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Abstract
This thesis investigates simulation of synchronous machines using a novel Magnetic
Equivalent Circuit (MEC) model. The proposed model offers sufficient detail richness
for design calculations, while still keeping the simulation time acceptably short.
Different modeling methods and circuit alternatives are considered. The selected
approach is a combination of several previous methods added with some new features.
A detailed description of the new model is given. The flux derivative is chosen as the
magnetic flow variable which enables a description with standard circuit elements. The
model is implemented in dq-coordinates to reduce complexity and simulation time. A
new method to reflect winding harmonics is introduced.
Extensive measurements have been made to estimate the traditional dq-model
parameters. These in combination with analytical calculations are used to determine the
parameters for the new MEC model.
The model is implemented using the Dymola simulation program. The results are
evaluated by comparison with measurements and FEM simulations. Three different
operation cases are investigated; synchronous operation, asynchronous start and inverter
fed operation. The agreement with measurements and FEM simulations varies, but it is
believed that it can be improved by more work on the parameter determination.
The overall conclusion is that the MEC method is a useful approach for detailed
simulation of synchronous machines. It enables proper modeling of magnetic saturation,
and promises sufficiently detailed results to enable accurate loss calculations. However,
the experience is that the complexity of the circuits should be kept at a reasonable low
level. It is believed that the practical problems with model structure, parameter
determination and the simulation itself will otherwise be difficult to master.
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1 Introduction

This chapter provides a brief background concerning the field of the thesis.
Furthermore, the objectives of the work are described. Finally, an outline of the thesis
is given.

1.1 Background for the work
The synchronous machine is one of the first and most well known machine types. It was
in the beginning common in the whole power range, but is nowadays mainly used for
MW-size machines. Induction machines have taken over, partly due to cost reasons and
partly because they need no excitation equipment. The synchronous machines have still
a number of important advantages which makes them very interesting. To this counts
high efficiency, robustness and good controllability. In the upper power range they are
the only option. It can therefore be expected that the synchronous machines will
continue to play an important role, also in the future.
There are two basic constructions: machines with a cylindrical rotor and machines with
a salient pole rotor. For mechanical reasons, the cylindrical rotor is preferred for two
pole machines because of the large centrifugal forces that arise. The salient pole rotor is
usually the more efficient solution for machines with four poles and upwards, both for
cost reasons and for performance reasons.
The rotor can be made of either laminated steel or solid iron. The solid iron rotor is the
dominating solution for machines with low pole numbers, partly because of its robust
mechanical properties, but also because of the good starting properties for direct on-line
connection. This is the machine type that is studied in this work. For machines higher
pole number, a laminated core is often used.
Traditional applications for the salient pole motor are pump systems, paper mills, ship
propulsion and other applications with moderate dynamic requirements. Since energy
cost has become more and more important, variable speed operation with inverter
supply is gaining market share. Traditionally, thyristor based solutions such as the
Cyclo Converter and the Load Commutated Inverter have been the only options. These
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solutions have however a number of drawbacks such as high engineering cost and poor
starting properties. The Voltage Source Inverter based on turn-off capable
semiconductors is therefore taking over the market. This technique shift took place a
couple of decades ago in the low voltage range, but has just recently also reached the
medium voltage range.
This brings up a number of new issues for the design engineers, especially for cases
with a solid rotor. The machine must now be designed for a very wide speed range.
Further, harmonics will create extra heating in different machine parts and there are also
a number of other parasitic effects related to the inverter supply, such as noise and
bearing currents. This has brought forth a need for new and improved calculation
methods, which was the original motivation for this work.

1.2 The drive system design flow
Nowadays, a low voltage drive system can easily be put together using a standard
inverter combined with an off the-shelf motor. This is normally not true for medium
voltage machines. These are instead tightly optimized for each application. Extensive
and more advanced calculations must be performed to verify that all requirements are
met. Further, the machine- inverter interactions must be considered and all equipment
must be treated as one system to obtain an optimal total solution. A typical design flow
is outlined in Figure 1-1.
The first step is to select the system configuration, based on the customer requirements
and the available inverter and machine components. The second step is to make an
initial design, both for the inverter and the machine. This must then be adapted to fulfill
the specific customer requirements regarding ratings, size, etc. For the machine, this is
typically made using dedicated design programs, based on analytical relations and many
years of experience. One important input is then the inverter generated harmonics, to
determine the total losses in the machine. These are obtained by making transient
simulations of the whole combined drive system. It requires however that the machine
parameters are known, which, in turn, requires that the machine design is already done.
An iterative procedure is therefore required, and the drive simulations have thus become
an integral part of the design process.
The traditional Park machine model [1] is very useful for describing the external
behavior of a synchronous machine. For making loss calculations, this model has
however found to be too simple since the internal conditions must be properly
considered. Advanced FEM simulations are neither an option, since the time frame for
making quotations is normally far too short. The purpose of this work has therefore
been to search for an alternative simulation model, which is more detailed than the
traditional Park model and much faster than a complete FEM model.
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Figure 1-1: The design process.

1.3 Objectives
The primary goal of this work is to develop a new simulation model for the Salient Pole
Synchronous motor. It is intended to be used in design calculation both for quotations
and orders. One important requirement is therefore that the model should be sufficiently
fast but still sufficiently accurate. Another requirement is that the model must reflect
also the internal conditions in the machine, and not just what can be seen from the
terminals.
Even if the initial need was simulation of inverter fed machines, the intention is that the
model should be equally useful for simulation of grid connected machines. The model
should thus be capable to represent the motor under both the static conditions that
applies with a constant load and a sinusoidal supply voltage and during the dynamic
conditions that applies with a transient load and/or highly distorted supply voltage
waveform. There is also a number of other possible applications for the model like
control system design, online diagnostics and studies of the inverter-machine
interaction.
Another important task has been to develop a deep insight into the behavior of solid
pole rotors under dynamic conditions. This has been obtained gradually during the
development of the model by comparing measurement, FEM simulations and results
from the developed model.
The chosen modeling approach is a type of a Magnetic Equivalent Circuit model [25].
However, a basic requirement has been that is must be easy to implement the model in
commercial circuit simulation software. A somewhat unconventional formulation of the
magnetic circuit is therefore used, giving a more coherent modeling approach for both
the electrical and magnetic circuits, and enabling the use of standard graphical circuit
elements.
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1.4 The test machine
The work has been performed with a GA84 synchronous machine as reference. This
machine will therefore be presented already here. It is indeed an old construction, but it
has the big advantage that the stator is an open frame construction which facilitates
measurement considerably.

Figure 1-2: Test machine interior.

The machine was originally intended to operate as a generator, but it can equally well be
operated as a motor. During the investigations, it turned out that the poles were covered
with additional 2 mm copper screens. It has not been possible to confirm what the
purpose of this really was, but it is believed that they are there to improve the
commutation properties in operation with a diode rectifier. In any case, this opened up
the possibility to investigate their impact on machine dynamics. This is an interesting
issue, because it has many times been proposed to add special material on the pole tips
to reduce inverter related losses.
Unfortunately, all drawings and specifications of the machine have been lost over the
years. All detailed data must therefore be obtained by manual inspection and
measurement. The given data can therefore suffer from some inaccuracy. The main data
of the machine are summarized in Table 1-1, supplementing geometrical data are given
in Appendix 1.
Power

Sn

150 kVA

Stator voltage

Un

347 V (phase-phase)

Speed

n

1000 rpm @ 50Hz

Torque

Tn

1146 Nm

Inertia

J

16 kgm/s2

Table 1-1: GA84 main data.
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The stator winding configuration should however be clear. The machine has 6 poles,
and these can be connected in six different ways to obtain different voltages. The stator
has in total 126 slots, giving 21 slots per pole and phase. The coil pitch is just 14 slots
which mean that the phase groups are non-overlapping, see Table 1-2.

7 slots
Upper

+A

-C

+B

-A

+C

-B

Lower

-C

+B

-A

+C

-B

+A

Table 1-2: Stator winding configuration.

The advantage of this configuration is that it eliminates the induced 3rd harmonic
voltage. It can be necessary for generators which are operated with solid grounded Ypoint to avoid a high 3rd harmonic current flowing. The drawback is a considerable
reduction of the fundamental voltage component and less suppression of other
harmonics, as well.

1.5 Outline of the thesis
Chapter 2 establishes the basic relations for equivalent circuit modeling in general. The
classical Park model is analyzed and compared with the more general MEC model.
Chapter 3 compares different simulation programs and gives a brief description of the
selected one (Dymola).
Chapter 4 develops the new MEC model. The different parts are described in detail and
different simulation-related issues are discussed.
Chapter 5 determines the model parameter values. This is performed both analytically
from geometrical data, and by tuning according to measurements.
Chapter 6 presents simulation results from three different operation cases: steady-state
operation, asynchronous start and inverter fed operation.
Chapter 7 summarizes the work and gives suggestions of future work.
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2 The Magnetic Equivalent Circuit
model approach

The basic relations for equivalent circuit modeling are presented, and the method used
to formulate a circuit layout is outlined. The traditional Park model is used as a
reference. Different previous MEC approaches are compared and evaluated for the
purposes here.

2.1 Introduction
Equivalent circuits are widely used within many areas to simplify complex problems.
For machine design, the reluctance network method has been an important tool since the
very beginning. The traditional application has been to study the steady-state magnetic
properties. By dividing the machine into smaller segments, it is possible to determine
the steady-state flux distribution and magnitude. During transient conditions, there will
be an interaction between the magnetic and electrical domains. It is therefore necessary
to couple the magnetic equivalent circuits with the electrical circuits.
The following section gives first a quite general introduction about the equivalent circuit
concept. The well-known Park model is then introduced as a comparison. Finally it is
shown that the general equivalent circuit approach can be used to obtain the Park model,
by making some simplifications.

2.2 Basic equivalent circuit relations
The electromagnetic field can be described by the well-known Maxwell’s equations, see
Table 2-1. Gauss’s equations (2.2) and (2.4) describe the effect of point sources and
they will in an electric circuit correspond to a battery or another voltage source. There
are however corresponding point sources in the magnetic case, see (2.4). Faraday’s law
and Ampere’s law describe the consequence of a vortex source, which in the electric
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Faraday’s law:

dφ

∫ E ⋅ dr = − dt

(Vortex source strength)

(2.1)

∫ D ⋅ dS = Q

(Point source strength)

(2.2)

C

Gauss’s law:

V

Ampere’s law:

⎛ dD

∫ H ⋅ dr = I + ⎜⎝ ∫ dt

C

Gauss’s law:

∫ B ⋅ dS = 0

s

⎞
⋅ ds ⎟ (Vortex source strength)
⎠
(Point source strength)

(2.3)
(2.4)

V

Table 2-1: Maxwell’s equations (integral formulation). The electrical displacement field has
been put within brackets because does not need to be considered in electrical machines.

case is the magnetic induction and in the magnetic case the magnetomotive force from
the electric current.
It is very difficult to solve Maxwell’s equations directly, at least for complex
geometries; therefore we will use equivalent circuits instead. One prerequisite for this to
be possible is that the flow follows well defined paths, so called flux tubes in the
magnetic case and conductors in the electric case. It is then possible to treat the
corresponding geometrical section as one equivalent “lumped component”, and then to
describe its external properties as a relation between an effort quantity (voltage in the
electric case) and a flow quantity (current in the electric case). This relation is called the
constitutional relation and can in the electric case be for instance Ohm’s law. How these
flow paths should be selected is usually obvious for electrical fields, but it is not always
so for the magnetic fields. The difference in magnetic permeance is much smaller than
the difference in electric permittivity which makes the magnetic flow less confined than
the electric one.
The choice of effort variables is obvious: voltage for the electrical domain and
magnetomotive force (mmf) for the magnetic one. These will then describe the scalar
potential change along the circuit. The choice of electric flow variable (current) is also
natural, but the choice of magnetic flow variable is not that obvious. The traditional
approach is to use the magnetic flux as the flow variable. This is the most intuitive
choice and it is natural if only the magnetic domain is considered. The scalar magnetic
potential drop is then achieved as the product of the magnetic flux and the reluctance
over a certain path. However, the magnetic flux is not the only possible choice. During
transient conditions, the interaction with the electrical circuit needs to be considered.
This calls for a different choice as discussed below.
The driving force in Amperes law is the electrical current. In the same way, the driving
force in Faraday’s law is the flux derivative. Choosing the flux derivative as magnetic
flow variable will therefore give the advantage of a symmetrical coupling between the
electric and magnetic equations. An electric flow generates a magnetic vortex source,
and a magnetic flow generates an electric vortex source.
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Quantity
Effort
Flow
Displacement
Momentum
Resistance
Capacitance
Inductance

Electrical
domain
Voltage
Current
Charge
Flux
linkage
Resistance
Capacitance
Inductance

U

[V]

I=dQ/dt
Q
ψ

[A]
[As]
[Vs]

R
C
L

[V/A]
[F]
[F]

Magnetic
domain
mmf
Flux rate
Flux
Charge
linkage
Dampance
Permeance
-

Um

[A]

Im
Φ
Γm

[V]
[Vs]
[As]

Rm
Cm
Lm

[A/V]
[H]
[As/V]

Table 2-2: Equivalent circuit analogies.

The two basic circuit quantities are thus an effort and a flow. By combining these two
quantities and the time, it is possible to derive a number of new quantities as shown in
Table 2-2.
With this choice of circuit variables, the interaction between the electrical and magnetic
circuits is described by a gyrator:
ue = N

ie =

dφ
= Nim
dt

(2.5)

1
um
N

(2.6)

The magnetic correspondence to a resistor is a dampance element. The electric
resistance is related to a flow of electric charges. There are no magnetic charges; instead
the flow is constituted of the flux derivative. It is therefore believed that the magnetic
dampance element has little relevance, at least for the magnetic circuit which is used
here.
The electric capacitance is the quotient between the charge and the voltage, which
corresponds to the basic quantities displacement and effort. The magnetic
correspondence is thus the quotient between flux and mmf.
Cm =

im =

φ
um

=Λ

φ
=Λ
φ

dφm
du
=Λ m
dt
dt

(2.7)
(2.8)

The capacitor voltage times its capacitance equals to the flux in the circuit, and the flux
in turn relates to the stored magnetic energy. One can therefore say that the equivalent
circuit describes the magnetic energy distribution.
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The electric inductance equals to the quotient of the momentum and the flow. The
magnetic correspondence is consequently the quotient of the charge linkage and the flux
rate. Such an element has however no practical use in modeling of electrical machines.
The reason is that the effect of the electrical displacement field can normally be
neglected. If it has importance, it will contribute to the flow in the left side of Ampere’s
law. The relation between the displacement field derivative and the magnetic field has
the same shape as the relation between the flux derivative and the electric field. The
electric displacement field will “induce” a magnetic field proportional to the magnetic
inductance. This effect can however normally be neglected in electrical machines, the
magnetic equivalent circuit will therefore not contain any inductance element.
The only circuit element that will exist in the magnetic circuit is thus the permeance
capacitor. This fact can be motivated in more direct way. The wavelength for all normal
frequencies is much longer machine than the machine dimensions (so-called quasistationary conditions). This is true all the way up into the MHz range [22]. The wavecharacteristic of the electromagnetic field has under this condition very little
importance, therefore a change in the electromagnetic field can be sensed immediately
at all places of the machine. The magnetic equivalent circuit should therefore not
possess any type of time constant, but must consist of one single component type, the
permeance capacitor.
There absence of wave properties for the field means that there is no mutual time
interaction between Faraday’s and Maxwell’s equations. There is a one-way interaction,
however, which has importance above medium frequencies. A varying magnetic field
generated by an electric current will induce electric vortex strength in Faraday’s law.
The corresponding electric field will in turn change the conduction current distribution,
which is called the skin effect. The magnetic and electric fields will thereby be
internally connected, but since the relation contains only a first order time derivative,
the system will be described by a diffusion equation instead of a wave equation, see
[22]. This does not give any propagation properties for the total field solution, and since
there is no time derivative in Ampere’s law, all changes of the magnetic field will be
sensed at the same time everywhere in the machine.

