with full
interleaving m is equal to 1, and with other interleaving
techniques m can be lower [13]. In general Rac can be
calculated as

Rac =
∑
layers

Fr,layer(m)Rdc,layer, (17)

which simplifies to

Rac = NpFrRdc, (18)

if the layers has the same Rdc and Fr. The rms current
through the transformer is

ITp,rms =

√(
2I2

L + ∆I2
L

6

)
(1 −D). (19)

Since no dc current is running in the transformer, the
winding losses can be calculated as

Pwinding = I2
Tp,rmsRac. (20)

For the comparison of transformers some additional
assumptions beyond Table I has been used as follows

• The transformer is based on planar design with
cores EELP and EILP 14 to 102.

• Core materials are N49, N87, N92 and N97.
• To have n equal to two for both topologies the

PP IFBB has two transformers with n = 1 giving
a total of n = 2.

• Full interleaving is done for the transformers
(m = 1).

• Copper thickness of the layers is double in the
IFBB compared to the PP IFBB, since it has to
handle twice the current.

• ∆B is the same for the two transformers in the
PP IFBB as in the IFBB.

• Only included cores, where the required number
of turns has fitted in the core shape

• IL is 70 A.
Fig. 4 and Fig. 5 show the core and winding losses, and

the volume of the core and the total losses, respectively.
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Fig. 4: Calculations on the losses of the transformers in the PP
IFBB (a), and the transformer IFBB (b).
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Fig. 5: Calculations on the losses versus volume of the trans-
formers in the PP IFBB (a), and the transformer IFBB (b).

The color of each legend element in each plot is the
same core type, while the shape of the legend element
is a different core material. Fig. 4 shows that the core
losses for the PP IFBB are twice that of the IFBB, which
is due to the two topologies having the same ∆B in
each core, but there being two of them in the PP IFBB.
The winding losses seem to be almost the same for the
two configurations, which is due to the double copper
thickness of the IFBB, reducing the resistance that the
double current runs through. The total losses for both
topologies are comparable for small core sizes, while the
total losses are much higher for the PP IFBB if larger
cores are considered, which is due to the small core losses

for small cores and bigger core losses for bigger cores.

III. Conclusion
With the choice of letting the GaN switches be driven

close to their maximum current, the conduction losses in
the switches of the PP IFBB turns out to be half that of
the IFBB. Meanwhile switching losses is slightly higher for
the PP IFBB, but the switching losses is ten times lower
than the conduction losses. So when only considering the
switches losses, the PP IFBB is an improvement over the
IFBB.

Because of the choice that the copper is twice as thick
in the IFBB compared to the PP IFBB, and that the same
∆B is used for both the transformers in the PP IFBB, the
losses in the two topologies are almost the same. Therefore
the PP IFBB is a good candidate to avoid handling the
high currents that can be present in the IFBB.
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Abstract—PCB layout for Gallium Nitride (GaN) transistor
power loops are critical for achieving a stable operation in
power converters. Optimal design should minimize the parasitic
inductance as well as provide a low thermal resistance for heat
dissipation. A multi-physic evaluation of performance between
different PCB designs are made and a novel layout is proposed in
this paper. The parasitic inductance and heat distribution of each
layout are compared. The parasitic inductance is obtained from
the oscillation frequency of the transistor drain-source voltage
ringing. The thermal comparison is done with a combination
of measurements and calculations. To ensure identical operating
conditions, the buck converter adopts a modular design idea,
where the plug-in totem poles of different designs are placed on
the same motherboard. An optimized strategy for GaN transistor
layout is given.

Index Terms—Gallium Nitride; PCB layout; parasitic induc-
tance; thermal analysis; multi-physic simulation.

I. INTRODUCTION

GaN transistor has been introduced as a promising solu-

tion for high power density converter design [1] [2]. High

frequency switching largely shrinks the volume of the con-

verter passive components. However, at the same time, GaN

transistor application introduces challenges in PCB layout [3] .

Parasitic inductance from the PCB tracks will add considerate

ringing to the transistor gate-source and drain-source voltage

during the switching transients. Compared with Silicones and

Silicone Carbide (SiC) transistor, GaN transistors are more

vulnerable to voltage overshoot for the limited voltage rating

and gate threshold. As a result, PCB layout for GaN transistor

must be optimized to minimize the parasitic loop inductance

[4].
The gate loop and the power loop of GaN transistor are

the two critical loops considered for layout optimization [5].

For the optimal gate layout design, loop inductance must be

minimized to avoid gate over voltage during turn-on transient

and unintentional triggered-on during turn-off transient [6]

[7]. The phenomenon of gate unintentional triggered can be

further suppressed by applying negative gate voltage, while

extra reverse conduction loss is introduced [8] [9]. Moreover,

cross talk in GaN transistor totem pole should also be avoided

by low capacitance design in gate loop layout and appropriate

gate resistor selection [10] [11].
The power loop in a GaN transistor totem pole is composed

of two transistors and the paralleled decoupling capacitors,

Q1

Q2

 

 

C switch node

power loop

 

 

Fig. 1. Power loop in totem pole topology.
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Fig. 2. Parasitic impedance in totem pole application.

which is shown in Fig. 1. The key issue of power loop

layout optimization is to minimize the parasitic inductance.

For a general voltage source converter application, the parasitic

impedance in the totem pole is shown in Fig. 2. The switch

node is viewed as a three-port impedance network in this

paper. Parasitic inductance Lp 1 and Lp 2 are conducting

respectively in the two steady-state conduction modes of totem

pole transistors Q1 and Q2. Influence of Lp 1 and Lp 2 is

neglected under most circumstance when a relatively large in-

ductor is series-connected as part of the output filter. Parasitic

inductance Lp h, Lp m and Lp l, shown in Fig. 2, compose the

power loop inductance, which is resonant with the transistor

output capacitor Cp h and Cp l during the switching transient.

The optimal power loop effectively reduces the power loop

inductance and thus reduces the drain-source voltage ringing

during hard switching operation [12] [13] [14]. Several power

loop layout designs have been discussed in [15] [16]. Loop

length minimization and magnetic canceling are applied to

find the optimal layout. A multi-loop method for power loop

layout is proposed in [17] and loop inductance is further
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reduced to 25% of the conventional design. Most of the

earlier researches have focused on the land grid array (LGA)

packaged GaN transistor. Voltage rating of the commercially

available LGA packaged GaN transistors is limited to 350

V. Power loop layout optimization for 650 V rated GaNPX

packaged transistors is rarely mentioned. Moreover, power

dissipation and thermal design are critical in the application

of high power rate GaN transistors. Evaluation of power loop

layout considering both parasitic minimization and thermal

dissipation is absent from the prior-art.

This paper provides a multi-physic evaluation of the dif-

ferent PCB layout designs in GaN transistor applications.

Three conventional layout designs along with one novel min-

imal layout method are introduced in Section II. Section

III elaborates the experimental measurement of power loop

inductance. Comparison of the power loop inductance in

each layout design is given. In Section IV, switching loss

characterization is given with the double pulse test. Thermal

analysis of different layout designs is carried out based on

the loss decomposition and thermal image of modular buck

converter operation. Conclusions are given in Section V.

II. POWER LOOP LAYOUT COMPARISON

A. Design Explanation

Evaluation of low inductance power loop layout is based on

the application of 650 V, 15 A GaN transistor (GS66504B).

The decoupling capacitors adopts the multi layer ceramic

capacitor (MLCC), with a 500 V voltage rating and a 1812

package. Two layer FR4 PCB with the copper thickness of 2
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Fig. 5. Hybrid layout.
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oz is used. Creepage distance is chosen as 0.8 mm for each

design, which applies for the generic PCB design standard

(IPC-2221) at 500 V peak voltage isolation [18].

Lateral layout is shown in Fig. 3, which uses solely top layer

for components placement and PCB layout. Distance between

the decoupling capacitors and transistors is defined by the

galvanic isolation clearance. Power loop length is minimized

in the horizontal dimension. To further minimize the power

loop, vertical layout is shown in Fig. 4. Vertical layout places

the transistors in the top layer and decoupling capacitors in the

bottom layer. Conduction between the two layers is completed

by vias through the whole PCB board. Compared with lateral

layout, power loop length is further reduced. Hybrid layout,

shown in Fig. 5, adopts the idea of magnetic canceling to

minimize the parasitic inductance. Transistors and decoupling

capacitors are placed on the top layer, while the power return

path is placed underneath. The power flow in these two layers



TABLE I
POWER LOOP LAYOUT COMPARISON

Dimensions Lateral space Vertical layer Components placement

lateral layout 15.4 mm×12.0 mm 184.8 mm2 1 one side

vertical layout 12.7 mm×12.0 mm 152.4 mm2 2 double side

hybrid layout 7.9 mm×21.8 mm 172.2 mm2 2 one side

minimal layout 13.5 mm×10.8 mm 145.8 mm2 2 double side
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Fig. 7. Modular buck converter.

are in a reverse direction. Hencem, the magnetic field excited

by the current in these two layers are canceled and the parasitic

inductance is reduced. A minimal layout is proposed in this

paper, shown in Fig. 6. Two transistors are placed on the top

and bottom layer respectively. Decoupling capacitors are also

placed on both sides of the PCB, which helps to further reduce

the power loop length. In the meantime, magnetic canceling

is maintained by the opposite current flow direction in these

two layers.

