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Abstract

The efficiency of electrical machines is of major concern due to their widespread usage and
the globally increasing awareness of energy consumption issues. Iron losses have a significant
impact on the total and thus researchers and manufacturers of electrical machines are devel-
oping different strategies in order to reduce them. The iron losses are highly dependent on the
magnetic material that is used and thus it is necessary to identify its relevant characteristics.

In this work, the development of a control system for inducing a pure sinusoidal magnetic
flux density in the magnetic material is described. This is necessary in order to perform
characterisation of the magnetic material. The main difficulty is the highly non-linear and
hysteretic relationship between the magnetic field strength and the magnetic flux density. In
order to mitigate the effect of the hysteresis, a mathematical inverse model was used in the
control system. To find a suitable model, an extensive study of literature was performed and
discussed in this work. The Preisach model and its dynamic extension was chosen as the
most suitable approach. A detailed description of both theory and implementation details is
provided in this work. Furthermore, the model is validated by comparing simulation against
measurement data for two different materials.

In the last part of this work, the inverse model is combined with a controller to form a feed-
back control system. Two different control schemes are investigated: a simpler PI controller
and a more elaborate disturbance observer (DOB) based control scheme. The DOB is used
to observe the hysteresis inversion error and the observation is used to correct for the error.
The controller’s ability to produce a pure sinusoidal magnetic flux density was assessed by
simulations with different magnetic materials at varying frequencies.

Keywords: Characterisation, Magnetic material, Sinusoidal excitation, Hysteresis, Model-
ing, Dynamic Preisach model, Disturbance observer control.
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Sammanfattning

Verkningsgraden för elmotorer är av ökande intresse p̊a grund av deras omfattande användning
och växande oro för globala energiförbrukningsfr̊agor. Järnförluster har ett stort inflytande
i de totala förlusterna och är därför ett viktigt omr̊ade för forskare och tillverkare av elek-
triska motorer. Järnförlusterna beror till stor del av det magnetiska materialet som används i
konstruktion av elmotorer och det är därför nödvändigt att identifiera materialets egenskaper.

I det här arbetet beskrivs utvecklingen av ett reglersystem för att inducera en ren si-
nusformat magnetisk flödestäthet i ett magnetiskt material. Detta är nödvändigt för att
kunna bestämma det magnetiska materialets egenskaper under kontrollerade förh̊allanden.
Huvudsv̊arigheten är det icke-linjära sambandet mellan magnetiska fältstyrkan och flödes-
tätheten. Sambandet formar en hysteres och för att eliminera dess inflytande användes en
matematisk invers model. För att hitta en lämplig model genomfördes en literaturstudie och
Preisach modellen och dess dynamiska utökning valdes. I detta arbete finns en detaljerad
beskrivning av b̊ade teorin bakom modellen och dess implementering. Modellen utvärderades
genom att jämföra mätvärden med simulationsresultat för olika magnetiska material.

I sista delen av detta arbete kombineras inversmodellen med ett reglerssystem för att kunna
uppn̊a en sinusformat flödestäthet i det magnetiska materialet. Tv̊a olika regleralgoritmer
utvärderas, en enklare PI-regulator och en regulator som inkluderar en s̊a kallat ”Distur-
bance Observer” (DOB). DOB:n användes för att observera felet som uppst̊ar vid invertering
av hysteresen och för att korrigera felet. De b̊ada regulatorernas förm̊aga att återskapa en ren
sinusformat magnetisk flödestäthet testas genom att genomföra simulationer för olika mag-
netiska material vid varierande frekvenser.

Sökord: Karakterisering, Magnetiska material, Sinusformad excitation , Hysteres, Modeller-
ing, Dynamiska Preisach modellen, ”Disturbance observer” baserad reglering.
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1 Introduction

1.1 Background

In recent years, the efficiency of electrical machines is of increasing interest due their widespread
usage and world wide energy consumption issues. Regulations such as [1] are issued by gov-
ernments around the world in order to reduce the total amount of electric energy that is
consumed. This encourages manufacturers and researchers within the area to invest in the
development of more efficient electrical machines. The efficiency is influenced by several fac-
tors, amongst which iron losses have a significant impact on the total losses [2]. Iron losses
are are highly depended on the type of magnetic material that is used and thus identifying
the relevant characteristics becomes an import task in constructing more efficient electrical
machines.

Figure 1.1: Left: Electrical motor in industrial pump appliance at Scania, Södertälje; Right:
Ring specimen used for characterisation of magnetic material at the KTH E2C
lab.

The characterisation of magnetic materials is standardised in the International Electrotech-
nical Commission (IEC) ’s document [3] and relies on generating a sinusoidal magnetic flux
density, B in the material. This is accomplished by sending an electric current through an
excitation coil, resulting in a magnetizing flux density through the material which is mea-
sured in order to determine the materials properties. The relationship between the magnetic
flux density and the field strength in the material is highly non-linear and exhibits complex
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1 Introduction

hysteretic behavior. Thus, a sinusoidal current through the excitation coil will not result
in sinusoidal flux density and a control system is needed. Possible solutions are the use of
a feed forward (open-loop) controller that incorporates an inverse model of the hysteresis, a
feedback control system specifically designed for the task, or a combination of both techniques.

In order to design a controller that uses the principal of hysteresis inversion, a mathemat-
ical model of the hysteresis is needed. This topic has been addressed by researchers around
the world, who have created a plethora of models with applications in varying areas and with
different characteristics. The models properties vary significantly with regard to, for instance,
complexity, number of model parameters, ease of determining the model parameters and ex-
istence of analytic inverse.

Before the start of this thesis, researchers at the Royal Institute of Technology (KTH)
Electrical Energy Conversion (E2C) laboratory had developed a feedback control system for
inducing a sinusoidal flux density in a magnetic material. The system relied on adaptive
closed-loop feedback control and did not use a hysteresis model. Although the system was
successfully used during an extended period of time, it had some issues in regard to stability,
especially for materials with high magnetic permeability.

1.2 Objective of the thesis

The main goal of this thesis is the design of a control system that can be used to induce a
pure sinusoidal magnetic flux density in a variety of magnetic materials. The system should
improve upon the existing system at the KTH E2C laboratory and eliminate existing draw-
backs as far as possible. To achieve this, the effect of the hysteresis non-linearity is to be
mitigated.

The first sub-goal is to get an understanding of the underlying physical phenomena and a
deep understanding of the magnetic measurement process. With this knowledge, the existing
system at the E2C laboratory can be examined and tested. In order to improve upon the
existing system, one goal is to introduce a mathematical model for the hysteresis. This is a
major challenge in this work and a study of different models advantages and disadvantages
that are available in journals and literature is performed. In order to make this possible,
criteria for comparing the models are defined. The hysteresis model that is selected should
be suitable for all magnetic materials and it should work for a range of different excitation
frequencies.

The final challenge is to combine the hysteresis model with a control system that can induce
a pure sinusoidal magnetic flux density waveform in the magnetic material. Many different
automatic control techniques are available and here again it is important to compare and
analyze a variety of them. Furthermore, it is important to test the controllers and assess
their performance for different magnetic materials and excitation frequencies.
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1.3 Thesis outline

1.3 Thesis outline

Chapter 1, which this section is part of, includes a brief background alongside with the goals
of thesis. A general introduction to the relevant magnetic properties of materials and clas-
sification of magnetic material used in electrical machines is given in chapter 2. Chapter 3
contains a description of a standard measurement method for the characterisation of the mag-
netic material. In chapter 4, the existing control system at the KTH E2C lab is introduced. A
LabVIEW block diagram is provided and the limitations of the system are discussed. Chapter
5 is concerned with finding a suitable mathematical model for the hysteresis non-linearity.
At first, a detailed overview of available models is provided. Then, the theoretical framework
for the Preisach model and its discrete representation are explained. Chapter 6 discussed the
numerical implementation in Mathworks Simulink and explains how the models parameters
were identified for several different magnetic materials. The last section of the chapter con-
tains an evaluation of the model performance. Finally, the hysteresis model is combined with
a controller to form a feedback control system in chapter 7. The theory behind two differ-
ent controllers is discussed. The implementation in Mathworks Simulink and the controller’s
parameter determination are then provided. The final section of this chapter contains an
evaluation of the controller’s performance. In chapter 8, conclusions and recommendations
for future work in this area are provided.
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2 Magnetic material properties and classification

A core element in manufacturing efficient electrical machines is the characterisation of the
magnetic materials used in their construction [4]. Thus, understanding the magnetic prop-
erties of the material is a necessary step. This chapter describes important properties of
magnetic materials under AC conditions. Magnetic permeability, power losses and hysteresis
curve are relevant terms which are explained in this chapter. In the last section of this chap-
ter, two common types of magnetic material used in electrical machines are introduced and
compared.