2.3 The Park model
The Park model [1] is widely used for simulation of transients in synchronous
machines. It was initially formulated in operator form not using the equivalent circuit
concept. Its purpose was therefore rather to describe the external properties than the
internal ones. Using Laplace transforms, the voltage equations are (assuming motor sign
convention):

U sd − Rs I sd = −ωeψ sq + sψ sd

(2.9)

U fs − R fs I fs = sψ fs

(2.10)

U sq − Rs I sq = ωeψ sd + sψ sq

(2.11)
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Further, the flux linkage relations are given by:

ψ sd = Ldo ( s ) I sdo + Ldfo ( s ) I fs

(2.12)

ψ fs = L fdo ( s ) I sd + L fo ( s ) I fs

(2.13)

ψ sq = Lqo ( s ) I sq

(2.14)

The open circuit operational inductances Ldo(s), Lqo(s) and Lfo(s) must be proper
functions (that is, the number of poles must be equal or greater that the number of zeros)
determined by the machine design. It can be noted that the model is a four-pole in the ddirection and a two-pole in the q-direction.
It is often desired to represent the transfer functions with a circuit model. Yet, this
approach will rather resemble the transfer functions than the internal condition of the
machine. One must therefore be careful not to over-interpret the results from such a
circuit. The general circuit model according to [12] is given in Figure 2-1. This model is
hereafter designated as the dq-model to distinguish from the Park model formulated by
transfer functions. The model order number is classified by the number of damper
circuit branches. How many that are required depend on the machine type and, of
course, on the purpose of the model.

Figure 2-1: General dq-model.

One drawback with the Park model is the difficulty to include the saturation effect. The
basic reason for this is that saturation is a local phenomenon. The Park model does only
consider the inductance relation between windings, which can be interpreted as a mean
value over the geometrical dimensions computed for the fundamental flux space vector
wave. It has been argued that since the Park model is based on superposition of the d
and q fields, and since saturation is a non-linear phenomenon, it can be used to model
saturation. This is however not the whole truth; superposition of the effort generating
variables is allowed, but saturation leads to a redistribution of the flux. A d-axis field
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can therefore result in a q-axis flux. The only correct way to handle this is to use a
complete equivalent circuit for the magnetic part.
Yet, many attempts have been made to include saturation in the Park model, and a very
brief overview is given here. The most common approach considers the main flux path
saturation only. However, the places in the machine where the flux saturates vary (teeth,
yoke, pole edges etc.). There was an intense research period regarding this during the
1980s. Slemon [2], Brandwajn [5] and Brown [6] presented good papers on how to
implement this in the Park model. One finding was the so-called “cross-coupling
effect”. This means that a flux in one main direction can saturate flux in the other main
direction. A major challenge has been to find the required parameters. Many papers
have been published also on this topic. El-Serafi presented an experimental study on a
small salient synchronous motor [7]. He showed that it is possible to achieve good
agreement between simulations and measurement in the studied cases. Kaukonen [9]
made a thorough investigation regarding saturation modeling for a drive controller. He
has made both measurements and extensive FEM simulations to obtain accurate
parameters. The conclusion was however that saturation has but a minor importance for
a drive controller and may be disregarded, at least in a Direct Torque Control drive.
The research is still going on. Narayan [10] presented in 2002 a paper on an analytical
approach using the intermediate axis saturation characteristics. However, the required
measurements to obtain the required characteristic curves are normally not possible to
perform for large synchronous machines. One possibility is of course to use FEM
simulations. This has however shown to be too time-consuming for use in industrial
design work. Instead analytical methods based on geometrical data and material
properties are required.
The author’s conclusion is therefore that there is so far no feasible way to obtain a
proper representation of saturation in dq-models. Simple models seem to give too poor
results, while the more advanced models become too mathematical and far from the
physics. This is one important reason to instead use a MEC model, such as the one
proposed in this work.

2.4 A basic electromagnetic equivalent circuit model
The goal is now to construct an equivalent circuit for the synchronous machine directly
from its geometry. The approach is to divide the internal flux in the machine into simple
flux tubes and to model the magnetic potential change in the tubes. A cross section of a
very basic synchronous machine is shown in Figure 2-2. For simplicity, the stator
winding is replaced with two (fictive) equivalent windings, one in the α-direction and
one in the β-direction. The α−direction reefers to the phase A stator winding and is in
the figure in parallel with the rotor q-direction.
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2

1

Vm1 Vm2

Vm3 ad

f

Dl
fl
4

sl
3

fDl

Vm4

Figure 2-2: Simplified cross-section of a synchronous machine showing the d-direction flux
paths and the scalar magnetic potential nodes (indicated as dots). The four stator slots are
shared between the windings so that the α-winding connects slot 1 to 4 and slot 2 to 3,
while the β-winding connects 1 to 2 and 3 to 4.

The assumed flux paths are indicated in blue. The principle is to place one main flux
path through the whole machine, and one leakage path around each individual winding.
In addition, there is a second leakage path φfDl which corresponds to the inter-pole
leakage. A dot is placed at each branch point, and it will be represented by a
corresponding node in the equivalent circuit. The magnetic potential between the nodes
can either increase due to a driving mmf or decrease due to a reluctance element.
It is possible to replace the fixed winding with an equivalent rotating one in the same
way as in the Park model. Using complex space-vector notation, the stator winding
voltage equation is:
= Rs isαβ +
uαβ
s

dψ sαβ
dt

(2.15)

The space-vectors can be transformed to a rotating coordinate system fixed to the rotor:
usdq e jθ = Rs isdq e jθ +

dψ sdq e jθ
⇒
dt

usdq = Rs isdq + jωψ sdq +

dψ sdq
dt

(2.16)
(2.17)

The second right side term is called the rotation voltage and gives a cross-coupling
between the d and q axis. Thus, the fixed frame winding can be replaced with a rotating
winding supplied by:
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urot = usdq − jωψ sdq

(2.18)

The magnetic equivalent circuit can now be found directly by inspection of Figure 2-2.
Each flux path has its associated reluctances and mmf’s according to the figure. As
explained above, reluctances are represented by capacitors and mmf’s by gyrators.
Further, the flux distribution should be anti-symmetrical around the q-axis, which gives
that the magnetic scalar potential is zero along this axis. A direct mapping of the chosen
flux-paths results in the equivalent circuit is shown in Figure 2-3.

Figure 2-3: Combined electric-magnetic equivalent circuit.

2.4.1

An all-electric equivalent circuit

The magnetic circuit can be transformed over to the electrical side of a gyrator, for
instance to the stator side. When a gyrator is propagated through the circuit in this way,
all variables change role. This means that flows turn into efforts and vice versa, and that
impedances turn into admittance and vice versa. The capacitance element in the
magnetic equivalent circuit will thus turn into an inductance proportional to the
corresponding flux tube reluctance. The equivalent circuit as a whole transforms into its
dual equivalent. For clarity, the process is demonstrated on a T-type circuit below.

The circuit equations before the transformation are:

U2

Z3

U1
Figure 2-4: T-type circuit.
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U1 − Z1 I1 − Z 3 ( I1 + I 2 ) = 0

(2.19)

U 2 − Z 2 I 2 − Z 3 ( I1 + I 2 ) = 0

(2.20)

After reduction to the other side of a gyrator all variables change role:
I1 − G1U1 − G3 (U1 − U 2 ) = 0

(2.21)

I 2 − G2U 2 − G3 (U1 − U 2 ) = 0

(2.22)

The new circuit equations can be represented by the dual circuit:

U2

G2

G1

U1
Figure 2-5: π-type circuit.

This method can be applied to reduce the magnetic part of the machine model over to
the electric side. A graphical approach for this is to place a dot inside each mesh plus
one outside the circuit to define the grounding point. Lines are then drawn between all
dots through the circuit elements, and the new dual circuit elements are placed along
these lines. The resulting all-electric equivalent circuit is shown in Figure 2-6. Note that
all parameter values including the field voltage are now related to the stator side (thus
transformed using the appropriate turns ratio).
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Figure 2-6: d-axis electric equivalent circuit. The associated flux path is shown in the lower part of
the figure.

The q-direction flux divides symmetrically between the poles. The main flux flows
through the outer part of the poles, through the field coil and the rotor core. However,
since the induced field voltage in the north and south pole counteracts, no net effect of
the field coil mmf is achieved. The leakage flux flows circumferentially in parallel with
the pole surface, from one pole gap to the other.
By using the same method as before, an equivalent circuit according to Figure 2-7 is
achieved for the q-direction.

Figure 2-7: q-direction equivalent circuit.
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Comparison with the Park model

The obtained circuits in Figure 2-6 and Figure 2-7 are very similar to the classical dqmodel equivalent circuit. The only difference is some additional inductances related to
the iron core reluctances which are normally neglected. As shown, these appear in
parallel with the winding emf and the winding resistance. The leakage inductances
appear outside the resulting loop, towards the rest of the circuit. This is maybe not
obvious at first hand; the leakage inductances might have been expected to land in series
with the winding resistance. It gets clearer in Figure 2-3 which shows the original
magnetic circuit. The reason is that the iron reluctance has been considered inside the
leakage loop. It could equally well have been put outside; the order of the iron and the
leakage reluctance would then have been shifted. In a real machine, the corresponding
reluctances are distributed along the flux paths, and there is many equally good ways to
formulate a simplified lumped circuit for them.
One parameter that is frequently debated is the differential inductance LfDl (sometimes
called the Canay inductance). The derivation above shows that it represents the pole-tip
to pole-tip leakage path φfDl. It has been claimed [21] that this inductance should be
negative for solid pole machines. This is indeed supported by measurements, see
Section 5.4. However, from a MEC perspective, this is not acceptable since it would
mean that the reluctance for the corresponding flux tube is negative. The only
conclusion must therefore be that the dq-model is too simple to be treated as a proper
MEC model. It is merely a mathematical model which describes the external behavior
of the machine, in which all pole face currents are lumped together into one damper
branch. In the real machine the pole current is quite evenly distributed over the pole
surface. The flux flowing through the field coil does therefore not link with all pole face
current paths. The total flux will in fact be better linked with the stator winding. This is
the reason for the negative inductance; it emulates the strong coupling between the field
and the stator windings. A transient in the field winding flux will appear as a current in
the magnetic equivalent circuit. This flow will be distributed between both the gyrators
(representing the coupling with the electrical equivalent circuits) and the leakage paths.
The differential inductance will amplify the current in the stator branch. In a more
complete magnetic equivalent circuit, the pole face current can be divided into a
complete mesh over the pole. This should give no negative reluctances, and should
reflect the true flux distribution.

2.5 A comparison of MEC approaches
The development of MEC models started already in the 1960s, [2] [3]. However, the
real power of the MEC models was not discovered until the late 1980s. Several
researchers have contributed to the development, and a couple of them will be reviewed
below.
Ostovic´ is one of the main contributors, and has even written a comprehensive
textbook [25] on the topic. He uses flux as the magnetic flow variable with one
reluctance network fixed to the stator and another reluctance network fixed to the rotor.
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These networks must be connected in some way, which is solved using a mesh of
variable air gap reluctances. All air gap border stator nodes are connected to all air gap
border rotor nodes, see Figure 2-8. When the rotor turns, the air gap reluctance value
must change accordingly. The functions describing this dependence can be derived
analytically, but they typically require FEM-based calibration to achieve accurate
results. This approach results in quite complex matrix equations, which can be hard to
implement in a standard circuit-simulator. Instead, Ostovic´ uses a specially developed
program, including his own solver etc.

Figure 2-8: Principle magnetic circuit used by Ostovic´.

Perho [35] has generalized the reluctance network approach further into what he calls a
universal reluctance network. The main difference compared to Ostovic’ is how he
model the air gap. Instead of having cross-connected variable reluctances, he divides the
air gap into a fine mesh structure according to Figure 2-9. Each mesh consists of four
reluctances, thus connecting the stator and the rotor in both the radial and the
circumferential direction. The reluctance values can be calculated from analytical
expressions without any help of FEM simulations. The reluctance network is therefore
universal for all machine types. As the rotor turns, the connections must be shifted. The
approach is quite similar to FEM analysis since a general mesh is used, even if the
solved equations differ. It can be expected that it is quite complicated to implement such
a model. The solver must be able to handle the discontinuities related to shifting the air
gap mesh. Perho did however in his study only consider the locked rotor case.
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Figure 2-9: Principle magnetic circuit used by Perho.

There are also a number of published papers using different versions of MEC
approaches. Sudhoff [38] used a method similar to Ostivic’ to analyze fault conditions
in an induction machine. Based on analytical parameter determination, he reports
excellent agreement between measurement and simulations. Amrhein [39] uses a
method more similar to Perho to obtain a 3-D model, also for an induction machine.
The purpose of the investigation here is somewhat different to what the models
presented above are intended for. One requirement is that it must be reasonably simple
to implement the model in a standard simulation package so that the motor can be
integrated with models of the grid or an inverter and also with a detailed model of the
mechanical load. The presented methods appear to be too complex for that, wherefore a
more simple approach is looked for. One interesting alternative was presented by
Slemon [36]. He presented a simplified synchronous motor model by replacing the
stator windings with an equivalent synchronously rotating sinusoidal current sheet. This
gives a much simpler model, but the sacrifice is that slotting effects can not be
represented. Delforge’s [37] method is more related to Ostovic’, but he uses the flux
derivative as flow variable. He thereby obtains a dual relation between the electrical and
magnetic domain, and can therefore use Bond-graph methods to describe the electromagnetic system. However, he did only study an elementary synchronous generator and
did not the consider pole surface currents.
The selected model is based on a combination of the methods described above. It
includes separate magnetic circuits for both the stator and the rotor. However, the stator
is transformed to a rotating equivalent, which eliminates varying air gap reluctances.
The purpose of this is to gain simulation speed. The flow variable is the flux derivative,
to obtain a coherent coupled equivalent circuit model, both for the electric and the
magnetic side. The model is suitable for programming directly in a graphical tool with a
dense magnetic circuit mesh.
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3 The simulation environment

This chapter gives an overview of different simulation tools. A classification based on
problem formulation method is made. The choice of the Dymola program is discussed
and motivated.

