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Electromagnetic transients impinging on electromagnetic power devices — such as electric machines,
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often decisive for the design of the devices. Further, the operation of a device can be transient in itself.
This is the case for the explosive magnetic flux compression generator (EMG) and a ferromagnetic
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Hence, eddy currents and the related skin and proximity effect become significant in windings,
magnetic cores and in the armatures of the devices. These effects are important for, e.g., the damping
of the transients. Further, the displacement current in the insulation of the winding is significant. It
changes the response of the windings dramatically, as it manifests the finite velocity of propagation of
the electromagnetic fields. Under such circumstances, reflections and excited resonances can make the
transient voltage and current distribution highly irregular.

Induced voltages are modelled with self and mutual inductances or reluctances combined with
winding templates. The displacement currents are modelled with capacitances or coefficients of
potential. Cauer circuits and their dual form are used to model eddy currents in laminated cores and in
conductors. The Cauer circuit enables one to consider hysteresis and the non-linear response of a
magnetic core. It is also used to model the eddy currents in the moving armature of an EMG.

A set-up is presented that can be used to study the transient voltage and the current distribution
along a coil.

The transient response of coaxially insulated windings is analysed and modelled in detail. A lumped
circuit model is developed for a coil, DryformerTM — the new high-voltage transformer — and
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Preface

This Ph. D. thesis consists of two separate parts. The first part was carried out at
the Department of Power Engineering at the Royal Institute of Technology
during the years 1994–1996. This work was documented in a licentiate thesis
[III] and four papers [I,II,IV,V]. The licentiate thesis and its papers can be
divided into three sections. The first of these presents lumped circuit models of
electromagnetic transients in dielectric, magnetic and conductive materials
[I,III]. In the second section, the Cauer circuits are used to model eddy currents
in electric steel laminates, and in the winding and moving conductive armature
of an explosive magnetic flux compression generator (EMG) [III-V]. In the third
section, the propagation of electromagnetic fields along a coil is measured and
simulated [II,III]. The first part of the Ph. D. Project had three financiers: ABB
Corporate Research, the National Defence Research Establishment (Foa) and the
Royal Institute of Technology (KTH).

The second part of the Ph. D. project was carried out at ABB Corporate Re-
search during the years 1998–2000 in close co-operation with the Institute of
High Voltage Research at Uppsala University. This work was financed through
the Electric Power Technology Research Program (ELEKTRA) and the Swedish
Research Council for Engineering Sciences (TFR). The second part considers
the transient response of coaxially insulated windings [VI-X], which are used in
PowerformerTM and DryformerTM. Both are electromagnetic power devices
recently introduced by ABB.
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1 Devices and components studied

This thesis considers the response of electromagnetic power devices and their
essential constituents, such as windings, armatures and electric steel laminates.
The winding consists of an insulated conductor that has been wound for a
certain number of turns. Windings are used in many power devices — electric
machines, transformers and reactors — to generate or pick up a magnetic flux.
To increase the flux through the winding or windings, the flux is often guided by
a magnetic body. In this thesis, this body consists of laminated steel. The
lamination counteracts the undesired eddy currents in the steel (see Section
2.2.8).

Some of the devices studied can be classified as electric machines. They
convert electric energy to mechanical energy or the other way around. An
important class of electric machines is rotating electric machines. These
machines have a rotating part, the rotor, and usually a non-rotating part, the
stator. The windings connected to the power system are generally situated in the
stator. The rotor is either magnetised permanently or by a field winding in the
rotor. In a generator, the rotor produces a rotating magnetic flux, which induces
a voltage in the stator windings. In the motor, it is the other way around: The
stator produces a rotating flux, which forces the rotor to spin. In this thesis, only
coaxially insulated rotating electric machines are considered [IX,X]. An
example of such a machine is the PowerformerTM [29], the high-voltage
generator.

Fig. 1. A cross-section of one of the poles of a coaxially insulated rotating electric machine.

The ferromagnetic actuator is another type of electric machine. It is composed
of a winding and a magnetic circuit. The winding is mounted on a fixed core.
The magnetic forces from the magnetic field produced by the winding and its
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core act on a moveable ferromagnetic armature, which is fixed to a mechanical
load. In the author’s licentiate thesis [III] and one paper included in this thesis
[V], this device is referred to as a magneto-mechanical drive.

Fig. 2. A ferromagnetic actuator.

A special sort of electric machine that was studied in the licentiate thesis [III]
is the explosive magnetic flux compression generator, EMG, of the spiral type.
This is also known as the helical type. This generator consists of a solenoid with
a conductive armature inside it. The armature is filled with an explosive. When
it detonates, chemical energy is converted into to thermal and mechanical
energy. The armature expands and compresses the magnetic flux enclosed by the
solenoid and the armature. The magnetic forces retard the armature, and as the
armature works against this force, the mechanical energy is converted to
electromagnetic energy. This machine can be used to produce extremely high
magnetic fields, up to 1000 T, and it is therefore of scientific interest. The
machine has for example been used in studies of Fermi surfaces of
superconductors. However, it has mainly been of interest for military
applications. The generator can for example supply electromagnetic launchers or
drive microwave generators, which can generate High Power Microwaves
(HPM).

Fig. 3. An explosive magnetic flux compression generator (EMG).

Another device studied in this thesis is the transformer. This is an electrical
component, which is used to transfer electric energy from one alternating-
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current circuit, the primary winding, to another, the secondary winding. To im-
prove the magnetic coupling, the windings are placed in close proximity to each
other and they are further mounted on a magnetic core. Power transformers are
mainly used to step up or down the voltage or to control the phase angle. In this
thesis, a complete model is presented for a coaxially insulated transformer
known as DryformerTM [25].

Fig. 4. A one-phase transformer.

A device that is similar in appearance to the transformer is the reactor.
However, essentially, this apparatus only has one winding per phase. The reactor
is used to introduce an inductance in a circuit. As transformers, the windings of
shunt reactors are normally mounted on a core. However, the core of a shunt
reactor normally contains air gaps. Such reactors are used to neutralise the
charging current of power lines. The series reactor is used in AC power systems
to provide protection against excessively large currents under short-circuit or
transient conditions. Normally, the series reactor does not have a core. As the
reactor is very similar to the transformer, the model of the latter can often be
directly applied to the reactor.

1.1 THE INSULATION SYSTEM

The insulation system must of course be able to withstand the operating voltage
of the power devices and any expected overvoltages. A weak point in the
insulation can be enough to give a complete flashover. Hence, it is important to
minimise the electric stress locally as well as globally in the insulation system.
Local high electric fields arise at impurities and at sharp edges. Hence,
insulation materials should withstand high electric fields and have few
impurities. Further, the lifetime of the insulation can be prolonged, if it is
resistant to partial discharges (PD). Partial discharges occur, when the electric
field locally exceeds the dielectric strength of the insulation. In conventional
rotating electric machines, epoxy resins — which have few defects and
withstand high electric fields — are often combined with mica flakes, which are
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PD resistant. Oil and paper is another effective combination of materials. It is
used in, e.g., conventional power transformers and reactors. Despite the sharp
corners of rectangular conductors, they are still used in conventional windings,
because this shape improves the fill factor. The fill factor is the total volume of
the conductor divided by the total volume occupied by the winding.

Depending on the frequency range of the model and the connections to the
terminals of the device, the insulation system can influence the parameters of a
transient model and sometimes the topology of its lumped circuit model too.
Many transient and high frequency models of power devices with conventional
windings have been published [1,11,13,18-21,26,30-32,34,35,37,39,45]. In the
first part of this thesis, a model of a single layer coil is presented. The insulation
system of this coil can be said to be of the conventional type. With this
exception, such models are only mentioned very briefly in this thesis. When the
insulation system is considered, the focus is on coaxially insulated power
devices.

 The coaxial insulation system is designed to increase the control of the
electric fields. The rectangular conductors in a conventional insulation system
are replaced by cylindrical conductors. To, further, smooth the electric field,
there is a semiconducting layer — often referred to as a semicon layer — on the
inner and outer surface of the insulation. Hence, the conductor, including its
coaxial insulation system, is similar to a solid extruded cable. In this thesis, the
combination of a conductor and its coaxial insulation system is referred to as the
cable. However, in contrast to an extruded cable used for transmission, the outer
semicon layer is not continuously grounded by an outer conductive screen. Still
the voltage of the outer semiconducting layer is almost at ground potential, at
least for lower frequencies, as it is regularly grounded at discrete points.

 1  2  3  4

Fig. 5. The coaxial insulation system and the round conductor are made up of a stranded
conductor (1), an inner semiconducting layer (2), an insulator (3) and an outer

semiconducting layer (4).

 Coaxially insulated rotating electric machines can operate at much higher
voltages than conventional rotating machines, because of the improved control
of the electric field. Accordingly, they can be connected directly to the power
grid, without an intermediate step-up or step-down transformer. The insulation
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principle is also used in DryformerTM, a new dry power transformer that can be
used for high voltages. It is said to be dry, as there is no oil in it.

The response of coaxially insulated windings is rather different to that of
conventional windings, because of the outer semicon. The semicon screens the
electric coupling between the turns in the winding. Further, there are losses in
the semicon that contribute to the damping of transients.

To reduce the eddy current losses in the conductor (see Section 2.2.8), the
conductor is stranded (see Fig. 5), that is, it is made up of many thin conductors,
or strands. The central strand is surrounded by concentric layers of strands, each
strand being transposed within its concentric layer. Normally, the strands are
insulated, however, there is at least one uninsulated strand in the outermost layer
to ensure that the electrical potential of the strands and the inner semi-
conductive layer is equal. If the strands are made of aluminium, it is not always
necessary to insulate them, because aluminium has a natural layer of aluminium
oxide, which provides partial insulation.
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2 Electromagnetic transients

An electric transient is a temporary component of current and voltage in an
electric circuit that has been disturbed. In a normal analysis, a stabilised
condition of the circuit is assumed and steady-state values of current and voltage
are sufficient. However, it often becomes important to know what occurs during
the transition period following a circuit disturbance until the steady-state
condition is reached.

Fig. 6. An example of a transient.

2.1 SOURCES OF TRANSIENTS

Lightning discharges are one of the most important sources of electromagnetic
transients. They can either induce transients in the connections of electro-
magnetic power devices or strike the connections directly. At its largest, during
the return stroke phase, the current in a lightning channel is of the order 10-
100 kA [44]. A lightning stroke normally includes several return strokes [44].
The separation time between the return strokes is typically 40–80 ms [44]. The
overvoltages caused by lightning discharges are in the microsecond range. The
rise time of the standard lightning impulse is 1.2 µs. For its tail, the time taken to
the decay to half the maximum is 50 µs [18]. The standard lightning impulse is
often used in laboratory tests to verify the dielectric strength of the insulation of
power devices.



19

Another important source of transients is switching operations in the power
system. Switching surges are generally associated with rise times much longer
than for a standard lightning impulse. At least, this is the case for the laboratory
standard test for switching surges. However, the rise times produced by pre-
strikes during closing of a switch and re-strikes while opening a switch can be
shorter than for lightning impulses [9]. Multiple pre-strikes or re-strikes
normally occur during a switching operation. In the measurements by
Eichenberg et al. [16], the pre-strikes and re-strikes in vacuum circuit breakers
were separated by 10–100 µs. Nowadays it is very popular to use power
electronics to regularly chop up the voltage and current. The chopped voltage
can have very steep fronts, rise times in the range 50ns–2µs can occur [38]. For
power electronics, switching frequencies in the kHz range are often used.

Very fast transient overvoltages can be produced by an insulation breakdown.
The already mentioned pre-strikes and re-strikes in circuit breakers are examples
of such transients. However, insulation faults can arise in any component in a
power plant. The transients caused by these breakdowns are especially fast for
SF6-insulated components. Then the rise-time is 5 to 10 ns [33,40]. In air, it is
50–100 ns [33,40].

Electromagnetic transients can also be produced by nuclear weapons. Such a
pulse is known as an EMP. It has a very short rise time, about 5 ns, and can have
magnitudes that are dangerous to the distribution system and its components
[47]. Similar pulses can also be created by microwave generators, known as
HPM generators. However, the damage caused by these sources is more local.

The operation of an electromagnetic device is sometimes transient in itself.
This is the case for, e.g., the ferromagnetic actuator and the EMG.

The transients can be harmful to the insulation of electromagnetic power
devices, as the peak value of a transient can be much higher than the operating
voltage. Further, the transient voltage distribution can be highly irregular in a
winding. This means that the insulation can be stressed much harder locally than
it would be during normal operation, although the magnitude of the voltage
impulse is not necessarily larger than the operating voltage. Repetitive transients
can be harmful to the winding, as they can excite its resonances. Then the
magnitude of the transients does not have to be particularly large to cause
damage to the insulation of the winding. This is somewhat analogous to bridges
breaking apart when the resonance frequency of the bridge coincides with the
step frequency of pedestrians.

These are the main reasons why transients are of interest in windings. How-
ever, they can also be of interest when they are not harmful to the insulation. For
the EMG and the actuator, the purpose of a transient study is mainly to evaluate
and possibly to improve their function. Further, the transient response of
windings is of interest for the diagnostics of the winding insulation. The partial
discharges produce electromagnetic waves that propagate along the winding.
These signals can be used to detect the discharges and localise them. This



20

procedure can be improved if the transient response of the winding is thoroughly
understood.

In power systems, the magnitude of incoming transients is often limited by
surge arresters [18]. A surge arrester is a highly non-linear resistor, which essen-
tially short-circuits voltages above a rated value. Further, the rise times of the
impinging impulses are normally longer at the electromagnetic power device
studied than at the source of the transient. The rise time is increased by damping
and dispersion in, e.g., connection cables. Furthermore, the rise times tend to in-
crease as the transient moves along the winding itself.