2.1 Permeability

The permeability of a material µ is the ratio of the magnetic flux density B induced in the
material for a given field strength H according to equation 2.1. The linear relation is only
valid for low values of H and a detailed discussion of the non-linear properties is given in
section 2.3. According to the equation, a high magnetic flux density B can be achieved by
using a material with high permeability µ.

µ(H) =
B

H
(2.1)

A term commonly used in the definition of permeability is the relative permeability, µr. Rel-
ative permeability is the permeability of the material compared to permeability of vacuum
µ0 (4π× 10−7 Vs⁄Am). Electrical steel is an example for a material with a high relative perme-
ability (µ is in the range of several thousand) while the relative permeability of air is quite
low (≈ 1) [5].

2.2 Power losses

Stator core, rotor core and stator teeth are the areas in electrical machines where power
losses in form of iron losses mostly occur. To estimate these losses, different models have
been proposed. All models have inherent advantages and disadvantages and are therefore
suited for different purposes.

A very common model is the loss separation model [4]. This model divides the losses
into static and dynamic losses. The static losses are hysteresis losses physt caused by the
non-linear properties of the B − H curve, see section 2.3. The dynamic losses consist of
classical eddy current losses pec and excess losses pexc. The classical eddy current losses are
caused by the currents induced in the material due to the changing magnetic field. The excess
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2 Magnetic material properties and classification

losses are caused by domain-wall movements when magnetizing a material, which create local,
microscopic eddy currents [6].

Experiments shows that for most magnetic materials used in electrical machines, the static
losses are proportional to the frequency and the square of the peak value of the flux density.
The dynamic part is on the other hand rate dependent (where dB/dt is the rate of change) and
increases for high frequencies. The total iron losses pFe for a sinusoidal field can be calculated
according to the following equation:

pFe = physt + pec + pexc = ChystfB̂
2 + Cecf

2B̂2 + Cextf
1.5B̂1.5 (2.2)

Here, B̂ is the peak value of the flux density, f is the frequency and Chyst, Cec and Cext are
the loss coefficients [4].

2.3 Hysteresis curve

The relationship between flux density B and field strength H is a primary area of interest in
the characterisation of magnetic materials. This relationship is often visualized in form of a
curve, the hysteresis or B-H curve. This curve represents B as a non-linear function of H,
B = f(H). Saturation occurs in the B-H curve where an increase of magnetic field strength
H only increases the flux density B by a marginal amount. This and the hysteresis effects are
the cause for the non-linear behavior, as seen from figure 2.1 [7].

B B B

H H H

curveHBLinear  withcurveHB  saturationwithcurveHB 

hysteresisandsaturation

Figure 2.1: Influence of saturation and hysteresis phenomena of material on B-H curve [7].

The total iron loss calculated in equation 2.2 are proportional to the area enclosed by the
B-H curve. The importance of frequency on the shape of B-H curve must also be considered.
As frequency increases, the excess and eddy current losses become more dominant in the total
loss equation. Figure 2.2 illustrate the hysteresis, eddy and excess losses in a B-H curve [6].
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2.4 Magnetic material classification

Figure 2.2: The B −H hysteresis curve for static and dynamic losses [6].

2.4 Magnetic material classification

Due to their magnetic properties, ferromagnetic materials such as Nickel, Cobalt and Iron
are suitable for use in electrical machines [8]. Ferromagnetic materials are divided into two
categories, soft and hard materials. A soft magnetic material is characterised by a thin
hysteresis loop and thus less power losses compared to hard magnetic materials (see figure
2.3). The saturation and demagnetisation of soft materials can be achieved with a weaker
magnetic field compared to hard materials [9].

Materials with high permeability and low losses are the preferred choice for using in elec-
trical machines [8]. The dominating soft ferromagnetic material in electrical machines is
lamination steel with relatively high permeability, low power losses and low costs compared
to other materials. SMC (Soft Magnetic Composites) is an alternative material type, which
has been used in special electrical machines recently. In this section, the structure, properties
and area of usage for these materials is described and compared.

Lamination steel is an iron alloy usually combined with silicon (SiFe). The structure of
lamination steel cores is made up of several lamination sheets. This is done to reduce eddy
current losses. Combining silicon alloys (1% − 3% ) in the steel decreases the eddy current
losses and the permeability, and slightly increases the hysteresis losses [8]. Nickel-iron (NiFe)
and cobalt-iron (CoFe) alloys are other less traditional types of lamination steels used in
electrical machines for high performance application.

SMC materials consist of fine iron particles mixed with plastic binder materials, which
are converted from powder to compact form after going through a pressing and heating
process. The iron particles in SMC materials are electrically isolated by the binders. The
most important property of the material is the three-dimensional magnetic field path that

7



2 Magnetic material properties and classification

B

H

Hard

Soft

Figure 2.3: Hysteresis loop for materials with hard and soft properties [10].

is created by having separate, small particles in the material. This isolation causes reduced
eddy current losses and lower permeability when compared with lamination steels. This is
caused by the air-gaps between the compressed iron particles. As mentioned in section 2.1,
the relative permeability of air is nearly 1 which leads to a reduction of the total permeability
of the material [11]. Despite the relatively low eddy current losses, SMC materials have
higher iron losses in low frequencies, due to high hysteresis losses. Eddy current losses are
more dominant in the total iron loss calculation than hysteresis at high frequencies due to
the quadratic term (see equation 2.2). Therefore, SMC material with low eddy current losses
are suitable for usage in high speed motors [11].
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3 Standard measurement method for ring specimens

In this chapter, the process of measuring the magnetic properties of different materials is
described. Since these measurements are dependent on the non-linear properties of the ma-
terial (see chapter 2) and additional factors such as the shape of the material, extra care
has to be taken in order to achieve correct results. Furthermore, to obtain comparable and
repeatable results, a well documented and preferably standardised measurement setup is to
be used. In [12], several specific shapes of material such as Epstein test frame, ring specimens
and single sheets are mentioned as most commonly used. The International Electrotechnical
Commission (IEC) has developed standard methods for measuring the magnetic properties
of such samples [3].

Alternating current (AC) measurement methods for ring specimens are described in IEC:s
standard document, IEC 60404-6. This document contains specifications for soft magnetic or
powder materials in a frequency range of 20 Hz - 200 kHz. In this chapter, a measurement
method called the digital method, which is introduced in chapter 8 of the IEC:s document,
is described.

In this digital method, the test specimen in ring shape is wound with a primary (outer)
and a secondary (inner) winding. The primary winding, N1, is the magnetising winding and
induces a magnetic field in the ring. The secondary winding N2, also called search coil, is
used for measuring the magnetic flux density, B, by utilising the magnetic flux linkage in the
material. According to the standard, both windings are to be placed over the whole ring and
the secondary winding is to be wound tightly to the specimen to minimize the leakage flux
between the windings. An AC source is connected in series with the primary winding and
a precision resistor. As described in chapter 2, the relationship between the magnetic field
created by the winding and the magnetic flux induced in the material is highly non-linear.
Thus, the AC source waveform should be adjustable in order to achieve a pure sinusoidal
magnetic flux density waveform in the material. A pure sinusoidal waveform is defined as a
waveform having a form factor of kf = 1.11. The form factor kf for a signal is determined by
the ratio between the root-mean-square average and the average of the signal’s absolute [13]:

kf =

√
1
T

∫ t0+T
t0

[f(t)]2dt

1
T

∫ t0+T
t0

|f(t)|dt
. (3.1)

The secondary winding and the precision resistor, which is used for determining the mag-
netising current, are connected in parallel with an analogue digital converter, respectively.
Figure (3.1) shows a schematic diagram of the measurement setup.

9



3 Standard measurement method for ring specimens

2U

1U

1N 2N

R

A/D
converter

A/D
converter

Figure 3.1: IEC standard measurement setup for ring specimens [3].

