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Abstract

The world is rapidly changing from using the fossil based energy, which is facing
exhaustion and having a lot of environmental issues, to the use of renewable energy
sources such as sun energy and wind energy. Energy from the sun has become an
important source for terrestrial applications and remains the prime source of energy
in non-terrestrial applications such as those in sky-explorers. However, a renewable
energy source is expensive, bulky, and its performance is weather dependent, which
make testing of downstream converters very difficult. As a result, a nonlinear source
emulator (NSE) is a good solution to solve the problems associated with the use of
real nonlinear sources in testing phases.

However, a recent technical survey conducted during this work shows that most
existing NSEs have only been concerned with simulating nonlinear systems in ter-
restrial applications. Furthermore, their dynamic performance were not fast enough
in order to imitate how a real nonlinear energy source would react under extreme
conditions and operation modes. Particularly, a system in the sky can experi-
ence a step change of sunlight irradiation. Moreover, operation modes may include
load step between nominal and open circuit, and load step between nominal and
short circuit. Under these conditions, a practical nonlinear source system will react
almost instantly, whereas the fastest among existing NSEs had a transient of about
3 milliseconds.

It is the highlight of this thesis, to demonstrate the development of a proposed
NSE system with high dynamic performance. The goal of the work is to achieve a
state-of-the art transient time of 10 µs. In order to produce the arbitrary nonlinear
curve, the exponential function of a typical diode is used, but the diode can be
replaced by other nonlinear curve reference generator unit.

Because nonlinear energy sources come in different sizes and power rating, a single
NSE may not be sufficient to simulate a wide selection of nonlinear sources. For this
reason, the proposed NSE system is realized as modules. Stacking or connecting
multiple modules in parallel will allow simulation of nonlinear source systems with
higher output power.

In this work, a module will consist of two fundamental units: an isolated power
supply and an NSE. The isolated power supply has to possess a very low circuit
input-to-output capacitance (very low Cio) in order to reduce the effect of conduc-
tive common-mode current produced by the high rate of change of voltage over
time (high dv/dt) at the NSE output.
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The contributions of the thesis are based on the development of both units: the
low Cio isolated power supply and the high dynamic performance NSE. Both units
are investigated theoretically and experimentally.

For the very low Cio power supply, we propose a new topology and control, together
with a novel transformer structure, in which, its two windings are separated by a
significant distance, in order to attain a low interwinding capacitance. A mathe-
matical model is proposed to accurately model the interwinding capacitance of the
proposed transformer. The result achieved is a total converter Cio of 10 pF in a
300-W prototype, which is 30 times lower than that of existing approaches.

For the NSE, we propose a new circuit consists of an ultrafast tracking converter and
a novel nonlinear curve reference generator based on diode curve. Even though the
nonlinear curve is based on diode p-n junction, the proposed NSE can simulate other
arbitrary nonlinear sources if the diode is replaced by other appropriate nonlinear
curve reference generator units. The prototype is 200-W rating. The experimental
results show that the proposed NSE can react to a fast change in input source (such
as an abrupt change of wind speed for wind turbine emulator), as well as to a load
step from nominal to open circuit and vice versa, all within 10 µs.

The proposed NSE, therefore, offers the state-of-the-art dynamic performance among
devices of the same kind. It also offers a complete solution for simulation of non-
linear source systems of different sizes, both in terrestrial and non-terrestrial appli-
cations.

Key words: Current transformers, dc-dc power converters, hysteresis,
parasitic capacitance, system, stacking, switching converters.



Resumé

Verden er under hastig forandring fra at bruge fossilt baseret energi, som snart slip-
per op og har en masse miljøspørgsmål, til anvendelse af vedvarende energikilder
såsom sol- og vindenergi. Energi fra solen er blevet en vigtig energikilde til jord-
baserede anvendelser og er stadig den vigtigste kilde af energi til ikke-jordbaserede
anvendelser, som f.eks. til udforskning af rummet. Men vedvarende energikilder er
dyre, pladskrævende, og deres energiproduktion er afhængig af bl.a. vejret, klokken
og årstiden. Dette gør test af de efterfølgende elektroniske omformere vanskelig.
Som et resultat heraf vil en ulineær-kilde-emulator (NSE) være en god løsning til
at løse de problemer, der er forbundet med brug af reelle ulineære energikilder i
testfaserne.

Gennemgangen af kendte teknologier og teknikker i denne afhandling viser imi-
dlertid, at de fleste eksisterende NSE’ere kun fokuserer på at simulere ulineære
energikilder til jordbaserede applikationer. Desuden er deres dynamiske ydeevne
ikke var hurtig nok til at efterligne, hvordan et rigtigt ulineær-kilde-system vil rea-
gere under de ekstreme forhold og driftstilstande. Især et -system i rummet kan
opleve et brat spring i solindstråling under en passage fra fuld sollys til fuldstændig
skygge. Ved anvendelser benyttes ofte paralleltype ind- og udkobling eller serietype
ind- og udkobling af belastningen eller batteriet, hvor ulineær-energikilden skifter
hhv. fra kortslutning til fuld belastning eller fra åbent kredsløb til fuld belastning.
Under disse betingelser vil et ulineær-kilde-system vil reagere indenfor omkring 10
mikrosekunder, mens de hurtigste blandt eksisterende NSE har en reaktionstid på
cirka 3 millisekunder, dvs. 300 gange langsommere.

Kernen i denne afhandling er, at det er vist, at man kan lave en NSE med høj
dynamisk ydeevne. Målet med dette arbejde er opnået med en reaktionstid på 10
mikrosekunder. For at kunne producere en vilkårlig ulineær kurve er eksponen-
tialfunktionen fra en typisk diode blevet brugt, men dioden kan erstattes af andre
ulineære kurve referenceenheder.

Fordi ulineær-kilde-systemer kommer i forskellige størrelser og effekter, vil en enkelt
NSE måske ikke være tilstrækkelig til at simulere et bredt udvalg af ulineære en-
ergikilder. Af denne grund kan det foreslåede NSE-system realiseres som moduler.
Serie- og parallelkobling af flere moduler vil muliggøre simulering af ulineær-kilde-
systemer med højere udgangseffekt.

I dette arbejde består et modul af to grundlæggende enheder: En højisoleret strøm-
forsyning og en NSE. Den højisolerede strømforsyning har en ekstremt lav kapacitet
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mellem ind- og udgangen (meget lav Cio) med henblik på at reducere virkningen
fra kapacitive common-mode strømme genereret af den høje ændringshastighed af
spændingen per tid (høj dv/dt) på NSE’ens udgang.

De forskningsmæssige bidrag i denne afhandling er på forskningsresultaterne fra
begge enheder: Den høj-isolerede strømforsyning og NSE’en med den høje dy-
namiske ydeevne. Begge enheder er undersøgt både teoretisk og eksperimentelt.

For den højisolerede strømforsyning, foreslås ny topologi og kontrol sammen med
en ny transformerstruktur, som er de to viklinger adskilt af en betydelig afstand
for at opnå en lav koblingskapacitet. En matematisk model modellerer koblingska-
paciteten af foreslåede transformer. Det opnåede resultat er en samlet Cio på 10
pF for en 300 W prototype, det vil sige 30 gange lavere end for eksisterende frem-
gangsmåder.

For NSE’en foreslås et nyt kredsløb består af en ultrahurtig sporingskonverter og
en ny ulineær-kilde-småsignalgenerator. Prototypen er på 200 W. De eksperi-
mentelle resultater viser, at den foreslåede NSE kan reagere på ændringer indenfor
10 mikrosekunder.

Den foreslåede NSE har en overlegen dynamisk ydeevne sammenlignet med andre
tilsvarende løsninger. Den giver også en komplet løsning til simulering af ulienær-
kilde-systemer i forskellige størrelser både til jordbaserede og ikke-jordbaserede an-
vendelser.
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Chapter 1

Introduction

1.1 Scope of the thesis

This thesis presents the results achieved from my Ph.D. project which was carried
out at the Electronics Group, Department of Electrical Engineering, the Technical
University of Denmark, during the period from December 01, 2011 to November 30,
2014. Most of the results have been documented and either published or submitted
in forms of peer-reviewed conference or journal articles. Since the detail of the
work can be found in the completed articles, which are included in Appendix A.1.–
A.7. of the thesis, they are not going to be restated. Instead, the thesis aims
at providing an overview of the problems studied and highlights of the solutions
proposed. The detail, whenever needed, will mainly refer to the specific section of
the published article for its description or discussion. The methods are discussed
from a system level point of view. The key verification results are selected to
demonstrate the effectiveness of the proposed solutions. Finally, the thesis will also
provide supplement analysis and results in order to clarify or provide more insights
into the problems studied.

A list of publications can be found in the back of the thesis prior to the appendix.

1.2 Background and Motivation

Nowadays, the majority of the current energy in the world is still produced by fossils
(such as coal, oil, and natural gas) and nuclear fuels. However, the former source
suffers from facing exhaustion due to limited available resources, and the latter suf-
fers from safety problem, which can threaten the life of a large area surrounding. In
addition to that, fossil fuels cause environmental pollution, which directly worsens
the global warming problem. Furthermore, nuclear power plant by-product remains
radioactive for thousands of years, which is harmful for society. For these reasons,
there is a rapid move world wide, towards renewable energy systems.

Renewable energy systems such as those based on wind and sun energy are advanc-
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1.3. Thesis structure

ing rapidly both in volume, scale and in popularity. In testing and the development
of the downstream power circuits based on renewable energy, such as maximum
power point trackers (MPPTs) or energy storage elements, many tests have to be
performed where the renewable energy sources have to undergo different environ-
mental setting conditions. For example, the output of a wind turbine changes
rapidly with wind speed and the direction of the wind, whereas a sun energy based
system’s output depends strongly on the sun irradiation, the air-mass (i.e., angular
of the sunlight) and ambient temperature. All of these make the testing of renew-
able energy based subsystems very difficult. Furthermore, the cost and the size of
a real renewable energy source to be used in tests can be very large. As a result, an
alternative solution has been sought, which replaces the use of real renewable en-
ergy sources in ground testing by their hardware simulators. From the perspective
of electrical engineering, a hardware simulator is a system based on electric circuits
that can resemble the electrical characteristic of the object being simulated. It can
be generalized by the name "nonlinear source emulator", i.e., "NSE" in abbreviation
form.

Sun energy has been recently expanding its impact on terrestrial applications. For
example, sun energy based systems can be found on the roof-tops of civil architec-
ture, on street lights, cruise ships, etc. However, it should be noted that sun energy
has been used much earlier in non-terrestrial applications. Sun energy has been the
only power source that supplies energy to sky explorers. The conditions of the load
connected with a nonlinear source system in general is unknown and can take many
forms. It is highly desired that an NSE has a dynamic response which is as fast as
possible in order to make it suitable for connecting with different unknown loads
and unknown working conditions. The unknown load can be a maximum power
point tracker (MPPT), or a load that is constantly switching both ways between
nominal and open circuit, or between nominal and short circuit.

Researchers have proposed different NSEs. But to the best of the authors’ knowl-
edge, visibly reported works could have been made stackable in order to adapt to
different power rating requests and made faster in terms of transient response in
order to achieve better output power regulation.

It is the motivation of this project to develop a high dynamic performance NSE
that addresses the aforementioned problems.

1.3 Thesis structure

The structure and contents of the thesis are graphically presented in Fig. 1.1. The
structure is as follows. Chapter 1 clarifies the scope of the thesis, background and
motivation, and describes the thesis structure. Chapter 2 reviews the state-of-the-
art where existing solutions are assessed. Chapter 2 also discusses the proposed
approach from a system level point of view. It also states the requirements for each
subsystem of the proposed approach. Chapter 3 describes the modelling and design
of the first subsystem, namely the ultra low circuit input-to-output capacitance
power supply, which is intended to supply energy to the proposed NSE. Chapter
4 discusses recent finding during the development of a high dynamic performance
NSE. Chapter 5 summarizes the work and discusses possible future work. The
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1.3. Thesis structure

complete bibliography is presented after the last chapter. Following that, a list of
publications is provided. Finally, at the end of the thesis lies Appendix A. where
all complete papers (A.1. to A.7.) resulting from this work are attached.

It is restated here, that the purpose of this dissertation is solely to summarize and
supplement the already published papers by providing a coherent presentation of
the overall project and related results.
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Chapter 2
State of the art and open

challenges

2.1 State of the art and open challenges

In the test and development of renewable energy based converters, the use of non-
linear source emulators (NSE) offers several advantages over the use of real non-
linear sources. First, it requires a reduced test volume compared to the large
non-linear source. Second, the cost of the test system with the NSE is usually
less than the system with non-linear sources [7]. One of the examples is that, if
non-rechargeable batteries were used in the testing, it would have to be disposed of
after each test; hence, the testing is expensive, but a battery emulator based on a
power electronics system could be reused for a long time. Finally, an NSE provides
flexible and reproducible test conditions for the downstream converters because test
conditions can be programmed or set inside the NSE [8; 9]. As a result, research
on the development of NSE systems has been advanced recently.

Examples of the non-linear source are the fuel cell, battery, thermoelectric genera-
tor [10; 11], and electric energy from the sun or systems.

Considering a fuel cell system as a non-linear source, the static V-I curve of a fuel
cell emulator can be represented by a third-order polynomial as [1; 2]:

V = f(I) = α3I
3 + α2I

2 + α1I + α0, (2.1)

where V is the fuel cell terminal voltage, I is the fuel cell output current, and α0
to α3 are the coefficients of the static V-I curve and they change according to the
changes of hydrogen concentration. Fig. 2.1

Batteries are also used extensively in industry such as in electric vehicle (EV) or
hybrid electric vehicle (HEV) applications [3; 12; 13]. A circuit model of a battery
is shown in Fig. 2.2. The dashed box models a battery, in which, Voc and Ri are
the open-circuit voltage and internal resistance, respectively. The rest of the circuit
models an output with an output filter capacitance Cl. The load is not necessarily
fixed, it can vary over time with activities and power management policies [3; 13].
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Figure 2.3: The five-parameter model.

The available voltage at the output of the battery is:

Vb = Voc − IRi. (2.2)

During the discharge of the battery, Voc decreases while Ri increases; both of them
are dependent on the state of the battery and its internal temperature.

In case of a system, the five-parameter model [14; 15] is widely used to describe
the system’s electrical characteristics. The model is shown in Fig. 2.3. It is also
called the single diode model [16; 17]. The current is related to the terminal voltage
VP V and the short circuit current ISC by:

IP V = ISC − Id(e( VP V +IP V RS
nVt

) − 1)− VP V + IP V RS

RP
, (2.3)

where RP models the loss due to leakage currents across the junction, RS models
the internal series resistance, Id is the dark saturation of the diode, Vt is the module
thermal voltage, and n is the ideality factor, which falls in a range between 1 and
2. The short circuit current ISC is affected by the sun irradiation. The open circuit
voltage VOC is affected by the cell temperature. Normally, RP is relatively large
and RS is relatively small. In practice, the model can be reduced further to the
four-parameter model [18] where the parallel resistor RP is neglected. In some
cases, the series resistor RS is also neglected, resulting in a much simplified model,
where:

IP V = ISC − Id(e
VP V
nVt − 1). (2.4)

In paper A.7., the existing NSE control approaches can be classified into the fol-
lowing three categories.

The first category is the voltage-controlled approach. It is illustrated in Fig. 2.4. This
is where the power circuit is a voltage-controlled amplifier. The output current is
sensed and fed to a reference generator. The reference generator produces a refer-
ence output-voltage signal for the power circuit to amplify [1–3; 7–9; 12; 13; 19–31].

The second category is the current-controlled approach, where the power circuit is
a current-controlled amplifier. The output voltage is sensed and fed to a reference
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Figure 2.4: Block diagram of a voltage controlled NSE.
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Figure 2.5: Block diagram of a current controlled NSE.

generator. The reference generator produces a reference output-current signal for
the power circuit to amplify [32; 33]. This is illustrated in Fig. 2.5. In both
categories, there is an optional input that represents the operating condition of the
NSE. The condition can be temperature, hydrogen concentration, sunlight intensity,
internal resistance, etc.

The third category is when both a current controlled and a voltage controlled power
circuit are used [34]. In [34], a model-based NSE was developed. The authors
used two separate power sources: a controllable linear voltage regulator and a
controllable linear current regulator. The voltage regulator is active when the
operating points are along the MPP to the open circuit point of the current-voltage
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Table 2.1: Specifications and characteristics of existing fuel cell emulators

Refer- Power- (W ) Power stage Simulated- Dynamic load- H2 concentration-
ences rating (W) fuel cell change simulation change simulation
[1; 2] 2 kW Commercial PS PEMFC Yes Yes
[19] 5 kW Commercial PS SOFC Yes Yes
[21] Not found Custom made DMFC Yes No
[20] 500 W Custom made PEMFC Yes No

Table 2.2: Specifications and characteristics of existing battery emulators

Reference(s) Power rating Power stage Simulated battery Thermal model
[3; 13], Not found Adjustable Li-Ion No

linear regulator
[12] Not found Bidirectional Li-Ion No

dc-dc converter
[22] Not found Commercial Li-Ion Yes

power supply
[23; 24; 35] 60 kW Three phase Not found No

interleaved buck

Table 2.3: Specifications and characteristics of existing PV emulators

Reference(s) Step change of load Step load Step load Step change Power circuit
settling time nom. to open nom. to short of input source

Koran 2010 [32] 3.8 ms (Fig. 17 of [32]) No No No buck with
LCLC filter

Kim 2013 [34] 100 ms (Fig. 15 of [34]) No No No linear voltage &
current regulators

Chang 2013 [29] 6 ms (Fig. 12 of [29]) No No No LCLC resonant
dc-dc converter

Koran 2014 [33] 3.2 ms (Fig. 15 of [33]) No No No ac-dc three phase
rectifier

Gadelovits 2014 [31] 8 ms (Fig. 15 of [31]) No No No commercial
power supply

Chang 2014 [30] 6 ms (Fig. 14 of [30]) No No No LCLC resonant
dc-dc converter

[7–9; 25–28] Not found No No No linear power stage

(I-V) curve. In a complementary fashion, the current regulator is active when the
operating points are along the MPP to the short circuit point. For hot-swapping
operation (i.e, continuous transition from using one active power source to the
other) when the operating points are close to the MPP, the two power sources are
connected with two parallel diodes in order to block the reverse current that may
flow from one power source to the other.

Table 2.1 summarizes the specifications and characteristics of the reviewed fuel cell
emulators.

Similarly, Table 2.2 summarizes the specifications and characteristic of the existing
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battery emulators in the literature.

The change of hydrogen concentration in a fuel cell system is analogous to the
change of sunlight irradiation in a panel because they both cause a change in
the short circuit current. However, there is a considerable delay from the change
of the hydrogen concentration until the fuel cell reacts, whereas the change of sun-
light intensity has an almost instantaneous effect to the operating point of a
panel. Therefore, simulation of a fuel cell system requires less control bandwidth
than simulation of a system. The partial shading effect of a system also
complicates the simulation of a system. In general, most laboratory testing
prototypes reported tend to try to resemble the most basic electrical characteristics
of the non-linear source. They also tend to simplify or ignore the other character-
istics such as the hydrogen concentration change in fuel cell emulators, the thermal
behavior in battery emulators, and the partial shading effect in emulators.

Table 2.3 summarizes the characteristics of the existing emulators in terms of
their dynamic performance.

It is noted that some ideal nonlinear sources will react instantly to a load step.
The transient time is theoretically zero. In practice, a real panel can physically
contain a source capacitance due to the diffusion capacitance of each cell [6].
This capacitance is in parallel with the diode and the parallel resistor. The value
of this capacitor varies with the operating points of the panel. Typical value
range of the source capacitance for a 312-W, 400×8 cm×cm silicon panel is from
about 4 nF at the point close to the short circuit, to 6.7 µF at the open circuit
[6]. The experimental source capacitance report in reference [6] is reproduced in
Table 2.4. The data are plotted in Figs. 2.6 and 2.7.

The presence of a source capacitor makes the output current and voltage of a real
panel under a load step take from hundreds of nanosecond to tens of microsecond

in order to settle down [36]. This can also be verified by the following proposed
estimation. Supposing the converter is experiencing a load step; the operating point
is moving from the short circuit to a resistive load that corresponds to the operating
point of (Vo, Io)= (160 V, 0.982 A). Thus, R = Vo/Io = 163 Ω. From Table 2.4, the
source capacitance is C = 107 nF. Considering a current source of ISC = 1.07 A
constantly supplies a load which consists of a source capacitance C in parallel with
a resistive load R, the output voltage as a function of time is:

vo(t) = ISCR(1− e
−t
RC ). (2.5)

The transient time for this system to move from short circuit (0, ISC) to (Vo, Io)
is approximated by:

∆t = −RCln(1− Vo

ISCR
) = 4.37× 10−5 s = 43.7 µs. (2.6)

By the same approximation method, it will take approximately 1.1 µs for this
system to complete the transition from the short circuit to the operating point
(V2, I2)= (60 V, 1.062 A).

However, as can be seen from Table 2.3, the best reported dynamic performance
was 3.2 ms [33], which is a factor of hundred times slower than the actual dynamic
response of a panel under dynamic tests.

10/142



State of the art and open challenges 2.1. State of the art and open challenges

Table 2.4: Dynamic variation of capacitance at different operating points [6]

PV array 1.07 A short 2.339 A short Capacitance @ 1.07 A Capacitance @ 2.339 A
voltage circuit current circuit current short circuit current short circuit current

0 V 1.07 A 2.339 A
40 V 1.066 A 2.332 A 4.062 nF 3.95 nF
60 V 1.062 A 2.326 A 4.046 nF 4.67 nF
80 V 1.057 A 2.317 A 4.342 nF 5.96 nF
100 V 1.049 A 2.303 A 5.051 nF 10.2 nF
120 V 1.036 A 2.281 A 6.705 nF 54.2 nF
140 V 1.017 A 2.231 A 13.74 nF 240 nF
160 V 0.982 A 2.125 A 107.3 nF 954 nF
180 V 0.898 A 1.771 A 609.5 nF 3.22 uF
200 V 0.634 A 0.964 A 2.694 uF 6.77 uF
216 V 0.133 A 0.0 A
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Figure 2.6: I-V curve generated from Table 2.4.
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It is the aim of this project to develop a high dynamic performance NSE. The
specifications of the proposed system will be presented in the next section.
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Figure 2.8: Block diagram of the proposed approach.

2.2 System configuration

The proposed system block diagram is shown in Fig. 2.8. A module of the proposed
system consists of a power supply and a proposed high dynamic NSE. If higher
power is desired, then multiple modules can be stacked together. With this modular
approach, the proposed system can simulate different types of nonlinear sources
with different power ratings ranging from the power of one module to multiple
times of the power of one module.

The proposed NSE is designed to achieve a transient response within 10 µs.

2.2.1 Isolated power supply

Due to the fast output voltage regulation of the NSE, there will be a large amount
of conductive common mode currents drawn from their output. These currents are
linearly proportional to the input-output capacitance of the power supply.

icom = Cio
dvout

dt
. (2.7)

These currents are drawn from the NSEs output. Therefore, they distort the output
current waveforms of the NSEs, and the performance of the output is impaired.
The adverse effects become worse when the number of stacked modules increases.
Therefore, in order to achieve fast transient response at the output, the circuit
input to output parasitic capacitance must be minimized.

A thorough discussion of the analysis, design, and development of the proposed
isolated power supply is the main subject of chapter 3.
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Figure 2.9: Connection between a nonlinear source emulator and a power con-
ditioning unit.

2.2.2 Nonlinear source emulator

A load that connects with an NSE can take many different forms (see Fig. 2.9). A
load can be a maximum power point tracker (MPPT) that tracks the maximum
power point of the NSE. It can be an impedance such as an ohmic load, an inductive
load or a capacitive load. It can be a battery to store energy from the NSE. It can
also be a load step system that regulates output power such as a load step between
nominal load and short circuit, or a load step between nominal load and open
circuit. In load step regulation, the system is pulse width modulated and switching
with high frequency (20 kHz or more). Since the bandwidth of the regulation is
usually less than the switching frequency, pushing the switching frequency up has
an advantage of allowing a higher control bandwidth. The switching frequency
is constrained by the step response of the output of the NSE. Therefore, a step
response is desired to be fast or in other word, the transient response should take
as little time as possible. A sate-of-the-art transient response of 10 µs is the design
goal of the NSE in this thesis.

In short, there are two requirements that make a state-of-the-art NSE:

• High dynamic performance (tens-of-microsecond transient responses).

• Low output (voltage and current) ripple.

The first, also the most important requirement, is the dynamic response. The goal
of this project is to make an NSE that has a transient response of 10 µs. The
second requirement is the very small output voltage ripple. A practical nonlinear
source does not produce any output voltage or current ripple at its output. If the
power circuit of the NSE is a switch-mode power converter, it is very difficult to
attain zero output ripple, unless either an infinite switching frequency is used or
the output filter corner frequency is zero. In fact, these two conditions are not
feasible. Therefore, a more reasonable ripple is aimed by this project. The peak-
to-peak output voltage ripple is targeted at 0.1 % of the maximum output voltage.
If a non-isolated buck converter is used as the main power circuit, then the dc rail
voltage is the maximum output voltage.

Table 2.5 summarizes the specification of the proposed NSE. Chapter 4 will discuss
the proposed NSE in detail.
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Table 2.5: Specifications of the proposed nonlinear source emulator

Transient response 10 µs
Maximum output voltage ripple 0.1 %Vmax

(60 mV for Vmax=60 V)
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Chapter 3
Isolated power supply for ultrafast

tracking converters

In this chapter, the very low circuit input-to-output capacitance (very low Cio

isolated power supply will be discussed. The detail of the discussions, findings
and results can be referred to paper A.2, A.3. The modelling of the iterwinding
capacitance of the proposed current transformer can be found in paper A.4. The
loss performance of the power supply can be found in paper A.5.

3.1 Introduction

In an isolated power supply, the element that predominantly contributes to the cir-
cuit total input-to-output parasitic capacitance is the transformer [37–41]. There-
fore, many studies have focused on mitigating CM noise by minimizing the inter-
winding capacitance of the transformer [37; 41–44]. The existing transformers in
existing power converters up to 1.2 kW have their inter-winding capacitance in the
range of several tens of picofarads for low output power converters to hundreds of
nanofarads for higher power ratings. For example, the existing transformer in a
1.2 kW converter is reported to have 1.5 nF inter-winding capacitance [45]. An E-
core transformer used in a flyback converter with a power rating of 30 W is reported
to have 34 pF of inter-winding capacitance [46]. The inter-winding capacitance
per unit output power is approximately 1 pF/ W.

In this chapter, we propose a topology that can achieve an inter-winding capacitance
per unit output power of 0.033 pF/ W, which is 30 times smaller than existing works
[45; 46]. Table 3.1 shows the specifications of the proposed 300-W prototype.
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Table 3.1: Design specification

Input voltage 400 V
Output voltage 60 V
Output current 5 A

Maximum output power 300 W
Circuit input-to-output capacitance 10 pF

3.2 Effect of isolated feedback to the circuit perfor-
mance

In controller design of isolated converters, the feedback elements must provide elec-
trical isolation to the control feedback paths and be able to transfer information
as quickly and accurately as possible. Examples of such elements are optocouplers
and signal-level isolation transformers. However, these components possess several
undesirable attributes that need to be taken into account.

For the optocoupler, there are two main disadvantages. First, they have very low
bandwidth and limited accuracy that lower the converter’s overall bandwidth and
might inhibit fault protection of the circuit. The typical value of the bandwidth
of a commercially available optocoupler used in power supplies is less than 5 kHz
[47]. Second, the input-output coupling capacitance inherent in an optocoupler will
add to the overall circuit input-to-output parasitic capacitance. Its capacitance is
typically in the range of nanofarads [47]. Therefore, an optocoupler is not a suitable
candidate for the targeted applications.

Signal-level isolation transformers have better bandwidth than the optocoupler,
but they have higher coupling capacitance. The typical coupling capacitance of a
signal-level transformer is from 2 pF [48] to 12 pF [49], which will add 20 % and
120 % to the total circuit input-to-output capacitance, respectively. Hence, the use
of an isolation transformer in feedback is not acceptable in such applications.

In summary, the control approach which uses feedback paths across the isolation
boundary is not optimal where minimization of circuit input-to-output parasitic
capacitance is the primary goal.

3.3 Topology selection

Based on the awareness of the effect of isolated-feedback on the circuit performance,
a power supply suitable for ultrafast tracking converters must possess the following
features:

• Low circuit input-output capacitance.

• Reduced number of crossings of the isolation barrier.

The first requirement implies a loosely coupled transformer to be used. However,
in magnetic components, the leakage inductance and the inter-winding parasitic
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capacitance are inversely proportional to each other [50]. Conventional full-bridge
converters such as buck- or boost-derived converters are not suitable for these ap-
plications. This is because, in those topologies, the transformer requires low leak-
age inductance and consequently high inter-winding capacitance due to the close
proximity requirement between windings. This will increase the total circuit input-
output capacitance. Furthermore, those topologies usually involve the use of feed-
back elements crossing the isolation boundary and thus violate the aforementioned
second requirement.

The relatively high transformer leakage inductance due to the loose coupling can
be useful in resonant topologies [51–53]. This suggests an approach shown in Fig.
3.1a, based on a two-stage converter. The configuration utilizes only standard
existing topologies. The system is powered by a power factor correction whose
output voltage is assumed to be 400 V dc. The resonant converter operates with
open-loop control to eliminate the feedback from output to the input. Its output
voltage is used to supply a non-isolated down-stream converter, such as a buck
converter, as demonstrated in Fig. 3.1a. The closed-loop regulation of the final
output voltage is performed by the down-stream converter, while the low circuit
input-to-output capacitance is determined by the loose coupling and feedback-free
operation of the resonant converter. For example, if the down-stream buck converter
has a maximum output voltage level of 60 V, then the resonant converter can be
designed for a voltage output of about 80 V. In short, in order to attain the two
aforementioned goals, it must be done with a two-stage converter with a separate
control loop for each stage. This approach, however, can be costly and require
significant effort to develop a separate control loop for each stage.

Considering the control performance, a feedback-free resonant converter design is
only optimal if the switching frequency is fixed at the load-independent frequency,
where the converter gain is independent of variation in the load. However, this
creates disadvantages if the open-loop control fails to track the load-independent
point due to the tolerances of the control and sensing circuits as well as of the
power circuit. The variation of the voltage gain around the vicinity of the load-
independent point can cause the voltage to fail. Moreover, the regulation of the
down-stream converter speed is limited by the output filter used.

This thesis proposes a converter and control that combine two stages into one
stage. The concept is shown in Fig. 3.1b. The proposed converter and its control
is free from feedback across the isolation boundary. However, the output voltage is
locally controlled by a closed loop in the secondary side, and thus it maintains the
high performance and robustness against the control circuit tolerance and circuit
parameter variation. The proposed converter topology is shown in Fig. 3.2

The transformer structure, modelling and validation will be presented in Section
3.4. The detailed analysis of the control approach will be presented in Section 3.5.
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3.4 Transformer structure, interwinding capacitance mod-
elling and validation

In this section, the transformer structure, its specification and its inter-winding
capacitance mathematical model will be presented first. After that, key measure-
ment data including the transformer’s primary to secondary winding impedance,
the interpreted transformer’s inter-winding capacitance, and the leakage inductance
referred to the primary side will be given.

3.4.1 Transformer structure

The general structure of the proposed transformer is illustrated in Fig. 3.3a and
the transformer prototype photo is shown in Fig. 3.3b. The winding with fewer
turns will be placed in the geometrical center of the core, forming a rectangular
frame. The remaining winding with more turns is tightly wound around the core.
This is respectively the case of the secondary winding and primary winding in
Fig. 3.3. With this structure, the two windings are separated from each other by
a reasonably large distance. Moreover, the die-electric material between them is
only the surrounding air that has the second lowest permittivity to vacuum. All
of these features result in the transformer’s extremely low inter-winding parasitic
capacitance.

