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Abstract
This dissertation deals with the effect of stress on the magnetic properties of electrical steel
sheets and, consequently, on the ﬂ ux density distribution and the core loss of electrical
machines. The stress effect on the permeability and the iron loss is measured using a modiﬁ ed
single sheet tester, designed and custom built with the provision of unidirectional in-plane
stressing. The measured stress dependent permeability and the developed stress dependent
iron loss model are implemented in a 2D ﬁ nite element (FE) machine model to investigate the
effect of stress due to the shrink-ﬁ t, and the centrifugal forces on the ﬂ ux and loss density
distributions across the cross-section of the machine.
From the simultaneous magnetic and magnetostriction measurements, a comprehensive stress
dependent magnetostriction model has been proposed and later used in the magnetomechanical coupling term of the well known Sablik-Jiles-Atherton static hysteresis model.
Some modiﬁ cations to the model parameters and the coupling term have been proposed to
correctly model the BH-loop variation over a wide range of stress, both compressive and tensile.
Similarly, the model parameters of the statistical iron loss model are made stress dependent,
over a wide range of frequency, induction and stress, for further use in the estimation of the
core losses.
Finally, the measured permeability and the developed iron loss model, both stress dependent,
are implemented in a 2D FE model of a synchronous reluctance machine. The stress
distribution across the machine geometry is obtained from the static linear elasticity analysis
for the shrink-ﬁt and the rotation, and is coupled to the magnetic ﬁeld formulation through the
stress dependent permeability. The obtained magnetic ﬁeld distribution is used in conjunction
with the stress dependent iron loss model to post process for the core losses. The results
obtained from the FE simulation with the inclusion of stress show a substantial difference in
both the ﬂux density distribution across the machine geometry and the loss density distribution
across the stator core, when compared to the FE simulation result without the stress.
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1. Introduction

1.1

Background

The ever increasing strain on heavily-depleting global fossil fuels, and
other traditional energy resources, have increased the cost of energy production globally. This has led to the recent global trend towards efﬁcient
energy consumption in an attempt to conserve energy and protect the
environment. The electrical motors and the systems they drive are the
largest electrical end-user. As of 2011, they have accounted for somewhere
between 43% and 46% of all global electricity consumption. Improving the
efﬁciency of electrical machines, even by a fraction of a percentage point,
will therefore have a huge impact globally. Centered on this target, the
standards IEC (International Electrotechnical Commission) and NEMA
(National Electrical Manufacturers Association) have imposed higher efﬁciency requirement for electrical motors i.e. IE4 and Super-premium efﬁciency respectively.
Accurate prediction of losses in the electrical machine is essential for
proper design and optimization of the machine cross-section in order to
achieve the higher efﬁciency targets. However, currently the origin of
a substantial proportion of loss, i.e. termed as additional loss (Fig. 1.1),
is not fully understood. For the additional loss even the efﬁciency standards prescribe either a certain percentage point (0.5%) of the input power
or, a ﬁxed value for every machine of the same rated power. It is a
general belief that a signiﬁcant part of the additional loss is the consequence of the manufacturing process of the electrical machine. The electrical steel sheets during the fabrication of a compact laminated core, are
punched, compressed and welded together. Furthermore, the cores are
then shrunk-ﬁt to the frame and shaft, which exerts signiﬁcant stress on
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OUTPUT
(Shaft Power)
>90%

INPUT
(Electrical Power)
100%

COPPER LOSS

IRON LOSS

MECHANICAL LOSS

ADDITIONAL LOSS

• Stator Winding

• Hysteresis

• Friction

• Skin eﬀect

• Rotor Cage

• Eddy-current

• Windage

• Circulating Current
• Interlaminar Current
• Residual Stress

Figure 1.1. Power ﬂow diagram of a typical electrical motor.

the laminated cores. These processes deteriorate the quality of the electrical steel and cause residual stress that affects the performance and loss
of the electrical machine.
The magnetic properties of electrical steels are known to deviate significantly under stress. The characteristic curves and the loss coefﬁcients,
that deﬁne the properties of the electrical steel, are typically determined
by some standardized test process with no external stress. And the effects
of the residual stress are seldom included in the computation and design
of the machines. This dissertation aims to study the effect of external
stress on the magnetic properties of the electrical steel sheet and, consequently, on the magnetic loss in the machine cores. The study is centered
around two objective, ﬁrst is the measurement and modeling of the stress
dependent magnetic ﬂux-ﬁeld relation and the stress dependent magnetic
loss. Second, is to include these stress dependent magnetic properties in
the machine model and investigate the effect of static-stress on the magnetic losses of the machine core.
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1.2

Objectives

The general objective of this study is to measure and model the effect
of stress on the magnetic properties of electrical steel sheets. For magnetic measurement under externally applied in-plane stress, a modiﬁed
single sheet tester was built and the obtained measurements were used
to model the observed effects. Modeling of the stress effect was centered
around two aims, ﬁrst is the static and scalar magneto-mechanical hysteresis model and second is the stress dependency of the statistical iron
loss model and its parameters. The measured and modeled stress dependent magnetic properties were then used in a 2D-ﬁnite element (FE)
machine model to investigate the effect of static stresses on the magnetic
induction and the core loss of the electrical machine.

1.3

Scientiﬁc Contribution

The scientiﬁc contributions of this dissertation are summarized as follows:
• A modiﬁed single sheet tester (SST) setup with the provision of unidirectional stressing was designed and built. The SST setup was
constructed with the purpose of measuring the magnetic properties
of electrical steel sheets under stress.
• A comprehensive model of stress dependent magnetostriction versus
magnetization model was proposed. The model was validated with
the measured results.
• A magneto-mechanical model of hysteresis for a non-oriented (NO)
electrical steel sheet was developed. The model parameters were
identiﬁed based on the simultaneous mechanical (magnetostriction)
and magnetic measurements of the steel sheet under stress.
• A stress dependent hysteresis loss model was developed for an M40050A grade of electrical steel sheet. Furthermore, for the same material the statistical iron loss model was made stress dependent.
• A ﬁnite element (FE) model for a synchronous reluctance machine
was developed with the magneto-mechanical coupling implemented
in the magnetic properties. A simpliﬁed approach of stress induced
anisotropy was proposed and implemented in the FE model.
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• The effect of static stresses arising due to the centrifugal forces and
the shrink-ﬁt on the ﬂux density distribution and the stator core loss
was investigated. The difference in the ﬂux density distribution and
the increase in the stator core loss with stress effect included in the
magnetic properties were found to be signiﬁcant when compared to
the computation results with no stress effect.

1.4

Outline

This dissertation is divided into ﬁve chapters. In the current chapter, a
brief introduction to the research topic, aim of the research and the scientiﬁc contributions are presented. Chapter 2 deals with the literature review of the research topics relevant to this dissertation. In chapter 3, the
methods, both experimental and models, used for the studies conducted
during the course of this dissertation are detailed. Chapter 4 presents the
results of studies done. Finally, in Chapter 5 the ﬁndings from the results
obtained have been discussed and the dissertation concluded with some
ideas for future continuation of the research.
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2. Literature Review

In this chapter, a review of literature relevant to this dissertation has
been presented. First, the cornerstone of magnetism, i.e. domain theory, has been covered with emphasis on the stress effect. After that, a
review on the models for magnetic hysteresis and magnetic losses along
with their stress dependency has been done. Next, the latest trends in
the stress dependent FE machine model has been reviewed. Finally, an
overview of the old methods and recent advancements in the measurement of magnetic properties, especially measurement methods under stress,
has been provided.

2.1

Domain Theory

Figure 2.1. Domain formation in Ni-Co alloy [1].

Ferromagnetic materials are composed of many grains with speciﬁc orientations. Each grain contains magnetic domains within which the spontaneous magnetization is equal to the saturation magnetization and aligned
along one of the easy magnetization directions (Fig. 2.1) [2]. The net magnetization of the material is the vectorial sum of the magnetization of all
the domains. An applied external magnetic ﬁeld tends to reorient the
magnetic domains which in turn changes the dimension of the material,
and this phenomenon is termed as magnetostriction, also called the Joule
effect [3, 4, 5]. Similarly, an applied stress also reorients the magnetic do-
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mains and changes the magnetization state of the material and this effect
is termed as the Villary effect [3, 4, 6, 7].
The magnetization process of a ferromagnetic material has two principal
steps, domain wall motion in which the boundary between two domains
moves and the magnetization changes is localized in the domain boundary. Or, various magnetic domains can coherently rotate to the direction
parallel to the external magnetic ﬁeld [8, 9, 10, 11, 12]. These two phenomena under the applied magnetic ﬁeld occur simultaneously in a ferromagnetic material. To understand the magnetization process, domain
structure and wall motions, a basic understanding of the domain theory
is necessary.
In 1907, Weiss introduced the domain hypothesis and the molecular
ﬁeld, i.e. the demagnetization ﬁeld [13]. The domain theory of Weiss did
not gain any traction until 1949 when H.J. Willams et al. [14] published
their experimental work verifying the domain formation in Fe-Si single
crystals. Since then, the domain theory is the most revered method in
the study of magnetism. Weiss in his domain hypothesis suggested the
existence of the molecular ﬁeld due to spontaneous magnetization below
the Curie temperature which tends to align the neighboring atomic spins
parallel to one another [15]. The spontaneous magnetization gradually
weakens with the temperature approaching the Curie temperature [16].
Building on the domain theory, further explanation of the domain structure requires greater analysis of the dominant energy terms in the material under consideration. For instance, in Fe-Si alloys magneto-static energy, magneto crystalline anisotropic energy, magneto-elastic energy and
the wall exchange energy are the dominant energy terms. Domain formation and its structure and orientation can be explained by the equilibrium
state of the above-mentioned energy terms, i.e. minimum energy state
[17].

2.1.1

Energy Terms

Magneto-static Energy
General expression for the magneto-static energy in a domain is,
1
Est = μ0 (Hap + Hd ) M 2
2

(2.1)

where Hap and Hd are the applied magnetic ﬁeld and the demagnetization
ﬁeld, respectively. μ0 is the permeability of the free space and M is the
magnetization. If a single crystal ferromagnetic material with no applied
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Figure 2.2. Sub division of large domain to minimize Magneto-static energy.

ﬁeld is considered, the magneto-static energy which will be equal to the
energy of the demagnetization ﬁeld is given by,
1
ED = ND Ms2
2

(2.2)

where ND is the demagnetizing factor that depends on the shape of the
sample, i.e. zero for a very long sample. Ms is the saturation magnetization. In a specimen of ﬁnite length and consisting of a single domain, the
presence of magnetic free poles at the surface of the specimen, i.e. along
the saturation magnetization direction, will generate a demagnetization
ﬁeld Hd that balances the energy of the spontaneous magnetization of the
single domain. Sub-dividing the material into more domains magnetized
anti-parallel, as shown in Fig. 2.2, reduces the demagnetization ﬁeld and
thus the magneto-static energy.

Magneto Crystalline Anisotropic Energy
Ferromagnetic materials are mostly anisotropic in nature, i.e. the internal
energy of the domains depends on the direction of its spontaneous magnetization with respect to the crystallographic axis of the material [2, 4, 10].
The magneto crystalline anisotropic energy, EK is at minimum for domains oriented parallel to a certain crystallographic direction and hence
termed as the "easy magnetization direction". For a cubic crystalline material, the expression for EK is given by,




EK = K0 + K1 α12 α22 + α22 α32 + α32 α12 + K2 α12 α22 α32

(2.3)

where α1 , α2 and α3 are the direction cosines of the magnetization within
a domain with respect to the crystallographic axis (Fig.2.3). K0 , K1 and
K2 are the anisotropy constants. Since K0 does not affect the energy
minimum, it is generally neglected when the rotation of magnetization
is considered [3]. The easy magnetization direction can be determined
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Figure 2.3. Crystallographic axis (x, y, z) and the direction cosines (α1 , α2 , α3 ) of the
saturation magnetization Ms . Figure also shows the easy magnetization directions (<100>, <001>) and the hard magnetization directions (<111>).

based on the anisotropy constants K1 and K2 . For example, Fe-Si alloys
have large K1 thus K2 is neglected and EK is minimum (i.e. EK ≈ 0) at
α1,2 or 3 = 1 or − 1; and the others are 0 which implies <100>, <010> and
<001> to be the easy magnetization direction. Furthermore, when K2
is small or negligible, the sign of K1 determines the easy magnetization
direction (<100> if K1 > 0 and <111> if K1 < 0). For Ni-Fe alloys, K1
changes sign depending on the % of Ni composition. Thus for Ni-Fe alloys
K2 cannot be neglected and determining the easy direction is not that
simple.