3.1 Introduction
The choice of proper simulation environment is not obvious. There is a wide variety of
different simulation programs. Many of them are intended for a specific physical
domain, like the electrical or mechanical ones. This may give some advantages like easy
usage and maybe a more safe convergence for the intended application. Others are more
general, which gives more freedom, but they may also require more from the user. The
purpose of this chapter is to outline the fundamental difference between different
simulations tools, and to motivate the choice that has been made here.
A first division can be made into block-oriented simulation tool like Simulink, and
equation-based simulation tools like Dymola. A block-oriented simulation tool is
characterized by the fact that the subsystems in the model have separate dedicated
signals for inputs and outputs. The final complete equation model must be converted
into a state-space form before integration. The big benefit with this approach is gain of
simulation time and it works well for some types of problems like control and signal
processing. In other cases, it is less useful. One reason is that series connection of statespace models might not end up in a new state-space model. A feed-back in the model,
for instance, can often result in a so-called algebraic loop, which can not be solved by
the block-oriented simulator. It is therefore hard to build reusable libraries. Instead, the
whole problem needs to be manually restructured in each case, which can be very
tedious. Another reason is that it is not always possible to describe a model in statespace form at all. A simple example is a RC-circuit with a non-linear resistance which
can be described by:
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C

duc
=i
dt

(3.1)

ur = R ( i + i 5 )

(3.2)

u − uc − ur = 0

(3.3)

This system must be described with combination of a differential equation and an
algebraic equation, a so called Differential Algebraic Equation system (DAE). Blockoriented simulation tools are therefore not useful as circuit-simulators.
In a circuit-simulator, it is instead required that all components can be treated
separately. It must be possible to build a reusable library of components, which does not
need to be changed depending on how the components are connected together. Their
interfaces are typically used as both input and output. There are two types of variables,
effort variables like voltage and flow variables like current. The relations between them
are governed by the circuit equations (Kirshoff’s laws in the electrical case). These
interface equations must be solved simultaneously with the differential equations during
the integration. Domain-specific simulators (Spice, EMTDC etc) handle this
automatically and invisibly for the user. However, the draw-back is that it limits the
range of problems that can be simulated.
The general case is covered by object-oriented simulators tools. These treat sub-systems
as individual objects with their own individual properties, and these objects
communicate with each other via well-defined interfaces. Further, objects can be used
inside other object forming a hierarchical structure. Over the years, several descriptive
simulation languages have been developed. However, it is very important to have a
common standard in order to enable reuse of the models. A working group was
therefore formed in 1996 to develop a new language called Modelica (see
http://www.modelica.org). The idea is that this language itself shall be free to use
without charge, but that the actual programming environment and solvers are supplied
by commercial actors. The language itself is very powerful because it has inherited
many of the object-oriented properties from the programming language C++. Further, it
is equation based which gives a big flexibility, and this is required for circuit simulation
as explained above.

3.2 Dymola
The starting point for selection of the simulation environment was that it must be a
circuit-simulator so that the grid or an inverter can be included in the model in a
convenient way. This requirement disqualifies Simulink. Further, it must be possible to
use a combination of graphical and row-based code to simplify the implementation. The
choice fell therefore on the simulation package Dymola, developed by Dynasim in
Linköping.
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Dymola is a graphical simulation tool that uses the simulation language Modelica. All
the graphical code is thus first converted into Modelica before simulation. It is also
possible to mix graphical code and manually entered row-based code, which is very
useful when implementing machine models. This makes it easy to parameterize the
model after the number of stator slots, poles etc.
The model library in Dymola contains a large number of ready-made models for the
electro-magnetic, mechanical and thermal domain. All model code is accessible, so it
possible to take a ready-made model and use it as a template to create a new model. In
addition, there are also block models, mathematical functions, state graphs and various
peripheral functions.
The simulator environment is divided into two parts: the modeling part and the
simulation part. The model is first drawn in the modeling editor and checked regarding
syntax and structure. The model is then compiled into C-code, and then finally
simulated. There are a number of different solvers available, suitable for different types
of problems.
The general experience of Dymola is good. It is however necessary to learn the
Modelica language to fully utilize the tool and to perform efficient fault tracing. This is
a threshold to get over, but once it has been mastered, it is easy and effective to build
complex models. However, one problem encountered in some cases is an excessive
simulation time. In all normal cases, when the model is properly build and all time
constants in the same range, the simulation runs very fast. But if there are some
difficulties in the model like inverter switching or high ohmic paths, the simulation can
be extremely slow because of short time steps. This can require high skills to solve, if
possible at all.

25

4 Synchronous machine MEC model

This chapter describes the detailed implementation of the synchronous machine MEC
model and how it is implemented in Dymola. Different possible circuit alternatives are
compared. Practical difficulties and issues are discussed.

4.1 Flux distribution in a real machine
The starting point for construction of an effective MEC model is to understand how the
flux flows in the machine under different operation conditions. The goal is to find the
natural “flux tubes”, and to use the corresponding magnetic areas to define the
equivalent circuit elements. Since it is not practically possible to measure the flux inside
the machine, the best option is to use FEM simulations. A FEM model of the GA84
machine has therefore been developed in the software FLUX2D.
Three different operation cases have been studied. The first case is synchronous
operation at rated speed, both with and without load. The main goal was to find out
whether there are parts that experience considerable magnetic saturation, and in which
cases this must be considered in the MEC model.
Figure 4-1 shows the flux density at no-load operation. As indicated by the yellow
color, it is mainly the stator teeth that are significantly saturated. Figure 4-2 shows the
corresponding situation but at full load torque. It can be seen that in this case also the
pole edges are heavily saturated. The conclusion is thus that at least in the stator teeth
and pole edges, saturation needs to be considered.
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Figure 4-1: No-load flux distribution. Color scale: 0.3T (blue), 1.0T (red), 2.0T (yellow).

Figure 4-2: Full-load flux distribution. Color scale: 0.3T (blue), 1.0T (red), 2.0T (yellow).
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In the next case the rotor is locked to the stator, and the stator winding is supplied with a
100A 50Hz 3-phase current. Such a situation arises during a direct on-line start, and it is
important to map how the generated flux links with the electric circuits and generates
starting torque. Figure 4-3 is a snap-shot of the flux distribution when the current vector
points in the d-direction. The flux density is highest at the mid of the poles: The flux
flows through the air gap, then circumferentially along the pole surface, further radially
along the pole core boundary and then finally either directly over the pole gap or via the
pole core to the adjacent pole.
Though it is difficult to conclude from the figure, the impact of the pole eddy currents
on the pole shoe flux linkage should be rather limited. This can be motivated by the fact
that the frequency is below the sub-transient cut-off frequency, see Section 5.4.1. Below
the cut-off frequency the flux linkage with the pole current is quite independent of
frequency. Above the cut-off frequency, the induced current will start to give a
considerable reduction of the pole shoe flux linkage.
The field winding should however have an important effect since the transient cut-off
frequency is as low as 2 Hz. Most of the flux still flows inside the iron core and thus
through the field winding (even if it is squeezed out to the pole boundaries). This will
induce a large current in the field winding, which counteracts the stator mmf. The flux
will therefore be forced to leak outside the field winding and over the pole gap as shown
in the figure.
The flux concentrates at the boundaries of the pole core due to the so-called skin effect.
This effect gives a considerable increase of the effective iron path reluctance, thus
giving an important contribution to the total reluctance which is otherwise dominated by
the leakage inductances. This phenomenon is a big challenge to implement in a MEC
model. The accurate solution is to divide the core into a very fine mesh for both for the
magnetic and electric parts. This should be doable, but it would complicate the model
far too much, at least in the first stage. If such accuracy is required, a FEM model might
be a better choice. This issue is further discussed in Section 5.5.
Figure 4-4 shows the same case but when the stator mmf acts mainly in the q-direction.
The main part of the flux that bridges the air gap now goes via the pole tips, then along
the pole surface and directly back via the opposite pole tip. Some of the flux in the
figure flows also through the core, but this is only because the field is not perfectly
oriented in the q-direction. The impact of pole current should be small at this frequency
for the same reason as before. Further, since the main portion of the flux is flowing
through the pole tips, saturation of the pole tips can be expected to have a big impact on
mainly the q-direction main inductance. However, it can also affect the d-direction highfrequency inductance, due to the flux flowing circumferentially along the pole surface
as described above. This effect is usually called cross-saturation, that is, that a ddirection flux saturates the q-direction flow path.
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Figure 4-3: Flux with 100A 50Hz current oriented in the d-direction.

q

Figure 4-4: Flux with 100A 50Hz current oriented in the q-direction. The fact
that flux distribution is not completely symmetrical around the axis only means
that the chosen time instant is not exactly when the flux space vector point in the
q-direction.
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The last case is also with locked rotor but now with an injected 500 Hz current. This
case is interesting because it reflects the flux paths for inverter harmonics. Figure 4-5
shows the flux distribution with the mmf in the d-direction: It is clearly seen that nearly
no flux reaches the rotor centre. A closer study shows that only half of the flux bridges
the air gap. The rest of the flux returns directly via a leakage path already in the stator
teeth. One reason for this is that the induced pole-face current now works as a magnetic
shield. This effect gets important typically above the sub-transient cut-off frequency.
The mmf generated by the pole face currents is then so big that the flux is forced out
from the pole surface. However, since the rotor is made of solid iron, this break-point is
very diffuse.
The pole gap flux is rather uniformly distributed. Half of it flows in banana-shaped flux
tubes directly between the pole tips, thus not linking with the field winding. This would
then correspond to the differential leakage path in the derivation of the dq-model in
Section 2.4. The rest, a quarter of the total flux, does link with the field winding and
thus induces a corresponding field current. In the derivation of the dq-model, there were
leakage paths assigned directly around both the pole face and the field currents. Since
the figure shows the total flux, it is not possible to separate them from the total flux.
Another interesting phenomenon that can be seen is that the flux concentrates in a few
stator teeth. This is assumed to be a consequence of the special stator winding
configuration which gives no overlapping of the upper and lower layer of the same
phase. As a result, it can be expected that high frequency paths are much more affected
by saturation than the low frequency path, since it is concentrateed in one single teeth.
For a dq-model, this may be hard to reflect, since the circuit parameters are average
values for a whole pole. A MEC model, with a detailed model of the stator, will
simulate this properly in a physically correct way. However, a simplified stator circuit is
used here in order to reduce simulation time, the accuracy may therefore be somewhat
reduced.
Figure 4-6 shows the flux distribution when the mmf is in the q-direction. The picture is
similar as for the 50 Hz case with the exceptions that the penetration depth is smaller
and that the flux concentrates in one tooth (the same effect mentioned above).
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Figure 4-5: Flux with 100A 500 Hz current oriented in the d-direction.

q

Figure 4-6: Flux with 100A 500 Hz current oriented (approximately) in the qdirection.
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4.2 Circuit layout
The purpose of this section is to define the structure of the complete circuit for the MEC
model. The goal has been to formulate a general approach which is independent of the
machine type. However, to keep complexity and simulation time within reasonable
limits, some special adaptation to synchronous machines proved to be necessary.
The best approach is to start with the magnetic circuit since this is the most complex
part. The machine is divided into a mesh of closed magnetic flux tube loops. These loop
correspond to the conductors in an electrical circuit, and they should reflect the real flux
paths. The magnetic circuits link with the electric circuits via gyrators. These, in turn,
form a closed path around the magnetic circuit loops. The magnetic and electric circuits
are thus interlaced: there is a magnetic flow path around each electric flow path and an
electric flow path around each magnetic one, all in correspondence with the symmetry
of Maxwell’s equations.
One important question is where to put the gyrators in the circuit loops. The real vortex
sources act all along the closed loop, but the gyrators must be located at discrete places.
These places must be selected in such a way that the correct potential is obtained, at
least in all nodes that connect to adjacent circuits. Further, it is necessary that the flow
really links with the gyrators, and does not slip away around them via adjacent circuit
branches.
Regarding the stator it is quite easy to find a feasible circuit layout. The flux flows in
parallel with the stator back and bends down via the teeth to the air gap. If the gyrators
are placed in the stator back, a proper relation between the magnetic and electrical
circuit is obtained, see Figure 4-7. The mmf changes step-wise along the stator back, as
more and more stator windings are encircled by the magnetic flux. In the same way, the
electrical circuit emf also increases stepwise, as more and more flux is encircled.

Figure 4-7: Illustration of the linkage between stator current (red) and flux (blue). The magnetic
potential for the stator is shown below, using the rotor centre as ground reference potential.

For the rotor, however, the situation is much more complicated. The magnetic flux can
flow in different directions depending on the frequency. The fundamental flux will flow
radially through the inner part of the pole, while high frequency flux will bend out
circumferentially and follow the pole surface. Further, the pole surface current can flow
freely and is not bound by conductors.

32

Chapter 4

The pole surface current is first divided into a number of segments. The distributed pole
surface current will thereby be treated as a fictive cage winding. The induced emf will
act in the shaft direction; the gyrators should therefore be inserted in the “ladder steps”
of the fictive cage winding.
For the magnetic part, a first alternative could be to place the gyrators in radial flux
branches. This ensures that the entire pole flux will link with the gyrators. However, the
relation with the electrical circuit mmf must then be described by an equation set:
N

m = ∑ Ik

(4.1)

k =1

N corresponds to the number of encircled pole surface current segments. The model will
then not constitute a pure circuit.
A second alternative is to use the same circuit layout as for the stator. It is then assumed
that the fundamental flux follows the same path as the high frequency flux, that is, along
the pole surface and down via the pole boundary. The benefit is then that a simple
circuit is sufficient.
However, neither of the two first alternatives enables an accurate description of the skin
effect. A third alternative is therefore proposed in Figure 4-8. This is a more general
circuit which considers both circumferential and radial flux paths. Both paths will
generate an axial emf in the electrical circuit, but they are distributed differently. The
radial magnetic flux will determine the circumferential electric field variation (and thus
the current distribution), while the circumferential magnetic flux determines the radial
electric field variation (that is, skin effect). The electric circuit has therefore been
divided into radial layers, each experiencing a different total axial emf due to the
circumferential flux. As in the first alternative, the relation between the magnetic and
electric circuit must be described using equations. The gyrators are therefore not true
gyrators, but rather mmf and emf sources interlinked by equation sets.

Figure 4-8: General pole-shoe circuit.
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However, the goal here was to find a reasonably simple circuit description. It has
therefore been decided to use alternative number two. In other words, only the
circumferential current distribution is considered and not the skin effect.
The drawback with this simplification is that it disables modeling of saturation in the
pole tips in a proper way. As the FEM simulation showed, the pole tips can get highly
saturated by the main flux in the load case. There is no straightforward way to include
the saturation effect in the simple model since the flux takes the same path irrespective
of load. It would of course be possible to introduce a kind of artificial load angle
dependent saturation, but the philosophy here has been to use only physical models.

Excitation
winding

Pole tip

Air-gap

Stator

The complete model is outlined in Figure 4-9. The machine is divided into four radial
layers: the stator, the air gap, the pole core and the rotor back. These, layers in turn,
have been divided into a number of circumferential segments. For the simulations here,
28 segments per pole pair were used because this choice gives a fair trade-off between
resolution and computation time. A higher resolution can easily be obtained by
increasing the number of segment parameter. The number should however be a multiple
of four to give symmetry around both the d and q axis.

Figure 4-9: Circuit model with 6 segments per pole. The blue arrow indicates the DC flux path, the
green arrow the low frequency path and the red one the high frequency path.

The colored arrows illustrate the main flux path for different frequencies. The blue
arrow shows the main flux path at no-load. When the frequency increases, the field
winding current will create an mmf which forces the flux to flow around the field
winding and leak over the pole gap. This is indicated by the green arrow (but the flux
can also flow through the Csl and Cagc branches). The Cptc permeances will in fact be the
flux limiting bottleneck at this frequency. As the frequency goes even higher, the pole
face current will also become important. The flux will then be forced to flow in a thin
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layer in the pole surface, and thus passing through the pole surface element of Cagc. The
resulting effect is that more flux is leaking between the poles already at the top of the
pole, which is indicated by the red arrow.
The next issue is how to handle the rotation of the rotor with respect to the stator. It was
first attempted to use the same solution as Ostovic´ [25]. He has one magnetic circuit
fixed to the stator, and one fixed to the rotor. The air gap is represented by variable
permeances. As the rotor turns, the air gap permeances changes with time. The
constitutional expression for corresponding capacitance elements must therefore be
expanded:

im =

du
dCm dθ
dφ
= Cm m + u m
dt
dt
dθ dt

(4.2)

One complicating issue for the implementation in Dymola is that the simulator only can
handle time derivatives. This can however be solved by deriving an explicit function for
the permeance angle derivative.
A more severe obstacle discovered in this work is that simulation time gets extremely
long with this type of model. One reason for this is that the permeance derivative will
change very steeply, resulting in a very short time step. Another reason is believed to be
that the variable air gap capacitors introduce a non-linearity in the system. If the
problem with long simulation time is specifically related to the Dymola environment
remains to be investigated. Despite serious attempts, it has not been possible to find any
practical solution which brings down the simulation time to an acceptable level. It was
therefore decided to use a simplified model and disregard the impact of the stator slot
geometry. This makes it possible to substitute the real stator winding with a
synchronously rotating equivalent one as described below. All permeances seen from
this equivalent winding will then be constant, since the equivalent winding rotates with
the rotor. The benefit with this is thus a considerably shorter simulation time.
Finally, there is one more complication with using the flux derivative as flow variable
instead of the flux itself which can be mentioned. As shown above, a permeance
element will appear as a capacitor. But if two capacitors are connected in parallel, their
belonging state variables (that is, the charge) will not be unique. Instead, the capacitors
should be combined into one common capacitor. This is normally handled automatically
by the circuit solver, but sometimes the solver fails and instead interprets the problem as
singular. The solution is then to either simplify the model by hand, or to introduce a
small resistive element in each branch. This has been done in a couple of cases as
shown below.