The specifications of the developed transformer are provided in Table 3.2. It also
provides dimensional information about the core and winding with respect to the
notations in Fig. 3.4. It is a R36/23/15 toroid core from Epcos with N87 material.
The primary winding is made by Litwize with 60 0.2 mm-diameter twisted parallel
wires. The secondary winding uses copper wire with a 1 mm diameter. The turns
ratio is 55:11.

3.4.2 Mathematical model of the inter-winding capacitance

The inter-winding capacitance can be calculated by using the stored electric energy
method [54–59], in which voltage distribution plays a vital role. The detail can be
found in section V of paper A.4. or in paper A.5. The argument of this method is
that the total stored electric energy between two windings are equal to the electric
energy stored in each different part of the windings. Hence:

Etotal = Ei + Eo + EB + ECin + ECout = 1
2Cint(VP − VS)2. (3.1)

The energy stored by each part can be calculated (see paper A.4. [59] or A.3. [60]),
so the total stored energy Etotal can be derived. In addition, the voltages across
the winding terminals, VP and VS , are known. Therefore, we can calculate the
interwinding capacitance Cint as:

Cint = 2Etotal

(VP − VS)2 . (3.2)
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Figure 3.3: Transformer structure. (a) conceptual structure top and side view;
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Figure 3.5: Effect of parasitic capacitance from the secondary winding of (a)
segment A to the inner ring of the primary winding; (b) segment
A to the outer ring of the primary winding ; (c) segment C to the

outer ring of the primary winding.

The calculated inter-winding capacitance, Cint, based on the parameters in Ta-
ble 3.2 is 10 pF. It is observed from the calculated results in paper A.4. and A.5.,
that segment A1 dominates the stored energy, and the contributions of segments
B1 and B2 are negligible. The design guideline is that increasing the core geome-
try and increasing distance from segment C to the core will effectively reduce the
inter-winding capacitance.
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Figure 3.6: Inter-winding impedance measurement: (a) magnitude, (b) phase.
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Figure 3.7: Measured inter-winding parasitic capacitance.
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Table 3.2: Parameters of magnetic core and winding geometries of the trans-
former

Core material N87
Core dimension 36 mm × 23 mm × 15 mm
Turns ratio 55:11

Primary winding Litz-wire 60 × 0.2 mm
Secondary winding copper 1.0 mm

ε0 8.85.10−12 F/m
d 1 mm
l 16 mm
ri 11.5 mm
ro 18 mm
np 55
ns 11
VP 300 V
VS 60 V
rB 12 mm
lB 6.5 mm
lC 16 mm

3.4.3 Measurement results

Fig. 3.6 shows the experimental data of the inter-winding impedance magnitude
and phase of the transformer. The measured data are imported into MATLAB and
processed by proper scripts to yield the interpreted coupling capacitance, whose
values are shown in Fig. 3.7. It can be seen that the capacitance value is around
10 pF in the wide range of frequency from dc to 10 MHz. It is validated that
with the proposed configuration of the transformer, an extremely low inter-winding
parasitic capacitance can be achieved.

The process is repeated for the measurement of the impedance between two ter-
minals of the primary side while the two terminals of the secondary side shorted.
This impedance can be modelled as a leakage inductor. The impedance magnitude
and phase can be found in Section 4 of paper A.2 or Section V of paper A.3. The
measured magnitude of the leakage inductor is shown in Fig. 3.8. The leakage
inductance value is 170 µH in the range of 100 kHz to 300 kHz. The consequential
relatively high leakage inductance may be explained by the large geometrical sep-
aration of the two windings that produces relatively large leakage flux outside the
core. Hence, the proposed topology as well as its associated control approach must
be designed to utilize the leakage inductor. The control approach will be presented
in the next section.

3.5 Proposed control approach

The detail discussions of the proposed control approach can be found in [60; 61],
i.e., paper A.2. and A.3. in the appendix. They are summarized briefly here.
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Figure 3.9: Block diagram of the circuit layout.

In this work, the control approach without isolated feedback is adopted in order
to achieve minimum circuit input-to-output parasitic capacitance for the require-
ments of the targeted applications. The proposed converter physical configuration
is shown in Fig. 3.9. There are two control loops where one resides in the primary
and the other one resides in the secondary. The secondary side controller regulates
the output voltage to be constant at 60 V. The primary side controller controls
the primary-side inductor current; thus, it indirectly regulates the nominal output
current. The secondary side circuit can be seen as a current source supplying the
output capacitor in parallel with the load.

On the secondary side, the output voltage is sensed by a voltage divider and com-
pared to a hysteresis reference to switch the shunt switch S5 on and off. When S5 is
switched off, the converter operates in its power mode; the output voltage increases.
Vice versa, when S5 is on, shunting the secondary side, the converter operates in its
shunt mode; the output voltage decreases. This control approach is different from
the control method of the conventional full-bridge topology or single active bridge
topology in that the output voltage regulation is independent from the regulation
of the active switches of the primary side.

On the primary side, because the leakage inductance is relatively high, at 170 µH,
it is utilized as the main inductor in the circuit and there is no external inductor
added. In this way, the leakage inductor, although being relatively high induc-
tance value compared to a traditional converter, has become an integral part of the
converter. The primary side inductor current can be controlled by adjusting one
variable among the three variables of the primary switches: frequency, phase shift,
and duty cycle. In this work, the frequency modulation is chosen. The duty cycle of
the switches is fixed at 50 %, and the phase-shift is therefore at zero degrees. The
primary side current iL is first sensed and rectified. It is then low-pass filtered to
produce a rectified-dc value. This value is then compared to a rectified-dc reference
and processed by an analogue proportional-integral (PI) compensator. The output
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Figure 3.11: Control block diagram. (a) hysteresis control in the secondary side;
and (b) average current mode control in the primary side.

of the PI compensator is fed to a voltage-controlled oscillator (VCO) that auto-
matically adjusts the switching frequency to keep the rectified primary dc current
to be a constant 1 A dc. With a turns ratio of 5:1, the rectified dc current at the
secondary side is controlled at 5 A dc. The analytical waveforms of the converter
in the two operation modes are shown in Fig. 3.10; whereas, the block diagrams of
the two control loops are shown in Fig. 3.11.

3.6 Loss performance analysis

Paper A.5. [62] discusses the loss performance of the proposed isolated power supply.
We will not repeat the discussion here, but we are going to summarize the results
and conclusions from paper A.5.

The calculated and measured results are shown in Figs. 3.12, 3.13, and 3.14.

The calculated results show that the primary side switching loss is the predominant
loss in the converter. Therefore, in order to further improve the efficiency of the
converter, it is suggested that future design focus on reducing the switching loss on
the primary side. It may be achieved by selection of different MOSFET part that
is faster and hence yields lower switching loss.

3.7 Experimental results

The most important experimental results are briefly summarized here. The less
critical details such as measurement calibration (precision) and so on, can be found
in the "Experimental Results" section of paper A.2. or A.3.

The circuit input-to-output capacitance is measured by the Agilent 4294A precision
impedance analyzer. The two input terminals are shorted and so are the two output
terminals. After that, the ground planes of the primary side and secondary side
are measured with the instrument. Fig. 3.15 shows the circuit input-to-output
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The results of these fitting coefficients are shown in Table 
III, where _Fe relP  is in watt per cubic-meter. 

The calculated core loss is PFe = 2.39 W. The calculated 
copper loss is 2.13 W in power mode and 2.97 W in shunt 
mode.  

IV. EXPERIMENTAL RESULTS 
The prototype of the proposed power supply is shown in 

Fig. 5. Fig. 6 shows the transient response from power mode 
to shunt mode. In a similar way, the transient from shunt mode 
to power mode is shown in Fig. 7. The value of the output 
voltage threshold, ε, is set to 0.5 V. It can be observed that, 
both the inductor current and the output voltage are well 
regulated at their desired steady state values, which are 2 A 
peak and 60 V dc, respectively. The transient of the current 
from power mode to shunt mode and vice versa finishes 
within about 30 µs and 40 µs, respectively. The time needed 
for the inductor current to settle is mainly determined by the 
dynamic of the average current control scheme described in 
Fig. 2(a). Nevertheless, the transient and steady state are both 
stable and satisfactory. The behavior of the circuit matches 
accurately with the aforementioned circuit analysis. 

The calculated break down loss is shown in Fig. 8. As can 
be seen, the loss in the primary side H-bridge accounts more 
than 60 % of the loss at low output power and around 40 % at 
high output power. The loss contributed by the diode bridge is 
constant because both the average and the root mean square 
value of the current flowing through the bridge is constant. 
The loss created by the forward diode DS5 and the shunt 
MOSFET S5 is small compared to the loss in the H-bridge and 
the diode bridge. The loss in the transformer is also small 
compared to the dominant losses which are losses in the H-
bridge and the diode bridge. As output power reduces, the 
duration in which the converter operates in shunt mode 
increases linearly. Even though the losses in the combination 
of forward diode DS5 and the shunt MOSFET S5 and in the 
transformer decrease with the decrease of output power, their 
rate of decrease is smaller than the rate of increase in the 
switching loss of the primary side switches. Therefore, the 
total loss increases with lower output power. Thus, the 
efficiency drops. 

The measured and calculated total loss are shown in Fig. 9. 
The power measurement is carried out by the PPA5530 
precision power analyzer. The accuracy claimed by the  
manufacturer is ±0.4 % in the operation condition under test. 
It can be seen that the calculated total loss and the measured 
total loss match very well with each other. The largest 
discrepancy between the calculated loss and measured loss is 
1.9 W at 222 W output power. This discrepancy constitutes 
7.5 %  difference between the calculated and measured total 
loss and 0.85 % difference between the calculated efficiency 
and the measured efficiency. One of the reasons that explain 
this discrepancy could be the accuracy of the precision power 
analyzer used. Nevertheless, the calculated total loss is able to 
predict the trend of the total loss. It is asymptotical to the 
measured total loss. It has been proven that the loss is approxi- 

 
Fig. 5. A photo of the prototype of the proposed converter. 

 
Fig. 6. Transient response from power mode to shunt mode. Top: output 
voltage (10V/div); bottom:  inductor current (2A/div); time scale: 20 µs/div). 

 
Fig. 7. Transient response from shunt mode to power mode. Top: output 
voltage (10V/div); bottom:  inductor current (2A/div); time scale: 20 µs/div). 
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Fig. 9. Measured and calculated total loss. 
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Fig. 10. Measured and calculated efficiency. 

mated to be a linear combination of the shunt mode loss and 
power mode loss, as described in Section II. 

The highest efficiency is 92.4 %, which is shown in Fig. 
10. In general, the overall efficiency of the converter is 
satisfactory particularly in the range of 1/3 of the nominal 
power to the nominal power. The efficiency in this range is 
from 77.5 % to 92.4 %. 

The calculated results show that the primary side switching 
loss is the predominant loss in the converter. Therefore, in 
order to further improve the efficiency of the converter,  it is 
suggested that future design focus on reducing the switching 
loss on the primary side. It may be achieved by selection of 
different MOSFET part that is faster and hence yields lower 
switching loss.  

V. CONCLUSION 
This paper has dealt with the loss performance analysis of 

a novel power supply specially designed for ultra-fast tracking 
converters. The methods of calculating loss associated with 
each major physical device have been presented. The 
calculated total losses have been proven to match well with 
the measured data. The results of this analysis can serve as a 
guidance about which physical elements should be taken into 
account when the overall efficiency is of concern. 
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mated to be a linear combination of the shunt mode loss and 
power mode loss, as described in Section II. 

The highest efficiency is 92.4 %, which is shown in Fig. 
10. In general, the overall efficiency of the converter is 
satisfactory particularly in the range of 1/3 of the nominal 
power to the nominal power. The efficiency in this range is 
from 77.5 % to 92.4 %. 

The calculated results show that the primary side switching 
loss is the predominant loss in the converter. Therefore, in 
order to further improve the efficiency of the converter,  it is 
suggested that future design focus on reducing the switching 
loss on the primary side. It may be achieved by selection of 
different MOSFET part that is faster and hence yields lower 
switching loss.  

V. CONCLUSION 
This paper has dealt with the loss performance analysis of 

a novel power supply specially designed for ultra-fast tracking 
converters. The methods of calculating loss associated with 
each major physical device have been presented. The 
calculated total losses have been proven to match well with 
the measured data. The results of this analysis can serve as a 
guidance about which physical elements should be taken into 
account when the overall efficiency is of concern. 
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Figure 3.14: Converter’s measured and calculated efficiency.

impedance magnitude and phase measurement. Its magnitude slope of −20 dB/dec
and phase around −90◦ makes it appropriate to model as a capacitor. The measured
value of the capacitance is around 10 pF, which is shown in Fig. 3.16. In short, an
extremely low value of circuit input-to-output capacitance has been achieved and
it has been proven to be dominated by the inter-winding parasitic capacitance.

Fig. 3.17 shows the transient response from power mode to shunt mode. In a simi-
lar way, the transient from shunt mode to power mode is shown in Fig. 3.18. The
value of the output voltage threshold, ε, is set to 0.5 V. It can be observed that,
both the inductor current and the output voltage are well regulated at their desired
steady state values, which are 2 A peak and 60 V dc, respectively. The transient of
the current from power mode to shunt mode and vice versa finishes within about
30 µs and 40 µs, respectively. The time needed for the inductor current to settle is
mainly determined by the dynamic of the average current control scheme described
in Fig. 3.11. The transient and steady state are both stable and satisfactory. The
behaviour of the circuit matches accurately with the aforementioned circuit analy-
sis.
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Figure 3.15: Circuit input-to-output impedance measurement: (a) magni-
tude; (b) phase.
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Figure 3.16: Circuit input-to-output parasitic capacitance.
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Figure 3.17: Transient response from power mode to shunt mode. Top: out-
put voltage Vo(t) (10 V/div); bottom: inductor current iL(t) (2

A/div); time scale: 20 µs/div.

Figure 3.18: Transient response from shunt mode to power mode. Top: out-
put voltage Vo(t) (10 V/div); bottom: inductor current iL(t) (2

A/div); time scale: 20 µs/div.
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Chapter 4
High dynamic performance
nonlinear source emulator

4.1 Introduction

As stated in Chapter 2, Table 2.3, the goal of the proposed NSE is to achieve a
transient response of 10 µs and a maximum output voltage ripple of 0.1% Vmax,
where Vmax is the maximum output voltage that the NSE can produce. In order
to achieve the desired transient response of 10 µs, the converter has to have a high
control bandwidth. In order to achieve a low output voltage ripple and at the same
time, not to compromise the efficiency, the proposed NSE will be developed based
on a switch-mode converter. The output voltage ripple will be the residual of the
pulse width modulated (PWM) power signal after filtered by an output filter stage.

Considering the transfer function of a second order LC output filter in a typical
buck converter:

Gfilter−2nd(s) = 1
LCs2 + Ls

R + 1
= 1

( s
ω0

)2 + s
ω0Q + 1 , (4.1)

where ω0 = 1√
LC

is the natural frequency, Q=R
√

C
L is the quality factor, and R is

the impedance of the load (assuming a resistive load).

Well above the natural frequency of the output filter, the filter magnitude is propor-
tional to a square of the ratio of the natural frequency to the fundamental frequency,
which is [63]:

|Gfilter−2nd(jω)| ≈ (ω0
ω

)2. (4.2)

From equation 4.2, if for any reason, the switching frequency drops, then the mag-
nitude out of the filter at the new switching frequency will increase rapidly. The
output voltage ripple therefore increases. If the converter is to operate at differ-
ent switching frequencies, then the lower switching frequencies will produce higher
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output voltage ripples. It is therefore desired that the switching frequency be kept
above a minimum value where the ripple requirement is still satisfied.

The dynamic performance of a switch-mode converter is significantly influenced
by its modulation scheme. Modulation strategies can be classified into analogue
modulation and digital modulation. The analogue modulation usually has better
performance due to the absence of propagation delay or quantization error, which
are inherent in digital modulation. There have been two basic analogue modulation
methods in the literature, namely the triangular carrier-based modulation method
and the self-oscillating modulation method. The self-oscillating modulation method
possesses several advantages over the triangular carrier based method. One of the
most important advantage is that it allows the open-loop control system magnitude
to cross the 0 dB point precisely at the oscillation frequency, providing higher
control bandwidth than a system with triangular carrier based modulation that
needs to obey the Nyquist criterion.

For that reason, a self-oscillating modulation scheme is adopted in the development
of the NSE in this project. However, one major drawback of a self-oscillating
modulation scheme is that the switching frequency is dependent on the PWM duty
cycle, i.e., the ratio of the time when the PWM signal is ON to a complete period.
The switching frequency is approximately a parabolic curve with respect to the duty
cycle. According to [63; 64], the switching frequency of a hysteresis self-oscillating
modulated converter can be expressed by:

fsw = KswD(1−D)
ε

, (4.3)

where ε is the height of the hysteresis threshold (also called hysteresis window),
Ksw is a constant dependent on the circuit gain, and D is the duty cycle of the
PWM signal. Fig. 4.1 shows the variation of switching frequency versus change
in duty cycle of a hysteresis self-oscillating modulated converter. It can be seen
that the switching frequency is maximum at the centre duty cycle of 0.5 and it
drops rapidly with the change of duty cycle away from the centre duty cycle. For
example, when the duty cycle is 0.1 or 0.9, the switching frequency drops 64 %,
or nearly two thirds from the highest switching frequency. From equation 4.2, the
attenuation at duty cycle of 0.1 drops 2.44 times, making the output voltage ripple
increases about 2.44 times compared to that at the duty cycle of 0.5.

For all these reasons, in the development of a high bandwidth, low voltage ripple
NSE, a self-oscillating modulation scheme could be chosen, but the variation in the
switching frequency associated with self-oscillating modulations has to be taken
into account. This is the subject treated by paper A.6, which will be reviewed
next. The complete NSE will be the subject of section 4.3.
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Figure 4.1: Frequency (normalized to the maximum frequency) versus changes
of duty cycle of a hysteresis self-oscillating modulator.

VpwmI
P D

K
K K s

s
 +Vo*

fbK

Vo

LC filter

2

1

( / ) 1LCs L R s ˆ
DC

pwm

V

V

Comparator

Figure 4.2: A global loop integrating modulator controller (GLIM– [4]).

4.2 Constant switching frequency self-oscillating con-
trol scheme

A review of different existing methods for fixing the switching frequency of a self-
oscillating controlled system can be found in paper A.6. It is not restated here.

4.2.1 Proposed method

This section will summarize the solution discussed in paper A.6 entitled "Constant
Switching Frequency Self-Oscillating Controlled Class-D Amplifiers." The study and
its discussions are for a class-D amplifier (a second-order output filter synchronous
buck converter), but the proposed method is applicable to any converters which
utilize a hysteresis modulation scheme, such as the buck converter with higher-
order output filters, the boost converter, the ac-dc rectifier, the ac-ac converter,
the dc-ac inverter, etc.

Fig. 4.2 shows a typical hysteresis-based, self-oscillating control system for class-
D amplifiers. This scheme is usually referred to as the Global Loop Integrating
Modulator (GLIM) [4]. Despite producing excellent audio performance (very low
THD/SNR) around idle mode, the uncompensated scheme suffers from a large
variation of switching frequency when the duty cycle is moving towards the too
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Figure 4.3: The proposed fixed frequency self-oscillating modulation scheme.

limit (0 and 1).

Fig. 4.3 demonstrates the application of the proposed fixed f requency self-oscillating
modulation scheme (FSOMS) to a synchronous buck converter with a 2nd order
output filter. The proposed FSOMS is inside the dashed box.

The PWM signal generated by the hysteresis comparator is converted to a voltage
proportional to its frequency. This is done by passing the PWM to a mono-stable
multi-vibrator (MMV) or one-shot circuit with a fixed pulse width output. Each
time the input to the MMV has a rising edge, the output of the MMV generates
a pulse with a fixed width, which is 100 ns in this case. The resulting signal
of the MMV is low-pass filtered by a first order RC filter circuit. Only the dc
value of the MMV remains, and it is proportional to the switching frequency. The
operation of the MMV and the F-to-V converter are illustrated in Fig.4.4 and
Fig. 4.5. The measured switching frequency is compared to the reference switching
frequency and processed by a compensator F (s). F (s) can be implemented with a
PI (proportional-integral) or PID (proportional-integral-derivative) controller. The
output of F (s) is the compensating gain for the self-oscillating control loop, and
it is inserted to the control loop through a multiplier. It adjusts the switching
frequency of the converter to track the reference frequency, which is represented by
F ∗ on Fig. 4.3

4.2.2 Verifications

The simulation studies examine different responses of the converter using the self-
oscillating control approach without frequency compensation as well as with the
proposed frequency compensation. The responses are based on both dc refer-
ence signals and sinusoidal audio reference signals. Simulation model was built
in MATLAB/Simulink environment. Most parts of the controllers and feedback
were modelled and simulated by realistic commercially available discrete compo-
nents: non-ideal operational amplifiers with limited gain-bandwidth product and
limited output voltage ability, etc.

Fig. 4.6 shows the voltage transient (step) response of the converter without a
frequency compensator and with the proposed frequency compensator. The dc
reference values are swept so that the duty cycle of the output voltage is changed.
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(a)

(b)

Figure 4.6: Step response of output: a) without a frequency compensator, b)
with the proposed frequency compensator. Top: Vo (V), bottom:
Vpwm (V), the duty cycle is swept from 0.5 to 0.2, 0.1, and 0.7.
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(a)

(b)

Figure 4.7: Partial zoom of the step response of output voltage: a) without a
frequency compensator, b) with the proposed frequency compen-
sator. Top: Vo (V), bottom: Vpwm(V), the duty cycle is shifting

from 0.5 to 0.2 at time 70 µs.
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(a)

(b)

Figure 4.8: Output response to a 20 kHz audio reference: a) without a frequency
compensator, b) with the proposed frequency compensator. Top: Vo

(V), bottom: Vpwm (V), the duty cycle is continuously varying from
0.1 to 0.9 and vice versa.
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At time t = 0, the duty cycle is 0.5. At times t = 70 µs, t = 140 µs, and t = 210 µs,
the duty cycle is 0.2, 0.1, and 0.7, respectively. The bottom of Fig. 4.6a shows the
switching signal generated by the comparator. It can be seen that the switching
frequency varies with the change of the duty cycle. Its peak value is at the centre
frequency where D = 0.5. This phenomenon can be observed more clearly from a
partial zoom of Fig. 4.6a which is shown in Fig. 4.7a. As can be seen from Fig. 4.6b
and Fig. 4.7b, with the proposed frequency compensator, the switching frequency
of the converter in steady state held constant regardless of the variation in the
output voltage or duty cycle. The steady-state response of the output voltage has
been improved, while a desirable transient response is preserved. The ripple of the
output voltage is reduced at all switching duty cycles that are different from the
0.5 duty cycle.

Fig. 4.8 shows responses to an audio signal of the conventional converter without
and with the frequency compensator. The frequency of the signal is 20 kHz, which
represents an audio signal for typical human hearing ability. It can be confirmed
again from the simulation result of Fig. 4.8a, that the switching frequency varies
with the magnitude of the audio signal, or in other words, it varies with the switch-
ing duty cycle. As Fig. 4.1 suggests, the drop of the frequency at higher modulation
index creates larger output ripple and distortion. This phenomenon can be observed
from the top and bottom of the output voltage signal of Fig. 4.8a. On the contrary,
with the proposed frequency compensator, the switching frequency of the converter
has been held constant even with a large variation in the duty cycle over one period.
This can be observed from Fig. 4.8b. The ripple at the top peak and bottom peak of
the output signal, therefore, has been significantly improved compared to Fig. 4.8a.
The amplifier with the proposed constant-frequency compensator outperforms the
traditional one without a frequency compensator.

To compare different methods with each other, different simulations are performed
at various duty cycles. The nominal frequency used in the test is 1 MHz. The
switching frequencies are plotted in Fig. 4.9 for four cases: calculated by equa-
tion 4.3, simulated model without a frequency compensator, simulated model with
the proposed frequency compensator, and simulated model with method proposed
in [5]. As can be seen, the simulated switching frequency without a frequency
compensator matches well with the calculation. Moreover, a constant switching
frequency is guaranteed with the method proposed in this work.

From the control block diagram of the proposed circuit, all control parts can be re-
alized by standard analog circuit consisting of operational amplifiers, comparators,
and RC network, except for the multiplier. It is suggested that the multiplier unit
be an analog multiplier IC for its fast response.

4.3 High dynamic performance nonlinear source emu-
lator

This section is the highlight of the thesis. It summarizes the discussion reported in
paper A.7. [65].
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Figure 4.9: Switching frequency versus variation of duty cycle: calculated re-
sults without frequency compensation, simulated results without
frequency compensation, simulated results with the proposed fre-
quency compensation, and simulated results with the method pro-

posed in [5].

4.3.1 Circuit design

The proposed NSE consists of a voltage-controlled tracking converter (VCTC) and
a nonlinear curve reference generator (NCRG).

In Fig. 4.10, the steady state operation and the gradient of the current-voltage (I-V)
curve is determined by three parameters. The short circuit current is determined
by the value of ISC ; in this prototype, ISC is converted to a voltage signal with
(1 A/1 V) conversion. The parallel resistor which determines the gradient (or the
slope) of the I-V curve around the constant current region, is represented by RP .
The open circuit voltage is controlled by the ratio kV /RI . Changing the ratio
kV /RI will change the open circuit voltage of the proposed NSE.

The NCRG in the bottom of Fig. 4.10 consists of summation circuits and a voltage
to current (V2I) converter. The V2I consists of pnp transistors Q3 and operational
amplifier OA2. VCC is the 12 V control supply for all the operational amplifiers.
The negative control supply, −VCC = −12 V, is applied to the cathode of diode
D in order to ensure proper operation for the V2I converter. As can be seen from
Fig. 2.3, the current flows through the diode is equal to the difference between
the short circuit current and the output current. Using the proposed circuit, the
voltage signal which is the difference between ISC and Io (in volt), is converted to
current ID (in ampere) by:

ID = VISC
− VIo

RI
(A). (4.4)

Thus, the voltage-drop accross diode D and RP will be the signal level NSE output
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Figure 4.10: The schematic of the proposed nonlinear source emulator.

Figure 4.11: The block diagram of the control transfer functions.
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voltage. A differential amplifier takes the voltage accross D and scales it with
kV . The resulting voltage, −Vref , will be the reference voltage for the tracking
converter.

The output voltage of a nonlinear source such as fuel cell or system is usually
ripple-free so the output of the NSE should have a ripple which is as low as possible.
For this reason, a fourth order output filter is utilized at the output of the tracking
converter instead of a second order output filter because of its possible higher at-
tenuation at a given switching frequency. The output filter transfer function, which
is from the pulse power signal, Vpwm, to the output voltage, Vo, is approximated at
high frequency by:

GF LT (s)(s�max(jω1,jω2)) = Vo(s)
Vpwm(s) (s�max(jω1,jω2))

≈ 1
s4L1L2C1C2

= ω2
1ω

2
2

s4 ,

(4.5)

where ω1 = 1√
L1C1

and ω2 = 1√
L2C2

are the natural frequency of each filter stage.

At the switching frequency ωsw (rad/s), the magnitude of the output filter is:

|GF LT (jωsw)| ≈ ω2
1ω

2
2

ω4
sw

. (4.6)

With the filter value provided in Table 4.1 and with a switching frequency of 1 MHz,
from (4.6), the fundamental harmonic at the output of the tracking converter will
have a magnitude of approximately 35 mV peak to peak.

The modelling of the tracking converter is as follows. GD(s) is the transfer function
from the different between the short circuit current ISC and the output current Io

to the reference voltage Vref :

GD(s) = Vref (s)
ISC(s)− Io(s) = kV ZDRP

RI(ZD +RP ) , (4.7)

where ZD is the impedance of the diode D used. GD(s) is small when the circuit
operates near the open circuit region, and it increases when the operating point
move towards the short circuit.

The transfer function of the PID controller as shown is:

GP ID(s) = (RpiCpis+ 1)(RfCfs+ 1)
CpiRfs

. (4.8)

KCMP (s) is the transfer function from the output of the PID controller to the
pulse power signal Vpwm. A detail treatment of KCMP (s) can be found in, for
example, [66]. Reference [63; 67] approximated KCMP (s) to be an infinite gain and
achieved reasonable results. For simplicity, in this work, KCMP is simplified to be
a dc gain which is:

KCMP (s) = Vpwm(s)
Vcarrier(s) ≈

VDC

ε
= VDCRh2
VCMPRh1

, (4.9)

44/142



4.3. High dynamic performance nonlinear source emulator

where ε = VCMP Rh1
Rh2

is the hysteresis threshold, VCMP is the output of the com-
parator COM1.

GF LT 1(s) is the transfer function from Vpwm to VC1 , which is (by [63]):

GF LT 1(s) = s2L2C2 + sL2/RL + 1
s4L1L2C1C2 + s3 L1L2C1

RL
+ s2(L1C2 + L1C1 + L2C2) + sL1+L2

RL
+ 1

.

(4.10)

GF LT 2(s) is the transfer function from VC1 to Vo, which is:

GF LT 2(s) = Vo(s)
VC1(s) = 1

s2L2C2 + sL2/RL + 1 . (4.11)

The most inner feedback transfer function is:

H1(s) = Rf (Rd1Cd1s+ 1)
Rd1(RfCfs+ 1) . (4.12)

Likewise, the output-voltage feedback transfer function is:

H2(s) = Rf (Rd2Cd2s+ 1)
Rd2(RfCfs+ 1) . (4.13)

The most inner loop closed loop transfer function is:

GIN−CL(s) = VC1(s)
Vref (s)− Vo(s)H2(s) = GP ID(s)KCMP (s)GF LT 1(s)

1 +GP ID(s)KCMP (s)GF LT 1(s)H1(s) .

(4.14)

Since KCMP (s) is a very high gain, GIN−CL(s) can be approximated to be:

GIN−CL(s) ≈ 1
H1(s) (4.15)

Transfer function from reference voltage to the output voltage is then:

GV (s) = Vo(s)
Vref (s) = GIN−CL(s)GF LT 2(s)

1 +GIN−CL(s)GF LT 2(s)H2(s) (4.16)

≈ GF LT 2(s)
H1(s) +GF LT 2(s)H2(s) . (4.17)

A Bode plot of GV (s) based on (4.16) and the parameters in Table 4.1 is shown in
Fig. 4.12 for different loads.

The dc gain of the closed loop of the voltage is:

GV (0) = Rd1Rd2
Rf (Rd1 +Rd2) . (4.18)
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Figure 4.12: Bode plot of the closed voltage loop at different loads.

Table 4.1: Parameters of the tracking converter and its control

L1 3.3 µH Cf 1 nF
L2 3.3 µH Rd1 20 kΩ
C1 100 nF Cd1 47 pF
C2 1360 nF Rd2 20 kΩ
VDC 60 V Cd2 470 pF
Rh1 6.2 kΩ Rpi 1 kΩ
Rh2 51 kΩ Cpi 470 pF
Rf 1 kΩ VCMP 5 V
AV 10
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4.3.2 Experimental results

The experimental studies have examined the proposed NSE under four typical op-
erating conditions usually faced by a state-of-the-art nonlinear source. They are
the steady state response along the static I-V curve, the load step between nom-
inal and open circuit, the load step between nominal and short circuit, and the
step change of input sources. In addition, the fifth test is also added, which is
a fictitious step change of temperature. The fifth test is fictitious because a step
change of temperature is physically unrealizable because of the thermal inertia of
the nonlinear source material. For example, after a sudden change of irradiation,
a panel will usually takes approximately 30 minutes to reach its steady state
temperature [68]. Although a step change of temperature is unlikely, it will be still
tested here in order to verify the dynamic capability of the proposed NSE.

A photo of the prototype can be found in Fig. 4.13.

Figure 4.13: A photo of the prototype.