The magnetic field strength H can be derived by Ampere’s law,

H(t) =
N1

Rlm
U1(t), (3.2)

where N1 is the number of turns in the primary winding, U1 is the voltage across the resistor
R and lm is the length of magnetic path,

lm = π
(D + d)

2
. (3.3)

Here, D and d denote the outer and inner diameter of the test ring, respectively. It is recom-
mended in the IEC:s standard document that the ratio of the outer to inner diameter is less
than 1,25.

The magnetic flux density B is calculated by Faraday’s law,

B(t) = − 1

N2Acr

∫ t1

0
U2(t)dt, (3.4)

where N2 is the number of turns in secondary winding, U2 is the secondary voltage and Acr is
the cross sectional area of the test specimen and is calculated by equation 3.5 or 3.6 depending
on the type of the material. For pressed powder materials, the cross sectional area is defined
by equation 3.5, where h is the height of the test specimen.

Acr,pp =
D − d

2
h (3.5)

For materials with lamination cores, the density ρ and mass m of the test specimens have to
be taken into account.

Acr,lam =
2m

ρπ(D + d)
(3.6)

Furthermore, according to the IEC:s standard, the material’s permeability under AC condi-
tions can be determined from the following formula:

µa =
B̂

µ0Ĥ
. (3.7)
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The specific total iron losses Psp are calculated by equation 3.8, where T represents the
duration of a period. The specific total iron losses represent the area of the hysteresis loop
[3].

Psp =
fN1

N2mR

∫ T

0
U1(t)U2(t)dt (3.8)
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4 Control algorithm for the measurement system

As described in chapter 3, the IEC standard method for magnetic measurement requires a
pure sinusoidal magnetic flux density waveform with form factor of 1.11 in the tested material.
This guarantees that results are comparable when measuring magnetic properties of different
materials [3]. However, due to the non-linear material properties (see section 2.3), a sinu-
soidal excitation current results in a magnetic flux density waveform which is not sinusoidal.
In order to obtain a pure sinusoidal flux density waveform, an algorithm for controlling the
excitation current is required [14]. In this chapter the control algorithm implemented in the
KTH E2C test bench is described.

Figure 4.1: Measurement setup implemented in KTH E2C lab [15].

The control algorithm used in the KTH E2C test bench is implemented based on the propo-
sitions in [14]. The control software is developed in National Instruments (NI) LabVIEW and
utilizes a NI CompactRIO data acquisition box. The CompactRIO box consists of a micro-
controller running a real-time operating system and an FPGA for I/O operations [16]. A
voltage waveform is produced by the data acquisition and generation card (DAQ) in the RIO
system. This output signal is connected to a power amplifier in current control mode. The
amplified signal, i. e. the magnetising current, then passes through the excitation windings of
the magnetising system. The current in the test ring is measured and processed by a low-pass
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4 Control algorithm for the measurement system

filter within the digital controller in order to remove the higher harmonics. These harmonics
have minimal influence on the output signal and thus this step improves the speed of data
processing and contributes towards improved stability of the feedback system [14]. This mea-
surement setup is similar to the IEC standard with minor modifications. In the standard
setup, the magnetic flux and total iron power losses are derived from other quantities (see
chapter 3), whilst in the KTH setup, they are measured directly with an analogue fluxmeter
and a powermeter. The measured signals are connected to the AD converter of the RIO DAQ
system. An overview of the complete measurement setup, as implemented in [15], at the KTH
E2C lab is shown in figure 4.1.

As was previously mentioned, the main purpose of the control system is to achieve a pure
sinusoidal waveform for the flux density in the magnetic material. The block diagram of the
control system is shown in figure 4.2. The control algorithm is implemented iteratively and
period-wise. In each iteration, the waveform of the measured flux density is compared to a
reference sinusoidal signal for one period. This comparison is then used in order to adjust the
excitation current accordingly.

FFT

Gϕ

G

FFT−1 PA RING

FFT

FFT

FFT

∫
Z−1FFTFFT−1

Bref + Umeas∆B

ϕ∆Bh
−

|∆B|h

+

+

ϕ(h, i)

A(h, i)

UH

Bfilter(i−1)

Bfilter(i−1)

+ ϕBfilter(i−1)

|Bfilter(i−1)| +

Imeas
ϕI

+

BmeasBfilter

−

LPF

Phase feedback loop

Amplitude feedback loop

1

Figure 4.2: Block diagram of the implemented control system in LabVIEW.

Two feedback loops are used, one loop for shape control of the flux density waveform and a

14



second loop for compensating phase lead or lag. The power amplifier and the characteristics
of the test object induce a phase delay that varies with time within one period and also with
the amplitude of the magnetisation. Hence, a static lead/lag compensation cannot be used
and a second feedback loop is needed.

The amplitude of the control signal, A(h,i), is calculated by the amplitude proportional
feedback loop, separately for each harmonic h and period iteration i according to the following
equation:

A(h,i) = |Bfilter|(h,i−1) +G · |∆B(h,i)| (4.1)

Here, ∆B denotes the difference between the measured flux density waveform in the mag-
netic material (after the low-pass filter), and a reference waveform. The difference is always
calculated for a full period of the waveform and thus, the iteration time depends on the
fundamental frequency of the excitation waveform.

∆B = Bref −Bmeas (4.2)

The phase correction term ϕ(h,i) for each harmonic and iteration is calculated by the phase
proportional feedback loop (see figure 4.2) according to following equation:

ϕ(h,i) = ϕBfilter(h,i−1) +Gϕ · (ϕ∆B(h,i) − ϕI(h,i)) (4.3)

The actual controller output waveform UH , which is fed to the excitation system through
the power amplifier, is obtained after an inverse Fourier transform. The control signal UH

represents one period of a continuous and periodic signal.

UH(i) =

hmax∑

h=1

[A(h,i) · cos(h2πft+ ϕ(h,i)] (4.4)

During extensive usage and tests at the KTH E2C laboratory, several issues with the ex-
isting system have been observed. The stability of the adaptive digital control is not always
guaranteed. Instability in form of oscillation have been observed, especially in case of mea-
surements using materials with high permeability or with a hysteresis curves with a small
distance between the ascending and descending branches (or a combination of both). The
hysteretic, non-linear and frequency dependent properties of the magnetic material are among
the responsible factors. Furthermore, the amplifier introduces a variable phase lag that varies
with the complex properties of its load. This leads to a highly non-linear behavior of the sys-
tem as whole, since the amplifier transfer function varies as the magnetic properties change
for e.g. higher frequency, different materials or signal amplitude.

Due to these limitations and as the main objective of this work, a new and more robust
control system is looked for. In the existing system, the non-linear properties are treated
as “Black Box” whilst the work in this thesis will focus on mathematical modeling of the
hysteresis and using the obtained results to investigate the performance of a more elaborate
control algorithm. Having a model of the system and an understanding of the uncertainty
involved, lead to a more robust and stable control system. The appliance of the principles of
robust control or canceling of the hysteresis by using an inverse model are investigated.
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5 Mathematical hysteresis models

The hysteretic non-linearity of the ferromagnetic material is not mathematically modeled
in the control system described in chapter 4. Considering this non-linear behavior in the
design of the control system may improve the accuracy and stability of the system. However,
designing such a controller is a difficult task due to the complex nature of the magnetic
hysteresis. This chapter is concerned with modeling the hysteresis non-linearity.

5.1 Model selection

The output of a hysteretic system depends on the memory of its past input values as well as
the instantaneous value [17]. Several approaches have been made to mathematically model
hysteretic non-linearity. In this section, a brief overview of available hysteresis models is given
in order to be able to choose a proper model for designing and improving the control system.
This model should fulfill several requirements in order to be applicable. Firstly, the rate de-
pendency described in section 2.2 has to be considered. This is required because the output
of the magnetic system is dependent on the frequency of the input due to, for instance, eddy
current losses. Secondly, since the model is to be used for several different magnetic materials,
it is important that model parameters are easily adaptable and identifiable. Furthermore, the
model should be usable in a real-time digital control system. In figure 5.1, an overview of
models that are discussed in this chapter is given.

The hysteresis models can be categorised into physics-based models and phenomenological
models. A physics-based hysteresis model is derived from the physical laws and principles that
cause the hysteresis. On the other hand, a phenomenological model is derived mathematically
from the hysteresis curve and without consideration taken to the physical properties of the
hysteresis [18] [19].