Power loop layout comparison is shown in TABLE I.

Minimal layout takes the least lateral space and reduces 21 %

lateral space taken compared with the lateral layout. Vertical

layout also reduces 17.5 % of the space taken by the lateral

layout. Both the minimal and vertical uses two sides of PCB to

place component, which calls for challenge in manufacturing.

Lateral space reduction in hybrid layout is not evident.

B. Modular Buck Converter

For comparing the different totem pole layouts, a buck

converter is designed, as shown in Fig. 7. A modular design

is adopted to guarantee identical test conditions for different

layouts. The transistor totem bridge and decoupling capacitors,

along with the gate driver and digital power supply, are

placed on the daughter board. The rest of the buck converter,

including DC bus capacitor and output filter, are placed on the

mother board. Experimental setup is shown in Fig. 8. Digital

controller DSP F28335 is used to apply gate signal via BNC

coaxial cable. Lecroy passive probe (400 MHz band width,

capacitance < 6 pF) is used to accurately measure the voltage

signal. Ground connection of the probe uses the ground clip

to reduce the extra parasitic inductance.

Q1

Q2

 

 

C switch node

power loop

 

 

DSP F28335
Control Board

Mother Board

Daughter Board

Fig. 8. Experimental setup.
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Fig. 9. Ideal waveform of the synchronous buck converter.

III. PARASITIC COMPARISON

A. Parasitic Analysis in Buck Converter

Synchronous buck converter has two operation modes: con-

tinuous conduction mode (CCM) and synchronous conduction

mode (SCM), the ideal waveform of which is shown in Fig.

9. G1 and G2 are the gate signal of the high-side and low-

side transistor. U1, U2 and I1, I2 are the drain-source voltage

and source current of the high-side and low-side transistor

respectively. IL is the inductor current. Influence of the power



TABLE II
POWER LOOP INDUCTANCE COMPARISON

External capacitor Total capacitance Ringing frequency Power loop inductance

lateral layout 970 pF 1301 pF 74.9 MHz 3.47 nH

vertical layout 1020 pF 1351 pF 83.5 MHz 2.69 nH

hybrid layout 970 pF 1301 pF 86.2 MHz 2.62 nH

minimal layout 990 pF 1321 pF 90.8 MHz 2.32 nH

Reverse voltage drop

Low side drain-source 
voltage

High side drain-source 
voltage Ringing frequency

86.2 MHz

Fig. 10. Transistor drain-source voltage during the switching transient.

loop inductance is most evident in the hard switch on transient

of the transistor. During this transient, the energy stored in the

output capacitor of high side transistor is discharged within

the power loop. Power loop inductance is resonant with the

output capacitor of the low side transistor and lead to drain-

source voltage ringing in the low side transistor, which must

be minimized to avoid over voltage. Both the high side and

the low side transistor is soft switched on in SCM. High side

transistor is hard switched on in CCM.

The frequency of the voltage ringing can be calculated as

fsw =
1

2π
√
LtotalCoss

, (1)

where Coss is the output capacitor of the low side transis-

tor and Ltotal is total power loop inductance. It should be

noted that Ltotal is the sum of all the inductive component

along the power loop, including both PCB inductance and

parasitic inductance within the device package. According to

the measured ringing frequency, it is then possible to obtain

this total loop inductance according to equation (1). However,

the GaN transistor has a ultra low output capacitor (33 pF

for the selected transistor at 400 V drain-source voltage). The

frequency of the drain-source voltage ringing can be much

higher than 500 MHz, which calls for difficulty in the practical

measurement (limitation from the bandwidth of the probe and

the oscilloscope).

B. Parasitic Inductance Comparison

To obtain the power loop inductance experimentally, an

external capacitor is parallel connected to the low side transis-

tor. The ringing frequency can be thus lowered and correctly

measured. Furthermore, the parasitic inductance of the ground

clip is decoupled by this external capacitance, which helps to

  

  

UDC Cbus

Q1

Q2

RShunt

L

Fig. 11. Schematic of the double pulse test.

enhance the measurement accuracy. Selection of the external

capacitance is a trade-off between the measurement accuracy

and availability. Measurement accuracy is lowered with a low

external capacitance and too large capacitance will damp out

the voltage ringing. According to the analysis and experiment

comparison, an optimal value of 1nF is selected as the external

capacitor. Multi-layer ceramic capacitor (MLCC) in surface

mount device (SMD) package is used for its ultra low parasitic

inductance.

The measurement of power loop inductance is carried out

in 20 V DC bus condition. External capacitor will largely slow

down the switching transient and a low operating voltage will

protect the half bridge from shoot through. Furthermore, the

frequency of the voltage ringing is not relevant to the bus

voltage, which guarantees the measurement accuracy. Experi-

mental waveform is shown in Fig. 10. Buck converter operates

in CCM and the high side transistor is in hard switching

condition. The test results are summarized in TABLE II. Each

external capacitor is individually measured before mounting

on the PCB. The total parasitic capacitance within the power

loop include the external capacitor, transistor output capacitor

(325 pF at 20 V drain-source voltage) and the parasitic

capacitance of the passive probe (6 pF). Lateral layout has the

largest power loop inductance of 3.47 nH. Vertical and hybrid

layout has similar power loop inductance and each reduces the

power loop inductance by 24 %. The minimal layout has the

lowest power loop inductance, which has a reduction of 33 %

compared with the lateral layout.

IV. THERMAL ANALYSIS

A. Double Pulse Test

For the thermal analysis, the losses at different currents

for the devices need to be known. A general method of

determining the losses is by doing a double pulse test (DPT)

[19]. The DPT circuit is shown in Fig. 11 and the experimental
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Fig. 12. Experimental setup of double pulse test.
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Fig. 13. Experimental waveform of the double pulse test.

setup is shown in Fig. 12. The double pulse tester used has

a shunt resistor in the low side FET current path in order to

measure the current, and adopts the hybrid layout strategy. It

should be noted that the power loop inductance will not affect

the switching loss calculation, which can thus be applied to a

general loss estimation. Fig. 13 shows the current waveform

and the drain-source voltage of the low side switch, and

indicates the two switching moments used to measure the

switching loss. The loss at different currents are shown in

Fig. 14, and it is seen that switch-on has the higher loss than

the switch-off transient.

B. Thermal Analysis

During the transistor operation, heat generated from the

transistor junction is conducted to the PCB thorough the ther-

mal pad of the transistor. Different layout methods varies in the

thermal dissipation capability, which thus lead to difference in

the operating temperature and the maximum switching power.

The thermal evaluation of different layouts is first examined at

a fixed switching condition. Four daughter boards based on the

four layout methods are respectively plugged into the mother

board to be switch at the same condition specified in TABLE

III. Experimental waveform of the modular buck converter

operation is shown in Fig. 15. The modular buck converter

operates in SCM and both transistors in the half bridge are

Fig. 14. Loss characterization from double pulse test.
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reverse conduction soft switch-on
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Fig. 15. Experimental waveform of the modular buck converter.

soft switched on. The total loss in each transistor includes

conduction loss, reverse conduction loss and hard switched-

off loss, which are calculated according to the data sheet from

the manufacturer and the switching loss characterization from

the double pulse test. It should be noted that the low side

transistor has a higher power loss than the low side transistor,

which is resulted from the difference in the reverse conduction

current during the dead time. The thermal test is carried out at

no air flow condition and no heat sink is installed. The room

temperature is measured to be 24 °C.

The thermal distribution of each design during the fixed

power test is shown in Fig. 16. Each result is captured when

the thermal distribution and the transistor case temperature

are stable after the consecutive operation of 5 minutes. The

low side transistor always shows a higher temperature than

the high side transistor, which is resulted from the extra

reverse conduction loss. Minimal layout shows the lowest

temperature, with a 10.5 °C temperature reduction in the low

side transistor compared with the lateral layout. The junction-

ambient thermal resistance of the minimal layout can thus be

estimated to be 29.6 K/W. From the comparison of thermal

image, it should be noted that the thermal distribution in the

minimal layout is more uniform than the other three designs,

which helps to reduce the thermal resistance.



TABLE III
SWITCHING CONDITION FOR THERMAL COMPARISON

input voltage 400V output voltage 200V

output power 300W output current 1.5A

switching frequency 100kHz dead time 100ns

on-state resistance 100mΩ reverse voltage drop 5V

high side transistor loss 1.27W low side transistor loss 1.42W

Lateral layout
(a)

Vertical layout
(b)

Hybrid layout
(c)

Minimal layout (front side)
(d)

Minimal layout (back side)
(e)

Fig. 16. Comparison of temperature distribution in each layout design.