4.3 Stator winding and stator core
To avoid excessive calculations time the whole stator part is transformed into a
synchronously rotating frame. The sacrifice is then that the effect of stator slotting must
be disregarded. Other spatial effects can however be preserved as shown below.
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The stator voltage vector is first transformed into its 2-phase equivalent (that is, with the
so-called Clarke’s transformation). It is here assumed that the negative sequence voltage
has no impact on the machine behavior, which is normally true. Using amplitude
invariant scaling, the stator voltage equation is:
usabc = usαβ Tαβ = Rs is abc +

Tαβ

dψ sabc
dψ sαβ
= RsTαβ is αβ + Tαβ
dt
dt

0 ⎤
⎡2
⎥
1⎢
= ⎢ −1
3⎥
2⎢
⎥
⎣ −1 − 3 ⎦

(4.3)

(4.4)

The equation (4.3) can now be further transformed into the rotor synchronous frame:
dq
dψ sαβ d (Tdqψ s ) dTdq dq
dψ sdq dTdq t dq
=
=
=
ψ s + Tdq
ur dt + Tdq urdq
dt
dt
dt
dt
dt ∫0

(4.5)

⎡cos (θ ) − sin (θ ) ⎤
Tdq = ⎢
⎥
⎣ sin (θ ) cos (θ ) ⎦

(4.6)

The dynamic stator voltage ur expresses the induced voltage relative the rotor frame and
it is obtained from the synchronous frame MEC model. This gives a convenient
structure of the model. All coordinate transformations are thus performed in the
electrical circuit outside the MEC-model and they can be implemented in a separate
block, see Figure 4-15. It should however be observed that the stator resistance must be
placed on the 3-phase side in the Dymola implementation. Otherwise the flux estimation
in (4.5) will be wrong (that is, the integral term).
The Dymola implementation of one stator segment is shown in Figure 4-10. The stator
conductors are represented by two gyrators located in the stator back circuit. It should
be noted that these are not the real conductors, but the gyrators represent the equivalent
winding. One gyrator represents the d-winding and the other one the q-winding. Further,
these gyrators are obtained from the standard Modelica library but specially designed to
enable variable gyration gain. The purpose is to implement the equivalent phase
winding according to Section 4.3.1. The code for this model is for simplicity reasons
written directly in Modelica and is shown in Appendix 2. When the sinusoidal
distributed winding according to Section 4.3.2 is used instead, the gyrator can be
replaced with the standard library component.
There are three permeance capacitors: the stator back permeance Csb, the stator teeth
permeance Cst and the stator slot leakage permeance Cstst.
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Figure 4-10: Stator segment. The two special elements in the stator back circuit are gyrators with
variable gain.

FEM simulations have showed that the stator teeth saturate already at normal operation
conditions. The corresponding circuit element Cst is therefore a saturable capacitance as
indicated by the special symbol in the figure and it is further described in Section 4.3.3.
There are also a couple of small resistance elements included. These have showed to be
necessary to make Dymola accept the model. Otherwise, the program considers the
model to be singular.

4.3.1

Equivalent 2-phase winding

It is possible to define a completely equivalent 2-phase winding to the real 3-phase
winding. It is true that the number of conductors per slot then will end up in a noninteger, but this not a problem as long since it is only a model.
The distribution of the real 3-phase stator winding is given by the matrices below.
⎡ 1 … 1 0 … 0 0 … 0 −1 … −1 0 … 0 0 … 0 ⎤
u
= ⎢⎢ 0 … 0 0 … 0 1 … 1 0 … 0 0 … 0 −1 … −1⎥⎥
N abc
⎢⎣ 0 … 0 −1 … −1 0 … 0 0 … 0 1 … 1 0 … 0 ⎥⎦

(4.7)

⎡ 0 … 0 0 … 0 −1 … −1 0 … 0 0 … 0 1 … 1 ⎤
= ⎢⎢ 0 … 0 1 … 1 0 … 0 0 … 0 −1 … −1 0 … 0 ⎥⎥
⎢⎣ −1 … −1 0 … 0 0 … 0 1 … 1 0 … 0 0 … 0 ⎥⎦

(4.8)

N

l
abc
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An equivalent 2-phase winding Nαβ in the fixed frame can be determined by demanding
that it should give the same mmf distribution m:
u
l
N abc = N abc
+ N abc

(4.9)

m = N abc iabc = N abcTαβ iαβ = Nαβ iαβ ⇒ Nαβ = N abcTαβ

(4.10)

Using (4.10) gives the winding distribution ns [windings/slot] and resulting mmf [A]
distribution according to Figure 4-11.
4
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Figure 4-11: Winding distribution and resulting mmf for the d-direction (blue) and the qdirection (green).

The next step is to transform the 2-phase windings into their synchronous frame
equivalent. It means that we want to find the 2-phase windings which give the same
mmf as the real winding, but as seen from a fixed point on the rotor.
The mmf distribution along the stator can be expressed as a function of the angle θ
relative the stator α-axis:
m (θ n ) = nαβ (θ n ) iαβ

(4.11)

The mmf distribution for a point fixed relatively the rotor is then:
m (θ n + ω t ) = nαβ (θ n + ω t ) iαβ

(4.12)

By expressing the stator current space vector in synchronous coordinates we get:
m (θ n + ω t ) = nαβ (θ n + ωt ) Tdq−1Tdq iαβ = ndq (θ n + ωt ) idq

(4.13)

ndq (θ n + ω t ) = nαβ (θ n + ω t ) Tdq−1

(4.14)

Equation (4.14) is thus the searched synchronous frame winding distribution. This
distribution is a function of time since the flux linkage between the rotor flux and the
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stator winding depends on the rotor angle. The distribution function will be constant in
time if the stator winding distribution is perfectly sinusoidal, otherwise it will pulsate.
Stator winding space harmonics will thus be reflected, which is usually not the case in
synchronous frame models.
The gain in the gyrators in Figure 4-11 should consequently correspond to the derived
winding distribution function (4.14). Since it varies in time a standard gyrator can not
be used, instead a special element must be programmed. This is easily done in Dymola,
see Appendix 2.
The mmf generated by a 3-phase winding is given by:
mˆ =

3
N se iˆ abc
2

(4.15)

Please note that there is a factor of 3/2 because the 3-phase windings interact with each
other. This factor will not arise for the two phase winding. The mmf will for such a
winding be:
mˆ = N dq iˆ dq

(4.16)

To compensate for this difference so that the 2-phase winding gives the same mmf as
the 3-phase winding must the 2-phase winding have 3/2 time more turns than the 3phase winding. This gives the correct mmf amplitude and thus the correct flux level in
the magnetic circuit.
The induced winding voltage is directly proportional to the number of turns and the flux
linkage derivative according to (4.17) both in the 3-phase and 2-phase system.
u=N

dψ
dt

(4.17)

With 3/2 times more turns in the 2-phase winding than the real one, the induced
winding voltage will also be a factor of 3/2 higher, which is not correct. This can be
compensated in the gyrator by having different gyration gains in the two directions.
This may appear a little artificial, but it is necessary. In fact, using the gyrator gains is a
convenient way to simulate several features as illustrated in Table 4-1.
Factor
Number of winding turns
2/3 phase transform
To consider that each “slot” contribute with half
of the winding turn mmf
Simulate 3 series couplet poles
Total factor
Table 4-1: Stator gyrator gain factors.

G1=-im/ue
1/N

1/3
1/3/N

G2=ie/um
1/N
2/3
2
4/3/N
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4.3.2

Sinusoidal distributed winding

The equivalent 2-phase winding required a time varying winding distribution.
Simulations have shown that this causes very long simulation times in Dymola. The
reason is not clear, but this investigation effect has to be left for future work. However,
in most machines, the stator winding distribution is such that the impact of mmf space
harmonics is quite small. It can then be acceptable to approximate the real winding by a
sinusoidal distributed winding, which gives a constant winding distribution function.
This has been made in most of the simulations in this work to save time.
The wanted sinusoidal winding must give the same fundamental wave mmf as the real
winding. This can be calculated according to below:

mˆ (1) =
N1 =

f r (1) = fu (1) f st (1)

32 ˆ
N1i
2π

(4.18)

q ⋅ ns ⋅ f r (1)

(4.19)

cs

⎛ qπ ⎞
sin ⎜
⎟
⎝ 2 ⎠ ⋅ sin ⎛ π y
=
⎜⎜
⎛α ⎞
⎝ 2τ p
q sin ⎜ ⎟
⎝2⎠

⎞
⎟⎟
⎠

(4.20)

The mmf from the fictive sinusoidal distributed winding with Ndq turns will be:

mˆ (1) =

N dq
2

iˆ

By requiring the same fundamental mmf from the 2-phase winding as from the real
winding, the number of winding turns in the 2-phase winding is obtained:

Nd = Nq =

6 qs ns f r (1)
cs
π

(4.21)

The ideal continuous sinusoidal turn density is then:

nd =

Nd
sin θ
2

nq = −

Nq
2

cos θ

(4.22)

(4.23)

The simulation model is divided into Nseg segments per pole pair. The number of turns
for each segment will be:
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N d (k ) =

N dq

Nq(k ) =

N dq

2
2

Δθ k =

4.3.3

sin θ k Δθ k

(4.24)

cos θ k Δθ k

(4.25)

2π
N seg

(4.26)

Saturation model

Consider a given magnetic potential difference um. The resulting magnetic flux is:
φ = Λum

(4.27)

The permeance is proportional to the permeability. The permeability, in turn, depends
on the magnetic induction:

μ ( B) =

B Λ ⋅ um
=
H
A⋅ H

(4.28)

where A is the cross section area of the considered flux tube. The saturated permeance
can thus be expressed:
Λ=

μ ( B)
μ ( B)
Λ
=
Λ
= k ( B ) Λ unsat
μunsat unsat μ0 μ r unsat

(4.29)

This relation can be obtained from measurements made by the steel manufacturer, see
Figure 4-12. The relative permeability μr can be estimated from the zero magnetic field
asymptote towards zero.
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Figure 4-12: Saturation curve for steel Surahammar M400-50.

The flow in the magnetic circuit is the flux derivative. The complete relation between
effort and flow will differ slightly from the conventional capacitor in that there is an
additional term (see also appendix 2):
im =

du
dCm
dφ
= Cm m + u m
dt
dt
dt

(4.30)

Cm = k ( B) ⋅ Cm ,usat

(4.31)

B=

1
Cm ⋅ u m
A

(4.32)

where A is the cross sectional area of the considered flux tube. The first attempt was to
implement the complete expression in Dymola, using table interpolation for the
saturation curve and then calculating the permeance derivative directly in Modelica
using the “der(Cm)” command. This worked well in a simple circuit, but not at all in the
full MEC model. The Dymola solver could not converge. The second term had therefore
to be removed. This implies that only static saturation is considered. Further
investigations may show how this problem can be solved. One possible way could be to
fit an analytical function to the saturation curve instead of using table interpolation. It
would then be possible to obtain an analytical function also for the flux derivative,
which could help the solver.
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4.4 Air gap and pole shoe
The circuit models for the air gap and the pole shoes are combined into one element.
The challenge is to reflect the impact of pole surface currents in the proper way. As
explained above, this is performed by guiding the magnetic flow in the circumferential
direction for all frequencies, even the DC flux. All elements are connected to the stator
in the radial direction and to each other in the circumferential direction, but only the
pole tip elements are connected to the pole core, see also Figure 4-9.

Figure 4-13: Circuit for one pole shoe segment.

The air gap permeance elements Cagr determine the main inductances and the shape of
the radial flux distribution. The flux through Cagc corresponds to the high frequency
leakage path and the related permeance will together with the value for the pole surface
resistance reflect the sub-transient time constant.
The current paths in the pole surfaces are modeled as a cage winding. Rps represents the
resistance along the axial path of the current, and Rpe represents the resistance along the
circumferential paths. The elements between the poles can be interpreted as the total
resistance for currents flowing between the poles via the rotor core.
The permeance Cptr and Cptc inside the poles will be very high thus having but a minor
influence on the model performance. Between the poles, the parameter Cptc represent the
transient leakage path as described in Section 4.1. The value of this parameter together
with the pole surface resistance Rps has big a influence on the starting torque of the
machine.
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4.5 Pole core and field winding
The pole core model connects all the pole shoe segments in the radial direction, and
includes also the model for field winding. The connection point for the pole shoe
elements is dp1 and dp2 for the south pole, and dn1 and dn2 for the north pole. As
mentioned above, it is only the pole tip elements that are connected to the pole core.
The field winding is divided into two parts for symmetry reasons, and these two parts
are represented by the two gyrators. The magnetic circuit is grounded at the centre
point.

Figure 4-14: Rotor core.

Simulations have shown that the electrical side of the two field winding halves cannot
be purely series connected. There must be a branch that allows some difference in the
current. Otherwise Dymola classifies the problem as singular since there must be a path
for the induced field current caused by the q-direction flux. This is offered by
introducing the resistors 2 and 3. The resistors 1 and 4 correspond to the field winding
resistance. However, a q-direction flux will induce counteracting emf polarities in the
coils, thus no net current will flow through the actual field winding.

4.6 Torque calculation
There are several alternative methods for calculation of the electromagnetic torque. The
most sophisticated way is probable to use the Maxwell force tensor, for which the
components in cylindrical coordinates are:
σrt =

1
1 2
BB −
B δrt
μ0 r t 2μ0

(4.33)

The tensor describes the force pressure on the surface element at a given point. The
torque is produced by the tangential components along the rotor surface. This is thus
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represented by the non-diagonal elements, which are a product of both radial and
tangential flux. To be able to use the Maxwell force method, it is necessary to have a
detailed knowledge of the local electromagnetic vector fields at each point. This is
possible in FEM-based models, but probably not in MEC models. Instead one common
approach is to use the co-energy concept, see for instance Ostovic´ [25]:
T = U m2

dΛ
dθ

(4.34)

This works well with a fixed frame model because the magnetic energy change arises in
the variable air gap capacitors. However, in a synchronous frame model as the one used
here the air gap permeances are constant and the energy conversion will instead take
place in the stator. This torque calculation method is therefore not applicable here.
Instead, the flux linkage method is therefore used. This is the traditional method used
together with dq-models:
T =

3p
( ψ i − ψq id )
2 dq

(4.35)

The flux linkage can be obtained by integration of the stator voltage as in the dqtransform. It is thus possible to implement the torque calculation as a separate block, see
Figure 4-15. The code has for the sake of simplicity been coded directly in Modelica,
and is shown in Appendix 2. It would however not be a problem to use graphical code
instead.