4.3.2.1 Static I-V curve

Figs. 4.14 and 4.15 show the steady state current-voltage (I-V) and power-voltage
(P-V) curves generated by the prototype with the set up in Table 4.2. As can be
seen, the output voltage and current resemble the output of a nonlinear source such
as of a fuel cell, battery, or panel. The MPP with this set up is 131 W at a load
impedance of approximately 10 Ω.

4.3.2.2 Load step between nominal and open circuit

The load step between nominal and open circuit or i.e., series-type switching regula-
tion configuration, is shown in Fig. 4.16. Meanwhile, Fig. 4.17 shows the transient
responses of the proposed NSE under this regulation. The load is switching be-
tween two values: open circuit (where the load is infinitive) and a fixed load. The
switching frequency of the load is about 1 kHz. As can be seen, the output voltage
and current finish each transient within 10 µs. It is interesting to observed the
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Figure 4.14: The static current-voltage (I-V) curve generated by the proposed
NSE.
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Figure 4.15: The static power-voltage (P-V) curve generated by the proposed
NSE.

Table 4.2: Parameters used to generate static I-V curve

Parameter Value
ISC 5 V (5 A)
RP 10 Ω
RI 15 Ω
kV 5
VOC 48 V
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Figure 4.16: Circuit configuration of load step between nominal and open circuit
or a series-type switching voltage regulator

experimental I-V curve of this test recorded directly from the oscilloscope used in
the tests, which can be referred to Fig. 4.18a. Meanwhile, Fig. 4.18b explains the
process of Fig. 4.18a, which will be as follows. The NSE is switching between point
A and B of Fig. 4.18b. Right after the fixed load is inserted to the output of NSE,
the circuit immediately moves from point A to A1. During this period, the volt-
age does not change yet due to its disturbance rejection capability, while the new
current becomes voltage at A divided by the fixed load. After that, the regulation
of the NSE makes the circuit moves from A1 to B and the whole process from A
to B takes only 10 µs (see Fig. 4.17c). From now, the circuit settles at B until the
load is changed. Likewise, when the load is switched from the fixed load to open
circuit, which is from B to A, it will first move immediately to B1, then move from
B1 to A. The whole transition from B to A takes 10 µs, which can be verified from
Fig. 4.17b.

4.3.2.3 Load step between nominal and short circuit

The load step between nominal and short circuit configuration is shown in Fig. 4.19.

The prosed circuit, unfortunately, suffers from instability at short circuit current.
According to [34], this is a typical characteristic of the voltage-control approach.
Also according to [34], the current control approach does not have similar problem
in the short circuit region, but it suffers from poor controllability and stability near
the open circuit region.

The instability of the proposed NSE at operating points close to the short circuit
can be explained as follows. Near the short circuit region of the I-V curve, the load
impedance RL is small in Ohmic value, making the gain from Vo to Io become large
compared to that in other region. In addition, the output current is approaching
ISC , which will make ID approach zero. This small current makes the impedance
of diode D approach infinitive according to the diode I-V curve. This makes GD(s)
becomes very large. The open loop gain consists of GD(s), GV (s), and 1

RL
becomes

very large. Its cross-over frequency will be moved towards the high frequency,
where the phase margin becomes negative (see Fig. 4.12) which makes the system
unstable.
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(a)

(b)

(c)

Figure 4.17: Series-type switching regulation test (a) switching transient be-
tween open circuit and a fixed load (b) partial zoom of the circuit
transients from fixed load to open circuit (c)partial zoom of the cir-
cuit transients from open circuit to a fixed load. Channel 1 (olive
color): output current, 2 A/div. Channel 3 (blue color): output
voltage, 10 V/div. Channel Math (C1*C3) (orange color): out-
put power, 200 W/div. Time scale: 200 µs/div, 10 µs/div, and

10 µs/div, respectively.
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ISC

 

∞
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(b)

Figure 4.18: Series-type switching regulation test. (a) Experimental I-V curve
and (b) its analytical waveform.
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Figure 4.19: Circuit configuration of a load step between nominal and short
circuit.

The load step between nominal and short circuit problem of voltage-controlled
NSEs will not be addressed in this thesis; it may the treated in a separate future
work.

4.3.2.4 Step change of input source

The input source of a nonlinear source can be fuel, wind, irradiation, etc. The
results of the step change of an input source which can happen in a nonlinear
source are shown in Figs. 4.20 and 4.21. In Fig. 4.20, channel 2 (red color) is the
short circuit current ISC . The input source change causes a change of short circuit
current from 2 A to 5 A and vice versa. From Figs. 4.20b and 4.20c, the circuit
only takes 10 µs to complete the transition. The experimental I-V curve is shown
in Fig. 4.21a and its behavior is explained in Fig. 4.21b. A reduction of the input
source level from 5 A to 2 A short circuit current will make the NSE move from
point A to B, and an increase of the input source in the other direction will make
the NSE move from point B to A. Each transition takes 10 µs.

4.3.2.5 Step change of temperature tests

As discussed in the previous Section, the open circuit voltage is determined by the
ratio of kV to RI . The fictitious step change of temperature can be simulated by
switching between different value of RI . To demonstrate this, a value of 15 Ω and
30 Ω are switched. The results are shown in Figs. 4.22 and 4.23. The short circuit
current is fixed at 5 A. When changing the temperature, the short circuit current
does not change, but the profile of I-V curve changes as shown in Fig. 4.23b. As
can be seen from these results, under a step change of temperature, the proposed
NSE only takes about 10 µs to complete a transition.

4.3.3 A proposed current controlled NSE

It is worth studying the current controlled approach shown in Fig. 2.5. In this work,
a possible current controlled NSE is proposed in Fig. 4.24. The current controlled
NSE consists of a current controlled tracking converter (CCTC) and a nonlinear
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(a)

(b)

(c)

Figure 4.20: Emulation of input source step change (a) switching transient be-
tween two input source levels (b) partial zoom of the transients
from a low to high input source level (c) partial zoom of the tran-
sients from a high to low input source level. Channel 1 (olive color):
output current, 2 A/div. Channel 3 (blue color): output voltage,
10 V/div. Channel 2 (red color): input source level, 1 A/div. Time

scale: 200 µs/div, 10 µs/div, and 10 µs/div, respectively.
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Figure 4.21: Step change of input source. (a) Experimental I-V curve and (b)
its analytical waveform.
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(a)

(b)

(c)

Figure 4.22: Emulation of fictitious temperature step change (a) switching tran-
sient between two temperature levels (b) partial zoom of the tran-
sients from a low to high temperature level (c) partial zoom of
the transients from a high to low temperature level. Channel 1
(olive color): output current, 1 A/div. Channel 3 (blue color):
output voltage, 10 V/div. Time scale: 200 µs/div, 10 µs/div, and

10 µs/div, respectively.
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Figure 4.23: Fictitious temperature step change effect. (a) Experimental I-V
curve and (b) its analytical waveform.
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Figure 4.24: A proposed current controlled nonlinear source emulator.

curve reference generator (NCRG). The output voltage is fed back to the NCRG
and the NCRG generates the reference output current Iref . The output current
Io is sensed and conditioned by a gain 1

AI
and compared to the reference current.

GC(s) is the controller (compensator) of the current loop, ensuring a zero steady
state error. In steady state, Io = AIIref .

The NCRG can be implemented by either a digital circuit by means of a look-up
table or mathematics calculation. In the proposed analogue NCRG, the voltage
is scaled down by a voltage divider, which represented by gain kE . The resulting
voltage VD is buffered and applied to a diode circuit consist of diode D and parallel
resistor RP . Current ID1 flowing through the diode circuit is scaled by a gain kI

and then subtracted by the reference short circuit current ISC . The result is the
reference signal, Iref .

The short circuit current is determined by the external signal ISC . The open circuit
voltage is determined by the gain kEkI .

The proposed circuit has been successfully verified by LTSpice simulation environ-
ment. Unfortunately, due to limited time, the circuit was not realized into hardware
and therefore, it could be a subject of future work.
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Chapter 5

Conclusion and future work

5.1 Conclusion

This thesis has studied and developed a NSE system suitable for the testing of
different nonlinear sources. The proposed solution consists of an ultra low circuit
input-to-output capacitance (Cio) power supply and an NSE. The results that have
been achieved are a Cio of 10 pF in a 300-W power supply prototype and a 200-
W NSE capable of simulating series-type switching tests and step change of input
source tests with the fastest transient response ever reported, 10 µs. In addition,
the achieved capacitance per output power is 0.033 pF/W, which is 30 times lower
than the typical 1 pF/W of existing approaches.

Furthermore, the modular approach proposed by this work will allow for flexible
stacking or paralleling of multiple modules in order to satisfy custom power rating.
This work, therefore, has provided a complete solution for simulating a group of
nonlinear sources with different working conditions.

Important results have been provided along with the thesis or referred to relevant
publications resulting from this work. Some of the key results from this work can
be selected and summarized as follows.

For the isolated power supply:

1. The interwinding capacitance of the transformer predominates the power sup-
ply Cio. The interwinding capacitance should be minimized, especially if the
loads of the power supply exhibit high dv/dt at their outputs.

2. Feedbacks from one side to the other of an ultra-low Cio power supply should
be avoided if possible. Otherwise, the feedback will add to the overall Cio.

3. Leakage inductance and interwinding capacitance are opposite in magnitude
to each other. A power converter designed with very low transformer inter-
winding capacitance should have proper control or topological structure to
handle the resulting high leakage inductance.
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5.2. Future work

For the NSE:

1. A nonlinear source usually contains parasitic elements, such as a source ca-
pacitance in a system, which determines its dynamic behaviors. With
the presence of the source capacitance, a system will take approximately
hundreds of nanoseconds to tens of microseconds to finish a load transient.
This quantity should be taken into account for the design of an NSE.

2. A nonlinear source output usually does not contain ripple. Therefore, it is
desired that the NSE output ripple is as low as possible. This can be achieved
by high-order filtering and stabilizing the switching frequency of the NSE.

3. An output voltage-controlled NSE may exhibit compromised controllability
when operating close to the short circuit region of the I-V curve. Special
attention should be paid to the controller design in order to maintain good
performance along the whole I-V curve. Another possible solution is to use
a dual-mode power circuit which consists of a voltage source and a current
source, where the current source will take action when the NSE is within the
short circuit region.

5.2 Future work

There are several possible challenges that have not been addressed in this work,
and therefore could be subjects of future work. They are:

1. To solve the stability issue when the NSE operates in the short circuit region.
One approach is to design a more robust control structure. Another approach
is to use a dual-mode power circuit which consists of a separate voltage source
and a separate current source power circuit. Deactivating the voltage source
and activating the current source power circuit when the NSE operates in the
short circuit region may solve the problem.

2. To solve the load step between nominal and short circuit. Once the stability
issue in the short circuit region is solved, this issue may get easier to be solved.

3. To stabilize the switching frequency of the NSE by applying the method pro-
posed in paper A.6. and verify the low output voltage ripple at all operating
points.

4. To verify the common mode rejection of the proposed NSE system.

5. To investigate the current-controlled approach in order to verify its merits and
limitations. A future work can implement and realize the proposed current
controlled NSE in Fig. 4.24 into physical prototype.
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Abstract – Renewable energy sources are playing an important 

role in industry as green sources of energy to reduce carbon 

dioxide emissions. They possess electrically nonlinear voltage-

current characteristics. In the test and development of the 

downstream converters that utilize these renewable types of 

energy, the practice of using nonlinear source emulators instead 

of the real nonlinear sources has gained a lot of interest. Different 

methods of implementing nonlinear source emulators have been 

reported in the literature, but no paper exists reviewing and 

assessing them from different technical points of view. This paper 

provides a review of the implementation of existing nonlinear 

source emulators. Their configurations are redrawn as block

diagrams and their circuit operations are discussed. Different 

industrial emulators are also briefly reviewed concerning their 

features. 

Keywords – Batteries, fuel cells, Photovoltaic systems,

Renewable energy sources. 

I.  INTRODUCTION 

In the test and development of renewable energy based

converters, the use of nonlinear source emulators (NSE)

provides several advantages over the use of real non-linear 

sources. First, it requires a reduced test space compared to the

use of usually large non-linear sources such as solar panels.

Second, the cost of a test system with NSEs is usually less

than that of a system with actual nonlinear sources [1]. One of 

the examples is that non-rechargeable batteries if were used in

a test would have to be disposed after each test; hence, the test

would be expensive and not friendly to the environment, but a

battery emulator based on a power electronics system could be

reused for a long time. Finally, an NSE provides flexible and 

reproducible test conditions for downstream converters

because test conditions can be programmed or set inside the

NSE [2], [3]. As a result, research on the development of NSE

systems has been advanced recently.  

Examples of the nonlinear source are the fuel cell, battery,

thermoelectric generator [4], [5], and photovoltaic systems.  

Considering a fuel cell system as a nonlinear source, the

static V-I curve of a fuel cell emulator can be represented by a

third-order polynomial as [6], [7]:  

3 2

3 2 1 0( ) ,V f I I I I         (1)

where V is the fuel cell terminal voltage, I is the fuel cell 

output current, and 0 to 3 are the coefficients of the static 

V-I curve and they change according to the changes of 

hydrogen concentration. Fig. 1 shows an example of the V-I

curve characteristics of a fuel-cell system at different

hydrogen concentration. 
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Fig. 1.  Change of operating point due to changes of hydrogen concentration 

[6], [7]. 
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Fig. 2. A circuit model of a battery with load [8],[9]. 
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Fig. 3. The five-parameter model of a photovoltaic cell. 

 Batteries are also used extensively in industry such as in

electric vehicle (EVs) or hybrid electric vehicle (HEVs) 

applications [8]–[10]. A circuit model of a battery connected 
with a load is shown in Fig. 2. It is noted that the model is 

usually utilized in the linear part of the V-I curve. The dashed 

area models a battery, in which, ocV and iR are the open-circuit 

voltage and internal resistance, respectively. The rest of the

circuit models a load with a capacitance Cl and resistance Rl.

The load is not necessarily fixed; it can vary in time with

activities and power management policies [8], [10]. The

available voltage at the output of the battery is: 

.b oc iV V IR   (2) 

 During the discharge of the battery, Voc decreases while Ri 

increases; both of them are based on the state of the battery

and its internal temperature.  

 In case of a photovoltaic system, the five-parameter model

is widely used to describe the system’s electrical 

characteristic. 
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Fig. 5. Control block diagram of the fuel cell emulators proposed in [6], [7]. 

The model is shown in Fig. 3 [11], [12]. It is also called the

single diode detailed model. The current is related to the

terminal voltage VPV and the short circuit current ISC by:  

1 ,

PV PV S

S t

V I R

n V PV PV S

PV SC o

P

V I R
I I I e

R

  
    
 
 

(3) 

where PR models the loss due to leakage currents across the 

junction, SR models the internal series resistance, oI is the 

dark saturation of the diode, tV is the module thermal voltage, 

and sn is the number of series connected cells in the module. 

The short circuit current SCI is affected by the solar irradiance 

and the open circuit voltage OCV is affected by the cell 

temperature. Normally, PR  is relatively large and SR  is 

relatively small. In practice, the model can be reduced further 

to the four-parameter model where the shunt resistor PR is

neglected. In some cases, the series resistor SR  is also 

neglected, resulting in a much simplified model, where: 

1 .

PV

S t

V

n V

PV SC oI I I e
 
   
 
 

 (4) 

This paper focuses on the review of the technical 

implementation of existing NSEs in the literature. The

background of each NSE and the concept of each

implementation are reviewed and discussed. It is noted that

different industrial products such as [27]-[29] exist for such

function as NSEs, but their implementation is not available.

Therefore, several industrial products are only briefly 

reviewed here in terms of their features. Comparisons are

being made among the non-commercial emulators only. 

AC/DC 

Rectifier

AC Line 




outvDC/DC

Closed loop control

Fuel Cell model

DSP or Computer-LABVIEW

outi

+


refv

Fig. 6. Control block diagram of the fuel cell emulators proposed 

 in [14] and [15]. 

II. FUEL CELL EMULATORS

A.  Review of existing works 

 In this section, the fuel cell simulator is reviewed. An ac 

equivalent circuit model is shown in Fig. 4 which is used to

simulate the dynamic characteristics for load changes at a

given dc operating point. According to [6], [7] and from Fig.

4, the ac output impedance of a fuel cell can be modelled as: 

( ) / ( )( )
. .

( ) (1/ )

a r a rr

stat

a r a

s R R R R CRV s
K

I s R R s R C

  
  

  
    (5) 

where 
statK =

a rR R  models the impedance at the dc ope-

rating point which can be obtained from the static V-I curve. 

 References [6], [7] introduce a fuel cell emulator im-

plemented by using a programmable dc power supply and 

LabVIEW graphical user interface. To simulate the changes of 

load, a programmable electronic load is used. The system 

emulates the electrical behaviors of an actual proton exchange

membrane fuel cell (PEMFC). The block diagram of the

control system is shown in Fig. 5. The operation of the system 

is as follows.

 The programmable dc power supply is connected to

equipment under test (EUT) and an electronic load is con-

nected to the EUT. The output current is sensed and passed 

through a programmed ac impedance transfer function shown

in equation (5) in order to generate a dynamic change in

output voltage reference. The hydrogen concentration is

delayed and sent to the static V-I curve block that determines

which static V-I curve the emulator is operating in. The 

command voltage is the reference for the programmable

power supply to ge-nerate the require output voltage. Based

on that control struc-ture, the whole system is able to simulate 

the dynamic change of static curve due to hydrogen change as

well as the dynamic change of output voltage when the load

current changes. 

 The work reported in [13] discusses a 5 kW solid oxide fuel 

cell (SOFC). It uses a cubic polynomial curve-fitting 

technique with the equation of the same form like (1) in order 

to interpolate the missing data between the data obtained from 

the experiments. The work also considers the system like 

having voltage source connected in series with a non-linear 

internal impedance. The dynamic change of load is assumed to

make a slow change in output power of the SOFC and 

therefore, the works simulate the power change by adjusting 

the current limit on the power supply. 
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TABLE I. 

SPECIFICATIONS AND CHARACTERISTICS OF EXISTING FUEL CELL EMULATORS 

Reference Power rating Power stage Simulated fuel cell Dynamic load 

change simulation 

H2 concentration 

change simulation 

[6], [7] 2 kW Commercial PS PEMFC Yes Yes 

[13] 5 kW Commercial PS SOFC Yes Yes 

[14] Not found Custom made DMFC Yes No 

[15] 500 W Custom made PEMFC Yes No 

TABLE II. 

SPECIFICATIONS AND CHARACTERISTICS OF EXISTING BATTERY EMULATORS 

Reference Power rating Power stage Simulated battery Thermal model 

[8], [9] Not found Adjustable linear 

regulator 

Li-Ion No 

[10] Not found Bidirectional dc-dc 

converter 

Li-Ion No 

[16] Not found Commercial PS Li-Ion Yes 

[17], [18] 60 kW Three-phase 

interleaved buck 

Not found No 

 The works introduced in [14], [15] have utilized a switch-

mode power converter as the power circuit. The control block

diagram proposed in [14], [15] is shown in Fig. 6. In [14], a

synchronous buck converter is the main power converter and 

it is controlled by a low cost fixed point digital signal 

processor (DSP). The paper utilizes an empirical model of a

direct methanol fuel cell (DMFC) instead of the electro-

chemistry equation in order to reduce computational 

complexity. Although the paper was working on the DMFC, it 

claimed that the procedure to build an empirical model can be

extended to other fuel cells. The output voltage and output

current are read and fed back to a DSP. The DSP reads the

feedback current and computes the reference voltage based on 

the fuel cell model. This reference is compared to the

feedback voltage. The error is then used in a sliding mode

controller to control the output of the buck converter. The

simulation when the hydrogen concentration is changed is not

reported. In [15], a PEMFC system is emulated. The approach

is of the same kind with [14]. However, instead of using a

DSP, [15] LabVIEW to perform all of the control is applied.  

B.  Evaluation 

 Table I summarizes the specifications and characteristics of 

the reviewed fuel cell emulators. Due to the complexity, most

emulators have been developed with advanced digital control

unit such as LabVIEW based FPGA or DSP. The availability 

of a GUI in [6], [7], [13], and [15] provide advantage in

changing parameters as well as in extending the simulation to

other types of fuel cells. Despite being low-cost, [14] is less

flexible due to the limited computational capability of the low

cost DSP and it may be suitable for laboratory testing only. It

depends on the requirement on flexibility, development time 

and cost to select an implementation approach. If high

flexibility and short development time is aimed, then a system 

consists of commercial power supply controlled by FPGA

with GUI could be recommended, such as in [6], [7] and [13].

For low-cost oriented system, a system consists of a basic

power converter prototype controlled by a low-cost DSP is

recommended, such as in [14].  

III.  BATTERY EMULATORS

 Batteries have been used in EVs or HEVs to reduce the

pollution created by gasoline engines. Different battery 

technologies that can be used as a storage system exist. They

are Nickel-Cadmium (Ni-Cd), Nickel-Metal Hydride (Ni-

MH), and Lithium-Ion (Li-Ion) [10]. 
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Fig. 7. A circuit model of a battery emulator with a load [8], [9]. 
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power stage [10]. 
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 In [8], [9] a battery emulator is developed based on a

programmable power supply controlled by a micro-controller

and a host computer. The emulator is claimed to be able to

collect power profiles through real-time measurements and 

save the data to a file in the emulator's profiling mode. It also 

has a training mode where actual battery can be connected for

calibrating a simulation model. 

 The operation concept of the system in [8], [9] is as

follows. The concept is shown in the circuit model in Fig. 7. 

Two variables, namely the current I and the temperature T are

measured. After that, the battery simulator implemented inside 

a DSP processes the information and compute the set-point for

the open circuit voltage Voc and Ri. In implementation, an

adjustable linear regulator is used to output the open circuit 

voltage. Because the internal resistance of the linear regulator 

used is already larger than the desired battery internal

resistance Ri, there is no passive resistor added to the circuit.

The battery internal resistor is implemented by adjusting the

open circuit voltage command to compensate for the voltage

drop across it. The control is performed by a micro-controller.

In [10], a Li-Ion battery emulator is also proposed. The

concept of the circuit model can also be described in Fig. 8. 

Instead of using a linear voltage regulator such as that in [8] 

and [9], reference [10] uses a bidirectional dc/dc converter fed 

by a power supply. The control system is implemented by a

dSPACE board controlled by a MATLAB/Simulink 

environment.  

Reference [16] also utilizes a programmable power supply.

The difference is that the control system is handled with a 

hardware in the loop (HiL) environment. As the thermal 

behavior strongly affects the parameters of a battery model,

this behavior has been taken into account in [16]. Specifically,

a thermal model has been proposed in the work.  

References [17]–[19] propose the design of battery emu-

lators for hybrid and electric powertrain testing. Specifically,

[19] uses a local model network (LMN) [20], [21] that can be

used to emulate any type of battery chemistry or any other

electrical energy storage system.  

 It is also worth visiting the industrial battery emulators. 

References [27] and [28] discuss the commercial battery

simulator and battery/charger simulators. They were targeted

on test applications of portable, battery operated product such

as cellular and cordless telephones, mobile radios, and pagers, 

which are all low power consumption devices. They can be

used to simulate a discharged battery for charger testing. In

portable power wireless devices, the load current transient

from standby mode to full-power RF transmission can 
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perform a rapid change of as much as 1000 % instantaneously;

for example, from 100-300 mA to 1-3 A. This makes the

battery voltage to drop rapidly due to the presence of the

internal resistance. As models [27] and [28] possess 

programmable internal resistances with a high resolution, they 

are suitable for testing of those portable wireless devices. 

 Table II summarizes the specifications and characteristic of 

the existing battery emulators in the literature. The industrial

products [27], [28] are not included into the table because they

are designed for different applications. 

IV. PHOTOVOLTAIC EMULATORS

A. Review of existing works 

 To simplify the schematics of the reviewed photovoltaic

emulators, redrawn schematics are introduced, which treat 

current measurement by the current sensing symbol. The sum-

mation circuits are redrawn with summation signal symbols.

The circuits that interface the power switches and the driving 

signals are redrawn as the driver.  

 The first circuit to review is reported in [1] and is re-drawn 

in Fig. 8. It is constructed based on the simplified single diode

model with equation (4). Rearranging the equation, the

terminal voltage can be derived as: 

0

ln 1 .SC PV

PV T

I I
V V

I

 
  

 
 (6) 

Referring to the schematic, the short circuit current SCI is 

subtracted from the output emulator current PVI  and scaled by 

1/ 0I . After that, the first operational amplifier (Op-amp) 

circuit takes the natural logarithmic function, but the result is

opposite in polarity.  

 The second Op-amp in Fig. 9 is a precision rectifier that 

rectifies the signal to fulfil equation (6). Finally, a driver

circuit and a power stage with transistor are used to provide

voltage gain as well as current gain for the output. The circuit 

is to simulate a 12 W thin film silicon solar cell. The power 

rating is limited by the rated current flowing through the 

power transistor and the output voltage limited by 
supplyV . 

 Circuit 2 is shown in Fig. 10 [2]. It uses a small single 

photovoltaic cell the maximum power of which is 17 mW and 

a dc halogen lamp in order to create a photovoltaic effect. The

dc halogen lamp, the brightness of which can be adjusted, 

illuminates the low power photovoltaic cell in order to model 

the suns irradiance of a photovoltaic system. The output

current of the circuit is sensed by a series resistor and 

converted to a voltage that drives the base of the power 

transistor. In this way, the current draw from the photovoltaic

cell and the output current are proportional. The photovoltaic

cell voltage is amplified by the common base circuit. The

system produces an output of 50 W. The power rating is

limited by the rated current flowing through the Darlington 

transistor and the output voltage limited by the rail voltage of 

24 V.  

 Circuit 3 is shown in Fig. 11 and introduced in [22]. The

circuit allows adjustment of the three most important

variables: Vbias1 for the short circuit current ISC, Vbias2 for the 

voltage at maximum power point VMPP , and RS for the series 

resistor. The short circuit current ISC is determined by Vbias1 ; it 

passes through transistor T1. Its value is ISC = (+VCC − 

Vbias1)/RSC . When the circuit operates near the short circuit 

region, the output voltage is small, and emitter voltage of T2 is

small; it is clamped by diode D and VE2 = Vbias2 −VD, where VD 

is the forward voltage drop of D. When the load decreases, the

output voltage increases. Diode D is reverse biased and T2 

starts to conduct. The output current is the subtraction of the

short circuit current from the transistor current. The power 

rating is 12 W. The limitation in the power rating is due to

similar reasons as those in circuit 1 and 2.  

 Circuit 4 was proposed in [3] and re-drawn in Fig. 12.

There are two feedback loops used: a current feedback loop to

set the short circuit current, and a voltage feedback loop that 

determines the open circuit voltage. When the feedback 

voltage of PVV  is smaller the reference voltage OCV , the output 

of the error amplifier is negative and diode D is off. The

output current is therefore regulated at the short circuit current

by the current loop. When the load becomes lighter, or the

output voltage increases, the output of the error amplifier is

positive and diode D is forward biased. The new reference for

the output current is the subtraction of the short circuit current

from the diode current. The higher the output voltage, the

higher the current flowing through the diode and the output

current decreases according to the I-V curves toward the open

circuit point. The output power was 61 W. The limitation in

the power rating is due to similar reason as in circuit 1, 2 and 

3. 

Circuit 5 [30] is re-drawn by block diagram in Fig. 13.

The power rating of this circuit is 30W. A photo sensor with

output current of less than 100 µA is used to imitate the solar

panel. The supply voltage of the power Op-amp is ±20V. The

output of the photo-sensor is converted to voltage by a

current-to-voltage converter with FET-input Op-amp in order 

to reduce the effect of bias current in Op-amps with bipolar-

junction-transistor inputs. The current gain is adjusted by the

gain of the I-V converter. The measured output current is

compared with the photo-sensor current and processed by a

DC bias controller. The output of the controller determines the

operating point of the power circuit, and is amplified by the 

power amplifier circuit. The power rating is limited by the

capability of the power Op-amp used. 

 Circuit 6 [23] is re-drawn by block diagram in Fig. 14. It

uses the five-parameter model of a PV system. There are four 

diodes in series to model an actual PV cell characteristic, and 

later, a real PV cell is used. There are two control loops: the 

current loop C(s) regulates the short circuit current by

controlling MOSFET T1 in its linear region. In a similar 

concept, controller V(s) ensures that the output voltage tracks 

the output voltage reference by controlling MOSFET T2 in its

linear region. The current loop has a cross over frequency of 

90 kHz and its phase margin is 60◦ while the voltage loop has 

a cross over frequency of 20 kHz and a phase margin of 500. 
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TABLE III. 

SPECIFICATIONS AND CHARACTERISTICS 

OF EXISTING PHOTOVOLTAIC EMULATORS 

Circuit 
OCV (V) SCI (A) MPPT 

(W) 

Partial shading 

simulation 

1 22 0.31 4 No 

2 21.57 3.44 50 Yes 

3 20 0.9 12 No 

4 70 1.16 61 No 

5 16 2.5 30 Yes 

6 (with 

power 

stage) 

250 20 2700 Yes 

7 (with 

power 

stage) 

200 20 2000 Yes 

The power rating with power stage is 2.7 kW and is mainly

limited by the design of the buck-converter power stage. 

 Circuit 7 [24] is redrawn by a block diagram in Fig. 15. A

PV cell is illuminated to generate the I-V curve characteristic.

The voltage of the PV cell is controlled to track the reference 

voltage. The resulting current of the PV cell is used as the

reference output current for the power stage which is based on  

a three-phase interleaved buck dc-dc converter whose output

power is 2.0 kW. 

 The Chroma solar array simulator [29] contains basically all

important features of a solar panel. It can also simulate partial 

shading effect and static and dynamic MPPT efficiency test.

The users are also able to import real conditions of irradiation 

and temperature profiles of a whole day from an excel file to

an associated software. The model series is able to connect

multiple solar array simulators in parallel with automatic 

current sharing control when high power, for example, up to 1

MW, is required. 

B. Evaluation 

1) Partial shading simulation ability

 In terms of simulation of advanced feature of the NSE such

as the partial shading effect, the methods that use actual PV 

cells or photo censors such as circuit 2,5,6, and 7 possess an

advantage over the use of diodes or transistors in the other

circuits. The partial shading effect was neither investigated in

circuit 2 nor circuit 6, but it might be implemented by adding 

bypass diode to the solar cell and covering part of the solar

cell. In circuit 5 [5], the partial shading was implemented by a

proper series connection of the I-V magnifier circuits. In 

circuit 7, the partial shading effect was produced by

connecting two reference cells in series, each of them had one

bypass diode, and one of the two cells was partially shaded.

One observation is that, it might get much more complicated

to simulate the partial shading effect with analog circuits in

which diodes or junction of transistors are usually used to 

model the exponential curves. 

2) Accuracy

 As comparison to the real non-linear source characteristics

were missing in all of the circuits being reviewed except for

circuit 1, it is difficult to assess the accuracy of the reviewed 

photovoltaic emulators or to make a comparison among them.

However, it has been seen that the series resistor and shunt

resistor are usually neglected to simplify the circuit, such as in

circuit 1, 2, and 3. Although being simplified, it is very

interesting to see that the experiments in circuit 1 matched 

fairly well with the photovoltaic cell being simulated. This is

reasonable because the shunt resistor is usually large and the

series resistor is usually small; hence, in some particular cases

they can be ignored. The claim accuracy is 5.4 % error in the

actual maximum power level. Circuit 3 takes into account the

series resistance but not the shunt resistance; it can be

improved further by adding a shunt resistor into the circuit.

Circuit 6 is the closest to the five-parameter model with both

the shunt and series resistor presented and is expected to

produce small signal I-V curves that match better with the real

I-V curve. Table III summarizes the specifications and partial 

shading functions of the reviewed emulators. 