TABLE IV
MAXIMUM POWER CAPABILITY

Lateral layout Vertical layout Hybrid layout Minimal layout

388 W 400 W 430 W 440 W

After the fixed power rate thermal test, each layout design is

then tested to determine the maximum operation power. The

operating condition maintains the same as the fixed power

test and the output power is pushed to the limit restricted

by the junction temperature. The normal operating junction

temperature of the selected GaN transistor is specified as -

55 °C to +150 °C and the junction-case thermal resistance

is specified to be 17 K/W from the transistor data sheet.

Accordingly, the criteria for maximum power rate is defined

when the transistor top-side case temperature 100 °C, which

is a close approach to the junction thermal limit referred from

the thermal model. The result of maximum power test are

summarized in TABLE IV. The minimal design shows the

highest power rate, which can well handle the 440 W buck

converter in SCM operation. The daughter board based on the

hybrid layout shows a similar maximum power rate of 430

W. Lateral and vertical layout can handle 388 W and 400 W

output power respectively.

V. CONCLUSIONS

This paper provides a multi-physic analysis of the power

loop layout in GaN transistor application. Three conventional

layout methods are elaborated. A novel minimal layout method

is proposed in this paper, which can reduce the horizontal

layout space by 21 % compared with the lateral layout. Power

loop inductance in vertical layout is 23.4 % lower than the

lateral layout, which validates the importance of conduction

loop design and decoupling capacitor placement. Power loop

inductance is further reduced in hybrid layout by the magnetic

canceling. The minimal layout has the lowest power loop

inductance of 2.32 nH, which is resulted from the short

conduction loop. Minimal layout can also well handle the

thermal dissipation, junction-to-ambient thermal resistance of

which is calculated to be 29.6 K/W.
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A DC-DC CONVERTER ASSEMBLY  

The present invention relates to a DC-DC converter assembly which comprises a 

DC-DC power converter configured to convert a DC input voltage, supplied by a DC 

input voltage source, into a DC output voltage in accordance with a modulated con-

trol signal. A converter load electrically connected in series with the DC-DC power 5 

converter and the latter comprises a configurable switch network configured to 

switch the DC-DC power converter between first and second operational modes.   

 

BACKGROUND OF THE INVENTION 

Active and passive components of existing DC-DC power converters are subjected 10 

to large voltage and current stresses and large heat dissipation caused by flow of 

power through the power converter and into the converter load. This reduces relia-

bility and lifetime of DC-DC power converters, in particular high power converters, 

and/or requires costly active and passive components that can withstand the high 

currents and/or voltages. Hence, it is desirable to reduce the current stress and/or 15 

voltage stress of active and passive components of DC-DC converters of DC-DC 

converter assemblies for a given or nominal load power. Another disadvantage of 

existing DC-DC converter assemblies that uses series connection of the converter 

load and DC-DC power converter is a lacking support of converter load voltages that 

are both smaller and larger than DC input voltage of the DC-DC power converter. 20 

The latter feature requires that the DC-DC power converter is configured or de-

signed to generate both positive and negative the DC output voltages, and also zero 

for that matter, as discussed in additional detail below.   

 

SUMMARY OF THE INVENTION 25 

A first aspect of the invention relates to a DC-DC converter assembly which com-

prises a DC-DC power converter configured to convert a DC input voltage supplied 

by a DC input voltage source into a DC output voltage in accordance with at least 

first and second modulated control signals, 

- a converter load electrically connected in series with the DC-DC power converter  30 

such that the DC input voltage source supplies power directly to the converter load 

without passing through the DC-DC power converter;   

said DC-DC power converter comprising: 
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- a control circuit configured to adjust the DC output voltage or current in accordance 

with a target DC voltage or a DC target current, respectively, 

- a configurable switch network configured to switch the DC-DC power converter be-

tween:  

- a first operational mode for generating a DC output voltage of a first polarity using 5 

a first current charge path and first current discharge path of the configurable switch 

network to provide a converter load voltage smaller than the DC input voltage, and 

- a second operational mode for generating a DC output voltage of  a second polar-

ity, opposite to the first polarity, using a second current charge path and second cur-

rent discharge path of the configurable switch network to provide a converter load 10 

voltage that is larger than the DC input voltage. 

 

By connecting the converter load of the converter assembly in series with the DC-

DC power converter, the DC input voltage source may supply a majority of the 

power delivered into the converter load, for example more than 50 %, or more than 15 

66 %, or even the substantially entire load power, directly to the converter load. This 

feature serves to markedly reduce the amount of power that is converted or pro-

cessed by, i.e. flowing through, the DC-DC power converter for a given or power de-

livery to the converter load. The ratio between the power supplied directly to the 

converter load by the DC input voltage source and the power flowing through the 20 

DC-DC converter depends on a difference between the desired converter load volt-

age and the DC input voltage where a small voltage difference leads to large portion 

of the converter load is delivered directly by the DC input voltage source as dis-

cussed below with reference to under the appended drawings. 

 25 

For mains connected applications, the DC input voltage may lie between 320 V and 

800 V - for example higher than 565 V. The DC output voltage may be smaller than 

one-fifth or one-tenth of the DC input voltage for example about 48 V for rechargea-

ble battery pack loads. The load power may be larger than 10 kW or larger than 50 

kW.  30 

 

The control circuit may comprise, or form a component or function of, a voltage or 

current output regulation loop, e.g. based on feedback, that is configured to adjust 

the DC output voltage, Vout, or DC output current in accordance with the respective 
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target DC voltage or current, the DC input voltage and DC output voltage. The out-

put regulation loop ensures that the DC output voltage or current is dynamically ad-

justed to maintain a desired or target converter load voltage or current. The output 

regulation loop ensures that a voltage drop across the converter load is relatively 

constant and well defined. The control circuit may apply various known control 5 

mechanisms to the voltage or current output regulation loop such as pulse width 

modulation (PWM), phase shift modulation (PSM) or frequency modulation (FM) of 

the modulated control signal applied to the configurable switch network. 

 

In some embodiments, the control circuit is configured to switch the configurable 10 

switch network between the first operational mode and second operational mode de-

pending on the target DC voltage or target DC current, the DC input voltage and DC 

output voltage.   

   

In some embodiments, the configurable switch network comprises a plurality of in-15 

terconnected individually controllable semiconductor switches configured to: 

during the first operational mode: 

- selectively charge an inductor from the DC output voltage through a first controlla-

ble semiconductor switch in accordance with the first modulated control signal (Ф1)  

and discharge the inductor into the input of the DC-DC power converter in accord-20 

ance with the  second, and complimentary, modulated control signal(Ф2); 

- placing a third controllable semiconductor switch constantly in a non-conducting 

state; and 

during the second operational mode: 

- placing the first and second controllable semiconductor switches constantly in a 25 

conducting state and non-conducting state, respectively, 

- charge the inductor from the DC input voltage through the third controllable semi-

conductor switch in accordance with the one of the first or second complimentary 

modulated control signals  (Ф1, Ф2) and discharge the inductor into the first or sec-

ond polarity output of the DC-DC power converter in accordance with the other one 30 

of first and second complimentary modulated control signals. 
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In some embodiments, the DC-DC power converter comprises: 

 - at least one capacitor connected between the positive input and positive output of 

the DC-DC power converter; or  

- an input capacitor connected between the positive input and negative input of the 

DC-DC power converter and an output capacitor connected between the positive 5 

output and negative output of the DC-DC power converter. 

 

In some embodiments, the DC-DC power converter comprises: 

 - at least one capacitor connected between the positive input and positive output of 

the DC-DC power converter; or  10 

- an input capacitor connected between the positive input and negative input of the 

DC-DC power converter and an output capacitor connected between the positive 

output and negative output of the DC-DC power converter. 

 

In some embodiments, the configurable switch network is electrically connected be-15 

tween an input and an output of the DC-DC power converter. 

 

In some embodiments, the configurable switch network further comprises: 

- a first passive diode connected in series with the inductor and the first controllable 

semiconductor switch between the positive and negative outputs of the DC-DC 20 

power converter to provide, during the first and second operational modes, a first 

charge path for charging the inductor in accordance with the first modulated control 

signal );  

- a second passive diode coupled in series with the inductor and the second control-

lable semiconductor switch to the positive input the DC-DC power converter to pro-25 

vide, during at least the first operational mode, the first discharge path for discharg-

ing the inductor in accordance with the second modulated control signal (Ф1).  

