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Abstract-- PWM inverters are widely used in many power
applications, including the speed and torque control of motors.
However, PWM-type excitation produces electrical stresses in the
machine winding due to fast voltage rise times caused by high
frequency switching. This phenomenon is magnified by the
presence of the feeder cable. In this paper, a non-uniform
transmission line model of the machine winding is used to predict
the transient propagation of fast pulses along the overhang and
slot regions of the coil under fast PWM-excitation. The machine
parameters are computed using the finite element method. The
cable is included by means of a distributed parameter model
whose parameters are obtained from measurements. An
experimental coil setup is developed to assess the simulation
results. The effect of different rise times from the PWM and
different cable lengths in the transient overvoltage along the
machine winding are analyzed by means of simulations and
measurements.

Keywords: Machine winding, transient overvoltage, non-
uniform transmission line, PWM.

I. INTRODUCTION

RANSIENT overvoltages due to lighting and switching

operations have to be considered in the design of machine
windings. These overvoltages may cause dielectric stresses
leading to insulation failure [1]. Since the 1980s, several
computer-based MTL (multiconductor transmission line)
modeling approaches have been proposed to predict the
magnitude and distribution of transient overvoltage in machine
windings under fast-front pulses [2]-[4]. The computation of
parameters for this type of models is obtained using analytical
or numerical approaches and considering the relationship
between inductance, capacitance and wave velocity in
homogeneous media for the overhang and slot regions [1], [5]-
[9]. The inclusion of frequency dependence in the machine
winding parameters has also been reported [2], [10].

In the last decades, induction machines fed by PWM (pulse
width modulation) have been widely used in many industrial
applications for speed and torque control [9], [16]. PWM-
ASDs (adjustable speed drives) have a lot of advantages in
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terms of performance, size and efficiency. However, they also
produce an increase in transient overvoltages as well as
insulation stress [11]-[14]. In addition, in many industrial
applications it is common to connect the motor and PWM
inverter by means of a long cable [12], [15]. These cables
further amplify the undesired overvoltages in the motor
windings. The magnitude of these overvoltages depends on the
pulse rise time and on the characteristic impedance and length
of the cable [17]-[18]. Example of cable models used for the
simulation of the transient response of an inverter-cable-
machine winding setup are described in [17]-[19].

In this paper, the computer model of a machine winding is
implemented by means of a non-uniform MTL approach in
order to consider the pulse propagation related to an inverter
excitation in the two regions occupied by the coil: slot and
overhang. The model used is based on the cascaded
connection of chain matrices corresponding to each region of
the coil. The parameters of the machine winding are calculated
from FEM simulations considering nonhomogeneous media
composed of different insulation layers. A frequency domain
distributed parameter model of the cable is included in the
simulations in order to consider its effect in the transient
response of the winding when fed by a PWM-type excitation.

Il. MODELING OF MACHINE WINDING

A schematic representation of the system under study is
shown in Fig. 1. A PWM-type excitation is connected through
a single-phase cable to the machine winding coil from a
medium-voltage form-wound machine. The typical coil of a

machines winding has two regions: slot and overhang, as
shown in Fig. 1. A constant lumped resistance Ry, is used

to represent the rest of winding after the first coil.
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Fig. 1. Schematic model of a form wound stator coil (3 turns are considered
for the purpose of illustration) with connecting cable.
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A. Non-uniform line model

The voltage and current waves’ propagation along a non-
uniform multiconductor transmission line are described by the
following equation [20]-[22]:

d | V(x,59) 0 -Z(x,8) || V(x,8) N
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where V(x,s) and I(x,s) are the voltage and current vectors in
the Laplace domain at any point x, Z(x,s) and Y(x,s) are the
longitudinal impedance and transversal admittance matrices
per-unit length. As seen in (1), the electrical parameters of the
line are frequency and space dependent. Assuming that the
parameters are constant over a line segment Ax and applying
boundary conditions at x and x+Ax, the following relation

between voltages and currents on both sides of the segment is
obtained in terms of the chain matrix [20]:
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The chain matrix of the segment is given by
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where ¥ is the propagation constant matrix, computed as
¥ =M/aM (4)

M and A are the eigenvalue and eigenvector matrices of the
Z(x,5)Y(x,s) product, respectively; Yo is the characteristic
admittance matrix of the line segment computed as

Y, = Z(x,8) ¥ (5)

The line representing the coil is divided in 5 segments
(overhang/2, slot, overhang, slot, overhang/2). The chain
matrix from each segment is computed according to (3). It can
be noticed that such matrix is a function of the parameters Z
and Y, which are different in the overhang and slot regions.