One observation is that, the presence of a p-n junction from 

either diode(s) or the base-emitter of transistor(s) in order to

produce the exponential function is vital to the implementation 

of the analogue photovoltaic emulators. It is also noted that,

simulation of the I-V curve by digital control is also very

popular, such as reported in [25], [26]. In this kind of 

methods, I-V curve data are stored in the memory of the

digital unit, or the I-V curve is computed by mathematical 

equation and approximating method. A future study will cover

the digital implementation of the photovoltaic emulators.  

V.  CONCLUDING REMARKS 

 The change of hydrogen concentration in a fuel cell system 

is analogous to the change of solar irradiation in a solar panel 

because they both cause a change in the short circuit current.

However, there is a considerable delay from the change of the

hydrogen concentration until the fuel cell reacts, whereas the

change of solar irradiation has an almost instantaneous effect 

to the operating point of a solar panel. Therefore, simulation 

of a fuel cell system requires less control bandwidth than

simulation of a PV system.  The partial shading effect of a

photovoltaic system also complicates the simulation of a PV 

system. 

 In general, most laboratory testing prototypes reported tend 

to try to resemble the most basic electrical characteristics of

the non-linear source. They also tend to simplify or ignore the

other characteristics such as the hydrogen concentration 

change in fuel cell emulators, the thermal behavior in battery

emulators, and the partial shading effect in PV emulators. 

In this paper, the authors have presented a literature review

of different implementation methods of the NSEs. Their 

control block diagrams have been presented. Furthermore,

system operations have been reviewed. The specifications and 

characteristics of existing methods have also been analyzed. In

addition, the existing works have been compared side by side

and several commercial devices of the same kind are briefly 

reviewed. In general, this paper has provided a broad picture

of the existing NSEs. It can foster and inspire the

implementation of them. 
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Abstract

This paper presents the design of a 300-Watt isolated power 
supply for MOS gate driver circuit in medium and high 
voltage applications. The key feature of the developed power 
supply is having a very low circuit input-to-output parasitic 
capacitance, thus maximizing its noise immunity. This makes 
it suitable for modular stacking applications. The converter is 
a voltage-controlled current source, utilizing a transformer 
that has an extremely low inter-winding parasitic capacitance. 
The experiments show that an overall circuit input-to-output 
parasitic capacitance of 10 pF can be achieved. Design 
analysis and experimental results are provided to prove the
feasibility of the converter.

1 Introduction 

Research on common-mode noise mitigation has received 
great attention since the introduction of electromagnetic 
interference (EMI) regulations [1-8]. Among the existing 
approaches, design of transformers with minimized inter-
winding parasitic capacitance and utilization of suitable 
topologies is a very typical approach. In [1], an unusual 
transformer winding structure and an unconventional 
converter topology were proposed. The system achieved 1 pF 
parasitic capacitance at its output power of 36 V, 0.2 A. Later 
on, similar approaches [2]-[4] were proposed using a similar 
transformer structure. Nevertheless, the reported previous 
works provided neither experimental results nor elaborate 
analysis of the converter’s operation.  

This paper seeks to further investigate and validate the merit 
of the converter topology in Fig. 1 which was firstly proposed 
in [1]. A higher output power rating is aimed, which is 300 W 
per module. The prototype is built in a way that minimizes the 
circuit input-to-output parasitic capacitance, making it less 
susceptible to noise and suitable for modular stacking. The
overall circuit input-to-output parasitic capacitance is 10-pF,
which, to the authors’ best knowledge, is the lowest of their
kind with 300 W output power rating.  
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Fig. 1. Topology of the proposed converter. 

2 System requirements 

Referring to the converter in Fig. 1, the input dc supply 
voltage of the converter is usually the output of a power 
factor correction converter which converts a single phase 220-
V ac voltage into 400 V dc voltage. Therefore, a dc input of 
400 V is chosen in the design. The output voltage is chosen to 
be 60 V dc, since it allows a variety of power switch 
selections which have a breakdown voltage of 100 V dc. If, 
for example, higher output voltage is desired, then more than 
one converter modules can be stacked in series. The output 
current is designed to be 5 A maximum. This specification 
means the maximum output power that is available in the 
output terminals is 300 W. Furthermore, an extremely low 
total circuit input-to-output parasitic capacitance of 10 pF is
aimed. All of these specifications are stated in Table 1.

Input voltage 400 V 
Output voltage  60 V 
Output current 5 A 

Maximum output power 300 W 
Circuit input-to-output capacitance 10 pF

Table 1. Design specification

3 Common mode noise paths

The common mode noise paths are shown in Fig. 2. In this 
topology, the nodes that have high dv/dt are nodes A, B, X, 
Y, and Z. In nodes A and B, there are changes of voltage from 

iV to iV with respect to the primary side return. Nodes X,

Y, Z see a change of 0 V to 60 V with respect to the 
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secondary side return. These nodes are the sources of 
common mode noise currents. In the developed prototype, 
there are two heat-sinks used, one for each side to reduce the 
capacitive coupling between the two sides. Since the drains of 
switch 2S and 4S are switching nodes and they are both 

attached to heat-sink 1, the coupling paths include 
capacitances from drains of 2S and 4S to heat-sink 1, and 

capacitance from heat-sink 1 to chassis/earth. In 
implementation practice, the heat-sink can be electrically 
connected to the return path (not the chassis/earth) to further 
mitigate the transmission of common mode noise current. The 
coupling paths in the secondary side include the capacitances 
from cathode of 1SD , 2SD , 3SD , 4SD  and the drain of 5S  to 

heat-sink 2, and capacitance from heat-sink 2 to chassis/earth. 
The coupling path caused by the transformer is from the inter-
winding capacitance intC . It can be clearly seen that, intC is in 

series with the other coupling capacitances, forming a loop of 
common mode noise paths. Therefore, the value of 

intC determines the overall common mode noise performance. 

The typical value for the other coupling capacitances but the 
inter-winding capacitance falls into the range from 100 pF to 
tens of micro farads [9]. If intC can be made much smaller

than the other coupling capacitances, then the overall circuit
input-to-output capacitance is governed by intC .
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4 Transformer specification, configuration and 
validation 

The proposed transformer’s general structure is illustrated in 
Fig. 3a, whereas the transformer under test’s photo is in Fig. 
3b. In its winding configuration, the winding that has smaller 
number of turns will be place in the geometry centre of the 
core, forming a rectangular frame symmetrically around the 
core. The remaining winding with most number of turns is 
wounded tightly around the core. This is respectively the case 
of the secondary winding and primary winding in Fig. 3. With 
this structure, the two winding are separated from each other 
by a reasonably high distance. Moreover, the die-electric 
material between them is only the surrounding air, which has
the second lowest permittivity to vacuum. All of these
features results in an extremely low inter-winding parasitic
capacitance that the transformer possesses.

To arrive at a design procedure or guideline of making a 
transformer that has a specific inter-winding parasitic capa-

(a)                                                   (b) 
Fig. 3. Transformer structure: a) conceptual structure b) the transformer 
under test. 

-citance, it usually requires mathematic modelling and 
solving, or simulation based on finite-element method. Apart 
from that, the design of the transformer is a compromise of 
different issues like its power losses and physical size of the 
whole circuit. The transformer is often the most bulky part in 
the prototype of a power electronics converter. As a result, the 
size of the transformer highly affects the size of the prototype. 
It is preferable to go for smaller size of transformer so that the 
prototype is smaller, and therefore, the parasitic capacitance 
coupling to earth is smaller. The derivation of the transformer 
design procedure can be treated as a separated issue. This 
issue, however, is not addressed in this paper, which focuses 
on system analysis and experiment validation of the converter 
as a whole. 

Material N87
Dimension 36 mm×25 mm×13 mm 
Turn ratio 55:11 

Primary winding  Litz-wire 60×0.2 mm
Secondary winding Copper 1 mm

Table 2. Transformer parameters 

The specifications of the developed transformer are provided 
in Table 2. Fig. 4. shows the experimental data of the inter-
winding impedance magnitude and phase of the transformer. 
It is done with both terminals of each winding shorted. As can 
be seen, the impedance magnitude has a constant slope with -
20dB/dec roll off, and the phase is around -900. Therefore, the 
inter-winding is capacitive and it is appropriate to model the 
inter-winding impedance as a lump-element circuit with an 
inter-winding-capacitor. The measured data are in the form of 
digital values of impedance’s magnitude and phase at a sweep 
of different frequencies. They are imported into MATLAB 
and processed by proper scripts to yield the interpreted 
coupling capacitance, whose values are shown in Fig. 5. It 
can be seen that the capacitance value is around 10 pF in the 
wide range of frequency from dc to 10 MHz. It is validated 
that with the distinct configuration of the transformer, an
extremely low inter-winding parasitic capacitance can be 
achieved.
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The process is repeated for the measurement of the 
impedance between two terminals of the primary side while 
the two terminals of the secondary side shorted. This 
impedance can be modelled as a leakage inductor. The 
impedance magnitude and phase are shown in Figs. 6a and 
6b. The impedance behaves like a resistor at frequency up to 
1 kHz due to winding ohmic resistance, like a leakage 
inductor from 2 kHz to 1.5 MHz due to leakage flux, and like 
a capacitor from above 1.5 MHz due to the self-capacitance 
of the leakage inductor. The interpreted magnitude of the 
leakage inductor is shown in Fig. 6c. The leakage inductance 
value is 170 uH in the range of 100 kHz to 300 kHz. The 
consequential relatively high leakage inductance can be 
explained as being caused by the high geometry separation of 
the two windings which produces relatively large leakage flux 
outside the core. Hence, the proposed topology as well as its 
associated control approach should be able to utilize the
leakage inductor. The control approach will be presented in 
the next section. 
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Fig. 6. Primary winding impedance: a) magnitude, b) phase, c) interpreted 
leakage inductance 

5 Converter operation and control

In this paper, the control approach without an isolated 
feedback is adopted as to achieve minimum circuit input-to-
output parasitic capacitance. The proposed physical con-
figuration of the converter is shown in Fig. 7. There are two 
control loops where one resides in the primary and the other 
one resides in the secondary. The secondary side controller 
regulates the output voltage to be constant at 60 V. The 
primary side controller controls the primary-side inductor 
current; thus, indirectly regulate the nominal output current. 
The secondary side circuit can be seen as a current source 
supplying the output capacitor in parallel with the load.
Because of the diode rectification in the secondary side, the 
output current is the result of the rectified inductor current 
multiplying with the inversion of the turn ratio.

1

2

( ) ( )S L

N
I t i t

N
 (1) 

The secondary side controller regulates the output voltage to 
be constant at 60 V. The output voltage is sensed by a voltage 
divider, compared to a hysteresis reference to switch on and
off the shunt switch S5. When switch S5  is  on,   shunting the
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secondary side, the converter operates in its shunt mode (Figs. 
8a and 9a); the output voltage decreases. Vice versa, when S5 

is off, the converter operates in its power mode, which is 
shown in Figs. 8b and 9b; the output voltage increases. In the 
primary side, since the leakage inductance is relatively high, 
which is 170 uH; it is utilized as the main inductor in the 
circuit and there is no external inductor added. The primary 
side inductor current can be controlled by either adjusting one 
variable among the three variables of the primary switches: 
frequency, phase shift, or duty cycle. In this paper, the 
frequency modulation is chosen. The duty cycle of the 
switches is kept at 50%, and the phase-shift is therefore at 
zero degree. The primary side current iL is sensed and 
rectified. After that, it is low-pass filtered (LPF) to get the 
rectified-dc value. This value is then compared to a rectified-
dc reference and processed by an analogue proportional-
integral (PI) compensator. The output of the PI compensator 
is fed to a voltage-controlled oscillator (VCO) to keep the 
rectified primary dc current to be constant at 1 A dc. With a 
turn ratio of 5:1, the rectified dc current at the secondary side 
is controlled at 5 A dc. The control block diagrams are 
presented in Fig. 10.

The switching frequency that ensure the primary side to be 

regulated at the peak value of Li can be derived by equating 

the product of voltage across the inductor and time when the
current is negative to the one during which the current is 
positive. It can be proved that: 
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In the power mode, the voltage across the primary winding of 
the transformer 1V is reflected from the output voltage from 

the secondary side multiplied by the turn ratio if forward 
voltage drops from the rectifier stage diodes are neglected.  In
the shunt mode, this voltage becomes zero. As a result, the
two switching frequencies at power mode and shunt mode 
are:
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Fig. 10. Control block diagram: a) hysteresis control in the secondary side b) 
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6 Experimental results 

6.1 Circuit input-to-output parasitic capacitance 

The circuit input-to-output is measured with instrument 
Agilent 4294A precision impedance analyzer. The accuracy 
claimed is ±3% in the measured range. The two input 
terminals are shorted; and so do the two output terminals. 
Then the ground planes of the primary side and secondary 
side are measured with the instrument. Fig. 11 shows the 
circuit input-to-output impedance magnitude and phase 
measurement data. Its magnitude slope of -20db/dec and a 
phase around -900 makes it appropriate to be modeled as a 
capacitor. The measured value of the capacitance is around 10 
pF, which is shown in Fig. 12. In short, an extremely low 
value of circuit input-to-output capacitance is achieved and it 
is proved to be dominated by the inter-winding parasitic
capacitance.

6.2 Converter’s transient response 

In this section, two key measurement waveforms are 
presented and discussed. They are the leakage inductor 
current in the primary side and the output voltage in the 
secondary side. The measurement of the inductor current is 
performed with LeCroy AP015 current probe, which has a
claimed accuracy of ±1%. In addition, the measurement of the 
output voltage is done with SI-9000 differential probe with a 
claimed accuracy of ±2%.  

Fig. 13 shows the transient response from power mode to 
shunt mode, whereas the transient from shunt mode to power 
mode is shown in Fig. 14. The value of threshold  is set to 
0.5 V. It can be observed that, both the inductor current and 
the output voltage are well regulated at their desired steady 
state values, which are 2 A peak and 60 V dc, respectively. 
The transient of the inductor current from power mode to 
shunt mode and vice versa finishes within about 30 us and 40 
us, respectively. The time needed for the inductor current to 
settle is due to the dynamic of the average current control 
scheme described in Fig. 10b. Nevertheless, the transient and 
steady state are both stable and satisfactory, and the behavior 
of the circuit matches accurately with the aforementioned
circuit analysis.

6.3 Converter’s power efficiency

The power measurement is done with instrument PPA5530 
precision power analyzer. The accuracy claimed by the 
manufacturer is ±0.4% in the operation condition under test. 
The measured efficiency as well as the calculated value at 
different power output is shown in Fig. 15. At the nominal 
output of 300 W, the converter operates entirely in its power 
mode. The switching frequency in the primary side is then the 
smaller one powerf . Therefore, primary switching loss, shunt 

MOSFET S5 conduction loss and switching loss are reduced. 
That’s the reason why peak efficiency is attained at the no-
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Fig. 13. Transient response from power mode to shunt mode: output voltage
(10V/div), inductor current (2A/div), time scale: 20us/div) 

Fig. 14. Transient response from shunt mode to power mode: output voltage 
(10V/div), inductor current (2A/div), time scale: 20us/div) 
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6

minal output power. This value is 92.4 %. As output power 
reduces, the duration in which the converter operates in shunt 
mode increases linearly; the loss increases slightly as shown 
in Fig. 16. Thus, the efficiency drops. Zero efficiency is 
attained at zero output power when the converter fully 
operates in its shunt mode. In general, the overall efficiency 
of the converter is satisfactory particularly in the range of 1/3
of the nominal power to the nominal power. The efficiency in
this range is from 77.5 % to 92.4 %. 
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7 Discussion 

The several advantages of the developed converter’s 
prototype are as follows. First, the topology and its control 
allow zero voltage switching at the turn on transitions of the 
switches (refer to Fig. 9). Second, this topology has higher 
power (60V/300W) per channel compared to 36V/5W of prior 
art with a similar topology. This allows the converter to be 
capable of supplying wider range of load, from 0 to 60 V and 
up to 5 A. Third, the achieved circuit input-to-output 
capacitance is extremely low of 10 pF. This is claimed based 
on observation that existing transformers in the literature, for 
example, in a 1.2 kW converter was reported to have 1.5 nF 
inter-winding capacitance [9], and an E-core transformer used 
in fly-back converter with a power rating of 30 W was
reported in [10] to have 34 pF of inter-winding capacitance. 
Finally, the topology and its control allow zero output voltage 
and zero output power.  

There are two main disadvantages of the topology.  First, the 
MOSFETs at the primary side turn off at their peak currents, 
which results in higher turn-off loss. Second, the slightly 
increased loss at lighter load makes the converter’s efficiency
relatively low at low output power. Solutions might include 
the use of synchronous rectifier stage in the secondary side to
reduce the loss. 

8 Conclusion

In this paper, the authors have presented the design of a 300 
Watt isolated power supply. The main advantage of the power 
supply is to have an extremely low inter-winding capacitance 
in the transformer, making the circuit input-to-output 
capacitance ultra-low considering its output power. Circuit 
operation and control have been demonstrated and 
experimental data are also provided, that proved to match 
well with expectations. Furthermore, the advantages as well 
as the disadvantages of the converter are also discussed. In 
summary, the converter is suitable for a wide range of power
supply applications and especially for modular stacking 
applications, where minimization of the circuit input-to-
output capacitance is vital.

References 

[1]  M. A. E. Andersen, “MOS Gate Driver Circuit with 
Extremely High Galvanic Isolation”, EPE 1995. Sevilla, 
Spain, vol. 1, p. 747,751.

[2]  “Auxiliary Power Supplies for Medium and High Voltage 
Applications”, Bodo’s Power  System, July   2012

[3] “Power Electronics for Medium-Voltage Applications”, 
Bodo’s Power  System, March 2013   

[4] “Interlink coupling high-voltage impact isolation 
transformer,” May 12 1999, CN Patent 

 2,318,700. [Online]. Available:
https://www.google.com/patents/CN2318700Y?cl=en

[5] S. Wang , P. Kong and F. C. Lee  "Common mode noise
reduction for boost converters using general balance 
technique",  IEEE Trans. Power Electron.,  vol. 22,  no. 
4,  pp.1410 -1416, Jul. 2007  

[6]   Pengju Kong; Lee, F.C., "Transformer structure and its 
effects on common mode EMI noise in isolated power 
converters," Applied Power Electronics Conference and 
Exposition (APEC), 2010 Twenty-Fifth Annual IEEE, 
pp.1424,1429, 21-25 Feb. 2010

[7]   Nakao, Hiroshi; Yonezawa, Yu; Nakashima, Yoshiyasu; 
Sugimoto, Toshio; Horie, Takeshi, "Soft switching for 
power factor correction for server power supply unit," 
Power Electronics, Machines and Drives (PEMD 2012), 
6th IET International Conference, pp.1,4, 27-29 March 
2012

[8] Meisser, M.; Haehre, K.; Kling, R., "Impedance 
characterization of high frequency power electronic 
circuits," Power Electronics, Machines and Drives 
(PEMD 2012), 6th IET International Conference, pp.1,6, 
27-29 March 2012

[9]   M. Borage, S. Tiwari, S. Kotaiah, "Common-mode noise 
source and its passive cancellation in full-bridge 
resonant converter," Electromagnetic Interference and 
Compatibility, 2003. INCEMIC 2003. 8th International 
Conference on , pp.9-14, 18-19 Dec. 2003

[10]  D. Garabandic, D. W.G. Dunford, M. Edmunds, "Zero-
voltage-zero-current switching in high-output-voltage 
full bridge PWM converters using the interwinding 
capacitance," IEEE Trans. Power Electron., vol.14, no.2,
pp.343,349, Mar 1999

87/142



A.3. (IEEE-TPEL JOURNAL)-Design of a 300-W Isolated Power Supply for
Ultrafast Tracking Converters

A.3 (IEEE-TPEL JOURNAL)-Design of a 300-W Iso-
lated Power Supply for Ultrafast Tracking Con-
verters

Paper A.3. is entitled "Design of a 300-W Isolated Power Supply for Ultrafast
Tracking Converters." Published, IEEE Transactions on Power Electronics, vol.
30, no. 6, pp. 3319-3333, June 2015.

88/142



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 6, JUNE 2015 3319

Design of a 300-W Isolated Power Supply
for Ultrafast Tracking Converters

Khiem Nguyen-Duy, Student Member, IEEE, Ziwei Ouyang, Member, IEEE, Lars Press Petersen, Member, IEEE,
Arnold Knott, Member, IEEE, Ole C. Thomsen, Member, IEEE, and Michael A. E. Andersen, Member, IEEE

Abstract—This paper presents the design of a medium-power-
rating isolated power supply for ultrafast tracking converters and
MOS-gate driver circuits in medium- and high-voltage applica-
tions. The key feature of the design is its very low circuit input-to-
output parasitic capacitance, which maximizes its immunity from
noise due to fast changes in voltage. The converter is a voltage-
controlled current source, utilizing a transformer with extremely
low interwinding parasitic capacitance, which is achieved by sep-
arating the windings by a significant distance. Experimental mea-
surements show that an overall circuit input-to-output parasitic
capacitance of 10 pF in a 300-W prototype can be achieved. The
circuit input-to-output capacitance per watt is therefore 30 times
lower than that of existing approaches. A mathematical model of
the interwinding capacitance of the proposed transformer, circuit
analysis, and experimental results are provided to prove the feasi-
bility of the converter.

Index Terms—Current transformers, dc–dc power converters,
parasitic capacitance, stacking, switching converters.

I. INTRODUCTION

COMMON mode (CM) noise is a typical problem in most
switching power electronics converters and is well known

to cause various adverse effects. Among them are electromag-
netic interference, false measurements, and unexpected trigger-
ing of sensitive control electronics. In particular, the problem
becomes more severe where modular stacking of converters is
used to increase the total power rating, as the total CM noise
may add up, change the output impedance, or resonate in differ-
ent coupling paths [1], [2]. As a result, many studies have been
dedicated to mitigate CM noise generated by power electronics
converters [1]–[5].

CM noise occurs due to different sources and coupling
through different paths. Among them, CM noise current exists
when there are switching nodes with stiff changes of voltage
over time (high dv/dt), and when there are capacitive coupling
paths. Unfortunately, high dv/dt switching nodes are inherent
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in most switching converters and are unavoidable. Due to the
use of more advanced power switches capable of switching at
higher frequency for a higher efficiency, CM noise has become
more notable. As a result, one of the common approaches to
reduce effects of CM noise current is to improve the capacitive
coupling paths.

In [4] and [5], a method called current balancing technique
is proposed to cancel the CM noise for several nonisolated con-
verters. For example, in [4], analysis is performed on the boost
converter, where different equivalent circuits for CM sources
are drawn, and the major main noise source is identified. After
that, circuit modification, mainly with the insertion of an extra
capacitor and splitting of the main inductor are suggested, so
that the resulting generated CM currents cancel out the original
CM current on the line impedance stabilization network [6].

In most galvanic isolated converter topologies that utilize a
transformer, the CM noise couples through the interwinding par-
asitic capacitance of the transformer. Their coupling paths may
also include the parasitic capacitances from the converter chas-
sis to ground, or from the drain of the converter switches to heat
sink and from heat sink to ground. If a proper design is achieved
to minimize most of these parasitic capacitances due to circuit
structure, the element that predominantly contributes to the cir-
cuit total input-to-output parasitic capacitance is the transformer
[1]–[5]. Therefore, many studies have focused on mitigating CM
noise by minimizing the interwinding capacitance of the trans-
former [1], [2], [7]–[9], compensating the noise generated by
the converters [8], [10], or inserting line filters [11]. The exist-
ing transformers in medium-power converters (up to 1.2 kW)
have their interwinding capacitance in the range of several tens
of picofarads for low-output power converters to hundreds of
nanofarads for higher power ratings. For example, the existing
transformer in a 1.2-kW converter is reported to have 1.5-nF
interwinding capacitance [12]. An E-core transformer used in
a flyback converter with a power rating of 30 W is reported to
have 34 pF of interwinding capacitance [13]. The interwinding
capacitance per unit output power is approximately 1 pF/W. The
question, however, is how to further minimize the interwinding
capacitance of the transformer in order to reduce the effect of
the CM noise.

In [1], a novel converter topology supplying energy to MOS-
gate driver circuits [e.g., MOSFETs, insulated-gate bipolar tran-
sistor (IGBT)s or MOS-controlled thyristor (MCT)s] is pro-
posed that possesses a very low circuit input-to-output parasitic
capacitance. The topology is redrawn in Fig. 1. In that topol-
ogy, a unique structured ring core current transformer is used,
where the primary winding is placed in the center of the ring,

0885-8993 © 2014 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.
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Fig. 1. Topology of the proposed converter.

TABLE I
DESIGN SPECIFICATION

Input voltage 400 V
Output voltage 60 V
Output current 5 A
Maximum output power 300 W
Circuit input-to-output capacitance 10 pF

displacing with the secondary winding a distance equal to the ra-
dius of the core. With this special structure, the distance between
windings is maximized; therefore, the parasitic capacitance be-
tween them is minimized. An R25/10 toroid ferrite core with one
primary winding and a 30-turn secondary winding was claimed
to achieve as low as 1 pF of parasitic capacitance. The applica-
tion is primarily to supply energy to MOS-gate driver circuits.
Particularly, the purpose is to drive 15 gate driver circuits, with
a full output voltage of 36 V and a current supply per channel of
0.2 A. Following this proposal, similar ideas of using the ring
core transformer with that unique winding structure have been
reported [3], [14]. In [3], the ring core transformer is used as
a current loop to provide isolation and energy to supply gate
drivers of power switches in medium-voltage applications of up
to 16 kV dc. Specifically, 12 channels are stacked in parallel to
provide output voltage adaptation for the IGBT driver boards.
The power rating is 75 W per channel.

Despite being very promising, works in [1], [3], and [14] lack
supporting experimental results from the ideas proposed. As a
result, further work should be carried out to verify the ideas and
improve the work. First, a detailed analysis and calculation on
the transformer design are greatly desired, of which the results
should indicate how to further improve the transformer in terms
of minimizing the interwinding capacitance. Second, the power
rating of the converter, which was 36 V and 0.2 A per channel as
in [1], can be increased if applications require. Third, the work
can be improved with elaborate circuit operation analysis and
control together with presentation of supporting experimental
data. Finally, it would be much appreciated if proper assess-
ments of advantages as well as disadvantages of the converter
were made.

This paper seeks to further investigate and validate the merit
of the converter shown in Fig. 1. A higher output power rating
is desired (300 W per module). The prototype is designed in
a way that minimizes the circuit input-to-output parasitic ca-
pacitance, making it less susceptible to high dv/dt noise and
therefore suitable for modular stacking. The paper is divided
into the following sections. The first section is the introduction.

Fig. 2. Example of the proposed ultralow circuit input-to-output capacitance
power supply connected with an ultrafast tracking converter.

Section II provides information on the system specification. Fol-
lowing that, Section III presents the targeted applications and
selection of a suitable topology. Next, the CM noise current
paths are briefly discussed in Section IV. Afterward, Section V
discusses the design and specification of the proposed toroidal
transformer. Mathematical expressions of the transformer inter-
winding capacitance are derived based on the method of stored
energy balancing. The results indicate how to further improve
the design in terms of minimizing the interwinding capacitance.
Following that, Section VI discusses the circuit operation and
control approach in detail. Section VII presents and examines
the experimental results. Section VIII is dedicated to an overall
discussion, where the advantages as well as disadvantages of
the proposed converter are assessed. Finally, Section IX sum-
marizes the contributions. The experimental results show that an
overall circuit input-to-output parasitic capacitance of 10 pF is
achieved. To the authors’ best knowledge, this is the lowest cir-
cuit input-to-output parasitic capacitance achieved among sim-
ilar devices with similar power ratings. It is also experimentally
verified that the main contributor to the overall circuit input-to-
output parasitic capacitance is the interwinding capacitance of
the transformer.

II. SYSTEM DESCRIPTION

Referring to the converter in Fig. 1, the input dc supply volt-
age of the converter is usually the output of a power factor
correction converter which converts a single phase 220-V ac
voltage into 400-V dc voltage. Therefore, a dc input of 400 V is
chosen in the design. The output voltage is chosen to be 60 V dc,
since it allows a variety of power switch selections which have a
breakdown voltage of 100 V. If, for example, higher output volt-
age is desired, then either design specification can be changed
or multiple converter modules can be stacked in series. The
output current is designed to be 5 A average value at its maxi-
mum. This specification implies that the maximum output power
that is available in the output terminals is 300 W. Furthermore,
an extremely low total circuit input-to-output parasitic capaci-
tance of 10 pF is sought. All of these specifications are stated
in Table I.

III. TARGETED APPLICATIONS AND SELECTION OF TOPOLOGIES

A. Targeted Applications

One of the primary applications of this study is supplying
energy for ultrafast tracking converters. Fig. 2 shows a configu-
ration in which a module of the proposed power supply provides
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Fig. 3. Auxiliary power supply for MOS-gate driver circuits in medium- and
high-voltage application [15].

energy to a module of an ultrafast tracking converter. An ultra-
fast tracking converter is typical of radio frequency power am-
plifiers used in communication system based stations [16]–[18].
The output voltage of such an ultrafast tracking converter can
be required to have a step response settled within 10 μs. Due to
the high dv/dt at the output of the tracking converters, there will
be a large amount of conductive CM current drawn from their
output. This current is linearly proportional to the input–output
capacitance of the power supply

icom = Cio
dvout

dt
. (1)

However, the ripple voltage requirement of the output of the
tracking converter is usually in the range of tens of millivolts
peak to peak; for example, 10 mV as in [16] and [17]. The
performance of the tracking converter can be degraded if a rea-
sonable amount of conductive current is drawn from the output
through the circuit input-to-output capacitance. The adverse ef-
fects become worse if there are more than one converter stacked
together to increase the power rating. Therefore, in order to
have high immunity to the fast voltage step response, the cir-
cuit input-to-output parasitic capacitance must be minimized,
especially in the modular stacking applications.

Another important application of this study is to power the
gate-drive circuits of medium- and high-voltage applications.
Existing approaches can be found in [3], [15], and [19]. The
medium- and high-voltage applications are defined as applica-
tions with operating voltage in the range of tens of kilovolts.
For example, a high-speed IGBT switch which acts as a circuit
breaker for the operating voltage of 16 kV dc and a permanent
load current of 10 A dc is demonstrated [15]. This is performed
by connecting in series a total of 18 IGBTs, each with a reverse
voltage of 2500 V. Each IGBT has its own attached gate drive
circuit, all of which were driven by a single auxiliary power
supply unit. The block diagram of this system is redrawn and
shown in Fig. 3. According to [15], the following features of
the auxiliary power supply unit that generates the control power
required to activate the high-power IGBT switches are required:

1) Insulation between individual stages and with respect to
earth potential.

2) A small coupling capacitance in order to achieve a high
level of noise immunity between the individual stages.

In [3], [15], and [19], it is shown that the auxiliary power
supply should be implemented in the form of a current loop
shared by all switch stages. The current loop provides power
to a gate drive circuit by using a ring core transformer. This
results in a solution with low coupling capacitance and compact
construction volume [15].

A small coupling capacitance of the power supply circuit can
make the converter highly immune to high dv/dt and thus in-
crease reliability in such applications. The main focus of this
paper is to develop a converter that has minimized circuit input-
to-output capacitance for applications that require high immu-
nity to a large change of output voltage over time.

B. Effect of Isolated Feedback to the Circuit Performance

In consideration of feedback control applied to isolated power
converters, it is very common to feedback signals from one side
of the circuit to the other side across the isolation boundary.
The feedback elements must provide electrical isolation to the
control feedback paths; at the same time, they must be able to
transfer information as quickly and accurately as possible. Ex-
amples of such elements are optocouplers and signal-level iso-
lation transformers. However, these components possess several
undesirable attributes that need to be taken into account.