 

In some embodiments, the configurable switch network further comprises: 

- a first active diode, for example comprising a fourth controllable semiconductor 30 

switch, connected in series with the inductor and the first controllable semiconductor 

switch between the positive and negative outputs of the DC-DC power converter to 

provide, during the first and second operational modes, a first charge path for charg-

ing the inductor in accordance with first modulated control signal (Ф1) ;  
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- a second passive diode, for example comprising a fifth controllable semiconductor 

switch, coupled in series with the inductor and the second controllable semiconduc-

tor switch to the positive input the DC-DC power converter to provide, during at least 

the first operational mode, a first discharge path for discharging the inductor during 

the second phase (Ф1) of the modulated control signal. 5 

 

In some embodiments, the DC-DC power converter further comprises: 

- a resonant DC-DC converter stage coupled in series with the positive input the DC-

DC power converter and configured to step-up the DC input voltage with a predeter-

mined boost factor. 10 

 

In some embodiments, the resonant DC-DC converter stage comprises: 

- a first full-bridge or half-bridge rectifier coupled between the DC input voltage of 

the DC-DC power converter and a primary side winding of a transformer; 

- a second full–bridge or half-bridge rectifier coupled between a secondary side 15 

winding of the transformer and the input voltage of the configurable switch network.  

 

In some embodiments, at least one of the converter load and the DC input voltage 

source comprises an inverter, aka DC-AC converter, or a battery pack with a plural-

ity of rechargeable battery cells.  20 

 

In some embodiments, the converter load comprises and the DC input voltage 

source comprises an inverter, aka DC-AC converter, connectable to a single phase 

mains grid or a three phase mains grid. 

 25 

In some embodiments, the DC-DC power converter is configured for bidirectional 

operation to additionally transfer power from the converter load directly to the DC in-

put voltage source without passing through the power DC-DC converter. 

 

A second aspect of the invention relates to a method of supplying power to a con-30 

verter load of a DC-DC converter assembly using a DC-DC power converter, com-

prising: 

- connecting a DC input voltage source to an input of the DC-DC power converter to 

provide a DC input voltage thereto, 
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- adjusting a DC output voltage or current at the output of the DC-DC power con-

verter by a control circuit in accordance with the DC input voltage, the DC output 

voltage and a target DC voltage or target DC current, respectively; 

- selectively switching a configurable switch network of the DC-DC power converter 

between: 5 

- a first operational mode for generating a first polarity DC output voltage to provide 

a converter load voltage smaller than the DC input voltage; and 

- a second operational mode for generating a second polarity, opposite to the first 

polarity, DC output voltage to provide a converter load voltage larger than the DC in-

put voltage. 10 

 

In some embodiments, the method further comprises: 

- during the first operational mode: charge an inductor from the DC output voltage 

through a first controllable semiconductor switch in accordance with a first modu-

lated control signal (Ф1) and discharge the inductor into the input of the DC-DC 15 

power converter in accordance with a second, and complimentary, modulated con-

trol signal(Ф2); 

- switching a third controllable semiconductor switch constantly to a non-conducting 

state; and 

during the second operational mode: maintain the first and second controllable sem-20 

iconductor switches constantly in a conducting state and non-conducting state, re-

spectively, 

- charge the inductor from the DC input voltage through the third controllable semi-

conductor switch in accordance with the first modulated control signal (Ф1, Ф2) and 

discharge the inductor, through the negative output, into the first or second polarity 25 

output of the DC-DC power converter in accordance with the second modulated 

control signal. 

 

BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred embodiments of the invention will be described in more detail in connec-30 

tion with the appended drawings, in which:  

FIG. 1 is a block diagram of an exemplary DC-DC converter assembly in accord-

ance with various embodiments of the invention, 
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FIG. 1A schematically illustrates different exemplary embodiments of a DC-DC con-

verter assembly as disclosed herein, 

FIG. 2 shows a schematic circuit diagram of a first embodiment of a DC-DC power 

converter of the DC-DC converter assembly, 

FIG. 3 shows a schematic circuit diagram of the first embodiment of the DC-DC 5 

power converter arranged in a first operational state, 

FIG. 4 shows a schematic circuit diagram of the first embodiment of the DC-DC 

power converter arranged in a second operational state, 

FIG. 5 shows a schematic circuit diagram of a second embodiment of a DC-DC 

power converter of the DC-DC converter assembly, 10 

FIG. 6 shows two plots of various voltages, such the converter load voltage, of the 

DC-DC converter assembly over time, 

FIG. 7 shows a schematic circuit diagram of a third embodiment of the DC-DC 

power converter of the DC-DC converter assembly, 

FIG. 8  shows two plots over time of converter load current, and various voltages, of 15 

the DC-DC converter assembly according to the third embodiment thereof, 

FIG. 9 shows a schematic circuit diagram of a fourth embodiment of the DC-DC 

power converter of the DC-DC converter assembly, 

FIG. 10 shows plots over time of converter load current, and various converter volt-

ages, of the DC-DC converter assembly according to the fourth embodiment thereof; 20 

and 

FIG. 11 shows plots of respective control signals over time of a plurality of controlla-

ble semiconductor switches of the configurable switch network of the DC-DC power 

converter according to the fourth embodiment thereof.  

 25 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

The following section describes various exemplary embodiments of the present DC-

DC converter assembly with reference to the appended drawings. The skilled per-

son will understand that the accompanying drawings are schematic and simplified 

for clarity and therefore merely show details which are essential to the understand-30 

ing of the invention, while other details have been left out. Like reference numerals 

refer to like elements or components throughout. Like elements or components will 

therefore not necessarily be described in detail with respect to each figure. It will fur-

ther be appreciated that certain actions and/or steps may be described or depicted 
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in a particular order of occurrence while those skilled in the art will understand that 

such specificity with respect to sequence is not actually required.  

 

FIG. 1 shows a schematic diagram of an exemplary DC-DC converter assembly 100 

in accordance with the invention. The DC-DC converter assembly 100 comprises a 5 

DC-DC power converter 101 which converts a certain portion or percentage of a 

load power supplied to a converter load 110 (Load/Source), while a DC input voltage 

source or current source 120 (Source/Load) supplies the residual portion of the load 

power directly to the converter load 110 without passing through the DC-DC power 

converter 101. The direct supply of load power to the converter load 110 is achieved 10 

because the converter load 110 is electrically connected between a positive input 

103 and positive output 108 of the DC-DC power converter 101 - for example via an 

electrical wire or conductor 112. This load connection arrangement connects the 

converter load 110 in series with the DC-DC power converter 101 instead of the tra-

ditional parallel connection of the converter load to the positive and negative outputs 15 

108, 107. In some embodiments of the DC-DC converter assembly 100, the load 

power delivered directly to the converter load 110 by the DC input voltage source 

120 may be markedly larger than the load power delivered by DC-DC power con-

verter 101 - for example at least 2, 3, 5 or 10 times larger depending on design de-

tails, requirements to the converter load voltage and the DC input voltage supplied 20 

by DC input voltage source 120 and certain performance requirements of the DC-

DC converter assembly 100.  

 

The reduction of power delivery by the DC-DC power converter 101 may leads to 

considerable reduction in size and costs of the DC-DC power converter 101 at a 25 

specified load power. The reduced power delivery requirements to the DC-DC 

power converter 101 entail further advantages such as increased reliability because 

voltage stress and heat dissipation of active and passive components of the DC-DC 

core 102 are reduced and also lower component costs. The overall energy/power ef-

ficiency of the DC-DC converter assembly 100 is also increased because the DC-30 

DC power converter 101 converts less power that reduces power losses within the 

converter core 102. The DC input voltage source 120 is preferably connected be-

tween a positive input 103 and negative input 104 of the DC-DC power converter 

101. The negative input 104 may for example be connected to a ground potential of 
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the DC converter assembly 100 and a negative output 107 also connected to the 

ground potential.  

 

The DC-DC power converter 101 additionally comprises a control circuit 113 config-

ured to adjust the DC output voltage, Vout, at the output terminal 122 in accordance 5 

with a target DC voltage, Vref, or equivalent adjusting a DC output current flowing 

through the output terminal 122 in accordance with a target DC current. The control 

circuit 113 preferably forms a component or function of a voltage or current feed-

back regulation loop that is configured to adjust the DC output voltage, Vout, or DC 

output current in accordance with the respective target DC voltage or current 111c, 10 

the current DC input voltage Vin and current DC output voltage Vout. The control cir-

cuit 113 generates a set of control signals 111 which controls the respective state 

switching of a plurality of controllable semiconductor switches of the DC/DC core 

and sets a switching frequency of the DC-DC power converter 101, for example a 

frequency between 10 kHz to 1 MHz as discussed in additional detail below. The 15 

skilled person will understand that control circuit may use various types of modula-

tion of the modulated control signal or signals 111 such a PWM, PSM, PDM or FM.  

 

The target DC voltage, Vref, preferably represents a desired converter load voltage, 

Vload, and the control circuit 113 is configured to monitor or determine the DC out-20 

put voltage, Vout, and the DC input voltage, Vin, to make appropriate adjustment of 

the converter load voltage, Vload, because the latter voltage is the difference be-

tween Vin and Vout due to the series connection of the converter load 110 and the 

DC-DC power converter 101 in the converter assembly 100. The control circuit 113 

is preferably configured to seamlessly and dynamically, under normal operation of 25 

the assembly 100, switch between the first operational mode and the second opera-

tional mode of the power converter 101 depending on a target converter load volt-

age Vload and the current DC input voltage Vin. 

