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Abstract -- Over the years, electrical machinery design
strategies have been mainly oriented towards enhancing the
output power, power density and torque. However, the effect
of machine parameters (geometry, material properties, etc.) on
stress and life expectancy has not been considered very often.
Since the machines are designed to be as compact as possible,
they tend to operate at levels closer to their safety margins.
Moreover, the substantial growth in inverter supplying has
introduced excessive electrical stress to the winding insulation.
This results into earlier partial discharge and bearing currents
which may be analyzed by the models that are valid in the
high frequency spectrum. This paper introduces a model that
can be used to monitor the health-status of the machine’s
winding by studying these effects. The approach introduced in
this paper can localize the mostly stressed parts of the winding
fed by inverter by means of measurement and simulation.

Index Terms-- condition monitoring, electrical machine,
high frequency model, aging, insulation, life-time estimation

L NOMENCLATURE
List of the symbols used in this work is as following:

Symbol Description

Wave travelled distance

Capacitance

Distance between two neighbor wires in a slot
Time exponential factor of the n-th voltage wave
Permittivity of vacuum

Relative permittivity

Frequency

Capacitance between two wires

Length of winding

Inductance

Wave length

Angular space density of the n-th voltage wave
Ko Permeability of vacuum

K. Relative Permeability

®, Angular time frequency of the n-th voltage wave
R Resistance

v Wave velocity

vo  Wave velocity in vacuum

R Resistance

T  Delay time in pulse arrival

Tk Rise time of a pulse

u  Voltage wave as a function of time and space
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II. INTRODUCTION

ince the invention of electrical machines, engineers
have been focusing on optimizing machine geometry
and material properties in order to increase efficiency. In
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addition to the reduction of parasitic effects, high utilization
of iron and copper parts has been the main goal of electrical
machine design. This trend is economical and in
compliance with global energy security restrictions. As a
result, today’s machines operate at temperatures, voltages,
and currents that are closer to their safety margin and are
consequently more prone to stress and insulation failure
[1]-[3].

Another aspect of particular interest in this work is the
prevalent usage of power electronic-inverters as the energy
source of motors. Sharp rising edges of inverter voltage
pulses tend to propagate as traveling waves in the winding
of machines and result into early aging of the insulation[4]-
[8]. When studying the response of the machine to the
inverter pulses, one should keep in mind, that as long as the
source current and voltage frequencies are low, they can
travel considerably fast inside the machine windings. Fig. 1
describes this phenomenon: If a voltage wave form is
connected to the terminal of the machine coil, it reaches the
end of the winding after a delay time t.
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Fig. 1. Measurement configuration: A pulse with a rise time of 7x=0.6 us
and width of 1.1 ms is fed to phase U of a three phase synchronous
machine. The voltage is measured at the end of the open circuited terminal
of the same phase.

According to (1), if the wave form has low frequency
content, it has a large wave length. This is described by the
following equation, where f is the frequency, A is the
wavelength and v is the propagation velocity.

f=Av (1)

For wire lengths smaller than this wavelength, the delay
time is negligible. As a result conventional RL circuits are
used for the analysis of normal operation conditions of
machines. To understand the reason of early aging of
inverter fed machines it is important to use an equivalent
circuit model of the machine which can model the winding
behavior supplied by steep front pulses. Since the behavior
of inverter operated machines cannot be estimated by the
conventional RL circuits, some investigation has been
performed to model the high frequency behavior of
machines including transformer and machine windings [7],
[9]-[12]. In the first step of this paper a number of
laboratory measurements are performed to observe the high
frequency behavior of the winding. Considering the
measurement and based on the physics of high frequency
wave propagation, a high frequency equivalent circuit is
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developed and introduced. This model includes losses and
self inductances as well as physical coupling effects.

III. MEASUREMENTS

In order to understand the high frequency behavior of an
electrical machine, a number of tests has been performed
which will be discussed in the following.

A.  Case I. Measurement on Phase U

In the first test arrangement a rectangular voltage pulse
is connected to phase U of a three phase single layer,
synchronous machine shown in Fig.1. This pulse is a surge
with a sharp front time of 7 = 0.6 ps and a width of 1.1 ms.
In terms of frequency content, this pulse is similar to
inverter signals, partial discharge pulses and bearing
currents [8], [14]- [16].

As this pulse propagates in the winding, it experiences
dispersion and attenuation. The input voltage and the
voltage signal that reaches the end of the winding are
recorded and plotted in Fig. 2.
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Fig. 2. Measured input (pulse shaped) voltage and output (oscillating)
voltage of the test configuration of Fig.1.

