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“All models are wrong, but some are useful”
George E. P. Box






Abstract

Magnetic components play an important role in a power electronic converter system. They provide
energy buffering, galvanic isolation and voltage ratio conversion and have significant impact on the
overall performance of the system regarding power efficiency and dynamic behavior. On the one
hand, the increasing demand for higher power density in the new generation of power converter
systems brings new challenges to magnetic component design. On the other hand, the optimization
of the whole power converter system including component selection and control design requires
a good understanding of the magnetic components. Conventionally, magnetic design and system
behavior evaluation rarely take into account the non-idealities of the magnetic components, so that
the performance of the final hardware may differ substantially from the expectation.

For this reason, improved models of magnetic components to be used in time-domain circuit simulation
are desired. Magnetic circuits based on the permeance-capacitance analogy opens a new direction
for modeling magnetic components, because magnetic non-idealities can be incorporated intuitively
and the models are simple enough to be seamlessly integrated into system-level simulations. In this
thesis, improved models of magnetic components are developed using the permeance-capacitance
based magnetic circuits.

In order to evaluate the core losses of a magnetic component, models of the frequency-independent
hysteresis effect are proposed for commonly used core materials. Several variations of the Preisach
model are used to accommodate different shapes of hysteresis loops. The models are valid over a
wide range of field strength amplitude. They are valid for arbitrary excitations such as sinusoidal
wave and PWM with DC bias.

The magnetic circuit models are extended to cover frequency-dependent core losses. Two major loss
mechanisms — relaxation effect and eddy current effect — are combined with the static hysteresis
models, by introducing resistive components into the magnetic circuit. The relaxation effect model
typically applies to ferrite materials under intermittent PWM excitation. The eddy current effect occurs
in metal based cores, where the material conductivity contributes to the core loss with increasing
excitation frequency. Both frequency-dependent and frequency-independent losses are physically
present in the circuit model.

Besides the main fluxes within the magnetic core, the leakage fluxes though the air have a considerable
influence on the system behavior. The leakage flux coupling in multi-winding transformers leads to
unbalances in the electrical circuit of complex power converter systems. The last part of the thesis
presents a model for unbalanced leakage flux coupling in the permeance-capacitance based magnetic
circuit, which intuitively reflects the impact of the winding placement on the unbalances in the
electrical circuit.

The models of magnetic components proposed in this work can be flexibly extended for a wide variety
of core geometries and connected to arbitrary external electrical circuits consisting of switching
devices and other passive components. The core losses and the unbalances due to leakage flux coupling
can be evaluated under dynamic operation without any prior assumptions regarding the frequency
spectrum and the magnitude of the excitation. The proposed models help to accurately simulate
power converter systems under normal and unexpected operating conditions.

Keywords modeling, magnetic, permeance-capacitance analogy, magnetic circuit, circuit simulation






Kurzfassung

Magnetische Komponenten spielen eine wichtige Rolle in einem leistungselektronischen Systems.
Sie fungieren als Energiespeicher, als galvanische Trennung und Spannungswandler und haben
wesentlichen Einfluss auf die Leistungsfiahigkeit des Systems beziiglich Wirkungsgrad und dynamis-
ches Verhaltens. Das Verlangen nach hoherer Leistungsdichte fithrt einerseits zu neuen Heraus-
forderungen an die Auslegung der magnetischen Komponenten. Andererseits muss das Verhalten der
magnetischen Komponenten eingehend verstanden werden, damit das gesamte leistungselektronische
System mitsamt der Regelung optimiert werden kann. Ublicherweise werden beim magnetischen
Design und der Bewertung des Systemverhaltens die Nichtidealitdten magnetischer Komponenten
vernachléssigt, so dass die Leistungsfahigkeit der endgiiltigen Hardware stark von den Erwartungen
abweichen kann.

Aus diesem Grund besteht ein Bediirfnis nach verbesserten Modellen fiir magnetische Komponenten
fur Systemsimulationen im Zeitbereich. Die auf der Permeanz-Kapazitats-Analogie basierte mag-
netische Schaltung er6ffnet neue Wege zur Modellierung magnetischer Komponenten. Magnetische
Nichtidealitdten konnen auf anschauliche Weise integriert werden, und die Verbindung zum Modell
der elektrische Schaltung gestaltet sich nahtlos. In dieser Dissertation werden verbesserte Modelle fiir
magnetische Komponenten mit Permeanz-Kapazitats-basierten magnetischen Schaltungen entwickelt.

Um die Kernverluste einer magnetischen Komponente zu ermitteln, werden Modelle fiir den frequen-
zunabhingigen Hysterese-Effekt fiir tibliche Kernmaterialien vorgestellt. Mehrere Variationen des
Preisach-Modells werden benutzt, um die unterschiedliche geformten Hystereseschleifen abzubilden.
Die Giiltigkeit der Modelle erstreckt sich iiber einen weiten Amplitudenbereich der magnetischen
Feldstiarke. Die Modelle sind giiltig fiir beliebige Anregungen wie Sinusform und PWM mit Gle-
ichanteil.

Die magnetischen Modelle werden erweitert, um frequenzabhingige Kernverluste abzudecken. Die
beiden vorwiegenden Verlustmechanismen Relaxation und Wirbelstrom werden mit dem statischen
Hysteresemodell kombiniert, indem Widerstinde in die magnetische Schaltung eingefiigt werden.
Die Relaxation tritt vor allem in Ferritmaterialien bei Unterbrechungen in PWM-Anregung auf.
Wirbelstrome dagegen treten in metallischen Kernen auf, bei denen die Leitfahigkeit des Kernmaterials
bei zunehmender Frequenz zu den Kernverluste beitragt. Sowohl die frequenzabhédngigen als auch
die frequenzunabhéngigen Verluste treten im Schaltungsmodell als physikalische Grossen zutage.

Neben dem Hauptfluss im magnetischen Kern beeinflussen die Streufliisse durch die Luft massgeblich
das Systemverhalten. Die Kopplung der Streuflisse in Transformatoren mit mehreren Wicklungen
fihrt zu Unsymmetrien in der elektrischen Schaltung eines komplexen Konvertersystems. Der
abschliessende Teil der Arbeit prasentiert daher ein Modell fiir unsymmetrische Streuflusskopplung
in einer Permeanz-Kapazidts-basierten magnetischen Schaltung. Diese reflektiert auf verstandliche
Weise den Einfluss der Wicklungspositionen auf die Unsymmetrien in der elektrischen Schaltung.

Die in dieser Arbeit vorgeschlagenen Modelle magnetischer Komponenten kdnnen flexibel an eine
breite Palette von Kerngeometrien angepasst werden. Sie konnen beliebig mit externen Stromkreisen
verbunden werden, die aus Schalterkomponenten und anderen passive Bauteilen bestehen kénnen.
Die Kernverluste und die Unsymmetrien in der Streuflusskopplung kénnen im dynamischen Betrieb
ermittelt werden, ohne vorhergehende Annahmen tiber das Frequenzspektrum und die Amplitude

1ii



der Anregung zu treffen. Die vorgeschlagenen Modelle helfen, Konvertersysteme unter normalen
und unerwarteten Betriebsbedingungen genau zu simulieren.

Stichworte Modellierung, magnetisch, Permanz-Kapazitits-Analogie, magnetische Schaltung, Schal-
tungsimulation
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Introduction

People have been aware of the existence of electricity since the earliest civilizations, from the sound
and flash released during thunder and lightning, from the shock generated by electric rays and cat fish,
and from the “magic” that rods of amber attracts feathers if rubbed with cat’s fur. Firstly identified as a
nature source by the Arabs, electricity still remains as an intellectual curiosity for over thousand year
until Otto von Guericke invented a primitive form of electrostatic generator around 1663, claiming
the start of people’s history in harnessing electricity. Alessandro Volta’s battery of 1800, made from
alternating layers of zinc and copper, provided scientists with a more reliable source of electrical
energy [1]. Nevertheless, electricity could not be supplied without interrupt of exchanging the empty
cells. The development of nearly all kinds of modern technologies would never have become possible
without a sustainable electric power source, and the key to it was “Magnetism”.

People’s utilization of magnetism has begun much earlier than electricity, as the ancient Chinese
conceived the first compasses in the Han dynasty between 300 and 200 BC, which facilitated the
exploration of oceans and continents. However, magnetism had never been related to the generation of
electric power until Michael Faraday discovered the operating principle of electromagnetic generators
in the years of 1831-1832, which is recognized as the famous Faraday’s law explaining that an
electromotive force is generated in an electrical conductor which encircles a varying magnetic flux.
As the basis of the electromagnetism theory was further developed by Andre-Marie Ampere, Hans
Christian Qrsted and James Clerk Maxwell, various kinds of practical direct current (DC) generators
and alternative current (AC) generators came to the world. Being the first magnetic component in a
power system, the initial generator, made uninterrupted power supply possible.

The increasing demand of electricity gave rise to initial electrical power grids, where the generators
and load devices are interconnected. However, two obstacles existed at that time. Firstly, devices
having different rated voltages required specialised generators with their own separate lines. Street
lights, electric motors in factories, power for streetcars and lights in homes are examples of the
different voltage requirements. Secondly, thanks to the development of transportation technology,
the living territory of human-beings expanded dramatically so that electric power generated at one
place had to be transmitted to the load hundreds of kilometers away. However, longer distances
led to increased resistive loss and voltage drop on the load side, which required higher voltages.
To overcome the two obstacles, magnetic components, again, became the solution. Shortly after
Faraday’s discovery of inductance, scientists discovered if two insulated inductors were placed side
by side, the magnetic field from the first coil still affected the secondary coil. This discovery led to the
invention of primitive transformers. There were many early trials of building transformers, such as
those by Charles F. Brush of Ohio, Sebastian Ziani de Ferranti of England, and Otto Blathy and Karoly
Zipernowski of Hungary [2]. It was’t until the mid-1880s, however, that the first commercially-used
transformer was built by William Stanley, who was working under George Westinghouse. Stanley
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Figure 1.1 (a) Original Stanley prototype transformer at the Berkshire Museum; (b) Dobrovolsky’s three
phase transformer used on the Lauffen to Frankfurt demonstration line. [2]

made a transformer that was easy to construct and wind to form a core of E-shaped laminates in
step-up and step-down variations. This version was inexpensive to produce and easy to adjust.
Stanley’s version was first used in Barrington, MA, for the electrification of the downtown area using
an advanced AC power system. In the few years following, Albert Schmid improved this design
by extending the E-shaped laminates to meet at a central projection [2]. Shortly after that the first
three-phase transformer was built by Mikhail Dolivo-Dobrovolsky in Germany, whose subsequent
improvements can be seen everywhere in the electrical power grids nowadays.

Although AC system won the dominant position against DC in the competition between Nikola
Tesla and Thomas Edison, there is still considerable percentage of DC electric loads, which also have
different rated voltages. The demand on conversion between AC and DC systems or DC systems
with different rated voltages gave rise to the technology of power electronics. The development of
power electronic industry came together with magnetic components: The discontinuous switching
property of the power electronic converters produces all kinds of distortion and ripple on the current,
which are undesired from both AC and DC side. This effect made another family of magnetic
components - inductive filters, inevitably become indispensable part in any power electronic converter,
for suppression of the distortion and ripple, as the ones applied in nearly all kinds of voltage source
inverters (VSI) as shown in Fig. 1.4a. The first inductor coil was invented by Reverend Nicholas
Calland of Ireland [1]. The earliest version of the inductor consisted of a coil with two terminals at
the ends which stored energy inside a magnetic field when a current was flowing. As the electric
load devices become even more sensitive to the power quality, the inductive filter technology went
through huge innovation in terms of structure and material.

Within power electronic converters, also the transformers have been unleashed from its conventional
sinusoidal line-frequency applications. As the technology of high-speed switching devices like
MOSFET and IGBT became mature, transformers were introduced into DC to DC converters like
resonant- or dual active bridge converters, to provide galvanic isolation as well as achieve wide
voltage transformation ratio (Fig. 1.4¢). Transformers are now transferring electric power in form of
square wave voltages at several kilo-Hertz to hundreds of kilo-Hertz, allowing the overall size of the
converter system to be significantly reduced.
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Figure 1.2 (a) Inductor filter in a VSL [3] (b) Isolation transformer in a DC-DC converter. [4]

In the recent decades, the increasing interest in the fields of variable speed drive, renewable energy
generation, electrical mobility, microgrids and DC-grids has significantly added up to the volume
of electric power exchange. The electric power is transmitted between systems with significantly
different voltages and frequencies, which requires huge amount of power electronic converters
with their considerable number of magnetic components. The rapidly increased production of soft-
magnetic materials for industry applications is shown in Tab. 1.1, and new magnetic core materials
are continuously announced. The noticable percentage of volume that magnetic components occupied,
and power loss that magnetic components generate within the whole power electronic converter,
become important optimisation target in industry and in academic research, especially as energy
efficiency and power density of the power converters are drawing increasing attention nowadays.

Table 1.1 Amount of soft-magnetic materials produced for industry applications [5]

Year / Tons | GO FeSi | FeSi6.5 | FeSiB | FeSiBNbCu | Ferrite
1995 750’000 0 20’000 0 180000
2005 1500°000 1’200 60’000 2’000 250’000
2010 1600°000 | 2’000 100’000 4’000 350’000

1.1  Common types of magnetic component

The main functionalities of magnetic components in power electronic converter systems can be
summarized as:

« Voltage transformation
« Galvanic isolation
« Filtering of current ripple

In this section, common types of magnetic component in power electronic converter systems are
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introduced, in terms of operating condition and construction.

1.1.1 Line frequency transformers (LFT)

In grid-connected power electronic converters, the line frequency transformers interface the sinusoidal
voltages of different amplitude between the power grid and the converter output. They transfer the
electrical power from the converters to the grid (e.g. solar and wind inverters) or vice-versa (e.g.
charging station of E-vehicle and industrial drives), as depicted in Fig. 1.3 for different applications.

Due to the low frequency operation from 16.7 Hz in railway applications, 50/60 Hz in utilities and
up to 400 Hz in aircraft board networks, low frequency core materials like silicon steel are usually

PV inverter [4’% % ZSE‘F—(@@

MV drive @E@@—H@ E zSgF ’

Hvoc  (VHARIH

&

£EHERID)

(©)

Figure 1.3 Typical applications of LFT in power electronic systems (a) Low voltage; (b) Medium voltage; (c)
High voltage.

(@) (b) (c)

Figure 1.4 Typical layout of line frequency transformers (a) Low voltage (LV) application [6]; (b) Medium
voltage (MV) application[7]; (c) High voltage (HV) application (single phase for HVDC-light) [8].
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Figure 1.5 (a) MFT in solid state transformer for railway application; (b) MFT product from STS [9].

adopted. The silicon steel (SiFe) is produced in form of laminates and stacked together to construct
the magnetic core. The windings are composed of solid copper wires in most cases.

1.1.2 Medium frequency (MFT) and high frequency (HFT) transformers

Medium frequency and high frequency transformers are widely employed in DC-DC converters
with galvanic isolation, which experience square wave (PWM) excitation generated by the adjacent
power electronics circuit. MFTs are usually found in medium voltage, high power applications like
power electronic transformers for traction converters, as shown in Fig. 1.5a. The grid voltage is first
rectified to DC, and then converted into another DC voltage for the drive inverters using DC-DC
converters with MFT. In practice, MFTs are usually composed of powdered cores or taped cores of
high frequency materials like ferrite, amorphous alloy and nanocrystalline, while the windings are
usually realized as wound tube or litz wires.

HFTs are mostly adopted in low voltage switched mode power supplies (SMPSs), like the full bridge
phase shifted converter and flyback converter shown in Fig. 1.6a. The magnetic core has a form
and material as that of MFT but is of smaller size. The winding can be realized in wounded type
using litz wire or film wire (Fig. 1.6b). In order to reduce the overall height, PCB-integrated planar
transformers are also becoming popular (Fig. 1.6¢).

1.1.3 Filter inductors

Filter inductors can be found in nearly all DC-DC and DC-AC converters for smoothing of the current
ripple. In the winding of this type of magnetic components, usually a low frequency sinusoidal
current or a static DC current is superimposed by a medium or high frequency ripple, for example in
a grid-connected voltage source inverter or a buck converter as shown in Fig. 1.7a. The core material,
core structure and the winding configuration are similar to that of the MFT and HFT, some different
realizations are depicted in Fig. 1.7b and Fig. 1.7c.



Chapter 1. Introduction

*IE;_}%*I

O T

(b) ()

Figure 1.6 (a) Typical applications of HFT in power electronic systems like full bridge phase shifted converter
and flyback converter; (b) HFT with wounded winding [10]; (c) HFT with PCB integrated winding [11].
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Figure 1.7 (a) Typical applications of filter inductors in power electronic systems like VSI and buck converter;
(b) Filter using gapped U-shape core [12]; (c¢) Common-mode filter using un-gapped toroidal core [13].
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1.2 Motivations for magnetic modeling

During the design phase of a power converter system, system-level time-domain circuit simulation is
commonly carried out by engineers to pre-evaluate the overall performance and determine design
parameters, prior to the construction of the hardware prototype. The dynamic electrical behavior,
power efficiency as well as thermal performance of the complete converter system are mostly of
concern, while simplified models are usually sufficient for the individual components (e.g. power
semiconductor switches). Regarding the magnetic components, simplified models in form of linear
inductor or ideal transformers are commonly applied. In reality however, magnetic components do
exhibit non-ideal behavior like the nonlinear characteristic of the core material and the unbalance from
leakage flux coupling, which interacts with the rest of the systems. If non-idealities are neglected and
the hardware prototype is constructed using the design parameters determined from the simulation
result, the performance obtained from experimental test measurement may be considerably different
from expected.

Detailed magnetic models are employed during the design process of individual magnetic components.
For example, models based on finite element method (FEM) are used to investigate the magnetic field
distribution so as to adjust core geometry and winding placement, while models based on empiric
formulae like Steinmetz equation are taken to estimate the core loss. However, these models are
of too high complexity to be integrated into a system-level simulation environment. Moreover, the
physics behind these models are usually obscure and unintuitive for power electronic engineers who
are not research deeply in the area of magnetics.

Considering the fact that system-level circuit simulation also helps engineers to better understand
the system behavior in relation to the properties of single components, improved models of magnetic
component are desired.

1.3 Objectives

The improved model proposed in this thesis uses a permeance-capacitance based magnetic circuit,
which on one side has the potential to represent the magnetic structure in a higher level of detail than
the electrical equivalence, and on the other side provides a seamless interface to the system-level
circuit simulation environment. If the model is properly organized, the simulation can be sufficiently
efficient and accurate. Among the magnetic phenomena that power electronic engineers concern
about, this thesis focuses on the modeling of two from them: core loss and leakage flux coupling.

1.3.1 Core loss

Core loss of magnetic components is directly related to the overall efficiency of the power electronic
system. It is dissipated as heat into the core volume and leads to temperature rise, which could change
the B — H characteristic of the material (e.g. lower saturation flux density) and thus the behavior of
the magnetic component. Therefore the cooling system needs to be properly sized. According to the
definition made by [14], core loss is a combined effect of different physical mechanisms, which can be
divided into three groups:
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« Hysteresis loss
« Eddy current loss
« Relaxation loss

Hysteresis loss arises from the core material characteristic, and takes place due to irreversible rotation
of magnetization or movement of domain-walls. The hysteresis effect is frequency independent, but
in reality is always accompanied by the frequency dependent eddy current effect and relaxation
effect. The eddy current effect is the result of the material conductivity, which mostly take place in
metal-based core materials like silicon steel. The relaxation effect can be observed when the thermal
equilibrium of a magnetic system is suddenly altered by some external force and the reestablishment
of a new thermal equilibrium happens progressively [14]. During operation, all three mechanisms
occur at the same time, so that the magnetic component exhibits obvious nonlinearity in the converter
system. The generation of core loss is a coupled effect between the magnetic component and its
adjacent circuitry, which need to be captured by the proposed model.

1.3.2 Leakage coupling

The leakage inductance of transformers is related to the magnetic flux flowing through the air or
insulation medium, which has a linear magnetic characteristic. It significantly affects the dynamic
behavior of the converter system, and must be taken into account during control design. Conven-
tionally, leakage effect is simply represented by series inductor connected to an ideal transformer
model in system-level simulation environment. For simple transformer structures with two or three
windings, the inductance value can be easily obtained either using empiric formulae available with
the designed geometry as input, or by conducting short-circuit test on the constructed magnetic
component (even when the remaining hardware is missing). In multi winding structures, however,
the complex leakage flux coupling leads to unbalanced short circuit impedance between the windings,
depending on the winding placement. For system-level simulations, the simplified representation
may result in considerable error.

1.4 Outline

Following this chapter of introduction, a overview of the existing modeling approaches for magnetic
components is provided in Chap. 2. The advantages of the permeance-capacitance based magnetic
circuit, which is taken as fundamental of the models proposed in this thesis, are highlighted. The
following part of the thesis is organized in four blocks:

In the first block, a multi-functional magnetic test setup constructed in the frame of this thesis is
presented in Chap. 3. The test setup is used for model parametrization and verification purposes.
The hardware structure and main functionalities are described in details. At the end of the chapter,
demonstrative experimental results are provided.

In the second block, the models of frequency independent core loss (hysteresis effect) in permeance-
capacitance based magnetic circuit are proposed. Different approaches are applied to different core
materials, whose mathematical formulation and the procedure of parametrization are presented. The
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corresponding results from experimental test are compared to the simulation in each chapter for
verification.

« Chap. 4 presents the model for ferrite materials, which combines the classical Preisach model
together with a reversible component. Making use of the logistic distribution function for the
classical Preisach model and a new form for the reversible component, the proposed model is
able to reproduce both the large limiting loop and small minor loops.

+ Chap. 5 adopts a variation of the classical Preisach model, called product model, for silicon
steel materials with wide hysteresis loops. This variation has been tailored to the permeance-
capacitance based magnetic circuit. Hysteresis loops in a wide range of field strength amplitude
can be captured with good accuracy.

« Chap. 6 presents a model for core materials with irregular shapes of hysteresis loops such as
amorphous and nanocrystalline alloy, which can hardly be reproduced by classical Preisach
model using explicit distribution functions. A special formulation of the classical Preisach
model is derived, which only requires an expression of the limiting’s loops ascending branch.

In the third block, the core loss model is extended to capture the frequency dependent core losses.
Chap. 7 and Chap. 8 covers different loss mechanisms, and the corresponding experimental verifica-
tions are provided:

« Chap. 7 focuses on modeling the relaxation effect, which has been observed in ferrite cores
under PWM excitation with zero-voltage periods and strongly asymmetrical duty cycles. By
introducing an additional magnetic resistance and permeance block into the frequency inde-
pendent model from Chap. 4, the extra loss arising from magnetic relaxation can be physically
reflected in the circuit model.

« Chap. 8 presents a model for the eddy current effect in silicon steel materials. The model
combines the static hysteresis model from Chap. 5 with virtual resistive loops in the electrical
circuit, so that the frequency dependent core loss due to material conductivity can be captured.

In the fourth block, the models of leakage flux coupling in multi-winding magnetic structures are
introduced, aiming to capture their influence on the time domain behavior of the power converter
system. Experimental verifications are carried out with short-circuit tests and in connection with
diode rectifiers.

+ Chap. g presents the fundamental modeling approach, taking a single phase prototype trans-
former as a starting point. An analytical explanation is provided for the physical origin of the
unbalanced short-circuit impedance, using a permeance-capacitance based magnetic circuit.
The model structure and the procedure of parametrization are elaborated.

« Chap. 10 extends the fundamental approach from Chap. 9 to three-phase phase-shift trans-
formers in commercial MV drive applications. The influence of coupling between different
phases, the geometrical misalignment and the extra spacing between windings due to dielectric
consideration are additionally considered.

Finally in Chap. 11, the modeling approaches proposed in this thesis are summarized. An outlook
for the future researches in dynamic modeling of magnetic components is proposed.
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1.5 Contribution and publications

Taking the permeance-capacitor based magnetic circuit as the fundamental platform, the major
contribution of this thesis is the extension of magnetic components models for phenomena that are
commonly considered during power converter designs:

+ Models for frequency independent core losses are introduced for commonly used magnetic
core materials, which exhibit significantly different shapes of static hysteresis loops.

« Models for frequency dependent core losses including magnetic relaxation and eddy current
are presented, also taking into account the frequency independent static hysteresis.

« Models for leakage flux coupling in multi-winding magnetic structures are proposed, aiming to
capture the corresponding unbalances in the operation of power converters.

All of the proposed models can be seamlessly integrated into system-level time-domain simulation of
power electronic converters. Taking advantage of the proposed model, power electronic designers are
able to evaluate the system performance during the design phase more conveniently and accurately.
The simulation result can be taken as a reference to improve the magnetic component itself, to adapt
the selection of other electrical components and to parametrize the control loop.

The scientific papers published in conjunction with this thesis are listed in below:
Journal papers:

« M. Luo, D. Dyjic and J. Allmeling, “Modeling frequency dependent core loss of ferrite materials
using permeance-capacitance analogy for system-level circuit simulations”, [EEE Transactions
on Power Electronics (early access), 2018.

« M. Luo, D. Dujic and J. Allmeling, “Leakage flux modeling of medium-voltage phase-shift
transformers for system-level simulations”, IEEE Transactions on Power Electronics (early access),
2018.

« M. Luo, D. Dujic and J. Allmeling, “Modeling frequency independent hysteresis of ferrite core
materials using permeance-capacitance analogy for system-level circuit simulations”, IEEE
Transactions on Power Electronics (early access), 2018.

« M. Luo, D. Dujic and J. Allmeling, “Leakage flux modeling of multi-winding transformers for
system-level simulations”, IEEE Transactions on Power Electronics, vol. 33, no. 3, pp. 2471-2483,
Mar. 2018.

Conference papers:

« M. Luo, D. Dujic and ]J. Allmeling, “Test setup for characterisation of biased magnetic hysteresis
loops in power electronic applications”, in 2018 International Power Electronics Conference
(IPEC-Niigata 2018 ECCE-Asia), May. 2018, pp. 422-427.

« M. Luo, D. Dujic and J. Allmeling, “Permeance based modeling of magnetic hysteresis with
inclusion of eddy current effect”, in 2018 IEEE Applied Power Electronics Conference and Exposition
(APEC), Mar. 2018, pp. 1764-1771.
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« M. Luo, D. Dujic and J. Allmeling, “Modelling hysteresis of soft core materials using permeance-
capacitance analogy for transient circuit simulations”, in 2017 19th European Conference on
Power Electronics and Applications (EPE’17 ECCE-Europe), Sept. 2017, pp. 1-10.

« M. Luo, D. Dujic and J. Allmeling, “Leakage flux modelling of multi-winding transformer using
permeance magnetic circuit”, in 2016 IEEE Applied Power Electronics Conference and Exposition
(APEC), Mar. 2016, pp. 1108-1114.

« M. Luo, D. Dujic, “Permeance based modelling of the core corners considering magnetic material
nonlinearity”, in 41st Annual Conference of the IEEE Industrial Electronics Society (IECONzo15),

Nov. 2015, pp. 950-955.
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Modeling approaches - Overview

This chapter provides an overview of commonly used modeling approaches for magnetic components,
which can be combined with electrical circuit simulation.

2.1 Electrical equivalent circuit

Conventionally, for system-level circuit simulation, the magnetic components are modeled directly
in the electrical circuit. The effect of magnetic energy storage in the flux paths is represented by
inductors. The inductor voltage is equal to the derivative of the current scaled by the inductance
value.

VT dI
L — (2.1)

For complex structure with more than two electrical windings, coupled inductors can be used. The
relation between the winding currents and voltages are governed by

V| Mgy My, .. Lp| |dL/dt

E-shape
core
. Pri.
Air winding
gap
Sec.
winding

Figure 2.1 Transformer implementation as electrical equivalent circuit
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Using coupled inductors, magnetic components can be implemented in any circuit simulators since
only electrical components are required. This approach is most commonly used for representing
standard magnetic components [15]. A typical two-winding transformer results in a 2 x 2 inductance
matrix, which can be equivalently converted into a combination of an ideal transformer and single
inductors, as shown in Fig. 2.1. Among the inductors, L, and L, cover the leakage flux, while Ly,
represents the non-linear magnetization inductance.

However, the equivalent circuit bears little resemblance to the physical structure of the magnetic
component. Firstly, the magnetization inductance Ly, hardly reflects the core geometry and material.
Secondly, in order to cover the flux coupling in complex magnetic components such as multiple-
winding transformers, the equivalent circuit can be difficult to derive and unintuitive to understand.
In addition, equivalent circuits based on inductors are impossible to derive for non-planar magnetic
components [16].

2.2 Finite element method

The finite element method (FEM) is able to represent the core geometry and flux coupling in a suf-
ficiently detailed level. The physical basis of FEM is the Maxwell field-equations. Introducing a vector
potential o7, which is defined as B = rote/ , the field-equation can be reformulated as

-

1 - o o

Vx =Vxof + k— =] (2.3)

I ot

where « is the conductivity of the material and fis the external current density. The dielectric term

0D/ot in the original field-equation is neglected, because the contribution of the displacement current

density is negligible in magnetic cores. If observed in a two-dimensional system, under the assumption

that the gradient of all variables along the z axis (perpendicular to the x — y plane) are zero, the
equation becomes

o 1od o 104/ o/

() —(——) —

ax(p ox ay(,u ay K? = (2.4)

where &7 is the length of the vector potential and Js is the external current density respectively, both
of which are aligned with the z direction (perpendicular to the x-y plane).

Solving the field problems using FEM begins with dividing the analysis area into small areas, or
in other words“finite elements” (FE). The finer the partitioning, the more accurate the results can

be expected. The vector potential o7 of any arbitrary position inside each FE is represented via
interpolation of the adjacent node values [17]. Taking a triangle FE with three nodes as example, the
interpolation is expressed as

A (x,y) = ay Dy + oty Sy + 3 A3 (2.5)
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Figure 2.2 A triangle element as fundamental of FEM

where o is called the shape-function, which is defined as a linear function of the x and y coordinate
values:

o = a + bex + oy (2.6)

The constant coefficients ay, bk and ¢, are chosen such that
oa(x=x, y=W)=1, fork=1,23 (2.7)

ax=x3, y=y)=0, fori+k (2.8)

The shape function formulation above is not only valid for the vector potential .27, but also for the
other physical variables like J;. Special attention need to be paid that each node may belong to several
FEs, such that for each FE there will be one corresponding form function. Using Galerkin’s method,
the differential equation can be transformed into an integral form, which is applied to each FE [18].

1 a(Xk o/ a(){k o/ o/

Il [ Gox ax " 3y oyt Kk o ] dxdy =0 o

where the index «y, is the shape-function of node k in the FE concerned and « the conductivity assumed
to be homogeneous within the FE. Substituting .« with the interpolation form yields

1 dog 9 o o 0 o ol
H{ [ —(Q, o) + a—a—Zaj 4 +K0{k?—0{k]s dxdy =0 (2.10)

y&xale YV iz

Applying equation (2.10) FE by FE along with their attached nodes yields the matrix form below

0. (1)
ot

K] Lo} + [] | == - [2] U} = o} (2.11)
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core winding

NN

VAVAYAVATA'

NN

N

Figure 2.3 Interface between FEM and circuit model

Please note that the length of the array %427 } is equal to the number of nodes, while that of { J } is equal
to number of FEs, under the assumption that current density is homogeneously distributed within
each FE. In the case of a linear system, all the elements of the matrix [K] are constant, so that the
equation system can be solved by any well-known methods. However if saturation effects need to
be taken into account, [K] becomes a nonlinear function of {;z% }, and the numerical algorithms like
Newton-Raphson-Iteration have to be adopted, which could potentially increase the simulation time
dramatically.

In order to incorporate the field equations into a circuit simulation environment, a simple electrical
equivalent circuit for the winding is introduced. As a simple example, one single-winding inductor
has been depicted in Fig. 2.3. The resistance of the winding is represented by a lumped resistor Ry.

For convenience, the nodes in the FEM model are divided into core nodes (circles in Fig. 2.3) denoted
by index c and winding nodes (solid points in Fig. 2.3) denoted by index w. Similarly, the FEs are
also divided into core FEs (bright area) with index ¢’ and winding FEs (dark area in Fig. 2.3) with
index w’. The FEM equations can be rearranged as

04,
ch ch % Ccc ch ot Qc’c' Qc’w’ ]c’
o + oot |~ =0 (2.12)
Kye Kyw w Goe Cyw [7‘_W Owe  Qww w
t

After the separation of core and winding FEs, {QW,C/} and {Qc’w’} become zero. Since the nodes in the
core area have no influence on the FEs in the winding area according to the definition in Fig. 2.3,
{ch} and % ch} should be zero. Also due to the absence of external excitation in the core area, { c,}
is 0. Moreover if the eddy currents in the winding conductor can be neglected, {CWW} becomes zero
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as well.
047
Kee  Kew 52{0 Cee Cew ot Qcrer 0 0
+ st |~ =0 (2.13)
0  Kyw e 0 0 w 0 Oww e
ot

Under the assumption of a homogeneous distribution among all the winding FEs, all elements in
{ T } can be calculated with the lumped current L flowing in the electrical circuit divided by the
cross-section area of a single turn.

Ny, [
= 5 (2.14)
Substituting equation (2.14) into (2.13), and separating the matrixes, (2.13) yields:
0.7,
A, ot
[ch ch] %VCV + [Ccc ch] oy, =0 (2.15)
at
Ny L
[KWW] {dw} - [Qw’w’] % =0 (2.16)
W

In order to interface the FEM model into a system level circuit simulation, the back EMF Ey, induced
in the coil winding provides the bridge, as has been described by the work of [19].

Ny L, ([ o/
E., = —dS .
v ﬂ - (2.17)

Sw

In the equation above, Ny, is the turns number and Sy, is the total cross-section area of the winding.
1, is the thickness of the FEM model in z direction. Substituting the shape function formulation yields

T a;sz§
E,={Fl (—%¥ (2.18)
et |2
T
where {F } is a row vector. The equation in the electrical equivalent circuit is given as
Uy = Ew + Ry Iy (2.19)
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In the time domain, the state variables {ﬂfc }, {%w} of the current and future sample points can be
related by their derivatives, for example using implicit Backward-Euler algorithm with the step size
At.

s

+ At 62;“, (2.20)
n v
It “n+1

Substituting the derivative term of (2.20) into (2.15), (2.16) and (2.18), together with (2.18), the FEM

model can be combined into a larger circuit model. With {;afc }n and {JZ{W }n given, {;zfc }n+1 and

{,wa }n+1 can be solved.