One of the most studied physics-based hysteresis models is the Jiles-Arthon (JA) model
[20]. The main idea behind this model is the influence of domain-wall motions on the change
of magnetisation within the material. In this model, the ferromagnetic hysteresis is described
by a differential equation, where the physical phenomena play an important role in identifying
the models parameters [21]. The main disadvantage of physics-based models for the proposed
control system application is that they are unique for a specific system and material. This
causes difficulty in designing a control system capable of handling different types of magnetic
materials and shapes [22].

The phenomenological models of hysteresis are classified into operated-based and differen-
tial equation-based models. In operated-based models, the hysteresis curve is represented by
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Hysteresis models

Physics-based models Phenomenological models

Operated-based models Diff. equation-based models

Classical Preisach Dynamic Preisach

Prandtl-Ishlinskii

Bouc-Wen Backlash-like

Coleman-Hodgdon

Jiles-Arthon

Figure 5.1: An overview of available models for hysteretic non-linearities.

superposition of elementary hysteresis operators. The first and most popular operated-based
model was developed by a German scientist called Preisach. Initially, the Preisach model
was based on physical aspects of the hysteresis, but it was later shown by Russian mathe-
matician M. Krasnoselskii that the model could be separated from its physical background
and that a pure phenomenological description was also appropriate. This is known as the
classical Preisach model and the model is able to represent the hysteresis non-linearity regard-
less of the physical nature of the system [23]. In order to model the hysteresis, the Preisach
model uses an infinite set of elementary hysteresis operators γαβ, which can be interpreted
as two-position relays with 1 or -1 as possible values. The Preisach model is then formed by
individually scaling the hysteresis operators by a density function υ(α, β) and forming a sum
over all operators.

A drawback with the classical Preisach model is that it does not provide means of taking
rate-dependent properties of the magnetic system into account. This was later addressed by
Mayergoyz in his proposition of a dynamic Preisach model [24], where the classical Preisach
model is modified to consider the output rate-of-change. An alternative dynamic Preisach
model was proposed by Bertotti [25], with application to modeling the dynamic hysteresis
of soft magnetic materials. In order to use the dynamic Preisach model in practical control
applications, system identification has to be performed to determine the density function.
Various methods have been documented by a great number of authors, such as [26], [27], [28],
[29].

The Prandtl-Ishlinskii (P-I) model is a subclass of the Preisach models. One of the differ-
ences is that this model uses a single threshold variable for parametrisation together with a
density function, whereas the Preisach model uses two parameters. The advantages of this
are reduced modeling complexity and that an analytical inversion is possible, making it more
suitable for real-time applications [30]. However a drawback for a possible control system
application is that most work found in literature has been directed towards the P-I model in
its standard version, which does not take the rate-dependency of the hysteresis into account.
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5.2 The Preisach model

Only recently, a rate dependent modified version has been proposed by Al Janaideh in [31],
alongside with an application to piezoceramic actuators that is described in [32]. Generally it
can be said, that the process of identifying the parameters for the dynamic P-I based models
are much less documented in literature when compared to the dynamical Preisach model.

Differential equation-based models are another subtype of the phenomenological models.
These types of models use the Duhem equation for describing the hysteresis non-linearity.
According to the Duhem model, a change in output is only possible once the input has
changed its direction [33]. Several models belong to this category, whereof the Backlash-like,
Coleman-Hodgdon and Bouc-Wen model belong to the most popular models. The simple
Backlash-like model represents the complex hysteresis curve with two parallel lines which are
connected by horizontal segments. Currently, no rate-dependent modifications or practical
applications have been described in literature. The Bouc-Wen model is mainly used for hys-
teresis modeling in mechanical systems. The Coleman-Hodgdon model is capable of modeling
more complex hysterical behavior, such as rate-dependency and is specially developed for
magnetic hysteresis. It uses a differential equation to model a direct relationship between the
rate of change of the magnetic field H to that of the magnetic flux density B [34]. In literature,
the practical implementation of the Coleman-Hodgdon model is well documented. It allows
designing adaptive backstepping controllers for ferromagnetic hysteresis without calculating
an inverse of the hysteresis, as described in [35]. Furthermore, determining a rate dependent
magnetic model has been studied by Diebolt in 1992 [36]. A major drawback of using differ-
ential equation based model is the difficulty in determining an inverse of the hysteresis model
[37] [38].

For the proposed control system application in this work, phenomenological models offer the
advantage of not being restricted to certain magnetic materials and shapes when compared
to physical models. Due to the highly rate-dependent characteristics of the B-H curve (see
section 2.3), models which cannot take this into account are not suitable. After careful
evaluation, the dynamic Preisach model is chosen for all further work in this thesis. It
fulfills all criteria that are needed for the control system application, namely invertibility,
the ability to handle dynamic hysteresis phenomena and implementabilty in numeric digital
control system. Furthermore, the parameter identification is well documented in research
literature which should lead to accurate and reliable results when trying to reproduce the
procedure.

5.2 The Preisach model

In a general mathematical description of the Preisach hysteresis model, u(t) represents the
input to the model and f(t) represents the output of the model. In the general case of magnetic
material, the magnetic field strength H(t) is treated as the input to the model and and the
magnetic flux density B(t) is treated as the output. However, due to the phenomenological
nature of the Preisach model and since both the direct and inverse relationship between H(t)
and B(t) form a hysteresis, the Preisach model can be used for both cases [39]. While in this
section a general description of the model is given, due to the control application the focus in
this work lies on the inverse hysteresis model, where the magnetic flux density is B(t) is the
input and the field strength, H(t) is the output of the model (see figure 5.2). The description
in this section and the representation of the dynamic Preisach model follow those proposed
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by Mayergoyz in [23].

Hysteresis model

Magnetic hysteresis model

Inverse magnetic hysteresis model

u(t)

H(t)

B(t)

f(t)

B(t)

H(t)

Figure 5.2: Block diagram of hysteresis model.

The classical Preisach model uses an infinite set of elementary hysteresis operators γαβ,
which can be interpreted as two-position relays. The output is switched between 1 or -1 when
either the α or β thresholds are reached (α ≥ β), depending on the direction and accumulated
history of the input, as shown in figure 5.3.

1

1

)(tu








Figure 5.3: The elementary Preisach hysteresis operators [23].

The Preisach model is then formed by individually scaling the hysteresis operators by a
density function υ(α, β) (also known as the Preisach function, weight function or distribu-
tion function) and then forming an integral according to equation 5.1. For each elementary
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5.2 The Preisach model

hysteresis operator γαβ, a single scaling value is defined by the density function (one-to-one
relationship).

f(t) =

+∞∫

α=−∞

+∞∫

β=α

υ(α, β) · γα,β(u(t)) · dαdβ (5.1)

As shown in figure 5.4, the input of the model u(t) passes through all elementary operators
γαβ and is multiplied by a specific density function value, υ(α, β). The model output is given
by forming the integral over all terms υ(α, β) · γα,β.
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Figure 5.4: Block diagram representation of the Preisach model [23].

In order for the model to take the rate-dependent characteristics of the magnetic hysteresis
into account, the density function can be modified to also depend on the frequency of the
input, fu. The resulting dynamic Preisach model is shown in equation 5.2. Here, for each
possible value of fu, a separate density function is used.

f(t) =

+∞∫

α=−∞

+∞∫

β=α

υ(α, β, fu) · γα,β(u(t)) · dαdβ (5.2)

To fit the classical or dynamic Preisach model to an actual hysteresis, the density function
(υ(α, β) or υ(α, β, fu), respectively) has to be determined. In the following paragraphs, de-
tails about how the Preisach model detects local input extrema and accumulates their history
is given.
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5 Mathematical hysteresis models

As was previously mentioned, the density function υ(α, β) associates a scaling value with
each of the elementary hysteresis operators γαβ. The boundaries of the density function can
be represented by a triangle, T, in the αβ plane (see figure 5.5). Since α ≥ β, the line
α = β represents the lower boundary or hypotenuse of triangle. The other boundaries are
given by the lines α = α0 and β = β0, respectively. α0 and β0 are defined as maximum and
minimum value of the input u(t) above which the relationship is not hysteretic. The triangle
is symmetric such that α0 = −β0. The density function is now defined in such a way that
it only has a non-zero value within this triangle. This triangle is often referred to as the
Preisach triangle.
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Figure 5.5: The correspondence between the elementary operator γαβ , and the point (α,β)
in the Preisach triangle (αβ plane) [23].