4.7 The complete drive system
The complete simulations model is shown in Figure 4-15. All different parts are
implemented in separate blocks: a grid model, the synchronous frame transformation
block, the actual MEC model, a torque calculation block, and finally a load model. The
possibility of dividing the model in this way is one of the great benefits of using an
equation based simulator. Each block can then be treated separately and they can be
reconnected or replaced as required.

Chapter 4
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Figure 4-15: The complete system.

Two different grid models have been used in this investigation. One is a simple 3-phase
voltage source with an impedance in series. This is used to simulate a direct on-line start
and to examine fundamental frequency properties like torque characteristics. The
second grid model is a two-level inverter bridge. This is used to make a first evaluation
of how the MEC-model works in combination with a drive system since this was one of
the main objectives for this work.
The load model consists of a simple inertia with damping plus a pure torque sink. The
load model can however easily be expanded using multiple inertias and complex torque
characteristics.
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5 Parameter determination

This chapter deals with the task of determining model parameters. Both experimental
and analytical methods are considered, with more emphasis on experimental methods.
The last section provides the final set of parameters used in this work.

5.1 Introduction
A very essential question is how the model parameters can be determined. There are
three basic options: (1) analytical calculations from the design data, (2) Finite Element
Analysis, and (3) experimental system identification. The first two ones are the only
choices for new designs. Analytical parameter determination is usually the preferred
method because FEM calculations are both time consuming to perform and it may not
be at all trivial how to interpret the result and convert it into circuit model parameters.
Experimental verification is in both cases necessary to calibrate the results.
In this work, a combination of analytically calculated and measured parameters is used.
It must be admitted that the analytical calculations are quite approximate, but the
principles are outlined and they can be used as a base for further development of more
accurate relations. The emphasis is instead put on experimental parameter
determination. Extensive measurements were first performed to find parameters for the
dq-model circuit in Figure 2-1. In connection to this, a separate study was performed
with the purpose to investigate how additional pole screens influence the parameters.
This study has been reported separately, see [41], but the results are used also in this
work as a reference for the calculation of MEC model parameters. These are based on
analytical relations but they are tuned to agree with measurements.
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5.2 Analytical parameter determination
There are two types of parameters: resistances for the electrical circuits and permeances
for the magnetic circuits.

5.2.1

Resistive parameters

The stator winding resistance can easily be calculated or even measured, while the
equivalent pole surface resistance is more difficult to obtain. Pole surface currents are
induced by an AC magnetic field through the machine. As seen in Section 4.1, these
currents will flow in a thin layer in the pole shoes, and the thickness of the layer is
characterized by the skin depth. The flux concentration can be quite high, which results
in local saturation of the iron. This saturation will make the flux to choose a different
path, which in turn, decreases the induction of pole currents. The flux can then penetrate
deeper into the pole until a balance arises. This process is complex to treat analytically,
and only a very approximate calculation is made here. Neglecting saturation, the skin
depth (for a plane wave) is given by:
2

δ=

(5.1)

ωσμ

The axial equivalent resistance can then be written:
Rz =

(

2Lρ

θs r − ( r − δ )
2

2

(5.2)

)

A typical value for the pole resistivity is 0.4-0.5 μΩm, and assuming a constant relative
permeability ur=700 gives the pole surface resistance according to Figure 5-1.
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Figure 5-1: Skin depth as a function of frequency.

The figure shows that the surface resistance is highly frequency dependent and it drops
rapidly below 10 Hz.
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5.2.2

Permeance parameters

The value of the capacitor elements in the magnetic circuit equals to the value of the
permeance of the corresponding flux path in the real machine. This can be approximated
by different geometrical elements. The permeance for a rectangle can be defined by
using Ampere’s law (2.3) (L is the axial length):

φ

Φ

h
= I = Vm
μ ⋅L⋅w

h

Λy =

φ
Vm

=μ

L⋅w
h

(5.3)
(5.4)

W

This relation can be directly used to find the parameter values for Cst, and Cpcr.
However, because of the high permeances of iron, the effect of the Cpcr on the total flux
level is negligible.
The permeance for more complex geometries can be found by dividing them into
infinitesimal rectangles and integrating these over an appropriate area. Several
geometries have been treated in [25], and the results for the used geometries are
repeated here for convenience.
The air gap permeances under the pole can be approximated by a circle segment with an
angular width α.

Λr =
Ri
Ry

Λϕ =

μ Lα
⎛ Ry ⎞
ln ⎜ ⎟
⎝ Ri ⎠

μ L ⎛ Ry ⎞
ln ⎜ ⎟
α ⎝ Ri ⎠

(5.5)

(5.6)

Equation (5.5) is used to determine the parameter Cagr, and (5.6) gives the Cagc. There is
however a longer air gap at the pole edges. The extra permeance associated to thei gap
can be approximated by a trapezoid:
h1
h2

W

Λy = μL

w
⎛ h2 ⎞
ln ⎜ ⎟
h2 − h1 ⎝ h1 ⎠

(5.7)
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The permeances Cptr and Cptc inside the pole shoe correspond to the thin layer in which
the flux is flowing in the pole surface at high frequencies. Their values can in principle
again be found by using (5.5) and (5.6), respectively. This is not so easy in practice,
however, since the permeances depend on both penetration depth and iron permeability.
A rough guess can be made from the FEM calculations presented in Section 4.1. These
calculations indicate that the penetration depth is around 2 mm and that the permeability
is around 700.
The corresponding permeances in the pole gap belong to the inter-pole leakage path.
This has a big influence on the torque pulsation level during asynchronous start. It is
uncertain whether it is best to approximate them as circle segments or trapezoids. The
trapezoid have been used in this work, see equation (5.7).
Finally, the equivalent stator slot leakage permeance can be calculated in accordance
with formulas in [34], page 180 (the slot shape is rounded like a rotor slot). This gives
the permeance:
Λ sl =

μ0
⎛ hss hsys
⎞
+
+ 0.67 ⎟
⎜⎜
⎟
⎝ 3bss bsys
⎠

(5.8)

5.3 Experimental characterization
Experimental model estimations can be performed either at standstill or on-line (during
operation). It has been claimed that standstill measurement methods tend to
overestimate the system damping [16]. One suggested reason for this is the absence of
magnetic saturation. However, the practical difficulties to achieve sufficient
measurement accuracy with on-line measurements are so big that standstill
measurements are normally used anyway, so also here.
The traditional method is called the Standstill Frequency Response test method (SSFR)
[11]. This method has the advantage of being easy to understand, and, when properly
performed, it will give accurate results. The disadvantage is that the required
measurements are very time-consuming and that the model order needs to be known in
advance (that is, the number of damper circuits).
A second alternative which is being widely used for general system identification is the
Prediction Error Method (PEM) [13]. This method is on the other hand very easy to
perform, and it also offers means to determine the required model order in a structured
way.
The d and q axis properties can be studied separately by turning the rotor so that the
stator magnetic field is parallel or perpendicular to the rotor pole axis. A schematic
diagram for the test set-up is shown in Figure 5-2.
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Figure 5-2: Test set-up for parameter identification in the q-axis.

The stator power supply is a signal generator and an AE Techron LVC 5050 power
amplifier. The data acquisition system consists of a Yokogawa DL750 together with
current and voltage probes.

5.3.1

Frequency response test

The procedure for the Standstill Frequency Response test is described in IEEE Std. 1151995. It is based on spectral analysis and is performed for one single frequency at a
time. The method enables high accuracy, partly because a high signal to noise ratio can
be achieved by using a long measurement time, and partly because the measurement
equipment can be optimally utilized at each particular frequency (by adjusting gain and
sampling frequency).
By combining (2.9), (2.10), (2.12) and (2.13), the d-direction stator voltage equation can
be rewritten:

U sd − Rs I sd = sLd (s )I sd + sG (s )U fs

(5.9)

The frequency response for the two transfer functions Ld(s) and sG(s) can be measured
at the same time. A sinusoidal voltage is applied on the stator terminals with the field
winding being short-circuited. The stator voltage, the stator current and the field current
are measured, and the transfer functions are computed as follows:

Ld (ω ) =

U sd (ω ) − Rs I sd (ω )
I sd (ω )

sG (ω ) = −

I fs (ω )

I sd (ω )

(5.10)

(5.11)
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The field to stator reduction factor kri can be obtained from (1) measurement of the
stator current to field voltage transfer function (with open field winding), and (2) the
armature to field open circuit impedance Zafo. Since it is the real field voltage that is
measured (not reduced to the stator level), the measured transfer function is:
U ff ( s )
Id ( s )

N fe

=

N se

⋅ Z afo ( s )

(5.12)

From this we get:
kri =

U ff
3 N fe 3
1
=
lim
2 N se 2 s ⋅ Lad ( 0 ) s → 0 I d

(5.13)

The frequency response must be measured for a wide frequency range, normally from
10 mHz up to a few kHz. The procedure is therefore very time consuming, at least for
the low frequency points, which can take hours.
The circuit parameter determination is usually performed in steps. The winding
resistances are first obtained by direct measurements. Special measures may be needed
to avoid influence of the contact resistance. Next, the stator leakage inductance is
usually obtained by analytical calculations. The air gap inductance is then determined
by extrapolating the operational inductance functions down to zero frequency. Finally,
the damper circuit parameters must be determined by employing non-linear curve-fitting
(using for instance the Nelder-Mead algorithm). This is easily performed with low order
models, but can already with dual damper branches be quite delicate. It may then be
necessary to start with an analytically calculated solution, for instance the one suggested
in [14].

5.3.2

Time domain test

The Prediction Error Method (PEM) [13] is a statistical method, which returns the
parameter set and minimizes the single-step model prediction error:

θˆ = arg min VN (θ , Z N )

(5.14)

Here, VN is the variance of the prediction error, θ is a parameter set for the selected
model and ZN is a vector of measured old input and output data. A popular model
structure is the Autoregressive Exogenous (ARX):

A(q ) y(k ) = q − nk B(q )u (k ) + e(k )

(
B (q ) = (1 + a q

A(q ) = 1 + a1 q −1 … a na q − na
1

−1

… a nb q − nb

)
)

(5.15)
(5.16)
(5.17)
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where q is the shift operator. The output y is thus a linear regression of the inputs u, the
noise e and old outputs y. This gives an explicit relation for the model parameters,
which is very timesaving.
In contrast to the SSFR method, it is now the stator input admittance that is estimated
instead of the operational inductance, partly because the model must be a proper
function (number of poles >= number of zeros) and partly because the flux is not
measurable but must be estimated via integration.
The measurement setup can be the same as for the SSFR described above, but instead of
a sinusoidal signal, the system is excited with a noise type signal. What is important is
that the excitation signal is sufficiently “rich” in the whole interesting frequency range.
A big advantage with the PEM approach is that the system dynamics does not need to
be known in advance. Instead, a “black-box” identification approach is possible.
Another advantage of a more practical nature is that the test is fast to perform since only
one measurement is required for the d and q directions.

5.4 Parameter identification from measurements
5.4.1

SSFR measurement results

The test machine is equipped with additional copper screens on the pole shoes. As these
were believed to have an important impact on the machine dynamic properties, the test
procedure was performed both with and without these screens. The measurements were
performed at 10 frequency points per decade, from 10 mHz to 1 kHz. From this, the
frequency response for Ld(s), Lq(s), sG(s) and Zafo(s) was computed according to
Section 5.3.1. The achieved transfer functions are shown in Figure 5-3 and Figure 5-4.
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Figure 5-3: Measured operational inductance with (solid) and without (dashed) pole
screens.
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As shown, the presence of pole screens have a big impact on the high frequency
behavior above 10Hz. The inductance is reduced, and the curve has two clear breakpoints. Without copper screens, the high-frequency shape is more rounded. The reason
for the different shapes is believed to be the skin effect. The copper screens are thinner
than the skin depth for the second break point (the skin depth is 2 mm for copper at 100
Hz), thus the screens in practice work as a traditional damper bar cage. In the case of
only pure solid iron poles, the skin effect has a strong impact on the current distribution,
thus an apparently non-linear transfer function is achieved.
Figure 5-4 shows the measured rotor to stator reduction factor Naf. The rotor to stator
turns ratio equals the low frequency limit of Naf, which without pole plates is close to
50.
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Figure 5-4: Measured field to stator turns ratio.

5.4.2

Second order model

With pole screens, the SSFR measurements show the presence of two clear zeros in the
d-direction operational inductance and one zero in the q-direction. The first zero in the
d-direction is related to the field winding current and gives the traditional transient time
constant, while the second one is related to the pole face currents and gives the subtransient time constant. The classical 2nd order model (cf. Section 2.3) with one damper
circuit in each direction should therefore be adequate.
The model parameters were determined using curve fitting according to Section 5.3.1.
The measured and estimated transfer functions for Ld and Lq are compared in Figure
5-5.
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Figure 5-5: Operational inductance from measurement (solid) and 2nd order model
(dashed) with pole screens.

As shown, the estimated Ld(f) transfer function fits well with measurements while there
is a bigger deviation for Lq(f). This is logical and can again be explained by the skin
effect. The q-direction currents need to flow between the poles and thus partly in the
solid iron part, which is why the shielding effect of the copper screens is less
pronounced.
Using the same curve fitting procedure as before for the machine without pole screens
gives the result as shown in Figure 5-6.
Estimated operational inductance magnitude

Ld [H]

-3

10

-4

10
-2
10

-1

10

0

10

1

10
f [Hz]

2

10

3

10

4

10

Lq [H]

-3

10

-4

10
-2
10

-1

10

0

10

1

10
f [Hz]

2

10

3

10

4

10

Figure 5-6: Operational inductance from measurement (solid) and 2nd order model
(dashed) without pole screens.

The figure shows that a 2nd order model resembles the frequency function quite poorly
in the high frequency region, especially in the q-direction. The model parameters for
both cases are anyhow given in Table 5-1.

56

Chapter 5

Screens

Yes

No

Rs

0.034

0.034

Ls

0.072

0.072

Lad

0.830

0.830

Rd1

0.142

9.189

Ld1

0.215

0.295

Lf1d

-0.088

-0.125

Rfs

0.002

0.002

Lfs

0.262

0.270

Laq

0.528

0.528

Rq1

0.130

0.831

Lq1

0.145

0.131

Table 5-1: Measured model parameters given in per unit values, with and without the
pole screens mounted.

It can be noted that the differential inductance Lf1d is negative which is typical for solid
rotor machines. Negative inductances can be hard to accept from a physical perspective,
but this phenomenon is an unavoidable consequence of the simplified circuit model
topology. It reflects that the field winding is better linked with the stator winding than
the rotor damper circuit [8]. This in turn is due to the fact that the damper windings in
reality consist of distributed currents in the pole plates. Some part of the field winding
flux does not link with the damper windings but flow via the pole tips directly to the
stator. To sum up, accurate value of the differential inductance is essential to achieve a
good match of the rotor to stator transfer function sG(s), because it is closely related to
the rotor to stator interaction.

5.4.3

Model for solid rotor synchronous machines

Without pole screens, the pole face currents will flow in the solid iron in a layer
determined by the skin depth:
δ=

2

ωσμ

(5.18)

This layer can be looked upon as an infinite number of stacked damper bar cages. Its
impact on the machine dynamic can be approximated with a number of lumped damper
circuits; the question is how many layer elements that are required. One promising
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method to investigate this matter is to perform model identification using the PEM
approach. This enables fast evaluation of a big range of “black-box” models. Successful
results based on step-response data have earlier been reported in [15]. It is claimed that
step-response data is very suitable for measurements on electrical machines. However,
it was difficult to achieve equally good results with the GA84 machine because of its
low stator resistance. The reason is as follows. A voltage source can be represented by
an internal voltage Ei in series with a resistance Ri giving the transfer function:
Rs + sLd , q ( s )
Us
=
Ei Ri + Rs + sLd , q ( s )

(5.19)

Since the stator resistance is very small, the transfer function has a derivative effect. As
a result, the test signal spectra will be very strong in the high frequency range resulting
in poor accuracy in the low frequency range. Therefore, instead a bandwidth limited
noise signal from a signal generator was used.
A full range of ARX-type models was identified, using the Matlab System identification
toolbox. The resulting error variance is shown in Figure 5-7.
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Figure 5-7: Prediction error variance versus number of parameters.