For the optocoupler, there are two main disadvantages. First,
they have very low bandwidth and limited accuracy that lower
the converter’s overall bandwidth and might inhibit fault pro-
tection of the circuit. This is due to the fact that the optocoupler
must have large based region in order to be sensitive to light and
have very thick based region in order to minimize the losses in
radiant energy transfer, which implies a relatively large Miller
capacitance in the range of nanofarads [20]. This large capaci-
tance effectively reduces the bandwidth of the optocoupler. The
typical value of the bandwidth of a commercially available op-
tocoupler used in power supplies is less than 5 kHz [20].

Second, the input–output coupling capacitance inherent in an
optocoupler will add to the overall circuit input-to-output par-
asitic capacitance. Therefore, an optocoupler is not a suitable
candidate for the targeted applications. Signal-level isolation
transformers have better bandwidth than the optocoupler, but
they have higher coupling capacitance. The typical coupling ca-
pacitance of a signal-level transformer is from 2 pF [21] to 12 pF
[22], which will add 20% and 120% to the total circuit input-to-
output capacitance, respectively. Hence, the use of an isolation
transformer in feedback is not acceptable in such applications.

In summary, the control approach which uses feedback paths
across the isolation boundary is not optimal where minimization
of circuit input-to-output parasitic capacitance is the primary
goal. Next, the selection of a suitable topology will be discussed.

C. Topology Selection

Based on the targeted applications and the awareness of
the effect of isolated feedback on the circuit performance, a
power supply suitable for these applications must possess the
following features:

1) Low circuit input–output capacitance.
2) Reduced number of crossings of the isolation barrier.
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Fig. 4. Minimized circuit input–output capacitance systems: a) Two-stage so-
lution with existing topologies, b) one-stage solution with the proposed topology.

The first requirement implies a loosely coupled transformer
to be used. However, one property of the magnetic component
to be noted is that the leakage inductance and the interwinding
parasitic capacitance are inversely proportional to each other
[23]. Taking this into account, it can be concluded that con-
ventional full-bridge converters such as buck- or boost-derived
converters are not suitable for these applications. This is be-
cause, in those topologies, the transformer requires low leakage
inductance and consequently high interwinding capacitance due
to the close proximity requirement between windings. This will
increase the total circuit input–output capacitance. Furthermore,
those topologies usually involve the use of feedback elements
crossing the isolation boundary and thus violate the aforemen-
tioned second requirement.

The relatively high transformer leakage inductance due to
the loose coupling can be useful in resonant topologies [24]–
[26] This suggests an approach shown in Fig. 4(a), based on
a two-stage converter. The configuration utilizes only standard
existing topologies. The system is powered by a power factor
correction whose output voltage is assumed to be 400 V dc. The
resonant converter operates with open-loop control to eliminate
the feedback from output to the input. Its output voltage is
used to supply a nonisolated down-stream converter, such as
a buck converter, as demonstrated in Fig. 4(a). The closed-
loop regulation of the final output voltage is performed by the
down-stream converter, while the low circuit input-to-output
capacitance is determined by the loose coupling and feedback-
free operation of the resonant converter. For example, if the
down-stream buck converter has a maximum output voltage
level of 60 V, then the resonant converter can be designed for
a voltage output of about 80 V. In short, in order to attain
the two aforementioned goals, it must be done with a two-
stage converter with a separate control loop for each stage. This
approach, however, can be costly and require significant effort
to develop a separate control loop for each stage.

Fig. 5. CM noise paths.

Considering the control performance, a feedback-free reso-
nant converter design is only optimal if the switching frequency
is fixed at the load-independent frequency, where the converter
gain is independent of variation in the load. However, this cre-
ates disadvantages if the open-loop control fails to track the
load-independent point due to the tolerances of the control and
sensing circuits as well as of the power circuit. The variation
of the voltage gain around the vicinity of the load-independent
point can cause the voltage to fail. Moreover, the regulation
of the down-stream converter speed is limited by the output
filter used.

This paper proposes a converter and control that combine two
stages into one stage. The concept is shown in Fig. 4(b). The
proposed converter and its control is free from feedback across
the isolation boundary. However, the output voltage is locally
controlled by a closed loop in the secondary side, and thus, it
maintains the high performance and robustness against the con-
trol circuit tolerance and circuit parameter variation. The trans-
former structure, modeling, and validation will be presented in
Section V. The detailed analysis of the control approach will be
presented in Section VI.

IV. CM NOISE CURRENT PATHS

To better understand the effect of the difference coupling
capacitance to the overall circuit input-to-output capacitance,
the CM noise current paths are studied in this section.

The CM noise paths are shown in Fig. 5. In this topology,
the nodes that have high dv/dt are nodes A, B, X, Y, and Z.
In nodes A and B, there are changes of voltage from ±Vi to
∓Vi with respect to the primary-side return. Nodes X, Y, Z
see a change of 0 to 60 V with respect to the secondary-side
return. These nodes are sources of CM noise currents. In the
developed prototype, there are two heat sinks used, one for each
side to reduce the capacitive coupling between the two sides.
Since the drains of switch S2 and S4 are switching nodes and
they are both attached to heat sink 1, the coupling paths include
capacitances from the drains of S2 and S4 to heat sink 1, and
capacitance from heat sink 1 to chassis/earth. In implementation,
the heat sink can be electrically connected to the return path (not
the chassis/earth) to further mitigate the transmission of CM
noise current. The coupling paths in the secondary side include
capacitances from cathodes of DS1 , DS2 , DS3 , DS4 , and the
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Fig. 6. Transformer structure. (a) Conceptual structure top and side view and
(b) the transformer prototype.

drain of S5 to heat sink 2, and capacitance from heat sink 2
to chassis/earth. The coupling path caused by the transformer
comes from the interwinding capacitance, Cint . It can be clearly
seen that Cint is in series with the other coupling capacitances,
forming a loop of CM noise paths. Therefore, the value of Cint

determines the overall CM noise performance [27]. The typical
value of the other coupling capacitance falls into a range from
100 pF to tens of microfarads [2], [12], [13]. If Cint can be
made much smaller than the other coupling capacitances, the
overall circuit input-to-output capacitance will be governed by
only Cint .

V. TRANSFORMER STRUCTURE, INTERWINDING CAPACITANCE

MODELING, AND VALIDATION

In this section, the transformer structure, its specification,
and its interwinding capacitance mathematical model will be
presented first. After that, key measurement data including the
transformer’s primary to secondary winding impedance, the in-
terpreted transformer’s interwinding capacitance, and the leak-
age inductance referred to the primary side will be given.

A. Transformer Structure

The general structure of the proposed transformer is illus-
trated in Fig. 6(a), and the transformer prototype photo is shown
in Fig. 6(b). In its winding configuration, the winding with fewer
turns will be placed in the geometrical center of the core, form-
ing a rectangular frame. The remaining winding with more turns
is tightly wound around the core. This is, respectively, the case
of the secondary winding and primary winding in Fig. 6. With
this structure, the two windings are separated from each other
by a reasonably large distance. Moreover, the dielectric material
between them is only the surrounding air that has the second
lowest permittivity to vacuum. All of these features result in the
transformer’s extremely low interwinding parasitic capacitance.

To arrive at a design procedure or guideline of making a
transformer that has a specific interwinding parasitic capaci-
tance, depending on how precise it is expected to be, this nor-
mally requires mathematical modeling or simulation based on

Fig. 7. Proposed transformer structure and geometry.

the finite-element method (FEM). Apart from that, the design
of the transformer is a compromise of other issues such as the
power losses and physical size of the whole circuit. The trans-
former is often the most bulky part in the prototype of a power
electronics converter. As a result, the size of the transformer
greatly affects the size of the prototype. It is preferable to select
as small a transformer size as possible so that the prototype is
smaller; therefore, the parasitic capacitance coupling from the
prototype to earth is smaller.

Transformer parasitic capacitance cannot be ignored. The
voltage potential between turns, between winding layers, and
between windings and the core create this parasitic element. In
fact, this parasitic capacitance significantly affects the magnetic
component performance, such that the current waveform on the
excitation side would be distorted, and the overall efficiency
of converters would be decreased. Subjected to high-voltage
stresses, the interwinding capacitance causes leakage currents
and consequently contributes to the EMI problem [28].

The specifications of the developed transformer are provided
in Table II. It also provides dimensional information about the
core and winding with respect to the notations in Fig. 7. It is
an R36/23/15 toroid core from Epcos with N87 material. The
primary winding is made by Litwize with 60 0.2-mm-diameter
twisted parallel wires. The secondary winding uses copper wire
with a 1-mm diameter. The turns ratio is 55:11.

The interwinding capacitance can be calculated by using the
stored electric energy method [28]–[33], in which voltage dis-
tribution plays a vital role. The energy stored can be derived
by either an FEM simulation model based on commercial soft-
ware or a mathematical model. However, FEM has a particular
disadvantage in deriving the interwinding capacitance of the
proposed transformer. A 2-D FEM simulation model based on
Ansoft/Maxwell software has been built to observe the energy
stored in the transformer. Fig. 8 shows the result of the energy
stored created by the segment of the secondary winding that is
in the center of the core and the primary winding. Because the
displacement distance between the secondary winding and the
primary winding is large and the turn to turn distances of each
winding are much smaller, the energies stored between turn to
turn of the windings dominate the interwinding energies. The
simulation result in Fig. 8 shows that the energy is concentrated
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Fig. 8. 2D FEM simulation result of the winding energy distribution.

near the two ends of the primary winding. This is reasonable
because in the proximity of the two ends, the voltage differences
are maximum and the turn to turn displacements are minimum.

The two kinds of energy, turn-to-turn energy and interwind-
ing energy, cannot be simulated separately with FEM software.
This is one of the reasons why a mathematical model is adopted
for this paper. The other reason to model the interwinding capac-
itance with mathematics is that it will allow fast recalculation
with minor parameter modifications if a transformer with the
same structure is used but possesses different geometry, turns
ratio, and winding parameters. It, therefore, allows performance
of an optimization routine of the transformer design.

The calculation based on a mathematical model will be pre-
sented next.

B. Mathematical Model of the Interwinding Capacitance

First, the interwinding capacitance caused by the interaction
between segment A1 of the secondary winding through the core
center to the parallel segments P1 and P2 of the primary winding
(see Fig. 7) will be calculated. Segments P1 and P2 are the
winding segments around the perimeters of the inner ring and
outer ring, respectively. The secondary winding has 11 turns
stranded together, so each turn is located in the approximate
center of the magnetic core, as shown in Fig. 6. The static
capacitance between the inner primary turns and the secondary
turns can be expressed as [28], [30]

Ci =
ε0S

ri
=

ε0dπl

2ri
, (2)

where ε0 is the permittivity of free air space, d is the diameter
of each turn (the same size of wire is selected for both primary
and secondary turns), and l and ri are the overlapped length and
the distance between the inner primary turns and the secondary
turns, respectively.

With respect to the outer ring of the primary winding, the
static capacitance can be expressed with a different distance ro

Co =
ε0S

ro
=

ε0dπl

2ro
. (3)

Assuming that the voltage potential distribution along the pri-
mary winding varies linearly

VP [i] =
i

np − 1
VP

(i = 0, 1, 2, 3, . . . , np − 1). (4)

Then, the total stored electric energy between all secondary
turns lying in segment A1 and the inner ring of primary winding
P1 is

Ei =
1

2
Ci

ns −1∑

j=0

np −1∑

i=0

(
VP i

np − 1
− VS j

ns − 1

)2

. (5)

With the same analytical approach, the total stored electric en-
ergy between all secondary turns and the outer ring of the pri-
mary winding P2 can be expressed as

Eo =
1

2
Co

ns −1∑

j=0

np −1∑

i=0

(
VP i

np − 1
− VS j

ns − 1

)2

. (6)

The contribution of segment B of the secondary winding to
the total energy is computed as follows. The capacitance caused
by the side segments B1 , B2 to the primary winding is

CB =
ε0dπlB
2rB

. (7)

Segments B1 and B2 face the middle parts of the primary wind-
ing. It is appropriate to assume that there are five turns from
the primary winding that lie in segment P3 or P4 of Fig. 7
facing segment B1 and B2 , respectively. They are turn number
(np − 1)/2 − 2 to (np − 1)/2 + 2. In a specific design with 55
primary turns, these will correspond to turn number 25 to 29.
Then, the stored electric energy caused by B1 and B2 is

EB = 2

⎛
⎝1

2
CB

ns −1∑

j=0

(np −1)/2+2∑

i=(np −1)/2−2

(
VP i

np − 1
− VS j

ns − 1

)2
⎞
⎠ .

(8)

Next, the contribution of segment C of the secondary winding
to the outer ring of the primary winding is computed. Referring
to Fig. 9(c), it is helpful to mathematically express the distance
from segment C to the turns lying in the outer ring of the primary.
In triangle CDB, distance CB is related to other sides of the
triangle by

CB
2

= CD
2

+ BD
2 − 2CDBD cos(Φ)

= (ri + ro)
2 + r2

o − 2(ri + ro)ro cos(π − 2π/np).

(9)
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Fig. 9. Effect of parasitic capacitance from the secondary winding of (a) seg-
ment A to the inner ring of the primary winding, (b) segment A to the outer ring of
the primary winding, and (c) segment C to the outer ring of the primary winding.

Therefore, the distances from C to the ith turn of the outer-
primary winding are

rC out,i =

√
(ri + ro)2 + r2

o − 2(ri + ro)ro cos

(
π − i2π

np

)

(i = 1, 2, 3, ..., np − 1). (10)

The capacitance from segment C of the secondary winding to
turn number ith of the outer primary winding is

CC out,i =
ε0dπlC

2

√
(ri + ro)2 + r2

o − 2(ri + ro)ro cos
(
π − i2π

np

)

(i = 1, 2, 3, ..., np − 1) (11)

The total stored energy caused by segment C of secondary wind-
ing to the outer ring of primary winding is then

EC out =
1

2

ns −1∑

j=0

np −1∑

i=0

CC out,i

(
VP i

np − 1
− VS j

ns − 1

)2

. (12)

Similarly, the stored energy caused by segment C of secondary
winding to the inner ring of primary winding is

EC in =
1

2

ns −1∑

j=0

np −1∑

i=0

CC in,i

(
VP i

np − 1
− VS j

ns − 1

)2

, (13)

where

CC in,i =
ε0dπlC

2
√

(ri + ro)2 + r2
i − 2(ri + ro)ri cos(π − i2π

np
)

(i = 1, 2, 3, ..., np − 1). (14)

The total stored electric energy is then

Etotal = Ei + Eo + EB + EC in + EC out

=
1

2
Cint(VP − VS )2 . (15)

The calculated interwinding capacitance, Cint , based on the
parameters in Table II is 10 pF. Table III shows the calculated
energy and capacitance. It is observed that segment A1 domi-
nates the stored energy, and the contributions of segments B1

and B2 are negligible. The design guideline is that increasing
the core geometry and increasing distance from segment C to
the core will effectively reduce the interwinding capacitance.

C. Measurement Results

Fig. 10 shows the experimental data of the interwinding
impedance magnitude and phase of the transformer. It is done
with both terminals of each winding shorted. As can be seen,
the impedance magnitude has a constant slope with −20 dB/dec
roll off, and the phase is around −90◦. Therefore, the inter-
winding impedance is capacitive, and it is appropriate to model
the interwinding impedance as a lump-element circuit with an
interwinding capacitor. The measured data are in the form of
digital values of impedance magnitude and phase at a sweep
of different frequencies. They are imported into MATLAB and
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TABLE II
PARAMETERS OF MAGNETIC CORE AND WINDING

GEOMETRIES OF THE TRANSFORMER

Core material N87
Core dimension 36 mm × 23 mm × 15 mm
Turns ratio 55:11
Primary winding Litz-wire 60 × 0.2 mm
Secondary winding copper 1.0 mm
ε0 8.85.10−1 2 F/m
d 1 mm
l 16 mm
ri 11.5 mm
ro 18 mm
np 55
ns 11
VP 300 V
VS 60 V
rB 12 mm
lB 6.5 mm
lC 16 mm

TABLE III
CALCULATED ENERGY AND CAPACITANCE

Para- Ei Eo EB EC i n EC o u t E t o t a l C i n t

meter (J) (J) (J) (J) (J) (J) (F)

Value 1.3 8.4 1.1 3.8 3.2 2.9 9.97
e-7 e-8 e-9 e-8 e-8 e-7 e-12

Fig. 10. Interwinding impedance measurement: (a) magnitude and (b) phase.

Fig. 11. Measured interwinding parasitic capacitance.

processed by proper scripts to yield the interpreted coupling ca-
pacitance, whose values are shown in Fig. 11. It can be seen that
the capacitance value is around 10 pF in the wide range of fre-
quency from dc to 10 MHz. It is validated that with the proposed
configuration of the transformer, an extremely low interwinding
parasitic capacitance can be achieved.

The process is repeated for the measurement of the impedance
between two terminals of the primary side while the two ter-
minals of the secondary side shorted. This impedance can be
modeled as a leakage inductor. The impedance magnitude and
phase are shown in Fig. 12(a) and (b). The impedance behaves
like a resistor at frequencies up to 1 kHz due to winding ohmic
resistance, like a leakage inductor from 2 kHz to 1.5 MHz due to
leakage flux, and like a capacitor from above 1.5 MHz due to the
self-capacitance of the leakage inductor. The interpreted mag-
nitude of the leakage inductor is shown in Fig. 12(c). The leak-
age inductance value is 170 μH in the range of 100–300 kHz.
The consequential relatively high leakage inductance may be
explained by the large geometrical separation of the two wind-
ings that produces relatively large leakage flux outside the core.
Hence, the proposed topology as well as its associated control
approach must be designed to utilize the leakage inductor. The
control approach will be presented in the next section.

VI. PROPOSED CONTROL APPROACH

A. Proposed Control Approach

In this paper, the control approach without isolated feedback
is adopted in order to achieve minimum circuit input-to-output
parasitic capacitance for the requirements of the targeted ap-
plications. The proposed converter physical configuration is
shown in Fig. 13. There are two control loops where one re-
sides in the primary and the other one resides in the secondary.
The secondary-side controller regulates the output voltage to
be constant at 60 V. The primary-side controller controls the
primary-side inductor current; thus, it indirectly regulates the
nominal output current. The secondary-side circuit can be seen
as a current source supplying the output capacitor in parallel
with the load.

On the secondary side, the output voltage is sensed by a volt-
age divider and compared to a hysteresis reference to switch the
shunt switch S5 ON and OFF. When S5 is switched OFF, the con-
verter operates in its power mode [see Fig. 14(a)] and the output
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Fig. 12. Primary leakage impedance measurement. (a) Magnitude, (b) phase,
and (c) leakage inductance.

Fig. 13. Block diagram of the circuit layout.

Fig. 14. Operation mode: (a) Power mode and (b) shunt mode.

voltage increases. On the other hand, when S5 is ON, shunting
the secondary side, the converter operates in its shunt mode,
which is shown in Fig. 14(b); the output voltage decreases. This
control approach is different from the control method of the
conventional full-bridge topology or single active bridge topol-
ogy in that the output voltage regulation is independent from the
regulation of the active switches of the primary side. Normally,
the former topologies involve a feedback of the output voltage
across the isolation boundary, and utilization of a compensator
to adjust the switching fashion of the active bridge in order to
control the output voltage. However, as mentioned in Section
III, those topologies and their control approach are not optimal
for the targeted applications.

On the primary side, because the leakage inductance is rel-
atively high, at 170 μH, it is utilized as the main inductor in
the circuit, and there is no external inductor added. In this way,
the leakage inductor, although being relatively high Henry value
compared to a traditional converter, has become an integral part
of the converter. The primary-side inductor current can be con-
trolled by adjusting one variable among the three variables of
the primary switches: frequency, phase shift, and duty cycle. In
this paper, the frequency modulation is chosen. The duty cycle
of the switches is fixed at 50%, and the phase-shift is therefore at
0◦. The primary-side current iL is first sensed and rectified. It is
then low-pass filtered to produce a rectified-dc value. This value
is then compared to a rectified-dc reference and processed by
an analogue proportional-integral (PI) compensator. The output
of the PI compensator is fed to a voltage-controlled oscillator
(VCO) that automatically adjusts the switching frequency to
keep the rectified primary dc current to be a constant 1 A dc.
With a turns ratio of 5:1, the rectified dc current at the sec-
ondary side is controlled at 5 A dc. The analytical waveforms of
the converter in the two operation modes are shown in Fig. 15,
whereas the block diagrams of the two control loops are shown
in Fig. 16.

B. Power Mode Operation

The power mode is the operation mode where the shunt MOS-
FET S5 is open, allowing the output current to supply the output
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Fig. 15. Analytical waveforms when the converter operates in: (a) Power
mode and (b) shunt mode.

Fig. 16. Control block diagram. (a) Hysteresis control in the secondary side
and (b) average current mode control in the primary side.

load as in Fig. 14(a). The analytical waveforms of the converter
operating in power mode are shown in Fig. 15(a). As mentioned
earlier, the pulse width modulation (PWM) signal for each pair
of switches (S1 , S4) and (S2 , S3) is a pulse with 50% duty cycle.
A complete period consists of 50% of the time where (S1 , S4)
are commanded to turn ON, and 50% of the time where (S2 , S3)
are commanded to turn ON. There is no phase shift between the
PWM signals except for a small amount of dead time.

When the PWM signal sent to (S1 , S4) is ON and the PWM
signal sent to (S2 , S3) is OFF, the inductor current iL (t) will
increase from the most negative value −îL to the most positive
value îL . During the duration where iL (t) is increasing from

−îL to zero, the body diodes (D1 ,D4) of the two switches
conduct the current [see Figs. 1 and 15(a)]. Because iL (t) is
negative during this duration, the secondary-side current i2(t)
is negative; it conducts through diodes (DS2 ,DS3). The voltage
across the secondary winding is VS (t) = −Vo , which is a neg-
ative value. This voltage is reflected to the primary side by the
turns ratio: VP (t) = (nP /nS )VS (t) = −(nP /nS )Vo = −VP ,
where VP (t) = VP sgn(iL (t)) and the operator sgn denotes the
sign of the operand.

As a result, the voltage across the leakage inductor during the
time when the inductor current is negative is vL (t) = VAB(t) −
VP (t) = Vi + VP . The current increases linearly with time with
a slope of (Vi + VP )/L.

After the inductor current reaches zero, diodes (D1 ,D4)
stop conducting and the current flows through the channels of
(S1 , S4) instead. This results in a zero voltage, zero current
switching at turn-on of switch (S1 , S4). This means there is no
switching loss in turning ON switches (S1 , S4), and it is one
of the advantages of this control approach. The inductor cur-
rent changes direction to positive, as does the secondary-side
current i2(t). Current i2(t) flows through diodes (DS1 ,DS4),
making the voltage across the secondary-side transformer posi-
tive, VS (t) = Vo . Hence, the voltage across the primary side of
the transformer becomes positive.

The voltage across the leakage inductor during the time when
the inductor current is positive is vL (t) = VAB(t) − VP (t) =
Vi − VP . The slope of the current during this duration is (Vi −
VP )/L [see Fig. 15(a)].

During the next half-period, the PWM signal of switches
(S1 , S4) is OFF and the PWM signal of switches (S2 , S3) is ON.
At the transition of these PWM signals, (S1 , S4) is turned OFF

and, because the current is positive, it is transferred from the
channels of (S1 , S4) to the body diodes (D2 ,D3) of switches
(S2 , S3). The voltage difference between two nodes A and B
changes polarity. The voltage across the inductor is vL (t) =
VAB(t) − VP (t) = −Vi − VP as long as the inductor current is
positive. When the inductor current decreases and reaches zero,
the body diodes (D2 ,D3) stop conducting and the current is
transferred to the channels of switches (S2 , S3). Again, the turn-
on transient of switches (S2 , S3) occurs with the zero voltage,
zero current feature, resulting in no switching loss. Similarly,
when the inductor current is negative and (S2 , S3) are ON, the
voltage across the inductor is −Vi + VP .

Based on the above analysis, the inductor current has the re-
sulting form which is shown in Fig. 15(a). It is a nonsymmetrical
triangular ac signal with zero dc bias. Due to the presence of the
diode bridge in the secondary side, the output current IS (t) is
the result of the rectified inductor current multiplying with the
inversion of the turns ratio

IS (t) = |i2(t)| =
np

ns
|iL (t)|. (16)

Diode DS5 in the power mode is forward-biased. The out-
put current IS (t) is a positive triangular signal with twice the
frequency of the leakage inductor current. Its peak value is
(nP /nS )̂iL or 10 A in this design. The dc value of this signal
is therefore half its peak value: 0.5(nP /nS )̂iL or 5 A.
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The switching frequency that ensures the primary side is reg-
ulated at the peak value of îL can be derived by equating the
product of voltage across the inductor and time when the current
is negative to that when the current is positive. The peak value
when the inductor current is negative is equal to that when the
current is positive (see Fig. 15)

îL =
Vi + VP

L
Δt1 =

Vi − VP

L
Δt2 , (17)

where

Δt1 + Δt2 =
T

2
=

1

2f
. (18)

From (17) and (18), it can be proved that

f =
Vi

4̂iLL

(
1 −

(
VP

Vi

)2
)

. (19)

As a result, the switching frequency in power mode is

fpower =
Vi

4̂iLL

(
1 −

(
npVo

nsVi

)2
)

. (20)

Given the input and output voltage value from Table I, leak-
age inductor L = 170 μH, peak value of the inductor current
îL = 2 A, we can derive the expected switching frequency in
power mode: fpower = 128 kHz.

C. Shunt Mode Operation

The shunt mode is the operation mode where the shunt
MOSFET S5 is shorted, which is illustrated in Fig. 14(b). The
voltage of the anode of diode DS5 with respect to the secondary-
side return path is approximately zero if the voltage across the
on-resistance of S5 is neglected. Because the output voltage is
regulated at Vo and there is an output capacitor C that prevents
output voltage from being changed drastically, the voltage at
cathode of DS5 is Vo . Hence, DS5 is reverse-biased.

In a similar way, the analytical waveforms of the converter
operating in shunt mode are shown in Fig. 15(b). Because now
the shunt switch is shorted, the output current IS (t) will circu-
late through either (DS1 , S5 ,DS4 ) or (DS2 , S5 ,DS3 ) when the
secondary-side current i2(t) is positive or negative, respectively.
The voltage across the secondary-side transformer, VS (t), be-
comes zero, which is demonstrated in the bottom of Fig. 15(b).
Thus, VP (t) also becomes zero.

As a result, the voltage across the leakage inductor when the
PWM signal for (S1 , S4) is ON is Vi regardless of the sign of
the current. Likewise, the voltage across the leakage inductor
when the PWM signal for (S2 , S3) is ON is −Vi . This results in
a symmetrical leakage inductor current as shown in Fig. 15(b).
The output current IS (t) is a symmetrical positive signal.

From (19), given VP = 0, the expected switching frequency
in shunt mode is

fshunt =
Vi

4̂iLL
. (21)

The calculated expected switching frequency in shunt mode
is, therefore, fshunt = 294 kHz.

D. Comparison With Existing Control Approaches

A very loosely coupled transformer, as is the case here, has a
significant high leakage inductance. This is, in this paper, used
as the inductance of the circuit (see Fig. 1). Many resonant con-
verters utilize similar concept [24]–[26]. The practice of using
the high leakage inductance as the main inductor is also adopted
in dual active bridge converters [34]–[36]. In this paper, the con-
trol circuit, to some extent, can be regarded as nonconventional.
The primary side uses a combination of average current mode
(peak current mode could also be used) and variable frequency
control to keep the inductor current at a constant level. How-
ever, average and peak current mode controls are conventional
control methods [37]–[40]. Variable frequency control is widely
used by many resonant converters [24]–[26], [41]. In this paper,
those two methods are combined on the primary side. On the
secondary side, the output voltage hysteresis control of the shunt
switch is used. This practice, to some extent, can be regarded as
nonconventional, but relatively straight forward to implement.

Using the combination of the previously mentioned primary-
and secondary-side controls enables a complete elimination of
the feedback loop crossing the isolation boundary, which would,
in almost all implementations, imply additional parasitic capac-
itance added (such as the input–output capacitance of an opto-
coupler or of a high-frequency feedback transformer) between
primary and secondary sides.

VII. EXPERIMENTAL RESULTS

The specifications of the converter were described in
Section II, and they will be summarized briefly here. The input
voltage to the converter is 400 V dc, which represents the output
of a typical power factor correction circuit. The inductor current
is to be controlled at 2 A peak. This results in a rectified cur-
rent of 10 A peak in the output because the turns ratio of 5:1 is
used. The dc offset value of the secondary-side rectified current
IS (t) is therefore 5 A. The output voltage is controlled at 60 V.
This allows the converter to output 300-W nominal power. The
expected switching frequency of the active bridge in steady state
in shunt and power modes is 294 and 128 kHz, respectively. Most
importantly, an overall circuit input-to-output capacitance of no
more than 10 pF is desired.

The experimental studies have examined circuit input-to-
output parasitic capacitance, converter transient response, and
converter power efficiency. A photo of the prototype can be
found in Fig. 17. As can be seen from the photo, the proposed
transformer is the only element that links between the primary
side and secondary side. There is no feedback element added
across the isolation boundary.

A. Circuit Input-to-Output Parasitic Capacitance

The circuit input-to-output capacitance is measured by the
Agilent 4294A precision impedance analyzer. The accuracy
claimed by the manufacturer is ±3% in the measured range.
The two input terminals are shorted and so are the two output
terminals. After that, the ground planes of the primary side and
secondary side are measured with the instrument. Fig. 18 shows
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Fig. 17. Photo of the prototype.

Fig. 18. Circuit input-to-output impedance measurement: (a) magnitude and
(b) phase.

the circuit input-to-output impedance magnitude and phase mea-
surement. Its magnitude slope of −20 dB/dec and phase around
−90◦ makes it appropriate to model as a capacitor. The mea-
sured value of the capacitance is around 10 pF, which is shown
in Fig. 19. In short, an extremely low value of circuit input-to-
output capacitance has been achieved, and it has been proven to
be dominated by the interwinding parasitic capacitance.

B. Converter Transient Response

In this section, two key measurement waveforms are pre-
sented and discussed. They are the inductor current on the pri-

Fig. 19. Circuit input-to-output parasitic capacitance.

Fig. 20. Transient response from power mode to shunt mode. Top: output
voltage Vo (t) (10 V/div); bottom: inductor current iL (t) (2 A/div); time scale:
20 μs/div.

Fig. 21. Transient response from shunt mode to power mode. Top: output
voltage Vo (t) (10 V/div); bottom: inductor current iL (t) (2 A/div); time scale:
20 μs/div.

mary side and the output voltage on the secondary side. The
measurement of the inductor current is performed by the LeCroy
AP015 current probe, which has a claimed accuracy of ±1%. In
addition, the measurement of the output voltage is done with the
SI-9000 differential probe with an accuracy of ±2% as claimed
by the manufacturer.

Fig. 20 shows the transient response from power mode to
shunt mode. In a similar way, the transient from shunt mode
to power mode is shown in Fig. 21. The value of the output
voltage threshold, ε, is set to 0.5 V. It can be observed that, both
the inductor current and the output voltage are well regulated
at their desired steady-state values, which are 2 A peak and
60 V dc, respectively. The transient of the current from power
mode to shunt mode and vice versa finishes within about 30 and
40 μs, respectively. The time needed for the inductor current
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Fig. 22. Converter’s power efficiency.

to settle is mainly determined by the dynamic of the average
current control scheme described in Fig. 16. The experimental
switching frequencies of the primary-side switches in power
mode and shunt mode are 124 and 307 kHz, respectively. They
are respectively 3% and 4% different from the expected val-
ues derived in Section VI. This is simply due to the tolerance
of the components used in the analogue control circuitry and
sensing, and the ignorance of the small forward voltage drop
in the diodes on the secondary side. Nevertheless, the transient
and steady state are both stable and satisfactory. The behav-
ior of the circuit matches accurately with the aforementioned
circuit analysis.