 

The skilled person will appreciate that some embodiments of the DC-DC power con-30 

verter 101 may be unidirectional where power only can be transferred from the 

source 120 to the converter load 110. Such unidirectional DC-DC converters may 

comprise a passive rectification circuit. Alternative embodiments of the DC-DC con-

verter 101 may be bidirectional enabling power transfer from the source 120 to the 
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load 110 and vice versa depending on a suitable control mechanism applied to an 

active rectification circuit on the secondary side as described in additional detail be-

low. In the latter embodiments, the skilled person will understand that the role of the 

DC input voltage source 120 and the converter load 110 in practice may be inter-

changed when the DC-DC power converter 101 operates in reverse mode where the 5 

DC input voltage source 120, as indicated by the “Load” designation receives power 

from the converter load 110 which therefore also is indicated as “Source”. This fea-

ture is particularly advantageous for example where the converter load, or the DC 

input voltage source 120, comprises a battery pack 120c, e.g. including a plurality of 

rechargeable battery cells. In the latter embodiment, energy stored in the battery 10 

cells may be supplied to the converter load, e.g. an AC motor of an EV, and energy 

generated by the AC motor in reverse operation e.g. a regenerative mode, may be 

used to charge the battery cells. The DC input voltage source may comprise a two-

phase or three-phase grid-connected inverter 120a and/or the converter load 110 

may comprise an energy storage unit such as a rechargeable battery stack or pack-15 

age comprising a plurality of series connected rechargeable battery cells or a fuel 

cell etc. The converter load 110 may alternatively comprise a regenerative fuel cell 

(RFC) or a grid-connected inverter such that the grid acts as a converter load and 

the energy storage unit may deliver power/energy to the grid for example for grid 

stabilization purposes or deliver power/energy to AC loads such as dishwashers or 20 

washing machines. 

 

The absolute value of the DC output voltage Vout, as set by the control circuit 113, 

may be significant smaller than the absolute value of the DC input voltage, Vdc, sup-

plied by the DC input voltage source 120 at the positive and negative inputs 103, 25 

104, of the DC-DC power converter 101. This feature ensures that the majority of 

the load power is supplied by the DC input source 120 as illustrated by the quantita-

tive example below.  

 

One exemplary embodiment of the DC-DC converter assembly 100 may be de-30 

signed or constructed using the following constraints and target performance: 

Vdc > Vload Vdc < Vload  

Vdc = 50V Vdc = 46 V  
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Vload =48V Vload = 48V  

Pload:= 1kW Pload:= 1kW  

lload = 1 kW/48V = 20.83 A  lload = 1 kW/48V = 20.83 A   

Vout = Vdc - Vioad = 50V-48V = 2V Vout = Vdc - Vioad = 46 V - 48V = - 2V  

Iout = lload = 20.83A Iout = lload = 20.83A  

Pconverter = Vout * lout = 2V * 20.83 

A = 41.67 W  

Pconverter = Vout * lout = - 2V * 20.83 

A = 41.67  W 

 

Fsw = 100 kHz.   

Inductance of Inductor L = 1 microH   

Table 1. 

 

Consequently, in the above design example of the DC-DC converter assembly 100 

the DC input voltage source Vdc supplies about 958 W directly to the converter load 

110 while the residual 42 W of the total 1 kW load power is supplied by the DC-DC 5 

power converter 101. Hence, demonstrating a marked reduction of power supplied 

by or through the DC-DC power converter 101 compared to conventional solutions 

where the converter load is coupled in parallel to the output of DC-DC power con-

verter 101.  

 10 

The skilled person will understand that the design specification of the above-men-

tioned exemplary embodiment of the DC-DC converter assembly 100 requires that 

the DC-DC power converter 101 is configured to, or capable of, generating a posi-

tive DC output voltage Vout in order to supply a converter load voltage Vload that is 

smaller than the DC input voltage, equal to Vdc, of the DC-DC power converter 101. 15 

However, the design specification additionally requires that the DC-DC power con-

verter 101 is configured to, or capable of, generating a negative DC output voltage 

Vout in order to supply a converter load voltage Vload that is larger than the DC in-

put voltage, equal to Vdc, of the DC-DC power converter 101. This feature implies 

that the DC-DC power converter 101 is capable of operating in boost mode as well 20 

as buck mode which on one hand improves the flexibility of the converter assembly 

100 and on the other hand for certain cases, the rated power of the DC-DC power 

converter 101 can be halved compared to a corresponding power converter which 

only functions where the converter load voltage Vload is smaller than the DC input 
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voltage. Several DC-DC power converter embodiments or topologies with this ad-

vantageous boost mode and buck mode capability is discussed below in detail.   

 

FIG. 1A schematically illustrates different exemplary embodiments of a DC-DC con-

verter assembly as disclosed herein. Shown are four different exemplary serial cou-5 

plings between power converter and load. 

 

FIG. 2 shows a simplified circuit diagram of a first embodiment of the DC-DC power 

converter 101 of the DC-DC converter assembly 100 without details of the control 

circuit 113 for brevity. The converter load, Rload, and DC input voltage source/gen-10 

erator Vdc associated with the converter assembly 200 are included as well to clarify 

the interconnections. The DC-DC power converter 201 comprises a configurable 

switch network electrically connected between the positive input Vin + and the posi-

tive output, Vout +, of the DC-DC power converter 201. The configurable switch net-

work comprises a plurality of interconnected individually controllable semiconductor 15 

switches S1, S2 and S3 that are switched between conducting and non-conducting 

states, i.e. between on and off, by respective control signals Control S1-3 connected 

to respective gate, or similar device control terminals, supplied by the previously dis-

cussed control circuit via a bus or set of wires 211 of the power converter 101. Each 

of the controllable semiconductor switches S1, S2 and S3 may comprise a bipolar 20 

transistor or a FET such as a MOSFET or an IGBT. The configurable switch network 

comprises an inductor L1 with one end connected to a drain or source terminal of S3 

and to the cathode of diode D1. The other end of the inductor L1 is connected to the 

drain of S1 and anode of the diode D2. S3 is connected between the cathode of D1 

and the positive DC input of the power converter 101. The configurable switch net-25 

work preferably also comprises an output smoothing capacitor C1 connected from 

the DC output Vout to a neutral or ground rail 204 of the power converter 101 and 

an input smoothing capacitor C2 connected from the DC voltage input Vin to the 

neutral or ground rail 204.  

 30 

The control circuit is configured to, via the control signals Control S1-3, switch the 

configurable switch network between a first operational mode and a second opera-

tional mode depending on the target or desired converter load voltage Vload, the DC 

input voltage and DC output voltage. The control circuit is configured or designed to 
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select the first operational mode where the converter load voltage Vload is smaller 

than the DC input voltage which implies Vout is a positive voltage relative to circuit 

ground. 

 

FIG. 3 shows a an equivalent circuit diagram of the DC-DC power converter 201 ar-5 

ranged in the first operational mode where the third controllable semiconductor 

switch S3 is switched constantly to its off/non-conducting state, i.e. an open connec-

tion. The gate terminals of the first and second controllable semiconductor switches 

S1, S2 are driven by Control S1 and S2, respectively, which are complementary of 

the modulated control signal - for example PWM modulated control signals to pro-10 

vide duty-cycle based adjustment of Vout. Thereby, in the first operational mode of 

the configurable switch network the inductor L1 is charged from Vout through the 

first controllable semiconductor switch S1, and through the forward biased diode D1, 

in accordance with  the first control signal PWM1 or (Ф1) of the complementary 

modulated control signals PWM1, PWM2. When the second control signal PWM2, 15 

which is complementary of PWM1, is active or logic high switch S1 is non-conduct-

ing while switch S2 is switched to its on/conducting state such that the current flow-

ing through the inductor L1 is redirected into the positive input 203 of the DC-DC 

power converter 101 by passing through the conducting, and therefore low-re-

sistance, state of S2. Accordingly, power is transferred from the output 208 to the in-20 

put 203 of the DC-DC power converter 201 in its first operational state. A more de-

tailed explanation of the use of a first current charge path and current discharge 

path in the first operational state of the exemplary that may be identical to the third 

embodiment of the DC-DC power converter 701 follows here: 

If the DC input voltage Vdc > Vload, the DC-DC power converter 701 operates in 25 

boost mode corresponding to the first operational mode. The configurable switch 

network comprises five individually controllable semiconductor switches S1, S2, S2’, 

S3 and S4 in the present embodiment of the power converter 701 while other em-

bodiments may comprise fewer or additional controllable switches. Switches S3 and 

S4 are driven by complementary gate control signals that are preferably supplied by 30 

the control circuit such that switch S4 is always ON or conducting, and switch S3 is 

always OFF during the first operational mode. Switches S1 and S2 are driven by the 

complementary PWM gate control signals while switches S2 and S2’ have the same 
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modulated gate control signals. The analysis below is based on inductor current 

continuous conduction mode (CCM) of the DC-DC power converter 701. 