1 1 A 1 1 A
Ko + A_tccc Kew + E‘CCW ” oy Cee A Cew o =0 (2.21)
n+1 n
Ny ne1
| K| [0y~ [Qww ] {%} -0 (2.22)
1 T 1 T

Ew,n+1=E{F} {%W}nH_EiF} {Mw}n (2.23)
Uw,n+1 = Ew,n+1 + Ry Iw,n+1 (2.24)

The method introduced above can be extremely time consuming, due to the huge number of FE nodes
required to achieve sufficient accurary. Moreover, should nonlinear effects of the magnetic material
be taken into account, {ﬂfw} {%} I, as well as the external circuit need to be solved all together
simultaneously via Newton-Ralphson iteration, according to the work of [20].

2.2.1  Magnetic equivalent circuit: Resistance-reluctance analogy

If the detail of magnetic field distribution in the core is not of concern, the magnetic device can
be represented in a lumped way using a magnetic circuit. The conventional approach to model
magnetic structures with equivalent magnetic circuits is the reluctance-resistance analogy. As a basic
constructional element, the reluctance element # represents the complete core or one part of the

18
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E-shape core
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Figure 2.4 Three leg transformer core represented by reluctances

Winding interface

o— o o

Figure 2.5 Interface in reluctance approach

it. Its value is determined by the geometry including the equivalent magnetic path length [ and the
cross-section area .7, together with the material characteristics reflected by the permeability .

X = (2.25)

=1~
|~

The geometric structure of an E-shape transformer core can be partitioned into several parts, each
of which has a specific cross-section area and can thus be represented by one lumped reluctance, as
depicted in Fig. 2.4. Instead of analyzing the field strength Hand the flux density B, the magnetomotive
force (MMF) F as the line integration of H along the flux path, and the magnetic flux ® as teh surface
integration of B with the the cross-section area, are considered. In the reluctance-resistance based
magnetic circuit, F is regarded as the across-variable (similar to electrical voltage) and ® as the
flow-variable (similar to electrical current). The circuit behaviour of a magnetic reluctance is given by
the equation in below, as described by the work of [15].

F=% -0 (2.26)

In order to link the electrical circuits and magnetic circuits together, the windings of the transformer
or inductor serve as the interface. The flux linked by a certain winding is the time-integration of the
terminal voltage divided by the turns number N, while the magnetomotive force Fis equal to the turns
number multiplied by the electrical current. Following this rule, the interface between the magnetic
circuit and electrical circuit can be established as shown in Fig. 2.5, where the flux (as integration
of the winding voltage) presents as a “magnetic” current source in the magnetic circuit, while the
“magnetic” voltage (MMF) is reflected by a current source in the electrical circuit.
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If the core geometry is properly partitioned and the material characteristics of the magnetic material
are clearly defined, this lumped model can be sufficiently intuitive and accurate. Since Fand & in the
magnetic circuit behave similarly to an electrical circuit following Kirchhoff’s law, the dimension
of the problem has been strongly reduced compared to the FEM approach and therefore requires
significantly less computational effort. However, if nonlinearity needs to be taken into account, the
permeability y will be nonlinear function of F (i is usually defined as y(H), and H = F/I). This leads
to algebraic loop, so that a Newton-Ralphson iteration must be used, which can be time-consuming.
Moreover, the integrator between the electrical voltage measurement and flux source indicates that
the magnetic energy is stored locally in the individual winding, which in reality, is not the case.

2.2.2 Magnetic equivalent circuit: Permeance-capacitance analogy

To avoid the Newton-Ralphson iteration while solving nonlinear problem in the magnetic circuit
and reduce the computational effort, the capacitor-permeance approach has been proposed by the
author of [16]. Instead of reluctances, the core is represented by permeances, the value of which is
the reciprocal of reluctance.

A
P=pg (2.27)

If the time derivative of flux d®/dt (or ®) is taken as the flow-variable in the magnetic circuit, and
the magnetomotive force F still as the across-variable, the permeance can be handled similarly to a

E-shape core ||
core Pri
. Pri. winding
Air winding
gap Z., " -
Sec.
winding Sec.
winding

core

——m—

Figure 2.6 Three leg transformer core represent by permeances

Winding interface Winding interface
with current source with voltage source
o— = o . Yo o1 Yo
. 1O —<a-oF [ OO F
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V> =D VO—<i-@ @
o— = —C 7 ° A N J

Figure 2.7 Interface in permeance approach
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Figure 2.8 Demonstration of a simple inductor model using permeance magnetic circuit and gyrator interface

capacitor. The governing circuit equation thus becomes:

b= ar 8
=7 — (2.28)

The model of a two-winding transformer is shown in Fig. 2.6. The gyrator structure is used for the
winding interface. In one way, the terminal voltage in the electrical circuit is directly introduced into
the magnetic circuit as a “magnetic” current () and the “magnetic” voltage (MMF denoted by F) back
into electrical circuit as a electrical current, via a linear gain 1/N. In the other way, the electrical
current is translated into a “magnetic” voltage (MMF denoted by F) and the “magnetic” current into a
electrical voltage, via a linear gain N. Both realization of a gyrator structure are shown in Fig. 10.4.
The integrator in the winding interface of the reluctance approach is eliminated here, instead the
magnetic energy is stored in the permeances, or in other words, in the magnetic field of the core.

In order to demonstrate the basic modeling approach, a simple inductor excited by a voltage source is
taken as an example as shown in Fig. 2.8. The circuit model is established including the magnetic
permeance & representing the toroidal core, the winding component with turns number N using
gyrator structure and the voltage source Vj,. The MMF of the toroidal core is the integral of the flux
rate divided by the permeance value

1 .
F=—.|d dt (2.29)

Substituting the MMF by the winding current [ using the relation I = F/N and substituting the flux
rate ® by the relation ® = Vyields

1
IZNZ.@'JV'dt (2.30)
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Figure 2.9 Demonstration of a simple transformer model using permeance magnetic circuit and gyrator
interface

where the coefficient N2 corresponds to the electrical inductance. Further on, the case of magnetic
components with multiple windings is demonstrated using a simple ring core transformer as shown
in Fig. 2.9, where the primary winding (turns number Nj) is supplied by a voltage source Vi, and
the secondary winding (turns number Nj) is loaded by a resistor R,. Starting from the secondary
side, with a induced voltage on the winding terminal the current I, appears on the resistor R,

Vl N NZ/N].
I = ValRy = —2—— (2:31)
2

On the primary side, the winding current I; is equal to the MMF (F;) divided by the primary winding
turns number N;

I, = F;/N; (232)

In the magnetic circuit, the MMF (F;) is equal to the sum of the MMF on the core permeance & (F)
and that from the secondary winding (F,)

1. 1 [V
F1=F+Fz:5-J(I>-dt+N2-Iz:5-J#-dt+N2-IZ (2.33)
1
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Figure 2.10 Example of permeance-capacitance based magnetic circuit: (a) Integrated magnetic component;
(b) Magnetic circuit of the integrated magnetic component; (d) Core block parametrised by geometry and
material characteristic.

Substituting equation (2.33) into (2.32) yields

I—;-JV~dt+&-I (2.34)
1 le'gz 1 N, 2 -34

The first term at the right side of equation (2.34) corresponds to the magnetization current of the
transformer and the second term corresponds to the secondary winding load current which is
transformed into the primary winding side.

Taking advantage of the permeance-capacitance based magnetic circuit, a complex magnetic structure
in a full-bridge phase-shift DC-DC converter can be derived intuitively, as shown in Fig. 2.10a and
Fig. 2.10b. Please note that Fnow becomes a state variable, so that solving the material nonlinearity
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does not require any numerical iteration. The nonlinearity is modeled by making the permeability
u(H) a function of the field strength H = F/, as depicted in Fig. 2.10c.

Considering the flexibility and potential to easily model the core material nonlinearity, the permeance-
capacitance based magnetic circuit is chosen as the fundamental platform of the magnetic component
models presented in this thesis.
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Test setup for core material characterization

The power loss of a core material under arbitrary operation conditions is directly reflected by the mag-
netization curves on the B — H plane. In order to obtain the B — H characteristic of core samples as
input data for model parameter identification as well as for fidelity verification, a multi-functional
magnetic characterization test setup has been developed. In this section, the main functionalities of the
characterization setup are introduced and preliminary experimental results are presented, which were
obtained during functional testing and tuning of various operating modes.

3.1  Objectives

In real power converters, the electrical circuit quantities like voltage (and current) may vary from
several volts (amps) up to hundreds of kVs (kAs), depending on their applications. The magnetic field
quantities like flux density B and field strength H however, are confined in a much smaller range
which is independent of the power rate of the magnetic components, as long as the same core material
is applied. This leads to the fact that the core material’s B — H characteristic of a large magnetic
component designed for high voltage, high current application can be reproduced by a small sample
core excited with low voltage and low current. Taking advantage of these circumstances, the test
setup is designed to emulate arbitrary operating conditions that a core material experiences in reality,
using low voltages and currents.

Four typical operating conditions, common in power electronic systems, can be identified for the
magnetic components:

« Sinusoidal excitation: In line-frequency transformers which interface voltage source inverter
(VSI) to the power grid, especially when the grid is stiff with low internal impedance, the
windings are excited by an ideal sinusoidal voltage of low frequency (e.g. 50 Hz). This results
in a symmetrical hysteresis loop on the B — H plane, as shown in Fig. 3.1a.

« Asymmetrical PWM excitation with DC bias: In non-isolated types of DC-DC converters
like the Buck converter shown in Fig. 3.1b, an asymmetrical PWM excitation with a duty
cycle generally different from 50 % is applied, so that the current flowing in the inductive
filter winding has a DC-bias. The DC-bias of the winding current directly determines the field
strength (H) offset, or in other words, the horizontal position of the hysteresis loop. The vertical
position (flux density B) is determined by the previous events in the magnetisation history. A
hysteresis loop with an offset on the B — H plane is depicted in Fig. 3.1b.
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Figure 3.1 Circuit example, time domain waveforms and B— H characteristic for different operation conditions
of magnetic components (a) Line frequency transformer interfacing VSI and power grid (b) Filter inductor in
Buck converter with DC-bias (c) Isolation transformer in DC-DC converter with phase-shift modulation (d)
Filter inductor in VSI with both sinusoidal and PWM excitation

« Symmetrical PWM excitation with zero voltage period: In galvanically isolated DC-DC
converters, taking the single active bridge topology depicted in Fig. 7.1 as an example, the
transformer experiences a symmetrical PWM excitation, which results in a symmetrical hys-
teresis loop on the B- Hplane. In order to control the output voltage, a phase shift is introduced
to the modulation and a zero-voltage period is present. Different percentage of the zero-voltage
period adds up more or less to the core loss, which can be ascribed to the relaxation effect of
the core material, as has been discussed in the work of [21].

« PWM excitation superimposed with sinusoidal component: In grid connected inverters
the inductor filters are excited by both the sinusoidal voltage from the grid side and the pulsed
voltage from the power electronic bridge side. With this mixed excitation the current on
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3.2. Hardware description

the inductor winding has both a fundamental component and high frequency ripples, which
result in a major hysteresis loop superimposed with small minor loops on the B - H plane, as
demonstrated in Fig. 3.1d.

Different operating conditions results in hysteresis loops of different shape and offset, the characteri-
zation of which can be facilitated using a versatile and flexible test setup. The magnetic test setup
proposed in this work is able to reproduce the aforementioned operating conditions for core samples
of different materials.

3.2 Hardware description

The hardware of the characterisation setup is designed to have 24 V rated output voltage and 6 A
rated output current. The basic idea is derived from the V-I approach proposed by the work of [22].
The circuit schematic and photo of the actual setup are shown in Fig. 3.2 and Fig. 3.3a, including the
following elements:

3.2.1 Power stage

The power stage hardware shown in Fig. 3.4 contains the following functional units. Their positioning
on the PCB are marked in Fig. 3.3b:

+ The controlled voltage source V; is realized using a power amplifier of type LM3886 with a
2 MHz gain-bandwidth-product and is supplied by +24 V. The main usage of V; is to generate
sinusoidal excitation with frequencies up to 10 kHz for major hysteresis loops and can be
bypassed by the switch S; to ground if unused.

+ The single phase T-type bridge is composed of three bidirectional switch pairs (Qy1&Qgs,
011&Q12, 031&0Qy,) to generate PWM excitation of up to 50 kHz. Each of the bidirectional
switches contains two MOSFETs of type AO4444 with 80V blocking voltage and 11 A rated
current. Each bidirectional switch is connected to an individually controlled voltage source (V,,
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Figure 3.2 Schematic of the characterisation setup
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Sensor Voltage Power amps PWM gate Power
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T-bridge
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Figure 3.3 (a) Complete configuration of the characterisation setup including the power stage, core sample,
power supply, control unit (PLECS RT-Box) and host PC (b) Arrangement of main functional units on the
power stage PCB

Figure 3.4 Power stage hardware of the characterisation setup

Vs, V). They are realized using the same type of power amplifier as V;. The voltage source V,
can be bypassed by the switch S, to ground. All MOSFETs have individual gate drivers and
the two diodes D, and D, are mounted for free-wheeling of the inductive current during the
switching dead-time.

« The current measurement is realized using low-inductance shunt resistors, taking advantage
of their good accuracy and nearly zero phase-delay, which are sensitive enough for measuring
the core loss. The voltage drop of the shunt resistor is sensed and amplified using differential
instrumentation amplifiers of type AD8429. Two sets of shunt resistors with different resistance
are mounted to achieve higher resolutions, both can be bypassed by switches.

Besides the shunt resistors, another low resolution Hall-type current transducer of type ACS710
is installed on the primary side for fault detection. In combination with a simple logic circuit,
all power amplifiers will be muted (output 0V) if the circuit current exceeds the protection
threshold, which can be externally configured for the ACS710 chip.
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+ The voltage measurement is realized using a low capacitance resistive voltage divider. The
scaled voltage is amplified by an operational amplifier of type THS4062. An analog integrator
is also implemented using another op-amp, which integrates the measured voltage to estimate
the flux-rate. Accurate calculation of the flux rate waveform, so as to obtain the flux density (B)
waveform, should be achieved by post-processing the voltage measurement in a digital way.

3.2.2 Core Sample

Following the V-I approach for magnetic material characterisation, the core sample should be equipped
with two windings as shown in Fig. 3.2. The primary winding is excited by the power stage and
the secondary winding is left open for voltage measurement. In order to minimise the leakage flux
coupling through the air, the secondary winding should be wound as tightly as possible on the core
sample. The turns number of the winding should be adapted to the desired filed strength and flux
density range on the B — H plane.

3.2.3 Control unit

One PLECS RT-Box is deployed as a control unit for the characterisation setup, which is graphically
operated on a host PC using PLECS software environment. The update step size is 2us for both data
acquisition, processing and the control algorithm.

Four of the 16 available analog output channels of the control unit provide the reference voltage for
the power amplifiers. Three out of the 16 analog input channels are connected to the amplification
output of the current and voltage measurements, which are converted to field strength (H) and flux
density (B) inside the control unit using the equations

NI'I

H=— (3.1)
[V-dt

B=Fa (3:2)
-

where the cross section area A and the equivalent magnetic path length [ are geometry-related
parameters of the core sample, while N; and N, are turns numbers of the primary and secondary
winding. For gate signal generation of the T-bridge, six of the 32 available digital output channels of
the control unit are used.

3.3 Operation modes and control

The proposed characterization setup can be operated in the following four modes, which emulate
several typical operating conditions of magnetic components in a power electronics system:
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Chapter 3. Test setup for core material characterization

Figure 3.5 Equivalent circuit and control loop for the sinusoidal operation mode

3.3.1  Sinusoidal mode

In this operation mode, a sinusoidal voltage reference of the desired amplitude and frequency is
provided to the power amplifiers V; and V,. The switches S; and S, connect V; and V, with the test
circuit, while the bidirectional switch pair Qy1&Qy, is closed as well. In order to configure the desired
field strength amplitude |H,.|" and the DC offset Hy. of the hysteresis loop, a simple closed-loop
control algorithm is applied. The measured circuit current is converted into field strength using
equation (3.1) and processed by an averaging filter of the AC period and a peak value calculator to
obtain the offset and amplitude. These two values are subtracted from the references and fed into two
PI type controllers. The output of the amplitude controller is multiplied by a sinusoidal signal of the
desired excitation frequency with unity amplitude and added to the output of the offset controller, to
be used as the reference voltage of the two power amplifiers. Please note that the reference voltages
for V; and V, are opposite in polarity, extending the excitation voltage range on the core sample
to #48 V, which can be necessary to achieve the desired field strength amplitude at relatively high
frequencies. The equivalent circuit of this operation mode as well as the control loop is shown in

Fig. 3.5.

3.3.2 Duty-cycle PWM mode

In this operation mode, the bidirectional switch pairs Q;;&Q;, and Q,1&Q,, are driven by PWM
gate signals of desired duty cycle d and switching frequency, while Qy;&Q,, are deactivated. DC
voltage references are provided to the power amplifiers V3 and V,. Their values should comply with
the equation below:

Vi-d=-V,-(1-d) (3:3)
The power amplifier V; is also active in this operation mode and connected to the circuit via the
switch Sy, its output voltage needs to be adjusted by the control unit in order to achieve the desired
DC offset for the field strength H. A control structure similar to the sinusoidal mode is adopted here,

the equivalent circuit schematic together with the control loop is illustrated in Fig. 3.6a. Please
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3.3. Operation modes and control

(@ (b)

Figure 3.6 (a) Equivalent circuit and control loop for the duty-cycle PWM operation mode; (b) Test configu-
ration for high frequency PWM

note that the PWM generation needs to be synchronized with the execution time step of the control
algorithm. For PWM frequencies above 10 kHz, the 2 us execution step size of the control unit can
no longer provide sufficiently high resolution to capture the current peak value. In this case, the
measurement signal should be sent to a external hardware scope via the SMA connector at the left
hand side of the PCB, while the amplitude and offset need to be manually adjusted.

3.3.3 Phase-shift PWM mode

In this operation mode, all of the bidirectional switch pairs are driven by PWM gate signals to emulate
phase-shifted PWM with a zero-voltage period. DC voltage references with opposite polarities are
provided to the power amplifiers V3 and V,, while the switch S, bypasses the power amplifier V,

Carrier / m,

\ a V3 [ LIRSt S Wil -

| % Q| I I I |=

) g ﬂﬂ L Carrier / '
= P B ",

Q2 I I >

Carrier
Amplitude ctrl Qo
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Figure 3.7 (a) Equivalent circuit and control loop for the phase-shift PWM operation mode; (b) PWM
generation scheme
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Chapter 3. Test setup for core material characterization

Figure 3.8 Equivalent circuit and control loop of the sinusoidal PWM mode

and connects the branch of Qy1&Qy, to ground. The sawtooth carrier based PWM generation is
illustrated in Fig. 3.7b: The carrier waves of Q;,&Q;, and Q,1&Q,, are phase-shifted by 50 % from
each other, while the carrier wave of Qy;&Q,, has double the frequency. Again, closed-loop control
can be used here to obtain the desired field strength amplitude and DC offset. The equivalent circuit
schematic together with the control loop are shown in Fig. 3.7a.

3.3.4 Sinusoidal PWM mode

For the purpose of emulating the operating condition of filter inductors in a single-phase grid-
connected inverter, this operation mode provides both sinusoidal and PWM excitation. The power
amplifier V; is responsible for generating a sinusoidal excitation voltage and compensating the DC
offset of the AC current. The bidirectional switch pairs Q;;&Q;5 and Q;1&Q;, are driven by a PWM
gate signal with sinusoidal wave as the modulation index, and the power amplifiers V3 and V, output
DC voltages with the same amplitude but opposite polarity. To avoid over current, the reference
for V3 and V, is set to zero at the beginning of the test. After the the closed-loop control reaches
the desired field strength amplitude via adjusting the output of V;, the reference for V5 and V, can
slowly be raised manually until the desired current ripple is obtained. The PWM carrier should be
synchronized with the execution step of the control unit, so that a phase-shift of the current ripple
remains fixed with respect to the fundamental frequency sinusoidal component. The simplified circuit
schematic and control loop are shown in Fig. 3.8.

3.4 Test results

To demonstrate the capabilities of the test setup, samples of test results obtained in all four operation
modes are presented below.
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Figure 3.9 Test result in sinusoidal mode: Symmetrical hysteresis loop (a) Time domain waveforms (b) B—- H
characteristic; Biased hysteresis loop (c) Time domain waveforms (d) B — H characteristic

3.4.1 Sinusoidal mode

The test result of the sinusoidal mode is gathered using the toroidal core “R 87.0 x 54.3 x 13.5” from
EPCOS of ferrite material N87. The measured time domain primary current and secondary voltage
waveform as well as the B— H characteristic of a symmetrical hysteresis loop under 50H z are presented
in Fig. 3.9a and Fig. 3.9b. With the closed-loop control, the amplitude of the hysteresis loop can
be accurately located at Hy. = 60 A/m with zero DC offset. In Fig. 3.9c and Fig. 3.9d the biased
hysteresis loops of AC amplitude Hy. = 20 A/m and DC offset Hy. = 20 A/m are displayed. Due to
the voltage drop on the circuit resistance (shunt, winding...) which is proportional to the circuit
current, the measured secondary winding voltage shows harmonic components rather than an ideal
sinusoidal wave when the material approaches saturation.

3.4.2 Duty-cycle PWM mode

The test result of the duty-cycle PWM mode is also obtained using the toroidal core “R 87.0 x 54.3 x
13.5” from EPCOS of ferrite material N87. The time domain waveform as well as B - H characteristic
with duty-cycle d = 0.2 and 10 kHz switching frequency are presented in Fig. 3.10a and Fig. 3.10b.
With the same AC amplitude H,. = 20 A/m and an additional DC offset of Hy. = 20 A/m as before
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o.o/\/\/\/\/\/ 02 001 02
-051 011 -05- 011
EX ! EX |
" Secondary winding voltage [V] @ 00 / . o Secondary winding voltage [V] 200 /
6] f ! [ f 011 011
4 051 M = L
27 -021 = N M 7 -021
01 001
21 -0.34 -0.34
41 051 — — - =
1 04 r r f ‘ 04
8 80 60 40 20 0 20 40 60 8 _1o 80 60 40 20 O 20 40 60 80
05 06 07 08 09  x%e-3 H 5.0 52 54 56 58  xle-2 H
(a) (b) (© (d

Figure 3.10 Test result in duty-cycle PWM mode: Symmetrical hysteresis loop (a) Time domain waveforms
(b) B - H characteristic; Biased hysteresis loop (c) Time domain waveforms (d) B — H characteristic
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Chapter 3. Test setup for core material characterization

and configured by the control unit, the test result with a duty-cycle d = 0.6 and a 400 Hz switching
frequency can be seen in Fig. 3.10c and Fig. 3.10d. Due to the voltage drop on the circuit resistance
(shunt, winding...) which is proportional to the circuit current, the shape of the secondary voltage is
not an ideal square-wave.

3.4.3 Phase-shift PWM mode

The test result of the phase-shift PWM mode is gathered taking the toroidal core “R 41.8 x 26.2 x 12.5”
from EPCOS with ferrite material N87 as a sample. The PWM signal is generated at 20 kHz. At this
frequency, the voltage reference of the power amplifiers V5 and V, are adjusted manually to set the
desired AC amplitude, while the voltage V; is used to guarantee zero DC-offset. The measurement
outputs of the primary winding current and the secondary winding voltage are now connected
to an external oscilloscope with 500 MHz bandwidth, in order to correctly capture high-frequency
components like the peak point of the primary current and the rising (falling) edge of the secondary
voltage. In Fig. 3.11a and Fig. 3.11b, the test result from a PWM excitation without a zero-voltage
period is presented, the voltage reference of V3 and V, are adjusted to make the AC amplitude of the
hysteresis equal to H,. = 25 A/m. The test result with 60 % zero-voltage period is shown in Fig. 3.11¢
and Fig. 3.11d, where a higher voltage output from V3 and V, is required to achieve the same AC
amplitude H,. = 25 A/m. An obvious difference can be observed on the shape of the hysteresis
curve between Fig. 3.11b and Fig. 3.11d near the peak field strength, which results in a power loss
difference and can be ascribed to the relaxation effect of the core material.

3.4.4 Sinusoidal PWM mode

2]

The test result of the sinusoidal PWM mode is obtained with the toroidal core “R 41.8 x 26.2 x 12.5
from EPCOS with ferrite material N87. The PWM gate signal is generated at 2 kHz frequency with
a modulation index equal to 0, which results in a constant PWM duty cycle of 0.5. The DC voltage
reference of the power amplifiers V3 and V, are configured to be £0.24 V, and the 50 Hz AC reference
of V; regulates the AC amplitude of the hysteresis loop to Hy. = 60 A/m. The time domain current
and voltage waveforms are shown in Fig. 3.12a. The B - H characteristic displayed in Fig. 3.12b
results in a large symmetrical major hysteresis loop from the 50 Hz excitation of V; superimposed
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Figure 3.11 Test result in duty-cycle PWM mode: Without zero voltage period (a) Time domain waveforms
(b) B - H characteristic; With zero voltage period (c) Time domain waveforms (d) B — H characteristic
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Test result in sinusoidal PWM mode: (a) Time domain waveforms (b) B — H characteristic

with small biased minor loops from the the PWM excitation.

3.5 Summary

The developed test setup facilitates the characterization of various core materials. It can be flexibly
configured to emulate different operating conditions in typical power electronic applications. The
measurement results obtained from the test setup serve for parameter identification and for fidelity

verification of the proposed simulation models.
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Model of hysteresis for ferrite materials

Ferrite materials are widely used to produce magnetic cores for inductive filters and isolation transformers
in power electronic converters. In comparison to ferromagnetic materials like amorphous alloy and
nanocrystalline, ferrite materials have significantly lower conductivity so that the frequency-independent
magnetic hysteresis effect usually dominates the core loss. Due to the fact that magnetic hysteresis con-
tributes to the nonlinearity of the magnetic component’s inductance, which interacts with the remaining
part of the power electronic system, the hysteresis loss is essentially a coupled effect. In order to predict
the behavior of the magnetic component during design phase, an accurate time-domain hysteresis model
is desired that can be easily integrated into the system-level circuit environment and simulated in a fully
coupled way.

4.1 Literature review

The permeance-capacitance analogy approach, which was proposed in the work of [16], provides
a practical way to integrate magnetic components seamlessly with system-level simulation. The
benefit of modeling complex magnetic structures using the permeance-capacitance approach has
been demonstrated by the authors of [23]. The authors of [15] have introduced this approach in
a commercial system-level simulation tool for power electronics. Further on, this approach has
been applied in the work of[24], [25] to capture different magnetic phenomena. In this thesis, the
permeance-capacitor approach is also chosen as fundamental principle for modeling.

For time-domain simulation of frequency-independent magnetic hysteresis, the Preisach model has
been recognized as a flexible approach especially regarding its ability to capture minor loops [26].
According to the formulation of the scalar Preisach model, the magnetic hysteresis is subdivided
into many small independent particles [27], called hysterons. Each square-loop hysteron y(U, V)
switches between -1 and +1 at a unique set of transition boundaries U and V, depending on the
applied field strength H as well as its history, as illustrated in Fig. 4.1. The flux density B is expressed

+1

-1

Figure 4.1 Single hysteron y(U, V) of Preisach Model.
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as the weighted summation of all hysterons using a probability distribution function (PDF) p(U, V),
or in other words, Everett integration. In the case of soft magnetic materials like ferrite, the two-
dimensional distribution function p(U, V) can be expressed as the product of two one-dimensional
PDFs, considering the fact that the probability of a hysteron switching in one direction is essentially
independent of that switching in the opposite direction [28].

B= H p(U,V)-y(U,V)-dUdV = H ps(U) - ps(=V) - y(U, V) - dUdV (4.1)

The authors of [29] proposed the Cauchy-Lorentz PDF for the distribution function pg, which was
further applied by the work of [30], [31] and [32] for modeling soft magnetic materials. A parameter
identification scheme using genetic algorithm has been presented in [33]. Taking advantage of the
feature that the Cauchy-Lorentz PDF has closed-form integral, the differential permeability u = dB/dH
can be analytically calculated, so that the Preisach model could be applied directly to the permeance-
capacitor magnetic circuit model in the work of [15]. In the existing publications, the Preisach model
with the Cauchy-Lorentz PDF has only been verified for metal based material like silicon steel. For
ferrites however, Cauchy-Lorentz PDF will result in a considerable error on both the equivalent
permeability and the per-cycle energy loss, which will be discussed in a later section of this thesis.
To improve the accuracy, other PDFs shall be adopted.

In the work of [34], the authors have developed an approach to numerically construct the PDF using
experimentally measured symmetrical hysteresis loops, after discretizing p(U, V) with homogeneous
grids on the (U, V) plane and assuming that inside each grid p(U, V) is constant. This approach is
potentially able to capture the hysteresis of arbitrary materials including ferrites, but may produce
a significant numerical error in practice, as has been discussed and improved in [35]. In order to
achieve an acceptable resolution, a large number of hysteresis loops needs to be measured, which
is in many cases impractical from engineering point of view. [36] has introduced a discrimination
function in order to reduce the number of loops necessarily to be measured. Nevertheless, a Preisach
model calculating the Everett integration of the discretized form of p(U, V) could be too complicated
and inefficient during time-domain simulation.

The authors of [37], [38] and [39] have explored that all the magnetization curve of the Preisach
model following the formulation in equation (4.1) can be derived from the descending curve of only
one measured limiting hysteresis loop (with the highest amplitude of concern), without the need
of analytically identifying the PDF. Making use of this feature, symmetrical hysteresis loops with
relatively large amplitude (larger than 50% of the limiting loop) have been modeled with good accuracy
in the work of [40], [41] and [42] for ferrite materials. Hysteresis loops with low amplitudes (e.g. 20%
of the limiting loop), however, were not explicitly verified and no technique was specifically proposed
to control the accuracy there. With the desire to use the Preisach model for arbitrary operating
conditions, the accuracy control of minor hysteresis loops requires further improvement.

It has been discussed in [43] that reversible magnetization is also present in soft magnetic materials
which cannot be captured by the classical Preisach model. Therefore the hysteresis model should be
composed of a irreversible component using the classical Preisach model and a reversible component.
The reversible component is essentially a single-lined B — H characteristic, for which the inverse
trigonometric (arctan) function proposed by [44] and hyperbolic cotangen (coth) function by [45],
[46] have been adopted by [32] and [42]. This work will still follow this methodology, but a new

38



4.2. Classical Preisach Model

fitting function is chosen for the reversible component, which provides additional degrees of freedom
so that the equivalent permeability can be controlled better.

Aiming to improve the accuracy of simulating the hysteresis effect of ferrite materials in system-level
time-domain simulation, this thesis combines the following aspects, it distinguishes itself from the
other previous publications:

« A Logistic probability distribution function is adopted for the irreversible component modeled
by classical Preisach model to better approximate the per-cycle hysteresis energy loss of ferrite
materials. The comparison to the Cauchy-Lorentz PDF is provided in this chapter.

+ A improved parametrization process is introduced for the irreversible component to control
the accuracy of the per-cycle energy loss for both the symmetrical large limiting loop and the
small minor loops.

« A new form of reversible magnetization curve is proposed to accurately model the equivalent
permeability of a hysteresis loop over a wide amplitude range.

+ The improved modeling approach is seamlessly incorporated into the permeance-capacitor
based magnetic circuit for system level simulations.

This chapter is organized as follows: Sec. 4.2 provides the implementation details of the classical
Preisach model in the permeance-capacitance magnetic circuit, as an elaboration of the corresponding
part from [15]. Sec. 4.3 demonstrates the proposed modeling approach together with the procedure
for parameter identification. Afterwards in Sec. 4.4, the fidelity of the model while simulating different
ferrite materials is evaluated with the magnetic characterization setup (Chap. 3) and compared with
the Preisach model using the Cauchy-Lorentz PDF. In Sec. 4.5 and Sec. 4.6, the ability of the proposed
model for representing temperature dependency and various geometries is evaluated. Further in
Sec. 4.7 the performance of the model in a simulation environment for power electronic circuits is
demonstrated and evaluated.

4.2 Classical Preisach Model

In this section, the realization of the classical Preisach model for magnetic hysteresis in permeance-
capacitance based magnetic circuit is elaborated, as an extension of the corresponding part presented
in [15]. Let us recall that in the magnetic circuit, we have the combination of the through variable
(the derivative of the magnetic flux ®) and the across variable (magnetomotive force F). The relation
between ® and F at a single permeance block is governed by

b= a (4.2)
= . —_— -2

dt i
The permeance value & in the equation above is calculated using the geometry and material charac-
teristic

S
i
=
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dp/dt
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Figure 4.2  Structure of the permeance block with hysteresis behaviour using the classical Preisach model

where A is the cross section area and [ is the magnetic path length. The B — H characteristic of the
material is reflected by the permeability y, as illustrated in Fig. 2.10c. By adapting the geometrical
parameters, the same permeance block can be taken as basic building block to construct other magnetic
structures.

Should the material nonlinearity (e.g. magnetic hysteresis) be considered, p will depend on the field
strength H. The internal structure of a permeance block with hysteresis behavior is shown in Fig. 4.2.
The magnetomotive force Facross the variable permeance component is measured and divided by the
magnetic path length [, yielding the field strength H.

The classical Preisach model following the formulation of [28] can be implemented with a C-Script
that takes H as well as the flux rate ® as input variables. The C-Script outputs the instantaneous
differential permeability y(H) = dB/dH, which is multiplied by the geometry factor A/l and provided
to the variable permeance block. The calculation of p(H) during the simulation is explained in below:

o Virgin curve: Let us assume that the time-domain simulation initiates from the completely
demagnetized state: The boundary between the positive- (S,) and negative area (S_) of the
Preisach plane lays on U = -V, such that the flux density B calculated using equation (4.1) is
equal to zero, as depicted on the right hand side of Fig. 4.3a. Under positive excitation (e.g.
with a positive voltage applied to the winding of the magnetic component so that ® > 0) the
operating point on the B - H plane moves along the virgin curve. The flux density Bis calculated
as Everett integration following equation (4.1).