The travelled distance a is directly related to the
winding length. The relation between the travelled distance
o and the delay in pulse arrival time t1, gives the effective
propagation speed of the pulse inside the machine as in (2).

v =o0,/11=36.42 m/us 2)

This value is approximately eight times smaller than the
propagation speed in vacuum vy = 300 m/ps in (3).

1
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Similar cases have been reported in [17]-[18], where
the propagation speed inside the machine’s winding is
considerably less than vy. According to (4), the propagation
speed in mediums other than vacuum can be reduced
depending on the geometric structure and material
properties of conductors.

V= vy /A/CeL (4)

Geometry and material properties both contribute to the
values of C and L. Under the assumption that geometry
properties are equal, factor C-L in that system can be
reduced to €.u [19]. Knowing that the insulation around the
copper wires has a relative permittivity of € .= 5, one could
substitute (3) in (4) and derive (5). According to (5), one

Vo =

might assume that, iron with a finite relative permeability
of pu =13 is contributing to pulse propagation.

VE Vo INCL = Vo /e )

However, some previous studies based on the classical
Maxwell equations do not support the idea of reduced
permeability for frequency domains below a frequency of
20 MHz [20]. To understand the reason of reduced speed a
simple coaxial arrangement is considered as in Fig.3. This
arrangement is supposed to help visualize a simplified
geometry which resembles a copper wire inside a machine
slot. The copper wire resembles the inner conductor of the
coaxial cable and the slot iron is its outer conductor,
respectively.

Insulation
Inner conductor
Outer conductor

Fig. 3. A simplified slot section which resembles a coaxial cable.

Since the insulation coating on the copper wire is
generally much thinner compared to the conductor’s
dimensions, the capacitance per length between the inner
and outer cylinders is derived from (6).

C

coaxial — 2n 80 /IHE (6)
b

If there is no current inside the conductors and only one
type of electric insulation is used, the value of inductance
per meter would be equal to L=¢,* i, /Ceouxia- When the
current flows inside the inner conductor, the outer
conductor will also be induced with current. Knowing that
the iron is laminated, it is obvious that the outer coaxial
conductor of Fig. 3 cannot support the flow of a total axial
current. Hence the wvalue of inductance is strongly
influenced by the distribution of current inside the iron
sheets. This distribution is decided by the frequency content
of the conductors, material properties and geometry [20],
[23]. For frequency contents within the partial discharge,
bearing currents and inverter pulses [8], [14]-[16], the
current will close its path through each lamination via the
housing or the lamination insulation. This means that unlike
the electric field, the flux between stator iron and wire
copper (the inner and outer conductors as shown in Fig.3) is
not limited to the air gap volume. Hence, C-L factor cannot
be simplified to €.p in machine windings. Therefore, it is
not correct to explain the speed reduction by means of
reduced permeability in equation (5). The corresponding
Maxwell equations are provided in [20], [23].

B.  Case II. Measurement on Series Connection of Phase
U and phase W

The next test arrangement consists of windings of two
phases connected in series, where the pulse voltage is
connected to the terminal of winding U and the signal is
measured at the end of winding W. The test configuration
and test results are illustrated in Fig4 and Fig.5
respectively.
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Fig. 4. Measurement configuration: A pulse with a rise time of 7z=0.6 us
and width of 1.1 ms is fed to phase U of a three phase synchronous
machine. Phase U is connected to phase W in series. Output voltage is
measured at the end of phase W.

The delay time T in Fig.5 corresponds to the traveling
time when two identical phases of the machine are
connected in series.

According to transmission line theory [19] and
reflection rules, the delay time T2 in Fig.4 is supposed to be
twice T1 of Fig.2. However, a close observation of wave
forms proves that the relation between these two numbers is
not exactly two (t2/t1 =14.4/7.5). This means the
oscillations are dependent on factors that are not fully
described in the classical transmission line theory [9], [19].
This is more discussed in more details in terms of factor ®,
in section VIII of this paper, where the oscillation
frequency is a not a linear function of propagated length.
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Fig. 5. Measured input (pulse shaped) and output (oscillating) voltage of
the test configuration of Fig.4.

C. Necessity of High Frequency Model Application

Each phase of the machine has a winding with a length
of /=274.8m. Considering the travelling speed of
v=36.88 m/us, the 0.6 us front of the input pulse would
have a wave length of approximately 22 m inside the slot.
This value is comparable to the length of the winding.
Hence analyzing it requires the application of distributed
models. As mentioned before, the pulse shape is of
particular importance since it matches the specifications of
partial discharge, bearing currents and inverter impulses
[8], [14]-[16]. Consequently this pulse shape can simulate
these signals and presents a way of estimating their effect
on the life time of the machine.