C. Converter Power Efficiency

The power measurement is done with the PPA5530 precision
power analyzer. The accuracy claimed by the manufacturer is
±0.4% in the operation condition under test. The measured
efficiencies at different output powers are shown in Fig. 22. At
the nominal output of 300 W, the converter operates entirely
in its power mode. The switching frequency on the primary
side is then the smaller one, fpower . Therefore, the primary
switching loss and both conduction loss and switching loss of
shunt MOSFET S5 are reduced. That is the reason why the peak
efficiency is attained at the nominal output power. This value
is 92.4%. As output power reduces, the duration in which the
converter operates in shunt mode increases linearly; the loss
increases slightly as shown in Fig. 23. As a result, the efficiency
drops. Zero efficiency is attained at zero output power when the
converter fully operates in its shunt mode. In general, the overall
efficiency of the converter is satisfactory particularly ranging
from 1/3 nominal power to full nominal power. Its efficiency in
this range is from 77.5% to 92.4%.

VIII. DISCUSSION

This study has been primarily concerned with minimiz-
ing converter input-to-output parasitic capacitance in order to
achieve maximum noise immunity to high dv/dt from the loads.
This goal has been approached by fulfilling two objectives.
First, a novel topology with minimized interwinding capaci-
tance transformer has been introduced. Second, a new control

Fig. 23. Converter’s power loss.

strategy has been proposed that both eliminates the feedback
path across the isolation boundary and maintains the desired
output voltage.

If a conventional full-bridge converter is used, taking the iso-
lated boost converter as an example, the transformer should then
be required to have a very low leakage inductance. Such a trans-
former will require very close proximity between the windings.
Because the interwinding capacitance is inversely proportional
to the relative distance between the windings, this configura-
tion therefore increases the transformer parasitic capacitance.
Additional EMI filtering, if added to the full-bridge converter,
would not correct the high input-to-output capacitance. While
the added secondary switch increases size and cost, the major
goal is high dv/dt immunity between the primary and secondary,
which provides good CM immunity.

Several advantages of the developed converter’s prototype
and its control strategy are as follows. First, the topology and
its control allow zero current, zero voltage switching at the
turn-on transitions of the switches (refer to Fig. 15 and the
discussion in Section VI-B), resulting in lower switching loss at
turn-on transients.

Second, this topology has higher power (60 V/300 W) per
channel than 36 V/5 W designs of prior art [1] with a similar
topology. This allows the converter to supply a wider range of
load, from 0 to 60 V and up to 300 W.

Third, the proposed control strategy improves the reliability
of the control electronics because there are no feedback elements
across the isolation boundary. Specifically, it provides a more
reliable fault protection if necessary because input and output
voltage or current levels can be monitored and fault protection
can be triggered with minimum delay.

Fourth, the regulation of the output power is very fast. When-
ever the output current is not consumed by the load, it is cir-
culated through the shunt-switch and the secondary-side diode
bridge. As soon as S5 is turned OFF, there will be 300 W of
power immediately available to supply the output. Furthermore,
the elimination of feedback prevents saturation of the control
circuitry during transients. All of these proposed topology and
control features make the converter react very quickly to changes
in power demand compared to existing topologies and controls.

Finally, an extremely low circuit input-to-output capaci-
tance is achieved: 10 pF in a 300-W prototype. Its parasitic
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capacitance per watt is 0.033 pf/W, which is approximately 30
times lower than that of existing converters reported in the lit-
erature [12], [13].

It must be acknowledged, however, that the proposed ap-
proach contains several disadvantages. First, the MOSFETs on
the primary side turn off at their peak currents, resulting in higher
turn-off loss. Second, the slightly increased loss at lighter load
makes the converter’s efficiency relatively low at low output
power. This issue may be considered in a separate study.

IX. CONCLUSION

In this paper, the authors have presented the design of a 300-W
isolated power supply with very high dv/dt immunity. The main
advantage of the power supply is the extremely low interwinding
capacitance in the transformer, which makes the circuit input-
to-output capacitance ultralow, considering the output power.
The converter is specially designed for applications with very
large changes of voltage over short durations of time. Circuit
operation and control have been presented, and experimental
data have also been provided that prove to match well with
expectations. Furthermore, the advantages and disadvantages of
the converter have been discussed. In summary, the converter is
suitable for a wide range of applications, especially where fast
output power response and minimization of the circuit input-to-
output capacitance are vital.
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Abstract 
In an isolated power supply, the inter-winding parasitic capacitance plays a vital role in the mitigation 
of common mode noise currents created by fast voltage transient responses. The lower the transformer
inter-winding capacitance, the more immune the power supply is to fast voltage transient responses.
This requirement is even more critical for modular stacking applications in which multiple power 
supplies are stacked. This paper addresses the issue by presenting a detailed analysis and design of an 
unconventional isolated power supply that uses a ring core transformer with a very low inter-winding 
parasitic capacitance of 10 pF. Considering its output power of 300 W, this approach yields about
0.033 pF/W inter-winding capacitance over output power, approximately thirty times lower than
existing approaches in the literature. This makes the converter a suitable solution for modular stacking 
of fast voltage switching applications. Mathematical derivation of the inter-winding capacitance and
experiments are carried out to prove the validity of the approach. 

Introduction 
In isolated power supply applications, the transformer parasitic capacitance can have a significant
effect to the converter operation [1-2]. Some of the adverse effects are distortion of the current
waveform on the excitation side or a decrease in the overall converter efficiency. Subjected to high-
voltage stresses, the inter-winding capacitance causes leakage currents and, consequently, EMI 
problems [3-6]. However, most publications about the transformer design concern the reduction in 
leakage inductances and high-frequency winding losses, while winding capacitances have rarely been 
considered effectively. Limiting the inter-winding capacitance is critical for stacking of power
supplies because large inter-winding capacitance creates a significant amount of common mode noise
at high frequency [6-7]. Existing transformers in a 1.2 kW converter design are reported to have 1.5 nF
inter-winding capacitance [8]. An E-core transformer used in fly-back converter with a power rating of
30 W is reported in [9] to have 34 pF of inter-winding capacitance.  

One of the primary applications of this work is supplying energy for ultra-fast tracking converters. Fig. 
1 shows a configuration in which multiple modules of the proposed power supply provide energy to
multiple modules of the ultra-fast tracking converter. The ultra-fast tracking converters are typical of  
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Fig. 1. A typical modular stacking application of power supplies. 

radio frequency power amplifiers  used in communication system based stations  [10]. Due to the high 
dv/dt at the output of the tracking converters, there will be a large amount of conductive common
mode current draw from their output. This current is linearly proportional to the input-output
capacitance of the power supply: 

.com io
dVi C
dt

=  (1) 

Take, for example, a configuration with three stacked power supply-tracking converters. The tracking 
converter outputs are connected in series to increase the voltage. The rate of change at the output 
voltage is 1000 V/µs. Suppose we have a change from 0 to 1000 V in one micro second. The first 
converter output experiences a change of 333 V/µs. The second converter output experiences a change 
of 666 V/µs. The third one experiences a change of 1000 V/µs. The coupling current through the
circuit input-to-output parasitic capacitance is as follows.

For the first converter:

1
33310 3.33 .
1common io

dV Vi C pF mA
dt us

= = = (2) 

For the second converter: 

2
66610 6.66 .
1common io

dV Vi C pF mA
dt us

= = =  (3) 

For the third converter: 

3
100010 10 .

1common io
dV Vi C pF mA
dt us

= = =  (4) 

These currents are drawn from the tracking converters’ output. Therefore, they distort the output 
current waveforms of the tracking converters, and the performance of the tracking is impaired. The 
adverse effects become worse when the number of stacked power supplies increases. Therefore, in
order to rapidly change the tracking converter output voltage, the circuit input to output parasitic
capacitance must be minimized, especially in modular stacking power converter applications. Note 
also that having minimal circuit input-to-output parasitic capacitance provides an advantage not only 
for fast changing voltage applications but also for other slower dynamic converters in terms of
conducted noise immunity. 

This paper studies the converter topology in Fig. 2, which was first presented in [1]. The primary goal 
is to attain a low transformer inter-winding parasitic capacitance; specifically, 10 pF in a 300 W output 
power design. Mathematical derivation of the transformer inter-winding capacitance and circuit 
operation will be presented. 
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Circuit operation 
Suppose that at the input, a power factor correction converter that converts a single phase 220 V ac 
into 400 V dc is used as the upstream converter. The magnitude of input voltage is therefore 400 V dc.
The output voltage is 60 V dc. The output current is designed to be 5 A dc maximum. The maximum 
output  power that is available in the output terminals is 300 W. Higher output voltage or higher output 
current can be achieved by stacking multiple converters in series or parallel.  

The design of a transformer that possesses very low inter-winding capacitance normally involves loose
coupling of the transformer windings. This results in the transformer having a relatively high leakage 
inductance. This high leakage inductance must be utilized with a proper selection of a suitable 
topology. Examples of suitable topologies are resonant converters [11-12] and the dual active bridge 
converter [13-14]. The proposed topology in Fig. 2. is, to some extent, similar to a single active bridge 
[15-16]. However, there are differences in the secondary side configuration and large differences in
the control approach compared to those existing topologies. A single active bridge converter does not
have the shunt switch as in the proposed converter. All of the control of the output voltage and output 
current in a single active bridge converter are performed on the primary side. On the contrary, with the 
utilization of the shunt switch S5 as in the proposed topology, it is possible to control the output 
voltage independently on the secondary side; the advantage is the elimination of any necessary control
feedback from one side to the other.  

Existing control approaches in isolated power supplies usually involve feedback from one side to the 
other across the isolation boundary [11-16]. These approaches, however, introduce additional parasitic 
capacitance from the feedback elements, such as high frequency transformers and opto-couplers,
which increase the total circuit input-to-output capacitance and degrade the immunity against fast step 
voltages. For that reason, in this paper, a control approach without isolated feedback is adopted to 
achieve minimum circuit input-to-output parasitic capacitance and maximum immunity to fast step 
voltage responses. The block diagram of the proposed circuit layout is shown in Fig. 3.

There are two control loops whose block diagrams are shown in Fig. 4. The secondary side controller
regulates the output voltage to be constant at 60 V. The output voltage is sensed by a voltage divider
and compared to a hysteresis reference to switch on and off the shunt switch S5. When the switch S5 is 
on, shunting the secondary side, the converter operates in its shunt mode (see Fig.5a,c), and the output 
voltage decreases. Vice versa, when S5 is off, the converter operates in its power mode, which is
shown in Fig. 5b,c; the output voltage increases. In the primary side control, the primary side current 

Li is sensed. It is rectified and filtered to produce a rectified-dc value. This value is then compared to a
rectified-dc reference and processed by an analog proportional-integrator (PI) controller. The output of 
the PI controller is fed to a voltage-controlled oscillator (VCO) that will automatically adjust the
switching frequency to keep the rectified primary dc current to be constant at 1 A dc. The duty cycle
of the primary switches is regulated at 50 %. With a turns ratio of 5:1, the rectified dc current at the
secondary side is controlled at 5 A dc.  
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Fig. 3. Block diagram of the circuit layout. 
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Calculation of the transformer inter-winding capacitance 

The general structure of the transformer under test is illustrated in Fig. 6a, and the transformer
prototype photo is in Fig. 6b. In its winding configuration, the winding with fewer turns will be placed 
in the geometrical center of the core. It forms a rectangular frame symmetrically around the core. The
remaining winding, with more turns is wounded tightly around the core. This is respectively the case
of the secondary winding and primary winding in Fig. 6b.

or
ir

C
1A

2A

3A

1B

2B

l 1P
2P

1P 2P

3P

4P

Br

Cr

(a)                                            (b)                                                    (c) 
Fig. 6. Transformer structure: a) conceptual structure b) the transformer under test. c) winding 
geometry convention 

It should be noted that, in general, ferrite does not cause a significant change in the parasitic
capacitance. But ferrite with high conductivity material and very high operation frequency may cause 
a change on the parasitic capacitance. In this work, material N87 [17] is used for the ferrite core and is 
not considered to have high conductivity. Therefore, its effect on the parasitic capacitance can be
ignored. 

The inter-winding capacitance can be calculated by using the stored electric energy method, in which
voltage distribution plays a vital role.  

First, the inter-winding capacitance caused by the interaction between segment 1A of the secondary 
winding through the core center to the parallel segments 1P  and 2P  of the primary winding (see Fig. 
6c) will be calculated. Segments 1P  and 2P are the winding parts around the perimeters of the inner 
ring and outer ring, respectively. Table I provides dimensional information of the core and winding 
with respect to the notations in Fig. 6c. The secondary has 11 turns stranded together, so each turn can
be approximately treated as located in the center of the magnetic core, as shown in Fig. 7. The static
capacitance between the inner primary turns and the secondary turns can be expressed as [4, 6]: 

0 0 ,  (5)
2i

i i

S d l
C

r r
ε ε π

= =
⋅

 

where εo is the permittivity of free air space, d is the diameter of each turns (the same size of wire is
selected for both primary and secondary turns), l and r are the overlapped length and  the distance
between the inner primary turns and the secondary turns, respectively. 

With respect to the outer primary turns, the static capacitance can be expressed with a different
distance ro,

0 0 . (6)
2o

o o

S d l
C

r r
ε ε π

= =  

Assuming that the voltage potential distribution along the primary turns varies linearly,

[ ]   = .    (i=0,1,2,3,... -1)    (7)
1P P P

P

iV i V n
n −
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(a)                                               (b)                                                    (c)            
Fig. 7. 2-D cross-sectional top view: effect of parasitic capacitance from the secondary winding of a)
segment A to the inner primary winding, b) segment A the outer primary winding, c) segment C to the 
outer primary winding 

Then the total stored electric energy between all secondary turns and the inner primary turns is: 
11

2

0 0

2 2

1 ( )
2 1 1

(2 1) (2 1)1 [ ]. (8)
4 3 ( 1) 3 ( 1)

ps nn
p s

i i
j i p s

p s p p s p s s
i p s p s

p s

V i V j
E C

n n

V n n n V n n n
C V V n n

n n

−−

= =

⋅ ⋅
= −

− −

⋅ ⋅ ⋅ − ⋅ ⋅ ⋅ ⋅ −
= ⋅ + − ⋅ ⋅ ⋅

⋅ − ⋅ −

∑∑

With the same analytical approach, the total stored electric energy between all secondary turns and the 
outer primary turns can be achieved: 

2 2(2 1) (2 1)1 [ ].  (9)
4 3 ( 1) 3 ( 1)

p s p p s p s s
o o p s p s

p s

V n n n V n n n
E C V V n n

n n
⋅ ⋅ ⋅ − ⋅ ⋅ ⋅ ⋅ −

= ⋅ + − ⋅ ⋅ ⋅
⋅ − ⋅ −

The capacitance caused by the side segments 1B , 2B to the primary winding is: 

0 .    (10)
2

B
B

B

d l
C

r
ε π

=

Segments 1B and 2B face the middle parts of the primary winding. It is appropriate to assume that there 
are five turns from the primary winding, which lie in segment P3 or P4 of Fig. 6c, facing segment 1B
and 2B respectively. They are turn number (nP−1)/2−2, (nP−1)/2−1… to (nP−1)/2+2. For example, in a 
specific design with 55 primary turns, or nP = 55, they will correspond to turn number  25 to 29. The
stored electric energy caused by 1B and 2B is: 

2
1 ( 1)/2 2

0 ( 1)/2 2

12 .
2 1 1

S P

P

n n
p s

B B
j i n p s

V i V j
E C

n n

− − +

= = − −

⎛ ⎞⎛ ⎞⋅ ⋅⎜ ⎟= ⋅ −⎜ ⎟⎜ ⎟⎜ ⎟− −⎝ ⎠⎝ ⎠
∑ ∑   (11) 

Next, the contribution of segment C of the secondary winding to the outer ring of the primary winding 
is computed. Referring to Fig. 7c, it is helpful to express the distance from point C to the turns lying in 
the outer ring of the primary mathematically. In triangle CDB, distance CB is related to other sides of
the triangle by: 

2 2 2

2 2
0 0 0

CB CD BD 2CDBD cos( )
( ) 2( ) cos( 2 ).           (12)i o i Pr r r r r r nπ π

= + − Φ
= + + − + −             

 
Therefore, distance from C to the ith  turn of the outer-primary winding is (see Fig. 7c) 

( ) ( )22
,

22 cos( ).     ( 0,1,2,3,..., 1) (13)Cout i o o i o o i P
P

ir r r r r r r i n
n

ππ= + + − + − = −  
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The capacitance from segment C of the secondary winding to the turn number ith of the outer primary 
winding is: 

( ) ( )
,

2, 2

.      ( 0,1, 2,3,..., 1)      (14)
2 22 2 cos( )     

o c o c
Cout i P

Cout i
o o i o o i

P

d l d l
C i n

r ir r r r r r
n

ε π ε π
ππ

= = = −
+ + − + −

The total stored energy caused by segment C of secondary winding to the outer side of primary 

winding is then: 

( ) ( )

1 1
2

,
0 0

1 1
2

20 0 2

1 ( )
2 1 1

1= ( ) .   (15)
2 1 122 2 cos( )    

S P

S P

n n
p s

Cout Cout i
j i p s

n n
po c s

j i p s
o o i o o i

P

V i V j
E C

n n

V id l V j
n nir r r r r r

n

ε π
ππ

− −

= =

− −

= =

⋅ ⋅
= −

− −

⋅ ⋅
−

− −
+ + − + −

∑∑

∑∑

Similarly, the stored energy caused by segment C of secondary winding to the inner side of primary 

winding is: 
1 1

2
,

0 0

1 ( ) ,              (16)
2 1 1

S Pn n
p s

Cin Cin i
j i p s

V i V jE C
n n

− −

= =

⋅ ⋅
= −

− −∑∑  

where

( ) ( )
,

22

.      ( 0,1,2,3,..., 1) (17)
22 2 cos( )

o c
Cin i P

i o i i o i
P

d lC i n
ir r r r r r
n

ε π
ππ

= = −
+ + − + −

The total stored electric energy is then 
21 ( ) . (18)

2total i o B Cin Cout eq p sE E E E E E C V V= + + + + = ⋅ ⋅ −

The calculated inter-winding capacitance based on the parameters on Table I is 10 pF.  Table II shows 
the calculated energy and capacitance. It is observed that segment A1 dominates the stored energy, and 
the contributions of segments B1 and B2 are negligible. The design guideline is that increasing the core 
geometry and increasing distance from segment C to the core will effectively reduce the inter-winding 
capacitance. 

Table I: Parameters of the magnetic core and winding geometries 

ε0 8.85×10-12 F/m 
d 1 mm
l 16 mm 
ri 11.5 mm 
ro 18 mm 
np 55
ns 11
Vp 300 V 
Vs 60 V 
rB 12 mm 
lB 6.5 mm 
lc 16 mm 
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Table II: Calculated energy and inter-winding capacitance

Parameters iE oE BE CinE CoutE totalE eqC
Value 1.3e-7 J 8.4e-8 J 1.1e-9  

J
3.8e-8 J 3.2e-8 J 2.9e-7 J

9.97e-12 F
/ totalE 45.9% 29.3% 0.4% 13.1% 11.3% 100% 

(a) (b) 
Fig. 8. Inter-winding impedance measurement: a) magnitude, b) phase. 

Fig. 9. Interpreted parasitic capacitance. Fig. 10. The leakage inductance. 

(a)        (b) 
Fig. 11. Circuit input-to-output impedance measurement  Left: magnitude, Right: phase. 
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Experimental results 

The measurement of the transformer is carried out by the Agilent 4294A Precision Impedance
Analyzer, which has a precision of ±3 % as claimed by the manufacturer. The measured impedance 
and phase between the primary and secondary windings, with each winding terminal shorted, are
shown in Fig. 8. The measured inter-winding capacitance is shown in Fig. 9. It is shown that the 
measured capacitance is around 10 pF from 3 kHz up to 10 MHz. The calculation and the
measurements, are therefore, matched reasonably well with each other. The resulting leakage
inductance is 170 µH, which is shown in Fig. 10. In the end, the overall design goal is fulfilled, which 
is to have a very low inter-winding capacitance of 10 pF. Fig. 11 shows the impedance magnitude and
phase of the circuit. These were found by measuring the impedance between the input and the output 
terminals of the converter with the input and output shorted to their own return grounds. The measured
circuit input-to-output parasitic capacitance is deduced from these measurements and is shown in Fig. 
12. Its value is 10 pF, the same as with the inter-winding capacitance of the transformer. As a result, it
can be said that the proposed circuit layout, control, and transformer design has minimized the total 
circuit input-to-output capacitance, making it a powerful solution for modular stacking applications.
Finally, Figs. 13 and 14 show the experimental operation from power mode to shunt mode and from 
shunt mode to power mode. It can be seen that experiments match very well to the analysis presented 
in the circuit operation section. The feasibility of the converter is therefore validated.

Fig. 12. Circuit input-to-output parasitic capacitance. 

Fig. 13. Transient response from power mode to shunt mode: output voltage (10V/div), inductor
current (2A/div), time scale: 20us/div).

Fig. 14. Transient response from shunt mode to power mode: output voltage (10V/div), inductor
current (2A/div), time scale: 20us/div).
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Conclusion

The resulting transformer has a parasitic capacitance of 10 pF, which is extremely low compared to 
other existing isolated power converters of similar power rating. The mathematical derivation yields 
acceptably accurate results that agree well with measurement. The results also provide guidelines 
about how the transformer geometry should be considered when the inter-winding capacitance is of 
concern.  Finally, the overall result achieved with the prototype provides very high immunity to the
common mode noise current caused by fast voltage transients, and therefore makes the converter
suitable for modular stacking applications.  
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Abstract—This paper presents the loss performance analysis 
of an isolated power supply that is designed for ultra-fast 
tracking converters. The results of the analysis provide insights 
into the operation of the proposed power supply, how each 
physical component contributes to the total loss, and how its 
efficiency may be further improved. 

Keywords—Dc-dc power converters, loss measurement, 
magnetic losses, switching loss. 

I.  INTRODUCTION 
Power supply designed for fast output voltage transient 

applications should meet certain requirements regarding their 
input-to-output parasitic capacitance. Specifically, the circuit 
input-to-output capacitance should be as low as possible in 
order to mitigate the transmission of common mode noise 
generated by the fast output voltage transients [1]-[4]. First, 
[1] proposed an isolated power supply with a power rating of 
36 V/5 W and a ring core transformer with an inter-winding 
capacitance of 1 pF. Next, [2], [3], and [4] introduced a 
prototype using the same topology as in [1], but the power
rating was increased to 60 V/300 W and the proposed 
transformer had an inter-winding capacitance of 10 pF.

Reference [2] and [3] also described the circuit operation, 
control, and general structure of the proposed transformer in 
addition to the circuit topology. However, the loss 
performance analysis of the converters had not been 
addressed. The topology introduced in [1] and studied in [2]-
[3] is shown in Fig. 1.

This paper addresses the loss performance analysis of the 
converter proposed in [1]-[4]. The detail of the circuit 
operation will not be covered in this paper; they can be found 
in [2] and [3]. Instead, this paper will focus on the loss 
performance of the converter prototype proposed in [3]. It will 
be shown that the loss calculation matches well with the
experiments. The results suggest how each physical 
component contributes to the total loss, and how its efficiency 
may be further improved. 

II. CONVERTER OPERATION AND ITS INFLUENCE ON 
INDIVIDUAL LOSS 

The converter proposed in [2], [3] and studied in this paper 
for its loss performance is shown in Fig. 1. The specification 
of the prototype is shown in Table I. It consists of a full-bridge
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Fig. 1. The topology of the proposed power supply. 

TABLE I.  PROTOTYPE SPECIFICATION

Input voltage 400 V 
Output voltage  60 V 
Output current 5 A 
Maximum output power 300 W 
Leakage inductance 170 µH 
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+
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Fig. 2. Control block diagram. (a) Average current mode control in the 
primary side and (b) hysteresis control in the secondary side. 

on the primary side and a proposed shunt regulator on the 
secondary side. The two sides are linked by a transformer that 
has an extremely low interwinding capacitance of 10 pF. This 
makes the power supply suitable for supplying energy to 
applications with fast changes in voltage such as the ultrafast 
tracking converters. Because of the transformer winding 
structure that minimizes the interwinding capacitance, the 
resulting leakage inductance L is large, which is 170 µH [3]. 
This inductance is used as the main energy storage component 
to transfer current from the primary to the secondary side. 
There is no external inductor added to the circuit structure 
except for the  leakage inductor of the proposed transformer.
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Fig. 3. Analytical waveforms when the converter operates in: (a) Power mode 
and (b) shunt mode. 

The converter circuit operation is briefly sated in this 
section. The detail can be found in Section VI of [3]. It is very 
important to understand different operation modes of the 
proposed converter in order to analyze the individual loss.  

There are two control loops whose block diagrams are 
shown in Fig. 2. The secondary side controller regulates the 
output voltage to be constant at 60 V. The output voltage is 
sensed by a voltage divider and compared to a hysteresis 
reference to switch ON and OFF the shunt switch S5.

When S5 is OFF, the converter operates in its power mode, 
which is shown in Fig. 3(a); the output voltage increases 
because the output current IS(t) supplies energy to the load. 
Vice versa,  when S5 is ON, shunting the secondary side, the 
converter operates in its shunt mode (see Fig. 3(b)); the output 
voltage decreases because the secondary current IS(t) is 
isolated from the load. On the primary side control, the 
primary side current Li is sensed. It is rectified and filtered to 
produce a rectified-dc value. This value is then compared to a 
rectified-dc reference and processed by an analog 
proportional-integrator (PI) controller. The output of the PI 
controller is fed to a voltage-controlled oscillator (VCO) that 
will automatically adjust the switching frequency to keep the 
rectified primary dc current to be constant at 1 A dc. The duty 
cycle of the primary switches is regulated at 50 %. With a
turns ratio of 5:1, the rectified dc current at the secondary side 
is controlled at 5 A dc.  

When the converter operates in power mode, the output 
power is 300 W because the output current IS(t) which has a dc 
value of 5 A is supplying the load whose voltage is regulated 
at 60 V dc. On the other hand, when the converter operates in 
shunt mode, the output current IS(t) is isolated from the load, 
circulating through S5; the output power is zero. The converter 
is constantly switching between the power mode and shunt 
mode. It depends on the output power level to determine how 
long the converter is operating in each mode. For example, if 
the converter is desired to deliver 300 W at the output, then it 
will fully operate in power mode. If the converter is desired to 
shut down the output power, or to not deliver any power at all,
then the converter will entirely operate in shunt mode. The 
higher the output power (closer to 300 W) the longer time the 
converter operates in power mode.  

Therefore, if the converter outputs a power of Pout, then the
duty cycle in which the converter operates in power mode will 
be: 

max

,out
power

P
d

P
= (1) 

where Pmax is the maximum output power of the converter. In 
this design, Pmax is equal to 300 W. Likewise, the duty cycle in 
which the converter operates in shunt mode is: 

max

max

1out
shunt power

P P
d d

P
−

= = − (2) 

Duty cycle shuntd  is also the duty cycle of turning-on shunt 
switch S5. It is noticed that powerd and shuntd changes with 
output power. 

During shunt mode, the switching frequency of the 
primary side switches,  fshunt, is 307 kHz. During power mode, 
the switching frequency, fpower, is 124 kHz. The detail of the 
derivation of the switching frequency can be found in Section 
VI of [3].  

The switching between the two operation modes affect 
different individual loss in a different way because the current 
waveforms and switching frequency are switched between two 
modes. The losses that are affected by the switching of the 
operation modes are the switching losses of the primary side 
switches, the core loss and copper loss of the transformer, and 
the losses in DS5 and S5. For convenience, for the losses 
calculation involving the switching frequency, the normalized 
switching frequency is introduced:

.norm power power shunt shuntf d f d f= + (3) 

It is also noticed that normf  changes with the change in output 
power. For example, normf = powerf when outP = maxP , and 

normf = shuntf when outP = 0.
On the contrary, the transition between the two operation 

modes does not affect the conduction losses of the primary 
side switches S1—S4 and the conduction loss of the diode 
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bridge consisting of DS1—DS4. This is because the currents 
flowing through these devices do not change their root-mean-
square value regardless of the operation mode as shown in Fig. 
3. This will also be observed in the next section from the
formulas used to calculate these conduction losses.  

III. LOSS PERFORMANCE ANALYSIS

A. Losses on the Primary Side Switches S1—S4 
The power dissipation of primary side MOSFETs consists 

mainly of conduction loss and switching loss:

_ _ _ ,d total d cnd d swP P P= +  (4) 

where _d totalP is the total loss in the four primary switches, 

_d cndP  is the total conduction loss, and _d swP  is the total 
switching loss. At any instant of a full switching period, there 
are maximum two MOSFETs conducting. Therefore, the
conduction power loss in one primary side switch, 1cond MOSP − ,
is: 

2 2
1 ( ) ,

3
peak

cond MOS DS on rms DS on

I
P R I R d− − −= =          (5) 

where rmsI  is the root-mean-square value of the current 
flowing through a primary switch during a period, peakI  is the 
peak current value, peakI = 2 A, and d is the duty cycle of the 
current,  d = 0.5 (see Fig. 4). DS onR − is the on resistance of the 
drain to source of the MOSFET. DS onR − = 1.1 Ω at 65◦C and a 
gate-source voltage of 10 V. The power MOSFET on the 
primary side uses part IRF840 from Vishay whose datasheet 
can be found in [5].

From (5), the conduction loss does not change regardless 
of the operation mode in which the converter is operating. 
This is because the root-mean-square value of the current is 
the same in both modes. The total conduction loss in the 
whole four primary side MOSFETs, _d cndP , is therefore:

_ 14 2.93 W.d cnd cond MOSP P −= = (6) 

At the turning-on transitions of the MOSFETS, the 
transitions are made from the body diode in the same 
MOSFET to its channel. For example, the transition are from 
D1 to S1, D2  to S2, D3 to S3, and D4 to S4. Because the 
MOSFETs are conducting, the voltages across them are zero. 
It is also observed that the currents conducting through them 
are crossing the zero value. This characteristic can be 
observed from Fig. 4. For this reason, there is no switching
loss in the turn-on transitions. 

The total switching loss during turn off in the whole four 
MOSFET is:

_ 1 ,4 4 2d sw sw MOS off sw i peak f normP P E f V I t f−= = = (7) 
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Fig. 4. The current and voltage waveforms across power switches and diodes.

where offE is the energy loss during turn-off transients, peakI is 
the peak current value during turn-off, and ft is the fall time 
duration provided by the datasheet of the MOSFET, ft = 30 
ns. 

B. Losses on the Secondary Side 
1) Loss in the diode bridge DS1—DS4

The diode bridge uses part MBR10T100 from Vishay [6].
The loss in one diode, 1 DP− , is:
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2
1 ,D FM D avg D D rmsP V I R I− − −= +   (8) 

where FMV is the forward voltage drop. Its value is VFM = 0.57 
V at 125◦C and 0.71 V at 25◦C. The value of FMV at 65◦C is 
used in the calculation because the prototype is attached to 
two sufficiently large heat sinks that are expected to keep the 
temperature rise of the power switches to be within 40◦C 
Taking the linear interpolation of FMV yields FMV = 0.65 V. 

DR  is approximated to be equal to the slope the diode current- 
voltage curve at the average operating forward current of 5 A. 
From the data-sheet of the part used, the value of DR  is 0.02 
Ω. This value is taken into the loss estimation. Meanwhile, 

D avgI −  is the average value of the current flowing through 

each diode, D avgI − = 2.5 A.  D rmsI − is the root-mean-square 

value of the diode current, ( / 3) .D rms D peak DI I d− −=   
The duty cycle of the triangular current flowing through one
diode is Dd  = 0.5. The peak diode current value is  D peakI − = 

10 A. Therefore, D rmsI −  = 4.1 A. 
Substituting these values to (8) yields 1 DP−  = 1.96 W. The

total loss in the four diodes in the rectifier bridge is: 

14 7.83 W.D bridge DP P− −= =          (9) 

It is noted that there is no reverse-recovery loss in the diode 
bridge since the diode parts are Schottky-effect diodes. 