When the load current Iload is negative, i.e. discharging the battery load through 

DC-DC power converter 701 to the DC input voltage source Vs, the control circuit 

turns on switch S2 and switch S2 - Thereby, inductor L1 is charged via the first cur-5 

rent charge path. Thereafter, the control circuit turns off switches S2 and S2’, which 

induces an inductor current that is freewheeling through the first discharge current 

path through switch S1 and the DC input voltage Vin supplied by DC input voltage 

souce Vs is bucked down to the DC output voltage Vout. The first charge current 

path and discharge current paths are schematically illustrated by Figs. 13A, B below 10 

albeit only the current paths inside the DC-DC power converter 701 are illustrated 

for simplicity. 

  

Vout

S2

S3

S1

+

-

VS

+ Vload
-

C1
C2

L1

S4

S2'

 

Fig. 13A Switches S2, S2’, S4 are ON while switches S1 and S3 are OFF. 

 15 
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+ Vload
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C2
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S4

S2'

 

FIG. 13B: S1 and S4 are ON while switches S2, S2’ and S3 are OFF. 

 

FIGS 13A, B show current charge and discharge paths when the load current Iload 

is negative. 5 

 

When the load current Iload is positive in the first operational mode of the power 

converter 701 and assembly, i.e. charging the exemplary rechargeable battery pack 

load through DC-DC power converter 701 from the DC input voltage source Vs, the 

control circuit turns on switch S1 and the inductor L1 is charged through a third cur-10 

rent charge path. The control circuit thereafter turns off switch S1 and turns on 

switches S2 and S2’ which lead the inductor current to be discharged through a third  

current discharge path including the conducting switches S2 and S2’. This in turn 

also boost the voltage up from Vout to Vs. These current charge and discharge 

paths are shown on FIG. 14A, B albeit only the current paths inside the dc-dc power 15 

converter 701 are illustrated for simplicity. 
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FIG. 14 A on top:  S1 is ON.                                                

FIG.14B below: S2 and S2’ are ON and S4 is ON. 5 

 

Fig. 14A, B: Charge and discharge current paths when the load current is positive. 
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If the DC input voltage Vs is smaller than the converter load voltage Vload, the con-

trol circuit switches the DC-DC power converter 701 into the second operational 

mode which may be buck-boost mode. Switches S3 and S4 are driven by the com-

plementary modulated, e.g. PWM, control or gate drive signals. Switches S1 and S2 

are driven by complementary modulated control or gate drive signals. Switches S2 5 

and S2’ are driven by the same gate driving signals. Switch S1 is preferably always 

ON during the second operational mode of the power converter while switches S2 

and S2’ are preferably always OFF or non-conducting during the second operational 

mode. The analysis below is based on a preferred inductor current continuous con-

duction mode (CCM) of the power converter 701.  10 

 

When the load current Iload is negative, i.e. discharging the rechargeable battery 

pack or cell based converter load through DC-DC converter 701 to Vs, the control 

circuit is configured to turn ON switch S4 such that inductor L1 is charged through a 

second current charge path. The control circuit subsequently turns off switch S4 and 15 

turns on switch S3 which leads to a discharge of the inductor current through a sec-

ond discharge path as illustrated on FIG. 15 . At the same time the inductor dis-

charge current charges capacitor C2 from top to bottom. The current paths are 

shown in Fig. 15A, B albeit only the charge and discharge current paths inside the 

dc-dc converter 701 are illustrated for simplicity. 20 
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Fig. 15A - S4 is on 
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Fig. 15B - S3 is on 

 

Fig. 15A, B: Charge and discharge current paths in the second operational mode 

when the load current Iload is negative. 5 

 

When the load current is positive, i.e. charging the battery through dc-dc converter 

from Vs, turns on S3 and L1 is charged; then turns off S3, and turns on S4, inductor 

current is discharged S4 and charges capacitor C1 (from bottom to top). The current 

paths are shown in Fig. 4 (only the current paths in the dc-dc converter are given) 10 
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FIG. 16 A: S3 is on 
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FIG. 16B: S4 is on 

 

FIG. 16A, B: Charge and discharge current paths in the second operational mode 

when the load current Iload is positive. 

 5 

Going back to the DC-DC power converter of FIG. 3 and FIG. 4, the control circuit is 

configured or designed to select the second operational mode where the converter 

load voltage Vload is larger than the DC input voltage, which implies Vout is a nega-

tive voltage relative to circuit ground 204. 

 10 

FIG. 4 shows an equivalent circuit diagram of the DC-DC power converter 201 ar-

ranged in the second operational mode where the first controllable semiconductor 

switch S1 is switched constantly to its on/conducting state, i.e. effectively acting as a 

short. The second controllable semiconductor switch S2 is switched constantly to its 

off/non-conducting state, i.e. effectively acting as an open circuit. The gate terminal 15 

of the third controllable semiconductor switch S3 is driven by Control S3 that is one 

of the complementary modulated control signals PWM1, PWM2 of the previously 

discussed modulated control signal. Thereby, in the second operational mode of the 

configurable switch network, when the switch S3 is on the inductor L1 is charged 

through a first current charge path running from the DC input voltage Vin through the 20 

small on-resistance of S3, and through the conducting switch S1. When the switch 

S3 is switched to its off/non-conducting state the current flowing through the inductor 

L1 is redirected, or discharged through a first current discharging path running 

through the ground connection 204 into the output capacitor C1 and into the positive 

output 208 of the DC-DC power converter as illustrated by current flow path IL1 so 25 

as to decreased the DC output voltage Vout. Accordingly, power is transferred from 

the input 203 to the output 208 of the DC-DC power converter 201 in its second op-

erational state and the power converter is operated in boost-buck mode. 

 

FIG. 5 shows a simplified circuit diagram of a second embodiment of the DC-DC 30 

power converter 101 of the DC-DC converter assembly 100 without details of the 

control circuit 113 for brevity. The converter load, Rload, and DC input voltage 

source/generator Vdc associated with the converter assembly 300 are included as 

well to clarify the interconnections. The functionality and topology of the DC-DC 



P2636EP00 

22 

 

 

power converter 301 is largely identical to the previously discussed DC-DC power 

converter 201 except for the number and coupling of the input and output smoothing 

capacitors C1, C2. The latter smoothing capacitors are replaced by a single so-

called flying capacitor C3 which is interconnected between the input Vin and output 

Vout of the DC-DC power converter 301. 5 

 

The upper plot 602 of FIG. 6 shows a simulation of voltages and currents of the 

above-discussed first embodiment of the DC-DC converter assembly 200 operating 

in the first operational mode where the converter load voltage Vload is smaller than 

the DC input voltage Vin of the power converter 201.  10 

The skilled person will understand that actual component values depend on target 

performance of the DC-DC power converter assembly, in particular current rip-

ple/voltage ripple specifications. However, the switching frequency fsw may be be-

tween 50 and 200kHz, using C1 = C2 = 47µF, L1 = 100µH.  

 15 

As illustrated, the converter load voltage Vload is set to about 38 V and the DC input 

voltage Vin, as supplied by the DC input voltage source Vdc, is about 48 V which 

means that the DC output voltage Vout of the converter is about 10 V in steady state 

operation after initial settling. In some embodiments (with inductor current being 

about 12.8A, Vload being about 39.2V, and Vdcout being about 8.9V), the power de-20 

livery ratio between DC input source and converter output is about 1 to 5. 

 

The lowermost plot 604 of FIG. 6 shows a simulation of voltages and currents of the 

above-discussed first embodiment of the DC-DC converter assembly 200 operating 

in the second operational mode where the converter load voltage Vload is larger 25 

than the DC input voltage Vin of the power converter 201. As illustrated, the con-

verter load voltage Vload is set to about 58 V and the DC input voltage Vin, as sup-

plied by the DC input voltage source Vdc, is about 48 V which means that the DC 

output voltage Vout of the converter is about -10 V in steady state operation after ini-

tial settling. In some embodiments (with inductor current being about 66.8A, Vload 30 

being about 58.2V, and Vdcout being about -10.2V), the power delivery ratio be-

tween DC input source and converter output is about 1 to 6. 
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FIG. 7 shows a simplified circuit diagram of a third embodiment of the DC-DC power 

converter 101 of the DC-DC converter assembly 100 without details of the control 

circuit 113 for brevity. The converter load, Rload, and DC input voltage source/gen-

erator Vdc associated with the converter assembly 700 are included as well to clarify 

the interconnections. The converter load, Rload, may comprise a rechargeable bat-5 

tery bank or stack, Vbat, or similar energy storage element, with a certain internal 

resistance R_bat as schematically illustrated by the diagram. In numerous important 

applications, the DC-DC power converter 701 must support both charging and dis-

charging of the rechargeable battery bank from the DC input voltage source/genera-

tor Vdc as illustrated by bi-directional load/battery current Iload and depending on 10 

the charging state of the battery bank the converter load voltage by be larger or 

smaller than the DC input voltage Vin. Therefore, the DC-DC power converter 701 

supports full bidirectional operation. The functionality and topology of the DC-DC 

power converter 701 is largely identical to the previously discussed DC-DC power 

converter 201 except for a replacement of the diode D1 with a fourth controllable 15 

semiconductor switch S4 in the configurable switch network and replacement of the 

diode D2 with a fifth controllable semiconductor switch S2’. The control circuit is 

modified accordingly to provide respective control signals, Control S1-S4, to gate 

terminals of the switches S1-S4. 