2.2 IMPORTANT PHENOMENA WHEN MODELLING ELECTROMAGNETIC TRANSIENTS

2.2.1 The conductive current

The electric field intensity E
�

in a conductive material drives a conductive current
density cJ

�

in accordance with the point form of Ohm’s law [8].

EJC

��

σ= , (1)
where the conductivity, σ, is a macroscopic constitutive parameter of the
medium. The reciprocal of the conductivity is called resistivity ρ.

The conductive current IC through the cross-section S of a conductor is equal
to the surface integral of the current density.

� ⋅=
S

CC SdJI
��

(2)

The ohmic voltage drop U along a conductor can be obtained by integrating
the electric field intensity along its length l.

� ⋅= ldEU
��

(3)
The ohmic losses in the conductor of the winding and other conductive or

semiconducting parts are important for the damping of the electromagnetic
transients.

2.2.2 The displacement current

The displacement current DJ
�

 is defined as the derivative of the electric
displacement D

�

 [8].

t
DJ D ∂

∂=
�

�

(4)

The electric displacement is defined by [8]:
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ED r
��

εε0= , (5)
where ε0 is the permittivity for vacuum and εr is the relative permittivity of the
medium. The latter is dependent on how easily the medium is polarised by an
applied electric field. In the frequency domain, derivatives are replaced by jω
[42], where ω is the angular frequency and j is the imaginary unit [42]. Hence,
in the frequency domain (4) becomes:

DjJ D
��

ω= (6)
The displacement current is similar to the conductive current in the sense that

both produce magnetic fields (see Section 2.2.6). Sometimes it can be difficult
to separate the displacement current from the conductive one, especially in a di-
electric material. When the applied electric field across the dielectric varies, its
polarisation changes. These microscopic charge displacements take place across
the whole dielectric and are similar to charge separations that can be obtained by
means of conductive currents. An example regarding this is shown in Fig. 7. In
this case, it is easy to understand that this displacement will produce magnetic
fields similar to a conductive current. Intuitively, it is less comprehensible that
the displacement current also exists in vacuum, where no charges or dipoles are
present. Maxwell, who first postulated that displacement currents produce
magnetic fields, tried to explain the displacement current in vacuum by a
polarisable ether. However, the ether hypothesis was later rejected.

Fig. 7. The applied electric field is first directed to the right and then to the left. The
essential macroscopic response of the dielectric medium is that a negative charge is

transported from the left surface to the right one and a positive charge is transported in the
opposite direction.

In conductive materials, there are both conductive currents and displacement
currents. Similarly, there is also a conductive current in dielectrics. In a good
conductor, where σ>>ωε0εr, the displacement current can be neglected. Similar-
ly, the conductive current is negligible in a good insulator, where σ<<ωε0εr.
These relations can be obtained from (1), (5) and (6).

The displacement current is negligible inside the conductor of the winding. In
the insulation, which embeds the conductor, it can normally be neglected for
50 Hz, as long as the end-terminal of the winding is not floating. However, as
the displacement current is proportional to the frequency for a fixed electric
field, this current can become significant as the frequency increases. The
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conductivity σ is normally much larger in the conductor of the winding
compared to ωε0εr for the insulator it is embedded in. However, the
displacement current can still be significant for two reasons. Firstly, the
displacement current can take a short-cut through the insulation between two
points in the winding. Hence, the electric field along this short-cut will be larger
than along the conductor. Secondly, the cross-section seen by the conductive
current in the conductor is small compared to the huge cross-sections seen by
the displacement currents in the insulator.

2.2.3 Gauss’s law

The relation between the amount of charge and the electric displacement is
governed by Gauss’s law. This law states that the surface integral of the electric
displacement that flows out of a region is equal to the charge, Q, inside the
region [8].

� ⋅=
S
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(7)

According to this relation, it can be said that the electric charge is a flow source
for the electric displacement. As the displacement current density is equal to the
derivative of the electric displacement (see (4)), the change in the charge stored
in the region is the flow source for the displacement current.

2.2.4 The conservation of charge

Since electric charges can not be created or destroyed [8], a net conductive
current flow IC out of a region must be accompanied by a corresponding de-
crease in the electric charge Q in the region.

dt
dQIC −= (8)

By combining (7) and (8), it can be realised that the net conductive current into a
region must be equal to the net displacement current out of the region. Hence,

0=+ DC II (9)
This is valid for each point in space. Hence,

0
���

=+ DC JJ (10)
At 50 Hz it can normally be assumed that the conductive current is constant all

through the winding. However, (9) shows that this assumption is not quite true.
The displacement current out of the winding influences the conductive current
distribution inside it. As the displacement current tends to increase with the
frequency, see (6), this influence too becomes more significant as the frequency
increases. The response of the winding can then change dramatically. This is the
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main reason why a high frequency model of a winding is so different to the
simplified models used for low frequencies.

2.2.5 Magnetic materials

When the electromagnetic power devices studied have a core, it is made of
laminated electric steel. This is a ferromagnetic material. These materials have
small regions, or domains, with a spontaneous magnetisation. The domains are
separated by thin transition regions called domain walls. When the magnetic
material is excited by the magnetic field intensity H, the domains with a mag-
netisation direction close to the direction of the applied field expands at the
expense of the other domains. This process takes place by means of domain wall
movements. When the applied field is strong enough, the magnetisation of the
domains can change direction to the one of the applied field. This process is
called domain magnetisation rotation. In the macroscopic model, which is used
in this thesis, the domains are replaced by an average magnetic polarisability.
The term permeability µ is used as a designation for the degree of polarisability.
The permeability of vacuum is denoted µ0. The magnetic field intensity and the
magnetisation of the medium give rise to a magnetic flux density, B. In a linear
magnetic material, the magnetic flux density and magnetic field intensity are
related by:

HB r
��

µµ0= , (11)
where µr is the relative permeability of the medium. In the core of, e.g., a trans-
former, it is advantageous to have a large µr, as this reduces the magnetic field
intensity needed to magnetise the core.

The response of ferromagnetic materials is not as ideal as implied by the linear
relationship in (11). To begin with, the relationship is non-linear, as the mag-
netic material saturates at a magnetic flux density around 2 T. This occurs, when
all of the domains have been aligned in the applied field. Further, the magnetic
flux density lags behind the magnetic field intensity; a phenomenon called
hysteresis. This phenomenon can be explained by the domain wall movements
and the domain magnetisation rotations not being completely reversible because
of losses caused by friction. These losses, which are an important contribution to
the losses in the core during the normal operation too, are called hysteresis
losses.

It is not necessary to consider the non-ideality of the core in all transient simu-
lations involving a core. Sometimes the core has little influence on the simulated
and experimental results. This has been observed, e.g., during standard lightning
impulse tests of transformers [34]. This is understandable because, in those tests
the magnetic flux in the core is short-circuited by the secondary winding. In
such situations, it can be a good approximation to use a rough model of the core
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or even to neglect it. There are other transient phenomena, however, where the
core is very important. One example is the inrush current, occurring when a
transformer is connected to the power grid. This phenomenon is related to the
non-linear properties of the core and the remanent flux density in the core [18];
the latter being dependent on the hysteresis in the core.

2.2.6 Ampère’s law

Originally, it was assumed that magnetic fields were produced by conductive
currents only. Maxwell was the first to include the displacement current in
Ampère’s law. It can be shown that to make Ampère’s law consistent with the
principle of conservation of charge, the displacement current must be considered
[8]. Hence,

DC IImmf +=  (12)
This law states that the magnetomotive force (mmf) that drives the magnetic flux
density around a closed loop Γ is equal to the total conductive and displacement
current through a surface that is enclosed by the loop (see Fig. 8). An approach
often used is to increase the magnetomotive force by winding the conductor
several turns around the loop Γ. This is one of the reasons why windings are
used. The mmf is related to the magnetic field intensity by [8]
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Fig. 8. Ampère’s law.

Although there are electromagnetic theories that involve magnetic charges or
monopoles [24], it is normally assumed that they do not exist [8,24]. This
assumption together with Ampère’s law, Faraday’s law (see Section 2.2.7) and
Gauss’s law constitutes the Maxwell’s equations [8]. Hence, the current is the
only source that exists for the magnetic fields. As the current makes the
magnetic field intensity circulate around it, the source can be referred to as a
vortex source. One might object that permanent magnets are a source of
magnetic fields as well. However, these fields are also caused by currents, but
on a microscopic level, inside the magnetic material.
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2.2.7 Faraday’s law

All electric machines and similar electromagnetic devices are, one way or
another based on the Faraday’s induction law [36]:

dt
demf φ−=  . (14)

According to this law, the electromotive force (emf) induced in a loop is pro-
portional to the derivative of the magnetic flux φ through the loop. The latter is
equal to the surface integral of the magnetic flux density B through the loop.
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The emf is equal to the line integral of the electric field along the loop Γ.
� ⋅=
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(16)

Fig. 9. Faraday’s law.

The electric fields circulate around the derivative of the magnetic flux. Hence,
this derivative is a vortex source for the electric field.

If several turns are wound around the magnetic flux, the total voltage induced
becomes larger. This is the other reason for using windings. The total induced
voltage in the winding can be obtained by adding the contributions from each
loop. The magnetic fields through the winding can be produced by currents in
the winding itself. This is called self-induction. There might also be significant
magnetic fields associated with currents in other windings. This contribution to
the emf is called mutual induction.

The term electromotive force is also used to designate the voltage across the
poles of an unloaded battery. Similarly, it is equal to the voltage across the
terminals of an unloaded generator. When the generator is loaded, the voltage
across its terminals ∆V is reduced by the ohmic voltage drop in its winding.
Similarly, the voltage across any body is equal to the emf induced along the
body minus the voltage drop. The voltage drop can be ohmic or capacitive (for
dielectric materials), or a combination of the two.
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2.2.8 Eddy currents

Faraday’s law has another less obvious implication. Inside each conductive
body, there are an infinite number of imaginable short-circuited loops and
Faraday’s law is applicable to every one of them. If a time-varying magnetic
flux passes through such a loop, an emf is induced in the loop. This voltage
drives an eddy current that is limited only by the resistivity of the material.

Fig. 10. Eddy current.

Even for the tiniest variation in the magnetic field, the eddy current would be
infinite inside a superconductor that has an infinite conductivity. This is of
course unphysical. However, according to Lenz’s law, the direction of the
current induced is such that the magnetic field generated opposes the change in
the magnetic flux [36] (see Fig. 10). Hence, for a certain magnitude of the eddy
current, the magnetic field through the loop cancels out. This applies to all of the
imaginable loops and, accordingly, the time-varying magnetic field can not
penetrate into a superconductor. Similar effects can also be noted for ordinary
conductors. The eddy currents counteract the magnetic fields, so that the latter
diffuse into the conductive material [24]. Initially, the magnetic field only
penetrates the surface of the conductor. The situation is similar for high
frequencies. Somewhat simplified, one can say that the magnetic field then only
penetrates a thin layer below the surface. The thickness of this layer is called the
skin depth, denoted by δ. It is defined by [8,36]:

fr σµπµ
δ

0

1= , (17)

where f is the frequency.
The magnetic field that induces the eddy currents can be generated by a

current through the conductor itself. Then the eddy currents counteract the
current inside the conductor and reinforce it at the surface of the conductor. This
phenomenon is known as the skin effect [11,12,14]. Hence, initially the total
current only flows on the surface of the conductor. It takes some time for the
current to diffuse into the conductor, until the current distribution becomes
uniform across the cross-section of the conductor.
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The eddy currents can also be induced by magnetic fields that originate from
currents in other conductors. This case is often referred to as the proximity effect
[11,12,14].

The ohmic losses caused by the eddy currents are called eddy current losses.
As the magnetic flux density is very large in magnetic cores, their eddy current
losses are often already considerable at 50 Hz. The losses increase in importance
for higher frequencies. To reduce them, the resistivity of the magnetic material
can be increased. Further, the core is frequently composed of thin laminates,
which are electrically insulated from each other. Furthermore, to avoid
considerable eddy current losses in the coaxially insulated windings, their
conductors are stranded (see Fig. 5).

For a frequency of 50 Hz, the magnetic field would, roughly, penetrate a
0.5 mm thick steel plate and a 5 mm thick copper plate [18]. Hence, the skin
depth can be significant even during the normal operation of power apparatus.
Thus, the skin depth is another of the reasons why a magnetic core is laminated.
The magnetic field only penetrates a fraction of a uniform steel core at a
frequency of 50 Hz while a laminated steel core is almost fully penetrated at this
frequency. The skin depth decreases with the frequency as indicated by (17).
Hence, for higher frequencies it is also apparent in laminates.

In reality, the eddy current losses in electric sheets are different from the losses
calculated with a macroscopic model, where the magnetic material has been
characterised by a relative permeability. The difference can be explained by
eddy currents induced by the domain wall displacements and domain mag-
netisation rotations. For low frequencies, the real losses are higher than the
classical ones, which are calculated by the macroscopic model. The extra losses
are called anomalous losses [7].

2.2.9 The propagation of electromagnetic fields

The magnetic flux around a conductor, which is given by Ampère’s law [8], is
not only counteracted by eddy currents in conductive bodies, which are referred
to as conductive eddy currents in this subsubsection. In dielectric materials,
displacement eddy currents arise. As the conductive ones, these latter eddy
currents are driven by the emf, given by Faraday’s law (14). The vortex source
for the conductive eddy currents is the derivative of the magnetic flux density.
From (4), (5) and (16), it follows that the displacement current is proportional to
the derivative of the emf. Hence, the second order derivative of the magnetic
flux density is a vortex source for the displacement current (see Fig. 11).