IV. EQUIVALENT DISTRIBUTED CIRCUIT

Depending on the harmonic frequency content of the
input voltage, the winding can be divided into n sections,
each having a length of Ax. The section of the conductors
inside the slot is illustrated in Fig.6, where each part of the
wire that is surrounded by insulation and iron has losses
that can be modeled as RAX.

Fig. 6. One section of the high frequency model of a machine with
concentrated conductors inside the slot.

More details about the contribution of iron to wave
propagation and values of R are presented in [20]. The
capacitance to the ground is CAx and the self inductance is
LAx where R, L and C are per length variables.

If the conductor inside each slot is a wounded coil, then
each wire is coupled to the neighboring wire by K/Ax. A
slot with three turn coil and the corresponding couplings are
graphically illustrated in Fig.7. It is important to mention
that the overhangs model would have different values.

There have been a number of models introduced by
some authors but they are mainly valid for transformer
windings [9]-[12]. Since the geometry of transformers and
electrical machines are different the transformer models
cannot be necessarily applicable to machine windings.
Nevertheless they give a good idea about the physics of
wave propagation and the nature of differential equations
which rules over the wave behavior.

Fig. 7. Cross section of the slot slice with three wires inside, where each
wire is coupled to its neighbor wire with capacitance K.

The R, L, C and K values inside the slot are different than
the overhang. Nevertheless the equivalent high frequency
circuit can be simplified to the model illustrated in Fig.8,
where the R, L, C and K components of overhang and slot
are combined and changed in a manner to fit into the
repeated circuit of uniform sections over the whole
winding. In the following, these equivalent uniform values
will be derived.
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Fig. 8. Simplified high frequency model of machine winding.
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Partial differential equation (4) describes the model of Fig.8
mathematically. More detailed calculations are presented in
the Appendix.

o*u(xn
ox2or

1 2 u(x)
R oot

Pu(xy)  tu(xn) e

1
+- =C
L o’ or

The constants described in (7)-(10) are notations used to
describe the solution to the system of partial differential
equation (7).

c
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By using the separation approach in solving partial
differential equations, the voltage of the machine winding
can be described by (11).

ur) =1+ Y (X,sin (1,x) e
! (11)

( dy sin @, + cos ,t) )
OJH

Equation (11) is a typical wave equation. Throughout the
time, the oscillations travel back and forth inside the
winding. For different values of R, L, C and K, the wave
form looks different. The process to find the R, L, C and K
values which fit the wave form the best is described step by
step in the next section of this contribution.

V. CALCULATION OF PARAMETERS

The data from the measurement Case I and Case II can
be interpolated and put into a computer model to extract the
values of R, L, C and K in (11). The model follows the
following rules:

A.  Earth Capacitance-Coupling Capacitance

Knowing the geometry of wires and their distance
towards each other, the capacitance K between two
neighbor parallel wires is estimated from equation (12)
according to [22]. In this equation, parameter D is the
distance between two neighbor wires in a slot and a is the

radius of the wire.
— | -1
2a

The estimation of the voltage distribution is strongly
influenced by the capacitive parameters C and K.

Knowing the measured oscillation frequency from both
Case I and Case II, the value of C can be determined
according to (13). Another method to derive the value of C
is to use the initial voltage distribution formula described
by Heller and Veverka [11].

e
Oh Casel — Kkn Case Il

O)n Case Il 1+ C
KA

(13)
2
n Casel

In the next section it will be discussed that the calculated
and derived values are in compliance with the typical
capacitive parameters of electrical machines [21]. These
values are then used to determine the amplitude of each of
the voltage space harmonics Xy, in (8).

B.  Oscillation Frequency

The period and frequency of the oscillation is
determined from measurement. Knowing the value of C as
well as K, the measured frequency is used to determine L

by applying (9).
C.  Maximum

The maximum value of the voltage at the end of the
winding occurs at the first peak of the measured oscillating
voltage. This is the first time, at which the time derivative
of voltage in (11) is zero. This can help calculate, the d,
values in (10). Since all other factors are known, the R
values can be determined.

VI. SIMULATION RESULTS

Following the steps described in IV, the high frequency
equivalent circuit was determined. The model converges,
assuming the value of resistance is frequency dependant.
This dependency is in compliance with previous studies
concerning the high frequency losses induced inside the
machine including the contribution of iron parts, e.g. of the
magnetic circuit [23].

These values for the machine under test are calculated
and the results are collected in Table. 1.

TABLE I
PARAMETERS OF HIGH FREQUENCY EQUIVALENT CIRCUIT OF A SINGLE
LAYER WOUND THREE PHASE SYNCHRONOUS MACHINE.

