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Abstract-- Many models to predict overvoltages in electrical
machines due do steep-fronted surges use equivalent lumped
circuit or multiconductor transmission line models. The
knowledge of the electrical parameters used in these models is an
important initial step do study transient overvoltages in electrical
machine stator windings. To calculate the electrical parameters
of the machine’s end-windings region it is important to model all
individual conductors and to consider strand and main
insulations separately. In this context this work presents
numerical simulations of the end-windings region of a large
electrical machine by means of Finite Elements Method (FEM).
Inductance and resistance are calculated, as a function of
frequency, using an equivalent 2D geometry, being each strand
modelled to take skin and proximity effects into account.
Furthermore, regarding stray capacitances, the strand and main
insulations are modelled and the extension of the semiconductive
coating through the stator core is considered for calculating turn
to ground capacitances by using the 3D geometry. The end-
windings results are compared with those obtained for slot region
to better understand the effects involved. Finally, the end-
windings parameters are used in a model to predict coil to coil
voltages when the machine is submitted to a steep-fronted
voltage.

Keywords: electrical machines, transient overvoltages, Finite
Elements Method (FEM), end-windings modeling.

I. INTRODUCTION

lectrical machines insulations are submitted to
overvoltages during the normal operation. The knowledge
of the amplitude and duration of these overvoltages are of
great importance for the motor design. Normally the
prediction of the overvoltages are obtained by using
simulation models that require values of electrical parameters
such as inductance, resistance and capacitance, for a wide
range of frequency.
In general, the works found in the literature, normally,
calculate electrical parameters to be used in the models to
simulate the overvoltage distribution in electrical machines
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windings by two different ways, analytically or by finite
elements method (FEM).

Regarding high frequency electrical stator machine
parameters, in [1] analytical equations are presented to obtain
an equivalent lumped circuit. The main goal of the work is to
study transient overvoltages in motor windings due to
sequential pole closure. For inductance calculation, the
equations consider slot and end-winding regions which
consider the magnetic flux penetration in the stator core and in
the air, respectively. Capacitances are calculated only for
stator core region considering the conductors as parallel plates.
Regarding end-windings region, the inductances are calculated
as presented in [2] which have been defined using vector
potential function by considering the coil as straight elements
connected in series.

In [3] induction motor windings parameters are calculated
using finite elements method by a 2D geometry as a function
of frequency. The model takes into account skin and proximity
effects and the magnetic flux penetration into stator core. The
end-windings inductance is calculated approximating the real
geometry by an axisymmetric half toroid.

Furthermore, in [4] the electrical parameters are calculated
also using FEM in a 2D geometry. The parameters are
calculated according to the rise time of the applied step
voltage. For the simulations a lumped equivalent circuit which
considers the slot and end-windings regions separated was
considered.

Still using FEM simulations for a 2D geometry, in [5] the
electrical parameters are calculated for a single coil for both
sections, slot and end-windings. The model considers the
magnetic walls for calculating parameters in slot region and an
open boundary condition for end-windings region.

In this way the main goal of this paper is to calculate the
electrical parameters, inductance, capacitance and resistance
of end-windings region by means of FEM simulations based in
a 3D geometry. The end-windings parameters are calculated as
a function of frequency to be used in electromagnetic transient
studies. A 3D model for the end-winding region for this kind
of studies was not found in literature. The same parameters are
also calculated for the slot region to be compared with those
obtained for the end-windings region to better understand the
effects involved. The end-windings parameters calculated are
used in a model to simulate coil to coil transient voltage
distribution when the line end coil of the machine is submitted
to a steep-fronted voltage. Even having many works regarding
the transient voltage distribution in electrical machines, a
study that show the effect of the end-windings in the transient



results was not found. Therefore, using the modeling
presented the influence of the end-windings region in the coil
to coil voltages has been also verified.

II. MODELING

The model here presented considers the skin and proximity
effects in the stranded conductors for both, slot and end-
windings regions. Additionally, the magnetic barrier imposed
by the stator core is also considered for the slot region.

In the next sections the slot region parameters are
calculated using a 2D geometry and the end-windings
parameters are obtained based in a 3D geometry.

The modeling and the numerical simulations are performed
for a large motor (11 MW and 13.8 kV) which is normally not
very common to be found in the literature.