In accordance with Ampere’s law, the displacement eddy current produces
magnetic fields. These fields partly counteract the magnetic field that induced
the emf in the first place. As the vortex sources of the conductive and displace-
ment eddy currents are different, their counteractive response is different.
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Hence, the magnetic fields do not diffuse through dielectric materials. Instead, it
can be shown that the magnetic flux around the conductor is retarded by the dis-
placement eddy currents. This retardation is related to the finite velocity of
electromagnetic waves [8]; which in vacuum is equal to the speed of light. The
propagation velocity is lower in media with a high polarisability as the displace-
ment current is larger there. Similarly, the propagation of electromagnetic fields
would be infinite in vacuum, if the displacement current did not exist there.

Fig. 11. Similar to eddy currents in conductive materials, there can be significant
displacement eddy currents in dielectric materials. These eddy currents retard the magnetic

flux.

According to Gauss’s law (7), charges are a flow source for the electric dis-
placement. When the charge is varying in time, its associated electric displace-
ment drives displacement currents. These in their turn produce magnetic fields.
The emf induced by these magnetic fields counteracts the original electric
displacements. This counteraction is analogous to that of the magnetic flux.
Hence, the electromagnetic fields produced by the time-varying charge
propagate with the same velocity as the fields produced by the current source.

2.2.10  Propagation of electromagnetic waves in windings

Electromagnetic waves can propagate in free space, but they can also propagate
along a wave-guide. In this thesis, the winding constitutes the wave-guide. A
winding is more complex than normal transmission lines, such as screened
cables, as there is a strong electromagnetic coupling backwards and forwards
along the winding. The coaxial insulation system is special as the outer semicon
screens the electric fields to a large extent. Accordingly, the backward and
forward coupling is mainly magnetic for this insulation system. As will be seen
in the simulations and measurements of coaxially insulated windings, this
coupling slows down the propagation velocity [VII]. Further, it distorts the
propagating electromagnetic pulse. Another complexity with the winding is that
it often is in close proximity to a magnetic body. Apart from these differences,
the phenomena arising in a winding are often similar to the transient phenomena
in cables and overhead lines and the models are also somewhat similar.

Like other waves, electromagnetic waves are reflected, partly or completely,
when they reach another type of wave-guide. The wave-guides are characterised
by their characteristic impedance [8]. When the wave comes from a lower
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characteristic impedance to a higher one, the voltage of the reflected wave has
the same polarity as the incoming one [8]. These waves can then add up to, at its
worst, double the magnitude of the incoming wave (see Fig. 12). However, the
reflection only causes problems for fast transients, when the rise time of the
incoming transient is short compared to the propagation time in the wave-
guides. Otherwise, potential overvoltages are counteracted by multiple
reflections in the wave-guides. For windings, the reflections occur mainly at
their terminals. However, there are also small reflections along the winding, as
the characteristic impedance of the winding normally varies along its length.
These variations are caused by changes in the diameter of the cable and changes
in the flux paths of the magnetic field outside the cable.

Fig. 12. The voltage distribution along two transmission lines, before (above) and after
(below) the incoming voltage impulse is reflected at their interface.

If the applied signal is repetitive, the reflections can give rise to resonances in
the winding. Assume that incoming voltage impulses are reflected at the end-
terminal of a winding. These reflections are in their turn reflected at the line-
terminal of the winding. Later they are once more reflected at the end-terminal
and so on. Further, assume that the polarity after two reflections is the same as
for the incoming impulses. Then if the time delay between the incoming
impulses is equal to twice the propagation time through the winding, the
reflected and incoming impulses will add up to the maximum possible value. If
this process continues for subsequent incoming impulses, very large
overvoltages can be built up (see Fig. 13).

The winding in an electromagnetic power device is often between 1 and 10 km
long. It has also been noted that for coaxially insulated windings, the pro-
pagation velocity is often as low as 20-30 m/µs, compared to 300 m/µs in free
space. This means that the propagation time through a winding normally is in
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the range 5–500 µs. Hence, for transients with rise times in the µs range or
shorter, the voltage and current distribution can become very irregular, due to
reflections and excited resonances. This is very different to the low-frequent
behaviour of windings. Then the current is almost constant all through the
winding and the voltage distribution is almost linear.

Fig. 13. The voltage distribution along three different transmission lines; for repetitive
incoming pulses, large overvoltages can be added up.

For fast transients in windings of conventional electromagnetic devices, the
initial voltage distribution is mainly governed by the displacement currents
between turns and other conductive bodies of the device. This phenomenon is
thoroughly described by, e.g., Greenwood [18]. Due to the grounded outer semi-
con in coaxially insulated windings, this phenomenon is much less significant in
such devices.
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3 Modelling the electromagnetic transient response with the aid of lumped
circuits

3.1 MODELLING CRITERIA

Transient models can be used to evaluate the design of electromagnetic power
devices. A model can be used to verify that, e.g., the insulation of a device
should withstand lightning overvoltages inside a winding. From this perspective,
it is advantageous to use models, whose parameters are not based on
measurements on the device being modelled to enable the evaluation to be
performed before the device has been built.

Naturally, the terminal response is of interest to the designers of an electro-
magnetic power device. However, it is often also beneficial to have a model that
can resolve the distribution of voltages, currents, magnetic fields, etc. in the
design. This applies to the example with lightning overvoltages where, over-
voltages anywhere along the winding can be of equal importance. For laminates
of electrical steel, the distribution of the magnetic flux density is of interest,
especially, if hysteresis and non-linearities are to be soundly modelled along
with the skin depth. For the EMG, the current distributions in the winding and
the armature influence the losses and thereby also the temperature distribution in
them. In its turn, as the resistivity is often dependent on the temperature, it
influences the current distribution.

To fulfil the objectives indicated above, the models are — to greatest possible
extent — based on the laws of electromagnetism and physics, the geometry of
the device and the properties of the materials involved. Hence, the intention was
to avoid pure terminal models, which are often used for system studies.

Further, it should be possible to use the models in both the time and the
frequency domain. For overvoltage calculations, the time domain simulations
are often of greatest importance. However, the frequency domain results are also
of interest, as they show the resonance frequencies of the device. The resonance
frequencies are especially important, if a series of transients can be expected. In
many articles [1,19,26,32,37], the time domain results have been obtained with
an inverse Fourier transform of a model in the frequency domain. This method is
convenient, as models of, e.g., eddy current losses are relatively easy to
formulate in the frequency domain. A drawback with that approach is that it
requires a linear model. This requirement cannot always be met when the surge
protection of a power device is to be evaluated, as the protection often involves
non-linear components, such as a surge arrester. Further, the inverse Fourier
method excludes a non-linear model of the core or the temperature dependent
resistivity used in the model of the EMG.
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Furthermore, the model should not be to so unwieldy that it is impractical to
apply it to full-scale power devices, for example, because of very long simu-
lation times.

The overvoltages in a winding are very much dependent on the external
system; surge arresters, external cables, etc. Further, the current in the winding
of an actuator or EMG is supplied by a source. Accordingly, it should be of
interest to include the response of this power supply in the simulations. Hence, it
is important that the model of the device studied can be simulated together with
its external system. Finally, the models should, naturally, have a bandwidth
sufficiently wide for their intended use.

It was found that all of the criteria could be fulfilled with lumped circuit
models, which is the modelling approach that has been adopted in this thesis.
There is one exception, however, a combination of a lumped circuit and a FEM
(Finite Element Method) model was used to simulate the response of a coaxially
insulated winding in two slot cores [X].

3.2  MODELLING ELECTROMAGNETIC TRANSIENTS IN WINDINGS

At 50 Hz, it is often valid to neglect the displacement current and eddy currents.
According to this quasi-static approximation [23], only the emf induced and the
ohmic voltage drop in the winding have to be considered. The emf can be re-
presented by a self-inductance and significant mutual inductances (see
Section 3.4) to other windings, if any. The ohmic voltage drop can be modelled
by a resistor (see Section 3.3). In the quasi-stationary approximation, the eddy
currents are considered [22,23]. In this thesis, the Cauer circuits (see
Section 3.7.1) are used to model the eddy currents and their losses.

Fig. 14. A simple model of a winding for low frequencies.

However, when a transient consists of a considerable amount of high frequen-
cies, the displacement current increases in importance and the quasi-stationary
approximation is no longer valid. To model this situation properly, the winding
should be divided into sections, that are so short that the conductive current
through the section is approximately constant. Similar to the simplified model of
the winding, the ohmic voltage drop in the section can be modelled by means of
a resistor. The emf induced in each section can be modelled by self-inductances
and mutual inductances to other sections. The displacement current from the
section is normally considered by means of capacitors (see Section 3.8). For an
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accurate model, there should be a capacitor between the section under
consideration and any other section or conductive object, to which there is a
significant displacement current. For a lumped circuit, it is convenient to split
every capacitor into two halves and to situate the halves at either end of the
section (see Fig. 15). Such a circuit is similar to the π circuit used in models of
transmission lines [18]. To form a complete model of the winding, models for
each of the sections should be connected in series. The same approach can be
used in models of multiwindings. Then magnetic and electric coupling of sig-
nificant magnitudes between sections of different windings should be considered
as well. As for the quasi-stationary model of a winding, the eddy current losses
in each section should be considered in an accurate model.

Capacitances modelling
displacement currents 

Fig. 15. The transient model of a section of a winding.

3.3 MODELLING OHMIC VOLTAGE DROPS WITH RESISTORS

The ohmic voltage drop U in a conductor is related to the current through it by
Ohm’s law [8].

RIU = , (18)
where the resistance R of a conductor with a uniform electric field in it, is given
by

S
lR σ= . (19)

The equations in (18) and (19) can be derived from the point form of Ohm’s law
in (1) [8]. The reciprocal of the resistance is called the conductance G. For a
conductor with a uniform electric field, the conductance can accordingly be
calculated from:

l
SG σ= . (20)

Ohm’s law in (18) can also be expressed by means of the conductance.
GUI = (21)
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3.4 MODELLING THE MAGNETIC COUPLING BY INDUCTANCES

Consider an arbitrary loop i through which there is a magnetic flux φi. This flux
can be divided into parts originating from n loops present, including the loop
under consideration. The contribution to the flux φi by an arbitrary loop j is
denoted φij. Thus,

 inijiii φφφφφ +++++= ��21 (22)
Assuming a linear system, the contribution to this flux from an arbitrary loop j is
proportional to the current Ij flowing in loop j. The constant of proportionality is
called inductance, Lij [8].

jijij IL=φ (23)
When the contribution to the flux originates from the loop itself, i.e. i=j, the
inductance is called self-inductance. Otherwise, it is called mutual inductance.
The emf induced in the loop i can then be calculated from:
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Note that the derivative also operates on the inductances. This means that vary-
ing inductances, caused by, e.g., a changing geometry, influence the induced
voltages. This is important for the model of the EMG [III].

A section can consist of several turns or loops. To obtain the total linked flux Λ
through a section, the fluxes through each turn of the section should be summed.
Like the magnetic flux, the linked flux can be divided into parts that originate
from different sections or loops. The inductance definition in (23) is easily
generalised, so that it becomes valid for the linked flux through a section.

jijij IL=Λ (25)
In the author’s licentiate thesis [III] it is shown how the concept inductance

can be generalised to wires, which do not form loops. A similar definition has
been used by Carpenter [6]. In the licentiate thesis there are also integrals pre-
sented that can be used to calculate the self and mutual inductances. These
integrals can be solved analytically for some interesting cases, such as the
mutual inductance between two coaxial circular filaments [III,24,34]. In the
presence of magnetic materials, it is more complicated to derive analytical
formulae for the inductances of windings and their sections. In the papers
considering the coaxial insulation system, the inductances are, for this reason,
calculated with a FEM program. This calculates the magnetic fields by means of
Ampère’s law in (12), the definition of mmf in (13) and the constitutive relation
for magnetic materials in (11).

A disadvantage with the approach using self-inductances and mutual in-
ductances is that it was not originally developed to consider non-linear magnetic
models. It is shown in this thesis [I,III] how the concept can be extended by re-
presenting magnetic materials by means of equivalent currents that are
controlled by the magnetic field. Similar thoughts have been indicated by
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Carpenter [5]. However, when laminated cores are studied in this thesis, a
simpler one-dimensional model of the flux confined within the core is used. This
one-dimensional model can consider non-linearities, eddy current losses and
hysteresis of the core. The flux within the core can be separated from the
leakage flux, which is mainly outside the core (see Fig. 16). As the latter is
essentially determined by non-magnetic materials, self and mutual inductances
can be used to model the magnetic coupling through the leakage flux. This
method is used in a complete model of a coaxially insulated transformer [VIII].
The same division of the fluxes has been used in previous models for
conventional transformers [11,13,17].

Fig. 16. For windings mounted on cores, the flux in the core and the leakage flux are
modelled separately.