If the input u(t) is increased from a value below −α0 to a maximum value u1, the triangle
can be divided into two sections, S−(t) and S+(t) (see figure 5.5). In the section S+(t),
the elementary operators γαβ have switched from their initial -1 position to the +1 position,
whereas in the S−(t) section they remain in the negative position. Now, if the input u(t)
is decreased to a new (local) minimum value u2, some of the elementary operators that had
changed their position initially revert back to their negative state, forming a new vertical
section for the interface between the two sets in the triangle (see figure 5.6). If the input is
increased again until it reaches a (local) maximum value u3, a new horizontal interface section
is created (see figure 5.6). This process can be continued and thus the history of subsequent
local minima and maxima is “stored” in the interface line L(t) (see figure 5.7). If a new
maxima is larger than a previously stored local maxima, the later one is removed or wiped
out from the history line, since the horizontal line representing the increasing input in the
triangle will pass it. The same holds true for minima and a decreasing input.
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Figure 5.6: Forming of horizontal and vertical interfaces in the Preisach triangle due to de-
creasing and increasing the input u(t) to local minimum and maximum values
[23].
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Figure 5.7: The interface line L(t), between S−(t) and S+(t) region in the Preisach triangle
(αβ plane) [23].

The previous discussions show that at any given instant of time, the Preisach integral in
(5.1) can be divided into two integrals over S−(t) and S+(t) regions.

f(t) =

∫∫

S+(t)
υ(α, β) γα,β(u(t)) dαdβ +

∫∫

S−(t)
υ(α, β) γα,β(u(t)) dαdβ, (5.3)
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Since γα,β(u(t)) dαdβ = +1 if (α, β) ∈ S+(t) and γα,β(u(t)) dαdβ = −1 if (α, β) ∈ S−(t), the
equation 5.3 can be written as the following equation:

f(t) =

∫∫

S+(t)
υ(α, β) dαdβ −

∫∫

S−(t)
υ(α, β) dαdβ (5.4)

Thus, the output value of the Preisach model f(t) depends on the current division of the
triangle T given by the history interface, L(t).

Due to the control system application in this work, the inverse implementation of the model
is considered. The output of the Preisach model in the case of inverse magnetic model is the
magnetic field strength H(t). H(t) corresponds to the general model output f(t), while past
and current values of the magnetic flux density B(t) are used to determined the shape of L(t).
This results in a model of the following form:

H(t) =

∫∫

S+(t)
υinv(α, β) dαdβ −

∫∫

S−(t)
υinv(α, β) dαdβ (5.5)

To model the dynamic (frequency dependent) hysteresis behavior described in section 2.2,
the dynamic extension of the inverse Preisach model described in [40] is used in this work.
In the dynamic model, the magnetic field H depends on the magnetic flux density B and its
frequency, fB and is given by equation 5.6.

H(t) =

∫∫

S+(t)
υinv(α, β, fB) dαdβ −

∫∫

S−(t)
υinv(α, β, fB) dαdβ (5.6)

Equation 5.6 can be rewritten as

H(t) =

∫∫

S+(t)
ωfB (α, β) dαdβ −

∫∫

S−(t)
ωfB (α, β) dαdβ, (5.7)

where ωfB is the inverse density function for a specific frequency of the magnetic flux density.

5.3 Discrete representation of the Preisach model

In this section, a discrete equivalent to the continuous model described in the previous section
is given. The discrete representation results in simpler and faster calculation when implement-
ing the model in for instance simulation software or an actual digital control system. In the
discrete representation, the Preisach triangle is divided into a discrete number of quadratic
and triangular cells in an ij-plane. (see figure 5.8).
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Figure 5.8: Discrete representation of the Preisach triangle.

For the cell i, j in the triangle, the point in the lower left corner of the cell has the coordinates
α = αi and β = βj , the point directly above has the coordinates α = αi+1 and β = βj , the
point in the upper right-hand corner has the coordinates α = αi+1 and β = βj+1 and for
square cells the point in the lower right-hand corner has the coordinates α = αi and β = βj+1

(see figure 5.9).

(βj , αi)

(βj , αi+1) (βj+1, αi+1)

(βj+1, αi) (βj , αi)

(βj , αi+1) (βj+1, αi+1)

ωij
ωij

Figure 5.9: Corner points of cell ωij .

The density function is not a continuous function ω(α, β) anymore, however its value will be
constant inside each of the cells:

ω(α, β) = ωi, j = Const. ∀ αi < α < αi+1

βj < β < βj+1
(5.8)

Additionally, a new discrete hysteresis operator pi,j is introduced. Instead of integrating
over an infinite number of elementary hysteresis operators γαβ, the superposition of a finite
amount of discrete hysteresis operators pi,j is used, as shown in figure 5.10. Each cell i, j in
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the discrete Preisach triangle corresponds to one discrete hysteresis operator pi,j and a single
density function value ωi,j . As in the continuous case, the Preisach triangle is divided in two
sections, S+ and S−, by the interface line L(t). When the interface line does not cross the
corresponding cell, the discrete operator pi,j for the cell i, j behaves similar to a continues
elementary hysteresis operator with an upper threshold α = αi+1 (upper border of the the
cell) and a lower threshold β = βj (left-hand border of the cell), γαi+1,βj . If the interface line
crosses the cell, its value is given by equation 5.9.

pij =
S+
area − S−area
cellarea

(5.9)

)(tB )(tH

1,1p
1,1

1,2p

ijp

1,2

ij

Figure 5.10: Discrete representation of the inverse magnetic Preisach model

The discrete equivalent to continuous model in equation 5.7 can now be formulated by the
following equation:

H(t) = Hs ·
N∑

i=1

i∑

j=1

pij · ωij (5.10)

Here, Hs is the value of the magnetic field strength at saturation, and pij denotes the position
of the corresponding cell i,j in the triangle. In order to implement the model for calculating
the output value H(t) from a given input B(t), the density function ωij has to be identified.
In the following chapter, a procedure for accomplishing this is presented.
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6.1 Model parameter identification

The derivation and identification procedure of the discrete inverse Preisach model used in this
work is based on the propositions by Bernard in [39] and [41]. The centered cycles method
is used in order to identify the density function, ωij . This method uses experimental data to
determine the density function without considering the shape of the hysteresis cycles. This
implies that this method is suitable for determination of the density function for both direct
and inverse hysteresis models. Direct and inverse models can be created using the same
implementation by only exchanging the density function. One advantage of the centered
cycles method when compared to other methods such as the reversal curve method is its
simplicity while retaining good accuracy (Doong and Mayergoyz, [42]). Furthermore, the
centered cycle method can be applied independently of what material is used [40].

Experimental data used for the identification procedure is obtained from measured centered
hysteresis cycles with symmetric shapes and constant value of ∆B. This method divides the
Preisach triangle into n(2n+ 1) cells, where n is the number of the measured centered cycles.
Due to the symmetric shape of the centered cycles, only n(n+ 1) unknown cell values have to
be calculated. Figure 6.1 shows the discrete Preisach triangle for n = 5 cycles and figure 6.2
shows the corresponding centered cycles. Here, Hkl is the value of the magnetic field for the
kth centered cycle with the magnetic flux density Bl, as shown in figure 6.2. For presentation
simplicity, the magnetic field of just one centered cycle is shown in the figure. Hs is equal
to the maximum value of H (defined here as saturation), which corresponds to the value of
H511 in figure 6.2. Each centered cycle in figure 6.2 can be represented by a sub-triangle
in the discretized Preisach triangle, as shown in figure 6.1. According to the research paper
by Bernard [39], the solution to the linear equation system in equation 6.1 can be used to
determine all values of the density function. To be able to quickly calculate a density function
for a new material using a varying amount of center cycle, a script in Matlab was developed.
This script takes center cycle measurements in form of Matlab data files (.mat) as an input
and uses equation 6.1 to calculate the density function.
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Figure 6.1: The discretization of the Preisach triangle into n(2n+ 1) cells (n = 5).
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(6.1)

When determining the value of Hkl for both direct and inverse method it should be kept
in mind that this value is on the descending branch of the hysteresis curve. The descending
branch is the upper branch in inverse method and the lower branch in the direct method. The
description of the method for identifying this values from measurements is given in section
6.2.
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6.2 Model implementaion

Using the values of the inverse density funcion ωij , the magnetic field H(t) at any instant can
be calculated by equation 6.2.