B(H) = ﬂs pa(U) - py(-V) - dUYV - ﬂs pulU) - py(-V) - dUAV (29)

On the B - H plane, the instantaneous differential permeability yx, or in other words, the slope
of the B — H curve, is graphically depicted on the left hand side of Fig. 4.3a and given as

+H
.”vir(H) =2 'Ps(H) : J ps(_V) -dV =2 PS(H) : (Cs("’H) - Cs(_H)) (4‘5)
-H

The integral term in (4.5) turns out to be closed-form if the probability distribution function pg
can be analytically integrated with a cumulative distribution function (CDF) Cs, as is the case
with the Cauchy-Lorentz PDF, which has been used in the existing publications [29], [30], [31]
and [32]. If y can be written in an explicit form, it can be directly substituted into equation (4.3)
and used to the permeance core block of the magnetic circuit.
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Figure 4.3 Calculation of the permeability and the area separation of the Everett integral: (a) on the virgin
curve; (b) on the descending curve after reaching the positive peak; (c) on the ascending curve after reaching
the negative peak; (d) on the descending curve in an asymmetrical minor loop; (e) on the ascending curve in an
asymmetrical minor loop; (f) on the ascending curve after exiting the minor loop.

« Descending curve: Assuming that when H reaches the positive peak (p.u. +1), the external
excitation changes the polarity. Afterwards, the boundary between the areas S, and S_ should
move in the direction indicated on the right side of Fig. 4.3b. This polarity change is detected
by the C-Script via examing the sign of the second input ¢ (time derivative of the flux ®) and
the first field strength extremity +1 is pushed into a stack structure as shown on the top-right
of Fig. 4.3b. From this time point on, y is calculated using the equation below with extremity
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HI = +1.

H
y(H) = 2 po(-H) - f pe(U) U = 2 py(-H) - ( Co(Hy) - C(D) (46)
H

o Ascending curve: The external excitation becomes positive after H reaches the negative peak
(p-u. -1) as shown in Fig. 4.3¢. The negative peak is memorized in the stack of extremities and
the actual Hy becomes -1, while the previous extremity +1 is shifted to a deeper level. The
permeability on the ascending curve is given as

H

() =2 ) | =) av =2 putan)- (Ci) - ) (47)
Hy

« Minor loop: The external excitation switches its polarity to negative at H = 0 on the ascending
curve, so that a minor hysteresis loop is initiated (Fig. 4.3d). At the very moment, H; becomes
0 while the previous two extremities -1 and +1 are shifted one level deeper in the stack. The
permeability on the descending curve of the minor loop has the same form as equation (4.6),
except for the integral limit Hy = 0. Afterwards, let’s assume that the ascending curve of the
minor loop begins at H = -0.5 where Hy becomes -0.5 (Fig. 4.3€). Before H reaches the second
last extremity (H = 0) there are four values in total (-0.5, 0, -1, +1) stored in the stack, and p is
retained following equation (4.7) with Hy = -0.5.

o Exit from Minor loop: At the moment when H just tends to exceed the second last extremity
(H = 0), the operation point is exactly located on the position where the minor loop has been
initiated previously (point (1) in Fig. 4.3f). At this point, the last two extremities —0.5 and 0
are erased from the stack. From then on, the operating point travels along the ascending curve
with H; = -1, as if the minor loop had never happened (point (2) in Fig. 4.3f). This deletion
feature of Preisach model corresponds to the characteristic of ferrite material, which will be
verified by the experimental result in a later section of this work.

4.3 Proposed Model

Depending on the applications and their corresponding design considerations, the core material of a
magnetic component may operate at different ranges of field strength on the B — H plane, which result
in hysteresis loop of different sizes. In oder to predict the hysteresis loss of the magnetic core during
the design phase for arbitrary applications, to optimize the design parameters, a model valid for
different amplitudes of excitation is required. The main objective of the proposed modeling approach
is to achieve good accuracy of simulating magnetic hysteresis in a wide range of amplitudes (both
large major- and small minor loops), which is assessed with the following two criteria:

o Per cycle energy loss: The area enclosed by the hysteresis loops on the B — H plane.
o Equivalent permeability: Slope of the virtual straight line connecting the positive and negative

peaks.
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Figure 4.4 Measured hysteresis loops of ferrite material N87 from H = 100 A/m to H = 20 A/m at 200 Hz

For illustration purposes, the characteristic of ferrite material N87 experimentally measured at 200 Hz
is taken as an example. In Fig. 4.4 the hysteresis loops of different amplitudes are displayed together.
We define the one with the largest field strength amplitude Hio00, (e.g. 100 A/m), which makes the
flux density approach saturation, as the “limiting loop”. The limiting loop indicates the valid operation
range of the model and it is assumed that the hysteresis effect is of concern to the simulation only
inside this range. Inside the limiting loop, one can realize that peaks of the other loops with relatively
large amplitudes 40% - H100% ~80% - ﬁ100% (40 A/m ~ 80 A/m) almost touch the lower boundary of the
limiting loop. This phenomenon has also been observed with other ferrite materials, which indicates
that if a simulation model is able to reproduce the lower boundary of the limiting loop, the smaller
ones can be also well presented, at least in terms of the equivalent permeability. However this theory
does not apply to minor hysteresis loops with very low amplitudes, say 20% - H; 007, (20 A/m), whose
peaks obviously deviate from the lower boundary of the limiting loop.

In the approach proposed in this thesis, only one limiting hysteresis loop (Fig. 4.5a) and one sym-
metrical minor hysteresis loop (Fig. 4.5¢) are required to be experimentally measured as input data,
and the model is parametrized to approximate these two loops. We suppose the hysteresis loops
with amplitudes between the measured limiting loop and the minor loops can be automatically fitted
thanks to the physical-based intrinsic property of the Preisach model, which will be verified in a later
section by experimental tests.

Following the method proposed by [43], in this work we also construct the hysteresis model as the
summation of an irreversible component and a reversible component, which is graphically illustrated
in Fig. 4.5b and Fig. 4.5d for the limiting loop and a minor loop, respectively. Please note that the same
classical Preisach model is applied for the irreversible component, and the reversible component in
Fig. 4.5d is just one part of the same curve in Fig. 4.5b within the field strength range [-Hyqy, +Hag4]-
The formulation and parameter identification of the two components are introduced in the following
subsections.
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Figure 4.5 (a) Measured limiting hysteresis loop with amplitude H;4q, = 100 A/m (b) Hysteresis model
composed of irreversible- and reversible component with amplitude H;yo, = 100 A/m (c) Measured limiting
hysteresis loop with amplitude Hyo,, = 20% - Hygo,, = 20 A/m (b) Hysteresis model composed of irreversible-
and reversible component with amplitude Hyg,, = 20% - Hygo, = 20 A/m

4.3.1 Determination of the irreversible component

Contrary to the existing publications, the “logistic” probability distribution function is adopted for
the irreversible component, which is represented by the classical Preisach model. The generalized
form of the logistic PDF can be expressed as

e—(H—HO)'O'
ps(H) =K - 1+ T Hyae (4.8)

where K, Hy and o are parameters to be determined. Similar to the Cauchy-Lorentz PDF which
has been chosen by the existing publications, the logistic PDF can be integrated analytically. The
cumulative distribution function (CDF) of logistic PDF is given as

Cs(H) = T+ o lipe (4.9)
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In this way, the permeability y can be calculated in a closed-form (equations (4.5) - (4.7)). Due to the
fact that the reversible component has zero remanence, the remanent flux density of the simulated
irreversible component (B}]o, in Fig. 4.5b and Bl'},,, in Fig. 4.5d) must be equal to that of the
measurement.

irr é B

1r,100% — *-1,100%

irr A o (4'10)
1,20% — ~r1,20%

where B}, 109, and B;. 5, are the remanence flux density of the measured limiting- and minor loops, as
has been highlighted in Fig. 4.5a and Fig. 4.5¢. Any values from experimental measurement in this
“*»_ As has been explored by the authors of [47], the remanence
flux density of Preisach using independent PDF can be explicitly expressed as

work are denoted with superscript

0

puv)av |

_H100%

HlOO%

2
; A A
BKIOO% = J Ps(‘V)dV = (CS(HIOO%) - Cs(0)> = B},100% (4.11)

0

The equation above is also valid for the symmetrical minor loop:

) Haos, Y R 2\
o= | 7 @0 [ 1y = (o - G0) 2 Braos (1.12
0

_HZO%

Different from the metal-based materials, since ferrite materials do not experience field-annealing
treatment during the manufacturing process, it is reasonable to assume symmetrical nature for the
PDF of classical Preisach model. Therefore the bias parameter H, of the irreversible part (equation
(4.8) and (4.9)) is chosen to be zero in this work if not mentioned otherwise, which makes the PDF
symmetrical around the vertical axis. The remaining two parameters K and o can be fully determined
via solving the two equations (4.11) and (4.12). Due to nonlinearity, commonly used iteration method
like Newton-Raphson must be used. Please note that the per-cycle energy loss is determined by the
irreversible component.

4.3.2 Determination of the reversible component

After the Preisach model parameters of the irreversible component (classical Preisach model) are
identified, the reversible component is parametrized to make the sum of the two components match
the peak point as the measured limiting loop and minor loop, or in other words, to adjust the
equivalent permeability. Instead of arctan and coth proposed by the existing publications, a new
form of “Sigmoid” function is proposed in this work, in order to shape the reversible component with
more degrees of freedom. The reversible B"*Y(H) is constructed as the integration of a shifted arctan
function, and the flux density for H = 0 is governed by the equation below.
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H

B™¥(H) = J (F -arctan((H; - x) - @) + D) dx =-Fla- ((Hl -H)-a-atan((H; - H) - a)
0

-0.5In(1 + (H; - H)? - 0{2)) +Fa- (H1 -a - atan(Hy - &) + 0.5In(1 + HZ - az)) +D-H (4.13)

The permeability ;"*"(H) to be provided to the permeance block in the magnetic circuit is the derivative
of equation (4.13) with respect to the field strength H, or in other words, the shifted arctan function
itself.

u'(H) = F - arctan((H; - H) - @) + D (4.14)

In the operation range with field strength H < 0, the mirroring function of equations (4.13) and (4.14)
with respect to the origin of the B — H plane are applied. The parameter « is preliminary configured
to be 0.01 and can be adjusted to improve the permeability accuracy, which will be described later in
subSec. 4.3.3. The identification of the other three parameters Hy, Fand D is described as follows:

In the Preisach model, the symmetry of the irreversible component’s PDF (due to the parameter
configuration H, = 0) leads to a peak flux density B{{,., of the simulated limiting loop that is two
times the remanence flux density By 7oy, (equal to B; 190y after the parameter identification described

in Sec. 4.3.1.

A A
irr _ - %
100% = 2° Br,100% =2 Br,100% (4.15)

Therefore the peak flux density of the reversible component at Hyo07 can be extracted from the
measured peak flux density of the limiting loop using

prev.  _ e pirr - _ e -«
100% — BIOO% - BlOO% - BlOO% -2 Br,lOO% (416)

As has been observed at the beginning of Sec. 4.3, the peak of the relatively large minor loops touch
the lower boundary of the limiting loop. In order to make the simulated lower boundary of the
limiting loop match that from the measurement, the permeability of the reversible component at
Hio0s (156%., in Fig. 4.5b) should be adjusted as well. This is done by subtracting the permeability of
the irreversible component model from the measured one:

ﬁ;f)‘f)% = ﬁ*100% - ﬁiroro&z = ﬁEOO% - Ps(ﬁ100%)(cs(ﬁ100%) - Cs(‘ﬁ100%)) (4.17)

In the case of the minor symmetrical loop with field strength amplitude Hyos = 20% - Hygos, the
irreversible component described by the Preisach model is calculated using solely the part of the PDF
inside the range [-Hygq, +Hyos]- With the previous assumption Hy = 0, this part of the PDF is also
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symmetrical with respect to the origin so that the relation described in equation (4.15) is valid here as
well.

N A §
B3o% = 2+ By 207 = 2 Br ooy, (4.18)

If the reversible component can be considered a linear function close to the origin as depicted in
Fig. 4.5d, the initial permeability of the reversible component can be obtained by subtracting By,

from the peak flux density of the measured minor loop and dividing it by Hyqy,.

Hoe = (Baog, = Bg()r%)/HZO% = (Byos — 2~ B;‘,ZO%)/HZO% (4.19)

Up to this stage, with the parameter « provided, the other three parameters H;, F and D of the

reversible component can be determined by solving the three equations (4.16), (4.17) and (4.19), and

substituting BjSh.., 64, and pb with the expression from equations (4.13) and (4.14). Newton-

Raphson iteration is adopted for the parameter identification. Initial values should be provided to
guarantee convergence.

Arev ] Arev rev _ Arev rev Arev
) 100% ~ H100% * 1100% Hoz — H100% Hoz * V2 — H100% " V1
H _ K(O) _ D(O) _ ( )
1~ rev _ arev - _ B - 420
Hoz — H100% Vi— Vs Vo — V1

rev

where BjS0.., [1h5Y., and ¢’ are given by the right hand side of equations (4.16), (4.17) and (4.19),
respectively, while v; and v, are provided below.

vy = arctan(HiO) . 0{) (4.21)

vy = arctan ((H{O) - Hi004) - 0{) (4.22)

4.3.3 Final adjustment

For the sake of further controlling the simulated lower boundary of the limiting loop to approach
that from the measurement, which intrinsically determines the peak point of the other minor loops
with amplitudes close to the limiting loop (as has been discussed in Fig. 4.4), the parameter « can be
adjusted.

The goal is to make the simulated flux density B, at H = 0.5 - Hyo04 be equal to that of the limiting
loop’s ascending curve. The parameter « determines the curvature of the reversible component such
that the flux density Bigy, at H = 0.5 - Hygg4 On the reversible component can be adjusted by changing
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Figure 4.6 (a) Influence of the model parameter  on the curvature of the irreversible component (b) Influence
of the model parameter « on the lower bondary of the limiting hysteresis loop after summing up the reversible-
and irreversible component together

a, as demonstrated in Fig. 4.6a. In Fig. 4.6a, the Newton-Raphson iteration described in Sec. 4.3.2
should be carried out for any chosen a, so that the point B}%%,, and the slopes /15y, and %’ remain
the same. Please note that at this stage, the irreversible component has been completely determined
and its parameters remain unchanged. As a consequence, the change of BL{, due to adjustment of «
is directly reflected on Bs,, which locates on the lower boundary of the simulated limiting loop, as
shown in Fig. 4.6b. Thanks to the fact that « is monotonously related to Bify, (B5gy, increases with
higher ), the adjustment of & can be either conducted manually or automatically by adding another

fitting loop on the top of the Newton-Rahphson iteration introduced in Sec. 4.3.2.

4.3.4 Model structure

The structure of the proposed combined hysteresis model in a permeance-capacitance based magnetic
circuit is shown in Fig. 4.7. Two variable core blocks are connected in parallel, to account for the
irreversible component and reversible component. The permeance value of the two core blocks are
calculated in two separate C-Scripts and scaled with the geometric coefficient A/l The equivalent
permeance of the whole hysteresis core block is essentially the sum of the individual permeances,

Reversible dB/dH
ol L >
%I B

e E] | Preisach dB/dH

2 m g ol el

=
dp/dt g F->H
j ®

s

Figure 4.7 Model structure of the permeance block using proposed model
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which are provided to the first input of the variable core blocks.

_ A A
P(H) = p"'(H) - T P H) -~ (4.23)

l

Since differential permeability has been used throughout this work, the second input of the variable
core blocks d.#7/dt can be provided by a constant zero, as has been discussed in [15]. The third input
of the variable core blocks accepts the flux density of the irreversible- and reversible components,
which are obtained from integral of the flux rate @, in order to make the simulation solver comply
with Kirchhoff’s junction law for the magnetic circuit.

4.4 Verification in continuous circuit

For validation of the proposed modeling approach, the characterization setup is configured to sinu-
soidal operation mode to measure the hysteresis loop of the core materials. As this chapter focuses
on the frequency independent hysteresis effect without eddy current and residual effects, the power
amplifier’s output voltage has been configured to a low frequency 200 Hz sinusoidal wave. If not
mentioned, all tests have been conducted at room temperature of 25°C.

The simulation model (top of Fig. 4.8) is implemented in the system-level simulation software
PLECS for power electronics. The hysteresis core block represents the core sample, whose geometric
parameters A and [ are configured using the values from the datasheet, while the material characteristic
is modeled and parametrized using the approach introduced in Sec. 4.3. The power amplifiers V; and
V, which are activated in this operation mode are modeled as an ideal sinusoidal AC voltage source
connected in series to the equivalent resistance (including the shunt resistor for current measurement
and parasitics, measured in DC condition). All components are configured to match the test bench
hardware.

The ferrite material N87 from TDK is taken as the first verification case, where the toroidal core of size
code “R 41.8 x 26.2 x 12.5” is taken as a sample, the turns number of primary and secondary windings
are identical and equal to 8. For the parameter identification process which has been described in the
Sec. 4.3, the limiting hysteresis loop with amplitude H; g, = 100 A/m and a symmetrical minor loop
with amplitude H,,, are measured. Please note that the parameters of the model will remain the same
in the other verification cases. In Fig. 4.9a and Fig. 4.9b, the simulated hysteresis loop as well as the
time domain waveform of the primary winding current and secondary winding voltage at different
field strength amplitudes (20 A/m ~100 A/m) are compared to the experimental measurement.

Rcircuit

Core
Sample

Secondary
voltage

Primary
current

Figure 4.8 Simulation model of the test setup
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Figure 4.9 Comparison between measurement and simulation of Ferrite N87 at different field strength
amplitudes (a) Hysteresis loop (b) Time-domain primary winding current and secondary voltage
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Figure 4.10 Percentage error of the simulated per-cycle energy loss from simulation of ferrite N87

Although an ideal sinusoidal voltage is generated on the power amplifier output, the measured
primary winding current is heavily distorted, due to the presence of nonlinear hysteresis effect. The
proposed simulation model is able to approximate the hysteresis loop on the B — H plane and the
time domain waveform well. Especially on the secondary voltage waveform in Fig. 4.9b, due to
the voltage drop on the circuit resistance as a coupled effect from the distorted circuit current, the
secondary open-circuit voltage includes harmonic components that are captured by the model. In
Fig. 4.9a, the peak point of the hysteresis loops is nearly congruent with the measurement, so that
the error of the equivalent permeability is maintained below 1%. The per-cycle energy loss has been
measured and simulated by integrating the product of the time domain voltage and current waves
for one AC period (equivalent to the enclosed area of the B — Hloop). The error between simulation
and measurement are illustrated in Fig. 4.10. The maximum error of 8.9% is present at the limiting
hysteresis loop of high amplitude Hy s, = 100 A/m.

If the irreversible component (classical Preisach model) is calculated using the Cauchy-Lorentz PDF
with parameters identified following the same procedure described in Sec. 4.3.1, the hysteresis
loops with field strength amplitudes of 100 A/m (limiting loop) and 60 A/m are compared to the
measurement in Fig. 4.11a and Fig. 4.11b:
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Figure 4.11 Comparison between measurement and simulation of Ferrite N87 using Cauchy-Lorentz PDF (a)
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In Fig. 4.11a, the simulated limiting loop (at Hyos = 100 A/m) using the Cauchy-Lorentz PDF
exhibits significantly higher per-cycle energy loss, in comparison to the one using the logistic PDF
(Fig. 4.9a). The excessive energy loss is indicated by the highlighted loop area difference (gray color).
The error compared to the measurement is 11.5%, which is higher than that obtained using the logistic
PDF (8.9%). The reason can be ascribed to the simulated differential permeability on the top of a
ascending branch. The models using the logistic and Cauchy-Lorentz PDF are compared in Fig. 4.12a
regarding the simulated irreversible component of the limiting loop (that of the right-hand side
variable permeance block in Fig. 4.7). Higher permeability ﬁ( 1007 18 present on the model using
Cauchy-Lorentz PDF, which leads to large enclosed area on the B - H plane and thus higher per-cycle

energy loss.

One should recall that in the parameter identification procedure from Sec. 4.3.1 the irreversible
component is configured to approximate the remanent flux density of the limiting loop and that of a
low amplitude minor loop, so that BE{OO% = B} 1004 and Bi}0% = Biaos. To generalize the statement

that ﬁ%rlroo% using Cauchy-Lorentz PDF is higher than that using Logistic PDF, we fit the parameters

of the irreversible component such that the remanent flux density of the limiting loop B{']oqs, is
still equal to the measurement, while that of the low amplitude minor loop K;O% is fitted targeting
different values. The resulting permeability ﬁf’ 1007, {rom the model using two PDFs is compared in
Fig. 4.12b. Independently of By'5,,, the permeability ﬁ%’ 100z from the model using Cauchy-Lorentz
PDF is always higher than that using Logistic PDF, which leads to higher per-cycle energy loss in
simulation.

Moreover in the case of N87 material, since the irreversible permeability ,u%r 100z, Calculated using
Cauchy-Lorentz PDF is already higher than the permeability ﬁ%’loo% from the measurement (in
Fig. 4.5a), no positive permeability of the reversible component can be found to fullfill the criteria
defined in the equation (4.17). Thus, the lower boundary of the ascending curve of the model deviates
from the measurement, which make the equivalent permeability of the minor loops (with amplitudes

slightly lower than the limiting loop) to be less accurate. This is highlighted in Fig. 4.11b on the
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hysteresis loop with field strength amplitude Hgos, = 60 A/m. This permeability discrepancy together
with the coupling from the circuit (e.g. voltage drop on the circuit resistance), adds to the error of
per-cycle energy loss.

In a next step, the proposed model is verified on the 3C81 material from Ferroxcube, the core sample
of shape code “TX 51/ 32/ 19” is taken, while the turns number of both primary and secondary
windings are 10. The parameters are identified based on the limiting hysteresis loop with amplitude
Hio0% = 100 A/m and a symmetrical minor loop with amplitude H,o,, = 20 A/m. The comparison
between simulation and measurement is presented in Fig. 4.13a and Fig. 4.13b. A significantly
different shape of the hysteresis loop compared to N87 is present here and the proposed model is still
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Figure 4.12 Comparison of irreversible component between Preisach model using two different PDFs (a)
Irreversible component with field strength amplitude H,4q, = 100 A/m (b) Permeability on the top of the
ascending branch of a limiting loop with model parameters fitted to fixed B{'{oq, and varying B{'5o.,
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Figure 4.13 Comparison between measurement and simulation of Ferrite 3C81 at different field strength
amplitudes (a) Hysteresis loop (b) Time-domain primary winding current and secondary voltage
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Figure 4.14 Percentage error of the simulated per-cycle energy loss from simulation of ferrite 3C81

able to approximate the measurement well. Again the error of equivalent permeability is negligible,
as in the case of N87, thanks to the proposed formulation of the reversible component. The maximum
error of per-cycle energy loss is 8.7% at Hgo,, = 60 A/m, while the error of all the other loops are
under 8%.

The third material chosen for verification is 3F3 from Ferroxcube and the core sample is “TX 36 /
23 / 157, the turns number of both primary and secondary windings are 8. The parameters are also
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Figure 4.15 Comparison between measurement and simulation of Ferrite 3F3 at different field strength
amplitudes (a) Hysteresis loop (b) Time-domain primary winding current and secondary voltage
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Figure 4.16 Percentage error of the simulated per-cycle energy loss from simulation of ferrite 3F3
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Chapter 4. Model of hysteresis for ferrite materials

identified based on the limiting hysteresis loop with amplitude Hioos = 100 A/m and a symmetrical
minor loop with amplitude H,y, = 20 A/m. Again in Fig. 4.15a and Fig. 4.15b, the comparison
between simulation and measurement is presented. Larger shape discrepancy than the previous two
materials can be observed in Fig. 4.15a at high field strength amplitudes (e.g. 100 A/m), due to the
larger curvature of the 3F3 hysteresis loop, while the accuracy of equivalent permeability is still well
controlled thanks to the good approximation of the limiting loop’s lower boundary. The error of
per-cycle energy loss is illustrated in Fig. 4.16, the maximum value 10.9% occurs on the limiting loop
with field amplitude Hio0% = 100 A/m.

4.5 Verification at increased temperatures

The B - H characteristic of ferrite materials exhibits obvious dependency on temperature. Preliminary
experimental tests have been carried out at increased temperature. For the measurement under
different temperatures, the constant temperature oven of type DJ250 from Digitronic is used, which
has forced convection. The characterisation setup combined with the oven is shown in Fig. 4.17. The
core sample is placed inside the oven, the primary and secondary winding of which are connected
to the power stage outside. In order to avoid noise on the measured secondary voltage, grounded
coaxial cable with surge impedance 50Q is used.

The measured hysteresis loop of the ferrite material N87 with 200 Hz sinusoidal excitation under 25°C
and 100°C are compared in Fig. 4.18a. In comparison to 25°C, the flux density of the hysteresis loop
under 100°C is significantly lower at the same peak field strength H; s = 100 A/m, which indicates
deeper saturation and results in lower equivalent permeability. The remanence flux density as well as
the coercitive field strength become smaller so that the per-cycle energy loss is reduced. The simulated
hysteresis loops of ferrite N87 under 100°C temperature at different field strength amplitudes are
compared to that from the measurement. Please note that in order to better fit the narrower shape
and the deeper saturation of the hysteresis loop at high temperature, the bias parameter H of the
logistic distribution function in equation (4.8) has been manually adjusted to be a non-zero value of
25 A/m, while the identification process of all the other parameters described in Sec. 4.3 remains the
same. The corresponding percentage error of the per-cycle energy loss is indicated in Fig,. 4.19.

Figure 4.17 Test setup with core sample heated by the constant temperature oven
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Figure 4.18 (a) Measured hysteresis loop under 25°C and 100°C temperature at field strength amplitude
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Figure 4.19 Percentage error of the simulated per-cycle energy loss from simulation of ferrite N87 under
100°C temperature

4.6 Verification for complex core geometry

After the material-related parameters of the core block are identified, one can configure geometrical
parameters and connect multiple core blocks together, in order to model cores of arbitrary shape.
For verification, a prototype transformer has been constructed using an E-core from EPCOS of size
“E80/38/20” and material N87, as shown in Fig. 4.20a. An air gap of 0.075 mm has been introduced in
each of the limbs. Two windings are installed on the side limb, the lower one with N; = 15 turns is
supplied by the power amplifier output of the test bench, while the upper one with N, = 10 turns is
left open and its voltage is measured. The magnetic circuit model of the prototype transformer is
shown in Fig. 4.20b. Hysteresis core blocks using the proposed model for N87 have been adopted to
construct the magnetic flux path inside the E-core. The geometry-related parameters (A and ) are
configured according to the size of the center and side limbs. The three air gaps are represented by
linear permeance blocks. In Fig. 4.21a the simulated primary winding current and the secondary
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Figure 4.20 Verification case of an E-core transformer with one winding on the side limb supplied and
voltage of another on the same limb measured (a) Photo of the E-core transformer (b) Simulation model of the
E-core transformer

~

winding voltage are compared between experimental measurement and simulation: The simulation
model is able to reproduce the measurement with a minor error. The waveforms in this verification
case have significantly low harmonic content. This is due to the presence of the air gap, which
reduces the contribution from the nonlinear hysteresis effect of the transformer core. The core
loss here can be calculated by multiplying the primary winding current and the secondary winding
voltage divided by the turns ratio (N;/N,). This yields 0.0025 W for measurement and 0.0028 W for
simulation, corresponding to an error of 12%. In Fig. 4.21b, the magnetic flux ® (in Henry) of the side
limb and magneto motive force F (in A) generated by the primary winding (F = I - N;) are plotted
together reflecting the combined behavior of the linear air gap and nonlinear core material. Again,
the proposed model is able to match the measurement well.
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Figure 4.21  Comparison between measurement and simulation of E-core transformer (a) Primary winding
current and secondary winding voltage (b) ® — F plot
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4.7. Verification in power electronic circuits

4.7 Verification in power electronic circuits

In this section, the application of the proposed model in power electronic circuit is demonstrated. The
characterization is configured to duty-cycle PWM or sinusoidal PWM mode. The same core sample
of N87 ferrite from the last section is used, which is equipped with two windings of 8 turns each. The
circuit simulation model is established according to the corresponding operation mode of the test
setup, as shown in Fig,. 4.22, including the AC voltage source representing the output of the left-hand
side power amplifier, the circuit resistance of 0.4Q (measured under DC condition) and the MOSFET
bridge supplied by two DC sources.

The first scheme is intended to imitate the ferrite material’s operation in an isolation transformer of a
DC-DC converter. The left-hand side power amplifier is muted (zero voltage output), while the right-
hand side MOSFET bridge is operated at 5 kHz switching frequency and 50% duty cycle, generating a
square wave excitation voltage. In this operating condition, the frequency dependent residual effect
is negligible. The DC side voltage is configured to different values, which set the peak field strength
of the material to 100A/m, 60A/m and 20A/m. The simulated B - H characteristic and time domain
primary current as well as secondary voltage waveform are compared to the measurement. Due to

Secondary ————»

voltage j:_—ktuc!:?
; AT O

Core
N

model

Rcircuit Primary

=
current >-||<-2§
KA O

-/

Figure 4.22 Simulation model of the test setup in duty-cycle PWM and sinusoidal PWM mode
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Figure 4.23 Comparison between measurement and simulation of Ferrite N87 in power electronic circuit
with 50% PWM modulation index: (a) Hysteresis loop; (b) Time-domain primary winding current and secondary
voltage.
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Figure 4.24 Comparison between measurement and simulation of Ferrite N87 in power electronic circuit
with sinusoidal and 50% PWM modulation index: (a) Hysteresis loop; (b) Time-domain primary winding current
and secondary voltage.

the material nonlinearity together with the coupling of the circuit resistance, the primary current
has obvious harmonic component rather than a ideal triangular wave while the secondary voltage is
not ideal square wave, all these effects have been well captured by the proposed model. Since the
frequency dependent effect is negligible in this case, the per-cycle energy loss is mainly determined
by the peak field strength, and the error of the per cycle energy loss remains approximately the same
value as in the corresponding cases of the last section (Fig. 4.10).

The second scheme imitates the condition where the ferrite material is used for filter inductors in
a voltage source inverter. The left-hand side power amplifier generates a 50 Hz sinusoidal voltage
and the right-hand side MOSFET bridge generates a PWM voltage. A sinusoidal voltage with 0.24V
amplitude and 50 Hz frequency is generated by the left-hand side power amplifier. The MOSFET
bridge is operated at medium switching frequency of 2 kHz with a 50 % duty cycle and DC voltage of
0.24 V.

The simulated hysteresis loop on the B — H plane and the time-domain primary current and secondary
open circuit voltage are compared in Fig. 4.24a and Fig. 4.24b. The proposed model is able to
reproduce the ripple current and pulsed voltage with good accuracy, while the influence of the circuit
resistance has been reflected in a fully coupled way. The sinusoidal voltage of the left-hand side power
amplifier contributes to the large hysteresis loop, while the right-hand side MOSFET bridge generates
the small minor loops. It is to be noted that the minor loops close themselves, which corresponds to
the deletion property of the Preisach model as has been discussed in Sec. 4.2. Both loops are well
captured by the proposed model and the error of energy loss per 50 Hz cycle (including that from
both large major- and small minor loops) is 5 %. Please note that there are not only symmetrical but
also asymmetrical hysteresis loops present in this verification scheme. The asymmetrical hysteresis
loops are not explicitly controlled during the model parameter identification, nevertheless they are
generated by the simulation model as acceptable approximation of the measurement, thanks to the
physics-based intrinsic property of the Preisach model.

58



4.7. Verification in power electronic circuits

A
+
VsL|_®_r|

L L L
X X N Lfilters

©

A Aﬁ}s@s
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Figure 4.26 (a) Hardware of the verification setup with a three phase VSI; (b) Comparison between the
measured and simulated time domain waveforms at the filter inductor in a three-phase VSI (two AC cycles).

In the third scheme, the model is verified using a three phase two-level voltage source inverter. The
circuit schematic and hardware realization of the experimental setup are shown in Fig. 4.25 and
Fig. 4.26a. The input of the VSI is supplied with a 50 V DC voltage source. The output is connected
to three load resistors of 22 Q and filtered by three filter inductors. Each of the three filter inductors is
composed of a toroidal core of ferrite material N87 (shape code “R 50.0 x 30.0 x 20.0”) and a winding
of 10 turns, which result in an equivalent inductance of 446 uH. To obtain the core loss following
the V-1 approach, a secondary winding of 10 turns is also installed on the inductor and left open for
voltage measurement. The IGBT full bridge is driven by 10 kHz PWM, the modulation signal has
50 Hz fundamental frequency with 50 % peak modulation index.

The simulated time domain primary winding current and secondary winding voltage as well as
the B — H characteristic of the filter inductor in phase A are compared to the measurement in
Fig. 4.26b, Fig. 4.27 and Fig. 4.28. The simulation model is able to reproduce the current ripple
and corresponding voltage impulses. The energy loss per 50 Hz AC cycle is obtained by integrating
the product of the primary winding current and secondary voltage for both the measurement and
simulation, the error between the two is 10.2 %. The simulated hysteresis loops near zero AC current
with zero bias (Fig. 4.28b) matches the measurement well, thanks to the parametrization scheme
presented in Sec. 4.3. The hysteresis loops close to the AC current peak with maximum DC bias
(Fig. 4.28b) exhibit shape-differences to the measurement, which needs improvement in the future.
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Figure 4.27 Comparison between measurement and simulation of filter inductor in three-phase VSI: (a) Time
domain waveform at AC current peak; (b) B — H characteristic at AC current peak.
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domain waveform zoomed-in area at zero AC current; (b) B — H characteristic at zero AC current.