As has been mentioned earlier (see Section 2.2.9), the velocity of propagation
for the electromagnetic fields is limited to the velocity of light by the
displacement currents. This retardation in the electromagnetic coupling is not
normally considered in models of transients in electromagnetic power devices
[1,11,13,18-21,26,30-32,34,35,37,39,45]. It is not considered in the simulations
presented in this thesis either, as the time delay in the geometries studied is
small compared to the time resolution required for the problems studied. In a
typical dielectric, it takes roughly 5 ns for the electromagnetic field to propagate
1 m. However, as shown in the thesis [I,III], the inductance concept can be
generalised to consider the retardation τ, if necessary. This follows very
naturally from the concept of retarded potentials [8]. Similar thoughts have been
indicated by Carpenter [6]. Hence,
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where τij is the time delay between the loops i and j. If this approach is to be
applied to geometries containing magnetic materials, the magnetisation of these
materials has to be represented by equivalent currents.
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3.5 MODELLING THE MAGNETIC FLUX PATHS WITH RELUCTANCES

The flow of the magnetic flux can also be modelled by magnetic circuits that are
analogous to electric ones. In this analogy, the mmf corresponds to the emf, the
magnetic flux corresponds to the current and the reluctance, ℜ , corresponds to
the resistance, R [8]. The relation between the mmf, the reluctance and the
magnetic flux that corresponds to Ohm’s law in (18) is:

φℜ=mmf (27)
Analogously to (19), the reluctance for a magnetic material with a uniform mag-
netic field and the length l and cross-section S can be calculated from [8]:

Sr
l

0µµ=ℜ (28)

This formula follows from (11), (13), (15) and (27).
An example of a simple magnetic circuit modelling the response of a trans-

former for low frequencies is shown in Fig. 17. There is one reluctance ℜ m to
account for the response of the core. Further, there are two leakage reluctances,
ℜ l1 and ℜ l2, one for each winding. The mmf-sources that drive the magnetic flux
in the circuit are given by the ampere-turns for the two windings, N1I1 and N2I2,
respectively.

Fig. 17. An equivalent magnetic circuit modelling the magnetic low-frequency response of
a transformer. A, B, C and D denote the meshes in the circuit. The nodes are denoted by α, β

and χ. These designations are used in a later conversion of the circuit.

It is often necessary to couple magnetic circuits to electric ones. This can be
accomplished by means of the winding template in Fig. 18. The current through
the electric side of the winding template induces a mmf on its magnetic side.
Simultaneously a magnetic flux through its magnetic side induces an emf in the
electric side of the winding template.
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Fig. 18. The winding template.

In this thesis, reluctances are often used to model the responses of cores. To
achieve this, it is sometimes necessary to use non-linear reluctances or even
reluctances that exhibit hysteresis [III,V]. Further, reluctances can be time
dependent because of a moving geometry. This is the case for the model of a
ferromagnetic actuator presented [III,V].

3.6 THE PRINCIPLE OF DUALITY

Often magnetic circuits can be converted into equivalent electric circuits with an
identical response. These conversions can be achieved by means of the topo-
logical principle of duality [41]. Electrical engineers often prefer to use electric
circuits to magnetic ones, so electrical circuits can be considered to be the
“normal” version. In this thesis, magnetic circuits are referred to as the dual
version.

The author prefers to assume a one-turn system in deriving the equivalent
electric circuit. The number of turns in the windings is accounted for by means
of ideal transformer couplings to the one-turn system. In the equivalent electric
circuit, the magnetic flux in a branch of the magnetic circuit is represented by an
emf across the branch, equal to the derivative of the magnetic flux. The mmf
across a branch of the magnetic circuit is represented by a current through the
branch in the equivalent electric circuit. This current is equal to the mmf. Each
reluctance is replaced by an inductance. From the definitions in (23) and (27), it
follows that the value of the inductance is the inverse of the value of the
reluctance.

At each node of the magnetic circuit, the sum of the magnetic fluxes flowing
into the node must be zero. This is the magnetic equivalent to Kirchhoff’s
current law [8]; it is valid for all points of time. If the sum of the magnetic fluxes
is zero, then, the sum of their derivatives must be zero as well. Hence, the sum
of the emfs for branches, corresponding to magnetic branches connected to the
same node, must be zero. This relation is equivalent to Kirchhoff’s voltage law
[8]. Hence, each node in the magnetic circuit is represented by a mesh in the
equivalent electric circuit.
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A mesh in the magnetic circuit means that the sum of the mmfs across the
branches that constitute the mesh must be zero. This is the magnetic equivalent
to Kirchhoff’s voltage law. Hence, the sum of the currents in the corresponding
branches of the equivalent electric circuit must be equal to zero as well. In ac-
cordance with Kirchhoff’s current law, this is fulfilled by connecting these
branches to the same node in the electric circuit. Hence, in the equivalent
electric circuit, a magnetic mesh is represented by a node.

By means of the procedure described, the magnetic circuit in Fig. 17 can be
converted to the electric circuit in Fig. 19. This circuit is often used as a model
of the transformer for low frequencies. The two inductances Ll1 and Ll2 are then
called leakage inductances. The inductance Lm, which is associated with the
core, is called the magnetising inductance.

Fig. 19. An equivalent electric circuit modelling the magnetic low-frequency response of a
transformer. In contrast to the magnetic circuit in Fig. 17 — A, B, C and D denote the nodes

in the circuit and the meshes are denoted by α, β and χ.

3.7 MODELLING THE EDDY CURRENTS BY EQUIVALENT CIRCUITS

Eddy currents give rise to a non-uniform current distribution in conductive
materials. The most straightforward method to resolve this current distribution is
to divide each conductor into several regions (see Fig. 20). Each region then has
its own resistance, self-inductance and mutual inductances to other regions. This
method is briefly described in this thesis [I,III]. A major drawback with this
method is that for a winding of an electromagnetic power device, the number of
regions and the mutual couplings between the regions makes the calculation
unwieldy.
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Fig. 20. To model eddy currents and the related skin and proximity effect, conductive
bodies can be divided into several regions. However, such models tend to be unwieldy to

handle.

Instead, a one-dimensional circuit is used to model the eddy current losses in
most of the models presented. Similar to the method described above, the con-
ductive materials are discretised into a number of regions. However, it turns out
that mutual coupling does not have to be used explicitly for this simplified geo-
metry, at least not between regions within the same approximately one-dimen-
sional structure. Further, the number of regions is reduced owing to the simpli-
fied geometry assumed. These circuits are called Cauer circuits; they have been
used by de León and Semlyen [11-13] and Tarasiewicz et al. [43] to model the
response of laminated cores. Similar circuits have been used by Yen et al. [46]
and Larsson et al. [28] to model the skin effect in transmission lines. As the
Cauer circuit has been used extensively in this thesis, it is discussed thoroughly
in Section 3.7.1.

Another equivalent circuit that has been used to model the classical response
of magnetic laminates is the Foster circuit [2,3]. This can be derived from a
partial fraction expansion of an analytical expression of the frequency response
of the laminates. In the work of de León and Semlyen, Foster circuits are used to
reproduce the calculated frequency response of the skin effect and proximity
effect in windings of conventional transformers [11,12,14]. The Foster circuit is
derived by mathematical methods and has the same time constants as the
conductive body being modelled. Apart from this, there is no correspondence
between the circuit elements and the body. This means, for example, that the
eddy current related current and magnetic flux distribution of the body is not
resolved by the Foster circuit. This is fine as long as only the frequency response
of the body is of interest and not the current and magnetic flux distributions
themselves. However, this is can be a problem for non-linear magnetic
materials, and when heating is of interest. These are the main reasons why Cauer
circuits are used instead of Foster circuits in this thesis. There is one further
reason: As the Cauer circuit is given by a discretisation of the body, it is
straightforward to control its accuracy and bandwidth. Hence, the Cauer circuit
has been used in this thesis also in situations where the Foster circuit could work
just as well.

Here a short derivation of a Foster circuit follows. In the author’s licentiate
thesis [III], the presentation is more detailed. The circuit presented can be used
to model the skin effect in a cylindrical conductor.
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It can be shown that [22], the internal impedance of a cylindrical conductor
with a radius r and length l can be calculated by means of the functions I0 and I1.
The two functions are modified Bessel functions of the first kind, and of the
order zero and one, respectively [42].
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The expression to the right is a partial expansion of the analytical expression. It
is derived in this thesis [III]. The constants λ1n are the positive roots of J1, the
Bessel function of the first kind and first order [42]. The frequency dependent
parameter γ is called the propagation constant and is defined by [22]:

σµωµγ 0rj= . (30)
The first term in the partial expansion can be identified as a pure resistance R0. It
is the DC-resistance of the cylinder. Each subsequent term can be represented by
a pair comprised of a resistance, Rn, and an inductance, Ln, in parallel. The
impedance of such a pair is:
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where Rn and Ln are given by:
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To match the sum in (29), the pure resistance R0 and the resistor-inductor pairs
are connected in series as in Fig. 21. An equivalent circuit, called the parallel
Foster circuit, can be derived from an expansion of the admittance Y=1/Z [3].

0

Fig. 21. A series Foster circuit.

3.7.1 The Cauer circuit

The Cauer circuit is used extensively all through this thesis. Accordingly, it is
presented rather thoroughly here. In this thesis, a dual version of the Cauer
circuit is introduced, in which the inductances have been replaced by reluctances
[III,V]. This version is more intuitive than the normal Cauer circuit and
therefore it is easier to start off the discussion by considering it.
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The Cauer-circuit can be applied to one-dimensional problems. Hence, it is
appropriate to model the magnetic flux in laminates or long magnetic cylinders.
In this thesis, the cross-section of the magnetic laminate or cylinder is divided
into ten regions, one inside another (see Fig. 22). Here they are numbered from
the outside, inwards. In each region, i, there is a current, Ii, and a magnetic flux,
φi. For every region, the resistance, Ri, as seen by the eddy current and the
reluctance, ℜ i, seen by the magnetic flux are calculated by (19) and (28), re-
spectively. Each eddy current contributes to the mmf that drives the magnetic
flux in the regions inside it. It is assumed that the structure is very long
compared to the dimensions of its cross-section. Accordingly, the contribution
from the eddy current to the mmf in the regions outside can be neglected. A
similar approximation is often used for long coils [8]. The eddy current in each
region is driven by an emf, which is induced by the magnetic flux in the regions
inside the region under consideration. To simplify the Cauer circuit, interaction
between magnetic fields and eddy currents in the same region is neglected. In
accordance with the assumptions mentioned, no eddy current is induced in
Region 10, the innermost region.

Fig. 22. A cylindrical magnetic wire is divided into ten concentric regions.

For each region, except for the innermost one, the dual Cauer circuit has a
winding template (see Fig. 18). The magnetic side of this template is flown
through by the total magnetic flux of the regions inside the region under
consideration. This flux induces an emf across the resistance of the region.
Simultaneously, the eddy current in this region flows through the electric side of
the winding template. This current induces an mmf across the magnetic side of
the winding template. This mmf contributes to the magnetomotive force for each
region inside. According to Lenz’s law [8], the mmfs produced by the eddy
currents will counteract the external mmf applied across the Cauer circuit.
Hence, there is a tendency for the magnetic flux to prefer the outer regions to the
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inner ones. This phenomenon is sometimes referred to as the magnetic skin
effect.

The regions closer to the surface are thinner than those inside. This dis-
cretisation is appropriate as it enables the model to resolve many different skin
depths. Hence, the bandwidth of the model then becomes better than for a dis-
cretisation, where the thickness is the same for each region. In this thesis, the
thickness of a region is set to 1.3-1.5 times the thickness of its neighbouring
region on the outside. A larger factor increases the bandwidth. However, a larger
factor also decreases the accuracy of the model within the frequency range given
by the bandwidth. If the factor is decreased instead, the consequences for the
bandwidth and accuracy are the opposite.

There are two magnetic terminals of the dual Cauer circuit. These terminals
can be connected to models of components attached to — or magnetically
coupled to — the one-dimensional magnetic structure. The coupling to windings
around the structure can be modelled with winding templates in series with it
[III,V,VIII,IX]. The dual Cauer circuit can also be connected in series with
reluctances to model air-gaps in a magnetomechanical drive [III,V], for
example. Several dual Cauer circuits can be connected in parallel to model the
response of a polyphase core [III,VIII]. Another application is to model the eddy
current losses in the stator teeth and conductors of a rotating electric machine by
means of a network of dual Cauer circuits [IX].

A circuit similar to the dual Cauer circuit in Fig. 23 can be used to model the
skin effect in one-dimensional conductors. However, in this case, the roles of the
magnetic flux and current are reversed. In the conductor, the current is
perpendicular to the cross-section and the magnetic flux forms closed loops in
the cross-section. The topology of the dual Cauer circuit for electric conductors
is similar to the that of the dual Cauer circuit for magnetic structures, but the
roles, as mentioned, are reversed. The reluctances in Fig. 23 are replaced by
resistors and vice versa. Similarly, electric wires are replaced by magnetic ones
and vice-versa. Further, the winding template has been flipped [VI].

The dual Cauer circuits can be converted to obtain equivalent Cauer circuits by
applying the principle of duality to the magnetic side of the dual Cauer circuit
[III]. A Cauer circuit corresponding to the dual Cauer circuit in Fig. 23 is shown
in Fig. 24. In the conversion to the equivalent Cauer circuit, the winding
templates are changed to ideal transformers with a turns ratio of 1. As these
transformers have no influence on the response of the circuit, they are omitted.

As already mentioned, the Cauer circuits have been used both to model eddy
current losses in laminated cores [III,IV,11-13,43] and the skin effect in
transmission lines [28,46]. For the coil under study in this thesis, a similar Cauer
circuit is used to model the proximity effect [II,III]. In this case, it is assumed
that the magnetic field in the coil is axially symmetric. In another more detailed
model, applied to a coaxially insulated coil, the radial external fields and the
magnetic fields around the individual turns are also considered. Then the
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inductances of the Cauer circuit are extended by mutual inductances to other
sections of the winding(s) [VI].

Fig. 23. The dual Cauer circuit used to model the response of the cylindrical magnetic wire
in Fig. 22.
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Fig. 24. The Cauer circuit equivalent to the dual Cauer circuit in Fig. 23.