 20 

When the DC-DC power converter 701 operates in its first operational mode, the 

gate terminals of the first and second controllable semiconductor switches S1, S2 

are driven by Control S1 and S2, respectively, which preferably are complementary 

duty cycle modulated control signals while switch S3 resides constantly in its non-

conducting state and switch S4 resides constantly in its conducting state. Switches 25 

S2 and S2’ may have the same modulated control signal and switching pattern, i.e. 

S2 on = S2’ on, S2 off = S’2 off (or alternatively a bit more complex switching S2 is 

constant ON in the first operational mode). S3 is in its constant non-conducting 

mode and S4 should constantly be conducting for L1 to have a charge/discharge 

path. S2 and S2’ is in Fig. 7 connected in common drain, but can also be connected 30 

in common source. This would simplify the control circuit of the two switches, as 

they could share a single isolated gate driver power supply. 
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When the DC-DC power converter 701 operates in its second operational mode, the 

gate terminals of the third and fourth switches S3, S4 are driven by Control S3 and 

S4, respectively, which are complementary phases (Ф1, Ф2) of the previously dis-

cussed modulated control signal while switch S2 resides constantly in its non-con-

ducting state and switch S1 resides constantly in its conducting state. Switch S2’ 5 

should also reside constantly in its non-conducting state (since switch S2 resides 

constantly in its non-conducting state). 

 

The upper plot 802 of FIG. 8 shows a simulation of voltages and currents of the 

above-discussed third embodiment of the DC-DC converter assembly 700 operating 10 

in the first operational mode where the converter load voltage Vload is smaller than 

the DC input voltage Vin of the power converter 701. As illustrated, the converter 

load voltage Vload is set to about 48 V and the DC input voltage Vin, as supplied by 

the DC input voltage source Vdc, is constantly about 50 V which means that the DC 

output voltage Vout of the converter is about 2.5 V in steady state operation after ini-15 

tial settling. The plot of the converter load current Iload, marked by legend Ibat due 

to the battery pack load, illustrates the bidirectional load current supply capability of 

the power converter 701 operating in the first operational mode where Iload in a 

gradual and well-controlled manner changes direction e.g. transits from negative to 

positive over time, i.e. from about – 25 A at t=0 to about +25 A at t= 0.015 s. This 20 

current direction switching capability is controlled by the control circuit (not shown) 

via appropriate control of the respective control signals, Control S1-S4, to the gate 

terminals of the switches S1-S4.  

  

The lowermost plot 804 of FIG. 8 shows a simulation of voltages and currents of the 25 

above-discussed third embodiment of the DC-DC converter assembly 700 operating 

in the second operational mode where the converter load voltage Vload is larger r 

than the DC input voltage Vin of the power converter 701. As illustrated, the con-

verter load voltage Vload is set to about 51.5 –52  V and the DC input voltage Vin, 

as supplied by the DC input voltage source Vdc, is constantly about 50 V which 30 

means that the DC output voltage Vout of the converter is about minus 1.5 V in 

steady state operation after initial settling. . The plot of the converter load current 

Iload, marked by legend Ibat as in plot 802 illustrates the bidirectional load current 

supply capability of the power converter 701 operating in the second operational 
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mode where Iload gradually and well-controlled changes direction e.g. transits from 

negative to positive over time, i.e. from about – 26 A at t=0 to about +26 A at t= 

0.015 s. This current direction switching capability is controlled by the control circuit 

(not shown) via appropriate control of the respective control signals, Control S1-S4, 

to the gate terminals of the switches S1-S4. 5 

 

FIG. 9 shows a simplified circuit diagram of a fourth embodiment of the DC-DC 

power converter 101 of the DC-DC converter assembly 100 without details of the 

control circuit 113 for brevity. The converter load, Rload, and DC input voltage 

source/generator Vdc associated with the converter assembly 900 are included as 10 

well to clarify the interconnections. Compared to the first DC-DC power converter  

embodiment 201 discussed above, the present DC-DC power converter 901 com-

prises an additional resonant DC-DC converter stage or circuit 905 connected in se-

ries with the positive input 903 the DC-DC power converter 901 and preferably in-

front of the configurable switch network which, as in the previously discussed em-15 

bodiments may comprise a plurality of interconnected individually controllable semi-

conductor switches S1, S2 and S3 and diodes D1, D2 or corresponding active di-

odes. Hence, the functionality and topology of the configurable switch network may 

be largely identical to anyone of those of the previously discussed DC-DC power 

converters.  20 

 

The resonant DC-DC converter stage 905 is configured to step-up the DC input volt-

age with a predetermined boost or buck factor or DC amplification which relaxes 

boost or buck factor requirements of the configurable switch network. This allows 

the modulated control signal to operate with a smaller variation of the modulation in-25 

dex relaxing accuracy requirements of the modulated control signals and component 

stresses of active components of the DC-DC power converter 901. 

 

The resonant DC-DC converter stage 905 is preferably configured to operate in so-

called zero voltage switching (ZVS) or ZCS mode at a resonant frequency of a reso-30 

nant tank comprising tank inductances Lr2, Lm and Lr1 and tank capacitors Cr1, 

Cr2. The ZVS or ZCS mode decreases power dissipation of one or more controlla-

ble semiconductor switches S8, S9, S10, S11, such as IGBT switches or MOSFET 
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switches, of a full-bridge, or H-bridge, input driver connected to a primary side wind-

ing of transformer. The transformer may have a step up ratio, n, between 2 and 100 

e.g. between 5 and 25. 

 

The resonant DC-DC converter stage 905 comprises a second H-bridge or full-5 

bridge rectifier comprising controllable semiconductor switches S4, S5, S6, S7  cou-

pled between a secondary side winding of the transformer and an input voltage of 

the configurable switch network across smoothing capacitor C2. The skilled person 

will understand that the configurable switch network may be driven by modulated 

control signals 911 that are identical to those of previously discussed modulated 10 

control signals 111, 211, 311, in particular using the same switching frequency, 

while the resonant DC-DC converter stage 905 may be operated at the same 

switching frequency or at a different switching frequency, in particular a switching 

frequency that maximizes the power or energy efficiency of the resonant DC-DC 

converter stage 905. The switching frequency of the resonant DC-DC converter 15 

stage 905 may accordingly be set to a frequency at, or close to, the resonant fre-

quency of the resonant tank. 

 

The upper plot 1002 of FIG. 10 shows a simulation of load current Iload in the con-

verter load, Rload, in form of one or more rechargeable batteries or a rechargeable 20 

battery pack of the above-discussed fourth embodiment of the DC-DC converter as-

sembly 900 for changing load voltage Vload as illustrated by plot 1004. As illus-

trated, using increasing load current leads to increasing load voltage Vload due to 

the internal resistance of the rechargeable battery or batteries. The increase in load 

voltage Vload results in a lower output voltage. 25 

 

The lower plot 1004 of FIG. 10 shows a simulation of voltages and currents of the 

above-discussed fourth embodiment of the DC-DC converter assembly 900 seam-

lessly and dynamically switching between the first operational mode, where the con-

verter load voltage Vload is smaller than the DC input voltage Vin of the power con-30 

verter 901, and the second operational mode, where the converter load voltage 

Vload is larger than the DC input voltage Vin. As illustrated, Vin remains fixed at 

about 50 V over the plotted time span of about 1 s while the converter load voltage 

Vload, as defined by the previously discussed Vref input to the control circuit 113 
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(refer to FIG. 1) increases from about 38 V at t=0 to 60 V peaking at t=0.7 s. As illus-

trated by plot 1004, the DC output voltage Vout of the converter 901 changes polar-

ity seamless at about t=0.4 S and varies from about from about +15 V at t=0 to 

about – 10 V at t=0.7 s. 

 5 

The upper plot 1102 of FIG. 11 shows the respective control signals Control S1-4 

applied to the individually controllable semiconductor switches S1, S2, S3 and S4 of 

the configurable switch network of the previously discussed third embodiment of the 

DC-DC power converter 701 operating in the second operational mode where the 

converter load voltage Vload is larger than the DC input voltage leading to a nega-10 

tive Vout voltage. As discussed before, in the second operational mode switch S1 is 

constantly arranged in its on/conducting state while switch S2 is constantly in its 

off/non-conducting state as indicated by the respective levels of the control signals. 