Parameter | Value Description

Rin Q/m 0.0148 w, | Resistance as a function
+5323.3 of angular frequency

LinmH/m | 17.74 Inductance

C inpF/m | 0.0518 Capacitance to earth

KinpF-m | 70 Neighboring capacitance

The winding behavior is simulated when the terminal of
phase U is connected to the source voltage and the voltage
is then measured at the end of phase U of the winding. The
results of the calculations by the mathematical model
presented in (11) as well as laboratory measurements are
plotted in Fig.9. It can be seen that the simulation results
and measured voltage are in good agreement.
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Fig. 9. A rectangular pulse with a 0.6 ps front is applied at the beginning
of the phase U. The voltage at the end of the winding is measured and also
simulated and the results are illustrated for comparison.

The calculated and simulated results for Case II, where
the series connection of phase U and phase W are
investigated, can be seen in Fig.10. It can be seen that they
are in good agreement.
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Fig. 10. A rectangular pulse with a 0.6ps front is applied at the beginning
of series connection of phase U and V. The voltage at the end of the
winding is then measured and also simulated and the results are illustrated
for comparison.

Particular attention should be paid to the fact that the
voltage is only measured at the beginning and end of the
winding. From those measurements the high frequency
parameters of the machine were derived.

VII. DISTRIBUTION OF VOLTAGE ALONG THE WINDING

The derived parameters of R, L, C and K can be used to
determine the voltage distribution along the entire winding
being fed by a rectangular shaped voltage pulse. The
simulation results are presented in Fig.11.
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Fig. 11. Voltage distribution along the winding length of phase U with
respect to time when a rectangular input voltage in connected to the
machine terminal.

The results illustrate that due to the high frequency
equivalent circuit, there exists a voltage increase equal to
1.68% of the imposed voltage. Furthermore, it can bee seen
that the strongest voltage oscillations tend to dissipate after
0.1 ms.

INFLUENCE OF PARAMETER ON MACHINERY
TRANSIENT AND LIFETIME

VIIL

If the slot geometry, the magnetic circuit’s geometry or
its properties are changed, the quantities of the R, L, C and
K will also change. As a consequence the constants in (11)
and the distribution of voltage along the winding also
change. Therefore, the voltage peaks may increase, which
will increase the stress and reduce the expected life time of
the machine. When changing the geometry of the slot,
windings, iron parts or their material characteristics to
optimize the power, torque, etc., it is important to
investigate the voltage peaks and the time that voltage
oscillations exert stress on the winding’s insulation system.
This approach can help make proper decisions about the
choice of the insulation system to maintain the life time of
electrical machines.

Fig.12 shows the simulation for the voltage distribution
along the winding of phase U. The -calculation was
performed for the parameter K which is increased to
220 pF-m. It can be seen that the peak of the voltage is
increased to 1.84% referred to the source voltage and that
the winding still tends to oscillate even after 0.15 ms.

Another aspect that should be discussed here is the
propagation speed as a function of the traveled distance. As
observed and mentioned in part B of section III, when the
travelled length of the wave is doubled by connecting two
phases of the machine in series, the corresponding
travelling time does not double. This is due to the existence
of coupling capacitances that influences o, in (6). If the
coupling factor K was equal to zero, the travelling time
would be exactly proportional to the travelled length.
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Fig. 12. Voltage distribution along the winding length of phase U with
respect to time when a rectangular input voltage is connected to the
machine terminal. In this simulation it is assumed that due to geometry
changes K is increased to 220 pF-m.

IX. CONCLUSION

This paper is intended to describe a number of
laboratory measurements to study the voltage wave
propagation phenomenon in the winding of electrical
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machines. Measurements have been performed at the
terminals of the machine phases. The results validate that
the application of a high frequency model for the analysis
of inverter fed machines is necessary. Addressing the
physical basis governing this phenomenon, a well studied
high frequency model was introduced and its parameters
were then derived from the measured voltage waveforms.
When the machine voltage has a high harmonic frequency
content due to inverter impulses, this model can simulate
the behavior of the electrical machine winding.
Observations of the winding oscillations and voltage peaks
explain the reason why inverter fed machines tend to age
faster and have a shorter life time expectation.

The derived model can be applied to analyze the
propagation of fault signals like partial discharge and
bearing currents in new and aged windings. The validity of
this method on different machine types is not investigated
yet. This will be the topic of the ongoing research.

X. APPENDIX

For the elements in Fig.§, the following Voltage and
current equations are valid:

RAxip (x,0) =u(x,t) -u(x + Ax,1) (14)
dip (x,t)
LAXTZM(x,t)—u(x-i—Ax,z) (15)
. K d
g (x’f):EE(u(x, t)—u(x+Ax,t)) (16)
: du(x+Ax, t)
lC(xat):CAxT (17)

Combining the last four equations, the partial differential
equation describing the voltage can be derived as in (7).
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