3.8 MODELLING THE DISPLACEMENT CURRENT AND CHARGE STORAGE

Analogous to the conductance for the conductive current, a capacitance can be
defined for the displacement current. For a uniform electric field in the dielectric
body, the formula for the capacitance can be derived from (20), by simply re-
placing σ by εrε0. This can be realised from a comparison of (1) and (5).

l
SC r 0εε= (33)

The conductive current density is proportional to the electric field intensity
(see (1)), whereas the displacement current density in a body is proportional to
the derivative of the electric field (see (4)). Hence, the displacement current is
proportional to the derivative of the capacitive voltage drop U in the body.



45

Accordingly, the formula corresponding to Ohm’s law expressed in terms of the
conductance (see (21)) is:

dt
UdCID

)(= . (34)

The displacement current flows through the insulation, hence, it generally has
many more possible paths than the conductive current. Each significant path
should be represented by appropriate capacitors.

As in conductors, an emf is induced by time varying magnetic fields in the in-
sulation of the winding. However, these induced voltages are normally neglect-
ed. Hence, for the insulation of windings, the capacitive voltage drop U across
the dielectric is normally set equal to the voltage across the body ∆V. Thus

dt
VdCID

)(∆≈ . (35)

Similarly, the magnetic fields generated by the displacement currents in the
winding are normally neglected. These two assumptions have been made in all
high-frequency models of windings studied [1,11,13,18-21,26,30-32,34,35,37,39
,45]. The models utilised in this thesis also make use of these assumptions.
Thorough justifications for making them have not been found in the articles
studied. Therefore, a rather long discussion of this issue follows below.

In transient models of transmission lines or windings, the displacement current
is often so large that it must be considered in the equation of continuity (9).
However, this does not mean that the magnetic fields generated by the dis-
placement current have to be significant. Normally, the displacement currents
are widely spread. The cross-section seen by them in the dielectric is much
larger than that seen by the conductive current, at least for a practical
transmission-line or winding. Further, the path through the dielectric is much
shorter than that along the conductor. From these two differences, it can be
realised that the magnetic flux arising from the displacement current can be
negligible compared to that of the conductive current, even when the two
currents are of the same order. The short path through the dielectric also reduces
the emf induced along the path.

Thus it is has been argued, why it can be reasonable to neglect the interaction
between the magnetic fields and the displacement currents. However, for very
fast transients or frequencies high enough, this interaction has to be considered.
A line of reasoning is followed below showing how the interaction can be in-
cluded in the model of a winding. From this reasoning, the circumstances, under
which the magnetic coupling to the displacement current can be neglected can
be estimated.

The displacement current can be divided into two parts. One flowing perpen-
dicular to the current in the winding. For an axi-symmetric winding, this trans-
verse part flows radially and vertically, whereas the conductive current flows
azimuthally. As these two currents are orthogonal to each other, it is natural that
the magnetic coupling between the two is negligible. This follows strictly from
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the Neumann formula [III]. The transverse displacement current is mainly
driven by the voltage differences ∆V between the conductor(s) of the winding(s),
but it can also be influenced by the emf induced by its own magnetic field. As
mentioned in the Section 2.2.9, this emf counteracts the electric displacement
driving the displacement current and retards it. Hence, the instant capacitive
coupling assumed in (35) is an approximation. However, the delay is very short.
In a typical dielectric, it takes the electromagnetic fields roughly 5 ns to pro-
pagate 1 m. Hence, the emf induced by the magnetic field of the transverse
displacement current and its related retardation can be neglected in most cases.
For very fast transients, the time delay in the electric coupling can be considered
in a way similar to the retardation in the magnetic coupling (see (26)). Then it is
more appropriate to use the reciprocal of the capacitance. This is called the
coefficient of potential p [8] and is analogous to the inductance. The voltage at a
point i can be obtained by superimposing contributions from the n electric
charges present. The contribution from a source j is delayed by a time τij. With
the coefficients of potential, an expression analogous to (26) can be obtained.

( ) ( ) ( )ininiiiii tQptQptQpV τττ −++−+−= �2211  . (36)
A more rigorous derivation of this formula is presented in the author’s licentiate
thesis [III].

The other part of the displacement current flows azimuthally, like the
conductive current, and these two currents are strongly coupled. The azimuthal
displacement current is driven by the emf induced by the magnetic fields
generated by the conductive current in the winding. This displacement current
retards the spread of this magnetic flux. Hence, the influence of this
displacement current can be modelled, if necessary, by considering the retard-
ations in (26). However, as has been stated already, these time delays are
normally so short that they can be neglected in the model of a winding.

If the coefficients of potential are used and if the permittivity of the geometry
studied is non-uniform, the polarisation of the dielectric materials can be
considered by introducing the concept of equivalent charges [I,III]. The
magnitudes of these equivalent charges are controlled by the electric potential
across them.

3.9 COAXIALLY INSULATED WINDINGS

The transient response of coaxially insulated windings is studied in detail in this
thesis. This subsection introduces models of such windings.
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3.9.1 The displacement currents

The outer semicon of the cable used in the winding is grounded at regular inter-
vals. Hence, it is normally a good approximation to assume that the voltage in
the outer semicon is low, compared to the voltage in the conductor. According
to this assumption, the electric field will be very low outside the cable. This
means that the electric field driven by the voltage differences in the winding is
concentrated between the inner and outer semicon layers of the cable. Hence, the
electric field is controlled very well in the coaxial insulation system, which, after
all, is the intention in using it. The excellent control simplifies an analysis of
overvoltages, as only the stress inside the cable has to be considered.

As the electric field is concentrated between the inner and outer semicon of the
cable, this is where most of the displacement current will flow. Hence, in the co-
axial insulation system, normally only the capacitance between the inner and
outer semicon has to be considered. As stated in (9), the conductive current
leaving the outer semicon must be equal to the displacement current arriving.
This conductive current flows along the outer semicon to one of the grounded
points. Between two grounded points, the two types of currents can be modelled
with the circuit shown in Fig. 25. The resistance per unit length R of the outer
semicon can be calculated by means of (19). The capacitance per unit length C
between the inner and outer semicon can be calculated from the formula for two
cylindrical coaxial tubes [8,36].

)/ln(
2

12
0 rrC r

πεε= , (37)

where r1 is the outer radius of the inner semicon layer and r2 is the inner radius
of the outer semicon layer.

Fig. 25. A continuous lumped circuit representing the displacement current in the cable and
the corresponding conductive current in the outer semicon.

The circuit can be represented by the following differential equation in the
frequency domain [VII]

cVj
dx

xVd
RCxVj ωω += 2

2 )(1)( , (38)
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where Vc is the voltage in the conductor and V(x) is the voltage along the outer
semicon between the two grounded points. The grounded points are separated by
a distance l. It is interesting to note that (38) is similar to a one-dimensional
diffusion equation [36].

A discrete version of the continuous circuit in Fig. 25 can be used in a model
of a coil [VII] (see Fig. 26). Variations of the discrete circuit are used in a model
of a transformer of the DryformerTM type [VIII] and a generator of the Power-
formerTM type [IX]. The discrete circuit is associated with a corresponding
discretisation of the cable it is representing (see Fig. 27). Because of the
diffusion process, the discretisation becomes more effective, if the discrete
elements closer to a grounded point are thinner than their neighbouring element.
This is similar to the situation for Cauer circuits, which also model a diffusion
process.

Fig. 26. A discrete lumped circuit, representing the displacement current in the cable and
the corresponding conductive current in the outer semicon.

  

Fig. 27. The discretisation of the cable used in the lumped circuit model.

(38) can be used to derive the impedance Z(ω) between the conductor and
ground for a piece of cable between two grounded points of the outer semicon.

)1)(cosh(2
)sinh()( −= lCj

lZ γω
γγω , (39)

where the constant γ is defined by:
RCjωγ = . (40)

A more compact circuit than the discrete circuit in Fig. 26, can be obtained by
a Taylor expansion of (39) [X]. However, the bandwidth of the circuit based on
the Taylor expansion is lower.

( ) 12
1 Rl
CljZ +≈ ωω (41)

This expansion shows that the displacement current in the cable and the corre-
sponding conductive current in the outer semicon can be represented by just a
capacitor in series with a resistor. This simplified circuit has been used in a
model of a winding in two slot cores [X].
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3.9.2 A complete model of a section of a winding

A complete model of a section of a coaxially insulated coil is shown in Fig. 28.
The voltage induced in the section is modelled with self and mutual inductances.
The effects of the displacement current in the section are modelled with the
discrete RC-circuit in Fig. 26. The eddy currents in the conductor are separated
into the skin effect and the proximity effect. The former is modelled with a dual
Cauer circuit, whilst the latter is modelled by Cauer circuits. For each section,
there is one Cauer circuit for the axial field and one for the radial field. The
Cauer circuits have been extended with couplings to other sections, as the
proximity losses are dependent on the currents in other sections.

The voltage induced in the outer semicon is approximately equal to that in the
conductor inside it. As the outer semicon is grounded regularly, the voltage
induced drives an eddy current in the outer semicon. This eddy current and the
currents in the outer semicon related to the displacement current are modelled
separately. In a paper incorporated in this thesis, it is shown that this division is
a good approximation [VII]. Such a division is convenient, as it simplifies the
model of the eddy currents in the outer semicon. It can be shown that they can
be modelled by simply situating the resistance of the outer semicon of the
section in parallel with the voltage induced in the conductor of the section [VII]
(see Fig. 28).

A similar model can be used to model a section of a winding mounted on a
magnetic core. However, then the flux confined within the core is separated
from the leakage flux, which is mainly outside the core (see Fig. 16). Each
section is coupled to the flux in the core by a winding template (see Fig. 29).

A lumped circuit model of the transient response of coaxially insulated
rotating electric machines is also presented. As the rotor of a rotating electric
machine is already screened by eddy currents in, e.g., the damper windings for
rather slow transients, only the leakage flux is considered in this model. This
leakage is smoothly modelled with a reluctance circuit and winding templates,
instead of with self and mutual inductances.
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Fig. 28. A complete model of a section of a coaxially insulated coil.

Fig. 29. A complete model of a section of a winding mounted on a core.

3.9.3 Modelling electromagnetic transients by a coupled FEM and lumped
circuit model

Often the lumped circuit models with distributed self and mutual inductances
and eddy current models are considered to be complex. Accordingly, it is
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difficult for non-specialists to play with and improve upon this part of the
model. In one paper [X] an approach is presented, where this complex part is
considered by a FEM program, based on the quasi-stationary approximation.
Such programs are familiar to most engineers, and hence, the model should be
user-friendly to a large group of engineers.

The current sources in the FEM program are controlled by an external lumped
circuit. This lumped circuit takes care of the external system, the displacement
currents and their related losses. An example of the connection between the
sources of the FEM-program and the external lumped circuits is shown in Fig.
30.

Fig. 30. The connection between the sources of the FEM model and the external RC-
circuits. In this example, the winding has been divided into 20 sections.
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4 Summary of the papers

4.1 PART 1

The work conducted in the first part of this thesis took the form of a licentiate
thesis [III] and four papers [I,II,IV,V], this work is summarised here in Sections
4.1.1-4.1.5. First the approach adopted to the modelling of electromagnetic
transients in windings is presented. As this approach lead to very extensive
circuits, it has not been used to its fullest extent in the subsequent work.
Nevertheless, the ideas presented are still of interest. The next three parts
consider various applications of the Cauer circuit and its dual version.
Section 4.1.5 presents an experimental set-up, which studies the propagation of
electromagnetic waves along a coil. The measured voltage and current
distributions are compared to the simulated results. The model used is partly
based on the approach presented in Section 4.1.1.

Apart from summarising the first part of the thesis, there are also two
comments concerning a mistake in one of the simulations and one improperly
used designation.

4.1.1 An approach to the modelling of electromagnetic transients in a winding

The approach presented here suggests that windings should be thought of as
nearly closed coaxial loops, which are connected by wires as shown in Fig. 31.
In this way, the turns can be treated as axi-symmetric structures.

Fig. 31. Windings are assumed to consist of nearly closed coaxial loops.

To model the current distribution, the turns and other axi-symmetric con-
ductive objects, such as an armature or a core, are divided into coaxial circuits
with a current flowing in them (see Fig. 32). Further, the surfaces of the
conductive bodies are divided into cells to model the charge distribution. The
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circuits are coupled by means of inductances and the cells are coupled by means
of coefficients of potential. The retardations in the couplings arising from the
finite speed of light can be considered, if necessary.

Fig. 32. Conductive bodies are divided into circuits with currents flowing through them and
cells possessing a certain charge.

Magnetic bodies can be modelled by replacing the magnetisation M with equi-
valent currents (see Fig. 33). The magnetic flux through the bodies controls the
magnitude of the equivalent currents [I,III].

Fig. 33. Magnetic materials can be replaced by equivalent currents.

Similarly, the polarisation P of the dielectric bodies can be replaced by equi-
valent charges (see Fig. 34). In this case, the voltage across the dielectric body
controls the magnitude of the equivalent charges.

Fig. 34. Dielectric materials can be replaced by equivalent charges.
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4.1.2 Modelling laminates of non-oriented electrical steel

A Cauer circuit can be used to model eddy currents in laminates of a non-
oriented electrical steel. The hysteresis of the steel is considered in the Cauer
circuit.

 As described by the norm SS-IEC 404, the response of the laminates was
measured in an Epstein frame (see Fig. 35). The steel studied is manufactured by
Surahammar and it has the designation DK-66. The laminates were 0.65 mm
thick and have a resistivity of 0.25 µΩm. The magnetic properties were
estimated from the measurements. In the model of the laminates, the relative
permeability was set to 18238. The magnetic response of the laminates was
modelled with a Cauer circuit similar to the one in Fig. 24. However, the
inductances exhibit hysteresis here. The used hysteresis model has been
developed by Dr. Anders Bergqvist [III,IV,4].