Magneto-elastic Energy
The spontaneously magnetized domains below the curie temperature tend
to strain the crystal lattice in the direction of magnetization. This strain,
also referred to as spontaneous magnetostriction, introduces energy to the
domain that is termed as the magneto-elastic energy. Assuming uniform
strain within a grain, the energy Eλ can be calculated as,
Eλ = −σ : ελ

(2.4)

where ελ is the magnetostrictive strain tensor within a single cubic crystal and σ the applied or the residual stress. The magnetostrictive strain
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tensor within a single crystal can be expressed as,
⎡
ελ =



λ100 α12 − 13

3⎢
⎢
⎢ λ111 α2 α1
2⎣
λ111 α3 α1

λ111 α1 α2


λ100 α22 − 13
λ111 α3 α2

λ111 α1 α3

⎤

⎥
⎥
λ111 α2 α3 ⎥
⎦


λ100 α32 − 13

(2.5)

where αi (i = 1, 2, 3) are previously deﬁned, and λ100 and λ111 are the
saturation magnetostriction in the <100> and <111> directions, respectively. From the equilibrium of the magneto-elastic energy and the elastic strain energy, magnetostriction λ can be expressed using the Becker
Döring equation as [18, 19],
3
1
λ = λ100 α12 β12 + α22 β22 + α32 β32 −
2
3
+ 3λ111 (α1 α2 β1 β2 + α2 α3 β2 β3 + α3 α1 β3 β1 )

(2.6)

where βi (i = 1, 2, 3) are the direction cosines of the strain measurements
direction with respect to the crystallographic axes.

Domain Wall Energy
The domain wall is the transition region between domains magnetized
along different easy directions. Within the wall, magnetization of adjacent domains changes direction from one easy axis to another. For the
exchange energy across the wall to be at minimum, the transition of magnetization from <100> to − <100>, i.e. 180◦ wall, must take place gradually over a span of N atoms. The exchange energy of the wall EW can be
expressed as [10],
EW = Aex

dφ
dx

2

(2.7)

where Aex is the exchange constant and the quantity dφ/dx represents the
rate at which the direction of local magnetization rotates with position
in the wall. However it means that N atomic spins are displaced from
their easy axis, thereby increasing EK . Thus the thickness of the wall
is dependent on the sum of the exchange energy of the wall EW and the
magneto crystalline anisotropy energy EK .
Fig. 2.4 shows the schematic of the 180◦ domain wall with the transition
angle of φ between adjacent atomic spins. This type of wall is known as
the Bloch wall [20]. Based on the sample thickness and thus the free pole
energy of the wall at the surface of the sample, the walls are categorized
as Bloch wall and Néel wall. In Néel wall, in order to lower the overall free
pole energy, the magnetization rotates in the plane of the sample rather

29

Literature Review

Figure 2.4. Bloch wall and 180◦ rotation of magnetization [10].

than the plane of the wall (as in the Bloch wall). The Néel wall appears in
ultra-thin ﬁlm with a thickness of about 50 nm [21].

Figure 2.5. Neel’s wall and 1800 rotation of magnetization.

2.1.2

Domain Structure and Closure Domains
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x
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Figure 2.6. Formation of closure domains.
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Domain structure can be estimated based on the minimization of the
sum of ED , EK , Eλ and EW . In addition to the sub-division into antiparallel domains, closing the ﬂux path within the specimen also reduces
the free pole energy. However, continuous rotation of the magnetization
within a domain increases EK (Fig. 2.6a). Thus, the ﬂux paths within
the specimen are closed by the closure domains that have 90◦ walls with
the main domains (Fig. 2.1). Due to the magnetostriction at the 90◦ wall
interface, the closure domains have considerable magneto-elastic energy
which is directly proportional to the volume fraction of the closure domain
[2, 10, 15]. Hence, closure domains with smaller volume fractions (Fig.
2.6c), are often observed.

2.1.3

Effect of Applied Field
M
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Figure 2.7. Hysteresis Process.

The magnetization process under the external applied ﬁeld can be roughly
classiﬁed into two components, reversible and irreversible magnetization
[10]. As the name suggests, the reversible process is when magnetization returns to the original value upon removal of the applied ﬁeld. While
in an irreversible process, the magnetization takes a new value after removal of the applied ﬁeld [22]. Generally speaking, the domain wall motions are considered an irreversible process and occur at the low values
of the applied ﬁeld, i.e. lower than the saturation knee (Fig. 2.7(c),(e)
and (f)). Similarly the domain rotations, which occur after the knee of
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the magnetization curve, i.e., at saturation, are categorized as reversible
(Fig. 2.7(d)). The wall motion and the domain rotation are not so distinct
on the magnetization curve, both processes rather occur in conjunction
[10]. Furthermore, considering the magnetization steps of a demagnetized ferromagnetic material, i.e. the ﬁrst magnetization curve, at ﬁelds
lower than the coercive ﬁeld the main domain expands by the bowing of
the domain walls (Fig. 2.7(b)), which are a reversible process. However,
the domain walls bowing are nonexistent during the major hysteresis loop
[22]. Increasing the ﬁeld to intermediate strength, the wall motions occur
which are an irreversible process. Further increasing the ﬁeld will cause
domains to rotate from their original easy axis to the easy axis close to
the direction of the applied ﬁeld, and the process is irreversible in nature
as well. Finally when high enough ﬁeld is applied, a reversible process
occurs where the domains are rotated to the direction of the applied ﬁeld.

2.1.4

Wall Motion and Crystal Imperfections

In an idealistic perfect crystalline material the domain wall motion can
be a reversible process. However due to the presence of the crystal imperfections in an actual material, the domain wall movement is hindered
at these imperfection sites. The crystal imperfections are broadly classiﬁed as inclusion and micro-stress. By deﬁnition, inclusions in a domain
are sites which have different spontaneous magnetostriction or no magnetization at all. Oxides and sulphides particles (or voids and cracks)
fall under this type of crystal imperfection. Another type of imperfection
is the sites with micro-stress and is primarily caused due to dislocations
and the restriction of the spontaneous magnetostriction by the surrounding domains. Furthermore, the wall moves under the inﬂuence of a small
applied ﬁeld and this motion is against the energy of the restoring force of
the inclusions (due to the increase in EW and ED ) and micro-stress (due to
the increase in EW and Eλ ). If the energy of the applied ﬁeld is lower than
that of the energy of the restoring force of the crystal imperfection, the
wall motion is reversible. However, upon the ﬁeld energy exceeding the
energy of the restoring force, the wall will abruptly jump to a new position
which has an equal energy of the restoring force. This jump is irreversible
and is the primary source of hysteresis phenomena in a magnetic material. This jump is the one known as the Barkhausen Jump. Moreover,
a trail of free poles are formed on the inclusion boundary following the
irreversible wall jump, this phenomenon was ﬁrst predicted by Néel [23],
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hence known as Néel’s spike, and veriﬁed by various experiments since
then [10, 14, 15].

2.1.5

Effect of Stress on Domain Structure and
Magnetostriction

σ
a) Tension

σ
b) Compression
Figure 2.8. Magnetic domains under stress.

The presence of magnetostrictive strain, although small in magnitude,
indicates that any applied stress can signiﬁcantly alter the domain structure and its orientation [15]. These alterations could have a signiﬁcant
effect on the magnetic properties like permeability and remanence at low
ﬁeld and, hence, could be a new source of anisotropy [10]. Changes in
the magnetic behavior induced due to an applied stress have been extensively studied in past, both theoretically [24, 25] and experimentally
[26, 27, 28, 29, 30]. From the experimental results of [24, 31], it is evident
that there is strong correlation between the magnetostriction λ and the
magnetic behavior of the material. Thus the effect of stress is also termed
as the inverse magnetostrictive effect, or more adequately, the magnetomechanical effect. For a crystalline material with positive magnetostriction like iron, upon the application of tensile stress, the domains with
an easy axis close to the stress direction tend to grow in size (Fig.2.8a)
[2, 4, 10]. Alternately, with the application of compressive stress, the domains with an easy axis orthogonal to the stress direction grow in size
(Fig.2.8b)[10, 15]. Not only does the stress moves the domain walls, it can
create a new direction of the easy axis as well, thereby causing a uniaxial
anisotropy called the stress induced anisotropy. For the uniaxial stress
σ, the new easy axis due to the stress induced anisotropy is governed by
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the sign of λs σ, i.e.,the easy axis is either parallel or orthogonal to the
stress axis. Furthermore, the applied stress will change the shape of the
grain inducing an additional magnetostriction term which is called as the
form effect [32]. Moreover, the magnetostriction of the pre-stressed sample varies signiﬁcantly with the stress amplitude and this is evident from
various previous studies [3, 11, 33, 34, 35, 36, 37, 38].

2.2

Hysteresis Models

Hysteresis is the phenomenon that exists in every physical system. In a
broader sense, hysteresis occurs when the output of a system depends on
the history of the system i.e. depends on the memory of the state in which
the system was. Most commonly the term hysteresis implies the BH-loop
of the magnetic materials. The magnetic hysteresis exhibits some typical behaviors as explained by the Madelung rules [39] i.e. reversal, return
point memory and wiping out property [40]. In most applications, the existence of the hysteresis phenomenon in ferromagnetic material is problematic. For instance, the errors in sensors and actuators using ferromagnetic materials, and the magnetic losses in electrical machines are some of
these problems. Furthermore, while simulating an electromagnetic (EM)
device (both analytical and ﬁnite element model), single-valued (SV) constitutive relations, i.e. BH-curves, are used in conjunction with Maxwell’s
equations to predict the induction level of the magnetic parts. Although
the SV constitutive relation is sufﬁcient to model most of the EM device, for some special EM, for instance a hysteresis motor, implementation of the hysteresis in the constitutive relation is necessary. Moreover,
the broad spectrum of the hysteresis phenomena from mechanical systems to electrical, magnetic, biological, economic systems etc. mean that
there exists a variety of mathematical models for hysteresis. Although
developed with a particular system in consideration, their mathematical equations can be suitable for multi-disciplinary extension [41]. A few
well known mathematical models for hysteresis are namely, the BoucWen model [42, 43], the Colenman-Hodgdon model [44, 45], the StonerWohlfart model [46, 47], the Bergqvist model [48, 49] and its extension
by Henrotte [50, 51], the Tellinen model [52]. However, the most popular
and widely used magnetic hysteresis models for the ferromagnetic materials are the Preisach model [53] and its extension by Mayergoyz [54, 55]
and Della-Torre et al. [56, 57], the Jiles-Atherton (JA) model [58, 59] and,
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most recently, the energetic or Hauser model [60, 61]. The models can be
further classiﬁed into static (rate independent) and dynamic (rate dependent) [51, 62], scalar and vector [63, 64, 65], and microscopic and macroscopic. The hysteresis model discussed in this dissertation from here on
refers to a macroscopic, scalar and static model.

2.2.1

Stress Dependent Hysteresis Models

The concept of the effective ﬁeld, ﬁrst introduced as a molecular ﬁeld by
Weiss, has been exploited to model various types of hysteresis. For instance, the extension of a static model to include dynamic behavior, and
to vectorize the static hysteresis models. Following the same school of
thought, an extra term pertaining to the stress can be added to the effective ﬁeld in order to develop a stress dependent hysteresis model. Although the extension of the Preisach model [66, 67] includes the effective
ﬁeld, it is quite difﬁcult to ascribe any physical meaning to the model parameters [68]. Nevertheless, there have been numerous studies dealing
with the stress dependent Preisach model [69, 70, 71, 72, 73].
The macroscopic model of the magnetic hysteresis presented in the JA
model has the effective ﬁeld inherent in the description. Mechanical phenomena such as magnetostriction can be correlated to the magnetic phenomena using the JA model in order to study the effect of stress on the
magnetic behavior of a magnetic material [74, 75, 76]. Based on both
the thermodynamics and mechanical equilibriums, Sablik et al. [76] account for this stress effect with an additional term in the expression of
the effective ﬁeld. Their model, referred to as the Sablik-JA (SJA) model,
describes a symmetrical magnetic behavior with respect to zero stress.
Furthermore, in [77, 78] the unsymmetrical behavior of the BH-loop at
tensile and compressive stress was modeled as the demagnetizing effect
due to compression. Another additional term, proportional to the magnetization whose coefﬁcient tends to zero for the tensile stress, was added to
the effective ﬁeld. Nevertheless, measurements in NO Fe-Si single steel
sheets under alternative ﬂux density and coaxial applied stress from -35
MPa until 100 MPa demonstrates two phenomena [79, 80]. The ﬁrst is
a slight improvement in the permeability at small tensile stresses (Fig.
82 in [32]) and the second is the local bowing of the BH loop for high
compressive stress and low value of the magnetization [81]. The improvements of the SJA model proposed in [77, 78] are not sufﬁcient to model
these phenomena.
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One of the major portions of this dissertation is to explore the correlation
between the asymmetrical variation of the magnetostriction and the BH
characteristic with applied coaxial stress [82]. The SJA model, because of
its physical meaning and direct coupling of the magnetic phenomena with
mechanics, was selected for the study. Based on simultaneous measurements of the magnetostriction, the magnetic ﬁeld and the ﬂux density in a
single NO steel sheet under various levels of compressive and tensile elastic stresses, some semi-analytical improvements of the SJA model have
been proposed to accurately represent both the effect of stress and the
bowing of the BH loops.

2.3

Iron Loss Models

The Steinmetz equation [83], proposed more than a century ago, is the
ﬁrst known attempt to model iron losses. It was developed for the magnetic material under sinusoidal induction. After that, various modiﬁcation to the Steinmetz equation [84, 85, 86] to account for arbitrary waveforms have been developed. Another crucial model for iron loss, popularly
known as the Jordan model [87], separated the total loss into two components, static hysteresis loss and dynamic eddy current loss. This model
was further modiﬁed by including an empirical correction factor called the
excess loss factor [88]. Although the Jordan model was accurate at predicting losses for NiFe alloys, but was not so accurate for the SiFe alloys
[89].