Figure 5-7 indicates an optimal model with 10 parameters. However, a closer study
shows that all the obtained models from this test that have more than 5 parameters are
unstable (that is, has poles in the right half-plane) and must be rejected. The 5-parameter
model is the ARX321, and a conversion to the continuous domain shows that its 3 poles
are close to the ones for the SSFR model, but that the gain and the zeros differs
considerably (the ARX321 model is not even a minimum phase system):
Yd SSFR ( s ) =

4609 (s + 5944) (s + 0.67)
(s + 1329) (s + 59.0) (s + 0.64)

(5.20)

Yd PEM ( s ) =

0.100 (s-2000) 2 (s + 527.3)
(s + 1106) (s + 59.0)(s + 19.9)

(5.21)

58

Chapter 5

The reason for this discrepancy is believed to be the big spread in the system time
constants. As a consequence, it is very difficult to achieve sufficient measurement
accuracy and signal to noise (SNR) ratio for the whole frequency range at the same
time. With the SSFR method, on the other hand, it is possible to optimize sampling rate
and measurement gain for each individual frequency point. It is therefore concluded that
the SSFR test is the best method for the purpose here, even though it is time consuming.
Applying the same curve-fitting method as before but with a 3rd order model (dual
damper circuits) gives the result illustrated in Figure 5-8.
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Figure 5-8: Operational inductance from measurement (solid) and 3rd order model
(dashed) without pole screens.

The figure shows now quite a good agreement between measurements and the model
results. The conclusion is that a 3rd order model is desirable for a solid rotor
synchronous machine. However, a big issue is indeed how to calculate all the detailed
parameters directly from the physical geometry.
The conclusion is that with the pole screen mounted, the dynamic properties are similar
to machines with a laminated rotor and a damper cage. A 2nd order model is therefore
quite adequate and it describes the dynamics well. Without pole screens, a higher order
model is needed. The PEM identification failed due to measurement related issues, but a
3rd order model was successfully identified using the SSFR method. Finally, a
comparison of the dynamic parameters shows that pole screens can be beneficial in the
case of inverter-supplied operation.

5.4.4

Impact of copper screens

The electrical dynamics experienced by a voltage source inverter is given by the shortcircuit time constants. By definition, these are the reciprocals of the poles of the
operational admittance [9]. The transfer functions the previous section show the
operational impedances. A pole of the admittance transfer function will bend the curve
in the graph, thus giving a plateau. The calculated time constants for the 2nd order model
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are given in Table 5-2. As a comparison, calculated parameters are also given for a
commercial 10 MVA solid rotor synchronous machine.

Machine

GA84
no screens

GA84
with screens

10MVA
machine

Td0’ [s]

2.0

2.3

6.0

Td0’’ [s]

0.00047

0.027

0.032

Ld’’ [pu]

0.087

0.10

0.13

Tq0’’ [s]

0.00046

0.032

0.032

Lq’’ [pu]

0.17

0.18

0.12

Table 5-2: Rotor time constants and transient inductance.

With pole screens, the parameters are in the same range as for a commercial 10MVA
solid rotor machine. Without pole screens, the main difference is the very short subtransient time constants. The reason for this difference should be a low pole
conductivity without screens, and it is further amplified skin effect. However, it should
be remembered that the sub-transient time constant is somewhat artificial for a solid
rotor machine.
One interesting question is if copper screens can be used to reduce harmonic losses
related to the inverter supply. The low resistance of copper should have a positive effect
on losses. On the other hand, the losses equal to the product of the resistance and the
square of the current. It is therefore essential to have as low ripple current as possible,
and thus as high inductance as possible, at least for high frequencies.
High inductance is achieved by a low reluctance in the magnetic circuit. Eddy currents
force the flux out into the air, which thus decreases the inductance. From this
perspective is it therefore desirable to have a high resistance to reduce the eddy currents.
The conclusion is that there exists an optimal pole surface resistance.
The ripple current is normally assumed to be determined by the sub-transient
inductance. Table 5-2 indicates that this should be the case with pole screens (since the
sub-transient time constant is much longer than the typical inverter switching period),
but not without pole screens. It is difficult to tell if it is better or not to use the copper
screens in this particular case. Accurate loss calculations are required are required to
resolve this issue.

5.4.5

Saturation curves

The standstill measurements have the drawback that the impact of saturation is not
considered. This can be helped by performing measurements of the classical no-load
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and short-circuit curves. This was made with the copper pole plates mounted, and the
motor was driven by a DC-machine at 950.46 rpm (47.5 Hz).
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Figure 5-9: Open-circuit curve.

The rated phase voltage is 200.3 V at 50 Hz, which scales down to 190.4 V at 47.5 Hz.
From Figure 5-9, the field current which gives the nominal voltage 190.4 V is 8.3 A.
The short-circuit curve can be used to determine the field to stator reduction factor.
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Figure 5-10: Short-circuit curve.

The short-circuit test offers an alternative way to determine the stator to rotor turns
ratio, see also Section 5.3.1. Using the short-circuit current in Figure 5-10 (210 A) that
corresponds to the field current 8.3 A gives the rotor turns ratio:

k ri =

2 ⋅ ξ fw ⋅ N fw
I s 210
L
⇒
=
= 26.92 = d
If
Lad 3 ⋅ ξ sw ⋅ N sw
7.8

(5.22)
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N af =

Lad ξ fw ⋅ N fw
= 53
Lad + Ls ξ sw ⋅ N sw

(5.23)

The quotient Lad/(Lad+Ls) is included to consider that equal stator and rotor mmf will
give different air gap flux (the field leakage inductance is thus neglected here). The
value is close to the previously obtained in Section 5.4.1, but this value should be more
reliable since it is less dependent on the obtained inductance parameters.

5.5 MEC model parameters
The analytical approach to determine MEC model parameters was outlined in Section
5.2. This is the method that must be used for all new designs. However, it is a
challenging task to obtain high accuracy. First it requires detailed knowledge of both the
geometrical dimensions and material properties, which was not available for the test
machine used in this work. Secondly, the 28 segment division that has been used here is
still quite rough; even though it is much better than a traditional dq-model. Each
segment will therefore represent an average of a more detailed geometrical formation.
To still be able to demonstrate the possible simulation properties of the model, a
combined parameter determination method is used. The starting point is measured
winding resistances and analytically calculated permeances.
The number of stator winding turns has been manually counted. From this the effective
number of stator winding turns can be calculated according to equation (4.19). The
number of field winding turns can finally be obtained by using the stator to field
winding turns ratio from Section 5.4.
Some of the parameters are thereafter tuned to fit the simulation results more closely
with measurements according to the procedure described below.
1.

The first step is to tune the main inductance. The slot leakage path is therefore
first blocked by assigning a very small value to Cagc. The radial air gap
permeance Cagr is then tuned so that the d-direction magnetization inductance
in the model agree with the results from the experimental characterization in
Section 5.3. The slot leakage permeance Cagc is finally tuned so that the total ddirection synchronous inductance is correct.

2.

Next, the number field winding turns is tuned so that the air gap flux density
agree with measurements according to Section 6.2.1.

3.

The no-load flux distribution picture can be improved by adjusting pole edge
radial air gap reluctances. This will also improve the agreement with qdirection main inductance.

4.

Finally, the rotor leakage paths and the pole resistance need to be tuned. For
this, a DOL start simulation is used, see Section 6.3. The pole core leakage
Cptc has the biggest impact on the torque pulsation amplitude, while the
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combination of the pole leakage Cagc and pole surface resistance Rps has the
biggest impact on the starting time.
The analytically calculate and tuned parameters are compared in Table 5-3.
Permeance
[Wb/A]
Csb

Calculated
(in pole)
5.46E-04

Calculated
(between pole)

Actual
(in pole)
5.46e-04

Actual
(inter poles)

Cst

1.84E-03

1.84e-03

Csl

7.57E-07

1.60e-06

Cagr

1.12E-06

3.50e-08

1.40e-06

3.50e-08

Cagc

5.80e-08

5.80E-08

5.80e-08

5.80e-08

Cptr

6.15E-03

1.50E-08

6.15e-03

1.50e-08

Cptc

5.66E-03

4.82E-06

5.66e-03

4.00e-06

Resistance
[V/A]
Rs

27.4e-03

27.4e-03

Rps

2.0e-03

0.4e-3

Rf

2.155

2.155

Nff

600

580

Table 5-3: Comparison of model parameters. Values that has been altered after tuning
is written in italic.

For the stator back and teeth, the analytically calculated parameters have been used
directly because their impact on the simulation result is very small. The radial air gap
reluctance and the number of field winding turns agree well, which shows that the
model is principally correct along the main flux path. For the leakage paths, however,
there are bigger discrepancies. The tuned stator leakage permeance is twice the
calculated one. This can depend on the fact that the stator leakage was not really
measured for the dq-model either but calculated in a different way. The inter-pole tuned
leakage permeance Cptc agrees much better. This can however be a bit of a coincidence.
The field winding distribution has been considered as a concentrated winding in the
rotor centre so that the flux path across the pole gap can be approximated by an
externally excited trapezoid-shaped permeance element. This is a quite rough
approximation, but it gave obviously a good result this time. There is also a big
discrepancy for the pole surface resistance. As shown in Section 5.2.2, this resistance is
highly frequency dependent. The given calculated value has been obtained assuming a
25 Hz rotor frequency, see Section 5.2.1. The reason can be a higher pole surface
conductivity or a deeper penetration depth than assumed. In any case, a better way to
model the skin effect would be desirable.
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6 Model evaluations

The simulation model is evaluated by comparison with measurements. Three different
cases have been selected to cover the main application field of the model.

6.1 Introduction
The purpose of this chapter is to demonstrate the characteristics of the simulation model
rather than proving its accuracy. This evaluation is performed by making a number of
simulations and comparing the results with measurements or FEM simulations. To
cover all the important features, a choice of three different cases has been selected:
synchronous operation, asynchronous start and finally inverter-fed operation.

6.2 Synchronous operation
The motor is here operated in steady-state, first as a generator to investigate the radial
distribution of the flux from the field winding, and then as a motor to investigate other
properties such as the armature reaction and the load angle characteristics.

6.2.1

Flux distribution measurements

Since it is not very practical to measure the flux during operation, these measurements
were instead performed with the machine at standstill. A flux meter was used to
measure the radial flux distribution. Its Hall probe was attached to one of the stator teeth
and the motor was magnetized with an 8 A field current. The machine was then slowly
rotated by hand at the same time as the rotor angle and the flux value were recorded by
a transient recorder. The result is shown in Figure 6-1.

64

Chapter 6

6.2.2

Simulation results

The machine was first simulated in generator operation. This was performed by setting
the grid impedance to a high impedance value and thus disconnecting the machine from
the grid. The result is shown in Figure 6-1 together with the measured flux. The upper
graph shows that the measured and the simulated waveforms are very similar. There is a
small difference in that the measured flux has a “rounder” shape, especially between the
poles. This indicates a too low model permeance in the inter-pole region. The lower
graph shows the space harmonic spectrum. The simulated fundamental component is
somewhat lower and, on the other hand, the high order harmonics are higher instead.
The latter difference is a consequence of the sharp corners of the simulated flux wave,
and it can be reduced by better tuning of the reluctances.
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Figure 6-1: No-load flux distribution, sinusoidal mmf. The pole shape is
indicated in the figure.

The induced stator voltage is shown in Figure 6-2. The amplitude agrees better with the
voltage estimated from the air gap line in Section 5.4.5 than with the real no-load curve.
This indicates that the stator iron in the real machine saturates earlier than assumed.
This was not entirely unexpected since the iron quality is not known.
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Figure 6-2: Simulated no-load stator voltage

In the second test, the machine was operated in motor mode instead. Due to practical
limitations in the test lab, measurements were not possible. Instead, the simulation result
is compared with a magnetostatic FEM simulation. The shaft torque is set to its nominal
value 1432 Nm, and the field current is set to 18 A. This gives a unity power factor with
the FEM model. A comparison of the radial flux densities is given in Figure 6-3. A
minor difference that can be seen is that the FEM-simulation flux distribution is
bumpier than the corresponding MEC flux. This is believed to depend on slot
harmonics, which are not represented in the MEC model. There is also a more
fundamental difference in the basic shape of the curves, which is related to a difference
in the load angle. The total air gap flux is the sum of the rotor field and the armature
field. The rotor field is always focused to the middle of the poles, while the armature
field might be displaced to the pole tips depending on the load angle. The load angle in
the FEM simulation is 38 electrical degrees, while it is only 18 degrees in the MEC
simulation. The distorting effect will therefore be stronger in the FEM simulation than
in the MEC simulation.
The load angle can be calculated from the dq-model equations (2.9)-(2.14). Using the
measured inductances from Section 5.4.2 gives the load angle 40 degrees, which is close
to the FEM value. A possible reason for the lower MEC model angle is that the qdirection reluctance is too low in the MEC model. This is also is supported by the low
q-axis flux in Figure 6-1.
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Figure 6-3: Load flux distribution.

The third test investigates the torque step response. Only the MEC model result is
considered this time. The motor is first operated at no-load and 8 A magnetization
current, which gives zero reactive power at no load (that is, the motor back emf equals
to the supply voltage). A sudden torque step, from zero to nominal torque, is then
applied. The result is shown in Figure 6-4. One striking feature is that the model seems
poorly damped. It has not been possible to find out why. It did not help very much to
modify the model parameters. The load angle is somewhat bigger now because of the
lower field current, 20 degrees, but it is still only half of the expected value.

67

Chapter 6

Torque step
4000
[Nm]

torque
2000
0
20
320

21

22

23

24

25

26

27

28

29

30

[rad/s]

speed
310

[A]

300
20
1000

21

22

23

24

25

26

27

28

29
id
iq

0

[deg]

-1000
20
40

21

22

23

24

25

26

27

28

29

30

load angle

20
0
20

30

21

22

23

24

25
time [s]

26

27

28

29

30

Figure 6-4: Torque response test.

6.3 Asynchronous start
Although inverter supplied operation is getting more and more popular, direct on-line
(DOL) operation is still dominating. The start process implies extra stresses on the
machine and its drive train, which can in many cases, be a critical issue. One possible
application of the MEC model can therefore be accurate simulation of the DOL start,
and this possibility is investigated here.
During an asynchronous start, the field winding is normally first short-circuited. The
stator voltage is then applied and the machine runs up asynchronously. The pole plates
work then as the cage winding in an asynchronous machine and thus giving the start
torque. When the machine comes close to synchronous speed, the excitation is turned on
and pulls the rotor into synchronism.
In addition to the useful average torque, there will also be a large pulsating torque
because of the rotor saliency. This pulsating torque will vary in frequency from twice
the grid frequency at standstill down to zero at full speed. This may result in mechanical
overstress due to torsion oscillations as well as risks of system resonances in the
complete mechanical drive train. The need for accurate determination of the developed
torque is thus obvious.
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A big effort has therefore been made to develop a new accurate measurement method.
This work was previously reported in [40]. The primary purpose was to use it in the
regular factory tests measurements, which implies a number of special requirements.
However, it has also been used on the GA84 machine. The next few sections give a
quite detailed description of the measurement system, illustrating a number of important
issues that also need to be reflected in a simulation model.