All through the licentiate thesis [III] and in two papers published [IV,V], the
non-oriented electrical steel DK-66 is referred to as transformer steel. This is an
improper designation, as oriented steel is normally used in transformers. Non-
oriented electrical steel is, rather, used in rotating electric machines.

Fig. 35. The magnetic response of the non-oriented electrical steel is measured in an Epstein
frame.

The simulated and measured results were compared for the applied average
magnetic flux densities 1.0 T and 1.4 T (see Fig. 36 and Fig. 37). The frequency
was varied between 10 and 200 Hz. It can be noted that the hysteresis losses are
significant in this frequency range. Although both eddy current and hysteresis
losses are considered in the model, it can be noted that the losses in the ex-
periments are larger than in the simulations. This can be explained by the
anomalous eddy current losses, caused by the domain wall displacements and
domain magnetisation rotations [7].
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Fig. 36. The results simulated are plotted alongside experimental data for the frequencies
10 Hz, 20 Hz, 50 Hz, 100 Hz and 200 Hz. The average magnetic flux densities applied were
1.0 T (left) and 1.4 T (right). In all graphs a higher frequency corresponds to a wider loop, as
the eddy current losses increase for higher frequencies; a wider loop corresponds to a higher

loss per cycle.

Fig. 37. The average energy loss per cycle. The applied average magnetic flux densities are
1.0 T (left) and 1.4 T (right).
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4.1.3 Modelling a ferromagnetic actuator

The model of the laminates was applied to the ferromagnetic actuator in Fig. 38
[III,V]. However, here the Cauer circuit was replaced by the dual version shown
in Fig. 39. The dual Cauer circuit was connected in series with two reluctances
modelling the two air-gaps, and a winding template. The two reluctances had a
value that changed with respect to the position of the armature. Further, the
magnetic forces in the two air-gaps were considered, when the motion of the
armature was calculated.

The current in the winding of the actuator is supplied by a capacitor of 50 µF
with an initial voltage of 100 V. It was assumed that the core and armature of
the actuator was made of DK-66 steel, which was studied in the Epstein frame.

The magnetic forces are calculated in the templates of the reluctances re-
presenting the air-gaps. This information is supplied to the mechanical circuit in
Fig. 40 through the mechanical pin of the reluctances. Simultaneously, the
reluctances obtain the position of the armature through the same pin. Beside the
magnetic force, the mechanical circuit considers the mass of the armature and
the force of the spring. Further, there is a translational stop, which stops the
armature as it hits the core. In this mechanical circuit, the force corresponds to
the current and the position corresponds to the electric potential in an electric
circuit [III].

Fig. 38. The ferromagnetic actuator under study.
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Fig. 40. The mechanical circuit used in the model of the ferromagnetic actuator.

The model was simulated with and without hysteresis and eddy currents. Fig.
41 shows that both losses slow down the armature slightly. The armature was
stopped by the core soon after 5 ms. Fig. 42 shows that the skin depth is sig-
nificant during the operation of the actuator. The magnetic flux density is
generally larger at the surface of the laminates than inside them.

Fig. 41. The velocity of the armature.
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Fig. 42. The magnetic flux density in the ten regions of the laminate.

4.1.4 Modelling an explosive magnetic flux compression generator (EMG)

The Cauer circuit can also be effective when modelling an EMG [III]. As for
the actuator, a mechanical circuit is used to control the motion of the armature of
the EMG. Further, thermal diffusion is considered by means of a thermal
lumped circuit.

As the Cauer circuit is a one-dimensional model. It is best suited to an EMG,
where the armature expands cylindrically (see Fig. 44) instead of conically as in
Fig. 3. This can be achieved by detonating the explosive simultaneously all
along its axis (see Fig. 43).
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Fig. 43. An EMG that detonates simultaneously all along its axis.

Fig. 44. After the detonation, the armature expands cylindrically.

The EMG modelled is shown in Fig. 45. To simulate the eddy currents in the
winding and armature, they were both divided into ten concentric regions. There
was also one region for the air between the armature and winding and one region
for the air inside the armature. The Cauer circuit corresponding to all of these
regions is shown in Fig. 46.

Fig. 45. The size of the EMG under study.



61

Fig. 46. The Cauer circuit used to model the EMG.
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When the armature is expanding, the resistances of the armature are changing
with the position of the armature. The elongation of the armature is essentially
plastic. This means that it can be assumed that the volume of the armature is
constant during its expansion. In the simulations, the cross-sectional areas,
perpendicular to the axis of the EMG, of the regions of the armature and the
length of the armature were assumed to be constant during the expansion. A
consequence of this is that the inductances of the armature remain constant
during its expansion.

The current densities are extremely high during the operation of the EMG. Ac-
cordingly, the heat released in both the winding and armature is considerable.
Furthermore, because of the skin depth, the current and its associated heat
release is concentrated to the surfaces of the winding and the armature, both of
which are assumed to be made of copper. The temperature dependence of the
resistivity of solid copper is considered in the model. Hence, the temperature
distribution during the operation of the EMG is of importance. This distribution
is governed by a diffusion process [36], similar to that of magnetic fields in
conductive materials. The thermal transport between neighbouring regions of the
armature and winding are represented by means of the thermal circuit in Fig. 47.
This circuit considers the thermal resistance between the regions and the thermal
capacitance of each region. The thermal resistances are varying when the
armature is expanding, whereas the thermal capacitances are assumed to be in-
dependent of its expansion. The ohmic losses in the resistors are connected
through thermal pins to the thermal circuit. Simultaneously, each resistor gets
the information about the temperature of its region from the thermal circuit. In
the thermal circuit, the temperature corresponds to the electric potential, and the
heat flux corresponds to the current in an electric circuit [III].

The position of the armature is controlled by the mechanical circuit in Fig. 48.
This circuit considers the mass of the armature, the explosive force and a trans-
lational stop, which stops the armature, when it hits the winding. The magnetic
forces caused by the magnetic flux inside and outside the armature are also con-
sidered. They are calculated in the templates of the varying inductances that
represent these fluxes (see Fig. 46).
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Fig. 47. The thermal circuit used to model the thermal diffusion in the winding and
armature of the EMG.
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Fig. 48. The mechanical circuit used in the model of the EMG.

The initial current in the EMG is supplied by a capacitor of 50 µF with an
initial voltage of 20 kV. The seeding phase lasts for about 180 µs. The load of
the simulated EMG is a short-circuit.

In Fig. 49 and Fig. 50, it can be seen that the currents in the armature and
winding, as well as the compressed magnetic flux density all peak close to
200 µs. Hence, after the detonation, it takes roughly 20 µs before the armature
hits the winding.

The operation of the EMG is also simulated, when the magnetic forces and
thermal heating are neglected one at a time. Fig. 49 shows that the total
azimuthal current in the winding and armature, respectively, is very dependent
on these two effects. The thermal heating, especially,  has a significant influence
on the results. Fig. 50 shows that it is very important for the compressed
magnetic flux density as well.

As the armature is expanding, the skin depth is smaller there than in the
winding. Hence, the temperatures are more extreme in the armature [III]. Fig. 51
shows the temperature distribution in the armature after it has started to expand.
It can be seen that, for the outer regions, the temperatures become higher than
the fusing point of copper. This temperature is attained roughly 200 ns before
the armature hits the winding. In a more accurate model, this effect should be
considered.
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Fig. 49. The total azimuthal current in the winding and armature, respectively.

Fig. 50. The magnetic flux density compressed between the armature and winding.
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Fig. 51. The temperature simulated in the regions of the armature during the last few
microseconds of the compressing phase.

According to discussions with mechanical specialists after the licentiate thesis
was presented, the length of the armature shortens substantially during the
expansion of the armature. This also means that the cross-sectional area,
perpendicular to the axis of the EMG, of the regions increases during the
expansion of the armature. These effects should be considered when developing
a Cauer circuit of the EMG in the future.

It is expected that the temperature would increase even more, if the shortening
of the armature were to be considered. As the skin depth in the armature is
smaller than the thickness of the armature, the total current in the armature
should still be almost equal to the total current in the winding (see Fig. 49).
Hence, the current density and heat released are expected to increase, if the
shortening of the armature is considered and the skin depth remains unchanged.
Further, the thermal transport is somewhat worsened by the shortened armature.

4.1.5 Fast electromagnetic transients in a single layer coil

The propagation of electromagnetic fields along a coil has been studied both ex-
perimentally and by means of a lumped circuit model [II,III]. To get a well-
defined environment around the coil, it is surrounded by a conductive screen
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(see Fig. 52). The influence of the screen should be similar to the influence of a
tank of an oil transformer or the armature of an EMG.

Fig. 52. The single layer coil, the screen and the voltage and current probes.

Near the screen, four voltage and five current probes measure the voltage and
current distribution along the coil, respectively. To avoid resonances in the
probes (see Section 2.2.10), the characteristic impedance of the probes and their
cables was matched [8] by the input resistance of the oscilloscope. The band-
width of the probes was estimated to be 100 MHz. Both the current and voltage
probes are derivating. Hence, their signals have to be integrated afterwards.

Since the applied transient is so fast, the skin depth in the conductive materials
is very short. Accordingly, as far as the magnetic coupling is concerned, it can
be assumed that the currents flow at the surfaces of the conductive bodies. The
charges are stored on the surfaces of the conductive bodies [8]. Hence, the
electromagnetic response of the coil and the screen can be modelled by coaxial
surface charge elements and surface current elements. The surface elements are
5-10 mm wide. The voltage in each surface charge element is estimated by an
expression similar to (36), but with neglected time-delays. Hence, this voltage is
dependent on the charges in all charge elements and the coefficients of potential
associated with the element under study. Similarly, the voltage induced in each
surface current element is calculated by means of self and mutual inductances.
In order to model the losses, the skin depth in each surface current element is
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considered with a Cauer circuit. The surface elements cover the inside of the
screen and the inside and outside of the coil.

In the screen, the current elements are short-circuited and the charge elements
are grounded (see Fig. 53). The elements on the inside and outside of the coil
that are associated with same turns are connected in parallel (see Fig. 54). These
parallel pairs are then connected in series.

Fig. 53. The surface current elements at the inside of the screen are short-circuited (left) and
the corresponding surface charge elements (right) are grounded.

Fig. 54. The model of the coil.

A pulse with the amplitude 100 V and rise time 100 ns is impinged on the coil.
The measured voltage and current distributions are compared with the modelled
ones in Fig. 55 and Fig. 56. The agreement is quite good. To investigate the
influence of the Cauer circuit, the model was simulated for a case where the
resistivity had been increased ten times, both in the coil and in the screen. Then
the agreement with the experiments got slightly worse [II,III]. Hence, the
influence of the eddy current losses seems to be small for the first 10 µs.
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Fig. 55. The voltage distribution along the coil, both simulated and measured. The voltage
is plotted at 0%, 20%, 40%, 60% and 80% of the length of the coil.
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Fig. 56. The current distribution along the coil, both simulated and measured. The current is
plotted at 0%, 10%, 30%, 50%, 70% and 90% of the length of the coil.

4.2 PART 2 — COAXIALLY INSULATED WINDINGS

The second part of this thesis considers transient models of coaxially insulated
windings. In the first paper [VI], an eddy current model of a winding is
presented. The model is applied to a single layer coil. The next paper [VII]
presents a complete model of the same coil, including induced voltages and
displacement currents. The third paper [VIII] considers windings mounted on a
core. The model is compared to measurements on a DryformerTM. The fourth
paper [IX], presents a model of rotating electric machines. The model was
compared to measurements on PowerformerTM. The fifth paper [X] is special,
since it combines lumped circuits with a FEM model. The model is compared to
a winding in two slot cores.
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4.2.1 Modelling eddy current losses in a coil with a stranded conductor

The eddy current model is developed for the single layer coil in Fig. 57. The coil
is 970 mm high and has a radius of 305 mm. The outer semicon is grounded
once per turn. The conductor consists of seven strands, a central wire surrounded
by six wires (see Fig. 58). They are partly insulated, as their surfaces are
covered by a thin layer of aluminium oxide. The outer layer is transposed, but
the central wire is always the same.

Fig. 57. The coaxially insulated coil under study.

The eddy current losses are separated into the skin effect and the proximity
effect. The skin effect losses are calculated for a wide frequency range by a
FEM-program (see Fig. 58). For this effect the strand insulation is not of im-
portance. The response simulated is then emulated by a dual Cauer circuit.

Fig. 58. The magnetic flux distribution (left) and current distribution (right) caused by the
skin effect in the stranded conductor. In these particular field plots, the frequency was set to

10 kHz and full contact was assumed between the strands.
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The proximity losses are also calculated for a wide frequency range by a FEM-
program. In the calculations, a uniform external magnetic field is assumed. It
can be noted in Fig. 59 that, the insulation of the strands is very important for
the proximity losses. However, the contact resistance between the strands is not
known. The proximity losses are therefore calculated for fully insulated strands
and for strands with no insulation. These two responses and a measurement of
the proximity losses at 50 Hz are then used to calculate the calibrated response.
It is assumed to be the frequency response of the proximity losses in the con-
ductor studied. The calibrated response is emulated by a Cauer circuit. The
Cauer circuit is extended by mutual coupling to other turns, as the proximity
losses are caused by the external magnetic field. For each turn, there are two
extended Cauer circuits, one for the axial field and one for the radial field (see
Fig. 28).

Due to the resonances in the coil, the lumped eddy current model in itself only
agrees with the measurements up to 10 kHz (see Fig. 60). However, when the
displacement currents of the coil, which take part in the resonances,  are
neglected, it can be seen that the lumped circuit model behaves as expected up
to at least 1 MHz (see Fig. 61). The expected response is estimated from the
magnetic field distribution in the coil, which can be calculated by field
calculations, along with the calculated frequency response of the skin effect and
the calibrated response.