60



4.8. Summary

4.8 Summary

This chapter proposed an improved model for the frequency independent hysteresis effect of ferrite
materials, using a permeance-capacitor analogy based magnetic circuit which can be seamlessly
integrated into system-level time domain simulations. By applying the logistic probability distribution
function to the Preisach model of the irreversible magnetization together with a newly constructed
form of B - H function for the reversible magnetization, the accuracy of the simulated per-cycle
energy loss and the equivalent permeability of hysteresis loops with wide range of amplitudes can be
controlled with good accuracy. The proposed approach of modeling has been verified with ferrite
materials of different hysteresis loop shapes, the fidelity has been evaluated by integrating the model
into circuit simulation environments in a fully coupled way.
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Model of hysteresis for silicon steel

As power semiconductors with even higher switching frequency are continuously developed, core materials
for high frequency operating conditions, like ferrite and nanocrystalline are gradually taking the place of
iron based alloys (typically grain oriented silicon steel) for magnetic components in many power electronic
applications. However, in some fields like medium voltage drives or high power line commutated converters
with medium or low switching frequencies excitation, silicon steel is still dominated in production of
transformers or filter inductors due to its low cost and high mechanical robustness. This chapter presents
the product Preisach model in permeance-capacitance based magnetic circuit for silicon steel material.

5.1 Literature review

In comparison to the high frequency materials like ferrite, silicon steel has significantly larger
hysteresis losses which is reflected on the wide B — H loops. This feature is not only present at
medium frequencies where the eddy current effect is observable, but also at low frequencies where the
frequency independent magnetic hysteresis effect dominates. Fig. 5.1 shows the difference between
silicon steel and territes in experimental measurements.

The fundamental structure combining a classical Preisach model with a reversible component has
been used to model the time-domain hysteresis behavior of silicon steel material in many existing
publications like [29], [30] and [31]. The fidelity has been evaluated on large limiting hysteresis
loops (or with amplitudes close to the limiting loop), based on which the models are parametrized.
However, no verification has been carried out on both limiting loop and significantly smaller minor
loops (e.g. with field strength amplitude equal to 20% of the limiting loop). In the following section, it
is demonstrated that the formulation of a classical Preisach model in combination with a reversible
component is not sufficient to represent the B — H characteristic of silicon steel material over a wide
range of field strength amplitudes:

Two hysteresis loops from experimental measurements of silicon steel laminate M330/35 with a large
amplitude Hy00% = 100 A/m and a small amplitude Hyor, = 20 A/m are depicted in Fig. 5.2a. They
are obtained under 25 Hz sinusoidal excitation so that the frequency-dependent eddy current effect
can be neglected. The remanence flux densities of these two loops are denoted as B} 194, and By 3¢y,
As discussed in the Sec. 4.3, the irreversible part of the hysteresis model (classical Preisach model)
should be parametrized to reproduce the remanence flux density, in order to accurately capture the
per-cycle energy loss. Using equations (4.11) and (4.12), the remanence flux density By ;4gqir and
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Figure 5.1 B - H characteristic comparison under 50H z excitation of (a) Silicon steel; (b) Ferrite.

11 ), of the classical Preisach model is given by:

X R 2

1100% = (CS(HIOO%) - Cs(0)> (5.1)
X . 2

o = ( CaFlanr) - Co(0)) (52)

Following the formulation presented in Sec. 4.2, the differential permeability y(if,/f 1100 and y(i)r(yf 120 of
the irreversible component at the remanence point are given by:

. 1:1100% .
B0 =250 | o) dU =20 (Clfnonn) - G0 5:3)
0
. Hzoq .
Ao =200 | a0 dU = 25,0 (Gl - C,0) (5.4
0

Combining equations (5.1), (5.2), (5.3) and (5.4) leads to the relation in below:

irr irr rev
r100%  Hozl100  Hon|100 ~ How

irr irr rev
T,20% Hoz,| 20 Hoz,|20 ~ Ho%
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Figure 5.2 (a) Measured hysteresis loops with peak field strength Hiy004 = 100 A/m and Hyq,, = 20 A/m (b)

Hysteresis loop with peak field strength H,,, = 20 A/m and the irreversible component with the calculated

reversible permeability 55" subtracted

where (g, 100 @and por, |20 are the differential permeabilities of the complete hysteresis model (sum

of irreversible- and reversible components) at the remanence point, while 155" is the permeability

of the reversible component. If we substitute B, Br100%s Hoz|100 and flgg |20 With the values
from the experimental measurement (values with superscript “*” in Fig. 5.2a), the required reversible
permeability at H = 0 can be explicitly calculated as y5S" = 3.1+ 1072, Assuming that the reversible
component is linear in the small field strength range [~Hyos, +Hoo], the desired irreversible compo-
nent of the hysteresis loop with peak field strength H,,, can be obtained by subtracting the B - H
characteristic BV(H) = pg5"° - H from the measurement, as demonstrated in Fig. 5.2b. However,
the descending permeability ﬁgor%’ | of the irreversible hysteresis loop at the peak point (marked in
Fig. 5.2b) becomes negative. Considering the fact that the classical Preisach model introduced in
Sec. 4.2 always result in [1;’0’%’ | equal to zero, this shape of the desired irreversible component cannot
be represented by the classical Preisach model with acceptable accuracy.

The problem can be ascribed to the fact that the material permeability does not only depend on the
field strength but also on the flux density. This dependency is obvious in materials with relatively
wide hysteresis loops. Besides the classical Preisach model’s mismatch on the symmetrical hysteresis
loop, this flux density dependency is also reflected on the congruency violation of minor loops and
has been discussed in the work of [28]. In order to capture the flux density dependency of hard
materials like recording media, an extension of the classical Preisach model called Moving Preisach
model has been proposed in [28]. For soft materials (e.g. silicon steel) in power electronic applications,
the authors of [48] has proposed a Product Preisach model.

This thesis adopts the product Preisach model for modeling static hysteresis of silicon steel material.
This chapter is organized as follows: The realization in a permeance-capacitance based magnetic
circuit for silicon steel material is proposed in Sec. 5.2. Experimental verification including the
comparison to the classical Preisach model are presented in Sec. 5.3.
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5.2 Proposed model

5.2.1 Model structure

The structure of the proposed product Preisach model in the permeance-capacitance based magnetic
circuit is shown in Fig. 5.3. The C-script block “Preisach” implements the classical Preisach model.
Different from the model of ferrite materials introduced in Chap. 4, the Cauchy-Lorentz PDF proposed
by [29] and has been widely applied for silicon steel material in plenty of existing publications is
adopted. The generalized form of the Cauchy -Lorentz PDF is expressed as

1
ps(H) = K - 5 (5.6)
1+ <(H—H0)~a)
The corresponding CDF is given by
Cs(H) = K/o - arctan ((H - Hy) - O') (5.7)

The parameter K is set to 1 in the C-script. During the simulation, two output signals are calculated
by the C-Script block:

» The instantaneous permeability following the expression of equations (4.5) ~ (4.7) for different
operating points, denoted as p'***.

« The instantaneous flux density by numerically integrating the equations (4.5) ~ (4.7) for field
strength H, denoted as B™*'*

BT is provided to the input of a function block Pct. On the “virtual” limiting loop generated by
the C-Script, the peak flux density at the field strength Hj oo, can be pre-calculated by numerically
integrating the equation (4.5) in the range [0, Hy ] before the start of simulation, denoted as By},

Please note that B{I%, remains a constant value during the simulation, provided that the model

dp/dt

Preisach
with K=1

[:]

Figure 5.3 Model structure of the permeance block using proposed product Preisach model.
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parameters H, and o are identified prior to the simulation. With B, given, the output of the

function block Pct is generated according to

Pct(B/irr) — ekpct'(B/lrr/B'llg(r)%—l) (58)

where the coefficient k,,; is a model parameter, the identification of which is introduced later in this

sirr wirr

chapter. Multiplying Pct with p"**! yields a new permeability u

[l"irr(H, B/irr) _ y/irr(H) . Pct(érirr) (5.9)

Numerically integrating again equation (5.9) in the range [0, H; o] prior to the simulation, with

equation (4.5) and the instantaneous B''™" substituted, yields B"\,.,. B"SE . is also a constant, if the

model parameters Hy, o and k,,, are given. The ultimate irreversible permeability (T s T scaled
by a constant factor, given by
pE(H, BT = U (H, B - Bon/ B 1o (5.10)

where BiJs.. is the peak flux density of the limiting hysteresis loop’s irreversible component extracted

from the measurement. Considering the dominant hysteresis effect of silicon steel material, the
reversible permeability can be assumed to be a linear function with constant permeability p"¢V. Thus

Airora% is obtained by simply subtracting the reversible flux density from B*100% , given by

Rirrs  _ R rev 1)
100% = Biooz =1 - Hio0% (5.11)

5.2.2 Parametrisation

For parametrization of the proposed model, three hysteresis loops as shown in Fig. 5.4 are required
from experimental measurement, including:

« A symmetrical limiting loop with the highest peak field strength H; gy,

« A symmetrical minor hysteresis loop with 20% of the limiting loop’s peak field strength, that is
Haog, = 0.2 - Hygoy,

+ Another symmetrical minor hysteresis loop with 50% of the limiting loop’s peak field strength,
that is HSO% =05 HIOO%

The peak flux density Bjo, can be read directly from the measured limiting loop. The constant
reversible permeability is assigned the value of the descending permeability on the limiting loop’s peak,
that is y™V = [i; 50, |- Making use of the known values Bjoos, and 4™V, the target irreversible peak
flux density By, can be obtained following equation (5.11). The remaining three model parameters
Hy, o and k,, are determined to fit three values from the measurement:

67



Chapter 5. Model of hysteresis for silicon steel

0.8 ry

* Hyg %1 -
06 Br, 100% B¢
2 o * 100%
/‘ B %
»
04 7

ol
I =

B[T]

- L—
-0.6 41

-100 -50 0 50 100
H [A/m]

Figure 5.4 Required hysteresis loops from measurement parametrization of the produce Preisach model

« Peak flux density By, of the 20% hysteresis loop. Bygs, of the model is obtained by numerically
integrating equation (5.10) on the virgin curve plus the reversible component "¢V - Hy.,.

« Peak flux density Bi o, of the 50% hysteresis loop. Bsgs, of the model is obtained by numerically
integrating equation (5.10) on the virgin curve plus the reversible component ¢V - Hs.,.

« Remanence flux density B; 14y, of the limiting hysteresis loop. By 199, of the model is obtained
by numerically integrating equation (5.10) on the virgin curve from zero up to Hjgq, and back
to H = 0.

A two-loop fitting process is conducted, as demonstrated in Fig. 5.5. The outer loop iterates the

Measure limiting, 20% and 50% hystere5|s loops
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Figure 5.5 Parametrization of the proposed model in a two-loop structure, where the outer loop iterates k.,
of the product term and the inner loop iterates Hy and o of the classical Preisach part.
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parameter k,,, of the produce term aiming to fit the remanence flux density By 19¢*, While the inner

loop iterates Hy and o of the classical Preisach model to fit the two peak flux densities By, and
Bios,. Since the objective values Bygs,, Bsos, and Br 1007 do not have analytical form, but instead, are
determined using numerical integration, implicit gradient-based or evolutionary algorithm are adopted.
In this thesis the “fminsearch” fitting algorithm provided by MATLAB (referred as unconstrained
nonlinear optimization) is chosen.

5.3 Verification

For verification purposes, 15 pieces of square laminates made of silicon steel M330/35 are pressed
together creating the core sample for the study, as shown in Fig. 5.6a. One primary and one secondary
winding with the same turns number N; = N, = 30 are installed. The core sample is connected to
the test setup introduced in Chap. 3, which is operated in sinusoidal excitation mode with 25Hz
excitation frequency. The simulation model established in the system level simulation software PLECS
includes the core sample using the proposed magnetic circuit as shown in Fig. 5.6b. A controlled

—

Voltage Excitation .
sensing winding Voo ><t> R 4-
| +,
oI &
Primary Secondary
] current voltage
] \, v
(a) (b)
Figure 5.6 (a) Core sample made of stacked laminates; (b) Simulation model.
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Figure 5.7 Comparison between measurement and simulation of silicon steel M330 lamination at different
field strength amplitudes (a) Hysteresis loop (b) Time-domain primary winding current and secondary voltage
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Figure 5.8 Hysteresis loop without the product term in model (a) Parametrized to fit By, and Bsy,, (b)
Parametrized following the scheme proposed in Chap. 4

50 100

voltage source is fed by measured secondary voltage value multiplied by a factor N;/N,, which is
equal to the excitation voltage on the primary winding with the voltage drop on the winding- and
circuit resistance excluded. All components are configured to be same as the test bench hardware.
For parametrization, the hysteresis loop with peak field strength Hioos = 100 A/m is chosen as the
limiting loop.

In Fig. 5.7a, the B — H loops of different amplitudes are compared between measurement and the
parametrized model, good match has been achieved. A comparison is also carried out in the corre-
sponding time domain waveform of the primary winding current, again the proposed model is able
to reproduce the measurement with good accuracy.

To prove the necessity of introducing the product term, comparitive verifications are carried out. If
the product term is not included in the model by configuring the parameter k., of equation (5.8)
equal to zero, while the parameters H, and o of the classical Preisach model are identified to fit 3*20%
and Bj,,, the simulated hysteresis loops exhibit significant error in comparison to the measurement,
especially on the remanence flux density, as demonstrated in Fig,. 5.8a.

Otherwise if the model is parametrized following the scheme described in the Chap. 4, although the
remanence flux density of the limiting- and minor loops can be accurately captured, the shape of the
limiting loop, is considerable different than that from the measurement, as shown in Fig. 5.8b. The
problem is that the peak flux density of the irreversible component is already higher than that of the
measured limiting loop, therefore no reversible component with positive peak flux density can be
found.

5.4 Summary

By introducing a product term into the classical Preisach model, the frequency-independent hysteresis
effect of silicon steel material can be accurately captured in the permeance-capacitance based magnetic
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circuit over a wide range of excitation amplitudes. The model for the frequency-dependent eddy
current effect, extended from the static hysteresis model, is presented in the future Chap. 8.
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Model of hysteresis for selected materials

Besides ferrite and silicon steel materials which have been commonly used since middle of 20"

new metal based materials like amorphous and nanocrystalline alloys are becoming popular in power
electronic applications, due to their higher saturation flux density compared to ferrite and lower core loss
compared to silicon steel. In this chapter, a special form of Preisach model representation is adopted for
these materials in a permeance-capacitance based magnetic circuit.

century,

6.1 Literature review

Some materials exhibit significantly different shapes of B — H characteristic as ferrite materials, as
shown in Fig. 6.1, which can hardly be reproduced by a Preisach model with distribution function in
explicit form. The authors of [37], [38] and [39] have demonstrated that all magnetization curves of the
Preisach model following the formulation defined by equation (4.1) can be derived from the ascending

E o0

[1]

-0.

04

06

08

1.0 , . ; . 8l i ; .

-2000  -1000 0 1000 2000 60 -40 -20 O 20 40 60 100 -50 0 50 100
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(a) (b) (c)

Figure 6.1 B - H characteristic comparison under 50H z excitation of (a) Amorphous; (b) Nanocrystalline; (c)
Ferrite.
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Chapter 6. Model of hysteresis for selected materials

curve of only one measured limiting hysteresis loop (with the highest amplitude of concern), without
the need of analytically identifying the PDF. Making use of this property, symmetrical hysteresis loops
with relatively large amplitude (typically larger than 50 % of the limiting loop) have been modeled
with good accuracy in the work of [40], [41] and [42] for ferrite materials. In this chapter, the basic
idea of this approach is applied to the permeance-capacitance based magnetic circuit, in order to
model the materials with irregular shape of hysteresis loop which cannot be represented by a classical
Preisach model using an explicit form of distribution function.

This chapter is organized as follows: The realization in a permeance-capacitance based magnetic circuit
using the explicit representation is introduced in Sec. 6.2, together with the method of parameter
identification. Experimental verification of the proposed model for different materials are presented
in Sec. 6.3.

6.2 Proposed model

6.2.1 Model structure

The only information needed for the proposed model is the B — H characteristic of a symmetrical
limiting hysteresis loop’s ascending branch, denoted as B,(H). Using the classical Preisach model,
By(H) at a given field strength H is calculated by the Everett integration, following the equation (4.4).
The integral can be decomposed into several areas S; ~ S5, as demonstrated in Fig. 6.2a and expressed

in equation (6.1). The signs “+” and “-” indicate that the corresponding area belongs to S, and S_ in
equation 4.4, respectively.

By(H) =J ps(U)-ps(=V)-y(U, V)-dUdV = Intg(S1)+Intg(S,)-Intg(S3)—Intg(Ss)-Intg(Ss) (6.1)

10 10 B (+H) ‘ 10
05 /@ 05 ‘ // 05 <
] i B
o 00 o 00 @ 00 B(H )/ /Z
-05 -0.5 1 -05 y 3
10 -1.0 ‘ 1.0 ' :
1.0 0.5 0.0 0;5 1.0 10 0.5 0.0 05 1.0 10 05 | 00 | 05 10
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+HL S5 3
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Sy S, i o 3 S,
U U H i S U
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”””” /4----------------1--------l s s
. 7 8
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Figure 6.2 Everett integration of (a) ascending branch of the limiting loop (b) descending branch of the
limiting loop (c) descending branch of a minor loop
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where the term Intg(Sk) stands for the integration of the PDF in the area with index k.

ntg(s0 = | o) oV v v - avav (62)
Sk

Making use of the PDF’s axial symmetry about the axis U = -V, or in other words ps(U) - ps(-V) =
ps(=V) - ps(U)), the area integration of S, cancels that of the summation (S, + Ss), so that equation
(6.1) is reduced to

By(H) = Intg(S;) - Intg(Ss) (6.3)

Taking advantage of the same symmetry, Intg(S;) can be expressed as

Intg(S;) = ( J'jlm ps(x)dx>z (6.4)

We can denote the integration term inside the parenthesis as F(H), that is

HlOO%

F(H) - j po(x)dx (6.5)

H

If we also assume that the distribution function pg is symmetrical about zero, Intg(S;) becomes

HlOO% HlOO%

Intg(S;) = 0.5 (J p(x)dx - J ps(x)dx)z 05 (F(—H) - F(H))z (6.6)

-H H

Substituting equations (6.4) and (6.6) into (6.3), yields

By(H) =05 - (F(—H) - F(H))z - F(H)? (6.7)

On the descending branch of the limiting loop, the flux density B,;(H) at the same field strength H
(Fig. 6.2b) is given by equation (6.8). Again the signs “+” and “-” indicate that the corresponding area
belongs to S, and S_ in equation 4.4.

By(H) = Intg(Sy) + Intg(S,) + Intg(S3) + Intg(S,) — Intg(Ss) (6.8)
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Subtracting equation (6.8) from (6.1) and making use of the PDF’s symmetry, results in

HlOO%

ps<x>dx-j po(x)dx = 2. F(H)- F(-H) (6.9)

-H

HlOO%

Bu(H) - Ba(H) = 2-(Intg(S5) + Intg(Sy) = 2-[
H

Combing equation (6.7) and (6.9), F(H) can be solved analytically as

1
F(H) = E . \/—Bd(H) - By(H) + \/2 - Bg(H)? + 2 - By(H)? (6.10)

With the expression of F(H), the flux density on an arbitrary operating point on the B - H plane can
be calculated explicitly. Taking the minor loop initiated from the turning point (Hy, By) (see Fig. 6.2c)
as an example, the flux density B(H;) on the descending branch at an arbitrary field strength H; is
given by

B(H,) = By - 2 - Intg(Se) (6.11)

where By is a known historic value (stored in the stack structure introduced in Sec. 4.2) while the
integration term Intg(Se) can be obtained as follows: Using a similar formulation of equations (6.1)
and (6.8), the flux density of the limiting loop’s ascending branch at the field strength H; is given by

By(Hy) = Intg(Se) + Intg(Sy) — Intg(Sg) — Intg(Se) (6.12)

while the flux density of the limiting loop’s descending branch at H; is given by

By(Hy) = -Intg(Se) + Intg(S;) + Intg(Sg) — Intg(Se) (6.13)

Subtracting equation (6.13) from (6.12) yields

Intg(Sg) = 0.5- (Bu(HI) - Bd(Hl)) +Intg(Sg) = 0.5+ (Bu(HI) - Bd(Hl)) + F(Hy) - F(-Hy) (6.14)

Up to this stage, if we substitute the equation (6.14) into (6.11) and replace F(H) by the expression of
(6.10), the flux density at any arbitrary field strength H; with given historical turning point (Hy, B;) can
be explicitly calculated from the expression of B,(H) and By(H). Please note that By is the mirrored
function of B, with respect to the origin of the B — H plane. Therefore, only the expression for B, (H)
is needed, while By(H) can be replaced with

By(H) = -By(-H) (6.15)
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Figure 6.3 (a) Splitting of the ascending branch into two parts. (b) Peak flux density of a 40% minor loop.

6.2.2 Realization and parametrization

An explicit expression of the ascending branch B, (H) with sufficient degree of freedom is required.
For this purpose, the ascending branch By, is split into two parts at an additional point (Hayg, Bexo)s
denoted as part “I” (left hand side) and part “II” (right hand side), as demonstrated in Fig. 6.3a. The
additional point (H,,, Beyo) should be chosen as the one with the highest differential permeability on
the ascending branch. Both parts are described using equation (4.13) from Sec. 4.3 and shifted by
(Hex» Bex) on the B— Hplane. The four parameters (Hy, F, D, @) of both parts are configured separately.
For parametrization, six values are required to be extracted from the measured ascending branch of
the limiting loop as marked in Fig. 6.3a:

« Peak flux density 3*100% (or ‘B*100%) at 1:1100% (or —1:1100%)

« Differential permeability /. ;... 1 at the positive peak field strength Hio0%

« Differential permeability :”*—100%,T at the negative peak field strength —Hj ooy,
« Differential permeability ., on the additional point (H,.,q, Bexo)

« Flux density Byy, at field strength Hexq = 0.5 - (Hexo — H100%)

« Flux density Byy, at field strength Hexy = 0.5 - (Hexo + H100%)

The parameters (Hy, F, D, ) of partI are fitted to reproduce the four measured values (—B}OO%, H-1009,1> Hexo> Biax1),
following the same procedure introduced in the Sec. 4.3 (for the reversible component), while those
of part II are fitted to reproduce (+Bjoo%: H;100% 1> Hexos Bexa)-

In order to adjust the peak flux density of minor loops, the model is also split into one irreversible
and one reversible component. The reversible component is defined to be a linear function

B*V(H) = prev - H (6.16)
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Figure 6.4 Model structure of the permeance block using proposed Preisach model for hysteresis loops with
irregular shape.

The irreversible component of the ascending limiting loop is thus given as

BYY(H) = By(H) - B'V(H) (6.17)

For the calculation of any minor loops inside the limiting hysteresis loop, BI*(H) instead of B,(H)
is applied to the formula defined by equation (6.11). The linear permeability e, of the reversible
component is adjusted to let the model’s peak flux density of a symmetrical minor loop within the
range [~Haos, +Haos] equal to By, from the measurement, as demonstrated in Fig. 6.3b. Please note
that unlike the model for ferrite material proposed in Sec. 4.3, the per-cycle energy loss of the small
minor loop is not explicitly controlled. The accuracy relies on the physics-based intrincity of the
Preisach model, which is only guaranteed for minor loops with amplitude close to the limiting loop,
e.g. the one with 40 % field strength amplitude.

During the simulation in a permeance-capacitance based magnetic circuit, the derivative of equation
(6.11) with respect to the field strength should be calculated to obtain the instantaneous differential
permeability, which is also an closed-form expression. The resulting model structure is demonstrated
in Fig. 6.4.

6.3 Verification

The verification of the proposed model is carried out using the test setup introduced in Chap. 3
operating in sinusoidal excitation mode. The circuit simulation model is established shown in Fig. 6.5,
where the voltage source is controlled by the measured secondary voltage value multiplied with a
factor N;/N,. In the first experiment, the amorphous material 26055A 1from Metglas is chosen, and
the core sample with code “MP4010MDGC” is taken for parametrization and verification. The primary
winding has N; = 60 turns and the secondary N, = 30 turns. The excitation frequency is configured
as 50 Hz so that the frequency dependent effect is negligible. The large hysteresis loop with peak
field strength H;go, = 2000 A/m is defined as the limiting loop. The additional point is chosen at
Heyo = 447 A/m and Bgyq = 0. The simulated B - H characteristic of the hysteresis loops with peak
field strength 100%, 70%, 40% of Hyoy, and their corresponding time domain waveform are compared
to the measurement in Fig. 6.6a and Fig. 6.6b, respectively. The proposed simulation model is able
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Figure 6.5 Circuit simulation model for verification emulating the test setup.
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Figure 6.6 Comparison between measurement and simulation of amorphous alloy 26055A1 at different field
strength amplitudes (a) Hysteresis loop (b) Time-domain primary winding current and secondary voltage

to reproduce the measurement with good accuracy, and the maximum error of the per-cycle energy
loss is 13.5%.

In the second experiment, the nanocrystalline material Vitroperm 500F from Vacuumschmelze (VAC)
is chosen and the toroidal core with code “160-W758” is taken as a sample. The turns numbers of
the primary- and secondary winding are both 12. The large hysteresis loop with peak field strength
Hio0 = 50 A/m is defined as the limiting loop. The additional point at Heyg = 10 A/m and Beyg = 0.2T
is taken as the splitting point for piece-wise parametrization. The simulated B - H characteristic and
the time domain waveform are compared to measurement in Fig. 6.7. The nanocrystalline material
500F has quite good linearity on the B - H characteristic in the range of interest, so that only slight
harmonic distortion can be observed from the time domain primary winding current waveform. Also
this material exhibits a significantly narrower hysteresis loop and thus leads to lower per-cycle energy
loss, in comparison to the materials discussed before. The shape of the simulated hysteresis loop
matches the measurement well. However, due to the extremely narrow hysteresis loop, the simulated
per-cycle energy loss is very sensitive to the model parameters. The resulted maximum error of
per-cycle energy loss among all simulated loops is 25%.

Please note that this proposed approach can be also applied to the materials (ferrite, silicon steel)
discussed in the previous chapters. However, due to the relatively complex mathematical formulation,
the simulation of the model requires significantly higher computational effort and thus leads to slower
simulation speed in comparison to the regular classical Preisach representation using explicit PDF.
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Figure 6.7 Comparison between measurement and simulation of nanocrystalline 500F at different field
strength amplitudes: Hysteresis loop (a) with Hy4q, = 20 A/m; (b) with H;4, = 35 A/m; (c) with Hypgy =
50 A/m as well as time-domain primary winding current and secondary voltage for (d) with Hyyq, = 20 A/m;

(e) with Hyo,, = 35 A/m; (f) with H, g0, = 50 A/m

6.4 Summary

In this chapter, a variation of the classical Preisach model has been introduced to the permeance-
capacitance based magnetic circuit. Using this approach, materials with irregular shape of B - H
characteristic, which can hardly be represented using an explicit formula of distribution function, can

be modeled with good accuracy.
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Model of relaxation effect for ferrite materials

The core loss of magnetic materials can be separated into three parts according to [14]:
e Hysteresis loss: Frequency independent effect related to the material nonlinearity.
e Eddy current loss: Frequency dependent effect related to the material conductivity.
e Relaxation loss: Frequency dependent effect related to other physical mechanisms.

Due to the low electrical conductivity, eddy currents which obviously occur in metal-based core materials
(e.g. silicon steel) are negligible in ferrites, so that the core loss is dominated by the frequency independent
hysteresis effect in most operating conditions of power converters. However, in high frequency (e.g.
> 20kHz) applications under certain modulation schemes, the core loss of ferrite materials do exhibit
strong frequency and rate of change dependencies that cannot be ascribed to eddy currents but to the
relaxation effect. This chapter proposes a model for the relaxation effect in permeance-capacitance based
magnetic circuit.

7.1 Literature review

In practice, the core loss is usually estimated using empirical formulas based on Steinmetz equation
(SE), whose parameters are extracted from experimental measurements under sinusoidal excitation.
The authors of [49] proposed an improved form of Steinmetz equation (iGSE) to generalize it to
non-sinusoidal excitations, as is the case in power electronic applications. In the work of [50], the
authors have observed that with phase-shift modulation (e.g. in the case of galvanically isolated
type of DC-DC converters shown in Fig. 7.1) where a zero-voltage period is present, and with
strongly asymmetrical PWM with duty-cycle far away from 50%, the core loss increases significantly
in comparison to the case of 50% symmetrical PWM. In the aforementioned modulation schemes,
the authors of [21] have demonstrated that the improved form proposed by [49] still significantly
underestimates the core loss. Aiming to reduce the error, an additional term has been added to
the iGSE, resulting in an improved-improved generalized Steinmetz equation (iiGSE). Alternatively,
the approach based on the composite waveform hypothesis (CWH) proposed by [50] was further
developed by [51]. Physically, this considerable relaxation loss under high switching frequency PWM
excitation with a zero-voltage period or a strongly asymmetrical duty cycle, takes place if the thermal
equilibrium of a magnetic system is suddenly altered by some external force and the reestablishment
of a new thermal equilibrium happens progressively, as introduced in the work of [14]. More detailed
analysis of the relaxation effect can be found in [52].

Although the continuously improved empirical equations proposed by the existing publications
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Primary voltage

Magnetisation current

Figure 7.1 Isolation transformer in DC-DC converter with phase-shift modulation as well as the typical
operational waveforms of primary voltage and magnetization current.
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provide even better accuracy in core loss estimation, the physics behind are still obscure and unintuitive
for power electronic engineers without a profound knowledge in the area of magnetics. To help
engineers with understanding the physical interaction between the components and evaluating the
dynamic behavior of the whole system, time-domain circuit simulation is commonly used in the
design phase of power converters. The empirical equations, however, are difficult to incorporate in the
circuit simulation environment. In order to reflect the core loss’s impact on the dynamic behavior of
the converter system, the authors of [53] managed to implement iGSE directly in a SPICE-type circuit
simulator using a variable resistor, which yielded good accuracy in various operating conditions.
However the loss mechanism still remains a black box having the same transparency level as the
empirical equation, where all the three loss components (hysteresis, eddy current, relaxation) are
mixed together.

To provide a clear insight into the loss mechanism, it is desired to handle the loss components
separately in the simulation environment. Frequency independent hysteresis loss can be exclusively
represented in time domain by a classical Preisach model in a flexible way [26]. In the work of [42]
and [54], the classical Preisach model is extended in circuit simulations for the static hysteresis effect
of ferrite materials, where good accuracy was achieved for various excitation amplitudes. Beside
using the Preisach model for frequency independent hysteresis, the other two loss components -
eddy current and residual effect are incorporated by the authors of [40] by introducing two resistive
components. However the model was only verified under symmetrical PWM excitation without a
zero-voltage period, where the relaxation loss hardly has a visible impact while the eddy current
loss is intrinsically negligible in ferrite materials. The authors of [55] modeled the relaxation effect
explicitly using a third-order circuit model, the similar model structure was also applied later by [56],
while the frequency independent hysteresis effect was not taken into account and the model has been
verified in the frequency domain rather than time domain.

Aiming to provide a model which is sufficiently accurate to capture the total core loss of ferrite
materials, and is clear and intuitive in terms of the individual loss mechanism, the modeling approach
proposed in this chapter differs from the existing publications in the following aspects:

« The frequency dependent relaxation effect is specifically modeled. An explicit way of parametriza-
tion from measurement results is presented.

+ The frequency independent hysteresis effect is also individually covered using the Preisach
model, and combined in the same circuit structure.
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« The total core loss is physically present in the circuit model, while the mechanism of individual
loss components (hysteresis, relaxation) can be investigated separately.

« The permeance-capacitor based magnetic circuit proposed by [16] and further adopted in
Chap. 4 is chosen as the fundamental platform, which has a seamless interface to electrical
circuit. In the permeance magnetic circuit, the relaxation effect can be explained in a intuitive
way. This will be presented in the following sections.

In Sec. 7.2, the experimental result of an operating condition, where both frequency independent
hysteresis and frequency dependent relaxation effect are visible, is presented. In Sec. 7.3, referring
to the experimental result, the fundamental model structure and physical origins of the frequency
dependent relaxation effect is interpreted by means of a permeance-magnetic circuit, as a starting
point for the modeling. The parametrization process of the proposed model for ferrite material as
well as the required measurement data are introduced. In Sec. 7.4, the proposed model is verified
by experimental tests with different ferrite materials under various operating conditions including
switching frequency, duty cycle and zero-voltage period. A summary is provided in Sec. 7.5.

7.2 Experimental measurement

7.2.1  Measurement results

To demonstrate the impact of relaxation effect at high switching frequency excitation, comparative
measurements have been carried out based on the ferrite material N87 from EPCOS, with the toroidal
core of size code “R 20.0 x 10.0 x 7.00” chosen as sample. As temperature dependency is not in the
scope of this chapter, all tests for parametrization and verification have been conducted under room
temperature of 25°C.
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Figure 7.2 Measured B — H characteristic of ferrite N87 with peak strength H = 20 A/m excited by: (a)
500 Hz sinusoidal excitation; (b) 50 kHz symmetrical PWM excitation without zero voltage period.

83



Chapter 7. Model of relaxation effect for ferrite materials

010 02 Primary winding current [A]

008 = ’ P \ A\ 7
: A\ 01

0.06 y ’/;:' / a o / a b ¢ \
» aRES| \
o:oo ;/ ’ /; -0.2 ] i

E
o :Pf )/f Secondary winding voltage [V]
15
-0.02 r""'*
{df; 10
-0.04 f’( /;.r 5
-0.06 r! 0 o
/ 5 T, T,
-0.08 ¢ ' )
-10
-0.10 L—*J
-20 -10 0 10 20 -15
H [A/m] 00 02 04 06 08 10 12 14 16 18x1Teb
(a) (b)

Figure 7.3 Measurement results of ferrite N87 (peak strength H = 20 A/m) excited by 50kH z symmetrical
PWM excitation with zero voltage period of T, = 8us (a) B — H characteristic (b) Primary winding current and
secondary winding voltage

In the first experiment, the core sample is excited by the test setup proposed in Chap. 3 operating in
sinusoidal excitation mode, the frequency is configured as 500 Hz where the frequency dependent
effect is negligible. The amplitude of V; is adjusted to generate a B — Hloop with a peak field strength
H = 20 A/m, as shown in Fig. 7.2a. In the second experiment, the test setup is reconfigured to provide
a 50 kHz symmetrical PWM excitation without zero-voltage period. The output of the voltage sources
V3 and V, are provided by the reference signal with the same amplitude but opposite polarity, which
is adjusted to generate a B — H loop with peak field strength H = 20 A/m, as shown in Fig. 7.2b (V;
is tuned to ensure zero DC bias). Comparing Fig. 7.2a and Fig. 7.2b, only slight shape differences
can be observed, while the per-cycle energy loss (indicated by the loop area) exhibits less than 10%
difference. This indicates that the part of frequency independent core loss still dominates in this
operating condition, although the switching frequency of 50 kHz is significantly higher than 500 Hz.