Finally, the cascaded connection is applied (product of
chain matrices) to obtain the chain matrix of the complete coil,
as shown in Fig. 2.

The relationship between voltages and currents at the
beginning (node S) and end (node R) of the complete coil is

obtained as

V, V. LOJ (1) V.
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where @,,,®;, ,®,, and ®,,are the elements (submatrices)
of the chain matrix of the complete coil. This chain matrix
model is transformed into an equivalent nodal form in order to
introduce the zig-zag connection required to preserve

continuity as the pulse propagates along the turns [20]. This
yields:
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Fig. 2. Cascaded connection of chain matrices to model all regions of coil
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In (11) - (14), Ycon is the (large) admittance introduced for the
zigzag connection, Ys is the source admittance, and Y. is the
admittance corresponding to the rest of the winding (1/Rierm).
The frequency domain nodal voltages obtained from (7) are
transformed into the time domain by means of the numerical
Laplace transform [23].



I1l. MODELING OF CONNECTION CABLE

Accurate modeling of the cable in the inverter-cable-coil
setup is very important for a correct prediction of the
winding’s response. Fig. 3 shows the model used in this work,
which corresponds to an equivalent circuit in the frequency
domain obtained from short and open circuit measurements
using an LCR meter (Agilent E4980) [17]. The parameters of
the single-phase cable model are calculated from the short
circuit impedance Zs and open circuit impedance Zo. measured
at low and high frequencies (fiow and fuign, respectively),
considering a 1 m long unshielded four-wire cable, size 10
AWG. The cable parameters are obtained as follows [17]:
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The series impedance and shunt admittance per unit length
of the cable are defined as
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These parameters are introduced into the distributed parameter
admittance model of the cable as follows:

| R YRS YRR VR

where Vs, Is and Vg, Ir are the voltages and currents and the
sending and receiving ends of the cable, respectively. The
elements of the admittance matrix are defined as

Yss=Yrr=Y ocoth(yL)

(23)

(24)
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Fig. 3. Equivalent circuit per unit length of the cable
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IV. CASE STUDY

A. Geometrical Configuration

A schematic cross section of the coil considered in this
study is shown in Fig. 4. The main parameters of the stator coil
are summarized in Table I.

Fig. 5 shows a picture of the experimental setup. Besides
the medium-voltage form-wound coil under test, it includes a
waveform generator, an oscilloscope, the connection cable and
a 100 Q load connected at the end of the coil. Steel plates were
included to emulate the electromagnetic field distribution in
the slot region [24]. The experimental setup was placed in a
laboratory facility free of electromagnetic interference.

TABLE |

MACHINE PARAMETERS
Turns per stator coil 7
Length of overhang region 0.33m
Conductor width (w) 5.35 mm
Conductor height (h) 2.85 mm
Resistivity of stator bar conductor 1.7x10-8 Q-m
Thickness of interturn insulation (51) 0.2 mm
Thickness of main insulation (32) 1.41 mm
Thickness of ground wall insulation (83) 0.36 mm

Relative permittivity of the interturn insulation | 2.5

Relative permittivity of the main insulation 2
Relative permittivity of the ground wall ins. 2.8

Slot width (W) 8.9 mm
Slot Height (H) 24.2 mm
Slot length 0.45m

B. Computation of electrical parameters

A single coil is considered as the basic element for the
calculation of machine parameters. As mentioned before, each
coil can be divided in two sections: overhang and slot. The
capacitance, inductance, and resistance matrices in both coil
regions are calculated using the FEM-based software
COMSOL Multiphysics.
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Fig. 5. Experimental setup for validation of the inverter-cable-coil setup.