H(t) = Hs ·
2n∑

i=1

i∑

j=1

pij · ωij (6.2)
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Figure 6.2: Measured centered cycles, used for identification of the density function.

6.2 Model implementaion

In order to be able to validate and perform control system experiments with the Preisach
inverse hysteresis model described in the previous sections, the model was implemented in
Mathworks Matlab and Simulink using the stateflow simulation environments.

In figure 6.3, an overview of the implementation’s main building blocks is shown. The
module “Build L” is used to determine the shape of the current interface function, L(t). The
shape is calculated as a vector of the interfaces corner points in the α, β plane. To accomplish
this, the module uses the current input value u and the sign of the derivative of the input
(= 1 if du

dt ≥ 0; = −1 if du
dt < 0) as inputs.
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Figure 6.3: Simulink model implementation overview.

The history of subsequent input minima and maxima (see section 5.2) that defines the
corner points of L(t) is stored internally. The output L(t) is the interface function for the
current division of the Preisach triangle. The module is implemented as state machine using
the Mathworks Stateflow environment. The resulting Stateflow diagram is shown in figure 6.4.
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entry:
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buildOutput();
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b_init = u;
storeL();
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[oldDir ~= dir]

[dir < 0]
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Figure 6.4: Stateflow state machine for calculating the interface L(t).
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6.2 Model implementaion

In the diagram, the topmost of the states is used for initialising the state machine. The
lower two states correspond to an increasing or decreasing input value (i.e. du

dt ≥ 0 or < 0),
respectively. State transition between these two states happens when the input value changes
direction (from increasing to decreasing and vice versa). This occurrence is also creating new
corner points L(t) to be stored, since the change of direction corresponds to a local minimum
or maximum. The state machine also checks for eventual wipe out of previous corner points
in the interface L(t) and remove the corresponding points.

The final block in the Simulink model, depicted by the rightmost module called “Calculate-
Sum” in figure 6.3, calculates the actual output value of the Preisach model (f(t) or H(t)).
The calculations are performed according to equation 6.2 by a Matlab function block. This
block uses the previously calculated vector of interface L(t) corner points together with a
density function ωfB (α, β) (u mat in the figure) as inputs. The Matlab function inside the
block calculates the output by looping over all discrete triangle or square cells in the Preisach
triangle (see figure 6.1 and 5.9) and adding the value of pi,j ·ωi,j for the current cell to the sum.

To determine the pi,j value for the current cell, the algorithm described in the flow chart
in figure 6.5 is used.
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Figure 6.5: Flowchart showing the algorithm involved in determining the value of pij .
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6.3 Dynamic extension

As was described in the previous section, the proposed model can be adapted to take dynamic
or frequency dependent properties of the hysteresis into account. The resulting dynamic
Preisach model is given by equation 5.7. Here, a specific density function ωf is used for a
given frequency f of the input signal. In order to have a model that is valid for a great number
of frequencies, a large amount of measurements at the specific frequencies would have to be
performed. Alternatively, interpolation can be used to determine the density function at an
arbitrary frequency f1 from just two measurements at a high and a low frequency (linear
interpolation), as shown in [40]. The density function at frequency f can be determined by:

ωi,j(f) = ωstatic(i,j) + σ(i,j)f (6.3)

Here, ωstatic(i,j) is the value of the density function at zero frequency and σ(i,j) is the slope.
This implies that to calculate the density function for the frequency f , the value for each cell
is determined by interpolating from a linear function valid for that cell only. The parameters
of equation 6.3 can be determined from measurements of two density functions at two given
frequency values. To be able to quickly calculate new density functions for arbitrary frequen-
cies, a Matlab script was implemented that takes two density functions for two frequencies,
ωf1 and ωf2 as input. The script then uses equation 6.3 to calculate the new density function
at frequency f .

6.4 Model validation

In order to develop and validate the hysteresis model described in the previous chapters, the
first step is to determine the density function for a specific magnetic material. The obtained
model by the density function produces output values to be compared with measurement
values in order to investigate model accuracy. The experimental data needed to calculate the
density function ωij has been obtained from measurements with the test bench described in
chapter 4. These measurements were not performed as a part of this thesis, but were a part
of the results presented in [15].
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Figure 6.6: Obtained inverse density functions for NO20 at the frequency of 200 Hz (left)
and 10 Hz (right).
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6.4 Model validation

The first investigated material is NO20 [43], which is a thin non-oriented lamination steel
usually used for applications in medium and high frequencies. Five centered cycles character-
ising the material NO20 were measured at the frequency of 10 Hz and 200 Hz with constant
∆B = 0, 2 T, as seen in figure 6.2. The necessary values where extracted from the measure-
ment data and the equation system described in equation 6.1 was solved using Matlab. This
resulted in Preisach density functions for frequencies f = 200 Hz and f = 10 Hz shown in
figures 6.6.

These density function were then used as input data to the Simulink model described in
section 6.2 to perform simulations that could be used to validate the model. In the figure
6.7, the modeled and measured BH curves for NO20 with a sinusoidal input of 200 Hz is
shown. To draw this figure, the sinusoidal magnetic flux density B that was measured during
an experiment with the test bench, was used as input to the model. The output H from the
model was then compared to the actual measured values in the form of a BH curve shown in
6.7 and a time-series comparison shown in figure 6.8. In this case, the centered cycle used to
create the figure was part of the set of cycles that was used to create the density function,
leading to a reproduction with less error. The procedure was repeated for the same material
at a frequency of 10 Hz, resulting in the H curve shown in figure 6.8.
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Figure 6.7: Modeled (solid line) and actual (dotted line) BH curve for the magnetic material
NO at the frequency of 200 Hz.
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Figure 6.8: Modeled (solid line) and actual (dotted line) H values for the magnetic material
NO at the frequency of 200 Hz (upper) and 10 Hz (lower).

Furthermore simulations where performed for LasAn2n which is a nickel iron (NiFe) lami-
nation steel with 40 % nickel and 60 % iron [15], at both 50 Hz and 200 Hz. This resulted in
the graphs show in figure 6.9. Here, the density function was again created from 5 centered
cycles. However, the data that was used for validation and is presented in the graphs was not
part of this set of cycles.
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Figure 6.9: Modeled (solid line) and actual (dotted line) H values for LasAn2n at the fre-
quency of 200 Hz (upper) and 50 Hz (lower).

6.5 Sensitivity analysis

When designing, implementing and identifying a model, it is necessary to have knowledge of
how the amount of input data that are used reflects on the accuracy of the model. For the
inverse hysteresis model proposed in this thesis, the amount of data is defined by the number
of centered cycles used to derive the density function for the model. Using more centered
cycles will result in a more fine-grained density function with smaller subdivisions, which
should lead to improved model accuracy.

In the inverse hysteresis model that was used to create figure 6.10 (upper figure), only four
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6 Parameter identification and model implementation

centered cycles where used to derive the density function. In the model used to create figure
6.10 (upper figure) however, eight centered cycles where used to derive the density function.
The figures show a comparison of simulated and measured output values, using the same
input data. To be able to compare the accuracy of the two graphs, the deviation of the actual
model output to the measured values, ∆H(t) = Hsim(t)−Hmeas(t) is considered. From the
figures it is clearly visible that integrating (|∆H|) over the duration of the simulation results
in a much larger error for the figure where four centered cycles were used when compared to
the figure with eight centered cycles.
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Figure 6.10: Modeled (solid line) and actual (dotted line) H values for LasAn2n at the
frequency of 200 Hz. The model uses density function obtained from 4 (upper)
and 8 (lower) measured centered cycles.
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6.5 Sensitivity analysis

To further demonstrate the influence of the amount of centered cycles that are used, consider
figure 6.11 which shows a magnification of the upper part of the BH curve from figure 6.7. The
points B9, B10 and B11 that are used for determining the density function and calculating
the output of the model (see section 6.1) are marked in the figure. It can be observed that
there is almost no error between the actual (dotted) and modeled (solid) lines at these points
and when moving away from the points the error increases. Using more centered cycles results
in a smaller ∆B and smaller horizontal distance between the points in the figure. This in
its turn leads to that the modeled value would not deviate as far from the actual value and
thereby increase the models accuracy.
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Figure 6.11: Magnification of the upper part of the BH curve in figure 6.7
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7 Compensation of hysteresis by inverse control

In this chapter, the inverse hysteresis model that was derived in the previous chapters is used
to design a new control system. The aim of this system is to produce a pure sinusoidal out-
put magnetic flux density waveform, by eliminating the hysteresis non-linearity introduced by
the magnetic material. The general idea is to use the inverse hysteresis model to cancel the
effect of the magnetic hysteresis. Assuming a perfect inversion of the hysteresis, open-loop
control could be used to achieve the desired results. However, in practice perfect inversion
is not possible due to various factors such as modeling errors, variations in the material or
temperature and measurement noise. To deal with this, automatic control techniques such
as feedback control and disturbance observer based control are used and introduced in this
chapter.