In the third experiment, the test setup is operated in phase-shifted PWM mode with a zero voltage
period of duration T, = 8us, the voltage output of V5 and V, are adjusted to ensure that the peak
amplitude is still equal to H = 20 A/m. The measured B H characteristic and the time domain primary
current and secondary voltage are shown in Fig. 7.3a and Fig. 7.3b. In comparison to Fig. 7.2, a
significant larger B — H loop area can be observed especially close to the peak. The flat part between
the points “a” and “b” arise from the relaxation effect, where the field strength decreases although
nearly zero excitation is applied. This effect has also been observed in the work of [21]. According to
the observed phenomenon, a basic model structure for the relaxation effect using permeance-capacitor
based magnetic circuit is derived in the next section.

7.2.2 Discussion of measurement accuracy

During measurement and data post processing, one should pay attention to the influence of the phase
error between current and voltage. The authors of [22] have explored that the percentage error of the

84



7.2. Experimental measurement

core loss power can be expressed as:

A, = tan(®y_;) - AD (7.1)

where ®,,_; is the absolute phase shift between the measured primary winding current and secondary
winding voltage under sinusoidal excitation, while A® is the error of the phase shift arising from the
measurement system. Equation (7.1) indicates that, the closer to 90" is ®,,_; , the more sensitive is
the percentage error to A®. Different modifications on the measurement circuit structure have been
proposed by the work of [57], [58] and [59], so as to drag ®,,_; away from 90" and thus decrease the
sensitivity to A®. High excitation frequencies of several or tens of MHz were discussed. The frequency
in this chapter (50 kHz), however, is far below that range. Considering that A® is proportional to
the excitation frequency [60], the influence of A® is significantly lower in the frequency range of
this work. Although with the suggested modifications the core loss power can be measured more
accurately, the exact shape of the B - H is no longer available, which, however, is necessary for the
model parametrization as well as verification in this thesis. Therefore, the original circuit structure
from [22] is continued to be used.

The influence of the phase error in the measurement at low frequency (500 Hz) sinusoidal excitation
can be neglected. In the case of 50 kHz PWM excitation, phase error compensation has been applied
during post processing. A phase error may exist in both voltage and current measurements:

« Voltage measurement: In the 50 kHz measurement, the large amplitude of the excitation voltage
is sufficiently large, so the amplification stage is bypassed. The secondary winding is directly
connected to the oscilloscope via shielded axial cable (Vg in Fig. 7.4), which has the same length
as the one for the current measurement, so that the phase delay of the voltage measurement
can be neglected.

« Current measurement: According to the datasheet of the ferrite material N87 [61], the per-
volume core loss (25 C’) at frequency f = 50 kHz and peak-to-peak flux density AB = 200 mT
(amplitude 100 mT) is 54 kW/m?, which corresponds to P, = 0.08 W loss power for the core
“R 20.0 X 10.0 X 7.00” if multiplied by the core volume. The equivalent phase shift between
voltage and current can be calculated as [60]:

(Ny-A-2nf-AB/2J2)° 1
Ploss 27[f L

dy,_; = arctan ( ) = 84.6° (7.2)

where N; = 5 is the primary winding turns number, A is the cross section area of the core
and L the equivalent inductance calculated from the A; value provided by the manufacturer
datasheet [61].

If we target on €,, = +5% phase error in equation (7.1), the allowed uncompensated phase error
is £0.272° at 50 kHz. The first source of the uncompensated phase error is the sample step size
of the oscilloscope, which in our case is equal to 10ns (0.18° for 50 kHz). The second source
of the uncompensated phase error arise from the stray inductance of the shunt resistor. The
manufacturer of the 0.1Q shunt resistor [62] specifies that the stray inductance is typically

85



Chapter 7. Model of relaxation effect for ferrite materials
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Figure 7.4 Phase error compensation of the differential amplifier output in the current measurement.

0.5 nH, which results in a phase angle of 0.09" at 50 kHz. The sum of the phase error of the

oscilloscope and shunt resistor is within the criteria 0.272".

The differential amplifier aims to filter out EMC noise and eliminate the DC voltage bias of the
power amplifier V;. The phase delay between the voltage drop on the shunt resistor and the
differential amplifier’s output can be explicitly compensated: As demonstrated in the simplified
circuit schematic shown in Fig. 7.4, for each measurement, the voltage Vg, between the positive
terminal of the shunt and ground (with DC bias of V;) is connected to the oscilloscope using a
coaxial cable with the same length as the differential amplifier output V,, (without DC bias of
V). At the moment when the excitation voltage becomes positive from zero, the time difference
between the turning point of Vg, and that of Vy, is considered as the phase delay A® to be
compensated (with the uncompensated phase error discussed before). During the data post
processing to calculate core loss, the current measurement should be shifted by ~A®. When

measuring other materials and cores, compensation is applied in a similar manner.

Besides the phase error, the equipment accuracy also adds up to the measurement error, which can be
found in the datasheet of the corresponding components and devices. The major contributions are:

« The shunt resistor has an error of €, = £0.5 %.
« The chip resistor to configure the gain of the differential amplifier has €, = 0.1 % error.

« The oscilloscope has a measurement error of ¢,,, = +2 %.

Combining these three error sources and as well as the phase error together, the system measurement

error is expected to be

Esys = (1+eg) - (1+ eamp) (1 + €50 (1 eph) -1=%77%

7.3 Proposed model

7.3.1  Model behavior

The model for the frequency independent hysteresis effect introduced in Chap. 4 is taken as a starting
point for the modeling approach in this work. The equivalent electric-magnetic circuit of the test
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setup is shown in Fig. 7.5a, which includes the PWM excitation represented by a voltage source,
the winding block as interface to the magnetic circuit (Fig. 10.4) and the permeance building block
modeling the core sample. Fig. 7.5b shows the internal structure of the permeance block, which is able
to represent a complete magnetic core of simple geometry or a single section of a core with complex
geometry. Please note that in Chap. 4 two variable permeance blocks accounting for irreversible and
reversible magnetization are connected in parallel for illustration purpose. Here in this chapter they
are structurally merged into one and the differential permeability of the irreversible- and reversible
components are summed up as &;(H). This is physically equivalent to that in Chap. 4.

After the parameters in the formula for calculating &7, (H) are completely identified using the experi-
mental measurement at low frequency sinusoidal excitation, according to Chap. 4, the relaxation
effect can be added. In a first step illustrated in Fig. 7.6, the permeance block #; is split into two
permeance blocks in parallel, namely &?{ and ;. In this step, it is assumed that the permeance &,
is constant. In a later Sec. 7.4.3 a field strength dependent &7, is proposed to account for different
amplitude of excitation.

Z1(H) = Z1(H) - 2, (7-4)

In a second step, a “magnetic” resistor Ry, is connected to the branch of &,. Similar to the behaviour
of a electrical resistor, the “magnetic” voltage drop (magneto-motive force MMF F) across Ry, is equal
to Ry, multiplied by the “magnetic” current (flux changing rate & = d®/d#), governed by the equation:

F=R, ® (7:5)

Please note that there is no magnetic resistor placed at the left hand side of the hysteresis permeance,
which is present in the structure proposed by Chap. 8 to account for the eddy current effect. This
complies to the fact that we neglect the eddy current effect of ferrite materials, which has negligible
contribution to the core loss compared to the relaxation effect and frequency independent hysteresis.
It is emphasized that if sufficiently low frequency sinusoidal excitation is applied, Ry, has negligible
effect and the B - H characteristic of the overall system is equal to that of the original &, (since

Permeance block

~N
Winding interface
Reversible dB/dH of ~
) oo (2 > | |1 p-}—<a-oF
=@ |2 . iaill
> | | Ve 0o
|4
J
(@) (b) (©)

Figure 7.5 (a) Simplified model of the test setup including both electrical- and magnetic circuit; (b) Internal
structure of the permeance block; (c) Winding interface using gyrator structure.
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Figure 7.6 Modification of the original hysteresis permeance block to incorporate relaxation effect, where
the permeance value of &{ is provided by subtracting &, from .
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Figure 7.7 Summation of the B — H characteristic of P{ and P, under low frequency excitation

the summation of &1 and &, is equal to Z,), as the symmetrical loops within the range [-H, +H]
in Fig. 7.7 demonstrate. If the excitation is performed with high frequency PWM especially when
including a zero voltage period, the relaxation effect taking place in reality can be covered by Ry,.
In the next step, the mechanism of magnetic relaxation is interpreted in the magnetic circuit. We
still take the simplified circuit model of the test setup in Fig. 7.5a as an example, with the original
permeance block proposed in Chap. 4 extended to the new structure. The circuit resistance and
winding resistance are neglected. The time area in which the external excitation (generated via
switching the T-shape bridge) varies from positive to negative (including the zero voltage period in
between) is analyzed, the DC voltages of V3 and V, are assumed to be tuned (equal to £Vj,) so that
the equivalent field strength is controlled in the range [-H, +H]:

« Period T;: When the switch pair Q;;&Q;, is turned on, positive voltage +Vj, is applied on
the primary winding and the circuit current rises, as the interval T; in Fig. 7.8b demonstrates.
In the permeance-capacitor based magnetic circuit, the voltage excitation is translated into a
“magnetic” current source (flux rate & = V;;,/N), which charges the two permeance-capacitors
P71 and P,, as shown in Fig. 7.9a. The “magnetic” voltage (magneto-motive-force MMF,
denoted as F;) of permeance &7 increases, which leads to increased equivalent field strength,
as shown in Fig. 7.8b (rising interval T;). The equivalent field strength looking from the
excitation source is given by:

H=F/l (7.6)
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where [ is the equivalent magnetic path length of the core. Under positive excitation, the MMF
of &, (denoted as F,) also increases, however in a slower rate due to the existence of the
resistor Ry,. As a consequence, at the end of period T; (point a in Fig. 7.8a), F, , is lower than
Fy o. The rising rate F; o_ = dF;/dt(0_) directly before point a is given as

Fro. = —————— (—2 20720, (7.7)

In the equation above, A is the cross section area of the core sample and N the primary winding’s
turns number. y 4 is the ascending permeability of the original frequency-independent model

at the peak H = H (Fig. 7.7). The peak MMF (F; o) as well as the rising rate (F o_) can be
determined from the peak primary winding current I, and its rising rate I,_ using the equation

l . . I
Fio=1p- N Fio-=1Ip-- N (7.8)
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Figure 7.8 Circuit behavior of the proposed model for reproducing the relaxation effect (a) B— H characteristic
including a flat part near the peak (from point a to ¢). (b) Time domain waveform with current descending
rapidly at the beginning of the zero-voltage period.
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Figure 7.9 Equivalent circuit configuration (a) Pos. excitation (b) Zero voltage period (c) Neg. excitation
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7.3.2

Period Ty: After the switch pair Q;1&Q; is turned off and Qy1&Qy, turned on, a zero voltage
is applied to the primary winding. In the magnetic circuit, this situation corresponds to an
open circuit on the winding side, as demonstrated in Fig. 7.9b. Starting from point a on, there
is only a circulating “magnetic” current (flux rate) flowing in the loop composed of &7 and
;. Due to the higher initial MMF on 7], the circulating “magnetic” current charges &7, and
discharges #71, the initial value of the MMF’s falling rate immediately after the zero-voltage
period has started is given by:

l l FZ,O - FI,O

—= - (7.9)
N (ﬂl,l —pg) - A Ry

F1,0+ = Io+ '

#1,] is the descending permeability of the original frequency-independent model at the peak

H = H (Fig. 7.7). Afterwards, on one hand, 2} is discharged and F; goes down, which is
reflected by the decreasing equivalent field strength in Fig. 7.8a (from point a to ¢). Since the
flux rate on the external winding side is zero, the equivalent flux density remains unchanged.
On the other hand, &, is charged, and the MMF of both permeances gradually approach a
common value. This behavior complies to the explanation of the relaxation effect provided in
[14], that a new thermal equilibrium is gradually achieved where the system has minimum
magnetic energy state (the magnetic energy stored in the permeance capacitors is reflected by
the MMF). Please note that after the MMF of the two permeances are balanced, the total energy
stored is lower than at the beginning of the zero-voltage period, and the energy difference
is actually dissipated by the magnetic resistor Rm, which generates extra core loss. After
sufficiently long time (e.g. point c in Fig. 7.8), following a law similar to series connected
electrical capacitors, the balanced MMF F,, fullfills the relation below:

Jio - A 1) A
I '(Fz,o—FLo): ll

“(Fo = F1,0) (7.10)

F,, can be derived from the stabilized current I, (denoted in Fig. 7.8b) as F, = I, - N/L

Period T,: Negative voltage appears on the primary winding when the switch pair Q,;&Q,, is
turned on at point c in Fig. 7.8b. This corresponds to a flux rate source in the magnetic circuit
flowing in opposite direction compared to that in the period Ty, as shown in Fig. 7.9c. From
then on, both field strength and flux density decrease rapidly as shown in Fig. 7.8a. After this
negative voltage period there is another zero-voltage interval T, coming and the situation is
sirpilar as discussed before, however with the relaxation effect observable at the negative peak
-H.

Parameter identification

Up to this stage, if we substitute the slopes I,_, I,_ and the peak current I,, the stabilized current
I, with the corresponding values from the measurement results (e.g. that in Fig. 7.3b), and the
permeability ;1 | and ;4 with the measured values under low frequency sinusoidal excitation (with
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the same peak field strength), the equations (7.7), (7.9) and (7.10) can be solved for Ry, yi, and F, .
Thus all parameters of the extended model can be explicitly determined. With p, and the geometry
of the core sample, &7, is calculated as

o - A
Py = zl (7.11)

The measurements for parameter identification must be made with the highest switching frequency
and longest zero-voltage period of concern, where the relaxation effect can be observed. In the next
section, it is proved that the parametrized model is able to reproduce the material’s behavior at any
lower switching frequency and shorter zero-voltage period.

Please note that in the real test setup, due to the circuit resistance the current is damped after the
active interval of the relaxation effect rather than stabilized on a final value I, as the part between
point b and c in Fig. 7.3b indicates. The point in time b when the flux starts to decrease can be
identified in the measured B — H plot (in Fig. 7.3a), which indicates that the active period of the
relaxation effect is over. In this case, the current at point b should be considered I, for parameter
identification.

7.4 Experimental verification

In this section, several verification schemes for the proposed model are carried out using the test
setup introduced in Chap. 3. The ferrite material N87 is considered as the first study case with the
toroidal core of shape code “R 20.0 x 10.0 x 7.00” as sample. The model is parametrized following the
process from Sec. 7.3.2, which is composed of two steps:

« The parameters of the frequency independent effect (model proposed in Chap. 4) are identi-
fied using experimental measurement under sinusoidal excitation of 500H z, where frequency
dependent effect is negligible.

« The parameters of the relaxation effect (&7, and Ry) are identified using experimental mea-
surement under 50 kHz PWM excitation with 80% zero-voltage period, where the amplitudes
of the DC sources are trimmed to obtain a peak field strength amplitude equal to H = 20 A/m.

The circuit model is established in the system level simulation software PLECS complying to the test
setup, with the structure shown in Fig. 7.5a. In order to exclude the influence of the circuit resistance
of the test setup, the equivalent voltage source connected to the primary winding is fed with the
measured secondary voltage multiplied by N;/N,, where N; = N, = 5 are the turns number of the
primary and secondary winding,.

7.4.1 Verification under PWM excitation with different zero-voltage period

In the first group of verification schemes, the fidelity of the proposed model is verified under fgy, =
50 kHz PWM excitation with different percentages of the zero-voltage period (80%, 60%, 20%), while
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the DC voltage sources are adjusted to maintain the equivalent peak field strength H =20 A/m. As
demonstrated in Fig. 7.10, with a decreasing percentage of the zero-voltage period, the flat part near
the peak of the B - Hloops becomes narrower, which results in decreasing per-cycle energy loss (loop
area) and indicates that the contribution from the relaxation effect is reduced. The proposed model
is able to reproduce the hysteresis loop with good accuracy. If the corresponding core loss power
are compared to measurement in Fig. 7.11, the error turns out to be under 5%. The presence of the
relaxation effect is also clearly reflected on the time domain waveforms, where the primary winding
current decreases rapidly after the zero-voltage period begins, as highlighted with dashed circles. In
the simulation model, the frequency independent core loss (magnetic hysteresis loss) can be easily
extracted by multiplying F and & of the permeance #?], integrating over one switching period and
scaling by the switching frequency:

Ploss,hyst = fow JF - dt (7.12)
T

Subtracting the frequency independent part from the simulated total loss, the frequency dependent
part associated with the relaxation effect can be directly obtained, as demonstrated in Tab. 7.1. With
decreasing percentage of the zero-voltage period, the frequency dependent core loss is reduced, while
the frequency independent one remains the same.
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Figure 7.10 B-H characteristic and time domain waveform comparison between measurement and simulation
under 50 kHz PWM excitation with peak field strength H = 20 A/m and different percentage of zero-voltage
period T, (a) 80%; (b) 60%; (c) 20%.
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Figure 7.11 Core loss comparison between measurement and simulation under 50 kHz PWM excitation
with peak field strength H = 20 A/m and different percentage of zero-voltage period T,

Table 7.1 Loss splitting of the simulation model into frequency independent and dependent parts [ W]

T, in percentage 80% | 60% | 20%
Total loss 0.071 | 0.061 | 0.054

fsw independent loss | 0.045 | 0.045 | 0.045
fsw dependent loss | 0.026 | 0.016 | 0.009
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Figure 7.12 B-H characteristic and time domain waveform comparison between measurement and simulation
under 25 kHz PWM excitation with peak field strength H = 20 A/m and different percentage of zero-voltage
period T, (a) 90%; (b) 60%; (c) 20%.
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Figure 7.13 Core loss comparison between measurement and simulation under 25 kHz PWM excitation
with peak field strength H = 20 A/m and different percentage of zero-voltage period T,

Afterwards, the frequency of the PWM excitation is reduced to 25 kHz, while the DC voltage sources
are configured so that the equivalent peak field strength remains at H = 20 A/m. The time domain
simulation results from the same model with 90%, 60% and 20% zero-voltage period (longer than
that in 50 kHz case) are compared to the measurement in Fig. 7.12, while the core loss powers are
compared in Fig. 7.13. Good match is achieved here as well. One should notice that the hysteresis
loop under 25 kHz excitation with 90% zero-voltage period has almost the same shape as that under
50 kHz excitation with 80% zero-voltage period, and the core loss power of the later is twice of the
former. This relation indicates that the per-cycle energy losses are the same, which has also been
observed by the authors of [21]. This can be ascribed to the fact that the amplitude and duration of the
non-zero (positive or negative) voltage excitation are the same in these two cases. Both zero-voltage
periods are long enough to find a new thermal equilibrium after the relaxation process (permeance
capacitors fully recharged) and the same energy is dissipated.

7.4.2 Verification under PWM excitation with different duty cycle

In multiple existing publications, significantly larger core loss was reported under strongly asymmet-
rical PWM excitation than that with 50% duty-cycle, which can be ascribed to frequency dependent
effect of ferrite materials. In the second group of verification schemes, 50 kHz PWM excitation
with different duty cycles d = 10%, 20%, 50% (without zero-voltage period) is applied to the same
core sample. The DC voltage sources are configured following the constraint V3 = (1 - d) - Vg, so
that symmetrical hysteresis loop with equivalent peak field strength H = 20 A/m can be obtained.
The B - H characteristic and time domain waveforms are compared between simulation result and
experimental measurements in Fig. 7.14.

In comparison to the result under symmetrical PWM excitation shown in Fig. 7.14c¢, the top-right
corner of the B— Hloop under 10% duty-cycle PWM in Fig. 7.14a is blunter, which adds up to the loop
area. This phenomenon arises from the fact that the peak of the positive voltage (V3) is significantly
higher than the negative one (V,). The situation at the positive-to-negative transition is similar to
the positive-to-zero transition under PWM excitation with zero-voltage period, so that relaxation
effect is considerably strong. In the case of symmetrical PWM excitation (d = 50%) however, the
material is demagnetized with the same rate as it is magnetized, so that relaxation effect has nearly
no time to reestablish the new thermal equilibrium. Using the magnetic circuit in Fig. 7.9, this can be
intuitively interpreted: Although &1 is charged to higher F than &7, after the positive excitation,
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it is rapidly discharged afterwards and its F sinks towards that of &7, in such short time that very
little energy can be dissipated on Ry,. All the aforementioned phenomenons have been captured by
the proposed model both qualitatively and quantitatively, good match has been obtained regarding
the B — H characteristic and time domain waveform shown in Fig. 7.14 and the core loss shown in
Fig. 7.15.
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Figure 7.14 B-H characteristic and time domain waveform comparison between measurement and simulation
under 50 kHz PWM excitation with peak field strength H = 20 A/m and different duty cycle (a) 10%; (b) 20%;
(c) 50%.
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Figure 7.15 Core loss comparison between measurement and simulation under 50 kHz PWM excitation
with peak field strength H = 20 A/m and different duty cycle
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7.4.3 Verification under PWM excitation with a different amplitude

In the third group of verification schemes, the core sample is still excited by 50 kHz PWM excitation
with inclusion of a zero-voltage period. The DC voltage sources are configured to generate B - H
loops with higher equivalent peak field strength H = 30 A/m. In this case, the parameters of %, and
Ry, are re-identified making use of the slopes I, - (see Fig. 7.8b) and the currents I,, I, measured
under 80% zero-voltage period as well as the permeability i1 | and j1; 1 measured under low frequency
sinusoidal excitation, with equivalent peak field strength H = 30 A/m. The simulated B - H loops and
the time domain waveforms with different zero-voltage period are compared to the experimental
measurements in Fig. 7.16. The core loss power is compared in Fig. 7.17. Again the proposed model
is able to achieve good accuracy.

In order to accommodate the model to arbitrary amplitude of excitation, &, and Ry, need to be
realized as piecewise-linear variables with the value on the supporting points identified by I,,, I_,
Lo, p11, and i1 1 measured under the corresponding amplitudes of excitation (with sufficiently long
zero-voltage period). The modified structure of the model is demonstrated in Fig. 7.18. The piecewise-
linear relation between the equivalent field strength on one side, and the permeance and magnetic
resistor values on the other side, are included in the f(u) function block, with the measured MMF of
the permeance &1 as input.
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Figure 7.16 B-H characteristic and time domain waveform comparison between measurement and simulation
under 50 kHz PWM excitation with peak field strength H = 30 A/m and different percentage of zero-voltage
period T, (a) 80%; (b) 60%; (c) 20%.
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Figure 7.17 Core loss comparison between measurement and simulation under 50 kHz PWM excitation
with peak field strength H = 30 A/m and different percentage of zero-voltage period T,

Figure 7.18 Piecewise-linear realization of %, and R, to accommodate arbitrary amplitudes of excitation

7.4.4 Verification under PWM excitation with DC offset

Using the model structure proposed in Fig. 7.18, an arbitrary hysteresis loop inside the field strength
range H < [-30,+30] A/m can be represented, even with DC bias. For verification, a differential
component AVg, is introduced into the voltage reference of the power amplifiers V3 and Vy:

V3 = Vie + AVqe, Vg = Ve -~ AVqe (7.13)

Due to the existence of circuit resistance on the primary side, the differential component AV, is able
to stabilize the hysteresis loop at desired field strength offset. Adjusting both V. and AV, the biased
hysteresis loop in the field strength range H < [0, +30] A/m is obtained under different percentages
of the zero-voltage period. The simulation result is compared to the measurement in Fig. 7.19, where
the B — H characteristic exhibits a slight asymmetry which is captured by the simulation model.
The core loss comparison in Fig. 7.20 also provides good match. The trend that with shorter zero
voltage period, the core loss decreases, is also valid for the biased loop. Observable discrepancy
of the loop shape is present in Fig. 7.19¢, where the relaxation effect has minor impact and the
frequency independent hysteresis loss dominates, due to the fact that the static hysteresis model is
not particularly parametrized to account for biased loops. Thanks to the physics-based intrinsity of
the Preisach model, acceptable accuracy of the biased loop is still achieved. If should be noted that the
flux density of the biased loop depends on the historical pre-magnetization in reality, which cannot
explicitly be measured in the existing test setup. Therefore, in the B - H plots of Fig. 7.19 the B range
is displayed centred around zero (as integration of the secondary winding voltage).
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Figure 7.19 B-H characteristic and time domain waveform comparison between measurement and simulation
under 50kHz PWM excitation with biased field strength range H < [0, +30] A/m and different percentage of
zero-voltage period T, (a) 80%; (b) 60%; (c) 20%.
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Figure 7.20 Core loss comparison between measurement and simulation under 50kHz PWM excitation with
biased field strength range H < [0, +30] A/m and different percentage of zero-voltage period T,

7.4.5 Verification on core sample with different geometry

Once the parameters of the frequency-independent hysteresis and the frequency-dependent relaxation
effect are identified using one core sample for certain ferrite material, the model can be easily extended
to other geometries. Assuming that the core sample for parametrization has cross section area A,
and equivalent magnetic path length [, the permeance &1 (5, 9 () and magnetic resistor Ry, () of
another core with another cross section area A, and another equivalent magnetic path length I, can
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Figure 7.21 (a) Core sample “R 25.3 x 14.8 x 10.0” and “R 20.0 x 10.0 x 7.00” of different geometries; (b) Core
loss comparison between measurement and simulation under 50 kHz PWM excitation with peak field strength
H = 20 A/m and different percentage of zero-voltage period T, obtained from the core “R 25.3 x 14.8 X 10.0”
and “R 20.0 x 10.0 X 7.00”.

be scaled from &1 (;), #; (1) and Ry, (1)

, , AZ ll
Pl =21 AL (7.14)
AZ ll
P = Do L (7.15)
Al lZ
Rm2) = Rm(2) - L (7.16)
2 1

The verification is carried out on the toroidal core with shape code “R 25.3 x 14.8 x 10.0”, the geometry
difference compared to the previous core sample “R 20.0 x 10.0 x 7.00” is visible in Fig. 7.21a. PWM
excitation of 50 kHz switching frequency and different zero-voltage period is applied, while the DC
voltage sources are configured to obtain H =20A/m peak equivalent field strength, which is similar
to the case presented in Sec. 7.4.1. The comparison between simulated and measured core loss power
are displayed in Fig. 7.21b, where only small errors exist. The scaling can also be applied to the
model of a complex core, where separate parts of the core are represented by a circuit of multiple
permeances.

The E-core with shape code “E 20/10/6” (product number “B66311Go000X187”) is taken as the next
verification case as shown in Fig. 7.22a. The circuit is modeled in analogy to the real geometry, as
shown in Fig. 7.22b. Each of the permeances &, and &, represents a single segment of the core,
with the internal structure shown in Fig. 7.18. The equivalent geometrical parameters (cross section
area and magnetic path length) are calculated following the formula proposed by [63]. All values &1,
P,y and R, for the individual permeances are scaled by the geometry of the corresponding segment
of the E-core from the parameters obtained previously for toroidal core with equations (7.14) ~ (7.16)).
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Figure 7.22 (a) E-shape core sample “E 20/10/6”; (b) Simulation model with separate permeances representing
middle-, side limbs as well as air gap of the core.
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Figure 7.23 B - H characteristic measured from toroidal core without air gap (peak flux density Bungap) and
E-core with tiny air gap (peak flux density Egap), under 500 Hz sinusoidal excitation

Please note that there is no new experimental measurement needed for parametrization of the core
pemeances ., and &, as they already include the core material characteristic.

Considering the accuracy limitation of the test setup for measuring gapped cores, where the phase
shift ®y,_; becomes close to 90° resulting in extremely high tan(@v_i) in equation (7.1), the two E-core
parts are tightly pressed together. Nevertheless, tiny air gaps still exist in between, depending on
the treatment of the joining surface during the manufacturing process. The length [, of the tiny air
gap between the two E-core parts is difficult to measure, but can be estimated using the measured
frequency independent B - H characteristic of the E-core and that of the toroidal core: The air gap
results in a different shape of the static hysteresis loop obtained under 500 Hz sinusoidal excitation,
in comparison to the toroidal core, as demonstrated in Fig. 7.23. With the same equivalent peak
field strength H = 40 A/m, the loops of the toroidal core and the E-core exhibit different equivalent
permeability fyngap and pgap (slope of the virtual straight line connecting the two peaks). l; can be
calculated with the equations in below. Please note that the air gap has linear B — H characteristic, so
that the permeance obtained in the two equations above remains constant for different operating
conditions.

1 1

) = 4.5 ym (7.17)
Hgap  Hungap
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Figure 7.24 B - H characteristic and time domain waveform comparison of E-core “E 20/10/6” between
measurement and simulation under 50kHz PWM excitation with equivalent peak field strength H = 30A/m
and different percentage of zero-voltage period T (a) 80%; (b) 60%; (c) 20%.
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Figure 7.25 Core loss comparison of E-core “E 20/10/6” between measurement and simulation under 50kHz
PWM excitation with equivalent peak field strength H = 30A/m and different percentage of zero-voltage
period T,

le is the equivalent magnetic path length of the E-core provided by the datasheet. In the circuit model
shown in Fig. 7.22b, the air gap on the middle limb is represented by the constant permeance &g,
and that on the side limbs by &¢,. Please note that &%, and &g, have the same length I,, while the
cross section area are configured to be the same as &, and Z,.

Ay Acz
33g1=l10‘l_c, ygziuo‘l_c (7.18)
g 3
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Chapter 7. Model of relaxation effect for ferrite materials

The verification is still carried out under PWM excitation with different durations of the zero-voltage
period. The DC voltage output of V3 and V, are configured to generated an unbiased B - H loop
with a peak field strength H = 30 A/m. The time domain waveforms and the B — H characteristic are
compared between measurement and simulation in Fig. 7.24. Due to the presence of the tiny air gap,
the B - H characteristic has a smaller loop area and a less steep slope, in comparison to the toroidal
core in Fig. 7.16. The influence of the zero-voltage period on the core loss is well reflected by the
proposed model with maximum error of 13.5 %, as demonstrated in Fig. 7.25. The error is larger than
in the case of the toroidal core presented in Fig. 7.17, which can be ascribed to the estimation error
of the air gap length [,.

7.4.6 Verification with core sample of different ferrite material

In the last group of verification schemes, the model is verified with another ferrite material N3o from
EPCOS. The toroidal core with shape code “R 16.0 X 9.60 X 6.30” is taken as a sample. Again, 50 kHz
PWM excitation with different zero-voltage periods is applied to the core sample, in which case the
relaxation effect can be obviously observed. The model is parametrized using the measurement with
80% zero-voltage period and equivalent peak field strength H = 20 A/m. The comparison between
simulation and measurement regarding B — H characteristic, time domain waveform and core loss
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Figure 7.26 B-H characteristic and time domain waveform comparison between measurement and simulation
of ferrite material N30 under 50 kHz PWM excitation with peak field strength H = 20 A/m and different
percentage of zero-voltage period T, (a) 80%; (b) 60%; (c) 20%.
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Figure 7.27 Core loss comparison between measurement and simulation of ferrite material N3o under 50 kHz
PWM excitation with peak field strength H = 20 A/m and different percentage of zero-voltage period T

power are presented in Fig. 7.26 and Fig. 7.27. In comparison to the ferrite material N87, the B- H
loop of N30 exhibits a significantly different shape. Still, good match has been achieved with the
proposed model.

7.5 Summary

This chapter proposes a modeling approach for frequency-dependent core loss of ferrite core materials
that takes into account both the frequency-independent magnetic hysteresis and the frequency-
dependent relaxation effect. The model can be seamlessly integrated into system-level circuit simula-
tions, and can easily be extended for different geometries. The fidelity of the proposed model has
been verified under PWM excitations of different switching frequencies, zero voltage-periods and
duty-cycles. With the proposed model, power electronic designers are able to get intuitive insight into
the magnetic core loss of magnetic components using ferrite materials in relation to the individual
operating conditions. Based on the simulation result, improvement or optimization on the magnetic
component itself or the power electronic circuitry can be carried out in an efficient way.
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Model of eddy current for silicon steel

In silicon steel core material, magnetic hysteresis together with eddy currents contribute directly to the
nonlinearity and the power loss of the magnetic component during operation. Due to the conductivity
of the core material, eddy currents occur under alternating magnetization. In order to investigate their
influence on the system behavior, and to adapt the control algorithm and component selection for the
power converter, model is desired that is accurate and simple enough to be integrated into a system-level
circuit simulation environment.

8.1 Literature review

Electrical equivalent circuit models have been commonly used for system-level simulations. The iron
core is usually represented by the Cauer-type equivalent circuits as demonstrated in Fig. 8.1 [64].
The inductors account for the magnetic flux channel while the resistors for the eddy current loss.
Using the electrical equivalent circuit, authors of [65] were able to reproduce the analytical form of
the core laminate’s frequency response, with the material nonlinearity neglected. In the work of [66]
and [67] the authors have taken into account the material nonlinearity and the method of [67] has
been extended to a multi-winding structure in [68]. In [66], [67] and [68] the material characteristic
is represented by a single-line nonlinear B-H curve, which does not include the power loss from the
frequency-independent hysteresis effect of real magnetic materials. The authors of [69] and [40]
have included the magnetic hysteresis into the circuit model. However, only a simple core geometry
(toroidal core) was considered, which has not been generalized for complex core structures.

Magnetic circuits based on the permeance-capacitance analogy introduced by [16] are able to represent
complex core geometries intuitively, and have been proved to be practical for system-level circuit
simulation in the work of [23], [15] and [25]. The magnetic hysteresis of soft material can be accurately
captured by the Preisach model, as discussed in chapters 4 ~ 6. Thanks to its gyrator structure to
interface the electrical part of the model, the magnetic circuit can be simulated in its original form
directly. Based on the permeance-capacitance magnetic circuit, the author of [70] has proposed a
ladder structure for the eddy current effect, however the core material nonlinearity was not taken

oo

o

Figure 8.1 Cauer-type electrical equivalent circuits for iron cores including eddy current effect.
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into account.