Energy Loss (J/kg)

Excess Loss

Eddy-current Loss

Hysteresis Loss
Frequency (Hz)
Figure 2.9. Loss separation.
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An approach to improve the Jordan model was given by Bertotti, which
was based on the statistical approach. An additional term coined as the
excess loss was added, thereby separating the total loss into the static
hysteresis loss, the classical eddy-current loss and the excess loss due to
highly inhomogeneous micro eddy-current loops (Fig. 2.9). Although the
Bertotti model was still based on the empirical factor, the theory developed by Bertotti [90, 91, 92] tries to give the physical description of the
existence of the excess loss based on the active magnetic objects (MOs)
and the domain wall motion. Furthermore, determining the coefﬁcient of
the Bertotti model requires accurate segregation of the loss components
during measurements. Various previous studies have shown the importance of accurate loss separation and also present novel approaches for
the loss segregation [93, 94, 95, 96, 97, 98, 99, 100].

2.3.1

Stress Dependent Iron Loss Models

The properties of magnetic materials depend strongly on the stress state
of the material. The deformation and deviation in the BH-loop of an electrical steel sheet due to stress are evident from various previous studies
[29, 79, 81, 101, 102, 103, 104, 105]. These effects on the magnetic properties, especially on the iron loss [79, 106, 107, 108] are detrimental for an
electrical machine [109, 110, 111]. Despite the signiﬁcance of the stress
effect on the iron losses, studies tackling the issues are few and far between. The theory of coercive ﬁeld [112], based on the statistical analysis
of the magnetic objects, provides a strong dependency between coercive
ﬁeld and the magnetostrictive strain. From this coercive ﬁeld and the
ﬁrst magnetization curve, the hysteresis losses can be determined and
correlated to the applied stress. Furthermore, in [113] the stress dependency of the parameters representing the intrinsic material properties in
the statistical iron loss model [92] has been presented. However the study
was based on measurements only at a single frequency.
Another of the signiﬁcant parts of this dissertation is focused on investigating the stress dependency of the parameters of the Bertotti’s loss
model. Based on a strong correlation between the hysteresis loss variation with stress and excess loss component observed in experimentation,
a comprehensive stress dependent loss model has been developed.
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2.4

Stress Dependent Finite Element Machine Models

The iron parts of the electrical machines are under signiﬁcant stress due
to shrink-ﬁtting, centrifugal and magnetic forces. However these effects
are mostly neglected when computing for the magnetic ﬁeld or during
post-processing for the losses. Determining the stress dependent magnetic properties, i.e. constitutive relation and loss models, are one aspect
of the overall problem. Another aspect being its general implementation
in 2D or 3D FE machine models. Material properties and their stress dependency modeling centered around the material composition of the electrical steel like the multi-scale approach [107, 114, 115] and the thermodynamic equilibrium with invariant and integrity basis [37, 80, 116, 117]
are admirable efforts of tackling the coupled problem of magnetics and
mechanics. However, even with the multi-scale approach, some equivalence with unidirectional or bidirectional measurement has to be drawn
in order for it to be implemented in the FE machine models. Various studies have included the stress dependency through the material parameters
in their models [111, 118, 119, 120, 121]. However, the inherent material
characteristic and the physical phenomenon were not fully represented
due to their simpliﬁcation in coupling either the material parameters or
the multi-physics problem. For instance in [118] and [111], the shear component of the stress tensor has been neglected. Moreover, the calculation
of iron losses was performed by employing the equivalent von-Mises stress
which has the equivalence criteria in term of uniaxial elastic energy and
thus cannot be used as the magnetic energy equivalence criteria.
In this dissertation a crucial part of study is based on the implementation of the stress induced anisotropy in an otherwise magnetically isotropic
material. Only the static stresses arising from the shrink-ﬁt and the centrifugal forces have been considered for analysis. Also the loss coefﬁcients
derived from the stress dependent iron-loss model [79] are used in conjunction with the static stress distribution to analyze its effect on the
losses.

2.5

Magnetic Properties Measurement Under Stress

The core losses in an electrical machine are predicted based on the magnetic properties determined using some standardized tests [122]. The Epstein frame [123, 124, 125], single sheet tester (SST) [126, 127], rotational
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SST (RSST) [128, 129, 130, 131] and ring core [132, 133] are namely a few
standardized tests employed to determine the coefﬁcients and the parameters of the magnetic loss models. Furthermore, these same tests are also
used to get the constitutive relation i.e. the BH characteristics. The samples of the electrical steel sheet used in these test methods are prepared
from the feed stock roll which are not representative of the actual state
of the materials after the electrical machines have been fabricated [134].
Moreover, various previous experimental studies have demonstrated the
variation of magnetic properties (both magnetic losses and constitutive
relation) due to externally applied mechanical stress [118, 135, 136, 137].
Understanding the material characteristic under the applied mechanical
stress, requires the provision of in-plane stressing of the sample sheets
used in the above mentioned standardized tests. However, there are no
set standards yet that deﬁnes the process required for in-plane stressing.
Every previous study thus has its own custom-built stressing mechanism
and consequently appropriate (or compatible) magnetization system, sensor and data acquisition system (DAQ) [137, 138, 139, 140, 141]. For the
stressing mechanism with the provision of compression, a stack of the
sample sheets are generally used [101]. However, in such setups the uniformity of the stress distribution in the cross-section of the sample thickness is at best questionable. Furthermore, compressing an SST sample
will require careful consideration in order to avoid the buckling [79, 82].
There are other design consideration as well, be it the shape of the SST
sample to ensure uniform stress distribution and the magnetization at
the center of the sample (i.e. measuring zone), or the maximum stress
and stress resolution required from the stressing device.
The control of the ﬂux density waveform for a large range of frequencies
and amplitudes is also of utmost importance. Due to the non-linear BH
characteristics of the electrical steels, the prediction of the induction level
in the sample sheet for an uncontrolled excitation is extremely difﬁcult
[142]. The conventional method of using a feedback ampliﬁer [143, 144,
145] and the equivalent circuit parameters [146, 147] are not sufﬁcient
to address the control issues due to nonlinearities of the magnetization
system at higher supply frequencies and also at higher induction, i.e. the
sample sheet saturation. Moreover, a major concern regarding the analog
feedback control is the oscillation of the control signal due to the high gain
of the ampliﬁer. An iterative digital adaptive feedback control, that does
not have to be real time, is well suited for this purpose as the dynamics
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of single iteration are not critical for the stability of the control scheme
[146, 148].
During the course of this dissertation, a modiﬁed SST with provision
of unidirectional in-plane stressing (both compression and tension) and
coaxial magnetization has been custom designed and built [79, 82]. Vertical yoke arrangements of the magnetizer are employed for the setup,
which are found to be problematic for the magnetostriction measurements.
The design considerations for the stressing mechanism and the SST samples and their pros and cons have also been discussed. Furthermore, improvements in the adaptive digital feedback control scheme for the ﬂux
density waveform have been presented and discussed.
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3. Methods

In this chapter, the methods employed for the studies conducted during
the course of this dissertation have been presented. First, the measurement setup and its mechanical stressing aspect, the magnetization and its
control aspect, and sensors and instrumentations used have been introduced in brief. Secondly, the methodologies for the magneto-mechanical
hysteresis and the stress dependent iron loss model in the electrical steel
sheet have been explained. Finally, the implementation of the measured
magnetic properties in the machine model have been detailed and the
model is used to investigate the effect of only the static stresses, i.e. due to
shrink-ﬁt and centrifugal forces, on the ﬂux density distribution and the
iron losses.

3.1

3.1.1

Measurement Setup

Stressing Mechanism

A custom designed stressing mechanism was built offering the possibility of in-plane stressing of the modiﬁed SST sample. Fig. 3.1 shows the
perspective view and Fig. 3.2 shows the cross-section and top view of
the device. The mechanism has been designed to exert both compression
and tension stress up to ±100 MPa for a 25×0.5 mm cross-sectioned SST
sample. A manual two-way locking screw system in series with a helical
compression spring, is used to exert the required force. Use of spring is
especially considered to better control the stress levels, thus a force resolution of 1 N is achieved with this device. However, the max/min force
rating of the spring limits the mechanism to ±1250 N. In order to achieve
the stress level of ±100 MPa, with the aforementioned force limit of the
spring, the sample width was limited to 25 mm for the sheet thickness of
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Figure 3.1. Perspective view of stressing mechanism.

0.5 mm. Other important considerations for the selection of the compression spring are the spiral pitch for the compression range and the spring
constant for the force resolution. Furthermore, clamps with a grinded
surface are used to ensure proper gripping of the SST sample. Guide rails
passing through the lower part of the clamps and ﬁxed to the rigid backwall, ensure the in-plane application of the force. Moreover, to eliminate
the possibility of any magnetic leakage path, all the components of the
stressing mechanism are made of non-magnetic stainless steel.

Figure 3.2. Cross-section and top view of stressing mechanism.
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3.1.2

Test Sample, Sensors, Instrumentation and Excitation
System

SST sample

Strain Rosette

Field sensor

Search coil

Clamp

Load cell

Spring

Figure 3.3. Unidirectional SST sample with sensors and search coil positioning.

In addition to the stressing mechanism, designing the SST sample is
essential as well. In order to achieve a uniform stress at the measurement zone, i.e. center of the SST sample, proper propagation of force from
the clamped zone to the center of the sample is required. Thus the shape
of the SST sample is inspired by the tensile testing standards. Along
with the stress requirement, sensors and search coils to be placed in the
measurement zone also inﬂuence the shape of the sample. For instance,
narrow width samples are ideal to achieve higher stress levels at the measuring zone with less applied force. However, wider samples are preferred
with regard to uniformity of magnetic ﬂux distribution at the measuring
zone. Also, the dimension of the strain gage rosette used to measure the
magnetostriction, is decisive in the design of the SST samples. Tunneling
magneto-resistance (TMR) sensors of dimension 6×5×1.5 mm arranged
in a 2×2 grid on a printed circuit board of 20×20 mm are used to measure the surface magnetic ﬁeld strength. When placed on the SST sample, the sensing element of the TMR sensor chips are effectively at 0.4
to 0.5 mm above the sample surface. Similarly, a coil wound around the
SST sample is used to measure the average magnetic ﬂux density. Furthermore, a non-inductive three element strain gauge rosette of 60◦ delta
arrangement with overall dimension of 16.5×17.8 mm (H-series rosette
from Micro-Measurements), glued on the surface of the sample (with the
insulation coating removed) is used to measure the magnetostriction. The
individual element of the rosette has the gauge length and resistance of
3.18 mm and 700 Ω, respectively. Fig. 3.3 shows the SST sample and
placement of the magnetic ﬁeld sensors, the strain rosette and the search
coil on the sample. The SST sample shown in Fig. 3.3 is made along the
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rolling direction (RD) of a 0.5 mm thick sheet of NO Fe-Si using a milling
cutter.
A programmable power source (AMETEK CSW 5550VA) and a data acquisition system (DAQ-NI USB-6251 BNC) with analog output are used
in conjunction with a PC to control the magnitude and the waveform of
the supply voltage so as to produce a sinusoidal induction in the SST
sample. The feedback control of the supply voltage is programmed using the MATLAB/DAQ toolbox. Low-noise/high-gain signal ampliﬁers are
also used to amplify the signal obtained from the search coils. In addition to that, a high sampling rate DAQ system (DEWETRON) controlled
by PC/DEWEsoft is used to retrieve the measured signals for the ﬁeld
strength and the ﬂux density. The sample is magnetized using two vertical cores and the excitation coils with a total of 1000 turns. Within the
limitation of the power ampliﬁer’s operation, the total turns of the excitation coils are sufﬁcient for wide range of induction amplitudes and frequencies. Fig. 3.4 shows the schematic diagram of the excitation system
and its control.
PC
DEWEsoft

&

MATLAB

DAQ Toolbox

DAQ
High Sampling Rate

Utrig
U b x , U by
U hx , U hy

Analog Out

NI
USB-6251 BNC

DEWETRON

DEWE-ORION-0816
DEWE-ORION-1616

DAQ with AO

Ubridge (λ)
Uctrl

Power Ampliﬁer
Usupply

AMETEK
CSW 5550VA

Communication Signal
Control Signal

Modiﬁed SST

Measurement Signal
Power Supply

Figure 3.4. Schematic diagram of excitation system and its control.

3.1.3

Flux Density Control

The control methods used during the measurements are based on the
principle presented in [146, 148]. These types of control methods are
called adaptive feedback control in which a sequence of the control signal is inputted to the power ampliﬁer and the last cycle is only used for
the control scheme. The sequence adopted for the control scheme is:
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• Initial supply is a sinusoidal voltage with amplitude depending on
the induction level and frequency, and the setup design. Voltage
induced in the search coil may not be sinusoidal when the sample
saturates i.e. at higher amplitudes of the ﬂux density.
• First the amplitude correction, within the user-deﬁned tolerance, is
done using the amplitude control scheme.
• Second the waveform control, i.e. form factor control within the userdeﬁned tolerance, is done. However, during the waveform control if
the error in amplitude exceeds the user deﬁned tolerance, the amplitude control will be done again.
• Both the controls are iterated until the convergence criteria are met.
The amplitude control, waveform control and the termination criteria
mentioned in the control sequence are further elaborated.