As was described in chapter 4, the measurement system has other dynamics on top of the
hysteretic behavior, such as phase lag and other limitations of the amplifier (C(s) in the
figure). In this work, the exact transfer function for the non-hysteretic dynamics could not
be determined, as due to the complex interactions of the amplifier with its non-linear load.
Estimating the dynamics from the data sheet specifications such as the frequency response
plot would lead to a inaccurate model. Additionally, no measurements were available that
could be used for characterisation. Unfortunately the system was not available for performing
new ones either. However, in order to be able to demonstrate the principals of controller design
together with the hysteresis inversion, a general model for the amplifier is used. In future
work, the transfer function can be adapted to reassemble the actual system in an easy way
and thereby the principals explained in this work serve as a better basis for continuation of
work within this subject. It is assumed that the amplifier has a DC gain of K = 1 and acts as
a low-pass filter with a bandwidth of fb = 30 kHz, resulting in the following transfer function:

C(s) =
K

1 + s
2πfb

=
1

1 + s
5.305e−5

(7.1)

In figure 7.1, a sample feedback control system with controller consists of G(s) together
with inverse hysteresis model is shown.
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7 Compensation of hysteresis by inverse control

G(s) Inverse model Hysteresis dynamics C(s)
Bref (t) + Bout(t)

−

Controller Plant

1

Figure 7.1: Block diagram of the feedback control system, including the transfer function for
non-hysteretic dynamics C(s)

In automatic control, the goal is generally to have the system output, Bout(t) in figure
7.1, track the reference signal (Bref (t)) as accurately as possible. In this work, the goal is
to have a pure sinusoidal output magnetic flux density with a form factor of 1.11, which is
a requirement for using the IEC:s standard measurement method described in section ??.
Thus, a sinusoidal reference signal of the form

Bref (t) = A · sin(ωt) (7.2)

is used for all controllers. The controllers performance is measured and compared with their
capability to track the reference and reproduce a pure sinus as output as the main criterion.

7.1 PI controller

PI control or proportional-integral control is a form of feedback control where the system out-
put, Bout(t) in case of this work, and the reference value (Bref (t)) are used to form the control
error e(t) = Bout(t) − Bref (t). The control error is then used to form the controller output
v(t) by multiplying it with a proportional and an integral term, as described in equation 7.3.

v(t) = Kp · e(t) +Ki

∫ t

0
e(τ)dτ (7.3)

If an error is present (e(t) 6= 0), the proportional term will apply an output that is propor-
tional to the error. If the gain however is less then 1 (Kp < 1), steady-state errors can not
entirely be eliminated. The integral term counteracts this limitation since even at steady-
state the error over time is summed so that more corrective action is applied accordingly [44].
In order to implement the PI controller in simulation tools such as Mathworks Simulink, the
Laplace transform according to equation 7.4 can be used.

G(s) =
U(s)

E(s)
= Kp +

Ki

s
(7.4)

In this work, the PI controller is combined with the hysteresis inverse, as can be seen in the
block diagram in figure 7.1. The reference signal is a sinusoidal signal as in equation 7.2. To
tune the controller and achieve good tracking of the reference, the parameters Kp and Ki can
be adjusted. To do this, experimental tuning methods such as for example Ziegler-Nichols can
be used [44]. Generally, the idea is to design a controller that can deal with the non-hysteretic
dynamics but also with the hysteresis inversion error.
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7.2 Disturbance observer based controller

7.2 Disturbance observer based controller

As was described in previous sections, inversion of the hysteresis non-linearity leads to an
inversion error that is difficult to estimate and analyze analytically. This error has negative
influence on the controller’s tracking performance and leads to difficulties in guaranteeing
satisfactory performance under all circumstances. A well-known method to compensate for
unknown disturbances is disturbance observer based (DOB) control. In the case discussed in
this work, the inversion error is considered to be the main disturbance and is observed using a
DOB. An inner feedback loop is then used in order to reduce the effect of the disturbance [45].
Figure 7.2 shows a block diagram of the DOB controller, consisting of an inverse hysteresis
model, observer transfer function Q(s) and the outer loop controller G(s).

G(s) Inverse model Hysteresis dynamics C(s)

Q(s) · C−1(s)Q(s)

Plant

Bref (t) + + Bout(t)

+

−

− −

Controller

1

Figure 7.2: Block diagram of the feedback control system with Disturbance observer (DOB).

In order to tune the controller, several parameters can be adjusted. Generally, the outer
loop controller needs to deal with non-hysteretic dynamics and the remaining inversion error.
The remaining error in the DOB is consequently a lot smaller then for PI controller described
in the previous section, due to the DOB.

Two important factors for assessing the performance of a feedback control system are the
sensitivity function S(s) and the complementary sensitivity function T (s) [46]. In order for
the system to reject disturbances and modeling errors, the sensitivity function should have
a low gain at the corresponding frequencies. The complementary sensitivity function is the
transfer function from measurement noise to the output, thus it should have a low gain at
frequencies where measurement noise occurs. For the inner DOB feedback loop, the following
relationships hold true [47]:

S(s) = 1−Q(s) (7.5)

T (s) = Q(s) (7.6)

Since S(s)+T (s) = 1, the sensitivity- and complementary sensitivity function can not have
a very small gain at the same frequency and therefore choosing an appropriate transfer func-
tion for Q(s) becomes a design tradeoff between disturbance and noise rejection. In several
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7 Compensation of hysteresis by inverse control

research articles, Q(s) is chosen as a low-pass filter. The same concept is used for this work.
Since measurement noise usually has a higher frequency then disturbances or errors caused
due to modeling inaccuracies, choosing Q(s) as a low-pass filter results in a system with good
performance in both regards. When determining Q(s), consideration needs to be taken such
that Q(s)C−1(s) is proper and realisable, i.e. has a number of poles that is greater or equal
to the number of zeroes.

7.3 Implementation

To test the controllers performance and simulate results, the simulation software Mathworks
Simulink will be used in this work. The inverse hysteresis model is implemented in Mathworks
Stateflow, as described in section 6.2 of this work. In order to be able to simulate the full
control loop as shown in block diagrams 7.1 and 7.2, in addition to the inverse hysteresis
model, a direct hysteresis model is needed. To accomplish this, the same type of Preisach
model and Stateflow implementation as for the inverse model was used, but the density
function was instead derived to represent a direct model, with magnetic field strength H as
input and flux density B as output. The direct density function was derived for all of the
magnetic materials that where used for the inverse model.
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Figure 7.3: Obtained density functions for LasAn2n at the frequency of 200 Hz (left) and 50
Hz (right).

If the controller is used in a real-world magnetic system (not simulated), some inversion
errors exist due to various factors such as imperfections in the model or variations over time.
To be able to simulate and test the feedback controllers under circumstances that come close
to reality, a possibility is to deliberately use an inverse model that is less accurate. In the case
of this work, this can be accomplished by deriving a density function using a limit amount
of centered cycles. This will result in a density function with less discrete values and thereby
degrade accuracy of the inverse model (see section 6.5 ). This way it is possible to design a
controller that can cope with various degrees of inversion error and test its performance by
simulation.
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7.4 Controller parameter identification

Both the PI and the DOB based controller were implemented in Mathworks Simulink
according to the respective block diagrams (7.1 and 7.2), as shown in the figures 7.4 and
7.5. The reference was chosen as a sinusoidal signal as in equation 7.2 and the output of the
system was recorded. The controller’s performance could then be assessed in their capability
to reproduce a pure sinusoidal waveform.
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PI(z)

G(s)

num(s)
den(s)
C(s)Reference

In1 Out1

Hysteresis 
model

In1 Out1

Inverse Hysteresis 
model

Figure 7.4: Block diagram representation of the feedback control system in Simulink with PI
based controller.
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Figure 7.5: Block diagram representation of the feedback control system in Simulink with PI
and DOB based controller.