In this chapter, Sec. 8.2 proposes a core model for time domain system-level simulations, which
captures the magnetic hysteresis of the core material together with the eddy current effect. In Sec. 8.3,
the model validity is verified experimentally under excitation of different amplitudes and frequencies.

8.2 Proposed model

Laminated silicon steel (SiFe) material is taken as a study case, because it has been widely used to
construct iron cores like the one of the three-phase transformer shown in Fig. 8.2a. The modeling
approach uses the magnetic structure shown in Fig. 8.2b as an example. The iron core is composed
of K identical square laminates which are pressed together and are electrically isolated from each
other. The cross section area of each laminate is A and the equivalent magnetic path length (centre
line) is I. An electrical winding is bundled on one side of the core.

In order to derive the circuit model, the cross section of one laminate shown in Fig. 8.3a is virtually
divided into several sub-laminates. In this thesis, considering the thickness of the laminate we were
using, six sub-laminates provided a good balance between complexity and accuracy for the modeling
purposes. In a linear case, [66] has explored that the error of equivalent impedance with six sub-
laminations is below 15 %. It is assumed that the sub-laminates are non-conductive with magnetic
fluxes ®,/2 .®3/2 pointing perpendicularly to the cross section. Virtual conductive foils are placed
around the sub-laminates to represent the conductivity of the core material, which can be modeled
as short-circuit resistor loops (R; ~R3). If only one laminate is present (K = 1), the magnetic circuit
model can be constructed as shown in Fig. 8.3b. Each of the three permeances &, . %75 represent
one pair of the non-conductive sub-laminates, through which the fluxes ®; .®5 are flowing. R, ~R3
in the electrical circuit correspond to the virtual resistor loops in Fig. 8.3a, which are connected to
the magnetic circuit via winding block (with turns number N = 1) using a gyrator structure. The
winding block on the very left of Fig. 8.3b represents the real electrical coil.

Geometrically one can assume that all sub-laminates have the same thickness. However recognizing
that the flux becomes confined to an increasingly thinner layer near the lamination surface as the

Winding Laminates

Pressed x K

Cross
section

() (b)

Figure 8.2 (a) Three-phase transformer using laminated silicon steel; (b) Magnetic structure taken as example
for demonstration with pressed laminates and one winding.
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Ul Winding 2 7 2z 2

(b)
Figure 8.3 (a) Cross section of one single laminate virtually divided into non-conductive sub-laminates and
resistor loops; (b) Magnetic circuit of one single laminate with three permeances and resistor loops.

frequency increases, nonuniform division proposed by the authors of [66] is adopted in this thesis.
The thickness of the sub-laminates is doubled progressively from the surface to the centre of the
lamination, that is:

Ahk—l =2- Ahk (81)

while the summation of all Ay should be equal to the thickness h of the original lamination.

D Ahy=h (8.2)

The nonlinear permeances are modeled following the approach introduced in Chap. 5, the nonlinear
permeances depending on field strength Hare provided as the summation of an irreversible component
P (using the product Preisach model) and a reversible component £, scaled by the geometrical
parameters of the individual sub-laminates (Ahy, w and [ in Fig. 8.3a).

ZAth
l

gk(H) _ i@lirr_'_ @ﬁev — (uirr+yrev> . (8.3)
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R /2

Figure 8.4 Equivalent resistance of the sub-laminates

Please note that the factor 2 in the equation indicates that the permeance in each section of the
magnetic circuit includes two sub-laminates. The resistors R; ~R5 are calculated based on the sub-
laminates’ geometry:

2-p-w
Ahy -1

R = (8.4)

where p is the material’s resistivity, which can be obtained from the datasheet from the material
manufacturer. Equation (8.4) essentially calculates the equivalent resistance along the horizontal
direction using the sub-laminates’ geometry with non-zero conductivity, and the factor 2 indicates
that the two sub-laminates in the same section are connected in series, as demonstrated in Fig. 8.4.

If two or more laminates are pressed together, the circuit model becomes a parallel connection of K
times the circuit shown in Fig. 8.3b. Merging the parallel items together yields the same structure as
in Fig. 8.3b, while the thickness Ahy in equation (4.3) and the resistance Ry should be multiplied by
K

8.3 Experimental verification

For validation of the proposed modeling approach, the test setup from Chap. 3 is used and the same
core sample as in Chap. 5 (Fig. 5.6a) is adopted.

Figure 8.5 Simulation model of the test setup using the proposed approach

108



8.3. Experimental verification

The frequency independent permeance model is parametrized following the scheme introduced in
Sec. 5.2. After that the resistance values Ry in Fig. 8.3b are calculated using the equations (8.1),
(8.2) and (8.4). Please note that the parameters determined in this stage will remain the same for the

verification.

The simulation model established in the system level simulation software PLECS includes the core
sample using the proposed magnetic circuit as shown in Fig. 8.5. A controlled voltage source is con-
trolled with the measured secondary voltage value multiplied by the factor N;/N,. This corresponds
to the excitation voltage on the primary winding with the resistive voltage drop on the winding and
circuit resistance excluded. All components are configured to be the same as the test bench hardware
in each of the following schemes.
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Figure 8.6 Comparison between measurement and simulation under 25H z sinusoidal excitation with dif-
ferent amplitudes (a) B — H loops; (b) Time domain waveforms.
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Figure 8.7 Static B — H characteristic of the permeance blocks under 25 Hz sinusoidal excitation (with
equivalent peak field strength 100 A/m)
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The verification is firstly carried out with low frequency sinusoidal excitation of 25 Hz. In Fig. 8.6 the
simulated B-H loops of different amplitudes as well as the corresponding primary winding current
and secondary winding voltage are compared to the measurement. The simulation model is able
to accurately reproduce the distorted time domain waveform which reflects the influence of the
material’s hysteresis nonlinearity. The power loss is calculated via integrating the product of the
primary current and the secondary voltage, then average it for one AC period. The maximum error
of the simulation results is 3%. In the test case with the equivalent peak field strength 100 A/m, the
B - H characteristic of the three permeance blocks &7, ~ &5 are shown in Fig. 8.7. They represent the
non-conductive sub-laminates depicted in Fig. 8.3a. Their nearly identical B — H loops indicates that
the flux is homogeneously distributed on the cross-section area of the laminates under low frequency
excitation.
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Figure 8.8 Comparison between measurement and simulation under 500 Hz sinusoidal excitation with
different amplitudes (a) B — H loops; (b) Time domain waveforms.
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Then in Fig. 8.8 and Fig. 8.10 the simulation results at 500 Hz and 1 kHz excitation are compared
with the measurement. Again good match is obtained in both the B — H characteristic and the time
domain waveforms. The error of the power loss is 4.1% at 500 Hz and 1.7% at 1 kHz. Again in Fig. 8.9
and Fig. 8.11 the B - H loops of the permeance blocks &, ~ #3 are compared. The flux density
amplitude reduces from the outer sub-laminates (represented by &;) towards the inner sub-laminates
(represented by &7;). Comparing Fig. 8.7, Fig. 8.9 and Fig. 8.11 with each other, one can realize
that with increasing excitation frequency, the difference between the peak flux density of the three
permeances &?; and &3 becomes larger. This model behavior corresponds to the theory that the
eddy current effect prevents the flux from penetrating into the centre of the laminate. The higher the
excitation frequency, the more obvious this effect will be.
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Figure 8.10 Comparison between measurement and simulation under 1kHz sinusoidal excitation with
different amplitudes (a) B — H loops; (b) Time domain waveforms.
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Figure 8.12 Comparison between measurement and simulation with virtual resistor loops removed from the
model under excitation frequency (a) 25 Hz; (b) 500 Hz; (c) 1 kHz.

The power loss from eddy current effect can be directly obtained by summing up the power loss of
the three virtual resistors R; ~ R3 (voltage multiplied by current and averaged over one AC period).
Subtracting the eddy current loss from the total loss yields the static hysteresis losses. The loss-
splitting under the three excitation frequencies 25Hz, 500 Hz and 1kHz are compared in Tab. 8.1
(with equivalent peak field strength equal to 100 A/m). With increasing excitation frequency, the
percentage of the eddy current increases significantly.

The eddy current effect is neglected if the virtual resistors Ry ~ R5 are removed from the circuit model.
With the same excitation voltage in the test case of three different frequencies are applied to the
primary winding (result in equivalent peak field strength equal to 100 A/m), the simulated equivalent
B-Hloops exhibits large discrepancy compared to the measurement. This mismatch servers especially
as the excitation frequency increases as shown in Fig. 8.12, which indicates that the eddy current
resistors are inevitable for simulating the core losses.

Table 8.1 Splitting of the simulated core loss into static hysteresis and eddy current parts

Excitation frequency | 25Hz | 500Hz | 1kHz
Total loss 0.21W | 6.40W | 8.74W
Static hysteresis 0.188W | 240W | 2.92W
0.022W | 4.00W | 5.82W
10.5% 625% | 66.5%

Eddy current

Further in Fig. 8.13 the verification results with 1 kHz PWM excitation (50 % duty cycle) are illustrated.
In this verification case, the test setup is operated under 50% duty-cycle PWM mode. Still the proposed
model is able to well reproduce the B — H characteristic and the time domain waveforms.

After the model is established and parameterized based on the sample core, the proposed magnetic
circuit can be configured for different geometry and taken as a building block to compose iron cores
with complex structures. A rudimentary transformer prototype is constructed as shown in Fig. 8.14a,
with three-limb iron core made of laminates having the same material and thickness as the square
core sample. The number of the stacked laminates here is 20. Two windings with turns number
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Figure 8.13 Comparison between measurement and simulation under 1kHz PWM excitation (50 % duty
cycle) with different amplitudes (a) B — H loops; (b) Time domain waveforms.

N; = N, = 20 are installed on the middle limb. The magnetic circuit model is composed of three
ladder structures (Fig. 8.5) in parallel connection, which represent the center limb and the side limbs,
as depicted in Fig. 8.14b. The two winding components are placed at the corresponding locations. In
comparison to the model presented in Fig. 8.5, only the geometrical parameters [, w and the stacking
number K need to be adapted. Please note that the material related parameters for calculating the
nonlinear permeabilities 4" and piey, which have been identified in a previous stage, remain the
same.

For verification, the primary winding is supplied by a 500 Hz sinusoidal voltage, while the secondary
winding is left open. Similar to the configuration of the magnetic circuit model in Fig. 7.5a, the
measured secondary winding voltage is multiplied by the factor N;/N, and provided to the controlled
voltage source as reference on the primary winding. In Fig. 8.15 the B - Hloops and time domain
waveforms are compared between simulation and measurement. After adapting the geometry while
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Figure 8.14 Three limb transformer prototype (a) Hardware structure; (b) Magnetic circuit model using
proposed approach.
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Figure 8.15 Comparison between measurement and simulation of the three limb transformer prototype
under 500H z excitation with different amplitudes (a) B — H loops; (b) Time domain waveforms.

using the same material representation, the model with the three limbs is still able to reproduce the
measurement with good accuracy. The maximum error of the core loss is 6.2%.

8.4 Summary

This chapter has proposed a core model for time domain system-level simulation using permeance-
capacitance based magnetic circuit, which captures the frequency-independent magnetic hysteresis of
the material together with the frequency-dependent eddy current effect. Parameters of the model are
identified via experimentally measured low frequency limiting loop as well as geometrical parameters.
The fidelity of the model has been verified with experimental tests under excitation of different
amplitude and frequencies on a sample core. The magnetic circuit can be easily extended to represent
complex core geometries, which has been verified in terms of time domain waveform and B - H
characteristic.
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Model of leakage flux for 1-phase
multi-winding transformer

Multi-winding transformers have been applied in power electronic converters to interface systems operating
on different voltage levels. Placement of the windings leads to unbalances, which are directly reflected
in the dynamic behavior of the converter system. To compensate impact of the unbalance by means
of component selection or control algorithm, sufficiently accurate transformer model is desired. For
system-level simulation, the model should be integrated with power electronic circuit.

9.1 Literature review

In typical multilayer- (Fig. 9.1a), multidisk- (Fig. 9.1b) and mixed- (Fig. 9.1¢) structures, non-identical
size and position of the individual windings may lead to different leakage flux coupling, which gives
rise to unbalanced short-circuit impedances [71].

Finite element method (FEM) has been widely adopted in modeling the main- and leakage flux
distribution. However FEM is not suitable for dynamic simulation combined with complex power
electronic circuits, due to its high computational effort and poor convergence in these circumstances.
For system-level dynamic simulation, transformers are commonly represented by electrical equivalent
circuit using coupled inductors, as has been discussed in Sec. 2.1. Coupled-inductor approach requires
electric test to identify all the self- and mutual inductance values including the main flux path L,, and
leakage flux path L. If more than two windings are present, electric test needs to be enumerated
among different short-and open circuit combinations, which can be time consuming and in some
cases impractical.

Besides FEM and coupled-inductor, magnetic circuit has become popular nowadays. Firstly, the
complexity is much lower than FEM thanks to the lumped representation, while the integration to
electrical circuit is nearly seamless. Secondly, magnetic circuit has closer relation to the geometry than
coupled-inductor, making it possible to parametrize the flux path directly without any electric tests.
In combination with the material characteristic, this methodology have been successfully applied to
model the main flux path[55] [72] [67] [73] [74]. However the leakage flux path was not analyzed.

Only a few publications have considered leakage flux path in magnetic circuit, due to the difficulty in
parametrization. One of the underlying assumption in magnetic circuit approach is that the fluxes
are confined in virtual tubes. Each section of the tube is characterized by the geometry together with
material’s permeability p as lumped reluctance or permeance. Parametrization of the main flux path
through the iron core is straightforward, since the geometry is determined and directly visible. In
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LR
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(a) (b) ©

Figure 9.1 Winding arrangements considered in the existing publications, (a) Multilayer; (b) Multidisk; (c)
Mixed.

comparison however, the geometry of the leakage flux path through the air is usually not clearly

shaped.

In the work of [70] permeances representing leakage flux path has been introduced into the magnetic
circuit of transformer with closed pot-type core. Thanks to the special core-structure, geometry of the
leakage flux path was well determined, so that parametrization could be done in similar manner as the
main flux path. However this type of transformer is not typically adopted in high-power applications.
For typical E-core structure, authors of [75] have made a clear classification for leakage flux paths,
and parametrized the permeances by geometrical data. However, this approach has been verified only
on a single-winding inductor, where no leakage coupling between different windings takes place as
in transformers.

For transformers with typical core structure, several publications have successfully modeled the
leakage flux path. In the work of [76], a generalized reluctance magnetic circuit including leakage flux
path between the windings was presented for complex multi-winding structures. Authors of [77] and
[78] have followed this approach for dynamic simulation of different types of transformer. However in
all these publications the magnetic circuit served as a intermediate step to derive the terminal-duality
model (TDM) introduced by [79], which was essentially electrical equivalent circuit. In TDM the
main flux path was represented by shunt-inductors on winding terminals, while the leakage flux path
by coupled leakage inductance network in between. Elements of the leakage inductance matrix are
linear summation of the short-circuit impedances between certain winding pairs, requiring again
large number of electric tests. Especially when the leakage inductance matrix is being composed by
measured short circuit impedance, assumption has been made that the inductance of the main flux
path is magnitudes higher, which is not always the case in reality. Moreover, since the information
about geometry is hardly visible after conversion to TDM model, open-circuit test is still necessary
to identify the main inductance on winding terminals and this may make the representation of the
material nonlinearity less accurate. As extension to the work done by [76], authors of [80] calculated
the short-circuit impedances between winding pairs directly from geometrical data using the method
introduced in [81], to get rid of the electric tests. The simulated short-circuit impedance matched well
to the experimental measurements from single- and three phase transformers. However the increased
error in three-phase case indicates that the 2D formulation of the method from [81] may run into
issues, if the part of windings outside the core window area dominates.

The leakage flux models with direct parametrization from geometry are difficult to generalize in terms
of accuracy. The ones parametrized from electric test do not include the geometrical information
contained in the magnetic circuit, so that large number of measurement is required to cover all
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Figure 9.2 Winding arrangement with long primary winding and multiple stacked secondary windings

the possible couplings. This thesis proposes a solution which combines the intuitive geometric
information and experimental results from only a few electric measurement together, and is able to
achieve good accuracy, as demonstrated in the paper.

In most of the complex transformers, the individual windings do have something geometrically in
common, due to consideration of mass production or space utilization. Taking advantage of this
repetitive feature, this thesis demonstrates how the leakage flux path model and its parametrization
procedure can be simplified, meanwhile demonstrating that the proposed approach of model is able
to reproduce the unbalance of short-circuit impedance in reality. The model proposed by this chapter
distinguished from the other previous publications via combining the following aspects together:

« Magnetic circuit is directly simulated in its original form, without transformation into electrical
equivalent. The main- and leakage flux paths related to the real geometrical structure are
contained in the same model and observable during the simulation.

« Main flux path is parametrized directly from geometry. Model of material nonlinearity like
hysteresis proposed by in Chap. 4 ~Chap. 6 and corner flux concentration, analyzed in [24],
can be potentially incorporated, but are not analyzed in this chapter.

« Leakage flux path is characterized by a few parameters only, identification of which can be
done via fitting to only a small number of electric test. The influence of the main flux path has
been taken into account, apart from the infinite permeability assumption made in [76].

Typical winding arrangements in Fig. 9.1a, Fig. 9.1b and Fig. 9.1c have been investigated in the
existing publications [76], [77], [78] and [80], while the one depicted in Fig. 9.2 has not been discussed
in detail so far, where the height of the inner layer winding spread out the total height of the others.
This arrangement is typical for the phase-shift transformers used in multi-pulse rectifier systems,
which interface power grid to medium voltage power electronic converters like the cascaded H-bridge
patented by Robicon Corporation [82] and widely applied in industry nowadays. Simplified single-
phase transformer version of this winding arrangement is taken for the case study presented in this
chapter. A low power prototype transformer has been constructed to evaluate fidelity of the proposed
modeling’s approach. The permeance-capacitor element proposed by [16] and implemented by [15]
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is chosen to compose the magnetic circuit, considering its capability to apply ordinary differential
equation (ODE) solver which is already provided in numerous commercial system-level simulation
softwares like Simulink and PLECS.

This chapter is organized as follows. Sec. 9.2 demonstrates the modeling’s approach and the procedure
for parameter identification. Sec. 9.3 provides the verification of the fidelity of the model via different
experimental short-circuit tests. Afterwards in Sec. 9.5, the fidelity of the model in system-level
simulation is further evaluated in combination with power electronic converters.

9.2 Proposed model

The prototype transformer depicted in Fig. 9.3a has been taken as study case. This transformer is
rated to convert 115 Vrms 400 Hz low voltage to 15.2 Vrms on nine output terminals with nominal
power of 180W in total. Each output terminal can be connected to full-bridge rectifier to generate 20V
DC voltage as input for switched-mode power supplies. The iron core is stacked by laminations type
“EI 150/150” of material “M330-35A”, resulting in total thickness of Do = 50mm. There is one primary
winding (W,) with N, = 144 turns on the input side and nine secondary windings (Wj;... Wgo) with
N = 19 turns each on the output side. Low window area utilization is configured for this prototype
transformer, in order to exaggerate the leakage flux path and resemble the high winding spacing in
medium voltage applications due to consideration of insulation. The transformer in medium voltage
applications is discussed in Chap. 10.

The windings of the prototype transformer have been arranged complying to the structure in Fig. 9.2.
All dimensional parameters have been listed in Tab. 9.1. Typical geometrical repetition and symmetry
present in complex transformers has been introduced to the prototype. All secondary windings Wy
(k = 1...9) are designed to be the same size, which are allocated along the middle core limb with the
same vertical interval in between. Please note that hgg is significantly smaller than the winding’s

Type Il

Type I x 9

Type Il

(@

Figure 9.3 (a) Structure of the prototype transformer with one primary- W, and nine secondary windings
Wik (b) Vertical separation of the transformer’s geometry into nine divisions of type I and two of type I
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Figure 9.4 Permeance magnetic circuit of the division type I with the flux path of the core and air

dimension. The primary winding W}, is placed inside the secondary winding, whose height is equal
to the distance from the top of Wg; to the bottom of Wy,.

Table 9.1 Dimensional parameters of the prototype transformer in [mm]

Parameter | Value || Parameter | Value
dp 2 dsc 18
hp 71 hsc 9
ds 3 dps 3
hs 7 hss 1

To derive the magnetic circuit model, the geometry of the transformer is separated into divisions
along the vertical axis, as Fig. 9.3b demonstrates. Nine divisions of type I have been defined. All
of them have the same height equal to hpiy; = hg + hgg, each one includes one section of the three
core limbs, one complete secondary winding, and one section of the primary winding. The turns
number of the primary winding section is equal to Nppiy = Np/9. This division can be converted into
a magnetic circuit shown in Fig. 9.4 . The three permeances filled with solid color represent flux path
inside the transformer core, while the others represent the leakage flux path through the air. The
cross section of the windings are placed schematically in between, according to the real geometry.

Besides that, two divisions of type II representing the rest of the transformer is demonstrated in
Fig. 9.5, including core yoke and the top and bottom part of the limbs. In comparison to the division
type L, since no winding is present in division type I and the permeability of the main flux path inside
the core is much more dominant than that of the leakage flux path through the air, and the leakage
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Figure 9.5 Permeance magnetic circuit of the division type II
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Figure 9.6 Permeance circuit of the transformer with schematically placed windings, (a) Original (b) Simplified

permeances in this type of division can be neglected.

Stacking nine divisions of type I over each other and adding two divisions of type II on the top
and bottom, yields the complete magnetic circuit as shown in Fig. 9.6a. If all the windings are
installed close enough to the middle limb of the transformer core (as is usually the case in practice
to reduce leakage inductance), the horizontal leakage permeances above- or below the windings
can be assumed to be “magnetically” short circuit, resulting in the structure of Fig. 9.6b. The other
horizontal permeances stand for the leakage flux paths from middle- towards side limb, while the
vertical ones surrounding W, and W; for the leakage flux paths looping back to the middle limb. Also
one should keep in mind that these permeances account not only for the leakage flux paths inside the
core window area, but also the ones exposed outside the middle limb (e.g. fringing field), despite of
the 2-D sketches being used for illustration.
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Figure 9.7 (a) Permeance circuit with lumped-winding components to interface electrical circuit (b) Final
version of the magnetic circuit model
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Figure 9.8 Gyrator structure of the lumped-winding component

Afterwards, the schematically depicted windings are converted into lumped-components as demon-
strated in Fig. 9.7a, which is ready to be directly connected to electrical circuit model. The lumped
winding components are implemented using the gyrator structure proposed by [16] and discussed in
Sec. 2.2.2, which serves as interface between the electrical and magnetic circuit (shown in Fig. 10.4
again). In one direction, the electrical voltage measured on the winding terminal is divided by the
number of turns N and fed into the magnetic circuit as a flux rate source (d®/dt). The flux rate source
“charges” or “discharges” the magnetic permeances which behave like capacitors (not electrical). In
the other direction, the “magnetic voltage” measured on the magnetic terminal (magnetomotive force
MMF) is also divided by N and fed into the electrical circuit as electrical current source. Please note
that all the primary winding sections are series-connected in the electrical circuit, so that all sections
share the same electrical current while the terminal voltage is the summation of all the individual
voltages. For this prototype transformer, the final version becomes the structure in Fig. 9.7b.

The permeances representing different part of the iron core can be calculated as:

_ Aunqu

7=

(9.1)

In the equation above, the equivalent cross-section area A and magnetic path length [ can be calculated
from the core geometry using the formulas introduced in [83]. For the prototype transformer, the
length of Zhiq2 and Pgiges is equal to hg + hgg, while that of P 11iq1(Pmias) and Psige1(Psides)
equal to hgc (geometry parameters see Fig. 9.2). The permeance Py e includes both the yoke and
corner. Should nonlinearity of the core material be considered, the relative permeance . will be a
function of the MMF, which is the magnetic “voltage” measured on the individual permeance. In
linear case, ;- can be simply configured as a constant.

After the core permeances get determined, only the value of the leakage permeances still remain
undefined. Recalling that the nine type I divisions are identical in geometry and the transformer is
symmetrical about the middle limb, yields the fact that only three parameters &5, P o and Pgpunt
are needed to characterize the whole leakage flux path, which are marked in Fig. 9.7b. As has been
discussed in the previous section, it is difficult to accurately define the geometry of the leakage flux
path through the air, therefore a few short circuit tests are carried out to identify the three unknown
parameters, in which one single winding is supplied by voltage source and selected others windings
are short-circuited. Instead of enumerating all the supply-short combinations, only five short-circuit
test schemes are needed for the parameter identification which carry sufficient information about
coupling between the windings. The equivalent inductance looking into the supplied winding is
calculated as imaginary part of the measured complex impedance, as listed in Tab. 10.3:

After that, the leakage permeance values of the circuit model in Fig. 9.7b are fitted to minimize
a quadratic objective function, which is the square-summation of the error between the short-

121



Chapter 9. Model of leakage flux for 1-phase multi-winding transformer

Table 9.2 Test schemes for leakage permeance parameter fitting

Supply | Short Fit to
1 Wp We1 Li1Test = imag(vp/fp)/(Zﬂf)
2 Wp Wes Lio Test = imag(vp/fp)/(Zﬂf)
3 Ws1 Ws2 LxsTest = imag(‘_}sl/fsl)/@”f)
4 Ws1 Wso LxaTest = imag(\_/)sl/fsl)/(Zﬂf)
5 Wp All Wgs | Lystest = imag(‘_/)p/fp)/(Zﬂf)

circuit inductances from measurement and the one obtained from magnetic circuit simulation of the
aforementioned 5 short-circuit schemes, given by the equation in below:

4

Lki,Test - Lki,sim
fovi = (= 7 (9:2)
i=1 ki, Test

One should also note that the resistances of the windings need to be measured (e.g. using LRC-meter)
and connected in series with the winding components in electrical circuit part of the model, if resistive
part of the windings constitutes relatively large percentage of the short-circuit impedance, which is
the case in the low voltage prototype. In case of high power medium voltage transformers however,

f{,,,j small enough?
Finish

t

Iterative fitting algorithm

adjusts Ps, Plong and Pshunt <
; according to fobj from last evaluation I
input 5 ' output
Ps’ Plang’ Pshunt f;;bj
£ 7 % 5 %] Lkl,sim - LkS,sim
I Y % 4
T ¢ = 1 X\
NEE EENX, v L
i i i U .1
h i : U,(0),1,(t) U.I
o - Time-domain Amplitude
5 time-domain simulations of waveform Phase-shift
magnetic circuit model configured
complying to the 5 test schemes

Figure 9.9 Generalized fitting process of the leakage permeance values, where the magnetic circuit model is
simulated to for calculating the output of the objective function for the fitting algorithm
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inductive part will be much more dominated due to the large spacing between windings, so that
accurate parametrization of the winding resistance is not critical. Commonly used gradient based- or
evolutionary fitting algorithms can be applied to find out the leakage permeance values, iteratively.
Generally the fitting process can be carried out in a way demonstrated in Fig. 9.9. On one side,
after receiving the leakage permeance values &g, Pong, Pspunt provided by the fitting algorithm
before each objective function evaluation, five magnetic circuit models of the transformer which
are configured complying to each of the five test schemes specified by Tab. 9.2 are simulated in
time-domain, one after each other. The simulated time-domain waveforms of winding voltage and
current are transformed to amplitude and phase-angle, so as to calculate the equivalent inductance
values and yields the output of the objective function following equation (2). On the other side, the
fitting algorithm retrieves the output of objective function from the last evaluation, adjusts the Z,
Plong> Pshunt values and brings them into the next objective function evaluation.

Initial values need to be assigned in order to make the algorithm better converge, which for the
prototype transformer can be calculated in below. In circumstances the fitting algorithm may have
difficulty in convergence if o is exactly equal to zero, instead a small value of e.g. 107° can be

chosen.
Py = % (9:3)
% longo = 0 (9-4)
P rante - LoDl M 9:)

dSC

Despite of the repetitive structure, thanks to which the whole leakage flux path can be characterized
by only three permeance values, strong unbalance of short-circuit impedances will still take place,
which will be discussed in the following sections.

9.3 Experimental verification with short circuit test

For verification of the proposed modeling’s approach, the aforementioned prototype transformer has
been realized in hardware. In order to carry out the five short-circuit schemes for model parameter
identification and further schemes for validation, the transformer is connected to a simplified version
of the test setup introduced in Chap. 3, which operates in sinusoidal excitation mode, as shown in
Fig. 9.10a.

After the five inductance values listed in Tab. 9.2 have been obtained, the magnetic circuit models
with the structure depicted in Fig. 9.7b is built up in the system-level simulation software PLECS
(Blockset version) in combination with MATLAB/Simulink. Sinusoidal voltage sources are connected
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Control unit

y -

(b)
Figure 9.10 (a) Short-circuit test setup for the prototype transformer, with voltage and current on the supplied
winding measured (b) Magnetic circuit model in PLECS for parameter fitting and verification

to the winding terminals to emulate the power amplifier output in the test setup. Prior to leakage
parameter identification, the permeances representing the iron core have been parametrized directly
from geometry and material characteristic. Since the transformer is designed to operate far away from
saturation, so that the nonlinearity of the core material has little affect on the measured short-circuit
inductances, constant permeability from the data sheet has been assigned to the core permeances.
The circuit model which is configured complying to test scheme 1 with primary winding W}, supplied
and secondary winding Wy, shorted is demonstrated in Fig. 9.10b, while the ones for the other
four test schemes are established in similar way. Also please note that the winding resistances can
not be neglected and have been connected to the windings with R, = 0.9Q and Rg;...Rs9 = 0.15Q,
considering the fact that the winding resistance is comparable to the measured short-circuit reactance,
for example Xy 4 Test = Lia Test - 27400 = 0.10€2 is measured from test scheme 4 in Tab. 9.2, which is
66% of the secondary winding resistance.

For parameter identification, the “fminsearch” fitting algorithm provided by MATLAB (referred as
unconstrained nonlinear optimisation) is adopted. As required by “fminsearch”, a customized objective
function has been written using Matlab script which realizes the functionalities listed in below:

« Accept the permeance values (%5, Pjong, Pshunt) as input arguments and assign them to the
five magnetic circuit models in PLECS/Simulink via mask variables.

- Simulate the five magnetic circuit models configured complying to each of the five test schemes
specified in Tab. 9.2, one by one.

+ Calculate the equivalent inductance values (L4 sip - Lkssim) using the simulated voltage and
current from the five models.

« Return the output of objective function calculated following equation (2).
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Figure 9.11  Short circuit inductances with W}, supplied and different single Wy shorted

The initial permeance values calculated using equation (3) till (5) and the ones obtained after parameter
fitting using “fminsearch” algorithm are compared in Tab. 10.4.

Table 9.3 Leakage permeance values fitted to the measurements [H]

’@s gzlong f@shunt
Initial value | 39-107° | 1-107° | 25-107°
After fitting | 81-10™° | 33-107° | 32-107°

In the first group of verification schemes, the primary winding is supplied, meanwhile one single
secondary winding is shorted. The short-circuit inductances looking into the primary winding with
different secondary windings shorted are compared between measurement and magnetic circuit
model in Fig. 9.11. Although all the secondary windings have the same geometrical dimension and
parameterized by repetitive permeance network, the resulted short-circuit impedances however, are
unbalanced, due to difference in vertical position with respect to the primary winding. The U-shape
curve reveals the fact that the more centralized the secondary winding is located with respect to the
primary winding, the stronger is the coupling and thus the lower the short-circuit inductance will be.
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<
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Figure 9.12  Short circuit inductances with Wy, supplied and one of the other W;s shorted
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Figure 9.13 Short circuit inductances with W}, shorted and different single W; supplied

In the second group of verification schemes, the secondary winding W, on the very top is supplied,
meanwhile another secondary windings is shorted. The resulted inductances looking into W, are
shown in Fig. 9.12 with different other secondary windings shorted. From the result comparison one
can see that not only the points used for parameter identification (short Wy, Wy5 in Fig. 9.11 and
short Wy,, Wy in Fig. 9.12), but also the inductance values of the other verification points match
quite well between the proposed magnetic circuit model (built in PLECS/Simulink) and test result,
with maximum error of 8.3 %.

In the third group of verification schemes, the primary winding is shorted with single secondary
winding supplied. The short-circuit inductances looking into the different secondary winding supplied
are compared between simulation and test in Fig. 9.13. Maximum error of 12.0 % occurs when Wgs
is supplied.

In the forth group of verification schemes, one winding (primary or secondary) is supplied with other
two shorted at the same time. The short-circuit combination together with the leakage inductance
values looking into the supplied windings are listed in Tab. 9.4 and Tab. 9.5. Good match between
magnetic circuit model and the measurement is present here as well with maximum error of 5.0 %.