Amplitude Control
max(B)
max(Bref )
1
i
= Uctrl
×
rA

rA =
i+1
Uctrl

(3.1)

where, B and Bref are the measured and the reference ﬂux density, respectively. rA is the ratio of the measured and reference amplitudes of
the ﬂux density, Uctrl is the input control signal to the power ampliﬁer
and i is the iteration number.

Waveform Control
i+1
i
Uctrl
= Uctrl
+ KP,WF

i
 i



Uctrl1
Ui
Ub − Ubref + KI,WF ctrl1 B i − Bref
Ub1
B1

(3.2)

where, KP,WF and KI,WF are the proportional and the integral gain of the
waveform controller, respectively. Similarly, Uctrl1 , Ub1 and B1 are the fundamental component of the control signal Uctrl , the induced voltage in the
search coil Ub and the measured ﬂux density B, respectively. Ubref is the
reference signal for the voltage induced in the search coil.

Termination Criteria
rnorm =

B − Bref 
Bref 

(3.3)

where, rnorm is the relative error of the Euclidean norm. If rnorm is lower
than the user speciﬁed tolerance, the convergence is met and hence iteration terminated.
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3.2

3.2.1

Magneto-Mechanical Model for Hysteresis

Sablik-Jiles-Atherton Model

Based on the thermodynamic equilibrium [149], for an isotropic polycrystalline material with no pinning sites, the anhysteretic magnetization
Man can be expressed as Langevin function of He /a
Man = Ms coth

He
a

−

a
He

He = H + αM

(3.4)
(3.5)

where Ms , M , Hand He are the saturation magnetization, total magnetization, applied magnetic ﬁeld and effective magnetic ﬁeld respectively.
The parameter α is a dimensionless mean ﬁeld parameter representing
interdomain coupling and a is the anhysteretic form factor. The total magnetization M is the sum of the reversible part Mrev owing to the bending of
the domain walls and the irreversible part Mirr representing the domain
wall translation. Furthermore, both the irreversible and the reversible
magnetization can be expressed in terms of the deviation of Mirr from
Man ,
M = Mrev + Mirr

(3.6)

Mrev = c (Man − Mirr )

(3.7)

M = (1 − c)Mirr + cMan
dMirr
Man − Mirr
=
dHe
kδ
⎧
dH
⎪
⎪ +1
if
≥0
⎨
dt
δ=
⎪
dH
⎪
⎩ −1
<0
if
dt
B = μ0 (H + M )

(3.8)

(3.9)

(3.10)

where B is the magnetic ﬂux density. The JA model parameter c refers
to the reversal parameter that depends on the bowing of the domain wall,
k is the wall pining parameter which deﬁnes the coercive ﬁeld Hc and
μ0 is the permeability of the free space. The sign of dH/dt, denoted δ,
produces the hysteresis by ensuring the opposition between the domainwall pinning and the magnetization [76]. Hence, the magnetic ﬁeld is
always leading the magnetic ﬂux density.
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The effect of stress is modeled as an additional term in the effective ﬁeld
He [76],
He = H + αM + Hσ

(3.11)

where Hσ is the stress contribution on the effective ﬁeld. According to
[76], the expression for Hσ was made proportional to the magnetization,
the stress and the magnetostriction. Furthermore, magnetization causes
the domains of a magnetic material to be oriented in the magnetization direction. The rearrangement of the domains elongates or retracts the specimen in the orientation parallel to the magnetization. This phenomenon
deforms the specimen with volume conservation [7], and involves strain
in other orthogonal orientations. In this study, the term magnetostriction refers to the deformation along the magnetization direction. Moreover, the magnetostriction λ is an even function of the magnetization,
i.e. deformation due to the magnetization is independent of its direction.
Since the applied stress can as well affect the domain structure due to
magnetoelastic interaction, all the three magneto-mechanical quantities
(i.e. λ, M and σ) are interrelated. Originally, the stress contribution on
the effective ﬁeld was developed in a phenomenological manner in [76]
and the asymmetrical dependency of λ on the stress was not considered,
thus this model always predicted improvement in the permeability for the
tensile stress. Moreover, based on thermodynamic equilibrium, Sablik et
al. improved the expression of Hσ in [150]. For ideal polycrystals, this
ﬁeld related to stress can be modeled by
Hσ =

3.2.2

3 σ
2 μ0

∂λ
∂M

.

(3.12)

σ

Proposed Magneto-Mechanical Model

Magnetostriction Model
As mentioned earlier, the magnetostriction is an even function of the
magnetization. Additionally, the magnetostriction also depends on the
applied coaxial stress. Various previous studies have the linear dependency of the magnetostriction λ with respect to compressive and tensile
stresses [150, 151]. However, some publications based on the measurements clearly show the asymmetrical dependency of λ on the compressive
and the tensile stress with coaxial σ and M [33, 152, 153]. The model
for λ proposed here is the product of two distinct functions (i.e.function of
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magnetization M and function of stress σ),
⎛
⎞
p
2j

M
⎠ b1 + tanh
λ=⎝
aj
Msc
j=1

b3 − σ
b4

(3.13)

λ = f (M )g(σ)

(3.14)

where Msc = 1MA/m is the scaling factor that makes aj dimensionless.
The ﬁrst function in (3.14), f (M ) is an even function of magnetization
M and has been extensively used in previous studies relating magnetostriction with the JA model, both hysteretic and anhysteretic models
[74, 154, 76]. Furthermore, in the previous studies the coefﬁcients of the
even polynomial function f (M ) were made stress dependent, albeit symmetrical with respect to the compressive and the tensile stress. The second function in (3.14), g(σ) scales f (M ) depending on the stress σ and this
scaling is asymmetrical with respect to the stress. The parameter b1 shift
the hyperbolic tangent function on the λ-axis. Similarly, the parameters
b3 and b4 control the shift and slope of the hyperbolic tangent function
with respect to σ, respectively. The argument of tanh contains −σ, which
implies that it is ﬂipped with respect to the stress (compression being
negative and tension positive on the stress axis). This is evident from
Figure (12a) of [33], which shows the variation of the maximum magnetostriction with respect to stress.

Improved Sablik-Jiles-Atherton Model
Mhi
σ=0

M

σ = 0

M ≤ Mhi

Hσ

Hσ =0

He
Figure 3.5. Illustration of the stress contribution on the effective ﬁeld, i.e. Hσ , and its
decrease with the approach to saturation.
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The expression for Hσ was originally derived from the thermodynamics
equilibrium assuming perfect crystalline structure of the material. Due
to the manufacturing process of electrical steel sheets, the domains and
their walls should not be considered as ideal. To account for this fact, a
stress factor γσ termed as magnetostriction coupling factor is introduced
in the expression for Hσ . Moreover, the effect of Hσ diminishes at the
magnetization level close to saturation as illustrated in Fig. 3.5 and was
also observed during the measurements, (Fig. 4.7). This implies,
⎧
3 σ ∂f (M )
⎪
⎪
⎪
γ
g(σ)
M ≤ Mhi
⎪
⎨ 2 σ μ0
∂M
Hσ =
⎪
⎪
⎪
⎪
⎩ 0
M > Mhi

(3.15)

where Mhi is the magnetization value at (or close to) the peak magnetostriction λpk .
Furthermore, to account for the bowing of the BH-loop (Fig. 4.7) at high
compressive stress and low induction level, the parameter k is made M
dependent,

kσ = k + k1 exp
k1 ≈ 0

− (M + δm0 )2
2β 2


(3.16)

if σ ≥ 0

where the parameter m0 represents the magnetization level at which the
peak bowing in the BH-loop occurs and β is the magnetization interval at
either side of m0 where the bowing in the BH-loop persists. Because such
a bowing is not observed when at tension, k1 ≈ 0. A similar approach
to the ﬁeld or ﬂux dependency of the parameter k has been reported in
[155, 156, 157], albeit for better ﬁtting of the JA-model.

3.2.3

Model Implementation

The following are the successive steps in the implementation of the SJA
model.

Estimation of Man
The expression of Man , for the NO electrical steel has an inherent error
when ﬁtting the parameters of the Langevin approximation. This error
overshadows the slight variation observed in the BH-loop at low tensile
stresses. In-order to circumvent this problem, the anhysteretic magnetization is modeled with a cubic spline interpolation of the effective ﬁeld
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He without mechanical stress. The values of M and H from the previous time step are used to determine the stress contribution Hσ and the
effective ﬁeld He to be used in the interpolation for Man ,


3 σ ∂λ n
[Hσ ]n = γσ
2 μ0 ∂M

(3.17)

[He ]n+1 = [H]n + α [M ]n + [Hσ ]n


[Man ]n+1 = F0 [He ]n+1

(3.18)
(3.19)

where F0 is the interpolation function obtained from the B and H measurements done at zero stress and n is the step number of discretized B .
The step size ΔB should be small enough such that [He ]n+1  [He ]n .

Computation of dMan /dHe , dMirr /dHe and dM/dHe
Once again the values of M from the previous time step and the estimated
Man are injected in (3.8) and (3.9). The incremental terms dMan /dHe ,
dMirr /dHe and dM/dHe are computed as




dMan n+1

= F0 [He ]n+1
dHe

(3.20)

[M ]n − c [Man ]n+1
[Mirr ]n+1 =
1−c


dMirr n+1 [Man ]n+1 − [Mirr ]n+1
=
dHe
kσ δ


dM
dHe

δm

n+1


= (1 − c) δm

⎧
⎪
0
⎪
⎪
⎪
⎪
⎪
⎨
=
0
⎪
⎪
⎪
⎪
⎪
⎪
⎩
1

dMirr
dHe

n+1


+c

dMan
dHe

(3.21)
(3.22)
n+1

if

dH
< 0 & Man (He ) ≥ M (H)
dt

if

dH
≥ 0 & Man (He ) ≤ M (H)
dt

(3.23)

otherwise

where δm is the parameter to avoid unphysical behavior, i.e. negative susceptibilities, at the tip of the BH-loop [158].

Computation of dM/dH
After some mathematical operation and substitution utilizing (3.17) through
(3.23), the required expressions for the differential susceptibility (i.e. dM/dH)
is expressed as,
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dH


dM n+1
dHe
=
.

n 

dM n+1
3 σ ∂2λ
1 − α + γσ
2 μ0 ∂M 2
dHe


n+1

(3.24)
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Input
B (Flux density vector)
Improved SJA model parameters
λ model parameters and stress

Initialization
H, M & Man
n = 1

ΔB = [B]n+1 − [B]n

Compute
Man
dM
dMan dMirr
,
&
dHe
dHe
dHe
dM
dM
&
dH
dB

[H]n = [H]n−1
[M ]n = [M ]n−1

Output
[M ]

n+1

= [M ]n + ΔB



dM
dB

n+1

1
[B]n+1 − [M ]n+1
μ0
n = n + 1

[H]n+1 =

no

n > nmax

yes
STOP
Figure 3.6. Flow chart for the solution method of the SJA model.
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Computation of M and H
Finally, the values of M and H for the current time step are obtained in
the following way,

dM n+1
dH


=


dM n+1
μ0 1 +
dH


dM n+1
n
= [M ] + ΔB
dB
1
=
[B]n+1 − [M ]n+1 .
μ0




dM
dB

n+1

[M ]n+1
[H]n+1

(3.25)

(3.26)
(3.27)

This solution method for inverting the SJA model is summarized in the
ﬂow chart of Fig. 3.6.

3.3

3.3.1

Stress Dependent Iron Loss Model

Statistical Loss Theory and Loss Segregation

The fundamental premise for the statistical loss theory is the movement of
magnetic objects (MOs) which depicts a number of magnetic domain walls
transitioning in a highly correlated manner [90]. Based on the microscopic and macroscopic levels of the magnetization process in these MOs,
the applied magnetic ﬁeld H that induces a uniform induction, is segregated into hysteresis Hhy , classical eddy current Hed and excess ﬁelds
Hex . Similarly, the total power loss Ptot is dissociated into the components
corresponding to these respective ﬁelds (i.e. Phy , Ped and Pex ).
Phy can be obtained by the quasi-static measurement i.e. at low frequency f or by extrapolating the energy loss per cycle to zero frequency
(f → 0).
Phy
= Why = lim Wtot
f →0
f
Phy
,
Hhy =
4Bp f

(3.28)
(3.29)

where Why and Wtot are the hysteresis and total energy loss per cycle, respectively. The term 4Bp f represents the average induction rate in each
half cycle of a sinusoidal induction with the peak value Bp . Consequently,
Hhy is the average hysteresis ﬁeld associated with each half cycle of sinusoidal induction [92]. Assuming uniform penetration of the magnetic ﬂux,
the classical eddy current power loss component Ped can be determined
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analytically as a function of the peak induction Bp and the frequency that
includes the material conductivity ζ and the thickness d of the lamination
[100],
Ped =

ζπ 2 d2 Bp2 f 2
.
6

(3.30)

Finally, the excess power loss (Pex ) can be segregated from the measured
total loss (Ptot ) as,
Pex = Ptot − Phy − Ped .