A. End-Windings Modeling

To calculate the end-windings parameters correctly it is
first necessary to draw the real geometry of the coil in this
region. Fig. 1 shows the geometry of the end-winding
modelled. For simulations only one coil has been considered,
once the mutual effects with other coils can be neglected
because the coupling between conductors of the same coil are
much higher for high frequency studies [6].
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Fig. 1. 3D geometry of the end-winding modeled.

As can be seen in Fig. 1, by using a 3D geometry the
correct shape of the coil can be modelled which is composed
of straight, curved and half disk stretches. The curved stretch,
which is larger for medium voltages than for low voltages
machines [7], is defined by the coil pitch and the end-windings
length. For the straight stretch the end extension of the coil in
the stator core and the total length of the ventilation ducts
present in stator were considered, since in these regions the
coil is surrounded by air.

In Fig. 2 the cross section of the 3D coil is depicted. As can
be seen, the coil is composed of main and strand insulations,
and stranded conductors. The particular coil is formed by 13
turns and each turn has 2 strands. The first 6 strands are
depicted in the figure by the nomenclature Sx.y, where X is the
turn and Y is the strand of the turn.
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Fig. 2. Cross section of the 3D coil modeled.

1) Inductance and Resistance Calculation

To calculate the inductance and resistance it is necessary do
model all stranded conductors individually, as the skin effect
is only considered when solid conductors are modelled.

Resistance depends on frequency because at higher
frequencies the current tends to flow near the surface of the
conductor, as is well known as skin effect. In this context it is
important to know the concept of penetration depth which can
be calculated by:

§=y2/(w-p-0) (1

where § is the penetration depth in meters, w is the
angular frequency of the source of supply in rad/s, u is the
conductor’s magnetic permeability in H/m and o is the
conductor’s electric conductivity in S/m.

Moreover, resistance and inductance are dependent of the
frequency due to the proximity effects in winding conductors,
which can be explained by the result of circulating AC
currents caused by magnetic fields generated by nearby
conductors [8].

Inductance and resistance variation over frequency have
been computed by an eddy current solver for a range of
frequencies from 10 Hz to 10 MHz by applying the rated
current in each conductor. To calculate inductance and
resistance for high frequencies would be necessary extremely
small mesh elements, once according to equation (1) the
penetration depth is very small for frequencies in the range of
MHz. Then using a 3D geometry for high frequencies
becomes unpractical because of computation capabilities. In
this way to calculate inductance and resistance for high
frequencies a 2D equivalent model was used, based in the 3D
original geometry. The 2D model is composed of two parts,
the part 1 is modelled as a straight coil and corresponds to the
straight and curved stretches depicted in Fig. 1. The part 2 is
modelled as an axisymmetric geometry and corresponds to the
half disk depicted in Fig. 1. The modeling has been validated
by comparing the results obtained for rated frequency (60 Hz)
for both models, 3D and the equivalent 2D, which presented
good agreement.

Fig. 3 shows the magnetic field distribution for 60 Hz
excitation using the 3D geometry.
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Fig. 3. Magnetic field distribution in the end-winding for 60 Hz excitation.

Moreover, in Fig. 4 the magnetic field is also presented for
60 Hz and 1 MHz, obtained from the 2D equivalent geometry.
According to the figures the influence of the excitation
frequency in the magnetic field distribution is clear. Still, to
better visualize the effect of the high frequency in the field’s
distribution, Fig. 5 shows the current density distribution in
the end-winding cross section for 10 MHz. Differently from
the results obtained for 60 Hz, the current density distribution
for 10 MHz is concentrated in a small thickness, as pointed
out by the penetration depth equation, which means that it is
not uniformly distributed in the conductor.
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Fig. 4. Magnetic field distribution in the end-winding cross section for (a)
60 Hz and (b) 1 MHz.
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Fig. 5. Current density distribution in the end-winding cross section for 10
MHz.

Regarding the electrical parameters of each strand, Fig. 6
and Fig. 7 show the self and mutual resistances, respectively,
and Fig. 8 and Fig. 9 show the self and mutual inductances,
respectively, as a function of the simulated frequencies. The
self-values are presented for the strand S;.;, and the mutual
values are between the strand S;.; and the 5 first strands (S;.,

... S33), according to the nomenclature stated in Fig. 2. The
values are normalized (in pu) in relation to the values of the
self-resistance and self-inductance of the strand S;.; for 60 Hz.
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Fig. 6. End-winding self-resistance for strand S,.;.
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Fig. 7. End-winding mutual resistance in relation the strand S;.;.