6.3.1

Torque measurement

6.3.1.1
Measurement methods
Measuring on large electrical motors implies some practical difficulties. It is usually not
possible to measure the torque by direct loading of the motor. Instead, an indirect
method must be applied. Further, the grid supply for the test facilities is usually not
strong enough to allow a direct start with full voltage. The measurements must therefore
be performed with reduced voltage, and the results can then be scaled up to the rated
voltage.

A new IEEE guide was released during the summer of 2002 [1]. This guide describes
different measurement approaches, and it triggered the development of the new
measurement system. Both mechanical acceleration methods and electrical methods are
described, but certain preference is given to the mechanical one.
However, for an industrial measurement system, robustness and manageability for testroom personnel are decisive factors. It is not cost effective to use sensitive special
equipment, which requires experts to manage. This requirement forms an important
starting point for the selection of the measurement method. Several earlier
investigations showed severe disturbance problems with the mechanical methods [30].
One purpose of this was therefore to investigate if new sensors and modern electronics
have changed the situation for these methods.
6.3.1.2
The measurement system
There are two basic mechanical measurement methods: direct acceleration measurement
and speed-based acceleration measurement. Different types of sensors are considered
below.

There are also several variants of electrical methods, but the most accurate one is based
on the estimation of the air gap flux and this is the only one considered here. This is a
similar approach to an earlier method used to monitor torsion stresses in turbo
generators [28], [29].
It was decided to base the measurement system on the ABB MACH-2 hardware. This is
actually a control system platform intended for control of HVDC and HVAC systems.
However, it is very versatile and therefore also suitable for the purpose here.
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Figure 6-5: Measurement system overview.

The main part is an industrial PC. To this belong a family of different circuit boards for
I/O and signal processing, an overview is given in Figure 6-5. With this setup it was
possible to build one system for simultaneous measurement with all three methods:
1.

Speed measurement

2.

Acceleration measurement

3.

Electrical measurement

Great effort had to be paid on the sensor assembly. A solid sensor housing construction
was built to minimize all vibrations. A sensor shaft was manufactured using high
precision lathing, and it was afterwards carefully polished to give an eccentricity less
than 10 μm.

Figure 6-6: Sensor housing exterior.

The fixture must be flexible in all directions except the rotational one. This was solved
by linear using bearings in all three directions. The sensor housing was fixed upon a
solid iron block to eliminate any fixture resonances. It should be noted that equally good
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conditions may be difficult to achieve even in a factory test cell and nearly impossible at
a final customer site.
6.3.1.3
The speed measurement method details
This method is based on speed measurements using an incremental encoder. The
unloaded air gap torque can be obtained from:
Tag = J ⋅

d ωmech
+ T friction
dt

(6.1)

The speed is most accurately calculated from the time lapse between encoder pulses as
illustrated in Figure 6-7.
Encoder
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ch B
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DSP

Hard
drive
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dt

Figure 6-7: Speed measurement principle.

The speed accuracy is thus determined by the ratio between the resolution of the pulse
length measuring timer (implemented in a Field Programmable Gate Array circuit as
indicated above) and the encoder pulse frequency. The torque oscillations will appear as
speed variations. At half speed, the pulsation torque level (Tp) is in the range of half the
mean torque (Tn). However, as shown by (6.2), the speed variations will be small.
Δω

ωn

=

1

ωn

t +tp / 2

∫
t

Tp
J

cos(ω p t )dt =

2 ⋅ Tn / 2
=
= 2.2 ⋅10−3
J ⋅ ω1 ⋅ (ω1 / p )

2 ⋅ Tp
J ⋅ ω p ⋅ ωn

=

(6.2)

To be able to detect the torque pulsations with satisfactory accuracy, several times
higher speed resolution must be obtained. Thus, a very high measurement resolution is
required.
The initial measurement system was solely based on the encoder method because this
appeared to be a robust and straightforward solution. The encoder was mounted in a
standard fashion using an extension shaft and a lever-construction fixture (thus not
using the fixture in Figure 6-6). The measurement system was in this case evaluated in
the factory test of a large synchronous machine (that is, not the GA84 machine). Despite
several attempts, the results turned however out to be so noisy that the real torque signal
was not even visible. It was finally concluded that a very advanced measurement system
is required to fulfill the very high requirements regarding measurement resolution and
nearly vibration-free sensor mounting. For the subsequent investigations, it was
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therefore decided not only to improve the encoder-based measurement method, but to
evaluate two new methods as well.
The new measurement system includes two basic improvements: a high-precision
sensor mounting (Figure 6-9) and high-resolution speed measurements. A new circuit
board with a Virtex II FPGA circuit enables a clock frequency of 250 MHz. This gives a
speed resolution of up to 5.10-6, which should reduce at least the quantification noise to
an insignificant level.
New results have showed that filtering is still necessary, but that a second order
Butterworth low-pass filter is sufficient. The cut-off frequency is dynamically tuned to
twice the pulsation frequency in order to optimize the disturbance rejection. Simulations
have verified that the filter does not have any significant effect on the actual torque
signal.
This new system was tested on a laminated rotor GA84 machine, that is, not the same
motor as the object in this thesis. The result is shown in Figure 6-8.
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Figure 6-8: Torque measured with the improved speed measurement method.

Since the speed measurement is very accurate, the determining factor will be the
accuracy of the motor inertia. This, on the other hand, can be quite difficult to determine
with high precision. Furthermore, the method is not applicable form measuring breakaway torque since this speed measurement principle does not work at stand-still.
6.3.1.4
The acceleration method
Direct measurement of the angular acceleration has the advantage that it eliminates the
speed derivative. This in turn reduces the sensitivity for high-frequent noise, but the
problem with mechanical disturbances can be more pronounced.
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Acceleration
sensor

Encoder

Figure 6-9: Sensor housing interior.

Different types of acceleration sensors have been considered in this investigation. The
IEEE Std. 1255-2000 guide [26] describes the usage of piezo-electric sensors, but this
type was judged too fragile and difficult to use. Another type is strain gauge sensors, but
these require some sort of arrangement with a loading inertia. Both types also require
either a rotating slip ring or a wireless connection which may be difficult to use in an
industrial factory environment. The final selection was therefore a new sensor based on
the Ferraris principle [32], see also Figure 6-9. It is based on generation of eddy currents
in a rotating disc and uses a magnetic pickup for detection. Thereby it enables a robust
non-contact measurement without any rotating electronics.
The drawback with this method turned out to be that it is highly sensitive to mechanical
vibrations. Despite high-quality bearings and a shaft eccentricity of less than 10 μm, the
first test results showed vibrations at rotational frequency with amplitudes exceeding
50% of the nominal torque. The maximum disturbances occur around ω=2/3 p.u., that
is, when the pulsation frequency and the rotation frequency coincide.
A method to reduce the disturbances is to use dual sensor heads mounted diametrically
opposite to each other. The rotational acceleration must be equal along the periphery of
the aluminum disk. Rotation symmetrical harmonics can therefore be cancelled by
summing the signals from the two sensors:
a1 (θ ) + a2 (θ ) ~
=

1 ∞
∑ c1,n e j⋅n⋅θ + c2,n e j⋅n⋅(θ +π ) =
2 n =−∞

∞
1 ∞
n
cn e j ⋅n⋅θ (1 + ( −1) ) = ∑ c2 n e j ⋅2 n⋅θ
∑
2 n =−∞
n =−∞

(6.3)

The sensor gain is dependents on the assembly of the sensor head, and this assembly
must therefore be carefully calibrated. This is done by adjusting the scale factor in the
measurement system so that the integral of the measured acceleration equals the speed
measured with the encoder.
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Good results were achieved for the test rig measurements using dual sensors and the
same post-processing filters as for the improved encoder method. The noise level was
reduced by a factor of two compared to the results obtained with the encoder method.
However, this is completely dependent on how successful the sensor shaft alignment is.
6.3.1.5
The electrical method
This method for air gap torque estimation has also been referred to as the voltagesecond method and it is basically the same as the MVSA method [26]. A main
difference is that the calculations are made in synchronous coordinates here (dq
reference frame). The electrical method has the added advantage that it facilitates
comparisons with simulation models.

The method is based on the fact that the instantaneous air gap torque can be calculated
from the stator flux and the stator current:
T (t ) =

p 3
⋅ ψ (t ) × I (t )
2 2

(6.4)

The stator current can be easily obtained by direct measurements. However, the current
sensors must be capable to measure DC currents since the saliency of the rotor results in
a variable frequency component in the stator current, and this current passes zero
frequency at half speed. Standard AC current transformers cannot measure this, and
they get easily saturated under such conditions.
The stator flux is more difficult to measure directly even if it can be done using Hall
sensors. A more practical solution is to estimate the flux from the stator voltages and the
stator currents. Since the stator frequency according to standards [27] must be close to
nominal (in contrast to tests with variable speed drives), the so-called voltage model
gives good results:

ψ = ∫ ( u − Rs ⋅ i ) ⋅ dt

(6.5)

To avoid integral wind-up, the open integration can be replaced with a first order lowpass filter. A time constant of approximately 0.5 s compromises a good trade-off
between sensitivity for voltage offset and flux reproduction accuracy. The drawback
with using a filter can be that the initial torque transient is not reproduced properly if
this transient extends over time periods longer than the filter time constant.
The influence of the stator resistance is usually insignificant for machines in the MW
range [26], but it is important for smaller machines.
The accuracy of the method can be estimated from the accuracy of the used sensors and
transducers. The dominating error term is the phase angle between voltage and current,
which is less than 3% for the system under investigation.
A big advantage with the electrical method is that it is not sensitive to mechanical
disturbances. Therefore, in contrast to the mechanical methods, no special postprocessing filtering is needed.
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6.3.1.6
Comparison of the measurement methods
Test rig measurements have shown that all three methods give almost the same results
provided that the mechanical vibrations can be kept low.
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Figure 6-10: Laboratory test results. Pulsating torque (peak value) and average torque
measured with the three different methods.

Figure 6-10 shows the torque divided into the peak value of the pulsating torque and the
mean torque. There are only minor differences between the results. The encoder method
is not useful at standstill. With the electrical method, there is a dip in the pulsating
torque near half speed. This can be explained by physical models [33], but is not clear
why it does not appear when using the mechanical methods. However, this is not a
major issue since half speed is not the critical point in the starting process.
6.3.1.7
Experience from factory test
The final evaluation of the measurement system has been performed on the factory test
of a 14 MW motor. Due to factory limitations, the test voltage was reduced to 35% of
the rated voltage.

As shown in Figure 6-11, all three methods give similar results for the mean torque. The
electrical method gives good result also for the pulsating torque while the two curves
from the mechanical methods are heavily disturbed.
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Figure 6-11: Factory test results.
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Figure 6-12: Analysis of unfiltered torque signals at 620 rpm, log-log scale.

A fundamental reason for the increased disturbance level is that the speed acceleration
is low due to the reduced voltage. Another possible reason is a bad sensor alignment. A
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frequency analysis reveals that despite all efforts, mechanical resonances occur at 27 Hz
and 270 Hz for the acceleration method, and at 180 Hz and 270 Hz for the encoder
method, see Figure 6-12.
Further, it can be concluded that that the acceleration method is the most sensitive one
for low-frequency disturbances, while the encoder method is the most sensitive one for
high-frequency disturbances. This can be devastating for the accelerometer method
results since the most severe problems arise near the important range close to
synchronization.
The conclusion is that the mechanical methods are very delicate to use. Even if the
mechanical disturbances can be reduced to acceptable levels in a laboratory
environment; this can be difficult to repeat in a standard factory measurement. Another
problem is that the mechanical methods require accurate knowledge of rotor and load
inertia, which can be difficult to document.
The electrical method on the other hand is independent of both mechanical vibrations
and parameter variations, and it has shown to give good results also in a factory test
environment. The electrical method is easy to apply, and it can be expected to give the
best accuracy since all sensors have a documented accuracy. In addition, the equipment
can be a fixed installation in the test room without any need to move the sensors
between different machines. The conclusion is therefore that the electrical method is the
superior choice for experimental investigation of the starting torque.
6.3.1.8
Measurements for evaluation of the MEC model
A series of DOL start test has been performed also with the solid rotor GA84 machine,
which is the test object for this study. Unfortunately, there was no stiff supply voltage
available in the test lab. Instead, the supply voltage had to be taken from a rotating
converter unit based on a 400 kVA synchronous generator. This has the advantage that
the voltage is fully controllable, but the drawback is that the internal impedance is rather
high. Another drawback is that so-called hunting can arise between the load generator
and the machine since the power ratio between the generator and the test machine is
only a factor of three. Further, to limit the current through the power cables, the stator
voltage had to be reduced to 100 V.

The start torque measurements are solely based on the electrical method, since it was
concluded above that this gives the most reliable results. The speed was measured with
the measurement system described above, but the electrical measurements were made
using a Yokogawa DL750 “Scope Corder” to obtain even higher accuracy and better
resolution. The results are shown in Section 6.3.2 together with the corresponding
simulations.

6.3.2

Simulation results

The ultimate goal with the simulations is of course to completely reproduce the real
experimental test conditions. However, to reduce the simulation time, the supply
voltage is stiff in the simulation model. This means that the voltage drop and the
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hunting phenomenon in the measurements mentioned above will not occur, which must
be considered when comparing measurements and simulations.
The first simulation was made using the model with a sinusoidal distributed stator
winding. The simulated time is 15 seconds, which with an Intel T7700 @ 2.4 GHz
processor took about 3 minutes to perform. It turned out that the most time consuming
part of the model is the description of iron saturation. Excluding this part, the simulation
time reduces to below 30 s. Further reduction should be possible by avoiding elements
that give very short time constants in the model.
The measured and simulated speed and torque curves are shown in Figure 6-13. All
model parameters are according to Section 5.5. The agreement between simulation and
measurement is very good as expected since the parameter has been tuned accordingly.
One difference is that the simulated torque pulsations are smaller above half speed. One
reason for this could be the mentioned hunting phenomenon, another could be winding
space harmonics which are present in the real machine but not in the simple MEC
model. More likely, however, is that the MEC mode parameters need some corrections.
Also the stator and field currents agree pretty well as shown in Figure 6-14. In
particular, the induced field current looks good, which supports the idea that the number
of field winding turns estimated in Section 5.4.2 is correct.
Stator measurements, DOL start
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Figure 6-13: Torque and speed during DOL start from measurement (blue) and simulation (red).
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Stator measurements, DOL start
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Figure 6-14: Currents during DOL start from measurement (blue) and simulation (red).

Next, the same case was simulated but with the full model which includes the stator
mmf harmonics, see Section 4.3.1. The result is shown in Figure 6-15. One difference is
now that the acceleration is slower, especially above half speed. The reason for this
effect is believed to be the breaking torque developed by space harmonics. A mmf space
harmonic of order m will generate a flux wave which rotates m times slower than the
fundamental frequency. When the rotor evolves faster than this harmonic, the space
harmonic torque will have a breaking effect. Further, an additional ripple component
arises in the same way because of the interaction with the fundamental flux wave. The
model appears unstable in synchronous operations, but this is believed to depend on the
weak damping of the system as discussed in Section 6.2.2.
Another difference is that the simulation runs extremely slow. One start simulation
takes nearly 9 hours! The reason for this has not yet been fully investigated yet. The
simulation log file shows that the simulation step is very short and that a large number
of events are generated. It should be possible to solve this problem, but a tempting
alternative is to try another simulation program than Dymola.
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Stator measurements, DOL start
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Figure 6-15: Torque and speed during DOL start from measurement (blue) and simulation (red)
with mmf space harmonics included.