(3.31)

Similar to Hhy , for the sinusoidal induction the averaged excess ﬁeld Hex
can be expressed as [92],
Hex =

3.3.2

Pex
.
4Bp f

(3.32)

Excess Loss Model

From the statistical loss theory [90], the time averaged approximation of
the number of simultaneously active MOs (i.e. η) for the sinusoidal induction in a cross section S of the lamination is given by,
η=

2π 2 ζGSBp2 f 2
Pex

(3.33)

where G = 0.1356 is a model constant [100]. In [92, 90], and [91] a linear
correlation between η and Hex , was obtained from measurements for nonoriented electrical sheets and grain-oriented sheets with respect to the
rolling direction. Thus, the number of simultaneously active MOs can
also be expressed as,
η = n0 +

Hex
,
V0

(3.34)

where n0 represents the number of active MOs at the quasi-static state,
and V0 is the characteristic ﬁeld that governs the increase of the active
MOs due to the external ﬁeld. Consequently, Pex is deduced as [100],

Pex = 2Bp f
(3.35)
n20 V02 + 2π 2 ζGSBp f V0 − n0 V0 .
Analyzing the intrinsic material parameters n0 and V0 ﬁtted to the measured data can reveal various magnetic properties of the material. In
[92] n0 was neglected for the non-oriented steel based on the measured
results. The physical interpretation was owed to the fact that in nonoriented steel any memory regarding the MOs orientation in the quasistatic state is quickly destroyed. Following this assumption, (3.35) for
non-oriented steel reduces to
Pex =


8π 2 ζGSV0 Bp1.5 f 1.5 .

(3.36)
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3.3.3

Model Parameters and Stress Dependency

The effect of tensile stress on the model parameters n0 and V0 for the
grain-oriented electrical steel, annealed and plastically deformed, was
ﬁrst reported in [91]. The study concluded that the effect of tensile stress
is a stress induced domain reﬁnement as well as a more coherent motion
of the domain wall. The parameter V0 was approximated to be proportional to Hhy upon stress application. In [113], a clear correlation (in a
wide range of stress) in the trend of the hysteresis loss vs stress and V0 vs
stress was observed. However, the analysis was done with the measured
data at a single induction level and one frequency only. In our study, we
investigate this correlation at various induction levels and frequencies,
and obtain a comprehensive stress dependent iron loss model for the nonoriented material under consideration.
For the analysis, the stress dependency and a linear relation between
the parameter V0 and Hhy are introduced in the model. Two variants of
the stress dependent excess loss model, namely Model 1 and Model 2, are
derived from equations (3.35) and (3.36) respectively. In Model 1

Pex (Bp , f, σ) = 2Bp f
(n0 (σ)V0 (Bp , σ))2 + 2π 2 ζGSBp f V0 (Bp , σ)
−n0 (σ)V0 (Bp , σ)
V0 (Bp , σ) =

Why (Bp , σ)
1
H (Bp , σ) =
,
κ1 hy
4κ1 Bp

(3.37)
(3.38)

σ is the applied external stress and κ1 is a proportionality constant which
is ﬁxed to a single value for the whole range of measurement combinations. The stress dependent parameter n0 (σ) is identiﬁed separately for
each stress value. On the other hand in Model 2
Pex (Bp , f, σ) =
V0 (Bp , σ) =



8π 2 ζGSV0 (Bp , σ) Bp1.5 f 1.5

Why (Bp , σ)
1
H (Bp , σ) =
,
κ2 hy
4κ2 Bp

(3.39)
(3.40)

only the proportionality constant κ2 is ﬁxed to a single value for the whole
range. However, it is important to mention that the constants κ1 in Model
1 and κ2 in Model 2 might have different values.
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3.4

3.4.1

Electrical Machine Model

Static Linear Elasticity

The stress distribution across the cross-section of the electrical machine,
arising due to the shrink-ﬁt and the centrifugal forces of rotation, is analyzed under the assumption of linear elasticity with small displacement.
The equilibrium equation solved for the static case is given by,
∇ · σ = −fv

(3.41)

where σ and fv are the stress tensor and the volumetric body force, respectively. For a linear elastic material and under the plane strain assumption, the stress-strain constitutive relation in 2D is given by,

⎡

σ=:ε
⎤

⎡

σxx

1−ν

⎢
⎢ ⎥
⎢
⎢ ⎥
E
⎢
⎢σyy ⎥ =
⎢ ⎥ (1 − 2ν) (1 + ν) ⎢ ν
⎣
⎣ ⎦
σxy
0

ν
1−ν
0

0

⎤⎡

⎤
εxx

⎥⎢ ⎥
⎥⎢ ⎥
⎥ ⎢εyy ⎥
⎥⎢ ⎥
⎦⎣ ⎦
εxy
1 − 2ν
0

(3.42)

where  is the compliance elastic tensor. The stresses σxx , σyy and σxy are
the components of the stress tensor σ. The strains εxx , εyy and εxy are the
components of the strain tensor ε. The material properties E and ν are
Young’s modulus and Poisson’s ratio, respectively. Furthermore, in order
to respect the compatibility condition the strain tensor is expressed as the
gradient of displacement,
ε=


1
∇u + ∇uT
2

(3.43)

where u = [u, v]T is the displacement.
Moreover, prescribed radial displacements are imposed of the statorcase boundary δst and the rotor-shaft boundary δrt as a boundary condition. The radial displacements were imposed to depict the shrink-ﬁt at
the respective boundaries. Also, the force exerted due to a constant rotation speed Ω of the rotor is imposed as a body force and can be expressed
as,
fv = ρΩ2 rr

(3.44)

where ρ is the density of the material, r is the unit radial vector and r
is the radial coordinate. Finally, with all the given boundary conditions

55

Methods

and the body forces and with the plane strain formulation, the equilibrium equation can be solved for the displacement u. The Solid Mechanics
R
is used for this purpose.
module of COMSOL Multiphysics

3.4.2

Electro-Magnetics

The ﬂux density B across the machine cross-section is obtained by solving the Maxwell’s equations which govern the relation between the electric and the magnetic ﬁeld. For the purpose of analyzing the electrical
machines, the simpliﬁed Maxwell’s equation for a quasi-static case can be
represented as,
∇×E =−

∂B
∂t

(3.45)

∇×H =J

(3.46)

∇·B =0

(3.47)

and the expressions for the electric and magnetic constitutive relations
are,
J = ζE

(3.48)

B = μH

(3.49)

where E, H, B and J are the electric ﬁeld strength, the magnetic ﬁeld
strength, the magnetic ﬂux density and the current density, respectively.
The material properties μ and ζ are the permeability and the conductivity,
respectively. The magnetic vector potential and electric scalar potential
(A − Φ) formulation can be deployed to solve the Maxwell’s equation. In
the A − Φ formulation the magnetic vector potential A is deﬁned as,
B = ∇ × A.

(3.50)

From (3.45) and (3.50) the electric scalar potential Φ can be obtained as,
E=−

∂A
− ∇Φ.
∂t

(3.51)

Furthermore, in order to obtain a unique solution of the potentials, the
Coulomb gauge condition is deﬁned by,
∇ · A = 0.

(3.52)

The Coulomb gauge condition is required only in the 3D computation and
is automatically satisﬁed in 2D. The A − Φ formulation for 2D is used in
R
the Rotating Machinery module of COMSOL Multiphysics
to solve the

potentials A and Φ.
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3.4.3

Stress Dependent Magnetic Properties

Constitutive Relation
The fundamental premise of this sub-section is to develop a method to
translate a reduced 1D stress dependent magnetic properties measurement into 2D stress dependent magnetic constitutive relation for its implementation in the FE machine model. Magneto-mechanical interaction
and dependency have always been difﬁcult to model. Various possible
combinations of the magnetization direction, the stress tensor and their
interdependencies make the modeling more complex. The modeling approach can be signiﬁcantly simpliﬁed by determining the material magnetic properties in the principal coordinates of the stress tensor thereby
eliminating the shear component of the stress tensor (Fig. 3.7). The prin-

σyy

σ22
σxy
σ11

σxx

θP

σxx
σ11
σ22
σyy

Figure 3.7. Principal coordinate system

cipal stress components (subscript 11 and 22) and the rotation angle of
the principal coordinate system with respect to XY-coordinate system can
be obtained from the stress tensor components as,

σxx − σyy
σxx + σyy
±
σ11,22 =
2
2
θP =

1
tan−1
2

2σxy
σxx − σyy

2
2
+ σxy

(3.53)

where θP is the angle between the XY-coordinate system and the principal
coordinate system.
Furthermore, the magneto-mechanical interaction is isochoric which implies that only the deviatoric part of the stress tensor affects the magnetization process. The deviatoric part of the stress tensor (σdev ) in the
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principal coordinate system is expressed as,
⎡
⎤
0
s11 0
⎢
⎥
⎢
⎥
σdev = ⎢ 0 s22 0 ⎥
⎣
⎦
0
0 s33
⎡
2
σ11 − 13 (σ22 + σ33 )
0
⎢3
⎢
2
1
=⎢
0
3 σ22 − 3 (σ11 + σ33 )
⎣
0
0

(3.54)
⎤

0

⎥
⎥
⎥.
⎦

0
2
3 σ33

− 13 (σ11 + σ22 )

Since σzz , which equals σ33 , exists in the plane strain formulation, it has
also been considered for the estimation of the deviatoric part of the stress
tensor. Furthermore, the stress dependent magnetic constitutive relation
is expressed as,
H = μ−1 (B, σdev )B

(3.55)

where μ is the permeability tensor. Assuming the material to be magnetically isotropic, implies that the dependency of μ with B is equivalent to an
isotropic scalar function depending on a vector. Hence, the components of
μ depend on |B| as it is usually the case for the isotropic material and this
also satisﬁes the condition of magnetic isotropy for the zero stress. The
tensorial nature of the permeability is mainly due the dependency on the
deviatoric part of the stress tensor. Furthermore, μ is an isotropic tensor
function depending on an isotropic tensor σdev which implies μ and σdev
are coaxial [159, 160]. Therefore, in the principal coordinate system the
components of μ tensor will depend on |B| and the respective components
of σdev , and can be expressed as,
⎤
⎡
0
μ11 0
⎥
⎢
⎥
⎢
μ (B, σdev ) = ⎢ 0 μ22 0 ⎥
⎦
⎣
0
0 μ33
⎤
⎡
0
0
μ(|B|, s11 )
⎥
⎢
⎥
⎢
=⎢
⎥
0
0
μ(|B|, s22 )
⎦
⎣
0
0
μ(|B|, s33 )

(3.56)

where μ(|B|, sii ) is the interpolation function obtained from the stress dependent 1D measurements. Once the permeability tensor in the principal
coordinate system is obtained, transformation to the XY-coordinate in 2D
is straightforward,
⎤
⎤
⎡
⎡
μ11 0
μxx μxy
⎥
⎥ T
⎢
⎢
⎦ = R(−θP ) ⎣
⎦ R (−θP )
⎣
μxy μyy
0 μ22
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where R is the 2D rotation matrix. From (3.56) and (3.57), it is evident that the off-diagonal elements of the permeability tensor in the XYcoordinate are non zero (i.e. μxy = 0) when s11 = s22 . Hence, the anisotropy
is induced in the permeability tensor due to the stress.

Post-Processing Loss Model
Bertotti’s statistical iron loss model [90, 91, 92] is used for this study. The
loss model developed in Section 3.3, where the hysteresis and the excess
loss coefﬁcients are stress dependent, is employed to compute the iron
losses in post-processing as,
pv = Chy (σ)f B̂ ψ(σ) + Ced f 2 B̂ 2 + Cex (σ)f 1.5 B̂ 1.5 .

(3.58)

where Chy and ψ are the hysteresis loss parameters and Ced and Cex are
the eddy-current loss and the excess loss coefﬁcients, respectively. The
components of the iron losses are computed as,
⎛
⎞
J
2 

ψ(s
)
Phy = ⎝
Chy (sii ) (jωs ) Bii,j ii ⎠ dV
Vc

⎛
⎝

Ped =
Vc

Pex =
Vc

i=1 j=0

2 
J


(3.59)

⎞
2 ⎠
Ced (jωs )2 Bii,j
dV

(3.60)

i=1 j=0

⎛
⎞
J
2 

1.5
1.5
⎝
Cex (sii ) (jωs ) Bii,j ⎠ dV

(3.61)

i=1 j=0

where Bii,j is the j th harmonic of the magnetic ﬂux density obtained after projecting the ﬂux density vector B in the principal coordinate. J is
the number of harmonics taken into account and ωs is the frequency of the
fundamental harmonic. It is imperative to note that, the summation of individual harmonic components without the consideration of their relative
phases will lead to some error in the ﬁnal result [161, 162], however the
model is widely used and has been proven to be among the most accurate
ones.
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4. Results

In this chapter, the results obtained from the studies conducted have been
discussed in detail. First, the general observation of the magnetic and
magnetostriction measurements performed using the modiﬁed SST setup
(Section 3.1), are presented and issues encountered during the measurements discussed. After that, the results for the model described in Sections 3.2 and 3.3 have been presented and analyzed. Finally, the machine
model and the material model coupling of Section 3.4 were implemented
in a FE model of a synchronous reluctance machine. The results obtained
are discussed and the effect of static stress due to shrink-ﬁt and centrifugal forces analyzed.

4.1

Measurements

During the studies conducted for this dissertation, measurements were
performed on two types of electrical steel sheets, albeit for entirely separate studies. The same material for both studies, mentioned in Section
3.2 and 3.3, could not be used due to logistical circumstances. Details
about the types of electrical steel sheets used have been mentioned in the
respective result section i.e. magneto-mechanical hysteresis and stress dependent iron loss model.