Fig. 59. The calculated field distributions in the strands for an external magnetic field. In
the two upper pictures, there is contact between the strands and in the two lower pictures, the
strands are isolated. The pictures to the left show the flux lines and the pictures to the right
show the current distribution in the strands. These results were obtained for the frequency

10 kHz.
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Fig. 60. The resistance spectrum of the eddy current model of the coil compared to the
measured resistance. Further, the resistance of the model is divided into contributions from
the skin effect, the proximity effect and the contact resistance at the terminals of the coil.
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4.2.2 Modelling the electromagnetic response of a coil

This paper [VII] adds the induced voltages in the winding and outer semicon
and the displacement current in the winding to the eddy current model of the
coil.

A continuous model of the displacement current and the losses it causes in the
outer semicon is presented in Fig. 25. The differential equation derived from this
circuit is shown in (38). By solving this differential equation, the voltage
distribution between two grounded points of the outer semicon can be calculated
for different frequencies (see Fig. 62). For low frequencies, the voltage
distribution is parabolic. It is interesting to note that for frequencies above
1 MHz, the voltage in the outer semicon can overshoot the voltage in the
conductor. In the simulations of the complete coil, the discrete model, shown in
Fig. 26, is used instead of the continuous model. It has been shown that for the
coil under study the response of these two models is similar up to nearly
10 MHz [VII].
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Fig. 62. The voltage distribution along the outer semicon is shown in between two grounded
points for different frequencies. The amplitude of the voltage in the conductor is set to 1 per

unit (p.u.).

In Fig. 28, a model is presented for a turn of the coil. This particular model is
referred to as the preferred model. This does not mean that it is the most
complete model out of those tested, it is not, as it neglects the magnetic leakage
flux inside the cable. However neglecting this leakage improves the numerical
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stability of the model dramatically. The self and mutual inductances in the
model were calculated with a FEM program.

In Fig. 64, the measured results are compared to simulations of the preferred
model and a transmission line model (see Fig. 63). The parameters of the latter
are based on the experimental results. It turns out that the preferred model
agrees well with the measurements up to about 1 MHz, see Fig. 64. The trans-
mission line model is satisfactory up to nearly 100 kHz. The advantage with the
latter is that it makes it possible to interpret the response of the coil in terms of
the characteristic impedance, the velocity of propagation and the attenuation. It
is interesting to note that the characteristic impedance of the coil is about nine
times larger than for a transmission cable with the same dimensions, but with an
outer conductive screen. Further, the velocity of propagation is roughly seven to
eight times slower in the coil. Both differences can be explained by the magnetic
field leaking out of the unshielded cable.

Fig. 63. The transmission line model.
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Versions of the preferred model were simulated, with one lossy effect being
neglected at a time (see Fig. 65). This comparison shows that for the coil under
study, the eddy current losses in the conductor are significant up to 10 kHz. The
ohmic losses in the outer semicon arising from the displacement current are the
dominant loss above 10 kHz. The eddy current loss in the outer semicon had no
noticeable influence on the damping up to 10 MHz.
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Fig. 65. The influence of different lossy effects on the simulated resistance of the coil being
investigated; one effect is neglected at a time.

Overvoltages were simulated in the coil, for both a standard lightning impulse
and for sinusoidal waves. The overvoltages are worst when the coil is terminated
by an open-circuit. For the single impulse, the voltage at the end-terminal was
80% higher than the magnitude of the applied impulse. If the frequency of the
sinusoidal signal is close to the first resonance frequency of the coil, the
amplitude at the floating end-terminal becomes nearly four times the amplitude
of the applied sinusoidal signal (see Fig. 66).
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4.2.3 Modelling the electromagnetic response of windings mounted on a core

In this paper [VIII] the model of the coil was extended, to consider the core in,
e.g., a transformer of the DryformerTM type (see Fig. 67). The magnetic flux was
divided into the flux confined within the core and the leakage flux (see Fig. 16).
The leakage flux was modelled with self and mutual inductances. The flux
within the core was modelled with a reluctance circuit. The coupling between
the core and the winding was accomplished by adding a winding template to the
model of the coil (see Fig. 29).

The coupling through the leakage flux was neglected between different legs of
the core. However, the magnetic coupling through the core is easily considered
for, e.g., three-phase transformers, by simply connecting the magnetic circuit of
three one-leg models in parallel (see Fig. 68). The windings can be connected in,
e.g., Y or ∆. In a corresponding way, models can be designed for five-legged
reactors, shell-type transformers [41], two legged one-phase transformers, etc.
To improve the model of the core, the reluctances can be replaced by dual Cauer
circuits with non-linear reluctances. The hysteresis effect can also be included as
in Fig. 39.
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Fig. 67. The demonstration unit of the Dryformer.

Fig. 68. Modelling a three-legged transformer with three one-leg models.

The model was applied to a three-phase 20 MVA 140/6.6 kV DryformerTM. To
simplify the model, the eddy current losses in the conductors were not con-
sidered. Apart from the grounding of the outer semicon once per turn, the Dry-
formerTM under study had extra equidistant conductive bars that regularly
connect the outer semicon of the turns in the same winding. In the model, these
bars are treated as grounded points. In the experiments, the bars are alternatively
floating or grounded. No significant change in the experimental results could be
noted as a result of changing the connection.
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As in the standard lightning impulse test of transformers, the secondary
windings (low-voltage windings) were short-circuited and grounded. Fig. 69
shows the impedance spectra, measured and simulated, for one of the primary
windings. The resonance frequencies of the model are similar to the resonance
frequencies in the experiment. However, it is apparent that the damping is much
lower in the model as the resonance peaks are much more prominent there. Up
to a few kHz, the agreement with the measurements was better when the DC-
losses were included in the model.

In the paper, it is discussed which relative permeability should be used in the
core when the transient leakage inductances are calculated. It turns out that the
results simulated are very insensitive to the permeability in the core, as the flux
in the core is short-circuited by the secondary windings.
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Fig. 69. The magnitudes of the simulated and measured impedance.

The transient response was studied at a representative point inside the winding,
when a single standard lightning impulse is applied to the terminal of one of the
primary windings. In Fig. 70 it can be seen that the simulated and measured
transient response of the winding at this point is similar. However, as the
damping is lower in the model, the excited resonances die out much more slowly
in the simulations.
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Fig. 70. The surge voltage simulated and measured at a point inside the winding.

4.2.4 Modelling the electromagnetic response of rotating electric machine
windings

According to Kundur [27], the inductances of the stator winding (see Fig. 1)
can be divided into a leakage inductance and a mutual inductance. The leakage
inductance is associated with the flux that does not link the rotor circuit. The
mutual inductance represents the flux that links the rotor circuit. In all wide-
band and high-frequency models of electrical machines studied, the mutual
inductance has been omitted [1,18-21,26,30-32,35,37,39,45]. This is natural as
the rotor is already screened for rather slow transients by, e.g., the damper
windings [27]. The leakage inductance can, in its turn, be divided into three
parts: the slot leakage, the coil-end leakage and the air-gap leakage [27]. The
slot and air-gap leakages are shown in Fig. 71. The coil-end leakage arises
around the semi-circular arches formed by the cables in the end-winding region.
In the model presented, only the slot leakage was considered.

The slot leakage is considered by a magnetic circuit with reluctances as shown
in Fig. 72. The coupling between the winding and the slot leakage was accomp-
lished with the aid of winding templates. A similar model was used for all the
slots of the rotating electric machine under study. The conductors of the slots
were connected in accordance with the winding diagram of the machine. The
displacement currents in the slots were modelled with discrete capacitances to
ground. The displacement currents in the coil-end and their related losses were
modelled with circuits similar to the one in Fig. 26. A demonstration was given
of how eddy current losses in the conductors and the electrical steel of the stator
can be modelled with dual Cauer circuits. However, these effects were neglected
in the simulations performed.
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Fig. 71. This figure shows the magnetic flux lines for the slot and air-gap leakage in a
generic slot.

The model was applied to an 11 MVA/45 kV, 600 rpm hydro PowerformerTM

[29]. The impedance spectrum of one phase is shown in Fig. 73, for a grounded
neutral point. For low frequencies, the winding is mainly inductive [IX]. At such
frequencies, it can be noted that the leakage inductance is considerably higher in
the measurements. The combination of the neglected leakages, the coil-end
leakage and the air-gap leakage, is of the same order as the slot leakage, which
was considered. This explains the higher resonance frequencies of the model. As
for the model of the DryformerTM, the resonances are much more prominent in
the simulations. This is caused by the neglected eddy current losses. Above
100 kHz the spectra are dominated by the resonances in the external cable. In a
more accurate model of the external cable, its unshielded parts should be
considered in greater detail.
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Fig. 72. A circuit that models the slot leakage and its coupling to the conductors in the
generic slot shown in Fig. 71.



83

Fig. 73. The measured and simulated magnitude of the impedance of the Powerformer
under study.

An impulse with a shape similar to the standard lightning impulse [18] was
applied to one of the phases. In this case, the neutral point was floating. In Fig.
74, it can be seen that the simulated and measured transient response in the
neutral was similar. However, as the damping is lower in the model, the excited
resonances ring for much longer in the simulations.

Fig. 74. The measured and simulated voltage in the neutral point after a standard lightning
impulse has been applied to one of the phases of the Powerformer.
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4.2.5  A coupled FEM and lumped circuit model of a winding in two slot cores

This paper [X] presents a coupled FEM and lumped circuit model of a coaxially
insulated winding. The winding is placed in two slot cores, similar to the slots of
a rotating electric machine. The magnetic fields and their interaction with the
conductors of the winding are simulated with a 2-D FEM program, which is
based on the quasi-stationary approximation. This means that the displacement
currents are neglected [22,23], but other effects, such as the eddy currents, are
considered. The FEM-model replaces the inductances or reluctances and Cauer
circuits, if any, that were used in the model of the coil, the DryformerTM and the
PowerformerTM. To reduce the number of elements in the mesh, the stranded
conductors were replaced by uniform and hollow cylindrical conductors with
similar losses in a wide frequency range. The electric steel laminates were re-
placed by a homogenous magnetic body. This measure reduced the number of
dimensions of the problem from three to two. The resistivities of the equivalent
conductive and magnetic bodies were set much higher than for the real materials
they replace. In this way, it was possible to reduce their eddy current losses to
the levels of the stranded conductor and laminated core, respectively. To avoid
an increase of the DC-losses in the uniform conductor, a thin highly conductive
cylinder was placed in its hollow.

The displacement current and its losses were modelled with a lumped circuit
coupled to the FEM-program. To simplify this external circuit, the Taylor ap-
proximation in (41) was used. It was shown that for the winding studied, this ap-
proximation is valid up to nearly 10 MHz [X]. The approximation was used for
the displacement current in the coil-end and for the unshielded connection
cables. The displacement currents in the slots were modelled with pure
capacitors, as in the model of coaxially insulated rotating electric machines.

The model was applied to two slot cores with a winding of ten turns (see Fig.
75). The slot cores are similar to the slots of coaxially insulated rotating electric
machines (see Fig. 76).

The winding was divided into twenty half-turns. In the FEM-program, there
are separate sources for the currents in each half-turn. The currents in these
sources are controlled by external equations. The external equations can be
illustrated by the connection diagram in Fig. 30. However, it is somewhat
simplified, as the connection diagram does not consider the sources for the outer
semicon layers and slot cores. Further, for each half-turn, there are separate
sources for the currents in the inner semicon, the uniform conductor and the thin
conductor. For every half-turn, these sources are connected in parallel.
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Fig. 75. The experimental set-up.

Fig. 76. A cross-section of the electric sheets and conductors used in the slot cores.

The frequency response of the model is compared to the measured response
(see Fig. 77). The agreement is very good up to 1 MHz. The magnitudes of the
resonances are similar in the model and experiments. This indicates that the
losses are reasonably well modelled.

Fig. 77. The magnitude of the measured and simulated impedance of the set-up, when its
end-terminal is grounded.
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The winding is mainly inductive up to 100 kHz. For this frequency range, the
inductance of the winding can be estimated by dividing the imaginary part of the
impedance spectra by ω, the angular frequency. In Fig. 78, it can be seen that the
inductance decreases with the frequency. This is expected, as the skin depth
becomes apparent in the laminates for high frequencies. This effect reduces the
effective permeability of the core. As the inductance representing the slot
leakage decreases with the frequency, the neglected leakage inductances in the
coil-end and connection cables increases in importance. This probably explains
the deviations between the measurements and the simulations above 1 MHz (see
Fig. 77).

Fig. 78. The measured and simulated inductance of the set-up.

Fig. 79 shows how different effects contribute to the losses, according to the
model. The losses in the conductors, eddy current losses and DC-losses, are of
most importance below 50 Hz. The losses in the electric sheets dominate the
other losses in the frequency range 100 Hz-100 kHz. The eddy current losses in
the semicon become more important than the losses in the conductor above
30 kHz. These eddy current losses and the losses caused by the capacitive
current in the outer semicon are significant above 100 kHz. Above 1 MHz, the
semicon losses are dominant.
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Fig. 79. The contributions calculated for different sources of losses.
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5 Conclusions

5.1 CAUER CIRCUITS AND GENERAL LUMPED CIRCUIT TRANSIENT MODELS OF
WINDINGS

It has been shown how electromagnetic transients in windings, magnetic bodies
and conductive armatures can be modelled with lumped circuits. For very fast
transients, the retardations in the inductive and electric couplings should be con-
sidered. To consider the time-delay in the electric coupling, it is convenient to
use coefficients of potential, which are the reciprocal of capacitances. Magnetic
and dielectric materials can be replaced by equivalent current and charge
sources, respectively, and these sources are, respectively, controlled by the
magnetic flux through and voltage across the bodies. By treating the magnetic
and dielectric materials in this way, all electromagnetic couplings could be
calculated as though they were in vacuum.