According to Fig. 6 and Fig. 7 the self and mutual
resistances increase with the frequency as expected, due to
skin and proximity effects. The main variation of the
resistances occurs for frequencies higher than 10 kHz.
Furthermore, regarding mutual resistance the highest value is
observed for the strand S, which is adjacent to the S;_; strand
in the “x” direction. For the inductance variation, according to
Fig. 8 and Fig. 9 it can be noted that the values decrease with
the frequency. This behavior is expected, once the magnetic
flux lines inside the conductors is expelled from the stranded
conductors for higher frequencies.
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Fig. 8. End-winding self-inductance for strand S, ;.
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Fig. 9. End-winding mutual inductances in relation the strand S.;.




2) Capacitance Calculation

The capacitances have been calculated using the
electrostatic solver from FEM. The model considers main and
strand insulations modelled individually. The relative
permittivities used in simulations are presented in TABLE 1.

TABLEI
MAIN PARAMETERS USED IN ELECTROSTATIC SIMULATION.
Strand insulation permittivity 2.5
Main insulation permittivity 2.0

To obtain the results each turn is excited by a DC voltage,
once the capacitances can be considered frequency
independent. Turn to turn and turn to ground capacitances
have been calculated by exciting the conductors with the
expected voltage across each turn in normal operation. In the
end-windings region the external surface of the coil cannot be
considered totally grounded once there is no semiconductive
coating in all this region. For the simulations it was considered
that the semiconductive coating extends from the stator core
by 10 mm. Furthermore, as aforementioned, the total length of
the vent ducts was also considered in the 3D straight stretch,
which is also grounded. Therefore, the grounded part of the
end-windings region modelled is composed of the end
extension of the coil in the stator core and the total length of
the ventilation ducts. Fig. 10 and Fig. 11 show the voltage and
electrical field distributions obtained for the end-windings
region, respectively. Moreover, the same distributions on the
coil cross section in the grounded part can be seen in Fig. 12.
According to these figures it is possible to note in the
grounded region of the 3D straight stretch that the voltage and
the electric field are higher for the first turns than for the last
turns of the coil.
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Fig. 10. Voltage distribution in the end-winding.
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In TABLE II the numerical results obtained are presented.
According to the simulations the capacitance of non-adjacent
turns can be neglected.

TABLE I
CAPACITANCE VALUES FOR THE END-WINDINGS REGION.
Mutual Capacitance of adjacent turns [pF] 450.3
Turn to Ground | First and Last Turns of the Coil [pF] 23.8
Capacitances Middle Turns of the Coil [pF] 8.0

B. Slot Region Modeling

To verify the influence of the stator core, the electrical
parameters are also calculated for the slot region and
compared with the values obtained for the end-windings
region.

Due to the symmetry in this region, the parameters are
calculated using a 2D geometry for both solvers, electrostatic
and eddy current. The model is comprised by a single coil in
the slot region, using 1/84 of the complete geometry of the
motor (the motor is formed by 84 coils) as can be seen in Fig.
13. The same nomenclature for the strands is used as showed
in Fig. 2 for the end-windings region.
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Fig. 13. Slot region geometry used in simulations.

In the next sub-sections, the electrical parameters
calculated for the slot region are presented. The same
methodology used to obtain the inductance, resistance and
capacitance for end-windings region is used in slot region for
both solvers, eddy current and electrostatic. For simulations
only the conductors highlighted in Fig. 13 are excited.



1) Inductance and Resistance Calculation

Magnetic field flux lines for excitation of 60 Hz and 1 MHz
can be seen in Fig. 14. As can be noted the magnetic core
works as a barrier for high frequency excitations and the
magnetic flux lines are concentrated in the main insulation
region.
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[
g
2, 7E-80Y4
l 1. 2E-88Y4
L
& >

Fig. 15 and Fig. 16 show the self and mutual resistances,
respectively, and Fig. 17 and Fig. 18 show the self and mutual
inductances, respectively, as a function of the simulated
frequencies. In the same way the self-values are presented for
the strand S;.;, and the mutual values are between the strand
Si.1 and the 5 first strands (S;, ... S;;), according to the
nomenclature stated in Fig. 13. The values are also normalized
(in pu) in relation to the values of the self-resistance and self-
inductance for 60 Hz in the slot region.
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Fig. 16. Slot region mutual resistances for strand S, ;.