4.1.1

Magnetic Measurements

During the measurements, the control scheme for the ﬂux density control functioned satisfactorily. However, the PI control parameters KP,WF
and KI,WF were not tuned properly, thereby the convergence time was not
optimal. Nevertheless, the same control setup was also used with the
RSST setup described in [37, 128] for elliptical and circular B-loci control
and the measurements are presented in [163, 164]. These measurements,
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Figure 4.1. Waveform of B, H and supply voltage Usupply measured after the ﬂux control
at various levels of stress. The signals are normalized and measurements
were done at 50 Hz.

however, are outside the scope of this dissertation. Fig. 4.1 shows the last
cycle of the measured signals at 1.5 T ﬂux density and various levels of
stress after the convergence of the control program. The effects of saturation and stress on the waveform of supply voltage are quite evident from
the ﬁgure.
1.5

Flux Density (T)

1

0 MPa
100 MPa

0.5
0
-0.5
-1
-1.5
-1000

-500

0

500

1000

500

1000

Field strength (A/m)

1.5

Flux Density (T)

1

0 MPa
-40 MPa

0.5
0
-0.5
-1
-1.5
-1000

-500

0

Field strength (A/m)

Figure 4.2. Example of the measured BH-loop. These measurements are done at 20 Hz.
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Signiﬁcant deformation in the BH-loops was observed when the steel
sheet sample was stressed. Fig. 4.2 shows an example of the deformation
of the BH-loops with respect to the zero stress condition at various induction levels (Bp =0.4-1.5 T). Moreover, the total power loss Ptot for each
measurement combination was calculated from the measured signals of
the ﬁeld strength Hmes and the ﬂux density Bmes as,
Ptot = f

4.1.2

1
f

0

Hmes

dBmes
dt.
dt

(4.1)

Magnetostriction Measurements

Magnetostriction measurements were done using quarter-bridge conﬁguration (three of those) of the strain gauge rosette. The data acquisition of
the measurement signals were done using the DAQP-MULTI (DEWETRON)
module. Furthermore, the control software DEWEsoft had the provision
of balancing the bridge, thereby making it easy to eliminate the elastic
stain from the magnetostriction measurements. The measured signals
were further processed with a low-pass ﬁlter and then averaged over 10
cycles. Fig. 4.3 shows the measured raw signals from the bridge along
with the ﬁltered and averaged results.
10
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y

λ Filt.

6

x

λ Filt.
y

4

λ Avg
x

λ Avg

2

y

0
-2
-4
-6
-8
-1.5

-1

-0.5

0

0.5

1

1.5
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Figure 4.3. Signal conditioning applied for smoothing the magnetostriction signals. The
measurements were performed at 0 MPa and 6 Hz and the averaging was
done over 10 cycle.

Design of the SST setup required the use of retention plates in order to
avoid buckling when compressed. However, this posed a major problem
in the megnetostriction measurement i.e. damped the magnetostriction.
Furthermore, the measured signal for λx , i.e. the magnetostriction in the
direction of magnetization, was inconsistent when the retention plates
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were used compared to when they were not used. But no such inconsistency was observed in the orthogonal direction i.e. in λy measurements,
owing to the SST and retention plates design. Hence, utilizing the isochoric nature of the magnetostriction, λx was deduced from λy with the
method explained in [165],
⎤ ⎡
⎤
⎡
λx
0
0
λx 0 0
⎥ ⎢
⎥
⎢
⎥ ⎢
⎥
⎢
⎥ = ⎢ 0 − 1+Λ λx
⎥
0
0
0
λ
λ=⎢
y
2
⎥ ⎢
⎥
⎢
⎦ ⎣
⎦
⎣
1−Λ
0 0 λz
0
0
− 2 λx

(4.2)

where Λ indicates a degree of orthotropy. Ideally, for isotropic material
Λ = 0, however Λ was estimated experimentally from eight separate measurements done at 0 MPa and without the retention plates, and was found
to be Λ = 0.6202. Thus, λx was estimated as,
λx = −

2
λy
1+Λ

(4.3)

for the rest of the measurements under compressive stress.

4.2

Magento-Mechanical Model for Hysteresis

The measurements for this study were carried out on the SST sample of
a 0.5 mm NO Fe-Si sheet, of which the speciﬁc grade and silicon content
were unknown. The sample was cut along the rolling direction (RD) using
a milling cutter and was not annealed for the stress relief. The measurements were done at the supply frequency of 6 Hz, the induction level of
1.5 T and the stress levels between -35 MPa to +100 MPa. The supply frequency of 6 Hz was selected for this study because it is low enough to
be considered as a quasi-static measurement, yet the induced voltage in
the search coil is signiﬁcant enough which is essential to control the ﬂux
density waveform. Furthermore, the signals of measured quantities were
acquired at the sampling frequency of 50 kHz.

4.2.1

Fitting the Improved SJA Model Parameters

There are three distinct steps to be followed during the ﬁtting of the coupled magneto-mechanical model parameters.

Step 1: Fitting SJA parameters without stress
First, the parameters of the SJA and the cubic spline interpolation of the
anhystretic curve are ﬁtted from the BH loop without stress, implying

64

Results

Hσ = 0. The starting values of the JA model parameter can be obtained
from the initial and the maximum magnetic susceptibility of the ﬁrst magnetization curve and the magnetic susceptibility at the points of the remanent ﬂux density Br and the coercive ﬁeld Hc [158].

Step 2: Fitting magnetostriction model
Both the polynomial coefﬁcient aj and the parameters of g(σ) of the proposed magnetostriction expression (3.13) are ﬁtted with the magnetostriction measurements.

Step 3: Fitting remaining stress dependent parameters
With the parameters previously determined, the parameters of the Gaussian function in (3.16) are extracted by ﬁtting kσ , γσ , m0 and β for every
level of stress. Since the values of m0 and β were found constants, they
are considered independent from stress.
The least square error estimation subroutine LSQCURVEFIT of MATLAB was used for the curve ﬁtting during this study. Furthermore, as the
SJA model inherently starts from origin (i.e. B ≈ 0 and H ≈ 0), for step 1
and 3 two cycles of the ﬂux density waveform were simulated and the last
cycle was used for the ﬁtting against the measured B and H.

4.2.2

Magnetostriction Model Fitting

The estimation of the coefﬁcients for the function f (M ) of (3.14) was done
using the measurement at σ = −15 MPa (Fig. 4.4). Similarly, the peak
values of the measured magnetostriction at every stress level were used
to determine the coefﬁcients of the function g(σ) of expression (3.14) (Fig.
4.5). Since the estimation of coefﬁcients for the function f (M ) was done
with only one value of the stress and was done independent of the function
g(σ), an appropriate scaling factor is required in the expression (3.13),
⎛
⎞
p
2j

M
⎠ b1 + tanh b3 − σ
.
(4.4)
aj
λ = λsc ⎝
Msc
b4
j=1

Moreover, the scaling factor λsc can be obtained as,

 
 
1 max λpk − min λpk
λsc =
2
max (f (M ))

(4.5)

where λpk are the peak magnetostriction at various levels of stress and
max (f (M )) represents λpk of the stress at which the coefﬁcients aj are
estimated. Fig. 4.6 shows the measured and the modeled λ and Table 4.1
contains the parameters of the stress dependent magnetostriction model.
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The magnetostriction measured at σ = −15 MPa was used for better accuracy.

Figure 4.4. Measured and ﬁtted λ v/s M . Mhi is the magnetization level at which the
slope of λM-curve changes sign i.e. dλ/dM = 0. This change is also observed
during measurement.
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Figure 4.5. Measured and ﬁtted peak magnetostriction λpk v/s σ. The saturation of λMcurve with stress and the ﬂip of λM-curve can be observed.

Previous stress dependent λM models had the coefﬁcients aj as the polynomial of stress [154] and the coefﬁcients had to be ﬁtted all at once (all
stress levels at once) which led to a non-optimal solution for the ﬁtting.
Moreover, with the polynomial of σ it is not possible to model the trend
observed in Fig. 4.5. From the measurements, the asymmetrical behavior
of the λM-curve with stress is evident. Most interesting is the fact that
the λM-curve ﬂips (Fig. 4.5) around the abscissa axis, and, almost simul-
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Table 4.1. Values of parameters of magnetostriction model

Parameter

Value

Parameter

Value

a1

2.085 × 10−6

λsc

0.6729

a2

10−6

b1

0.6151 μm/m

b2

10.44 MPa

b3

19.21 MPa

11.96 ×

−15.17 ×

a3

9.683 ×

a4

10−6

−2.452 ×

a5

10−6
10−6

taneously, the deterioration of the permeability occurs for a tensile stress
level between 25 to 30 MPa. Which implies that the Hσ is positive only for
small tensile stress, hence the slight improvement in permeability (Fig.
4.9).
12
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Figure 4.6. Measured and modeled stress dependent λ

4.2.3

Model Comparison

Table 4.2. Values of SJA model parameters

Parameter

Value

Parameter

Value

k1

41.53 A/m

m0

α

6.5904×10−6

β

0.125/μ0 A/m

c

0.0001

Mhi

1.3×106 A/m

0.3/μ0 A/m
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The stress independent parameters of the model i.e. k1 , α, c, b0 and β,
obtained using the steps explained in Section 3.2.3, are presented in Table
4.2. The value for Mhi , which is the magnetization amplitude at or close
to the peak magnetostriction (i.e. ∂λ/∂M = 0), is determined using the
modeled λM-curve (Fig. 4.4).
Figures 4.7-4.10 show the result of the model ﬁtting. Furthermore, subﬁgures (a) and (b) of Figures 4.7-4.10 present the anhysteretic magnetization curve and the BH-loop at various stress levels, respectively. All
the ﬁgures contain the measured values at zero MPa as a reference. The
original SJA-model with parameter γσ = 1 is not able to reproduce cor10 6
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Figure 4.7. Measured and modeled (a) Anhysteretic magnetization curve and (b) BH-loop
at σ = −35 MPa. Overestimation of Hσ by the original SJA-model and the
non-existence of the stress effect at high magnetization (saturation) can be
observed. Error of the original SJA-model in modeling bowing can also be
seen in the sub-ﬁgure (b).
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Figure 4.8. Measured and modeled (a) Anhysteretic magnetization curve and (b) BH-loop
at σ = 0 MPa. Both the proposed model and the original SJA-model are same
for σ = 0, thus has been plotted as one model.

rectly the anhysteretic magnetization curves for a high value of compression (Fig. 4.7a) and tensile stress (Fig. 4.10a). Also for the low tensile
stress, the original model has a small error with this material (Fig. 4.9a).
Moreover, the original SJA-model does not reproduce the local enlarging
of the B-H loop under compression (Fig. 4.7b). The measured curves in
Fig. 4.7 and 4.10 show that at saturation (i.e. high value of magnetization) stress does not affect the anhysteretic magnetization curve, which
justiﬁes the condition Hσ = 0 at M > Mhi used in (3.15). Furthermore,
the modeled results are in good agreement with the measurements, especially for the compression and lower values of the tensile stress. The error
of the model ﬁtting at higher levels of the tensile stress can be attributed
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Figure 4.9. Measured and modeled (a) Anhysteretic magnetization curve and (b) BHloop at σ = 15 MPa. Overestimation of Hσ by the original model can be seen,
however not distinct. As the error in MH-curve is not distinct and k1 = 0 for
tension, the plot of BH-loop from the original model becomes irrelevant.

to two sources. The ﬁrst one, is due to the error associated with the basic
JA-model parameters ﬁtting (Fig. 4.8) and the second is the error in the
modeling λM-curve after the peak magnetostriction λpk changes sign with
the increasing tensile stress and consequently the λM-curve ﬂips (Fig. 4.5
and 4.6). Particularly, the initial slope of the λM-curve and the magnetization level at which the peak magnetostriction λpk occur i.e. Mhi , are the
major source of error, which in turn causes error at the knee of the anhysteretic curve (Fig. 4.10a). Thus, a separate set of parameters aj after the
λM-curve ﬂip could be used to improve the accuracy of the model at high
tensile stresses. Furthermore, bowing of the BH-loop at high compression
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Figure 4.10. Measured and modeled (a) Anhysteretic magnetization curve and (b) BHloop at σ = 70 MPa. Overestimation of Hσ by the original SJA-model and
the non-existence of the stress effect at high magnetization (saturation) can
be observed.

and low ﬁeld could be phenomenologically interpreted as either the thickening of the domain walls, or the growth of 90◦ domains, i.e. orthogonal
to the stress direction, which in turn encompasses a greater number of
impurities sites.
Figures 4.11 and 4.12 were obtained from Step 3 of Subsection 4.2 and
show the variation of the parameters k1 and γσ with stress, respectively.
As no bowing of the BH-loop at low induction, (B) is observed for σ ≥
0 MPa, hence k1 ≈ 0. Similarly, as shown in Fig. 4.12, during the stress
levels where Hσ = 0, i.e. either σ ≈ 0 or ∂λ/∂M ≈ 0, the parameter γσ does
not have any signiﬁcance. Furthermore, from Fig. 4.13 and Fig. 4.14, it is
abundantly clear that the parameter kσ inﬂuences Hc and the losses. In
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Figure 4.11. Variation of parameter k1 with respect to stress
0.9
0.8

0.5
0.4
0.3







      

0.6

ı

     

0.7

0.2
0.1
0
-40

-20

0

20

40

60

80

100

Stress,  (MPa)
Figure 4.12. Variation of parameter γσ with respect to stress. Highlighted are the stress
values where γσ is of no signiﬁcance.

the modiﬁed model, because kσ ≈ k for σ ≥ 0, an extra stress dependent
term that is non zero for the tensile stresses and independent of M (unlike
k1 ) can be used in (3.16) for better modeling Hc at tension. Similarly from
Fig. 4.15, it is apparent that the utilization of parameter γσ for ﬁtting
the anhysteretic magnetization curve also improves the estimation of the
differential permeability μdiff . However, it is obvious that using γσ = 1, as
in the conventional SJA-Model, overestimates the stress contribution Hσ
term in the effective ﬁeld He , as shown in Fig. 4.7a and Fig. 4.10a.