Table 9.4 Leakage inductances [mH] comparison with one winding supplied and other two shorted: I

Supplied | Shorted | Ly Test | Ly Sim | Error
W, Wei, Weg | 4.03 385 | 4.5%
Wat Wy, Wy | 0080 | 0.076 | 5.0%
Wes Wy, Wy | 0058 | 0.059 | 1.7%

Table 9.5 Leakage inductances [mH] comparison with one winding supplied and
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Supplied | Shorted | Ly Test | Ly Sim | Error
W, Wei, Weo | 2.15 209 | 2.8%
Wat Wy, Weo | 0093 | 0.095 | 2.2%
Weo Wy, Wer | 0093 | 0.095 | 2.2%

other two shorted: II



9.4. Origins of unbalanced leakage flux

9.4 Origins of unbalanced leakage flux

In this section, the physical background of the unbalance in magnetic flux coupling, which is reflected
by the experimental measurement in Fig. 9.11 and Fig. 9.12, is analyzed using a generalized form
of single-phase transformer. As depicted in Fig. 9.14a, the single phase transformer is composed of
one primary winding W, which spreads out the middle limb of the iron core, as well as M identical
secondary windings Wy, ~ Wy stacking over each other. The magnetic circuit topology proposed
in this chapter is adopted for the analysis as demonstrated in Fig. 9.14b. Considering the axis-
symmetry of the geometry, the left- and right halves of the original magnetic circuit can be merged
together. Following the formulation defined in Sec. 9.2, all divisions of the leakage flux path share
the same three permeance values &5, P ong and Pgpunt- The vertical leakage permeances (¥,
Plong) surrounding the primary- and secondary windings stand for the leakage paths looping back
to the corresponded limb, the flux flowing through # only links with the primary winding section,
while that through &4y, links the primary- and secondary windings together. The horizontal ones
(Pshunt) stand for the leakage paths between different limbs. If the permeance representing the core
limbs (Zniq and Pgiqe in Fig. 9.14b) are significantly larger than that of the leakage ones, they can
be replaced by short-circuit lines, as shown in Fig. 9.14¢. The permeance representing the core yokes
(Pyoke) in Fig. 9.14¢ can be merged with the horizontal permeances &gt at the top and bottom
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Figure 9.14 Demonstration of the unbalanced coupling I (a) Single phase transformer with M secondary
windings; (b) Magnetic circuit of the transformer with current [, flowing on the primary winding and all
secondary windings are left open; (c) Simplified magnetic circuit where the core limb permeances are neglected
and the two yoke permeances are merged into Psynt as Pepunt-
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4

of the magnetic circuit, yields the the equivalent permeance &g+ = Pshunt + Pyoke in Fig. 9.14¢.
The primary winding has been equally divided into M sections, the effect of an AC current I, flowing
on the primary winding can be represented by M identical MMF sources connected in each division,
whose value is given by

Ey =1, Ny/M (9.6)

where Nj, is the turns number of the primary winding. If the secondary winding are kept open,
the induced magnetic flux rate ®g; . gy (dP/d1) are essentially the “magnetic” current flow on the
corresponding branches, as has been highlighted in Fig. 9.14¢c. In order to derive ®g; .®gy, the
circulating flux rate &, .®,, in each division are firstly calculated. Following the second Kirchhoff’s
law applied to magnetic circuit, the flux rates in the very top- and very bottom division are given by

FI; = (Xs'hunt + Xshunt) : d)l - Xshunt * ci)2 (9.7)

K 1; = (Xshunt * Xshunt) - (i)M - Xshunt - (i)M—l (9:8)

where X is the “magnetic” reactance equal to 1/(w - P) with o standing for the angular frequency of
the primary current I,. For the divisions in between with the index 1 < m < M, the relations comply
to

FI; =2 Xshunt - (i)m ~ Ashunt - d)m—l ~ Ashunt * d)m+1 (9:9)
equation (9.7) and (9.8) can be reorganized as
B+ Xshunt - @1

b, - P, = )
2 1 Xerunt (9.10)

F/ _ ’ . CI)
; : P shunt M
Oy - Ppp-q =

(9.11)
Xshunt

On one hand, the vertical symmetry of the magnetic structure leads to the fact that ®; = ®);, which
can be substituted into (9.10) and (9.11), thus one can easily find out
Dy ~ by = ~(Dy - Dy_q) = Ady (9.12)
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Ad,
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Figure 9.15 (a) Difference between the circulating flux rate of adjacent divisions against the division index;
(b) Circulating flux rate of adjacent divisions against the division index.

On the other hand, reformatting equation (9.9) yields the recursive expression

F/
o . . . . o p
A®p = Adyy_q = ((Dm+1 - q)m) - ((Dm - q)m—l) =-—7>— <0 (9.13)
2 'Xshunt

Combining the equations (9.12) and (9.13) together, the difference between the circulating flux rate
of adjacent divisions turns out to be a linear function of the division index which crosses zero at
m = M/2, as demonstrated in Fig. 9.15a. Despite the discrete form, this linear function can be
considered as derivative of the circulating flux rate &y, itself against index m, thus ®,, turns out to
be a second-order polynomial having the maximum at m = M/2, as demonstrated in Fig. 9.15b. The
flux rate &gy of the individual secondary windings is constantly biased from the corresponding
circulating flux rate &, given as

Fp

(bs(m) = ci)m + (9.14)

long

Therefore gy is also a second-order polynomial and the maximum of which also take place at the
secondary winding with index M/2, that is at the middle of the primary winding. This reveals the fact
that the closer the secondary winding is placed to the centre of the primary winding, the better the
flux coupling can be obtained.

After the analysis of the coupling between primary- and secondary windings, the coupling on the
secondary side can be demonstrated under the assumption that an AC current I is flowing on the
secondary winding W4, while all the other secondary windings W, ~ W as well as the primary
winding are left open, as illustrated in Fig. 9.16a. After the same simplification made in the previous
analysis case as well as replacing the open windings with short circuit lines, the magnetic circuit
becomes the structure shown in Fig. 9.16b. The induced flux rates on the secondary windings
dg1~ Dy as well as that flowing on the horizontal permeances &;,; ~®p,\-1) have been denoted in
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Figure 9.16 Demonstration of the unbalanced coupling II (a) Magnetic circuit of the transformer with current
I flowing on the secondary winding W, and other secondary windings as well as the primary winding are left
open; (b) Simplified magnetic circuit where the core limb permeances are neglected and the two permeances
Py oke representing the core yoke are merged into Pgpynt (Pghunt)-
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Figure 9.17 Flux rate of secondary windings against the division index.

Fig. 9.16b, following the first Kirchhoff’s law yields

Psm+1) = Psamy — Pham) (9.15)
Since the horizontal flux rates &y, are greater than zero and they have the same value in all the
divisions (due to the same horizontal permeance value P, nt), a linear function can be used to

describe the distribution of the secondary winding flux rates &y, with respect to the winding index,
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as demonstrated in Fig. 9.17. The relation ®gy,1) < ®gm) indicates the fact that the closer the
secondary winding is located to Wy, the better flux coupling is present. All the phenomenon from
the analysis above has been observed from the experimentally measured short-circuit impedance in
Sec. 9.3.

9.5 Experimental verification with diode rectifiers

In this section, the fidelity of the proposed model in system-level simulation combined with power
electronic converters is verified via experimental test. In verification scheme A the primary winding
is excited by 115V (RMS), 400Hz sinusoidal voltage generated from programmable AC source 61700
of Chroma, while five secondary windings Wgy, Wge, Wy, Wsg and Wg are connected to five totally
identical full bridge rectifiers supplying constant resistive loads of R = 15Q, filtered by DC capacitors
of C4c = 3mkF, as depicted in Fig. 9.18.

The system level simulation model has been established in PLECS/Simulink complying to the experi-
mental setup, using the same transformer model discussed in Sec. 9.3, as Fig. 9.19 demonstrates. For

Rectifiers x 5

Figure 9.18 Schematic and photo of the system-level test setup with five diode rectifiers connected (configured
for verification scheme A with secondary windings Wg,, Wss ~ Wso connected to rectifiers)
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Figure 9.19 System-level simulation model with diode rectifiers connected
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Figure 9.20 Comparison of secondary currents in verification scheme A between measurement and simulation
(solid curve), additionally to simulation result obtained with initial permeance values (dashed curve)

Secondary current [A] Secondary current [A]
6 Is1 6 Is1
4 ;’,\ — Is6) 4 A\ — Is6
2 /N — 19 2 7\ — 1s9
Y 4 I\ S 4 I \
2 X / - AN )
v N/ \/
h . A\
4.95 5.00 5.05 5.10 5.15 x 1e-2 4.95 5.00 5.05 5.10 515 x1e-2
(a) (b)

Figure 9.21 Secondary winding currents in verification scheme A, with primary winding supplied, secondary
windings Wyq, Wy ~ Wyo connected to rectifiers, (a) Test measurement (b) PLECS/Simulink simulation

the sake of fast system-level simulation, all the rectifier diodes are modeled as ideal switch in series
connection with constant resistor, which represents the linearized forward characteristic obtained
from manufacturer’s data sheet. The secondary windings which are unconnected in the test setup
are left as open circuit in the simulation model. The grid side voltage is modeled simply as an ideal
sinusoidal voltage source without internal impedance, which corresponds to the terminal behavior of
the programmable AC source.

In Fig. 9.20 the simulated current on secondary windings Wy, Wy and Wy, after parameter fit-
ting and the ones directly using initial values obtained from equation (3) till (5) are compared to
measurements from the experimental setup. The simulation result after parameter fitting is signif-
icantly closer to measurement than that with initial values. In Tab. 9.6 quantitative comparison of the
current RMS values is made, where the simulated result after parameter fitting presents a maximum
error of only 1.3%, while the ones using initial values has 8.0%. This indicates that the fitting process
which takes real measurement as reference is able to significantly reduce the error of the model.

Table 9.6 RMS value of the secondary winding currents from measurement and simulation in verification
scheme A [A]

Secondary RMS current Ly | Lg | Lo

Measured from experimental setup 2.40 | 2.24 | 2.00

Simulated with fitted &5, Zjong, Pshunt | 2-43 | 2.26 | 2.01

Simulated with initial %5, Pong, Pshunt | 259 | 237 | 2.10

Further in Fig. 9.21 the current of the three secondary windings are displayed in the same plot and
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compared between measurement and simulation. Please note that although all the rectifiers are
identically constructed and loaded, the current flowing on secondary winding Wgo however, is signif-
icantly lower in amplitude than that on Wy, also with obvious phase shift. In comparison, the current
on W5 closely resembles to that on Wg;. The measured current on the other two secondary windings
Wy, and Wgg are located just between L5 and Iyg (not included into Fig. 9.21). This unbalance can be
ascribed to the winding-position-related leakage flux coupling, which has been accurately captured
by the proposed transformer model. Moreover, the magnetic circuit model allows to observe the flux
distribution among the individual permeances, Fig. 9.22 demonstrates the simulated magnetic flux
flowing through the leakage permeances of the type II magnetic circuit divisions belonging to W4,
Wse and Wyq, where strong unbalance is present.

In verification scheme B, the first rectifier remains its connection to the secondary winding W4, while
the other four are shifted for one secondary winding upwards, that is, reconnected to the secondary
windings Wgs -~ Wgg. The current on the secondary windings Ws,, Wy5 and Wgg are compared
again between measurement and simulation in Fig. 9.23 and Fig. 9.24. Here the difference between
secondary winding currents becomes smaller, in comparison to verification scheme A. Should the
four rectifiers be shifted further upwards, the shape of secondary currents becomes nearly identical,
(Fig. 9.25 and Fig. 9.26). Again the simulation model is able to capture the same behavior of the
experimental setup.

The results presented above demonstrate that the proposed model has the potential to reproduce
the issues related to the unbalanced leakage flux distribution in system-level dynamic simulation. If
customized to individual magnetic structures, this type of model may help engineers with improvement
of control algorithm or proper selection of electrical components to compensate affects from the
magnetic unbalance. Taking the verification case presented in this chapter as example, since the
rectifier input current is directly related to the ripple current of the DC-link capacitor, which strongly
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Figure 9.22 Simulated flux in the magnetic circuit divisions including secondary windings Wy;, Wy and
Wso (a) lllustration of flux measurement positions in each magnetic circuit division (b) Simulated flux on Pog
(c) Simulated flux on Z (d) Simulated flux on Pgunt
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Figure 9.23 Comparison of secondary currents in verification scheme B between measurement and simulation
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Figure 9.24 Secondary winding currents in verification scheme B, with primary winding supplied, secondary
windings Wgq, Wys ~ Wgg connected to rectifiers, (a) Test measurement (b) PLECS/Simulink simulation
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Figure 9.25 Comparison of secondary currents in verification scheme C between measurement and simulation
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Figure 9.26 Secondary winding currents in verification scheme C, with primary winding supplied, secondary
windings Wy, Wy, ~ Wy, connected to rectifiers, (a) Test measurement (b) PLECS/Simulink simulation

affect the capacitors’ lifetime [84]. In practice it is desired to identify the ripple current in converter
design-phase to select proper type of capacitors [85], for which the system-level simulation of the
whole converter with the proposed transformer model integrated would provide a good reference.
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9.6 Summary

This chapter has demonstrated the modeling of single-phase multi-winding transformer using
permeance-capacitance based magnetic circuit. The proposed model has the potential to repro-
duce circuit issues related to the unbalance in leakage flux coupling when integrated into system-level
simulation combined with power converters. Via making use of information about the repetitive
and symmetrical geometry, the parameter identification process of the leakage flux path can be
done from only a few experimental tests. The result from the proposed model shows good match to
the hardware test, under a plenty of short-circuit schemes and in operation combined with power
electronic converters. With the proposed model, effects that arise from the unbalanced leakage flux
path could potentially identified during the design phase of the power converters. Chap. 10 extends
this approach to 3-phase phase-shifted transformers in commercial medium voltage drive application
with different winding configurations.
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Model of leakage flux for 3-phase
multi-winding transformer

In this chapter, the magnetic circuit model of leakage flux coupling proposed in the Chap. 9 is extended
to three phase MV transformers with phase-shift winding configuration, which is applied in commercial
drive systems.

10.1 Literature review

Phase-shift transformers are widely used in medium voltage AC to AC converter systems to interface
the power grid. These types of transformers usually have multiple secondary winding groups
supplying line-commutated rectifiers. They are configured to be star-, delta-, or mixed connections
which generate different phase-shift angles. In order to achieve optimal harmonic cancellation of
the grid current on the primary winding side, the phase-shift angles referenced to the primary phase
voltage are usually chosen as [86]

0=60-(K-1)/N-30° (10.1)

where N is the total number of secondary winding groups, and K = 1 ... N the index of the secondary
winding groups. Among the MV converter systems using phase-shift transformers, one typical
topology, the cascaded H-bridge (CHB) converter, patented by Robicon Corporation [82] has become
popular in medium voltage (MV) drive applications. CHB converter has the advantages such as good
fault-tolerance ability [87], and in particular, simplicity and rather low cost due to the ability to realize
medium voltage drive using low voltage semiconductors. This type of converter is composed of
multiple power cells as depicted in Fig. 10.1. Each power cell consists of a three-phase diode rectifier
and a single-phase H-bridge inverter. The phase-shift transformer is used to provide isolated AC
voltage sources for each of the rectifiers. In order to improve the harmonic content of the voltage and
reduce the switching frequency on the inverter output, high number of power cells are desired so
that the phase-shift transformer usually has a large number of secondary windings. In such a kind
of transformer, non-identical position of the individual windings may lead to different leakage flux
coupling, which gives rise to unbalanced short-circuit impedances [71]. This unbalance is directly
reflected in the dynamic behavior of the converter system, especially the current flowing out of
the secondary winding groups, which directly determines the winding loss and the selection of the
rectifier diodes including their thermal system design. Moreover, the ripple current of the DC-link
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Figure 10.1 Typical topology of cascaded H-bridge converters in MV drive application.

capacitors is also affected. The analysis made in [85] demonstrated that the leakage inductance of the
phase-shift transformer has direct contribution to the ripple current of the DC-link capacitors in CHB
converters, which highly affects the capacitors’ lifetime [84].

Using accurate transformer models which can be combined with power electronic circuit for system-
level dynamic simulation, the potentially negative effect of the unbalance can be evaluated conve-
niently. From the simulation results, the appropriate components can be selected for the converter
system, also the control algorithm and protection method can be optimized.

In comparison to the single phase structure discussed in Chap. 9, this chapter is extended for the
phase shift transformer in the following aspects:

+ The methodology of modeling the leakage magnetic flux path is extended to three-phase case
of the phase-shift transformers in CHB converters, the fidelity of which is verified on a real
transformer from a commercial product.

« In this chapter, the geometry non-idealities of extra gap between some of the secondary
windings and unaligned primary winding position are covered, which exist in the reality due
to design insulation coordination.

« The intuitive representation of complex phase-shift winding configuration using gyrator struc-
ture in permeance-based magnetic circuit is demonstrated, which was not covered by the
single-phase case.
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In Sec. 10.2, model with ideally balanced leakage flux path is established including the representation
of complex winding configuration. Afterwards in Sec. 10.3, the improved model with unbalanced
coupling is described, followed by the experimental verification via short-circuit tests in Sec. 10.4
and connection to diode rectifiers in 10.5. Finally in Sec. 10.6 the application of the proposed model
in system-level simulation of the whole power converter system is demonstrated, and the result is
compared to that from the model with ideally balanced leakage flux coupling.

10.2 Model with ideally balanced leakage flux

An available phase-shift transformer from a commercial MV drive system supplying a CHB converter
is taken as a study case. The modeling is carried out only based on the nameplate data and the
measurable geometrical- and electrical characteristics, since the detailed internal design specification
of this transformer is not provided by the manufacturer. The rated parameters from the nameplate
are listed in Tab. 10.1.

Table 10.1 Rated parameters of the MV phase-shift transformer

Parameter Value Parameter Value

Apparent power | 1MVA | Primary current | 96.2A

Frequency 50Hz | Secondary voltage | 710V

Primary voltage | 6.3kV | Secondary current | 54.2 A

The geometrical structure of the transformer has been depicted in Fig. 10.2a, which is composed of a

Primary
Winding

Secondary
Windings

Core

() (b)

Figure 10.2  Structure of the phase-shift transformer with one primary- (W},) and 15 secondary windings

(Wsa1--Wsas, Wsp1.-Wsps, Wscs... Wy c1): (a) 3-D draft; (b) Photo of the secondary windings belonging to the
input phase “w”.
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Figure 10.3 (a) Core geometry of the transformer; (b) Model of the transformer including magnetic- and
electrical circuit with ideally balanced leakage inductances.

three-limb laminated core, one primary winding and 15 secondary windings. The secondary windings
are stacked vertically in succession and wound concentrically around the long primary winding on
each of the three legs, they are divided into three groups denoted by A, B and C. Within each of
the three groups, the secondary windings numbered with 1.5 are made up of multiple electrically
isolated sub-windings that are connected in different configurations to get the desired phase shifts.
The basic model can be established as shown in Fig. 10.3b. The three-leg iron core is modeled as
magnetic circuit in an intuitive way, the permeance blocks ¢ jimp represent the three limbs, while
P yoke represent the yokes together with the corners. The permeance values can be calculated using
the formula introduced by [63] with the geometrical parameters of the transformer core (marked in
Fig. 10.3a).

Ac
P limb = Hc . (10.2)
im
A
'@C,yoke = I'IC : h h < d (10‘3)
yoke"’( x +dx)- /4

where [ is the permeability of the core material and A the cross-section area of the core limb and
yoke. These informations are usually directly available, either from the datasheet of the manufacturer
or via measurement of geometry.

The gyrator structure demonstrated in Fig. 10.4 is adopted to represent the windings of the transformer,
which serves as interface between the magnetic- and electrical circuit. The primary winding W,
is modeled as three simple gyrator blocks, which are star-connected in the electrical circuit. Each
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Figure 10.5 Magnetic- and electrical circuit model of the secondary winding (a) with positive phase shift; (b)
with negative phase shift.

secondary winding is composed of six gyrator blocks with interconnection in the electrical circuit,
as depicted in Fig. 10.5, which represent the star- (turns number Nyy) and delta part (turns number
N 5) of the mixed connection. The gyrator representation significantly facilitates the modeling
thanks to the intuitive geometrical relation to the real transformer, without the need of deriving a
complex electrical equivalent. Ngy and N , of all the secondary windings can be counted from the
real transformer directly, which account for different phase-shift angles referring to the primary side,
as has been listed in Tab. 10.2.

Table 10.2 Phase-shift and turns number of the secondary windings
Wsaimicn | Wsazmzc2) | Wsas®scs) | Wsaamaca | Wsasmscs)
Angle +18° +6° -6 -18° -30°
Ny 15 30 30 15 0
Ns,a 40 13 13 40 64

Please note that the winding resistance is series connected in the electrical part of the circuit, for star-
and delta part of the winding. The resistance value Ry, can be approximated as

Ry = peu - ly/Aw (10.4)
where pc, is the resistivity of copper,  is the conductor length of the star- or delta part of the
winding, and Ay, is the conductor cross-section area. L, and Ay, can be directly obtained from the
real transformer.

The magnetic circuit together with the winding components have covered the main magnetic flux path
which is constrained inside the iron core. The interface behavior on the winding terminals is equivalent
to the conventional electrical circuit model using coupled inductors. The leakage flux path however,
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is still missing. In order to introduce the leakage flux path into the circuit, one conventional way is
to connect electrical inductors L, and L in series with the winding terminals, which represent the
leakage inductance of the primary and secondary windings, as shown in Fig. 10.3b. For simplification,
the same inductance value Lg can be assigned to the inductors connected to the secondary windings.
fp and Lg are given using the equations below, as an approximation.

Zp = Lx Test/2 (10.5)

Ls = (Licrest/2) - 15 - (710/6300)? (10.6)

Ly is the equivalent inductance looking into the primary winding, which is measured from the test
scheme with the primary winding supplied and all the secondary windings short-circuit at the same
time. 6300 V and 710 V are the nominal voltage (Tab. 10.1) of the transformer’s primary and secondary
side. Here it is assumed that the leakage flux path of the individual windings are identical and totally
decoupled from each other. This assumption, which is usually made in practice and make the ideal
model rather simple, is however not representative enough of the real transformer. In reality, the
windings are not only linked via the flux path inside the iron core, but also via the leakage flux path
through the air. The strength of the air-path linkage between the windings is strongly influenced by
the relative positioning, this will result in unbalanced leakage inductance looking into the individual
windings. In the following sections of this chapter, this unbalance is demonstrated in experimental
test, and the modeling’s approach covering the unbalance in leakage flux path is introduced.

10.3 Proposed model with unbalanced leakage flux

In the case of phase shift transformer, the model of unbalanced leakage flux path is established by
extending the magnetic circuit of the ideal model with leakage permeances, instead of connecting
identical inductors in the electrical circuit. Similar to the single-phase prototype transformer which
was discussed in Chap. 9, here the primary winding is also distributed over the length of the core
limbs, while the secondary windings are stacked vertically in succession. Recall that the modeling’s
approach proposed by Chap. 9 requires that the secondary windings have repetitive structure, so
that only a few number of permeance values are required to parametrize the leakage flux path.
This requirement is fullfilled in the phase-shift transformer as well. As marked in Fig. 10.2b, one
single phase of each secondary windings is composed of four conductor bundles (in Fig. 10.2a they
are displayed as one solid block), the overall height and radius of the four bundles together are
approximately identical between different secondary windings. In this sense, the modeling of the
phase-shift transformer using permeance-capacitor based magnetic circuit can be carried out in a
similar way as Chap. 9.

To derive the magnetic circuit model, the geometry of the transformer is separated into divisions along
the vertical axis. Fifteen divisions of type 1 have been defined, the position of which are highlighted
in Fig. 10.6a in blue color divided by dashed lines. All of this type of divisions have the same height
equal to hpiyq = 49mm, each one includes one section of the three core limbs, one complete secondary
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Figure 10.6 Divisions of type 1 (a) Position in the transformer; (b) Cross section and permeance magnetic
circuit with the flux path of the core and air.

winding, and one section of the primary winding of three phases. The division contains the secondary
winding Wj 53 is taken out from the transformer geometry as an example, the magnetic circuit of
which shown in Fig. 10.6b is established resembling the physical geometry slice (above the magnetic
circuit in the same figure, view from the top and front). This magnetic circuit inherits the structure
proposed by [25] as an extension into three phase. The three permeance blocks filled with solid color
represent flux path inside the transformer core, the value of which can be calculated as

Pemia = He - Ac/hpiva (10.7)

Compared to the ideal model described in Sec. 10.2, the core permeances & iy, representing the
whole limb in Fig. 10.3b are now distributed into different divisions. Besides the core permeances,
the other permeance blocks &5, Pjong and Fgpynt represent the leakage flux path through the
air, following the definition made in Sec. 9.4. They can be parametrized using only a few number
of experimental tests, which is discussed later. Thanks to the approximately identical geometry,
the magnetic circuit of all 15 divisions can share the same permeance values #¢;, &5, Plong and
Pshunt- One should pay attention that, in comparison to the structure of single phase transformer
presented in Fig. 9.14b, the additional horizontal permeance between the two side limbs stands for
the inter-phase leakage flux coupling, the value is one half of the others, that is 0.5 - Pgunt- The
factor 0.5 is applied due to the fact that the magnetic path length between the two side limbs can
be considered to be twice of the one between the middle- and side limb, and the permeance value is

Figure 10.7 Type 1 division including secondary winding W;,, with shorter primary winding section.
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inversely proportional to the magnetic path length.

Each phase of the primary winding has N}, = 323 turns in total and the overall height is hyy, = 734mm.
The turns number of the primary winding block distributed in each of the type 1 division (except for
the one including W, ) can be approximated as the total number of turns multiplied by the ratio
between the height of division and the height of the whole primary winding.

Np,DiVl = Np : hDiVl/th =21.6 (10_8)

Special attention needs to be paid on the geometrical asymmetries, which was not covered by the
Chap. 9 and is discussed in the following part of this section:

The first kind of asymmetry is the unaligned vertical position of the primary winding with respect
to the secondary windings, which is firstly reflected in the division containing Wy, 4 located on the
very top of all other secondary windings. As shown in Fig. 10.7, the primary winding section in this
division spans from the bottom only up to hywyp op = 32.5mm, which is lower than the total height of
the whole division hpjy1. Following the same idea of equation (10.8), the primary winding component
in this division should be calculated as:

Np,DiVlTop = Np ) thTop/th =143 (10.9)

In this way, Ny piviTop Pecomes lower than N piy1-

Attached to the type 1 division containing the secondary winding Wsc4, one division of type 2 is
defined as highlighted in Fig. 10.8a, where the primary winding is partly out of the vertical range of
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Figure 10.8 Divisions of type 2 (a) Position in the complete transformer; (b) Cross section and permeance
magnetic circuit with the flux path of the core and air.
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the secondary windings. The magnetic circuit of this division is demonstrated in Fig. 10.8b, which
has similar structure as that in Fig. 10.6b, except for the absence of secondary winding. The height
hpivo of this section is selected to be equal to that of the division type 1, so that the permance blocks
representing the core and leakage flux path have the same value as in division type 1. In the real
transformer, the three phases of the primary winding are in star connection and the start point is
located at the bottom, thus the low-side electrical port of the three primary winding components
in this division are connected together. Similar to the type 1 division including Wy, here the
height of the primary winding section hyppot is also significantly lower than the division height
hpivo. Therefore the turns number of the primary winding block in this division should be calculated
proportional to the height as well.

Np,DiVZBot = Np ’ thBot/th =33 (10.10)
The second kind of asymmetry is reflected on the gaps between the windings, which are defined to
comply with dielectric requirements. The windings belonging to the same output phases (A, B or C)
are placed close to each other, with a small gap in between. The windings in output phase “C” are
arranged up-side-down in comparison to phase “A” and “B”, so that W5 and W5 locate directly
next to each other. Since the output terminal of the power cells supplied by Wg5 and W5 are both
connected to the star point of the load, the voltage stress between these two secondary windings is
the same as that inside one output phase, so that the same gap can be applied. In comparison, W5
has to be kept far away from W, due to large voltage stress which can be as high as five times
of the DC-link voltage, therefore larger gap has been inserted between them. In order to capture
the influence of this excessive gap, one extra division of type 3 is defined between W, 5 and Wgp1,
as highlighted in Fig. 10.9b. The height of this extra gap division is equal to hpjy3 = 8mm and the
magnetic circuit model is depicted in Fig. 10.9b. Similar to the division of type 2, the magnetic circuit
of the gap division only contain primary winding blocks. One should pay attention that the height of
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Figure 10.9 Divisions of type 3 (a) Position in the complete transformer; (b) Cross section and permeance

magnetic circuit with the flux path of the core and air.
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this division is not the same as type 1 and 2, so that the permeance values Zc \iiq, &5, Plong and
Psnunt can not be applied here directly. Considering the fact that the leakage permeance value is
also proportional to the cross-section area and inverse proportional to the magnetic path length, Z¢,
Wl’ong and P4t can be approximated as scaling of &g, P|ong and Pgpunt about the geometry.
The vertical permeance values #§ and L@l’ong are “inversely” proportional to the division height,

while &2 .+ is proportional to the division height.

P = P - hpiy1/hpivs (10.11)

‘@fong = Plong * hoivi/hpivs (10.12)

(hpiv1 + hpivs)

(10.13)
2- hDiVl

éhunt =7 shunt *

Please note that &7 ., includes the horizontal leakage flux path of not only the gap but also one half
of the adjacent type 1 divisions. &7 .; instead of Pgpynt should be also applied to the horizontal
leakage permeance block in the type 1 division which is directly below the gap division containing
Weg1. Besides the leakage permeances, the core permeance value & g, in division type 3 can be

easily calculated making use of material and geometry information as

Pecap = He - Aclhpivs (10.14)

Moreover, the turns number of the primary winding block inside this division should be scaled as
well, similar to the treatment in the division type 2.

Np,DiV3 = Np ’ hDiV3/th =35 (10.15)

The modeling of the rest of the transformer is demonstrated in Fig. 10.10, including the core yoke,
the top and bottom part of the limbs. In comparison to the divisions of type 1, since no winding is
present in this part of the transformer and the permeability of the main flux path inside the core
is much more dominant than that of the leakage flux path through the air, the leakage permeances
can be neglected. The permeance values of the core blocks here can be calculated using material
and geometrical information directly, in the similar way as equation (10.7). Between these core
blocks, the divisions of type 1, 2 and 3 are stacked vertically in succession, and connected via the
magnetic- and electrical ports. This yields the complete circuit model of the transformer, where the
electrical terminals of the primary- (with three input phases u, v, w) and the secondary windings can
be connected to external circuit, as Fig. 10.10 demonstrates.
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Figure 10.10 Rest of the transformer geometry outside the winding area (a) Position in the complete trans-
former; (b) Cross section and permeance magnetic circuit with the flux path of the core and air.

Up to this stage, the core permeance and winding resistances have been determined using geometry
and material information explicitly, while the value of the leakage permeances still remain undefined.
There are only three parameters &g, Zjong and Pgpunt needed to characterise the whole leakage flux
path, which are present in the divisions of type 1, 2, 3. As has been discussed in the previous section,
it is difficult to accurately define the geometry of the leakage flux path through the air, therefore a
few short-circuit tests are carried out to identify the three unknown parameters, in which one single
winding is supplied by voltage source and selected other windings are short-circuited. Instead of
enumerating all the supply-short combinations, only five short-circuit test schemes are needed for
the parameter identification which carry sufficient information about coupling between the windings,
as recommended by the Chap. 9.

At first, the equivalent impedance looking into the supplied winding on phase “u” (Fig. 10.10) is
calculated as the peak phase voltage divided by the peak phase current, which is essentially the
modulus of the complex impedance, as listed in Tab. 10.3:

Table 10.3 Test schemes for leakage permeance parameter fitting of the MV phase shift transformer

Supply | Short Fit to

1 W, Wias Ziatest = Vp/lp/(2f)

2| W Weps Zizrest = Vp/lp/(2f)

3 Wsa1 Wsaz | Zk3Test = VsAl/fsAl/(ZFf)
4 Wsa1 Wscr | ZkaTest = VsAl/fsAl/(ZWf)
50 Wy |AUWs | Zisrest = Vp/p/(27f)

After that, the leakage permeance values of the circuit model are fitted to minimize a quadratic
objective function, which is the square-summation of the error between the short-circuit inductances
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from measurement and the one obtained from magnetic circuit simulation of the aforementioned five
short-circuit schemes, given by the equation below:

5

Zki,Test - Zki,Sim
Jobj = Z( 7 )? (10.16)
i=1 ki, Test

In high power MV transformers, inductive part in the measured short-circuit impedance is usually
dominant over the resistive part, due to the less magnetic coupling as a result of the large spacing
between windings, which is the case in the phase-shift transformer studied in this chapter. Therefore
the amplitude of the impedance can be directly taken for parameter fitting, without extracting out the
inductive component, which is different than the case of low voltage prototype transformer discussed
in Chap. 9. Commonly used gradient based- or evolutionary fitting algorithms can be applied to
find out the leakage permeance values, iteratively. Generally the fitting process can be carried out
in a way demonstrated in Fig. 10.11. On one side, after receiving the leakage permeance values
Ps, Prongs Pshunt provided by the fitting algorithm before each objective function evaluation,
five magnetic circuit models of the transformer which are configured complying to each of the
five test schemes specified by Tab. 10.3 are simulated in time-domain, one after each other. The
simulated time-domain waveforms of winding voltage and current are converted into amplitude,
so as to calculate the equivalent impedance values and yields the output of the objective function
defined by equation (10.16). On the other side, the fitting algorithm retrieves the output of objective
function from the last evaluation, adjusts the &, P ong, Pshunt values and brings them into the
next objective function evaluation.

Initial values need to be assigned in order to make the algorithm better converge, which for the
phase-shift transformer can be calculated as below. In certain circumstances the fitting algorithm
may have difficulty in convergence if P pg0 is exactly equal to zero, instead a small value of e.g.
1077 can be chosen.

Ho(2rwp)dps
Py = h—-p (10.17)
Divi
Plongo = 0 (10.18)
Ho(2rwp)hpivi
Pshunto = —dp = (10.19)
SsC

The geometrical parameters ryyp, dps and dsc have been defined in Fig. 10.6b. Despite of the repetitive
structure, thanks to which the whole leakage flux path can be characterized by only three permeance
values, strong unbalance of short-circuit impedances will still take place, which will be discussed in
the following sections.
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Figure 10.11 Generalized fitting process of the leakage permeance values, where the magnetic circuit model
is simulated to for calculating the output of the objective function for the fitting algorithm.

10.4 Experimental verification with short circuit test

For verification of the proposed modeling’s approach, the aforementioned MV phase-shift transformer
was experimentally measured. In order to carry out the five short-circuit schemes for model parameter
identification and further schemes for validation, a test setup is established as shown in Fig. 10.12a,
which is composed of the following functional units:

« Connection to the 50 Hz power grid with 400V line-to-line RMS voltage
« A variac to generate adjustable sinusoidal voltage source
« Two power analyzers to measure the winding voltage and current

After the five impedance values listed in Tab. 10.3 have been obtained, the magnetic circuit models
with the structure described in the last section is built up in the system-level simulation software
PLECS (Blockset version) in combination with MATLAB/Simulink. Sinusoidal voltage sources are
connected to the winding terminals to emulate the variac output in the test setup. Prior to leakage
parameter identification, the permeances representing the iron core have been parametrized directly
from geometry and material characteristic. Since the transformer is designed to operate far away from
saturation, so that the nonlinearity of the core material has little affect on the measured short-circuit
inductances, constant permeability has been assigned to the core permeances. The circuit model
which is configured complying to test scheme 1 with the source applied to the primary winding W),
and secondary winding W, shorted is demonstrated in Fig. 10.12b, while the ones for the other
four test schemes are established in a similar way.
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Figure 10.12 (a) Short-circuit test setup for the phase-shift transformer, with voltage and current on the
supplied winding measured; (b) Magnetic circuit model in PLECS for parameter fitting and verification (test
scheme with primary winding supplied and secondary winding W, shorted).