2) Loss in forward diode DS5 
Forward diode DS5 also uses part MBR10T100 from 

Vishay [6]. The forward average current flowing through 
diode DS5  is: 5DS avgI − = 5 A (see Fig. 4). The root mean square

of that current is: 5 5 5( / 3)DS rms DS peak DSI I d− −= = 5.8 A, 
where 5DSd  is the duty cycle of the current, 5DSd = 1, 5DS peakI −

is the current peak value, 5DS peakI − = 10 A. The forward
voltage drop is FMV = 0.65 V at 65◦C. The value of DR  is 0.02 
Ω.

The loss in forward diode DS5 is therefore:

2
5 5 5 3.92 W.DS FM DS avg D DS rmsP V I R I− −= + =  (10) 

3) Loss in shunt MOSFET S5 
Shunt MOSFET S5 uses part IRF540 from Vishay [7],

which has an on-resistance of 0.096 Ω at 65○C at  a gate-
source voltage of 10 V. The conduction loss is: 

5 5

2
5 3.2 W,DS S DS on S rmsP R I− − −= = (11) 

where 
5S rmsI − is the root-mean-square value of the current 

flowing through S5 during shunt mode. 
Because the switching frequency of S5 is small, the

switching loss is small compared to the conduction loss and is
ignored. 

C. Losses in the Transformer 

TABLE II.       PARAMETERS OF MAGNETIC CORE AND WINDING GEOMETRIES OF 
THE TRANSFORMER 

Material N87
Dimension 36 mm × 23 mm × 15 mm 
Turns ratio 55 : 11 
Primary winding Litz-wire 60 × 0.2 mm 
Secondary winding Copper 1 mm diameter 
Effective cross sectional area Ae = 95.89 mm2

Effective volume Ve = 8597 mm3

TABLE III.   FITTING COEFFICIENT OF THE CORE LOSS CALCULATION 
KFe 25.2156 
x 1.2786 
y 2.5850 
feq 0.81 f 

The parameters of the magnetic core and material, and 
turns ratio are listed in Table II. The parameters of the 
magnetic core geometries and material characteristic can be 
found in [8] and [9], respectively. The detailed description of 
the transformer structure can be found in [3] and it will not be 
covered again in this paper.

According to the Modified Steinmetz Equation (MSE) 
reported in [10]-[16], the core loss per volume, -Fe relP , is: 

1
_

ˆ ,x y
Fe rel Fe eqP K f B f−=     (12) 

where FeK , x, and y are dependent on the core material. FeK , 
x, and y are based on Steinmetz equation and they can be 
extracted from curve-fitting the experimental ferrite loss in the 
datasheet in [9]. B̂   is the peak flux density,  f  is the 
switching frequency, and feq  is the equivalent switching
frequency. According to [10], eqf  is related to the switching 
frequency f and the shape of the flux density waveform by 

2

2 2
0

2 ,
T

eq
dBf dt
dtB π

⎛ ⎞= ⎜ ⎟Δ ⎝ ⎠∫  (13) 

where BΔ  is the peak-to-peak value of the flux density, T is 
the period of the excitation. The equivalent switching 
frequency, eqf , is equal to f if sinusoidal excitation is used. 

In this converter, the excitation is based on a triangular 
wave form as shown in the bottom of Fig. 3. From (13), we 
have 
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The results of these fitting coefficients are shown in Table 
III, where _Fe relP  is in watt per cubic-meter. 

The calculated core loss is PFe = 2.39 W. The calculated
copper loss is 2.13 W in power mode and 2.97 W in shunt 
mode.

IV. EXPERIMENTAL RESULTS

The prototype of the proposed power supply is shown in 
Fig. 5. Fig. 6 shows the transient response from power mode 
to shunt mode. In a similar way, the transient from shunt mode 
to power mode is shown in Fig. 7. The value of the output 
voltage threshold, ε, is set to 0.5 V. It can be observed that, 
both the inductor current and the output voltage are well 
regulated at their desired steady state values, which are 2 A 
peak and 60 V dc, respectively. The transient of the current 
from power mode to shunt mode and vice versa finishes 
within about 30 µs and 40 µs, respectively. The time needed 
for the inductor current to settle is mainly determined by the 
dynamic of the average current control scheme described in 
Fig. 2(a). Nevertheless, the transient and steady state are both 
stable and satisfactory. The behavior of the circuit matches 
accurately with the aforementioned circuit analysis. 

The calculated break down loss is shown in Fig. 8. As can 
be seen, the loss in the primary side H-bridge accounts more 
than 60 % of the loss at low output power and around 40 % at 
high output power. The loss contributed by the diode bridge is 
constant because both the average and the root mean square 
value of the current flowing through the bridge is constant. 
The loss created by the forward diode DS5 and the shunt 
MOSFET S5 is small compared to the loss in the H-bridge and 
the diode bridge. The loss in the transformer is also small 
compared to the dominant losses which are losses in the H-
bridge and the diode bridge. As output power reduces, the 
duration in which the converter operates in shunt mode 
increases linearly. Even though the losses in the combination 
of forward diode DS5 and the shunt MOSFET S5 and in the 
transformer decrease with the decrease of output power, their 
rate of decrease is smaller than the rate of increase in the
switching loss of the primary side switches. Therefore, the 
total loss increases with lower output power. Thus, the 
efficiency drops.

The measured and calculated total loss are shown in Fig. 9. 
The power measurement is carried out by the PPA5530 
precision power analyzer. The accuracy claimed by the 
manufacturer is ±0.4 % in the operation condition under test. 
It can be seen that the calculated total loss and the measured 
total loss match very well with each other. The largest 
discrepancy between the calculated loss and measured loss is 
1.9 W at 222 W output power. This discrepancy constitutes 
7.5 %  difference between the calculated and measured total 
loss and 0.85 % difference between the calculated efficiency 
and the measured efficiency. One of the reasons that explain 
this discrepancy could be the accuracy of the precision power 
analyzer used. Nevertheless, the calculated total loss is able to 
predict the trend of the total loss. It is asymptotical to the
measured total loss. It has been proven that the loss is approxi- 

Fig. 5. A photo of the prototype of the proposed converter. 

Fig. 6. Transient response from power mode to shunt mode. Top: output
voltage (10V/div); bottom:  inductor current (2A/div); time scale: 20 µs/div). 

Fig. 7. Transient response from shunt mode to power mode. Top: output 
voltage (10V/div); bottom:  inductor current (2A/div); time scale: 20 µs/div). 
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mated to be a linear combination of the shunt mode loss and 
power mode loss, as described in Section II. 

The highest efficiency is 92.4 %, which is shown in Fig. 
10. In general, the overall efficiency of the converter is
satisfactory particularly in the range of 1/3 of the nominal 
power to the nominal power. The efficiency in this range is 
from 77.5 % to 92.4 %. 

The calculated results show that the primary side switching 
loss is the predominant loss in the converter. Therefore, in 
order to further improve the efficiency of the converter,  it is 
suggested that future design focus on reducing the switching
loss on the primary side. It may be achieved by selection of 
different MOSFET part that is faster and hence yields lower
switching loss.

V. CONCLUSION 
This paper has dealt with the loss performance analysis of 

a novel power supply specially designed for ultra-fast tracking 
converters. The methods of calculating loss associated with 
each major physical device have been presented. The 
calculated total losses have been proven to match well with 
the measured data. The results of this analysis can serve as a
guidance about which physical elements should be taken into 
account when the overall efficiency is of concern. 
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 Abstract—The self-oscillating control approach has been 

used extensively in class-D amplifiers. It has several 

advantages such as high bandwidth and high audio 

performance. However, one of the primary disadvantages in a 

self-oscillating controlled system is that the switching 

frequency of the amplifier varies with the ratio of the output 

voltage to the input rail voltage. In other words, the switching 

frequency varies with the duty cycle of the output. The drop in 

the frequency results in lower control bandwidth and higher 

output voltage ripple, which are undesirable. This paper 

proposes a new self-oscillating control scheme that maintains 

a constant switching frequency over the full range of output 

voltage. The frequency difference is processed by a

compensator whose output adjusts the total loop gain of the 

control system. It has been proven by simulation that a con-

stant switching frequency self-oscillating converter is achieved 

and the proposed control circuit performs satisfactorily. 

 Index Terms—Power amplifiers, frequency control, voltage 

control, power electronics. 

I. INTRODUCTION 

Switch mode class-D audio amplifiers have been 

replacing the audio amplifiers made from class-A, B or AB 

amplifiers thanks to their superior efficiency and power 

density [1]–[5]. For the control of class-D audio amplifiers, 

the modulation strategy is an integral factor that determines 

the performance of the audio amplifiers. Modulation 

strategies can be classified into analogue modulation and 

digital modulation.  

The analogue modulation usually has better performance 

due to the absence of digital delay or quantization error, 

which are inherent in digital modulation [6]. There have 

been two basic analogue modulation methods in the 

literature, namely the triangular carrier-based modulation 

method and the self-oscillating control method. The self-

oscillating control method uses a comparator with either 

hysteresis [7], [8] or zero-hysteresis [9]. 

 Recently, the self-oscillating control method has received

great attention due to its advantages over the triangular 

carrier based method [6]–[13]. The advantage of the self-

oscillating control system is that it allows the open-loop

control system magnitude to cross the 0 dB point precisely 
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at the oscillation frequency, providing high control 

bandwidth. On the other hand, the cross over frequency of 

the carrier-based modulation control system must be at least 

several times lower than the switching frequency, resulting

in lower bandwidth and higher output ripple. 

Figure 1 introduces a basic voltage-mode, hysteresis-

based, self-oscillating control system. The output filter is a 

second-order LC filter. The switching node of a 

synchronous buck converter is fed back and compared with 

the voltage reference, which, in the case of audio 

amplifiers, is a reference for the audio output signal. fbK is 

the feedback constant of the switching signal. The rail 

voltage is DCV with respect to ground for a single supply 

converter, or can be from / 2DCV  to / 2DCV for dual 

supply audio amplifiers. For consistency, a single supply 

voltage is assumed. In the control scheme, the integrator 

amplifies the error and provides infinite gain at dc. The 

phase shift created by the integrator is –90
◦
. The negative

feedback of the signal provides a phase shift of –180
◦
. The

remaining phase shift is provided by the nature of the 

hysteresis comparator, the time delay of gate driver, and the 

propagation of the control units. Assuming there is no other 

time delay produced by the other physical elements in the 

control loop, the hysteresis comparator provides –90
◦ 
phase

shift at the nominal switching frequency. 

Figure 2 shows another hysteresis-based, self-oscillating

control system for class-D amplifiers. It feeds back the 

output voltage instead of the switching signal. This scheme  
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Fig. 3.  Frequency (normalized to the maximum frequency) versus changes of 

duty cycle. 

is usually referred to as the Global Loop Integrating

Modulator (GLIM) scheme [12]. Since the transfer function 

of the output filter is taken into the control loop, the 

integrator in Fig. 1 is replaced by a proportional-integral-

derivative (PID) controller. The PID controller cancels out 

the two poles created by the output filter  and provides high 

dc gain with its integral term. The PID controller, together 

with the output filter, can be approximately treated as an 

integral, making the open loop transfer function similar to 

that in Fig. 1. The advantage of this scheme compared to 

the basic scheme in Fig. 1 is that the errors from both the 

output voltage and output filter are attenuated [12]. 

However, a major problem with the self-oscillating 

control system applied in class-D amplifiers is that the 

switching frequency varies with the duty cycle of the output 

stage. The variation is based on a parabolic curve with peak 

value at a duty cycle of 0.5. This is due to the decrease in 

the gain when the duty cycle is different from 0.5. From 

previously published papers, it can be shown that the 

switching frequency has the following expression [6]–[8] 

(1- )
,sw

sw

K D D
f


 (1) 

where   is the height of the hysteresis threshold (hysteresis 

window), swK  is a constant dependant on the circuit gain, 

and D is the duty cycle. In the case of a single supply 

system, the modulation index is defined by the proximity of 

the output signal oV , which is biased by half the rail supply 

voltage, to the closest supply rail. Thus, the modulation 

index is defined as 

/ 2
2 1 .

/ 2

o DC

DC

V V
M D

V


    (2) 

The centre duty cycle is the duty cycle that produces the 

maximum frequency in a self-oscillating controlled system. 

In this case, the centre duty cycle is D = 0.5. A plot of the 

switching frequency, normalized to the maximum 

frequency, versus the change in duty cycle is shown in Fig. 

3. It can be seen that the frequency drops rapidly with the

change of duty cycle away from the centre duty cycle. For 

example, when the duty cycle is 0.1 or 0.9, the switching

frequency drops 64 %, or nearly two thirds from the 

nominal frequency.  
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Fig. 4.  The fixed frequency self-oscillating control system proposed in [6]. 

F*

Vpwm

( )C s+
Vo*

fbK

VoPower Stage & 

Output filter

F to V

converter

+



H(s)
Ffb

Fig. 5.  The fixed frequency self-oscillating control system proposed in [8] and 

[13]. 

This drop in the switching frequency is undesirable 

because it results in several undesired consequences. First, 

the drop of the switching frequency increases the output 

voltage ripple. Second, the drop causes the open-loop

bandwidth and loop gain to drop as well, resulting in higher 

distortion and slower dynamics. As a result, it is desired

that the switching frequency in self-oscillating controlled

systems be fixed at the nominal frequency in order to 

counteract the aforementioned drawbacks.

Based on the independence of the switching frequency to 

the threshold and the gain, as shown in equation (1), the 

switching frequency can be fixed by either altering the gain 

[6] or online-adjusting the hysteresis threshold [2], [7], [8],

[13]. Between these approaches, the later has dominated. 

In [6], the frequency is fixed by modifying the control 

loop. Specifically, a second integrator is inserted into the 

circuit together with a second comparator. The control 

scheme is redrawn in Fig. 4. The drawback is that the 

switching frequency is nearly but not exactly constant. 

The methods proposed in [8] are very similar to those in 

[13], wherein the frequency is converted to voltage, which 

is then processed by a high gain compensator. The output of 

the high gain compensator is used directly to adjust the 

hysteresis window through, for example, a flip-flop circuit. 

The only difference between [8] and [13] is that the method

in [8] is applied to a different type of converter, namely the 

buck converter with a fourth-order output filter. However, 

ideas proposed in [13] also includes phase compensation by 

use of a phase-lock-loop circuit, unlike [8]. Their control 

block diagram is redrawn in Fig. 5, where C(s) is a 

generalized compensator for the output voltage, and H(s) is 

the aforementioned high gain compensator.  

Reference [2] introduces the concept of fixing the 

frequency by adjusting the hysteresis threshold from the 

output of a compensator that processes feed-forward input 

reference signals or feedback PWM signals. However, the 

discussion of this concept in [2] is general, and there is 

neither proper analysis nor associate evidence to support its 

claims.  

This paper seeks to solve the problem in a different way. 

Similar to [6], the hysteresis threshold   will be fixed. 
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However, the gain of the open loop control system is 

adjusted by a feedback control of the frequency signal, so 

that the whole open loop gain crosses the 0 dB point at the 

desired switching frequency. The compensating gain will be 

injected to the open loop system via a multiplication unit 

(multiplier). The detailed description of the proposed

method will be presented next. 

II. PROPOSED CONSTANT SWITCHING FREQUENCY

CONTROLLER 

In the studied system, a rail voltage of 60 V dc is used to 

supply the power stage. The converter is a synchronous 

buck converter. The nominal load is 26 Ω. The nominal 

switching frequency is 1 MHz. The specifications of the 

converter to be examined are listed in Table I.  

The proposed fixed-frequency, self-oscillating control 

system is shown in Fig. 6. The PWM signal generated by 

the hysteresis comparator is converted to a voltage 

proportional to its frequency. This is done by passing the 

PWM to a mono-stable multi-vibrator (MMV) or one-shot 

circuit with a fixed pulse width output. Each time the input 

to the MMV has a rising edge, the output of the MMV 

generates a pulse with a fixed width, which is 100 ns in this 

case. The resulting signal of the MMV is low-pass filtered 

by a first order RC filter circuit with a cut-off frequency of 

1.6 kHz. Only the dc value of the MMV remains, and it is 

proportional to the switching frequency. The operation of 

the MMV and the F-to-V converter are illustrated in Fig. 7 

and Fig. 8. 

The measured switching frequency is compared to the 

reference switching frequency and processed by a 

compensator F(s). F(s) can be implemented with a PI or 

PID controller. The output of F(s) is the compensating gain 

for the self-oscillating control loop, and it is inserted to the 

control loop through a multiplier. It adjusts the switching

frequency of the converter to track the reference frequency, 

which is represented by F*. 

III. SIMULATION RESULTS

The simulation studies examine different responses of the 

converter using the self-oscillating control approach 

without frequency compensation as well as with the 

proposed frequency compensation. The responses are based 

on both dc reference signals and sinusoidal audio reference 

signals. Simulation model was built in 

MATLAB®/Simulink environment. Most parts of the 

controllers and feedback were modelled and simulated by 

realistic commercially available discrete components: non-

ideal operational amplifiers with limited gain-bandwidth 

product and limited output voltage ability, etc. 

A. Converter without a Frequency Compensator 

Figure 9 shows the voltage transient (step) response of 

the converter without a frequency compensator. The dc 

reference values are swept so that the duty cycle of the 

output voltage is changed. At time t = 0, the duty cycle is 

0.5. At times t = 70 µs, t = 140 µs, t = 210 µs, the duty 

cycle is 0.2, 0.1, and 0.7, respectively. The bottom of Fig. 9 

shows the switching signal generated by the comparator. It 

can be seen that the switching frequency varies with the 

change of the duty cycle. Its peak value is at the centre 

frequency where D = 0.5. This phenomenon can be 

observed more clearly from a partial zoom of Fig. 9 which 

is shown in Fig. 10. 

TABLE I. THE SPECIFICATION OF THE CONVERTER. 

Parameter Value 

L 36 µH 

C 100 nH 

DCV 60 V 

pwmV 5 V 

 0.66 V 

Nominal load 26 Ω 

Nominal switching frequency 1 MHz 

tMMV 100 ns 

F*

Vpwm
I

P D

K
K K s

s
 +Vo*

fbK

Vo

LC filter

2

1

( / ) 1LCs L R s ˆ
DC

pwm

V

V

F to V

converter

+



( )F s

Ffb

Multiplier

Fig. 6.  The proposed fixed frequency self-oscillating control system. 
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b) the output signal of the mono-stable multi-vibrator. 
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Fig. 8.  Frequency to voltage (F to V) converter. 

Figure 11 shows response to an audio signal of the 

conventional converter without a frequency compensator. 

The frequency of the signal is 20 kHz, which represents an 

audio signal for typical human hearing ability. It can be 

confirmed again from the simulation result, that the 

switching frequency varies with the magnitude of the audio 

signal, or in other words, it varies with the switching duty 

cycle. As Fig. 3 suggests, the drop of the frequency at 

higher modulation index creates larger output ripple and

distortion. This phenomenon can be observed from the top

and bottom of the output voltage signal. 

B. Converter with the Proposed Frequency Compensator 

Figure 12 shows the step response of the self-oscillating

control amplifier with the proposed frequency compensator. 
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As can be seen, the switching frequency of the converter in 

steady state held constant regardless of the variation in the 

output voltage or duty cycle. The steady-state response of 

the output voltage has been improved, while a desirable 

transient response is preserved. The ripple of the output 

voltage is reduced at all switching duty cycles that are 

different from the centre duty cycle. This feature can be 

seen in the partial zoom of Fig. 12 shown in Fig. 13. 

 Converter without a frequency compensator is shown in 

Fig. 9–Fig. 11. 
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Fig. 9.  Step response of output voltage without a frequency compensator. 

Top: Vo (V), bottom: Vpwm (V), the duty cycle is swept from 0.5 to 0.2, 0.1, 

and 0.7. 
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Fig. 10.  Partial zoom of the step response of output voltage without a

frequency compensator. Top: Vo (V), bottom: Vpwm (V), the duty cycle is 

shifting from 0.5 to 0.2 at time 70 µs. 
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Fig. 11.  Output response to a 20-kHz audio reference without a frequency 

compensator. Top: Vo (V), bottom: Vpwm (V), the duty cycle is continuously 

varying from 0.1 to 0.9 and vice versa. 

The response to an audio input signal of 20 kHz is 

presented in Fig. 14. It can be seen that the switching

frequency of the converter has been held constant even with 

a large variation in the duty cycle over one period. The 

ripple at the top peak and bottom peak of the output signal, 

therefore, has been significantly improved compared to 

Fig. 11. The amplifier with the proposed constant-

frequency compensator outperforms the traditional one 

without a frequency compensator. Different simulations are 

performed with both converters at various duty cycles. The 

switching frequencies are plotted in Fig. 15 for four cases: 

calculated by equation (1), simulated model without a

frequency compensator, simulated model with the proposed

frequency compensator, and simulated model with method

proposed in [6]. As can be seen, the simulated switching

frequency without a frequency compensator matches well 

with the calculation. Moreover, a constant switching

frequency is guaranteed with the proposed method. 
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Fig. 12.  Step response of output voltage with the proposed frequency 

compensator. Top: Vo (V), bottom: Vpwm (V), the duty cycle is swept from 0.5 

to 0.2, 0.1, and 0.7. 
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Fig. 13.  Partial zoom of the step response of output voltage with the proposed 

frequency compensator. Top: Vo (V), bottom: Vpwm (V), the duty cycle is 

shifting from 0.5 to 0.2 at time 70 µs. 
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Fig. 14.  Output response to a 20-kHz audio reference with the proposed 

frequency compensator. Top: Vo (V), bottom: Vpwm (V), the duty cycle is 

continuously varying from 0.1 to 0.9 and vice versa. 

Converter with the proposed frequency compensator is 

shown in Fig. 12–Fig. 14. 

IV. DISCUSSION

While most existing solutions for fixing the switching

frequency have worked with varying the hysteresis window 

when the duty cycle changes, the approach presented here 

fixes the hysteresis window and generates a compensating

gain based on the variation in frequency. 
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Fig. 15.  Switching frequency versus variation of duty cycle: calculated results 

without frequency compensation, simulated results without frequency 

compensation, simulated results with the proposed frequency compensation, 

and simulated results with the method proposed in [6]. 

 In [6], the hysteresis window is kept constant and the 

regulation of frequency is achieved by changing the loop 

gain. The added integrator is implemented by a passive RC 

filter. Therefore, the low frequency gain is preserved, but 

the high frequency components are attenuated. The extra 

comparator differentiates the output of the added integrator, 

yielding clamped output signals. Therefore, the gain of the 

low frequency signal is preserved at the rate of –20 dB/dec, 

ensuring a linear carrier signal to the main comparator, 

while the high frequency signals are approximately 

attenuated with a slope of –40 dB/dec. As a result, a drop of 

gain due to a change of modulation index will result in half 

of the drop in the switching frequency compared to the 

uncompensated system. In fact, that method is only able to 

reduce the drop of the switching frequency by 

approximately half compared to an uncompensated system. 

Finally, the article also states that only “close to constant 

switching frequency” is achieved. The advantage of this 

method is its simplicity and low-cost compared to the 

method proposed in this paper. 

In [7], the comparator is configured with positive 

feedback to yield hysteresis. The novelty of this method is 

to use feedback impedance, which consists of frequency 

dependant components such as an RC network instead of 

passive resistors. The network is used to filter out the PWM 

signals generated by the comparators. When the duty cycle 

diverges from the centre value, the filtered signal has a 

smaller value, providing a higher gain to compensate the 

drop of term D(1-D) in equation (1). However, the 

compensated gain is only dependant on the impedance 

magnitude of the RC network, which proves to vary 

differently from the desired parabolic gain of D(1-D). The 

method is only valid at a specific value of the output duty 

cycle, and cannot guarantee a constant switching frequency 

over the whole output range. In fact, the frequency is only 

raised for different modulation indexes, but it fails to be 

raised at very high modulation index. As a result, only 

“close to constant switching frequency” is claimed. The 

advantage is simple and low-cost implementation by means 

of insertion of passive resistors and capacitors. 

The methods in [8] and [13], due to their direct 

compensation of either frequency errors or phase errors, 

have the advantage of precise control of the desired

switching frequency. The penalties of those methods are 

high complexity and component count if implemented by 

analogue components.  

Compared to the known existing methods analysed

above, the proposed method has high precision frequency 

control for similar reasons as in [8] and [13]. However, the 

significant differences are the compensation mechanism 

and the method of implementation. The proposed method

focuses on compensating the drop of open loop gain by 

providing a correcting gain and injecting it to the self-

oscillating loop.  Conversely, the methods in [8] and [13]

adopt the classical approach of changing the hysteresis 

threshold. Implementation of adjusting the hysteresis 

threshold must involve extra effort to design the comparator 

circuit with fast online tuning capability of the hysteresis 

threshold. On the other hand, implementation of the 

proposed compensator can be less complex, involving a 

good dynamic multiplication unit while allowing the use of 

standard comparators. 

V. CONCLUSIONS 

 In this paper, the authors have proposed a new approach 

to maintain constant switching frequency of self-oscillating

controlled converters. It has been proven by extensive 

simulation studies that the proposed idea is effective. The 

proposed methods not only preserve the fast transient 

response characteristic of a self-oscillating controlled

system, but also improve the steady state response by 

lowering the output voltage ripple. The feasibility of the 

idea can be verified with experiments in a future work. 
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Abstract—As research and development of renewable and
clean energy based systems is advancing rapidly, the nonlinear
source emulator (NSE) is becoming very essential for testing
of maximum power point trackers or downstream converters.
Renewable and clean energy sources play important roles in
both terrestrial and non-terrestrial applications. However, most
existing NSEs have only been concerned with simulating energy
sources in terrestrial applications, which may not be fast enough
for testing of non-terrestrial applications. In this paper, a high
bandwidth NSE is developed that is able to simulate the behaviors
of a typical nonlinear source under different critical conditions
that can happen during their operations. The proposed 200-
W NSE, which consists of a fourth-order output filter buck
converter and a novel nonlinear small signal reference generator,
can quickly react not only to an instantaneous change in the input
source but also to a load step between nominal and open circuit.
Moreover, all of these operation modes have a very fast settling
time of only 10 µs, which is hundreds of times faster than that
of existing works. This attribute allows for higher speed and
a more efficient maximum power point tracking algorithm. The
proposed NSE, therefore, offers a superior dynamic performance
among devices of the same kind.

Index Terms—Current-voltage characteristics, DC-DC power
converters, energy resources, nonlinear circuits, renewable energy
sources.

I. INTRODUCTION

A. Background

The world is rapidly changing from using fossil based
energy, which is facing exhaustion, to the use of renewable and
clean energy sources, such as wind, sun, fuel cell energy, and
battery power. In the testing and development phase of these
energy sources, the use of nonlinear source emulators (NSE)
offers many advantages over the use of their real counterparts.
First, NSEs are compact, and do not require as large of a
testing space as nonlinear sources such as wind turbines or
PV panels. Second, the cost of a test system using NSEs is
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nominal ↔ open

Battery

Fig. 1. Connection between a nonlinear source and a power conditioning
unit.

usually less than that of actual nonlinear sources [1]. Another
example is that of non-rechargeable power batteries, which
would have to be disposed of after each test; hence, testing
would be expensive and extra care must be taken to not harm
the environment [2], [3]. On the contrary, a battery emulator
constructed from a power electronics converter can be reused
for a long time and is not only cost effective but also friendly
to the environment [4]–[8]. Finally, an NSE offers flexible
and reproducible test conditions through their programmable
set points. On the other hand, testing conditions of a real
nonlinear source such as a PV or wind energy source are
very difficult to be reproduced because of their dependency
on weather, season, coverage, and time of the day of testing.
With the many possible advantages that it can offer, the NSE
has become an important and beneficial element in testing
of power conditioning units. As a result, research on the
development of NSEs has received great attention [2]–[13].

A power conditioning unit that connects with a nonlinear
source can take many different forms, which can be seen in
Fig. 1. It can be a maximum power point (MPP) tracker that
tracks the MPP of the nonlinear source. It can also be an
impedance such as an ohmic load, an inductive load or a
capacitive load. In addition, a power conditioning unit can
also be a power battery that stores energy from the nonlinear
source. It can also be a system that regulates average output
voltage by applying a frequent load step between nominal load
and short circuit, or a load step between nominal load and
open circuit. In voltage regulation by means of load stepping,
the system is pulse width modulated and switching with high
frequency (20 kHz or more [14]). The two different types of
load step will be presented in more detail later in the next
subsection.

The static voltage-current relationship of a fuel cell system
can be represented by a high-order polynomial as in [11], [12]:

V = f(I) = α3I
3 + α2I

2 + α1I + α0, (1)

where V is the fuel cell terminal voltage, I is the fuel cell
output current, and α0 to α3 are the coefficients of the static
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V-I curve; they change according to the change of hydrogen
concentration. Fig. 2 shows an example of the static V-I curve
characteristics of a fuel cell system at different hydrogen
concentration levels. With each hydrogen concentration level
of a specific fuel cell system, there exists a set of four
coefficients α0 to α3 derived by means of curve fitting that
can describe the system steady-state V-I curve.

There has not been any satisfactory equivalent electrical
circuit developed that can closely describe the V-I relationship
of a hydrogen fuel cell system because of its high nonlinearity.
This is one of the reasons why nonlinear V-I reference curves
in existing fuel cell emulators have always been implemented
by digital control circuits such as digital signal processor
(DSP) and field-programmable gate array (FPGA), in order to
take advantage of their mathematical processing power [9]–
[13].

Batteries are used extensively in industry such as in elec-
tric vehicle (EV) and hybrid electric vehicle (HEV) applica-
tions [2], [3], [7]. A circuit model of a battery is shown in
Fig. 3. The dashed-line box models a battery, in which, Voc
and Ri are the open-circuit voltage and internal resistance,
respectively. The rest of the circuit models an output with
a filter capacitance Cl [2], [3]. The available voltage at the
output of the battery is simply:

Vb = Voc − IRi. (2)

During the discharge of the battery, Voc decreases while
Ri increases; both of them are dependent on the state of the
battery and its internal temperature.

In the modeling of a PV panel, the five-parameter
model [15], [16] is widely used to describe its electrical
characteristic. The model is shown in Fig. 4. It is also called
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Fig. 4. The five-parameter model of a PV panel.

the single diode model [15]–[17]. The current is related to the
terminal voltage VPV and the short circuit current ISC by:

IPV = ISC − Io(e(
VPV +IPV RS

nVt
) − 1)− VPV + IPVRS

RP
.

(3)

In this model, RP is the parallel resistor that models the
loss due to manufacturing defects. RS is the series resistor that
models the loss due to mainly three causes: the movement
of current through the emitter and base of the PV cell, the
contact resistance between the metal contact and the silicon,
and the resistance of the top and rear metal contacts [18].
Io is the dark saturation current of the diode, which is the
diode leakage current density in the absence of light. Vt is the
thermal voltage, which is equal to approximately 25.85 mV at
a temperature of 300 K. Parameter n is the ideality factor – a
constant between 1 and 2 that depends on the manufacturing of
the PV cell and may slightly vary with the operating point of
it. For a given PV cell, the short circuit current ISC is mainly
determined by the intensity of the incident solar radiation, and
the open circuit voltage VOC is mainly determined by the cell
temperature.

B. Dynamic Performance of Nonlinear Sources

The hydrogen concentration changes in fuel cell have quite a
large time constant. According to [11], [12], this time constant
is 10 s. In other words, it will take approximately 10 s for the
voltage and current of a fuel cell to reach its steady-state under
a change of hydrogen concentration performed by the fuel cell
control system.

Furthermore, fuel cell systems have also quite a slow
dynamic with regard to load changes [13]. Also according to
[11], [12], the output impedance of a typical fuel cell system
has a dominant pole at 20 Hz, which makes the output to react
in the range of 50 ms or longer.