72

Results
90
Proposed Model
Measured

Coercive field, Hc (A/m)

80

Original Model (k  =k)

70

60

50

40

30
-40

-20

0

20

40

60

80

100

Stress,  (MPa)

Figure 4.13. Modeled and measured coercive ﬁeld with respect to stress. Figure also
shows the model without modiﬁcation of k, i.e. kσ = k.
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Figure 4.14. Modeled and measured hysteresis loss at peak induction of 1.5 T with respect to stress. Figure also shows loss from the model without modiﬁcation
of k, i.e. kσ = k.
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Figure 4.15. Modeled and measured differential permeability μdiff at 0.7 T with respect
to stress. Figure also shows μdiff from the model without modiﬁcation in Hσ ,
i.e. γσ = 1.
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4.3

Stress Dependent Iron Loss Model

The measurements for this study were carried out on the SST sample cut
along the rolling direction (RD) of M400-50A grade fully processed nonoriented electrical steel sheet using a milling cutter. The SST sample
was not annealed for the stress relief. The measurements were done for
the frequency range of 0.2 Hz to 100 Hz, the ﬂux density range of 0.4 T to
1.5 T and the stress range of -40 MPa (compressive) to 100 MPa (tensile).
In order to negate the skin effect, the maximum supply frequency was
limited to 100 Hz. The signals of measured quantities were acquired at
the sampling frequency of 50 kHz.

4.3.1

Loss Segregation

Since the uniformity of the ﬂux penetration in the measured sheet sample
was ensured by limiting the maximum frequency, i.e. eliminating the skin
effect, the classical eddy current loss was estimated using the analytical
expression (3.30). Furthermore, one of the important issues with the validation of the models was the accurate segregation of the excess loss. The
hysteresis energy loss Why and consequently Phy estimation or extrapolation from higher frequency measurement (f = 2 Hz or 5 Hz) resulted in
very erroneous segregation of the excess power loss Pex . The measurements at very low frequencies, i.e. f = 0.2 Hz and 0.5 Hz, were speciﬁcally
done to overcome this issue. Thus, assuming Ptot ≈ Phy at very low frequencies, i.e. f = 0.2 Hz and 0.5 Hz, the energy loss per cycle Why and the
hysteresis power loss Phy for various induction levels were determined
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Figure 4.16. Variation of measured Why with respect to stress. measurements were done
at 0.2 and 0.5 HZ.

74

Results

from the measurements. Fig. 4.16 shows the variation of measured Why
with respect to the applied external stress at different induction levels.

4.3.2

Excess Loss Models Fitting

Following the determination of Phy and Ped , the excess loss Pex was segregated using (3.31). The segregated Pex from the measurements were then
ﬁtted against the excess loss models of our study, Model 1 and Model 2.
As explained in section 3.3, the ﬁtting was done assuming the parameter V0 ∝ Hhy and for each stress level separately. The modeled results
and the variation of the model parameter n0 with stress are presented in
Publication II. As discussed in Publication II, it is obvious that the excess
power loss modeled with Model 1 has better accuracy. Proceeding with
this observation, Model 1 results are further analyzed and later on used
for the loss computation in the machine model.
9
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Figure 4.17. Total power loss measured and modeled using Model 1.

Fig. 4.17 presents the total power loss of the measurement and the
model. However, the stress dependency of the measured and the modeled
total power loss cannot be shown with Fig. 4.17. Hence, Fig. 4.18 dissembles the data points so as to illustrate the stress dependency of the
measured and modeled total power loss at various induction levels BP
and frequencies f . Fig. 4.18 also demonstrates the goodness of the model
ﬁtting. Furthermore, Fig. 4.19 shows the excess loss component segregated from the measurements and the excess loss modeled with Model
1. The ﬁgure also reveals the error associated with the loss segregation.
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Figure 4.18. Total power loss measured and modeled. Stress dependency of the loss is
evident. Also evident is the goodness of the Model 1 ﬁtting.
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Nonetheless, the modeled results seem to follow the trend of the segregated excess loss with respect to stress and the ﬁttings are satisfactory.
Also, given the lower proportion of the excess loss compared to the total
loss, the mismatch in the modeled and measured total power losses are
within an acceptable limit.
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4.4

Electrical Machine Model

FE model of a synchronous reluctance machine was developed using COMR
. Mechanical analysis was done assuming linear elasSOL Multiphysics

ticity and using the plane strain formulation of Solid Mechanics module
of FE software. Similarly, the electro-magnetic analysis was done with
the A − Φ formulation of the Rotating Machinery module. The stress distribution obtained from the mechanical analysis was used in conjunction
with the measured stress dependent magnetic properties to evaluate the
effect of static stress on the ﬂux density distribution and the core loss of
the machine. Table 4.3 presents the main parameters and dimensions of
the machine. Fig. 4.20 shows the cross-section of the studied machine
and also the mesh used in the FE model. The synchronous reluctance
machine under consideration is a hypothetical test machine that has not
been manufactured or prototyped.
Table 4.3. Main dimensions and parameters of the machine
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Parameter

Value

Rated power

28 kW

No. of phases

3

No. poles

4

No. of slots per pole per phase

4

Supply frequency

50 Hz

Rotation speed

1500 rpm

Peak current density

2.26 A/mm2

Stator outer diameter

0.310 m

Stator inner diameter

0.200 m

Rotor outer diameter

0.198 m

Shaft diameter

0.060 m

Air-gap length

1 mm

Length of machine

0.246 m

Stator shrink-ﬁt

15 μm

Rotor shrink-ﬁt

10 μm

Young’s modulus

195 GPa

Poisson’s ratio

0.3

Density of steel sheet

7650 kg/m3

Results

Figure 4.20. Cross-section of synchronous reluctance machine and mesh used for FE
analysis.

4.4.1

Stress Dependent Material Properties Data

The stress dependent relative permeability was determined experimentally as shown in Fig. 4.21, and was used as the interpolation function
for the constitutive relation expressed in (3.56). Fig. 4.22 shows the
stress dependency of the static hysteresis loss parameters Chy and ψ of
the expression (3.59). The error in predicting the hysteresis loss using
the proposed magneto-mechanical hysteresis model was estimated to be
in the range of 2.5 % and 15 % (Fig. 4.14). Given this inaccuracy and its
propagation to the excess loss parameters (Section 3.3), the proposed hysteresis model was not used further in the loss computation of the machine
model. Furthermore, the stress dependent hysteresis loss model parameters presented in Fig. 4.22 and the relative permeability of Fig. 4.21 were
obtained from the same measurements of Fig. 4.16, i.e. from the measurements done at 0.2 Hz and 0.5 Hz.
From Fig. 4.21, it is obvious that the permeability of the silicon iron improves with respect to no stress when under a small tensile stress, i.e. up
to +30 MPa, and then decreases slightly with the increased tensile stress.
However the permeability decreases rapidly with the compressive stress.
Also, from the observation in [79] and as shown in Fig. 4.18, compres-
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Figure 4.21. Measured stress dependent relative permeability. Measurements were done
at 0.2 and 0.5 Hz.
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Figure 4.22. Hysteresis loss model parameters and their stress dependency. Measurements were done at 0.2 and 0.5 Hz.

sion causes a much greater increase in the iron losses than tension. At
small tensile stress up to +30 MPa, even the total loss is very slightly reduced. Hence, the effect of compression observed during measurements is
twofold: ﬁrst, is the rapid drop in permeability and, second, is the rapid
increase in the total power loss.

4.4.2

FE Model Results

Mechanical Analysis
The mechanical analysis was done with the prescribed boundary condition
of δst = 15 μm for the shrink-ﬁt length at the stator-casing boundary and
δrt = 10 μm for the shrink-ﬁt length at the rotor-shaft boundary. Stress
due to the centrifugal force of rotation was also included. Fig. 4.23a shows
the magnitude distribution of the component s22 of the deviatoric stress
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MPa

(a) Deviatoric stress component s22

(b) Deviatoric stress component s11

Figure 4.23. Devitoric stress components across the machine cross-section. The arrows
in the sub-ﬁgures mark the direction of respective stress components.

across the cross-section of the machine geometry and the magenta arrows
mark the direction. Similarly, Fig. 4.23b shows the component s11 of the
deviatoric stress and the black arrows mark the respective direction.
From the mechanical analysis, the ﬁrst principal stress was found to be
tensile and the direction vectors were circumferential and radial at the
rotor-shaft and the stator-case boundary, respectively. However, the second principal stress was found to be compressive and the direction pointing radially and circumferentially at the rotor-shaft and the stator-case
boundary, respectively.

Electro-Magnetic Analysis
The machine model presented is not a fully coupled model, rather it is
a material coupled model where the mechanics (i.e. static stresses) and
the electro-magnetics are coupled by the stress dependent magnetic properties. Moreover, the synchronous reluctance machine simulation presented here is done at no-load and with a constant current source, i.e. a
sinusoidal 3-phase current source of constant magnitude at 50 Hz. The
stress distribution from the mechanical analysis along with the measured
magnetic properties are used to determine the stress dependent constitutive relation for the magnetic computation (i.e. in the stator and rotor iron
parts), as explained in Section 3.4.3. Once the vector potential is solved
using FE software, the results are post-processed for the loss computation using the model presented in Section 3.3. MATLAB was used for the
post-processing.
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T

(a) With stress.

(b) Without stress.

T

(c) Difference
Figure 4.24. Flux density distribution across the machine cross-section (a) with stress
effect included in the constitutive relation, (b) without stress effect in the
constitutive relation and (c) difference between them (with stress minus
without stress).

Figs. 4.24a and 4.24b show the ﬂux density distribution obtained from
the magnetic computation with and without the inclusion of σ in determining the constitutive relation (i.e. μ (B, σ) and μ (B)), respectively.
Also the equipotential lines of the vector potential A are drawn to illustrate the magnetic ﬂux path. Furthermore, Fig. 4.24c shows the difference between the mentioned computation, i.e. when σ considered minus
when σ = 0. All three ﬁgures Figs 4.24a, 4.24b and 4.24c have been
plotted for the same time instance. From Fig. 4.24c the effect of stress
is evident. At the rotor shaft boundary and along the d-axis, the compressive stress due to the rotor shrink-ﬁt causes the drop in permeability

82

Results

and, hence, the decrease in the ﬂux density. Also, between the rotor slits
(i.e. ﬂux barriers) and at the surface of the rotor there is a slight increase
in the ﬂux density, owing to the small tensile stress due to the centrifugal force of rotation, thereby improving the permeability of those regions.
This increase due to stress in the ﬂux density, at the rotor bridge, i.e. the
region between rotor surface and slit, is an issue that needs consideration
during the design of the synchronous reluctance machine. Furthermore,
at the stator core back, especially around the base of the teeth and top of
the winding slots, the difference depends not only on the stresses but also
on the dominant component of the ﬂux density. The consequences of this
difference observed in the stator ﬂux density distribution can be seen in
the loss computations, which have been discussed next.
Because the ﬂux in the rotor of a synchronous machine is mainly stationary, only the stator core has been considered for the core loss computation.
Although higher frequency components pertaining to the slot harmonics
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Figure 4.25. Loss density distribution with stress under consideration (in μ, Phy and Pex ).
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Figure 4.26. Loss density distribution without any stress.

were observed in the rotor, the stress dependent loss model presented
here is not representative of the ﬂux density oscillation around a DC ﬂux
value. Figs. 4.25 and 4.26 show the loss density distribution across the
stator cross-section with and without the consideration of stress in determining the magnetic properties, i.e. permeability and magnetic losses, respectively. Furthermore, the individual components of the losses, i.e. Phy ,
Ped and Pex , along with the total power loss Ptotal have been presented in
the ﬁgures. Similarly, the difference observed in the individual components and the total power loss between the above mentioned analyses is
also shown in Fig. 4.27.
Although Ced is constant, i.e. no stress dependency, the difference in Ped
as shown in Fig. 4.27, illustrates the effect of the ﬂux density difference
(Fig. 4.24c) due to the stress dependency of the permeability in the magnetic computation. The increase in Ped , however small, is mainly observed
at the base of the stator teeth and on top of the winding slots. A similar
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Figure 4.27. Difference in loss density distribution (stress - no stress).

observation can be made for Phy and Pex as well. However, the impact of
stress at the yoke of the stator is prominent in Phy only. Furthermore,
because the stator teeth are not under any stress (Fig. 4.23b and 4.23a),
the difference in individual components of power loss and hence the total
power loss, are nonexistent in these regions. Finally, evaluating the difference in the total power loss density distribution of Fig. 4.27, it can be
argued that the base of the stator teeth and the top of the winding slots
are possible thermal hotspots. On top of that there is a marked increase
in the Ptotal at the stator yoke as well. Following these observations, inclusion of stress in the magnetic computation and loss calculations are well
justiﬁed. Moreover, the stress effect should be included during the design
process of electrical machines. Including the stress effect in the magnetic
properties can be done at various stages. Fig. 4.28 shows various possible permutations of the stress inclusion in the permeability during the
ﬁeld computation and in the loss calculation. The results of Fig. 4.28
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Figure 4.28. Plot summarizing different levels of stress dependency.

were obtained by, ﬁrst solving the magnetic vector potential A and the
ﬂux density B, with and without the inclusion of stress dependency in
the permeability, i.e. μ (B, σ) and μ (B) respectively. Once the magnetic
solutions are obtained, the post processing for the core losses was done for
both the sets of solution using (3.59), (3.60) and (3.61) and was done with
and without the stress dependency in the loss coefﬁcients, i.e. P (B, σ)
and P (B) respectively. The increase in the stator core loss was found to
be 9.9 % when the stress dependency was included in the magnetic properties (both μ and P ) compared to no stress inclusion and the difference
appears mostly in the hysteresis loss component, i.e. 8.73 % of the total
stator core loss with no stress.
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5. Discussion and Conclusion

In this chapter, the results obtained from the studies conducted have been
summarized and discussed. Finally, the dissertation concludes with some
suggestions for future work.