In the slot region the slot walls behave as magnetic
insulation for the high frequencies related to the fast transient
response of the coil. In the overhang region, these walls are
replaced by an open boundary condition. The capacitance
matrix C is calculated using the forced voltage method in the
electrostatics module of COMSOL, as shown in Fig. 6 for the
first turn. The inductance matrix L is calculated using the
magnetic energy method, as shown in Fig. 7 also for the first
turn. The series losses in the coil (R) are computed from the
concept of complex penetration depth. The dielectric losses
matrix (G) is computed using the “electric currents” module in
COMSOL.

C. Simulated and experimental results

Initially, the cable and winding models are assessed
separately by means of comparisons with experimental
measurements.
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Fig. 6. Capacitance calculation using forced voltage method in FEM
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Fig. 7. Inductance calculation using magnetic energy method in FEM

The cable model is validated by means of the simulation of
its step response, considering a unit step with rise time of 100
ns at the sending node and a load of 50 Q connected at the
receiving node. The voltage at the receiving end of the cable
and its comparison with the experimental measurement are
shown in Fig. 8.

The winding model is validated considering a PWM-type
excitation with different rise times between 100 and 500 ns
connected to the first turn of the coil. The rest of winding is
represented by a 100 Q load. This type of excitation is
obtained from the waveform generator emulating the phase to
ground voltage from a 5-level voltage source inverter [16].
The corresponding waveform is shown in Fig. 9.

Fig. 10 shows the comparison of the simulated and
measured transient voltage at the first winding turn. A second
assessment of the winding corresponds to a similar setup, but
with an open ended condition of the coil. This results in
noticeable oscillations which are reproduced in a very accurate
manner by the winding model, as shown in Fig. 11, which
illustrates the transient response at the far end of the winding.
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Fig. 8. Transient voltage at the receiving end of the cable
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Fig. 9. Typical PWM-waveform generated by an inverter
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Fig. 10. Transient overvoltage at the first turn of the coil terminated in 100 Q
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Fig. 11. Transient overvoltage at the last turn of the coil for open ended case.

The following set of simulations correspond to the response
of the coil for different rise times of the PWM-type excitation
and for different lengths of the connecting cable.

When connecting the inverter to the machine winding coil
through a 1-meter cable, the overvoltages are increased, as
shown in Fig. 12. This figure corresponds to a PWM-type

excitation with 100 ns of rise time, comparing the results with
and without cable. In addition, Fig. 13 shows the results for
different rises times and 1-meter cable included. These figures
also show that, when compared to the experimental results, the
simulations  corresponding the excitation-cable-machine
winding setup produce very accurate results.

The effect of the excitation rise time is analyzed in a more
general manner in Fig. 14, which shows the potential
difference between turns for different rises times. According to
this figure, the potential difference is inversely proportional to
the rise time of the excitation.

Finally, the effect of the length of the connection cable is
analyzed in Fig. 15, which illustrates the potential difference
between turns for an excitation with 100ns of rise time
connected to the winding by means of cables of different
lengths. According to the results, the potential difference is
directly proportional to the cable length.
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Fig. 12. Transient overvoltage with and without cable.
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Fig. 13. Transient overvoltage at the first turn of the coil with cable.
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V. CONCLUSIONS

A frequency domain non-uniform  multiconductor
transmission line approach has been used to study the fast front
transient response of a machine winding coil when a PWM-
type excitation from an inverter is applied. The parameters of
the coil were calculated using the finite element method. The
cable connecting the inverter to the winding was included
considering a frequency domain distributed parameter model
whose parameters are obtained from short and open circuit test
measurements.

The results when applying a PWM-type excitation to the
coil show that the rise time of the source and length of cable
have an important effect on the transient overvoltage produced
at different turns of the coil, as well as in the potential
difference between adjacent turns. The comparison between
simulation and experimental results, in terms of oscillatory
behavior and magnitude, demonstrate that both the winding
model and the cable model selected result in a very accurate
prediction of the fast transient response related to the use of
inverters in medium voltage induction machines. Since the
winding model is considered as completely linear for high
frequencies, a frequency domain modeling approach is a very
good option to study the fast transient response of machine
windings.
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