In short, fuel cell systems are rather slow systems. As a
result, most of the challenges with developing a fuel cell
emulator will lie on the digital control unit that calculates the
nonlinear reference. On the other hand, from a control point of
view, the power converter unit of a fuel cell emulator, which
generates power, will not be much of a challenge due to its
slow dynamic. It can be easily constructed by programmable
off-the-shelf power supplies, such as the work in [11]–[13].

Among the aforementioned nonlinear sources, a PV system
is the one that has the most critical demand for transient
response. It is therefore the focus of this paper to develop
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a fast response NSE that will be able to emulate the most
speed-demanding system among the known nonlinear sources.
Since it can emulate the fastest system, it will be capable of
simulating any other types of nonlinear source after proper
adjustments.

The five-parameter model is sufficient as long as the dy-
namic performance of a PV panel is not of critical concern.
This is the case with existing PV emulators that are designed
for terrestrial applications, where most of the time, the main
focus is paid to the tracking of the MPP. In fact, the MPP
changes with a rather slow speed. According to the survey
conducted in [19], existing MPP tracking techniques in the
literature have a moderate convergence speed of tens of mil-
liseconds. That implies a requirement for the transient speed of
the real PV panel or the PV emulator of approximately 10 Hz
to 100 Hz. In fact, a nonlinear source can experience a frequent
load step in some specific operation mode. This is where
the dynamic response of a nonlinear source is exceptionally
important. This is also where the model in Fig. 4 should take
into account the PV panel’s intrinsic source capacitance that
is shown in dotted lines.

In practice, a real PV panel physically contains an intrinsic
source capacitance due to the diffusion capacitance of each
PV cell [20]. This capacitance is in parallel with the diode
and the parallel resistor. The value of this capacitor varies
with operating points of the PV panel. For example, existing
work such as [20] reported that the value range of the source
capacitance of a 312-W, 400×8 cm×cm silicon PV panel is
from approximately 4 nF at the point close to the short circuit,
to 6.7 µF at the open circuit. The data reported in [20] are
plotted in Figs. 5 and 6.

The presence of the source capacitance plays a critical role
in the determination of a PV panel’s dynamic response. It
makes the output current and voltage of a real PV panel under
a load step to undergo a transient time in the range of tens
of microseconds to settle down [14]. It is the time for the
current source ISC to charge the source capacitor CS until the
new operating voltage is reached. This can be verified by the
following estimation. Supposing the converter is experiencing
a load step; the operating point is moving from the short circuit
to a resistive load that corresponds to the operating point of
(Vo, Io)= (160 V, 0.982 A), where the short circuit current is
1.07 A. Thus, R = Vo/Io = 163 Ω. From Fig. 6, the source
capacitance is CS = 107 nF. Considering a current source of
ISC = 1.07 A constantly supplies a load that consists of a
source capacitance CS of 107 nF in parallel with a resistive
load R of 163 Ω, the output voltage as a function of time is:

vo(t) = ISCR(1− e
−t

RCS ). (4)

The transient time for this PV system to move from short
circuit (0, ISC) to (Vo, Io) is approximated by:

∆t = −RCSln(1− Vo
ISCR

) = 4.37× 10−5 s = 43.7 µs.

(5)

By the same approximation method, it will take approxi-
mately 1.1 µs for this PV system to complete the transition
from the short circuit to the operating point (V2, I2)= (60 V,
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1.062 A). In summary, it is proven that it will take the PV
panel only microseconds to tens of microseconds to finish a
transient. Notice that this dynamic is thousands of times faster
than the dynamic of a typical fuel cell system, which is stated
above to be in the range of tens of milliseconds to a few
seconds.

Moreover, much more extreme conditions are usually met
in non-terrestrial applications (such as PV panels attached to
sky explorers) than those in terrestrial applications. First, a
PV panel can experience a step change of input source or i.e.,
irradiation, during the period when sunlight is obscured by
the Earth or the Moon. This step change of input source can
happen right at the time when the sky explorer either enters or
leaves the shadow. Second, specific system operation modes,
namely the frequent load step between nominal and short
circuit [14], [21]–[28] and the load step between nominal and
open circuit, are usually adopted in non-terrestrial applications.
These modes demand for much faster dynamic responses than
those in terrestrial applications. The circuit configuration of
these two operation modes (charging modes) are illustrated in
Fig. 7 and Fig. 8. In these figures, CS is the source capacitance,
S is a switch, and D1 is a blocking diode to prevent the load
or battery to be shorted when S is turned ON. A battery is the
essential source of energy for sky explorers during night time
when sunlight is absent. In the load step between nominal and
short circuit, the circuit is switching between the short circuit
point to the operating point determined by the load applied.
In the load step between nominal and open circuit, namely the
series switching regulation, a load step is performed between
the open circuit condition and the nominal load. The switching
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frequency of switch S in these tests is, for example, typically
20 kHz such as discussed in [14], but it can be increased to
hundreds of kHz. Under these operation modes, the dynamic
behavior of the PV panel is significantly important. An ideal
PV panel without any capacitance will react immediately
without any delay; the transition from one operating point
to the other is instantaneous. With the effect of the source
capacitor, a practical PV panel under these conditions will
react within tens of microseconds, which has been proven in
(5).

Because test conditions in terrestrial applications are less
extreme compared to those in non-terrestrial applications, a
PV emulator designed for terrestrial applications might not be
fast enough for testing of non-terrestrial applications. Let us
review the performance of existing PV emulators in the next
sub-section.

C. Dynamic Performance of Existing PV Emulators

Researchers have proposed different NSEs. They can be
classified into the three following categories. The first category
is voltage-controlled approach. This is where the power circuit
is a voltage-controlled amplifier. The output current is sensed
and fed to a reference generator. The reference generator
produces a reference output-voltage signal for the power
circuit to amplify [1], [29]–[37].

The second category is current-controlled approach, where
the power circuit is a current-controlled amplifier. The output
voltage is sensed and fed to a reference generator. The
reference generator produces a reference output-current signal
for the power circuit to amplify [38], [39].

The third category is when both a current controlled and
a voltage controlled power circuit are used [40]. In [40], a
model-based NSE was developed. The authors used two sepa-
rate power sources: a controllable linear voltage regulator and

a controllable linear current regulator. The voltage regulator
is active when the operating points are along the MPP to
the open circuit point of the current-voltage (I-V) curve. In
a complementary fashion, the current regulator is active when
the operating points are along the MPP to the short circuit
point. For hot-swapping operation (i.e, continuous transition
from using one active power source to the other) when the
operating points are close to the MPP, the two power sources
are connected with two parallel diodes in order to block the
reverse current that may flow from one power source to the
other.

In all these three categories, the reference generator can be
realized by either an analog or digital circuit. An analog circuit
can be based on diode or transistor p-n junction [1], [30], [31],
or real photo diode illuminated by external light source [29],
[32], [33]. A digital circuit can have a core of either a look-up
table containing information of I-V curve or a mathematical
program that calculates and interpolates the output reference
based on its inputs [40]–[42].

Table I summarizes the characteristics of the existing NSEs
in terms of their dynamic performance to a load step, the
availability of a load step between nominal and short circuit,
a load step between nominal and open circuit and an input
source step change.

D. Open Challenges

Despite the abundant availability of different existing NSEs,
none of them qualifies for non-terrestrial applications. First, all
of the important tests namely the load step between nominal
and short circuit test, the load step between nominal and open
circuit test, and the step change of the input source such as
wind, fuel, or irradiation are missing. Most importantly, the
existing NSEs are not sufficiently fast to closely resemble
real PV arrays. As mentioned in Section I-B, a worst settling
time of tens of microseconds is expected under a load step.
However, as Table I has shown, the fastest among the existing
NSEs needs 3.2 ms [39] to settle, which is a factor of several
hundred times slower than the desired tens-of-microsecond
response. It can be said that there is an enormous gap from
the dynamic performance of existing PV emulators to that of
real PV panels under extreme conditions.

E. Scope of This Paper

This paper seeks to address the aforementioned discrepan-
cies in the research about NSEs. The design goal is to achieve
a very high dynamic performance NSE that best resembles
real PV panels under extreme test conditions. The transient
response goal is 10 µs for the load switching operations as
well as for the step change of input source. The proposed
system, which consists of a non-isolated synchronous buck
converter with a fourth order output filter and an analog
PV array small signal generator (SSG) circuit, is investigated
both theoretically and experimentally. The power rating of the
proposed prototype is 200 W. The maximum output power
can be changed by adjusting the parallel resistor and the
short circuit current reference in the SSG. The experimental
results show the proposed NSE can achieve a 10 µs transient

132/142



IEEE TRANSACTIONS ON POWER ELECTRONICS,VOL. XX, NO. XX, 2015 5

TABLE I
SPECIFICATIONS AND CHARACTERISTICS OF EXISTING PV EMULATORS

Reference(s) Step change of load Load step Load step Step change Power circuit
settling time nom. to open nom. to short of input source

Koran 2010 [38] 3.8 ms (Fig. 17 of [38]) No No No buck with
LCLC filter

Kim 2013 [40] 100 ms (Fig. 15 of [40]) No No No linear voltage &

current regulators
Chang 2013 [35] 6 ms (Fig. 12 of [35]) No No No LCLC resonant

dc-dc converter
Koran 2014 [39] 3.2 ms (Fig. 15 of [39]) No No No ac-dc three phase

rectifier
Gadelovits 2014 [37] 8 ms (Fig. 15 of [37]) No No No commercial

power supply
Chang 2014 [36] 6 ms (Fig. 14 of [36]) No No No LCLC resonant

dc-dc converter
[1], [29]–[34] Not found No No No linear power stage
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Fig. 9. The proposed system configuration.

response with different test conditions. Moreover, the known
prior works are at least 320 times slower, such as ( [39],
3.2 ms), ( [38], 3.6 ms), ( [35], [36], 6 ms), ( [37], 8 ms),
and ( [40], 100 ms). Compared to those works, the proposed
converter is much faster as well as closer in resembling a
real PV panel’s electrical characteristic. It also offers a big
advantage in the MPP tracking performance because MPP
tracking algorithms would be possibly made faster without
compromising the dynamic of the proposed NSE if it were
used. From a broader perspective, together with its state-
of-the-art dynamic performance, the proposed emulator with
proper adjustment will also be able to emulate any slower
non-linear sources such as fuel cell and battery, or PV arrays
working in terrestrial applications that focus on MPP tracking.

The structure of this paper is as follows. Section I is
dedicated to the introduction. Following that, Section II will
discuss the proposed NSE, its control approach and circuitry.
Section III will present the experimental results. Section IV
will be a summary and conclusion of the work.

II. PROPOSED NSE

A. Proposed System Schematic

The proposed system configuration is shown in Fig. 9.
The system consists of a voltage-controlled ultrafast tracking
converter (VCTC) and a PV array small signal generator
(SSG). The proposed system falls into the first category
mentioned in Section I-C. In the proposed NSE, the output
of the VCTC represents the output of the emulated PV array.
The output current is sensed and fed to the SSG. Inside the
SSG, the short circuit current and the open circuit voltage can
be adjusted. The SSG generates the voltage reference for the
ultrafast tracking converter. In this figure, kE is the dc gain of
the VCTC.

In relation to the system configuration shown in Fig. 9, the
detailed schematic of the proposed NSE is shown in Fig. 10. In
this circuit, the steady-state operation and the gradient of the
current-voltage (I-V) curve is determined by three parameters.
The short circuit current is determined by the value of ISC ;
in this prototype, ISC is converted to a voltage signal, VISC

,
with (1 V/1 A) conversion. Therefore, ISC can be externally
programmed by applying a voltage signal VISC

corresponding
to it. The parallel resistor, which determines the gradient (or
the slope) of the I-V curve around the constant current region,
is represented by RP . The open circuit voltage is controlled
by kE , kV and RI . Changing one among these three variables
will change the open circuit voltage of the proposed NSE.

The output current Io is sensed by a precision current
sensed resistor of 0.1 Ω in series with the output load RL.
The voltage drop across the sensed resistor is scaled by a
factor of 10 to attain a conversion of 1 V/1 A. The output
voltage, Vo, and the voltage across capacitor, VC1

, are taken
directly to the controller consisting of operational amplifier
OA1 and their feedback impedances without any buffering or
pre-scaling circuits.

The SSG in the bottom of Fig. 10 consists of summation
circuits, a voltage to current (V2I) converter, and a diode
circuit. The V2I consists of pnp transistors and operational
amplifier OA2. VCC is the 12 V control supply for all the
operational and differential amplifiers. The negative control
supply, −VCC = −12 V, is applied to the cathode of diode D
in order to ensure that the V2I converter can operate properly.
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As can be seen from the five-parameter model shown in Fig. 4,
the current flows through the diode is equal to the difference
between the short circuit current ISC and the output current Io.
Using the proposed SSG circuit shown in Fig. 10, the voltage
signal that is the difference between ISC and Io (in volt), is
converted to current ID (in ampere) by:

ID =
VISC

− VIo
RI

(A). (6)

Thus, the voltage-drop across diode D and RP will be the
signal level NSE output voltage. A single differential amplifier
circuit takes the voltage across D by a summation function
denoted by Sum2 and scales it with a positive gain kV . Notice
the polarity of the summation function Sum2 in Fig. 10. The
resulting voltage, −Vref , will be the inverted reference voltage
for the VCTC.

The reason for the reference voltage fed to OA1 to be its
inverted signal is because it is connected to the inverting input
of OA1, which will be then inverted in polarity once again
at OA1’s output. At the same time, the output voltage Vo
and the voltage across the first output filter capacitor VC1

are fed directly to the inverting input of OA1 through their
feedback impedance consisting of (Rd2, Cd2) and (Rd1, Cd1),
respectively. Doing so, the original reference voltage signal
will appear at the output of OA1, while the feedback signals
will appear with their inverted polarity. The conditioning gains
for the feedback signals are primarily determined by the ratios
of feedback resistors to Rf , which are (Rd2/Rf ) for Vo and
(Rd1/Rf ) for VC1

. All of these can be explained further in
the modeling of the control system that will be presented later
in the next subsection.

It must be noted, that the output voltage of a nonlinear
source such as a battery source, a PV panel, or a fuel cell
system is usually ripple-free; therefore, the output of a high
performance NSE should produce a ripple that is as low as
possible. For this reason, a fourth order output filter is utilized
at the output of the tracking converter instead of a second order
output filter because of its possible higher attenuation, given
that the same switching frequency is used. The output filter
transfer function, which is from the pulse power signal, Vpwm,
to the output voltage, Vo, is approximated at high frequency
by:

GFLT (s)(s�max(jω1,jω2)) =
Vo(s)

Vpwm(s) (s�max(jω1,jω2))

≈ 1

s4L1L2C1C2
=
ω2
1ω

2
2

s4
, (7)

where ω1 = 1√
L1C1

and ω2 = 1√
L2C2

are the natural frequency
of each filter stage.

At the switching frequency ωsw (rad/s), the magnitude of
the output filter is:

|GFLT (jωsw)| ≈ ω2
1ω

2
2

ω4
sw

. (8)

With the filter value provided in Table II and with a
switching frequency of 1 MHz, from (8), the fundamental

harmonic at the output of the tracking converter will have a
magnitude of approximately 35 mV peak to peak.

It needs to be paid attention to, that a hysteresis self-
oscillating modulated system as in this case suffers from a
variable switching frequency. The switching frequency profile
varies along a parabolic curve with regard to the change
of duty cycle, where its maximum is at the duty cycle of
0.5 and it reduces quickly when the duty cycle is moving
towards either zero or unity [43]–[46]. As (8) has shown,
if the switching frequency becomes lower, the output ripple
will become higher, which is not desirable. It is suggested
that the switching frequency be kept constant regardless of
the duty cycle so that a small ripple is always achieved.
One of the approaches is to adjust the hysteresis threshold
dynamically in a closed loop, such as in [43], [45]. In that
approach, the pulse width modulation (PWM) signal frequency
is converted to a voltage signal by means of a frequency
to voltage converter. The feedback frequency is compared
to the reference frequency and the error is processed by
a compensator. The output of the compensator adjusts the
hysteresis threshold so that the switching frequency converges
to the reference frequency. Another approach is to take the
output of that compensator and inject it as an absolute gain into
the loop that contains the hysteresis modulator, such as in [46].
The practical issue of variable switching frequency inherent
in a hysteresis self-oscillating modulated system, however, is
not addressed in this paper, which focuses on fast dynamic
responses under different load steps and step change of input
source. In a similar manner, the design of a power supply that
is highly immune to the high dv/dt at the output of the NSE
can be found in [47]–[50]. Other references relevant to this
paper can be found in [54]-[63].

B. Control System Modeling

The block diagram of the control system is shown in Fig. 11.
The modeling of the proposed control system is as follows.
GD(s) is the transfer function from the difference between
the short circuit current ISC and the output current Io to the
reference voltage Vref :

GD(s) =
kV ZDRP

RI(ZD +RP )
, (9)

where ZD is the impedance of the diode D used. The
transfer function of the proportional-integral-derivative (PID)
controller as shown is:

GPID(s) =
(RpiCpis+ 1)(RfCfs+ 1)

CpiRfs
. (10)

KCMP (s) is the transfer function from the output of the PID
controller to the pulse power signal Vpwm. A detail treatment
of KCMP (s) can be found in, for example, ( [51], page 2-
4). Works [45], [52] approximated KCMP (s) to be an infinite
gain and achieved reasonable results. For simplicity, in this
work, KCMP is simplified to be a dc gain which is:

KCMP (s) =
Vpwm(s)

Vcarrier(s)
≈ VDC

ε
=

VDCRh2

VCMPRh1
, (11)

134/142



IEEE TRANSACTIONS ON POWER ELECTRONICS,VOL. XX, NO. XX, 2015 7

+

VDC

Vpwm

Comparator 

-Vref

+

Rf

L1

C1

L2

C2

Cd2
Rd2

Cd1
Rd1

Cpi Rpi

Rh1

Rh2

Power circuit

RL

Q1

Q2

+


Cf

Io

ISC

Vo

+

-VCC

+


Vk

Gain

Sum1

RI
DI

Sum2
RP D

Driver

3Q

Vcarrier
1CV

OA1

OA2

COM1

VCTC

SSG

Differential amplifier

Inverted 

reference

Output

Fig. 10. The schematic of the proposed nonlinear source emulator.

Fig. 11. The block diagram of the control system.

where ε = VCMPRh1

Rh2
is the hysteresis threshold, VCMP is

the output of the comparator COM1.
GFLT1(s) is the transfer function from Vpwm to VC1 , which

is (by [45]):

GFLT1(s) =
VC1(s)

Vpwm(s)
=
s2L2C2 + sL2/RL + 1

den(s)
, (12)

where the denominator, den(s), is equal to:

den(s) = s4L1L2C1C2 + s3L1L2C1/RL

+s2(L1C2 + L1C1 + L2C2) + s(L1 + L2)/RL + 1. (13)

GFLT2(s) is the transfer function from VC1
to Vo, which

is:

GFLT2(s) =
Vo(s)

VC1
(s)

=
1

s2L2C2 + sL2/RL + 1
. (14)

The most inner feedback transfer function is:

H1(s) =
Rf (Rd1Cd1s+ 1)

Rd1(RfCfs+ 1)
. (15)

Likewise, the output-voltage feedback transfer function is:

H2(s) =
Rf (Rd2Cd2s+ 1)

Rd2(RfCfs+ 1)
. (16)

The most inner loop closed loop transfer function is:

GIN−CL(s) =
VC1

(s)

Vref (s)− Vo(s)H2(s)

=
GPID(s)KCMP (s)GFLT1(s)

1 +GPID(s)KCMP (s)GFLT1(s)H1(s)
.

(17)

Since KCMP (s) is a very high gain, GIN−CL(s) can be
approximated to be:

GIN−CL(s) ≈ 1

H1(s)
. (18)

The transfer function from the reference voltage to the
output voltage is then:

GV (s) =
Vo(s)

Vref (s)
=

GIN−CL(s)GFLT2(s)

1 +GIN−CL(s)GFLT2(s)H2(s)
(19)

≈ GFLT2(s)

H1(s) +GFLT2(s)H2(s)
. (20)

135/142



IEEE TRANSACTIONS ON POWER ELECTRONICS,VOL. XX, NO. XX, 2015 8

M
ag

ni
tu

de
 (

dB
)

-100

-50

0

20

50
R=1 Ω
R= 100 kΩ

103 104 105 106 107

P
ha

se
 (

de
g)

-270

-180

-90

0
R=1 Ω
R= 100 kΩ

Bode Diagram

Frequency  (Hz)

Fig. 12. Bode plot of the closed voltage loop GV (s) at different loads.
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Fig. 13. Measured Bode plot of the transfer function from Vref (s) to Io(s)
at 47 Ω load.

A Bode plot of GV (s) based on (19) and the parameters in
Table II is shown in Fig. 12 for different loads.

Fig. 13 shows the transfer function from Vref (s) to Io(s)
at 47 Ω load measured with the Bode 100 Analyzer. This
transfer function is equal to the closed loop transfer function
from Vref (s) to Vo(s) divided by a load of 47 Ω, or 33.4
dBΩ. Therefore, the dc gain of the measurement (the blue
curve) is 20dB − 33.4dB = −13.4dB. The phase shown in
the red curve is measured in closed loop, so it is equal to
the phase of the transfer function from Vref (s) to Vo(s) plus
180 ◦. It can be seen the shape and value of the gain and
phase correspond well with those in the model of Fig. 12,
except for the high frequency region where sampling effects
at the switching frequency and above occur.

With the circuit schematic shown in Fig. 10, the amplifica-
tion factor kE of the closed loop tracking converter shown in
Fig. 9 will have the following formula:

kE = GV (0) =
Rd1Rd2

Rf (Rd1 +Rd2)
. (21)

From the resistance values in Table II, kE is equal to 10. Thus,
one volt of the reference voltage Vref will produce ten volts
of the output voltage Vo.

III. EXPERIMENTAL RESULTS

The experimental studies have examined the proposed NSE
under three typical operating conditions usually faced in non-
terrestrial applications. They are the steady-state response
along the static I-V curve, the series switching regulator

TABLE II
PARAMETERS OF THE TRACKING CONVERTER AND ITS CONTROL

L1 3.3 µH Cf 1 nF
L2 3.3 µH Rd1 20 kΩ
C1 100 nF Cd1 47 pF
C2 1360 nF Rd2 20 kΩ
VDC 60 V Cd2 470 pF
Rh1 6.2 kΩ Rpi 1 kΩ
Rh2 51 kΩ Cpi 470 pF
Rf 1 kΩ VCMP 5 V
kE 10

tests, and the step change of input source. In addition, the
fourth test is also added, that is a fictitious step change
of temperature. The fourth test is fictitious because a step
change of temperature is physically unrealizable because of
the thermal inertia of the PV material. After a sudden change
of input source, a PV panel will usually take approximately 30
minutes to reach its steady-state temperature [53]. Although
a step change of temperature is unlikely, the test will still be
carried out here in this work in order to verify the dynamic
capability of the proposed NSE.

The proposed circuit, unfortunately, suffers from instability
at short circuit current. According to [40], this is an intrinsic
characteristic of the voltage-control approach. Also according
to [40], the current control approach does not have similar
problem in the short circuit region, but it suffers from poor
controllability and stability near the open circuit region.

The instability of the proposed NSE at operating points
close to the short circuit can be explained as follows. Near the
short circuit region of the I-V curve, the load impedance RL is
small in Ohmic value, making the gain from Vo to Io become
large compared to that in other region. In addition, the output
current is approaching ISC , which will make ID approach
zero. This small current makes the impedance of diode D
approach infinitive according to the diode I-V curve. This
makes GD(s) becomes very large. The open-loop gain that
consists of GD(s), GV (s), and 1

RL
becomes also very large.

Its cross-over frequency will move towards higher frequency,
where the phase margin becomes negative (see Fig. 12), which
in turn causes the system instability.

The load step between nominal and short circuit problem
of voltage-controlled NSE will not be addressed in this paper;
it may the treated in a separate future work.

A photo of the prototype can be found in Fig. 14. The
prototype has a dimension of 10 cm×10 cm. The upper part
is the power circuit, which is the synchronous buck converter
with two stage LC output filter plus a heat sink. The lower
part contains all the feedback and control circuitry.

A. Steady-State Response

Figs. 15 and 16 show the steady-state current-voltage (I-V)
and power-voltage (P-V) curves generated by the prototype
with the set up in Table III. The short circuit current is
programmed to be 5 A by inputting a voltage VISC

of 5 V.
When the load is open, there will be no output current and
therefore, VIo is equal to zero. According to (6), a forward
current of 0.33 A will flow through diode D. This develops
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Fig. 14. A photo of the prototype.

Fig. 15. The static current-voltage (I-V) curve generated by the proposed
NSE.

a diode forward voltage drop of approximately 0.96 V. With
the gain factor kV of the differential amplifier equal to 5, this
gives a voltage reference Vref of approximately 4.8 V. This
results in an open circuit voltage of 48 V because kE is equal
to 10 by design.

As can be seen, the output voltage and current resemble the
output of a PV panel. The MPP with this set up is 131 W at
a load impedance of approximately 10 Ω.

B. Series Switching Regulation

Fig. 17 shows the transient responses of the proposed NSE
under a series-type switching regulation. The load is switching
between two values: open circuit (where the load is infinitive)
and a fixed load. The switching frequency of the load is about
1 kHz. As can be seen, the output voltage and current finish
each transient within 10 µs. It is interesting to observe the
experimental I-V curve of this test recorded directly from
the oscilloscope used in the tests, which can be referred to
Fig. 18a. Meanwhile, Fig. 18b explains the process of Fig. 18a,
which will be as follows. The NSE is switching between

TABLE III
PARAMETERS USED TO GENERATE STATIC I-V CURVE

Parameter Value
ISC 5 A
RP 10 Ω
RI 15 Ω
kV 5
VOC 48 V

Fig. 16. The static power-voltage (P-V) curve generated by the proposed
NSE.

denoted operating points A and B of Fig. 18b. Right after
the fixed load is inserted to the output of NSE, the circuit
immediately moves from operating point A to interim point
A1. During this period, the voltage does not change yet due
to its disturbance rejection capability, while the new current
value will be the result of the voltage at operating point A
divided by the fixed load. After that, the regulation of the
NSE makes the circuit move from A1 to operating point B,
and the whole process from A to B takes only 10 µs (see
Fig. 17c). From that moment, the circuit settles at B until the
load experiences a new step change. Likewise, when the load
is switched from the fixed load to open circuit, which enforces
a transient from operating point B to A, the operating point
will first and immediately move from B to interim point B1.
Following that, it will move from B1 to A and settle at A. The
whole transition from B to A also takes only 10 µs, which can
be verified from Fig. 17b.

The two arrows in Fig. 18a are originated from two cursors
of the oscilloscope. They show the location of the operating
point (A and B) in Fig. 18, but they are not visible from
Fig. 17.

C. Step Change of Input Source

The results of the step change of input source are shown in
Figs. 19 and 20. In Fig. 19, channel 2 (red color) is the short
circuit current ISC . The input source change causes a change
of short circuit current from 2 to 5 A and vice versa. From
Figs. 19b and 19c, the circuit only takes 10 µs to complete the
transition. The experimental I-V curve is shown in Fig. 20a
and its behavior is explained in Fig. 20b. A reduction of input
source level from 5 to 2 A short circuit current will make the
NSE move from point A to B, and an increase of input source
in the other direction will make the NSE move from point B
to A. Each transition takes only 10 µs.

D. Dynamic Change of Temperature

As discussed in Section II-A, the open circuit voltage is
determined by kE , kV , and RI . Furthermore, the open circuit
voltage is mainly determined by the temperature. Therefore,
changing the open circuit voltage by means of adjusting one
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(a)

(b)

(c)

Fig. 17. Series load step test (a) switching transient between a nominal load
and open circuit (b) partial zoom of the circuit transients from nominal load
to open circuit (c) partial zoom of the circuit transients from open circuit
to nominal load. Channel 1 (olive color): output current, 2 A/div. Channel 3
(blue color): output voltage, 10 V/div. Channel Math (C1*C3) (orange color):
output power, 200 W/div. Time scale: 200 µs/div, 10 µs/div, and 10 µs/div,
respectively.

(a)

8 A

0 A

0 V

-8A

80 VA

A1

B1

B

Fixed load

ISC

∞
(Open circuit) (VOC)

(b)

Fig. 18. Series test. (a) Experimental I-V curve and (b) its analytical
waveform.

(a)

(b)

(c)

Fig. 19. Emulation of input source step change (a) switching transient between
two input source levels (b) partial zoom of the transients from a low to high
input source level (c) partial zoom of the transients from a high to low input
source level. Channel 1 (olive color): output current, 2 A/div. Channel 3 (blue
color): output voltage, 10 V/div. Channel 2 (red color): input source level, 1
A/div. Time scale: 200 µs/div, 10 µs/div, and 10 µs/div, respectively.

(a)
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0 A

0 V

-8A

80 V
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B1

B

1/R1

ISC1

ISC2

5 A

2 A

VOC1VOC2

(b)

Fig. 20. Step change of input source. (a) Experimental I-V curve and (b) its
analytical waveform.
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of the three parameters kE , kV , and RI will give the same
effect as changing temperature.

The fictitious step change of temperature can be simulated
by performing a step change between different values of RI .
To demonstrate this, the value of RI is switched back and
forward between 15 and 30 Ω. The results are shown in
Figs. 21 and 22. The short circuit current is fixed at 5 A.
When changing the temperature, the short circuit current does
not change, but the profile of I-V curve changes as shown
in Fig. 22b. As can be seen from these results, under a step
change of temperature, the proposed NSE only takes about
10 µs to complete a transition.

(a)

(b)

(c)

Fig. 21. Emulation of fictitious temperature step change (a) switching
transient between two temperature levels (b) partial zoom of the transients
from a low to high temperature level (c) partial zoom of the transients from a
high to low temperature level. Channel 1 (olive color): output current, 1 A/div.
Channel 3 (blue color): output voltage, 10 V/div. Time scale: 200 µs/div,
10 µs/div, and 10 µs/div, respectively.

IV. CONCLUSION

This paper has proposed and demonstrated an NSE system
with high dynamic performance. The result that has been
achieved is a 200-W NSE capable of simulating series-type
switching tests and step change of input source tests with
the fastest transient response ever reported, 10 µs. This work,
therefore, has provided a state-of-the-art solution for simulat-

(a)

8 A

0 A
0 V

80 V

A

A1

B1

B

1/R1
ISC

ISC2

5 A

2 A

0 A
0 V VOC

(b)

Fig. 22. Fictitious temperature step change effect. (a) Experimental I-V curve
and (b) its analytical waveform.

ing different nonlinear sources in non-terrestrial as well as
terrestrial applications.

The presence of the intrinsic source capacitance in a real
PV system determines its transient response under a load step.
This quantity should be taken into account in the design of
the PV emulator. In addition, the output of a nonlinear source
usually does not contain ripple. Therefore, it is desired that
the developed NSE’s output ripple to be as low as possible.
This can be achieved by high order filtering of the NSE.
The switching frequency drop that is inherent in a hysteresis
self-oscillating controlled system needs to be paid attention
because it increases the output voltage ripple.

It must be acknowledged, however, that the proposed
method contains several limitations. The first issue is the
stability when the NSE operates in the short circuit region.
One approach is to design a more robust control structure,
which raises open issues for future study. Another approach
is to use a dual-mode power circuit that consists of a separate
voltage source and a separate current source power circuit.
Deactivating the voltage source and activating the current
source power circuit when the NSE operates in the short circuit
region may solve the problem. The second issue is to solve the
load step between nominal and short circuit. Once the stability
issue in the short circuit region is solved, this issue may get
easier to be tackled.

Finally, for future work, it might be beneficial to realize the
nonlinear curve small signal reference generator by means of
an advanced digital control unit, such as high-speed FPGA,
in order to take into account multiple parameter changes at
the same time or to allow for more flexible setting of test
conditions.
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