Cauer circuits were used to model eddy currents in one-dimensional structures,
such as laminates or cylinders. They can handle the non-linearities and
hysteresis associated with magnetic materials. It was shown that such models
agree rather well with measurements performed on laminates of non-oriented
electrical steel in the frequency range 10-200 Hz. In a model of proximity losses
in a stranded conductor of a coaxially insulated coil, the Cauer circuits were
extended by introducing mutual couplings to the currents in other turns.

The Cauer circuits can be used to model the eddy currents in the winding and
the moving armature of an EMG. The Cauer circuit has been coupled to thermal
and mechanical circuits to consider the temperature in the EMG and the
retardation of the armature, respectively. In the simulations performed, the
generated magnetic field and current were strongly affected by the temperature
rise in the EMG. In the simulation, the temperature of the outer surface of the
armature was heated beyond its melting-point.

A model was presented for fast electromagnetic transients in axi-symmetric
windings. The approach taken uses inductively coupled surface current elements
and surface charge elements that are coupled by coefficients of potential. The
skin depth in the surface current elements is modelled with a Cauer circuit. The
model is applied to a screened coil. The current and voltage distribution along
the coil were measured with specially designed probes, each with a bandwidth
of approximately 100 MHz. To avoid oscillations in the probes, the
characteristic impedance of the probes and their cables were matched by the
input resistance of the oscilloscope. The agreement between the measured and
simulated voltage and current distribution along the coil was very good.
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 The dual Cauer circuit was introduced. Its response is equivalent to that of the
Cauer circuit. However, the use of the former is often more intuitive in models
of magnetic circuits. The dual Cauer circuit was used to model a ferromagnetic
actuator. It was also demonstrated how the circuit can be used to model eddy
current losses in the laminates of polyphase transformers and rotating electric
machines.

5.2 COAXIALLY INSULATED WINDINGS

Measurements on the semicon layer of a coil show that it should be a good ap-
proximation to model the semicon with a constant resistance, up to almost
10 MHz.

If the stray capacitances of the outer semicon are neglected, it can be shown
that the voltage distribution between two grounded points of the outer semicon
follows a diffusion equation. This equation was used to calculate the voltage dis-
tribution in the outer semicon of the coil under study. For frequencies below
100 kHz, the voltage distribution in the outer semicon is approximately
parabolic with the largest voltage, midway between the two points grounded.
For higher frequencies, a large part of the outer semicon reaches the same
voltage as the conductor inside. Close to the grounded points, the voltage at the
outer semicon can even overshoot the voltage in the conductor inside.

 The displacement current and its related losses have been modelled with a
distributed circuit of resistors and capacitors. As the voltage gradient in the outer
semicon is largest close to the grounding points, it was decided to increase the
resolution of the model there. This improves the bandwidth of the model. The
distributed model of a single layer coil reproduces the response of the diffusion
equation up to almost 10 MHz. With a lower resistance per unit length of the
outer semicon, the lumped circuit would be able to reproduce the diffusion
equation for even higher frequencies. For a winding in two slot cores, where this
resistance is much lower, a much simpler model had the same bandwidth. The
simplified circuit is derived by means of a Taylor expansion.

A complete model of the coil, including eddy current losses, has been verified
up to a few MHz. The failure of the model at higher frequencies is probably
caused by neglected stray capacitances to the outer semicon or the neglected
intrinsic capacitance of the semicon. The resistivity of the outer semicon is
much lower for the other coaxially insulated devices studied than for the coil. It
is therefore expected that the stray and intrinsic capacitances should be less
significant in the other devices. The bandwidth of the complete model of the
winding in the two slot cores is also limited to about 1 MHz. In this case, the
limit is probably set by neglected inductances in the coil-end and connection
cables.
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The contributions to the losses were studied for the coil and the winding in the
two slot cores. For the coil, the losses in the conductor are the dominant loss up
to 10 kHz. For higher frequencies, the most important loss is the capacitive
current in the outer semicon. The eddy current losses in the outer semicon had
no noticeable influence on the losses in the frequency range 100 Hz-10 MHz.
The model of the coil gives very similar losses to the real coil up to 1 MHz. This
indicates that, for this frequency range, it should be a good approximation to
neglect the losses in the inner semicon, as these are not included in the model.
The coil has no magnetic core. For the winding in two slot cores, the core losses
are of most importance; at least in the frequency range 100 Hz-100 kHz. The
losses in the conductors are mainly of interest up to 100 Hz. As the resistance
per unit length in the outer semicon is much lower for the winding in the two
slot cores, the eddy current losses there are already significant at 100 kHz. For
the same reason the losses related to the displacement current becomes less
important. Like the eddy current losses in the outer semicon, they are significant
above 100 kHz.

Adding a leakage inductance, to represent the leakage flux inside the cable,
seems to introduce numerical instabilities in the model of the coil. Apart from
these intermittent deviations, the simulated response was similar with and
without the leakage inductance. Hence, the leakage inductance was neglected.

It is interesting to note that the characteristic impedance of the coil is about
nine times that of a transmission cable with the same dimensions as the cable in
the coil. At the same time, the velocity of propagation is seven to eight times
slower in the coil. These two differences can be explained by the fact that the
inductance per unit length is much larger in the coil than in a transmission cable,
as the coil has a large magnetic flux outside the cable.

The outer semicon reduces the electric field outside the cable. Accordingly, the
turn to turn stress, which is so important for conventional windings, is not a
problem for the coaxial insulation system. Hence, only the overvoltages to
ground are harmful. This simplifies the overvoltage analysis and, further, the co-
axial insulation system becomes less sensitive to fast rise times compared to a
conventional winding. The overvoltages in the coil were simulated by exciting
the model of the coil with a standard lightning impulse and a sine wave. In both
the time and the frequency domain, the overvoltages are worst when the coil is
terminated with an open-circuit. Then the overvoltage at the end terminal was
1.8 p.u., for the lightning impulse. For the sine wave, the overvoltage was nearly
4 p.u. at this terminal. In this worst case, the frequency of the sine wave was
close to the first resonance frequency of the coil.

The model of the coil was extended so that it can be used for windings
mounted on a core to enable it to be applied to, e.g., three-phase transformers
and reactors of the DryformerTM type. Except for the damping, the model agrees
very well with measurements performed on the three-phase Dryformer up to
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about 50 kHz. It is also shown that in spite of neglected eddy current losses, it
seems that the model can give rather accurate estimates of overvoltages inside
the winding, which are caused by, e.g., lightning impulses.

In Dryformer there can be floating conductive bars that regularly contact the
outer semicon in a winding. Measurements show that the grounding of these
bars does not significantly change the response in the measured frequency range,
10 Hz-100 kHz. Hence, it seems justifiable to assume that such floating bars are
grounded in the model.

The simulations were performed for very different values of the relative
permeability in the core, to investigate the influence on the response of this
parameter. The results were almost the same for all cases. This can be expected
as the core was screened by the short-circuited secondary winding in the
simulations performed. Hence, it does not mean that transient simulations are
always independent of the core. The influence of the core will depend on the
way in which the terminals of the windings are connected.

A number of approximations were made to facilitate the calculation of the
leakage inductances. In these calculations the yoke was neglected as well as the
coupling between different phases. It seems that these simplifications have not
significantly reduced the accuracy of the simulated results.

A model was presented for a coaxially insulated rotating electric machine. The
slot leakage in the machine was considered with the aid of a reluctance circuit,
coupled to the electric circuit by means of winding templates. The model was
compared with measurements on a hydro PowerformerTM with the ratings
11 MVA/45 kV, 600 rpm.

It was observed that the sum of the neglected air-gap and coil-end leakages
was of the same order as the slot leakage considered. The lower leakage in-
ductance in the model makes the resonance and anti-resonance frequencies
higher than the measured ones. Further, it was noticed that the damping is much
larger in the measured response. This is as expected as the eddy current losses in
the conductors and electric sheets were neglected in the model. Above 100 kHz,
the measured and simulated resonances occur in the external partly shielded
cable. To improve the model of this component, the inductance of the un-
shielded parts of the external cable should be considered in greater detail.

The voltage in the floating neutral was measured and simulated, for a standard
lightning impulse applied to one of the line-terminals. The simulations and
measurements agree very well for the first 100 µs. For longer time lapses, it is
apparent that excited resonances ring for much longer in the simulations. For
conventional electric machines, the maximum stress often appears during the
first µs between the turns of the line-end coil. In a coaxially insulated winding,
the overvoltages to ground can be of equal interest along the whole winding.
Hence, a simulation of much longer time lapses than 1 µs is needed for coaxially
insulated windings. Accordingly, treating the core as a magnetic flux barrier is
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invalid, when simulating lightning overvoltages in rotating electric machines
with a coaxial insulation system.

The model of the winding in the two slot cores is special in the sense that it
couples a lumped circuit to a FEM model. The FEM program takes care of the
most complex part of the problem, the simulation of the magnetic fields and
their interaction with the currents and eddy currents in the conductors, semicon
and electric sheets.

To reduce the number of mesh elements in the FEM model to a reasonable
level, the stranded conductors were replaced by uniform and hollow conductors
which have similar eddy current losses over a wide frequency range. This was
accomplished by setting a much higher resistivity in the uniform conductor than
in the stranded one. To compensate for the higher DC-resistance this gives; a
thin conductor with a low resistivity was introduced into the hollow centre of
each uniform conductor. To avoid eddy currents in the thin conductor, a uniform
current distribution was chosen inside it.

The electric sheets were replaced by a homogeneous magnetic body with an
increased resistivity. This measure makes it possible to reduce the number of
dimensions of the magnetic circuit from three to two. The response of the homo-
geneous body is similar to a classical model of the sheets over a wide frequency
range.
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6 Suggestions for future research

It would be beneficial to study the electromagnetic response of electric steel
laminates in much greater detail both theoretically and experimentally. Rather
well-known models, such as those of Pry & Bean and Polivanov, exist that
consider anomalous losses [7]. These models, which are rather extensive mathe-
matically, predict the wide-band response of ferromagnetic materials [7].
However, they have not been found in use in transient simulations. In
developing such transient models, the non-linearity of the laminates should also
be considered. Several measurements of the frequency response of silicon iron
alloys, which often are used in electric steel laminates, have been published.
However, the most thorough experiments performed over a wide frequency
range were executed for thin films rather than laminates. Further, experiments
that study the influence of the applied magnitude on the high-frequency
response of electric sheets have not been found.

A set-up, which can be used to study electromagnetic transients in windings,
was presented. This set-up was originally designed to study electromagnetic
transients in different types of windings in combination with magnetic and
dielectric materials. It should be of interest to continue that work. It would be
convenient to model these materials with equivalent current and charge sources,
respectively. Further, it would be of interest to apply faster transients, so that the
retardation in the inductive and electric couplings becomes significant.

It should be fairly straightforward to implement a model of the EMG that con-
siders the shortening of its armature. The model can also be improved in other
mechanical respects. For example, investigations should be made to determine
to what extent the tension in the armature influences the velocity of the
armature. It is possible that significant heat release arises from mechanical
effects during the expansion of the armature. Further, the force of the explosive
that works on the armature can be estimated more precisely. A more accurate
model should also consider the influence of fusion of the armature on the
conductivity, thermal resistivity and heat capacity of the armature. Furthermore,
the heat exchange with the gases surrounding the armature could be significant.
The width of the electromagnetic pulse generated by the simulated EMG is
roughly 1 µs. This indicates that the displacement currents in the winding should
become significant.

The bandwidth of the models of coaxially insulated windings can be improved
upon. For the model of the slot core and rotating electric machine, the coil-end
inductances should be estimated and included. In both models, the inductance of
the unshielded parts of the connection cables should be considered and in the
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model of the rotating electric machine, the air-gap leakage should be included. If
the eddy current losses are neglected, the coupled FEM and lumped circuit
approach could probably be applied to a complete rotating electric machine. In
this way, the air-gap leakage would automatically be considered.

The two models presented of rotating electric machines can be adapted, so that
they can be used also for conventional rotating electric machines. This is
straightforward, at least for the capacitive couplings in the slots.

It has been demonstrated how the eddy current losses can be included in the
models of DryformerTM and PowerformerTM. These eddy current models could be
included in future simulations.

The coupled FEM and lumped circuit method can also be applied to axi-
symmetric windings, such as those in DryformerTM. However, then Ace, the
FEM program used, would have to be extended to handle transient simulations
and external circuits for axi-symmetric geometries.

The resolution of the measured frequency spectra of DryformerTM is not satis-
factory, this is especially the case above 50 kHz. It would be of interest to repeat
this measurement with an impedance metre with a better frequency resolution.

The response of the semicon can be studied in greater detail. In these ex-
periments, the influence of the stray-capacitances should be avoided, so that the
intrinsic capacitance of the semicon can be studied separately.

The models of coaxially insulated windings can be used to investigate the pro-
pagation of PD-pulses along such windings. This knowledge would probably
lead to improved techniques for PD measurement.

The models can be used in detailed insulation co-ordination studies of co-
axially insulated electromagnetic devices. Such simulations can in the end give
the experience needed for a new standard regarding the lightning impulse testing
of such devices.

For conventional windings, it can be shown that some winding patterns are
advantageous from a transient perspective. It is possible that corresponding
winding patterns exist for the coaxial insulation system. This can be investigated
by a transient model.
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