7.4 Controller parameter identification

For the PI controller described in the previous section (see equation 7.4), suitable values for
the two parameters Kp and Ki need to be chosen. In this work, a well know experimental
method, the Ziegler-Nichols method [44] was used. In this method, the integrative gain Ki is
set to zero and the proportional gain Kp is adjusted until the system oscillates with a constant
amplitude Ku and oscillation period Tu. These two values are then used to set the controller
parameters according to the following guidelines:
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Kp = 0.45Ku (7.7)

Ki = 1.2
Kp

Ku
(7.8)

For the DOB based controller, the outer feedback loop controller G(s) is selected so that
it can provided sufficient performance in regard to reference tracking, ignoring the hysteresis
dynamics. Here, G(s) was implemented as a PI controller with the same parameters as for
pure PI control. The hysteresis dynamics and inversion error are handled by the disturbance
observer. As was discussed in the previous sections, choosing Q(s) is a design tradeoff be-
tween disturbance and noise rejection. Furthermore, consideration needs to be taken so that
Q(s)C−1(s) is proper and realisable. According to [48], Q(s) should also have a unity DC
gain. In this work, Q(s) is implemented as a low-pass filter of the following form:

Q(s) =
1

1 + s
2πfb

(7.9)

Since C(s) has a single zero, this will ensure that Q(s)C−1(s) is proper and all other criteria
are fulfilled. The remaining design parameter, the cross-over frequency fb is chosen such that
satisfactory attenuation of measurement noise and good bandwidth for disturbance rejection
is achieved. For the simulation performed in the following sections, a cross-over frequency of
fb = 1 kHz was chosen.

7.5 Results and analysis

In this section, the results of the simulating the controllers described in the previous sections
are provided. To be able to analyze the results, each graph contains the output magnetic
flux density waveform, Bout, alongside the reference signal, Bref . This allows for a quick
graphical comparison of the actual output with the ideal result. Additionally, the form factor
is calculated for each simulation.

Figures 7.6 and 7.7 show the results of simulating the PI controller using the magnetic
material LASan2n at 50Hz and 200Hz, respectively. For both cases, the density function for
the inverse model was determined from 5 centered cycles, whilst 8 cycles were used for the
direct model ( see section 6.1). This was done to deliberately introduce some inversion error
to be able to test how the controllers can handle this. As can be seen from the figures, the
PI controller is not able to track the reference with the desired precision. It is not able to
reproduce a sinusoidal output waveform, which is also seen in the form factor of 1.12 for both
the 50Hz and 200Hz graphs.
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Figure 7.6: Reference (solid line) and output (dotted line) waveform of magnetic flux density
B(t) for the magnetic material LASan2n at the frequency of 50 Hz, using PI
controller.
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Figure 7.7: Reference (solid line) and output (dotted line) waveform of magnetic flux density
B(t) for the magnetic material LASan2n at the frequency of 200 Hz, using PI
controller.

Figures 7.8 and 7.9 show the results of simulations performed with the DOB based con-
troller for the magnetic material LASan2n at 50Hz and 200Hz. The density function for the
inverse model was determined from 5 centered cycles and 8 centered cycles were used for the
direct model. When compared to the PI controller, the DOB based controller shows large
improvements in its capability to reproduce a pure sinusoidal output waveform. The form
factor is 1.11 for both cases, which is in compliance with the requirements stated in the IEC
directive (see chapter 3.)
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Figure 7.8: Reference (solid line) and output (dotted line) waveform of magnetic flux density
B(t) for the magnetic material LASan2n at the frequency of 50 Hz, using PI and
DOB controller.
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Figure 7.9: Reference (solid line) and output (dotted line) waveform of magnetic flux density
B(t) for the magnetic material LASan2n at the frequency of 200 Hz, using PI
and DOB controller.

As described in chapter 5, an important property of the system is to be able to reproduce an
accurate output signal at any frequency, even if no density function is available at this specific
frequency. This is accomplished by utilizing the dynamic extension of the Preisach model
as was described in section 5.2. Figure 7.11 shows the controller output for the magnetic
material LASan2n at 75Hz. Since no measurements at this frequency were available, the
density function for both the direct and inverse models were interpolated using the method
described in section 6.3. Figure 7.10 shows the resulting inverse density function. As is seen
from the figure 7.11, the controller exhibits good reference tracking capability, which is also
seen in the form factor of 1.11.
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Figure 7.10: Obtained inverse density functions for LASan2n at the frequency of 75 Hz.
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Figure 7.11: Reference (solid line) and output (dotted line) waveform of magnetic flux density
B(t) for the magnetic material LASan2n at the frequency of 75 Hz, using PI
and DOB controller.

In figures 7.12 and 7.13, the controller output for simulations with the magnetic material
NO20 at 10Hz and 200Hz is shown, respectively. In both cases, the density functions for the
inverse and direct models were determined from 5 centered cycles, since no measurements
with 5 cycles were available. The controllers performance is satisfactory and they are able
to produce an output that complies with the IEC directive and a form factor of 1.11 in both
cases.

47



7 Compensation of hysteresis by inverse control
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Figure 7.12: Reference (solid line) and output (dotted line) waveform of magnetic flux density
B(t) for the magnetic material NO20 at the frequency of 10 Hz, using PI and
DOB controller.
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Figure 7.13: Reference (solid line) and output (dotted line) waveform of magnetic flux density
B(t) for the magnetic material NO20 at the frequency of 200 Hz, using PI and
DOB controller.
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8 Conclusions and future work

8.1 Conclusions

The theoretical background for understanding magnetic phenomena such as the hysteresis
non-linearity between the field strength and the flux density and for performing magnetic
measurements was discussed in the second and third chapters of this thesis. This section was
both necessary and useful to get a better understanding of the fundamentals.

The aim of this work was to improve upon an existing magnetic excitation system and thus
understanding its limitations and how it functions was an important task. This was covered
in chapter 4 of this work, where a detailed description of the systems implementation and a
discussion of the limitations of the system were provided. The existing system did not use an
internal model of the hysteresis, but instead relied on adaptive feedback control. Thus, the
approach to investigate in modeling the hysteresis was chosen, since this was believed to be
able to improve the system.

The first sections of chapter 5 cover an analysis of hysteresis models that are available in
literature and research papers. A general overview of available models is provided and the
models are examined regarding their suitability in the regard to the control system applica-
tion. Out of the models that where studied, the Preisach model was determined to be the
most suitable. Reasons for this where that an inverse of the model easily could be determined
and that the model and its numerical implementation were very well documented in litera-
ture. Retrospectively, the Preisach model was very well suited for the task, as shown by the
model validation sections of chapter 5 and the result sections of chapter 6. One drawback was
the complexity of implementing the model in Simulink which took significant time. However
this was made up for by the good accuracy of the model and that the parameters could be
determined with relative ease.

In chapter 6 of this work, two different feedback control system were proposed that both
make use of the hysteresis model. The first system consisted of a simpler combination of a PI
controller with the inverse model and the second system made use of a disturbance observer
(DOB) that could mitigate the hysteresis inversion error in a more efficient way. The results
from performing simulation with both systems showed that whilst the PI controller is a much
simpler system, the performance was not as good as desired. The system was not able to
reproduce a pure sinusoidal waveform of the desired form factor. Fortunately, the DOB based
controller showed significant improvements and the results were satisfactory and within what
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8 Conclusions and future work

is desired to be able to perform standard magnetic measurements.

8.2 Future work

Recommendations for future work focus on how the system, which was developed during this
work, can be improved and how it can be implemented in a real-world system.

• The actual transfer function of the non-hysteresis dynamics should be identified, for
instance, the amplifier’s dynamics should be included. The results can than be used in
simulation and in a real-world system to improve the performance of the control system.

• As presented in section 6.5, the number of centered cycles influences the accuracy of
the model. To improve the accuracy, the optimal number of center cycles should be
determined.

• The inverse hysteresis model should be implemented and tested in LabVIEW. This
is necessary to be able to use the control system with the actual magnetic excitation
system.

• The control systems should be implemented and tested in a real-world system in Lab-
VIEW using the actual magnetic excitation system. The suggested control systems
should be tested for both the rings used for the simulink experiments in this thesis and
even new materials such as SMC rings.
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