6.4 Inverter supply operation
In the case of inverter supplied operation, many of the issues related to DOL start
disappear. There is no need for asynchronous torque and the stresses related to pulsation
torque do not need to be considered. However, other issues may arise depending on the
inverter type.
A medium voltage inverter has typically a low switching frequency to enable high
output power, often below 500 Hz. The consequence is a then a high harmonic content
in the output waveform. Eliminating these with harmonics with output filters is
normally a too expensive solution. Instead, the machine is required to sustain them. This
gives implications on the machine design. One required measure is to design the
machine for a high transient inductance to reduce the harmonic ripple current. Another
consequence is that accurate loss calculations are required to verify that there will be no
overheating in the machine due to the additional harmonic losses. The purpose of this
section is to demonstrate how a combined inverter and motor simulation and then to
outline how the loss calculation algorithms can be implemented in the model.
The total system model is the same as before, but the sinusoidal grid voltage has been
replaced with a two level 3-phase bridge. The bridge model is simple: the switches are
ideal and the DC voltage is fixed. The modulation method is the so-called natural
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sinusoidal PWM with a carrier frequency of 1 kHz. There is no feed-back control, and
the modulation index is manually tuned to obtain unity power factor with a field current
of 8 A.
The simulated phase current and voltage are shown in Figure 6-16. This confirms that
the MEC model works together with a PWM supply. Unfortunately, the simulation also
showed that the computation time becomes very long, around 3 hours per simulated
second. The reason for this slowness is that the variable time step solver in Dymola
decreases the time step to a very small value. Trying a fixed time-step solver did not
help since it did not converge at all. The computation time issue can probably be solved
by an improved implementation in Dymola. There are both methods and tools for this,
but the timeframe for this work did not permit further investigations.
Stator terminal measurements
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Figure 6-16: Stator waveform with inverter supply.

The machine losses consist of winding losses and core losses. The winding losses are
straightforward to calculate from the currents. It is true that the skin effect needs to be
considered, but there are well-known analytical relations for that [34]. The core losses,
on the other hand, are more demanding to compute. Such calculations require
knowledge of the local flux distribution in the machine, which is not obtained from a
traditional dq-model. One of the advantages of using the more advanced MEC model is
thus that it gives at least a rough picture of the flux distribution, which then enables core
loss calculations. The loss calculations have not yet been implemented in present work,
but a proposal on how it can be done is presented below.
The core losses consist of two parts, hysteresis losses and eddy current losses. A third
component called excess losses is also often used, but this is not considered here.
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A detailed calculation of the hysteresis losses is very demanding. Many attempts have
been made to come up with a simplified relation, but the traditional Steinmetz formula
is still dominating:
Pc,h = kh fB 2

(6.6)

This formula is however only applicable for the fundamental frequency flux wave.
Fortunately, the hysteresis losses from time harmonic for a given modulation method
and frequency are quite independent of the modulation index. The recommendation is
therefore to use (6.6) only for the fundamental frequency (obtained from the speed) and
to add a fixed contribution for the harmonics. This size of this contribution will of
course be dependent on the inverter type.
The eddy current losses, in turn can in turn be divided into two parts: the eddy current
losses within the core laminations and the eddy current losses in the pole surfaces. The
lamination losses can be calculated using (refer to [34]):
Pc.e1 = ke f 2B 2

(6.7)

It should be noted that it is the local flux density in each MEC model segment that must
be used. Further, (6.7) assumes post-processing since it is a frequency domain
formulation. However, it is also possible to reformulate (6.7) for the time domain and
thus enabling on-line calculations.
Pole surface currents are induced when the flux waves from time harmonics of the stator
voltages sweep over the pole surface. It should be possible to calculate the resulting
losses directly as the square of the simulated pole surface currents and the pole surface
resistance Rps. The accuracy can not be expected to be very high since skin effect is not
considered.
An example of simulated pole surface currents is given in Figure 6-17.
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Figure 6-17: Pole surface current distribution as a function of time. θ is the angle to the pole centre.

The slow current variation is due to the hunting effect which means that the machinegenerator system has not reached steady-state. This case was selected because it
illustrates the current distribution more clearly than the steady-state case. The inverter
related harmonics can be seen as the high frequency ripple. A steady-state case is shown
in Figure 6-18. This shows that the harmonic current tends to focus at the pole edges.
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Figure 6-18: Pole surface current distribution as a function of time. θ is the angle to the pole centre.
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7 Conclusions

This chapter summarizes the work and its conclusions and provides suggestions for
future work in the field.

7.1 Summary of the main results
This thesis investigates simulation of synchronous machines using a novel equivalent
circuit model. The goal has been to develop a simulation method that gives a
sufficiently detailed picture of the electric and magnetic conditions to enable accurate
loss calculations, but which still keeps simulation time reasonably short.
The work starts with a survey of the basic relations for equivalent circuit modeling. It is
shown that the flux derivative should be used as the magnetic flow variable. This gives
the benefit of symmetry between the electric and magnetic equations so that their
equivalent circuits will possess a dual relation. The magnetic circuit can thereby be
transformed to the electric side in a structured and formal manner. The experience here
is that using flux or the flux derivative as flow variable has no impact on the simulation
speed. There can however arise some problems related to parallel connection of
capacitors.
The approach is then used to derive and analyze the traditional dq-model. The
traditional dq-model does only consider the air-path reluctances, but the equivalent
circuit method clearly shows how it can be expanded to consider iron reluctances too. It
is also concluded that the dq-model is too simple for loss calculations. Instead, a more
detailed Magnetic Equivalent Circuit (MEC) model is required, describing the local
magnetic flux distribution.
The development of the model starts with a number of FEM simulations. The magnetic
circuit method is designed to reflect the natural flux paths. It is shown that one big issue
is how to find a circuit structure which links the electric and magnetic parts together in a
proper way. One requirement is that the scalar potential obeys both the induction law
and Ampere’s law simultaneously. A general circuit is proposed, but the solution here is
to use a simplified circuit, restricting the flux to a given one-dimensional path.
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Several previous MEC modeling approaches have been studied. The chosen one is a
combination of these approaches plus some new features. One important feature is that
the model is implemented as a true equivalent circuit, that is, without equations and
matrices.
The stator winding is transformed to its 2-phase equivalence. The whole stator part is
then transformed to a synchronously rotating one. The motivation for this is to save
simulation time since using a fixed stator frame and variable air gap reluctances turned
out to give an extremely long simulation time. A new method to represent the effect of
the true stator winding distribution also in the rotating frame is presented. This however
also slows down the simulation speed drastically, wherefore a sinusoidal distribution is
used in most simulations.
Big emphasis is put on the parameter determination. Extensive measurements have been
made to estimate the dq-model parameters experimentally. These parameters are then
used as reference for the MEC model parameters. The conclusion is that the best
method is the SSFR method described in IEEE Std. 115-1995. Time domain tests give
less accuracy, but may be useful when measuring time is important.
The MEC model parameters are first approximated by using simplified reluctance
element shapes. This technique is straightforward in the stator, but it is more difficult in
the rotor since the flux and currents are floating more freely. The parameters must
therefore be fine-tuned to fit the simulation results with measurements.
The simulation model is finally evaluated by comparison to measurements and FEM
simulations. The obtained steady-state flux distribution appears reasonable, even if the
exact levels have not been confirmed. Special attention is given to the case of an
asynchronous start. A special measurement system has been developed and it is used for
the measurements here. The simulations work well with a sinusoidal winding
distribution; a complete start takes about 30 seconds. If the winding harmonics model is
included, the simulation time increases drastically, it is not clear why. The same
problem with a long computation time arises in the case with an inverter supply; the
simulation works, but it runs very slowly. Anyhow, the simulation result appears to be
quite reasonable from a qualitative perspective.
The overall conclusion is that the MEC method is a useful approach when a more
detailed simulation of the synchronous machine is required than what is possible with
the traditional dq-model. Both the electric currents and the magnetic flux appear
reasonable, which opens up for implementation of on-line loss calculations. However, it
is recommended to keep the complexity of the MEC model at a reasonable level.
Otherwise, the parameter determination can be hard to perform and the simulation time
can get too long.

7.2 Future Work
A possible next step could be to use the more advanced circuit proposed in 4.2. This
enables modeling of the skin effect, which plays an important role in solid pole
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synchronous machines. This model divides the pole surface into a number of radially
stacked layers. A feasible number could be four, each corresponding to a thickness of
0.25 mm. This has been found to give a sufficiently dense mesh in FEM simulations.
One challenge will however be to determine the circuit parameters. It is believed that a
thorough theoretic treatment is required which translates the Maxwell’s equations with
belonging boundary conditions into discrete circuit loop equations.
Another constant issue that has been encountered is the simulation time. As long as
everything is linear and nice, the simulations run smoothly and fast. But if any kind of
discontinuity or non-linearity is introduced, the simulation time grows drastically. One
example of this is when the saturation model is included. There are tools and methods to
trace and take care of such problems in the Dymola environment, but the more serious
attempts have been left for future development. The focus here has been to evaluate the
modeling principle but not to optimize the performance. Another possibility could also
be to try another simulation program, for instance Simplorer. The model that has been
developed in this work should be well suited for a wide range of circuit simulation
programs. However, a comparison of simulation programs is outside the scope of this
work, and is therefore proposed for future investigations.
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List of Symbols
Symbol Conventions
Symbol
u, u(t)
U
Û
u
U
Ûk

Meaning
Instantaneous value
DC or RMS AC value
Peak AC value
Space vector, instantaneous value
Complex phasor ( u ( t ) = Re (Ue jωt ) ) or Laplace transform
Magnitude of the harmonic of order k

Specific Symbols
Symbol
e

π
j
f
t

τ
B
H
φ
ψ
m
Vm
Um
Im
Q
D
E
V

Quantity
Natural base (≈ 2.7182818…)
Constant (≈ 3.14159265…)
Imaginary unit (j2 = -1)
Frequency
Time
Time constant
Magnetic flux density
Magnetic field intensity
Magnetic flux
Magnetic flux linkage
Magnetomotive force
Magnetic scalar potential
Magnetic effort (potential difference)
Magnetic flow (flux derivative)
Charge
Electric displacement
Electric field intensity
Electric potential

Unit
Hz
s
s
T
A/m
Wb
Wb
A
A
A
Wb/s
C
C/m2
V/m
V
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U
I
θ
Λ
Rm
μ
ε
C
R
J
ω
r
L

List of Symbols

Electric effort (potential difference)
Electric flow (current)
Rotor angle (mechanical)
Permeance
Reluctance
Permeability
Permittivity
Capacitance
Resistance
Inertia
Angular frequency
Radius
Axial length

V
A
rad
H
H-1
H/m
F/m
F
Ω
kgm2
rad/s
m
m
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Appendix 1: Geometrical machine data
Number of stator slots

Qs

126

Winding pitch

ysp

14

Conductors/slot

ns

4

Parallel branches

cs

2

Active length

L

193 mm

Stator inner diameter

Di

593 mm

Back height, stator

hbs

59 mm

Tooth height, stator

hts

25 mm

Tooth width, stator

wts

7 mm

Air gap span

δ1

3 mm

Air gap span at pole tips

δ2

9 mm

Height of rotor core

hpc

125 mm

Height at pole shoe mid

hpsm

27 mm

Height at pole shoe tip

hpst

4 mm

Height of rotor winding

hrw

100 mm

Width of rotor winding

wrws

80 mm
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Appendix 2: Special elements
Gyrator with variable gain
This element is built by both graphical code and Modelica code.

model conductor_d
constant Real pi=Modelica.Constants.pi;
parameter Real disp;
Modelica.SIunits.Current i1;
Modelica.SIunits.Current i2;
Modelica.SIunits.Voltage v1;
Modelica.SIunits.Voltage v2;
Real G;
algorithm
G := firstOrder.y;
equation
1/3*G*i1 = v2;
-4/3*G*i2 = v1;
ep.i = i1;
ep.i + en.i = 0;
v1 = ep.v - en.v;
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mp.i = i2;
mp.i + mn.i = 0;
v2 = mp.v - mn.v;
end conductor_d;
Saturable capacitor
model sat_cap "Saturable capacitor"
import Modelica.Constants.*;
import Modelica.Math.*;
import SI = Modelica.SIunits;
SI.Voltage um;
SI.Current im;
SI.MagneticFluxDensity B;
Real k;
SI.Capacitance Cm;
Modelica.Blocks.Tables.CombiTable1Ds combiTable1Ds(
tableOnFile=true,
tableName="BH_char",
fileName="BH_char.mat",
smoothness=Modelica.Blocks.Types.Smoothness.LinearSegments);
// The mat-file should include k(B) according to the report
parameter SI.Capacitance Cm_usat=1.0 "Unsaturated magnetic capacitance";
parameter SI.Area A=1.0 "Cross section area";
equation
Cm = k*Cm_usat;
B = Cm*um/A;
combiTable1Ds.u = B;
k=combiTable1Ds.y[1];
um = p.v - n.v;
p.i + n.i = 0;
im = p.i;
im = Cm*der(um);
end sat_cap;
dq-transform
model dq_transform "Transformation: three phase <-> two phase"
import Modelica.Math.*;
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constant Real pi=Modelica.Constants.pi;
Modelica.SIunits.Voltage uabc[3,1] "instantaneous phase voltages";
Modelica.SIunits.Current iabc[3,1] "instantaneous phase currents";
Modelica.SIunits.Voltage uab[2,1] "instantaneous 2-phase voltages";
Modelica.SIunits.Current iab[2,1] "instantaneous phase currents";
Modelica.SIunits.Voltage usdq[2,1] "instantaneous synch. phase voltages";
Modelica.SIunits.Voltage urdq[2,1] "instantaneous synch. phase voltages";
Modelica.SIunits.MagneticFlux psidq[2,1] "Stator flux linkage, rotating frame";
Modelica.SIunits.Current idq[2,1] "instantaneous phase currents";
Modelica.SIunits.Voltage vy "Fictous y-point";
Real dqTab[2,2];
Real we;
parameter Real abTabc[2,3]=1/3*[2, -1, -1; 0, sqrt(3), -sqrt(3)];// Transform
matrix
equation
iabc = [a.i;b.i;c.i];
0 = a.i+b.i+c.i;
vy = a.v+b.v+c.v;
uabc = [a.v-vy; b.v-vy; c.v-vy];
iab =abTabc*iabc;
uab =abTabc*uabc;
der(psidq) = urdq;
der(theta)=we;
dqTab = [cos(theta),sin(theta);-sin(theta),cos(theta)];
// dabTdq = [-sin(theta),-cos(theta);cos(theta),-sin(theta)]*we;
usdq = dqTab*uab;
idq = dqTab*iab;
// usdq=-[0,-we;we,0]*psidq+urdq;
-usdq[1,1]= -we*psidq[2,1]+urdq[1,1];
-usdq[2,1]= we*psidq[1,1]+urdq[2,1];
idq = [d.i;q.i];
0 = d.i+q.i+cm2.i;
urdq = [d.v-cm2.v;q.v-cm2.v];
end dq_transform;
Torque calculation
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model Torque
Modelica.SIunits.Voltage udq[2,1] "2-phase voltages";
Modelica.SIunits.Current idq[2,1] "2-phase currents";
Modelica.SIunits.MagneticFlux psirdq[2,1] "2-phase rotor flux linkage";
Modelica.SIunits.Torque tau "Airgap torque";
Modelica.SIunits.AngularFrequency wm "Airgap torque";
Integer pp=3;
equation
udq = [ud; uq];
der(psirdq) = udq;
idq = [id; iq];
der(shaft.phi-support.phi) = pp*wm;
tau=3/2*pp*(psirdq[1,1]*idq[2,1]-psirdq[2,1]*idq[1,1]);
shaft.tau = tau;
support.tau = -tau;
end Torque;