According to the figures it is possible to note that the
resistance and inductance in the stator core region are more
affected than in the end-winding region, for both self and
mutual values. Especially the inductance values are more
affected when compared with the resistance values, because
the stator core in high frequencies works as a barrier for the
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Fig. 17. Slot region self-inductance for strand S;_;.
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Fig. 18. Slot regions mutual inductances for strand S;.;.

2) Capacitance Calculation

Capacitance values obtained are presented in TABLE III.
The results of mutual capacitances are similar for both
regions, although, the turn to ground capacitances are higher
for slot region, as in this region the external surface of the coil
is grounded in all extension of the core length.

TABLE III
CAPACITANCE VALUES FOR THE SLOT REGION.
Mutual Capacitance of adjacent turns [pF] 879.4
Turn to Ground | First and Last Turns of the Coil [pF] 223.7
Capacitances Middle Turns of the Coil [pF] 75.8

III. TRANSIENT SIMULATIONS

In order to verify the influence of the end-windings the
transient voltage distribution in the motor windings, the model
presented in [9][10] has been used. The electrical equivalent
circuit for the stator windings can be seen in Fig. 19, which
shows in details one group of coils from phase “a”. Each stator
turn is modeled as a “PI” section composed of elements in
which transient magnetic fields are directly solved by finite
elements method, identified by L;...L,, and electric circuit
elements which are related to the stray capacitances and end-
windings parameters. The capacitances considered are the turn
to turn (Cys...Cuy-n) and the turn to ground (C,), which
represent the sum of the values obtained for end-windings and
slot regions. Resistance and inductance of end-windings for
each individual conductor (Rewi...Rewn and Leyi...Lewn,
respectively) are considered as calculated in the previous
sections according to the dominant frequency of the applied
voltage . The surge is applied in the line end coil of group 1
from phase “a” and the line end coils of phases “b” and “c”
and the other coil groups are grounded (the motor is composed
of 4 coil groups).
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Fig. 19. Equivalent circuit for stator winding for transient simulation.

The simulations have been performed for a surge of 100 V
with a rise time of 1 ps. To verify the influence of end-
windings region the results obtained considering the lumped
parameters (Case 1) are compared with those when the end-
windings influence is neglected (Case 2). Fig. 20 and Fig. 21
show the coil to coil voltage and the peak voltage,
respectively, for the seven coils of one group of coils.
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Fig. 20. Coil to coil transient voltage distribution (Case 1: solid lines and
Case 2: dashed lines).
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As can be seen in the previous figures the first coil is the
one submitted to the highest overvoltage and the end-windings
parameters has minimum influence in the voltage peak and
more influence in the waveforms. The small variation of peak
voltages is explained by the curves showed in the previous
sections, where the variation for slot region is higher than in
end-windings region. The main difference observed in the
waveforms is due to the additional end-windings stray
capacitances considered in Case 1.

IV. CONCLUSIONS

In this paper the electrical parameters used to simulate the
transient voltage distribution in stator winding machines are
calculated in the end-windings region. Normally, these
parameters are calculated analytically or by using FEM in a
simplified 2D geometry.

Resistance and inductance have been calculated
considering proximity and skin effects in the strand conductor
using an equivalent 2D model for high frequencies. Turn to
turn and turn to ground capacitances were calculated
considering that the end-windings surface is grounded in just a

portion of the straight stretch of the overhang, by using a 3D
geometry, as in real medium voltage machines. The same
parameters are also calculated for the slot region to be
compared with those obtained for the end-windings region.

It was observed, for self and mutual values, that the
resistances increase, and the inductances decrease with the
increasing of the frequency for the end-windings region. The
same relation has been found in the slot region, for both
inductance and resistance values, however the effect is more
pronounced due to the flux barrier imposed by the stator core
for the high frequencies excitations.

The values calculated in the end-windings region have been
used to obtain the transient coil to coil voltage. The results
using lumped parameters calculated for the surge dominant
frequency and neglecting them have been compared.
According to the results, the transient voltage distribution,
indeed, depends on the end-windings parameters, nevertheless,
only a small influence in the peak voltages has been observed,
once the high frequency affects more the slot region. For the
waveform results it was observed a higher influence of the
end-windings stray capacitances.

The end-windings parameters calculated will be used to
obtain the transient voltage distribution between turns and
from turns to ground in a future work.
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