The modulated control signal Control S3 is applied to the gate terminal of switch S3 

and a complementary  modulated control signal Control S4/D1 is applied to the gate 15 

terminal of the switch S4.  

 

The lower plot 1104 of FIG. 11 shows the respective control signals Control S1-4 

applied to the individually controllable semiconductor switches S1, S2, S3 and S4 of 

the configurable switch network of the previously discussed third embodiment of the 20 

DC-DC power converter 701 operating in the first operational mode where the con-

verter load voltage Vload is smaller than the DC input voltage leading to a positive 

Vout voltage. As discussed before, in the first operational mode switches S1 and  

S2 are driven by complementary phases (Ф1, Ф2) of the modulated control signals 

Control S1 and S2, respectively. The switch S3 is constantly arranged in its off/non-25 

conducting state and switch S4 is constantly arranged in its on/conducting state as 

indicated by the level of the associated gate control signals S3 and S4/D1, respec-

tively.  

 

 30 
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CLAIMS 
 

1. A DC-DC converter assembly comprising: 

- a DC-DC power converter configured to convert a DC input voltage supplied by a 

DC input voltage source into a DC output voltage in accordance with at least first 5 

and second modulated control signals, 

- a converter load electrically connected in series with the DC-DC power converter  

such that the DC input voltage source supplies power directly to the converter load 

without passing through the DC-DC power converter;   

said DC-DC power converter comprising: 10 

- a control circuit configured to adjust the DC output voltage or current in accordance 

with a target DC voltage or a DC target current, respectively, 

- a configurable switch network configured to switch the DC-DC power converter be-

tween:  

- a first operational mode for generating a DC output voltage of a first polarity using 15 

a first current charge path and first current discharge path of the configurable switch 

network to provide a converter load voltage smaller than the DC input voltage, and 

- a second operational mode for generating a DC output voltage of  a second polar-

ity, opposite to the first polarity, using a second current charge path and second cur-

rent discharge path of the configurable switch network to provide a converter load 20 

voltage that is larger than the DC input voltage. 

 

2. A DC-DC converter assembly according to claim 1, wherein the control circuit is 

configured to switch the configurable switch network between the first operational 

mode and second operational mode depending on the target DC voltage or target 25 

DC current, the DC input voltage and DC output voltage.   

   

3. A DC-DC converter assembly according to claim 1 or 2, wherein the configurable 

switch network comprises a plurality of interconnected individually controllable semi-

conductor switches configured to: 30 

during the first operational mode: 

- selectively charge an inductor from the DC output voltage through a first controlla-

ble semiconductor switch in accordance with the first modulated control signal (Ф1)  
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and discharge the inductor into the input of the DC-DC power converter in accord-

ance with the  second, and complimentary, modulated control signal(Ф2); 

- placing a third controllable semiconductor switch constantly in a non-conducting 

state; and 

during the second operational mode: 5 

- placing the first and second controllable semiconductor switches constantly in a 

conducting state and non-conducting state, respectively, 

- charge the inductor from the DC input voltage through the third controllable semi-

conductor switch in accordance with the one of the first or second complimentary 

modulated control signals  (Ф1, Ф2) and discharge the inductor into the first or sec-10 

ond polarity output of the DC-DC power converter in accordance with the other one 

of first and second complimentary modulated control signals. 

 

4. A DC-DC converter assembly according to any of the preceding claims, wherein 

the DC-DC power converter comprises: 15 

 - at least one capacitor connected between the positive input and positive output of 

the DC-DC power converter; or  

- an input capacitor connected between the positive input and negative input of the 

DC-DC power converter and an output capacitor connected between the positive 

output and negative output of the DC-DC power converter. 20 

 

5. A DC-DC converter assembly according to any of the preceding claims, wherein 

the DC-DC power converter comprises: 

 - at least one capacitor connected between the positive input and positive output of 

the DC-DC power converter; or  25 

- an input capacitor connected between the positive input and negative input of the 

DC-DC power converter and an output capacitor connected between the positive 

output and negative output of the DC-DC power converter. 

 

6. A DC-DC converter assembly according to any of claim 3 - 5, wherein the config-30 

urable switch network is electrically connected between an input and an output of 

the DC-DC power converter. 
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7. A DC-DC converter assembly according to any of claim 3 - 6, wherein the config-

urable switch network further comprises: 

- a first passive diode connected in series with the inductor and the first controllable 

semiconductor switch between the positive and negative outputs of the DC-DC 

power converter to provide, during the first and second operational modes, a first 5 

charge path for charging the inductor in accordance with the first modulated control 

signal );  

- a second passive diode coupled in series with the inductor and the second control-

lable semiconductor switch to the positive input the DC-DC power converter to pro-

vide, during at least the first operational mode, the first discharge path for discharg-10 

ing the inductor in accordance with the second modulated control signal (Ф1).  

 

8. A DC-DC converter assembly according to any of claim 3 - 6, wherein the config-

urable switch network further comprises: 

- a first active diode, for example comprising a fourth controllable semiconductor 15 

switch, connected in series with the inductor and the first controllable semiconductor 

switch between the positive and negative outputs of the DC-DC power converter to 

provide, during the first and second operational modes, a first charge path for charg-

ing the inductor in accordance with first modulated control signal (Ф1) ;  

- a second passive diode, for example comprising a fifth controllable semiconductor 20 

switch, coupled in series with the inductor and the second controllable semiconduc-

tor switch to the positive input the DC-DC power converter to provide, during at least 

the first operational mode, a first discharge path for discharging the inductor during 

the second phase (Ф1) of the modulated control signal. 

 25 

9. A DC-DC converter assembly according to any of claims 3 - 6, wherein the DC-

DC power converter further comprises: 

- a resonant DC-DC converter stage coupled in series with the positive input the DC-

DC power converter and configured to step-up the DC input voltage with a predeter-

mined boost factor. 30 

 

10. A DC-DC converter assembly according to claim 9, wherein the resonant DC-DC 

converter stage comprises: 

- a first full-bridge or half-bridge rectifier coupled between the DC input voltage of 
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the DC-DC power converter and a primary side winding of a transformer; 

- a second full–bridge or half-bridge rectifier coupled between a secondary side 

winding of the transformer and the input voltage of the configurable switch network.  

 

11. A DC-DC converter assembly according to any of the preceding claims, wherein 5 

at least one of the converter load and the DC input voltage source comprises an in-

verter, aka DC-AC converter, or a battery pack with a plurality of rechargeable bat-

tery cells.  

 

12. A DC-DC converter assembly according to claim 11, wherein the converter load 10 

comprises and the DC input voltage source comprises an inverter, aka DC-AC con-

verter, connectable to a single phase mains grid or a three phase mains grid. 

 

13. A DC-DC converter assembly according to any of the preceding claims, wherein 

the DC-DC power converter is configured for bidirectional operation to additionally 15 

transfer power from the converter load directly to the DC input voltage source with-

out passing through the power DC-DC converter. 

 

14. A method of supplying power to a converter load of a DC-DC converter assem-

bly using a DC-DC power converter, comprising: 20 

- connecting a DC input voltage source to an input of the DC-DC power converter to 

provide a DC input voltage thereto, 

- adjusting a DC output voltage or current at the output of the DC-DC power con-

verter by a control circuit in accordance with the DC input voltage, the DC output 

voltage and a target DC voltage or target DC current, respectively; 25 

- selectively switching a configurable switch network of the DC-DC power converter 

between: 

- a first operational mode for generating a first polarity DC output voltage to provide 

a converter load voltage smaller than the DC input voltage; and 

- a second operational mode for generating a second polarity, opposite to the first 30 

polarity, DC output voltage to provide a converter load voltage larger than the DC in-

put voltage. 
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15. A method of supplying power to a converter load of a DC-DC converter assem-

bly using a DC-DC power converter according to claim 14, further comprising: 

 

- during the first operational mode: charge an inductor from the DC output voltage 

through a first controllable semiconductor switch in accordance with a first modu-5 

lated control signal (Ф1) and discharge the inductor into the input of the DC-DC 

power converter in accordance with a second, and complimentary, modulated con-

trol signal(Ф2); 

- switching a third controllable semiconductor switch constantly to a non-conducting 

state; and 10 

during the second operational mode: maintain the first and second controllable sem-

iconductor switches constantly in a conducting state and non-conducting state, re-

spectively, 

- charge the inductor from the DC input voltage through the third controllable semi-

conductor switch in accordance with the first modulated control signal (Ф1, Ф2) and 15 

discharge the inductor, through the negative output, into the first or second polarity 

output of the DC-DC power converter in accordance with the second modulated 

control signal. 
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ABSTRACT 

The present invention relates to a DC-DC converter assembly which comprises a 

DC-DC converter. A converter load is electrically connected between a positive input 

and a positive output (or negative input and negative output) of the DC-DC converter 5 

such that a DC input voltage source of the assembly supplies load power directly to 

the converter load without passing through the DC-DC converter. 

 

(FIG. 1 to be published) 
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