5.1

Discussion

In this section, the methods presented in Chapter 3 and the results of
Chapter 4 have been categorically discussed.

5.1.1

Measurement Setup

Regarding the stressing mechanism, the use of the helical spring was a
very cost effective way to control the stress levels with better resolution.
Similarly, a grid of linear TMR sensors was found to be accurate in measuring low values of ﬁeld and at low frequencies. A traditional H-coil
would require additional ampliﬁers when measuring the magnetic ﬁeld
at low amplitudes and low frequencies. Furthermore, other errors associated with the placement of H-sensors on the surface of the SST sample
were mitigated by the small size and the proximity to the sample surface of the sensing elements present in the TMR sensor chips. Moving
on, the magnetostriction measurements under compression were quite
tricky. The conventional method of using accelerometers at the ends of
the sample [166] is, either very erroneous or physically not possible given
the clamps required to exert force on the SST sample. Having said that,
the strain gauge rosette used for the measurements was not problem free
either. The values measured (i.e. in μm/m range) were at the lower limit
of the sensor/ampliﬁer. Moreover, use of the retention plates that are
essential to avoid buckling during measurements at compression, poised
a major problem of damping the magnetostriction. Proper consideration
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must be given to the design of the retention plates along with the sheet
samples, especially the measurement window size where all the sensors
are placed. Larger measurement windows mean the sample will buckle
at lower compression and a smaller window will cause the damping of
magnetostriction.
The adaptive feedback control was found to be adequate for the ﬂux density control in the case of the alternating ﬂux. It was equally effective for
rotational measurements as well. However, for alternating measurement
on the cross-shaped sample and also the elliptical B-loci with very low
amplitude at one of the axis, a control scheme other than that explained
in Section 3.1 should be developed. The measurement setup presented in
this dissertation was sufﬁcient to study the effect of unidirectional stress
(with alternating coaxial magnetization) on the magnetic properties of the
electrical steel sheets and the effects were found to be signiﬁcant on both
the constitutive relation and the speciﬁc power loss. However, an RSST
with multi axial stressing would be ideal to comprehensively investigate
the stress effect on the magnetic properties of the electrical steel sheet.

5.1.2

Stress Dependent Magnetostriction Model

The stress dependent magnetostriction model presented in Subsection
3.2.2 and validated in Subsection 4.2.2 was able to model the asymmetrical variation of the λM-curve with respect to stress. The presented model
was quite simple and the ﬁtting method required a minimum of measurement data, i.e. λM-curve at only one stress value to determine the shape
of the curve and just the peak magnetostriction for every stress value to
determine the asymmetrical sigmoid variation of the curve with respect
to the stress. The conventional method to include stress was to express
coefﬁcients of f (M ) (in (3.14)) as polynomial of σ. This method can only
model the linear portion of the trend observed in Fig. 4.5, i.e. only the
range between small tension and small compression. The proposed stress
dependent magnetostriction model can be utilized in the coupling term of
magneto-mechanical models on a macro-scale.
Furthermore, the improvement in permeability observed at small tensile stress had a strong correlation with the λM-curves’s variation with
stress. The peak magnetostriction crossed the λpk = 0 axis from positive to negative with increasing tensile stress (consequently ﬂipped, Fig.
4.5) and the deterioration in permeability under tension occurred almost
simultaneously. This observed correlation was further exploited in the
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magneto-mechanical hysteresis model. However, the exact value of stress
where the ﬂip in λM-curve happened was practically impossible to determine, given the inability of the strain rosette to measure the peak
magnetostriction between ±1 μm/m. This limitation along with the issues discussed earlier, afﬁrm the requirement for an alternate method
(i.e. optical/laser) of magnetostriction measurement. Moreover, given the
anisotropic nature of the NO electrical steel sheet, this model can be further extended to include the anisotropy. This will require measurements
to be done on the samples cut at different angles with respect to the RD.

5.1.3

Magneto-Mechanical Model for Hysteresis

Until now, the asymmetrical effect of tensile stress on the BH-characteristic
of the electrical steel sheet was seldom reported or modeled. As expected,
the asymmetrical behavior of the λM-curve with stress was found to be
strongly linked to ﬁrst the improvement and then deterioration (with respect to zero stress) in the permeability with the increasing tensile stress.
However, even with the comprehensive stress dependent magnetostriction model, the magneto-mechanical coupling term of the SJA-model was
found to overestimate the stress effect for the material under test. In the
magneto-mechanical hysteresis model, i.e. modiﬁed SJA-model, presented
in this dissertation, the anhysteretic magnetization curve at zero stress
along with the stress dependent magnetostriction model and the correction to the magneto-mechanical coupling term were sufﬁcient to model
the asymmetric behavior of the BH-loop under tensile stress. However,
the bowing of the BH-loop when under compression required further modiﬁcation to the model. The parameter k of the JA-model associated with
the wall pinning and the coercive ﬁeld was modiﬁed to account for the
local bowing of the BH-loop. From the measurements under compressive
stresses, it was observed that the BH-loop varied (rotate and also bow)
about two pivot points, in 2nd and 4th quadrant of the BH plane. The parameter of the Gaussian function in the expression (3.16) corresponds to
these pivot points and the bowing either side of the pivot points.
Although the proposed magneto-mechanical hysteresis model had a marked
improvement over the original SJA-model, the error in predicting the
power loss (i.e. static hysteresis loss), which was estimated to be in the
range of 2.5 % and 15 %, prevented its further use in this dissertation
to estimate the hysteresis loss in the machine model. Nonetheless, the
corrected magneto-mechanical coupling term can be used in other more
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accurate models for hysteresis, based on the concept of the effective ﬁeld,
to make them a coupled model. Furthermore, similar to the stress dependent magnetostriction model, this study can as well be extended to
include the anisotropy.

5.1.4

Stress Dependent Iron Loss Model

Although the effect of stress on the static hysteresis loss and the BH-loop
were evident from the preceding subsection, the stress dependency of the
total speciﬁc power loss is required to fully characterize the material and
the stress effect on its magnetic properties. The well accepted statistical
loss model (Bertotti model) was used and the stress dependency of the
model parameters investigated. In the model, one of the excess loss parameter referred to as the characteristic ﬁeld was made proportional to
the measured hysteresis energy loss at the quasi-static state. From the
results of Publication II and Section 4.3, both the variants of the excess
loss model (i.e. Model 1 and Model 2) were found to be in good agreement
with the segregated excess loss from the measurements. Also the modeled and the measured total speciﬁc power loss were found to be in good
agreement.
However, the major issue concerning the statistical loss model was the
segregation of the loss components. The usual method of extrapolating
the energy loss v/s frequency curve to obtain the static hysteresis loss was
found to be very erroneous. Thus, the measurements at the quasi-static
state (i.e. 0.2 and 0.5 Hz) were required to directly estimate the stress dependent static hysteresis loss. The error in estimating static hysteresis
loss (at various levels of stress and ﬂux density) with the extrapolation
method was found to be in the range of -22 % and +26 % when compared
with that obtained from the quasi-static measurements. Even with the
hysteresis loss obtained from the quasi-static measurements, the error
in the excess loss segregation is quite evident from Fig. 4.19. These errors in loss segregation and consequently the model ﬁtting were found to
be occurring especially for low amplitude/at lower frequencies due to the
measurement errors itself and at higher frequencies due to the possible
skin effects which are not accounted for in the statistical iron loss model.
Furthermore, the stress effect on the conductivity of the material was assumed to be non-existent. This assumption might not be entirely correct
and needs more investigation. Further study can be done with this loss
model by including the anisotropy effect and the skin effects in the loss
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components. Nonetheless, given the goodness of the total power loss ﬁtting for Model 1, this loss model was further utilized to compute the losses
in the FE machine model.

5.1.5

Finite Element Machine Model

From the preceding subsections and the explanations in earlier chapters,
it is clear that the effect of stress are twofold, the ﬁrst being the inﬂuence
on the constitutive relation and second being the inﬂuence on the iron loss.
Compression was found to be affecting both properties the most. Furthermore, owing to the shrink-ﬁt, the iron cores of the electrical machines are
under considerable compression. Thus inclusion of stress dependent magnetic properties in the ﬁeld and the loss computation are well justiﬁed.
The magneto-mechanical coupling done for the constitutive relation (Section 3.4) is extremely simpliﬁed and does not fully represent the actual
phenomena occurring in 2D. Also the cross coupling of the orthogonal
stress has been neglected in both the permeability and the loss model.
Furthermore, the assumption of magnetic isotropy is not true for a real
case material. Given, the overly simpliﬁed magneto-mechanical coupling
and the strong assumption mentioned earlier, still the effect of static
stress arising due to the shrink-ﬁt and the centrifugal forces, was found
to be signiﬁcant on the ﬂux density distribution across the cross-section
of the machine. Also signiﬁcant was the increase in density distribution
of the individual loss components and consequently the increase in total
power loss density distribution. The increase in total power loss distribution at the teeth base, the top of winding slot and the stator yoke were
prominent and could be attributed to the compressive stress observed at
these regions. However, it is imperative to mention that losses due to the
rotational ﬁeld, existing especially at these regions, are not accounted for
in the loss model.
Furthermore, the stress dependency can be included at various stages of
the machine model computation. From the results observed in Fig. 4.28,
it can be conceived that the stress dependent loss model is sufﬁcient to account for the effect of shrink-ﬁt on the stator core loss. However, the loss
density distribution is equally important to pinpoint the possible thermal
hotspots of the stator core geometry and will require the inclusion of stress
in the ﬁeld computation as well. Apart from that, the dynamic stress due
to magnetic forces and magnetostriction could have a profound effect on
the stator core loss. Future extension of the study should consider a com-
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prehensive magneto-mechanical coupling for both the ﬁeld computation
and the loss calculation. Also, the residual stress at the edges due to the
punching, the dynamic stress, and the rotational loss and its stress dependency could be added to broaden the horizon of the study concerning
the stress effect on the core losses.

5.2

Suggestions for Future Work

Based on the observations and earlier discussion, the suggestions for future continuation of the research can be summarized as:
• RSST setup with multi-axial stressing is more suitable for investigating and developing a comprehensive magneto-mechanical model.
Furthermore, for magnetostiction measurement the excitation system should be of horizontal orientation, i.e. horizontal core RSST
setup.
• Other material compositions like Fe-Ni and Fe-Co have entirely different saturation magnetostriction constants, i.e. λ100 and λ111 , and
will behave differently when under stress. Thus, the validity of the
proposed stress dependent magnetostriction model can be further
investigated for the mentioned material compositions.
• The magneto-mechanical model presented here can be further developed to model the BH major loop at lower amplitudes and be vectorized as well.
• Other types of iron loss models that include the skin-effect can be
made stress dependent for its use in high frequency applications.
• The measurement and material deviation on the co-relation of the
stress dependent static hysteresis loss and the stress dependency of
the excess loss parameters can be further investigated.
• A comprehensive mechanical and magnetic coupling of the magnetic properties (both permeability and losses) on a macro-scale is
required for more accurate FE modeling.
• Studies can be performed on other grades of Fe-Si and on materials
with different chemical compositions, for instance Fe-Ni and Fe-Co.
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• Rather than a hypothetical test machine, the FEM model of an actual machine can be developed and the simulation results can be
compared with the experimental results. However, accurate segregation of the core loss from the measured results will be challenging.

5.3

Conclusion

As a conclusion to this dissertation, the inﬂuence of external stresses on
the magnetic properties of the NO electrical steel sheets was investigated
using a modiﬁed SST setup with the provision of unidirectional stressing.
Compressive stress was found to be especially determinant to the magnetic properties, both the permeability and loss. The stress dependent
models for the magnetic properties were developed and implemented in
an FE model of electrical machine. The FE model was then used to investigate the impact of manufacturing processes like the shrink-ﬁt on the
magnetic losses. Given the compressive stress state of the machine’s iron
core due to the shrink-ﬁt, the increase in the stator core loss with stress effect included in the magnetic properties was found to be signiﬁcant when
comparing the computation results with no stress effect. This justiﬁes the
importance of including the effect of stress in the design and optimization
of all electrical machines.
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