For parameter identification, the “fminsearch” fitting algorithm provided by MATLAB (referred as
unconstrained nonlinear optimization) is adopted. The setup of the fitting algorithm including writing
the customised objective function is carried out in a similar way as has been discussed in Sec. 9.2.
The initial permeance values calculated using equations (10.17) till (10.19) and the ones obtained after
parameter fitting using “fminsearch” algorithm are compared in Tab. 10.4.

Table 10.4 Leakage permeance values fitted to the measurements for the phase shift transformer [H]

ys gzlong f-@shunt
Initial value | 490-107° | 100-107° | 101-107°
After fitting | 1156-107° | 111-107° | 146 - 107°

In the first group of verification schemes, the source is connected to the primary winding, meanwhile
one single secondary winding is shorted. The short-circuit impedances looking into the primary
winding with different secondary windings shorted are compared between measurement and magnetic
circuit model in Fig. 10.13. Although all the secondary windings have approximately the same
geometrical dimension and parameterized by repetitive permeance network, the resulted short-circuit
impedances however, are unbalanced, due to difference in vertical position with respect to the primary
winding. The U-shape curve reveals the fact that the more centralized the secondary winding is
located with respect to the primary winding, the stronger is the coupling and thus the lower the
short-circuit inductance will be, which has proved the analysis made in the Sec. 9.4. This U-shape
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Figure 10.13 Short circuit impedances with W}, supplied and different single W; shorted.

curve of short-circuit impedance can be considered to be the reciprocal of the flux curve in Fig. 9.15b,
or in other words, vertically inversed.

Please note that higher impedance is present with the very top secondary winding W4, shorted than
that with the very bottom W4 shorted, which reflects the effect of the unaligned vertical position of
the primary winding with respect to the secondary windings (demonstrated Fig. 10.7), this effect has
been captured by the model thanks to the turns number adjustment of the primary winding block
and the insertion of a type 2 division in the magnetic circuit, as has been discussed in Sec. 10.3.

The short-circuit impedances in Fig. 10.13 are obtained making use of the current on phase “u” of
the primary winding, in both measurement and simulation. Besides that we have also measured
the currents of the other two phases, and the comparison to simulation result in the case with
Wsa1 and Wggs shorted are presented in Tab. 10.5 and 10.6 (rows denoted by “Simulation with
0.5 Pshunt’)- Between the currents from different phases, only slight unbalance can be observed.
The good match between measurement and simulation indicates that the inter-phase leakage flux
coupling is also well captured, thanks to the permeance 0.5 - P unt inserted between the two side

Table 10.5 Comparison of three-phase primary winding currents, with W, supplied and W, shorted

RMS current LulA]l | Ly [A] | Lw [A]
Measurement 4.0 3.2 3.9
Simulation with 0.5 - Zgunt 4.2 3.1 4.1
Simulation without 0.5 - P, unt 7.0 3.1 6.4

Table 10.6 Comparison of three-phase primary winding currents, with W}, supplied and W3 shorted

RMS current LulA]l | Ly [A] | Lw [A]
Measurement 9.6 8.8 9.2
Simulation with 0.5 - P 0t 10.8 8.7 9.8
Simulation without 0.5 - P, unt 13.9 8.7 11.2
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Figure 10.14 Short circuit impedances with W, supplied and one of the other W shorted.

limbs, as demonstrated in Fig. 9.14b. If the leakage flux coupling between the two side limbs is
neglected in the model by removing the 0.5 - Pspunt permeance, the simulated three-phase currents
become strongly unbalanced, the currents on phase “u” and “w” (on side legs) exhibits significant
error compared to the measurement, as has also been included in Tab. 10.5 and 10.6 (rows denoted
by “Simulation without 0.5 - Pgpunt”)- In the single-phase case discussed in [25], however, since no
winding is present on the side limbs, the permeance 0.5 - Pyt Was not needed.

In the second group of verification schemes, the secondary winding W, on the very top is supplied,
meanwhile another secondary winding is shorted. The resulted impedances looking into W, 4 are
shown in Fig. 10.14 with different other secondary windings shorted. This shape of impedance curve
is also correlated to the analysis made in the Sec. 9.4 that the further the secondary windings are
located from each other, the weaker is the leakage flux coupling in between, which can be regarded
as the vertical mirror of the flux curve presented in Fig. 9.17. From the result comparison one can
see that not only the points used for parameter identification (short Wy, ,, Wygs in Fig. 10.13 and
short Wgpq, Wyeq in Fig. 10.14), but also the impedance values of the other verification points match
well between the proposed magnetic circuit model (built in PLECS/Simulink) and test result. The
maximum error is 16.1% in Fig. 10.13 and 14.7% in Fig. 10.14. If the same short circuit tests are
applied to the ideal model described in Sec. 10.2, the simulated short circuit impedances are constant
23.7Q and 0.59Q for the two verification schemes, which does not match the unbalance measured
from experimental setup.

€ %

Table 10.7 Winding currents on phase “u” (RMS value) with primary winding supplied, two secondary
windings Wy, and Wy, shorted at the same time

Vp [V1 | I [A] | Liaq [A] | s, [A]
PLECS 232 5.12 18.2 26.3
Test 232 4.80 16.3 24.8
Error 6.6% 11.7% 6.0%

In the third group of verification schemes, the primary winding is supplied with other two secondary
windings shorted at the same time. The short-circuit combination together with the short circuit
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%

Table 10.8 Windings currents on phase “u” (RMS value) with primary winding supplied, two secondary
windings Wsa, and Wy, shorted at the same time

Vo [V] | I [A] | Las [A] | Jics [A]
PLECS 76.2 4.88 19.3 20.6
Test 76.2 4.33 17.4 19.9
Error 12.7% 10.9% 3.5%

currents are listed in Tab. 10.7 and Tab. 10.8. Good match between magnetic circuit model and the
measurement is present here as well with maximum error of 12.7 %.

The fourth verification scheme is the same as the fifth test scheme for parameter identification, where
the primary winding is supplied by 133V line-to-line (RMS) voltage and all the secondary windings
are shorted at the same time. Here the current on each of the secondary windings is measured, and
compared between test measurement and simulation in Fig. 10.15. Obvious unbalance is present on

—@— Test —@— Sim

Short circuit current in A
o

A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C5 C4 C3 C2 C1
Shorted secondary winding index

Figure 10.15 Short circuit currents with W}, supplied and all of the W shorted at the same time.
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Figure 10.16 Short circuit currents with W}, supplied and all of the W; shorted at the same time, neglecting
the vertical position misalignment between primary- and secondary windings in the model.
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Chapter 10. Model of leakage flux for 3-phase multi-winding transformer

the secondary winding currents and the simulation model is able to reproduce it with good accuracy,
the maximum error is 15.1%. The influence of the vertically shifted primary winding with respect
to the secondary windings, which has been discussed in the modeling of the type 1 division with
Wsa1 and the type 2 division, can be observed here. This result in significantly reduced current on
Wsa1 and increased current on Wycq, in comparison to the other secondary windings. However, if we
neglect this misalignment in geometry by removing the division type 2 and set the primary winding
turns number of the very top type 1 division to be identical as the others, the current of Wy, and
Wsc1 becomes nearly equal to each other, which result in obvious discrepancy to the measurement, as
demonstrated in Fig. 10.16. Again in the single phase case discussed in Chap. 9, this misalignment
did not exist in the prototype transformer and thus was not included in the model.

Moreover, the extra gap between W, 5 and Wgg is showing its influence on the secondary current
distribution, which boosts the current on W, 5 obviously. This effect has been captured by the model
as well, thanks to the insertion of a gap division (Fig. 10.9) in the magnetic circuit.

10.5 Experimental verification with diode rectifiers

In this section, the fidelity of the proposed transformer model with connection to power electronic
converters is verified. Due to lack of access to a CHB converter power hardware in the original MV
application, the experimental test is conducted in combination with low-voltage (LV) diode rectifiers,
which are designed to support experimental investigations.. Considering the fact that the leakage
fluxes flow through the air, whose magnetic characteristic is linear and independent of the excitation
amplitude, the LV setup should be also able to capture the unbalance in leakage flux coupling that
originally take place in MV operation.

The schematic and hardware configuration of the verification setup is demonstrated in Fig. 10.17:
The primary winding is supplied by 50H z balanced three-phase AC voltage generated by the grid
emulator from Chroma (type 61700), while the secondary windings are connected to 15 identical
three-phase diode rectifiers. Each rectifier is equipped with a 150pF capacitor on the DC side. In order
to observe the influence exclusively from the unbalanced leakage flux coupling and simplify overall
test setup, the DC output terminals of all rectifiers are connected in parallel on one load resistor of
Ripaq = 4.5Q, so that all rectifiers share the same output DC voltage. Due to the dominant leakage
flux path of the secondary windings and line frequency excitation (50Hz), the effect of the stray
inductance and capacitance of the long cables connecting the transformer and the rectifiers can be
neglected.

The line-to-line RMS voltage of the AC source is configured to be 104V, which result in a output
DC voltage of 15V after rectification. The system level simulation model (the magnetic circuit
of the divisions are hidden in encapsulated blocks) shown in Fig. 10.17a has been established in
PLECS/Simulink, which includes the transformer model discussed in the previous section. For the
sake of fast system-level simulation, all the rectifier diodes are modeled as ideal components. The
other parameters of the simulation model (e.g. load resistance) are configured complying with the
test hardware.

«_

In Fig. 10.18a, the AC current (phase “u”) on the secondary windings W4, Wz, and W, from
measurement and simulation are displayed in two separate plots, respectively. Although these three
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Figure 10.17 Verification setup with the primary winding of the transformer supplied by AC source, and
secondary windings feeding 15 diode rectifiers connected to a common resistive load: (a) Schematic and
system-level simulation model; (b) Hardware configuration.

windings have exactly the same turns number configuration and the DC voltage for their rectifiers
are also identical, the measured AC current on Wg,, however, has significantly higher amplitude
than that on W,,; and W, (blue curves). This unbalance can be ascribed to the nonidentical leakage
flux coupling to the primary winding, as the consequence of the different vertical position of these
windings, as shown in Fig. 10.18b. This unbalance has been well captured by the simulation model
(red-orange curves), thanks to the proposed approaching in representing the leakage flux path. A finer
comparison between measurement and simulation has been made in Fig. 10.19a for the AC currents
on Wy,q, Wigq and W4, respectively, where the simulation result exhibits only slight discrepancy
to the measurement. The maximum error of the RMS value is 8% on Wyr;.

If the part of transformer model is replaced by the one with ideally balanced secondary leakage
inductance introduced in Sec. 10.2, the current waveforms on W,,,, Wp; and W~ becomes exactly
the same, as shown in Fig. 10.19b. Without taking into account the unbalanced leakage flux coupling,
the simulated current waveforms from the ideal model exhibits significant discrepancy on both
amplitude and phase, in comparison to the measurement. The maximum error of the RMS value turns
out to be 26.8% on the very-top secondary winding Wj;.

Different from the secondary windings W,,;, W g, and Wy, the vertical positions of W5, Wigs
and W5 (same turns number configuration) are closer to each other (Fig. 10.20b) on the transformer
core, which makes the AC currents better balanced among these three windings, as the measurement
result in Fig. 10.20a illustrates. This reduced unbalance can be observed in the simulation result
as well. As has been compared in Fig. 10.21, the simulation model is still able to reproduces the
measurement with good accuracy.
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Figure 10.18 (a) Measured and simulated rectifier AC currents on W,,;, W, and W, (phase “u”); (b)
Position of the secondary windings W, ,;, Wz, and W+, on the transformer core.
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Figure 10.19 Comparison between measured and simulated currents on W,,;, W,g; and W, (phase “u”

(a) using proposed model with unbalanced leakage flux coupling; (b) using ideally balanced leakage inductance

model.

Finally, the comparison of the AC currents’ RMS value on all the secondary windings are presented in
Fig. 10.22, strong unbalance can be observed. Please note that if the DC outputs of the rectifiers are
isolated from each other, as is the case in the CHB converters, the unbalance present in the rectifier
AC current of individual secondary windings will directly lead to unbalanced ripple current on the
individual DC-link capacitors, as will be discussed in the next section. Since ripple current is directly
related to the lifetime of the capacitors[84], this unbalance will make some of the capacitors age faster
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Figure 10.20 (a) Measured and simulated rectifier AC currents on W,,5, W,gs and W5 (phase “u”), where
the currents on W5 and W5 nearly overlap with each other; (b) Position of the secondary windings W45,
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than the other and thus potentially add up to the difficulty in arranging a maintenance plan.
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Chapter 10. Model of leakage flux for 3-phase multi-winding transformer

10.6 Performance in system level simulation

After the magnetic circuit model of the transformer has been verified by the short circuit test results
and that with diode rectifier connection, further evaluations are carried out in system level simulation
environment under MV excitation. Comparison is made between the simulated performance with
balanced and the identified unbalanced leakage parameters.

In the first evaluation scheme, the primary winding is supplied by three-phase 50Hz sinusoidal voltage
source which emulates the MV grid connection. The line-to-line RMS voltage is equal to 6.3 kV and the
grid internal impedance is neglected. All secondary windings are connected to identical full-bridge
diode rectifiers. The output of the diode rectifiers are connected to constant DC voltage sources, the
voltage of which are all equally configured to 970V, the ratio between DC voltage and the primary
AC voltage is the same as that of the LV experimental verification setup in the last section. Apart
from the connection of the hardware test presented in the previous Sec. 10.5, the DC outputs of the
rectifiers here are isolated from each other, so that the ripple current of individual DC source can be
accessed. The system level simulation model including the transformer is shown in Fig. 10.23.

In order to explore the influence from the unbalanced leakage flux path, the transformer model with
ideally balanced leakage inductances described in Sec. 10.2 is also connected to diode rectifiers in the
same way as Fig. 10.23, for further comparison.

In the upper plots of Fig. 10.24a and Fig. 10.24b, the simulated AC current I,. of phase “u” (as has
been denoted in Fig. 10.23) on the secondary windings W41, Wi g, and W, from unideal- and ideal
model are compared with each other. In the unideal model, although these three windings have totally
the same phase-shift configuration and the same winding geometry, due to the different position
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Figure 10.23 System-level simulation model with MV grid as input and diode rectifiers connected to constant
DC voltage sources as output.
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Figure 10.24 Simulated time domain waveform of the rectifier side AC current (phase “u”) and DC ripple
current on the secondary windings W, ,,, W, and W, with diode rectifier connected to constant voltage
sources, from the model (a) with unideal leakage flux path; (b) with idealized leakage inductances.
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Figure 10.25 Simulated RMS value of the rectifier side DC ripple current on all the secondary windings, with
diode rectifier connected to constant voltage sources, from the model (a) with unideal leakage flux path; (b)
with idealized leakage inductances.

on the transformer core however, obvious difference can be observed between their AC currents
in Fig. 10.24a. It is also to be noted that the shape of the AC side current present in Fig. 10.24a is
essentially a linear scaling of that in Fig. 10.18a from the last section, due to the fact that the AC
input- and DC output voltage of the MV simulation are scaled up with the same factor from that of the
LV experimental setup. After rectification, the ripple currents I, (with the DC component removed
from the DC source current) on the DC side also exhibit noticeable unbalance, as shown in the lower
plots from Fig. 10.24a. Since the short-circuit impedance from primary winding to the secondary
winding Wg, is smaller than that to W, or W4, as has been demonstrated in Fig. 10.13, the DC
ripple component on W, is higher. In comparison, the simulated current from the ideal model
nearly overlap with each other, due to the identical series inductance values L, which is not the case
with real transformer.
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Figure 10.26 System-level simulation model with MV grid as input and complete power cells driving three-
phase RL load.

Further in Fig. 10.25 the RMS value of the DC side ripple current on all the secondary windings are
compared between the unideal- and ideal model, and significant unbalance is present in the result of
unideal model. The ratio between the highest- and lowest RMS ripple current in the ideal model is
1.24, while in the unideal model it is 1.91.

In the second evaluation scheme, the complete power cells including the diode rectifier, DC-link
capacitor and H-bridge IGBT inverter are connected to the secondary windings. The DC link capacitors
are configured to be 3mF. The H-bridges are cascaded in the output phases to drive a three-phase
R-L load with resistance Ry, 4 = 30Q2 and inductance L;,,; = 10mH. The complete simulation model
with the transformer model including unbalanced leakage flux path is demonstrated in Fig. 10.26.
The model with idealized leakage inductances is reconfigured in the same way. The H-bridges are
controlled in a open-loop way using interleaved carrier PWM modulation of switching frequency
500H z and peak modulation index equal to 1. The simulated primary winding current I,, multi-level
inverter output voltage V,,, and output current I ,,, from the unideal- and ideal model are shown in
Fig. 10.27a and Fig. 10.27b, respectively. Thanks to the phase-shifted winding configuration, the
primary winding currents flowing out of the MV-grid become approximately ideal sinusoidal wave.
Slightly higher harmonic component can be observed on the simulated result from the unideal model,
as a result of the unbalanced leakage flux paths.

On the inverter output side, the voltage and current waveforms are almost the same between the
unideal- and ideal models, due to the fact that the DC-link capacitors have decoupled the voltage
source inverter from the transformer unbalance. However on the diode rectifier side of the DC-link
capacitors, the simulated ripple current of secondary windings Wy, Wg; and W, from the unideal
model shown in Fig. 10.28a exhibits even stronger unbalance, in comparison to Fig. 10.24a. If

160



10.6. Performance in system level simulation

200 Primary winding current [A] 200 Primary winding current [A]
150 150
100 100+
50 50+
@i o @i o
-50 50
-100 -100
150 150
;gg Inverter output voltage [V] (;Zgz Inverter output voltage [V]

4000

2000 |

200 Inverter output current [A] 200 Inverter output current [A]

150 150
100 100
50 50
(iii) o (iil) oy
-50 -50-
-100 -100
150 -150

=200 145 150 155 160 165 170 175 180 185 190 195 xle-1 _20%.14 015 0.16 017 018 019 0.20

(a) (b)

Figure 10.27 Simulated time domain waveform of the primary current, inverter output voltage and inverter
output current from the model using complete power cells (a) with unideal leakage flux path; (b) with idealized
leakage inductances.
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Figure 10.28 Simulated time domain waveform of the rectifier side DC ripple current on the secondary
windings W, Wi, and Wi, from the model using complete power cells (a) with unideal leakage flux path;
(b) with idealized leakage inductances.

the RMS ripple current of all the secondary windings are compared together in Fig. 10.29a, the
ratio between the highest- and lowest value becomes 2.7, which is significantly higher than that in
Fig. 10.25a. The increased unbalance on rectifier side ripple current can be ascribed to the ripple
voltage on the DC-link capacitors (Fig. 10.30a), which is not present in the first evaluation case. On
the ideal model, however, the ripple currents on the rectifier side are still well balanced as shown in
Fig. 10.28b and Fig. 10.29b.

From the result of unideal model, the current on the secondary windings are significantly different
from each other, which makes the rectifier diodes unequally loaded. Besides that, the unbalance
on the DC side ripple current lead to different stress on the DC-link capacitors. Making use of the
simulation result from the proposed transformer model, one would be able to better predict the stress
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Figure 10.29 Simulated RMS value of the rectifier side DC ripple current on all the secondary windings from
the model using complete power cells (a) with unideal leakage flux path (b) with idealized leakage inductances.
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Figure 10.30 Simulated time domain waveform of the DC link capacitor voltage of the power cells on the
secondary windings W,,;, W, and W, from the model using complete power cells (a) with unideal leakage
flux path; (b) with idealized leakage inductances.

on switching devices and passive components, or improve the modulation strategy on the inverter
side to compensate the unbalance. This however, can not be achieved using the ideal model with
balanced leakage inductances.

10.7 Summary

This chapter has demonstrated the modeling of phase-shift transformer in MV power converter
application using permeance-capacitance based magnetic circuit. The proposed model has the potential
to reproduce circuit issues related to the unbalance in leakage flux coupling when integrated into
system-level simulation combined with power converters. Via making use of information about the
repetitive and symmetrical geometry, the parameters of the leakage flux path can be obtained from
only a few experimental tests. The result from the proposed model shows good match to the hardware
test, under a plenty of short-circuit schemes. In comparison to the conventional model with ideally
balanced leakage inductance, the proposed model is able to reproduce effects that arise from the
unbalanced leakage flux path. The simulation result may potentially help with component selection
and developing the control algorithm of the whole converter system.
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Summary and future works

The contributions of this thesis are summarized in this chapter regarding the proposed models for core
material characteristic and leakage flux coupling. An outlook of the future work is also provided for the
possible directions of improvement and extension to the proposed models.

11.1  Summary and contributions

In this thesis, the models of magnetic components which can be seamlessly integrated into system-
level circuit simulation are developed. Taking the permeance-capacitance based magnetic circuit
as fundamental platform, the magnetic components can be represented in a intuitive way. Mag-
netic phenomena together with their interaction to the electrical circuit are reflected in the circuit
simulation with sufficient insight on the physics. Using the proposed model, the performance of
power converter systems can be better evaluated taking into account the non-ideal behavior of the
magnetic components. Also the magnetic components design can be optimized with the impact from
the external circuit considered.

The model of the frequency-independent core loss arising from static hysteresis effect has been pro-
posed in Chap. 4 ~ Chap. 6. The classical Preisach model was taken as a starting point. According to
the experimental results, different materials exhibit significantly different shape of B— H characteristic,
which can hardly be covered by the generalized form of the classical Preisach model. To accommodate
the B - H characteristic of different materials, the logistic distribution function has been used for the
model of ferrite materials in Chap. 4, product Preisach model for the silicon steel material in Chap. 5,
while an explicit representation using the ascending branch of a limiting loop for amorphous- and
nanocrystalline alloy. Combining these variations of Preisach model with a reversible component,
the static hysteresis loops of popular core materials can be reproduced with good accuracy, which is
valid in a wide range of excitation amplitude. Not only the loss-related loop-area is well captured, but
also the equivalent permeability which governs the coupling between the magnetic component and
the external circuit.

With increasing excitation frequency, the frequency-dependent core loss contributes considerable part
to the overall power loss of the magnetic components. In Chap. 7, the model extension for relaxation
effect of ferrite materials has been presented. Experimental measurements demonstrated that the
hysteresis loop area of ferrite material varies significantly, if the zero-voltage period is present in the
symmetrical PWM excitation or the duty cycle of asymmetrical PWM is far away from 50 %. This
phenomenon can be ascribed to the relaxation effect which has been well captured by the proposed
model. In Chap. 8, the model of another important loss-related mechanism, eddy current effect
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which arises from the material conductivity, is presented for metal based core materials. The proposed
models for relaxation effect and eddy current effect combined the static hysteresis model, so that both
frequency independent and dependent core losses are present in the simulation circuit, and can be
separately evaluated.

The core loss models for certain core material can be easily extended to other core geometries other
than the toroidal core used for parametrization. For the parameter identification and the fidelity
verification of the proposed core loss models, experimental measurements were carried out using the
multi-functional test setup constructed during this thesis, whose functionalities and operating modes
have been described in Chap. 3. The test setup is able to emulate operating conditions including
continuous sinusoidal and various PWM excitations that magnetic components experience in real
power converter systems.

Beside the characteristic of the magnetic core, the leakage flux path coupling also significantly influ-
ence the dynamic behavior of the magnetic components, especially the ones with complex structure.
Certain unbalance has been observed by industry partners in the commercial power converter systems,
which can be ascribed to the unbalance leakage flux coupling between the transformer windings. In
Chap. 9 and Chap. 10, the models of leakage flux coupling in multi-winding structures have been
presented, which intuitively represented the leakage flux paths. The unbalances can be captured by
the proposed model, whose fidelity is verified with experimental measurements on a single-phase
transformer prototype and a three-phase transformer from commercial medium voltage drive system.
The proposed model can be expanded to more complex structures, in order to support the power
converter designers in modifying the transformer and control engineers in improving the control
algorithm, to compensate the negative influence of the unbalance.

11.2 Overall contributions

Magnetic components exhibits nonlinearities when operating in power converter systems. The
behavior is significantly influenced by the design specifications, including core material, core geometry
and winding placements. In this thesis, the permeance-capacitance based magnetic circuit has been
proved to be a versatile platform in modeling magnetic components, to which the design specifications
can be conveniently integrated. If the models are properly elaborated for the magnetic phenomena,
the non-idealities of magnetic components can be intuitively captured and reflected in the circuit
model during time domain simulation. The output of the simulations may help the power converter
designers optimize the magnetic components or improve the rest part of the system in terms of
component selection and control design. Since optimization methods are not the scope of this thesis,
only a simplified workflow is illustrated in Fig. 11.1 and described below, where the model for the
frequency dependent core loss proposed in Chap. 7 is take as an example:

« (1) At a first step, the required material characteristic under low frequency sinusoidal and high
frequency PWM excitation is obtained using a toroidal core sample.

« (2) Secondly, the permeance model is parametrized following the procedure introduced in
Sec. 7.3.

+ (3) The iterative optimization of the magnetic component can be started. In each iteration, a
different core geometry and turns number of the windings are chosen.
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Figure 11.1  Work flow using the proposed model to optimize magnetic component design

+ (4) The permeance block is integrated into the circuit simulation environment of the target
power converter system and scaled by the core geometry, according to the description in
Sec. 7.4.5. Also, the winding components are configured with the desired turns numbers. The
circuit model is simulated in the time domain and the core loss power is obtained.

« (5) Taking the simulated core loss power and the volume of the selected core in the current
iteration, an objective function as trade-off between power loss and volume can be optimized.

« (6) The output of the objective function indicates the direction to change the core geometry
and winding turns number. Afterwards the new core geometry and winding turns number are
applied to the circuit model in the next iteration.

11.3 Future works

This work has significantly extended the model of magnetic components using permeance-capacitance
based magnetic circuit, in the direction of core loss and leakage flux paths. The magnetic phenomenon
can be reflected in the time-domain simulation with full coupling to the electrical circuit. Considerable
potential of improvement exists, while the work to be carried out in the near future are listed in
below:
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11.3.1  Improvement of the static hysteresis model with DC bias

In some popular power converter topologies, the magnetic components undertake DC-bias on the
B - H plane, in both field strength H and flux density B. In Chap. 4 ~Chap. 6, the models are
parametrized using symmetrical hysteresis loops from experimental measurements. Although the
physics-based property of the Preisach model ensures that the minor hysteresis loops with slight
DC-bias can be captured with good accuracy, the ones with large DC-bias however, may exhibit
significantly discrepancy. To guarantee the accuracy in both symmetrical and biased operating
conditions, the proposed static hysteresis models developed in this thesis need to be extended. New
parametrization procedure is required to explicitly fit the model to the biased hysteresis loops, if
experimental measurements are available.

11.3.2 Improvement of core loss model in high frequency operation

As the switching devices based on silicon carbide and gallium nitride becoming mature regarding
reliability and cost for mass production, the switching frequency of power converters is continuously
increasing nowadays. For certain low power applications, hundreds of kHz is becoming the main trend
and the MHz area is under exploration. Due to the limitation of the test setup established regarding
switching speed, excitation voltage and measurement accuracy, the core loss models proposed in
this thesis have only been verified under 50 kHz frequency. For higher excitation frequencies above
100 kHz, even the low conductive ferrite materials may exhibits observable eddy current effect, which
significantly contributes to the overall power loss together with the relaxation effect. The proposed
model in Chap. 7 is supposed to be extended to cover eddy current loss as well. New parametrization
procedure has to be proposed with improved characterization setup.

11.3.3 Winding loss model

The winding losses contributes considerable part to the power loss of the magnetic components,
especially with high switching frequencies, where skin effect and proximity effect take place. Skin
effect and proximity effect are essentially resulted from the interaction between the electrical current
and magnetic field across the winding wires. This could also be potentially represented by the
permeance-capacitance based magnetic circuit. Moreover, as has been observed in practice, the
presence of air gaps in the magnetic core add up to the winding loss, depending on the way how the
windings are installed. To capture these effects, the magnetic circuit representing the core and that
covering the winding losses need to be coupled.
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Code of the classical Preisach model

The code for computing the instantaneous permeability of the classical Preisach model, which is
written within the C-Script block "Preisach dB/dH” from Fig. 7.5b, is listed in below. The code is

» % 5 %

divided into different functional blocks, namely "Code declaration”, "Starting function code”, "Output
function code” and "Update function code”. Detailed description about how these functional blocks
are invoked during simulation can be found in the manual of the simulation software PLECS [88]
from page 183.

/****************************************************************************************/
/*Code declarationx/

#include <stdlib.h>

#include <math.h>

// Data structure defining the historical turning points
typedef struct
{
double extremity; // Turning points in history
int direction; // Direction before turning
} hysteron_t;
static hysteron_t *mHysteronBuffer = NULL; // Stack storage
static int buflen; // Stack size
static long mHysteronIdx = @; // Actual number of data in the stack
static hysteron_t mHysteronTemp; // Actual operating point

// Zero crossing signals
static double zc_signal[2]; // Actual simulation step
static double zc_signal_pre[2]; // Record of the previous simulation step

// Preisach model parameters
static double mHO = 0;
static double mSigma = 0;
static double mK = 0;

// Actual permeability
static double dBdH;

// Distribution function of the Preisach model
static double PDF(double aH@, double aSigma, double aK, double aH)

{
double pdf;
double x = (aH - aH@)=*aSigma;
pdf = exp(-x)/pow(l + exp(-x), 2)*akK;
return pdf;
¥

// Cumulative distribution function of the Preisach model
static double CDF_N(double aH@, double aSigma, double aK, double aH)
{

double cdf;

double x = (-aH - aH@)*aSigma;
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Appendix A. Code of the classical Preisach model

cdf = -1/(1 + exp(-x))*aK/aSigma;
return cdf;

3

// Function calculating permeability

static double Permeability(double aH®, double aSigma, double aK, double aHPeak, int aVirgin,

double aH)
{
if (aVirgin)
{
return 2*PDF (aH@, aSigma, aK, aH)x( CDF_N(aH@, aSigma, aK, aH) - CDF_N(aH@, aSigma,
, —aH) )
3
else
{
return 2*PDF (aH@, aSigma, aK, aH)x( CDF_N(aH@, aSigma, aK, aH) - CDF_N(aH@, aSigma,
, aHPeak) );
3
3

/****************************************************************************************/

/****************************************************************************************/
/*Start function codex/

// Import external model parameters

mHO = ParamRealData(0,0);

mSigma = ParamRealData(1,0);

mK = ParamRealData(2,0);

// Allocate memory for the stack storage
mHysteronBuffer = (hysteron_tx) malloc(buflenxsizeof (hysteron_t));

// Initialize the first element in the stack
mHysteronBuffer[mHysteronIdx].extremity = 0.;
mHysteronBuffer[mHysteronIdx].direction = 0;
/****************************************************************************************/

/****************************************************************************************/
/*0utput Function=/

// Assign actual operating point

mHysteronTemp = mHysteronBuffer[mHysteronIdx];

// Detect direction of movement

if (mHysteronTemp.direction == @)

¢ if (Input(@) > mHysteronTemp.extremity)
¢ mHysteronTemp.direction = +1;
if (Input (@) < mHysteronTemp.extremity)
¢ mHysteronTemp.direction = -1;
3

}

// Calculate instantaneous permeability
if (mHysteronTemp.direction > @) // Positive direction
{
if (mHysteronIdx > @)
{
dBdH = Permeability(mHO, mSigma, mK, mHysteronBuffer[mHysteronIdx-1].extremity, 0,
Input(Q));
}
else // Virgin curve

{
dBdH = Permeability(mH@, mSigma, mK, @., 1, Input(Q));
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}

3
else // Negative direction
{
if (mHysteronIdx > 0)
{
dBdH = Permeability(mHO, mSigma, mK, -mHysteronBuffer[mHysteronIdx-1].extremity, @, -
Input (0));
}
else // Virgin curve
{
dBdH = Permeability(mHOQ, mSigma, mK, @., 1, -Input(Q));
3
3

mHysteronTemp.extremity = Input(@); // Update the actual field strength

// Output the instaneous permeability
Output (@) = dBdH;

// Update zero crossing signal and activate zero crossing detection

zc_signal[@] = mHysteronBuffer[mHysteronIdx -2].extremity - Input(9Q);

zc_signal[1] = Input(1l);

ZCSignal (@) = zc_signal[0];

ZCSignal (1) = zc_signal[1l];
/****************************************************************************************/

/****************************************************************************************/
/*Update function codex*/

// If a historical turning point is crosses twice,

// the latest two element in the stack are erased.
if(mHysteronBuffer[mHysteronIdx].direction > )

{
while (mHysteronIdx >= 2 && Input(@) >= mHysteronBuffer[mHysteronIdx-2].extremity)
{
mHysteronIdx -= 2;
}
3
else if (mHysteronBuffer[mHysteronIdx].direction < @)
{
while (mHysteronIdx >= 2 && Input(@) <= mHysteronBuffer[mHysteronIdx-2].extremity)
{
mHysteronIdx -= 2;
}
3

// Update the actual element in the stack
mHysteronBuffer[mHysteronIdx] = mHysteronTemp;

// New turning point is pushed into the stack,
// if the excitation changes direction.

if ((zc_signal_pre[1] > @ && zc_signall[l] <= @) || (zc_signal_pre[l] < @ && zc_signal[l] >=
2))
{
(mHysteronIdx)++;
mHysteronBuffer[mHysteronIdx].extremity = mHysteronBuffer[mHysteronIdx-1].extremity;
mHysteronBuffer[mHysteronIdx].direction = -mHysteronBuffer[mHysteronIdx-1].direction;

}

// Save the zero crossing signal
zc_signal_pre[@] = zc_signall[0];
zc_signal_pre[1] = zc_signal[1l];
/****************************************************************************************/
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