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Abstract
Electric machines form an essential part of a wide range of modern systems. When speed
control is required, the use of pulse width modulation‐based inverters is generally the
solution of choice. It is also usual to connect the machine to the inverter using a cable.
The combination of these three elements produces the potential for voltages which
exceed the dc link voltage to occur at the machine terminals. Methods for predicting the
terminal voltage exist; however, these methods assume that the pulses applied to the
system can be considered as isolated, discrete events. The authors highlight an issue with
this assumption. When a switching event occurs, it will cause a voltage disturbance in the
unswitched phases of the system due to the mutual coupling between the phases. If a
second switching event occurs within a short time of this event the resultant voltage will
interact with the previous switching event resulting in a higher terminal voltage than
would be the case for an isolated event. This effect can be problematic for insulation
design if it is not considered. This issue is demonstrated, with the worst‐case scenarios
identified and potential methods of reducing terminal voltage being proposed.

KEYWORD S
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1 | INTRODUCTION

Electric machines are essential components in a wide range of
applications. A common topology employed in machine design
is the 3‐phase star‐connected machine. To produce rotation,
the three phases are driven by three sinusoidal currents which
are electrically displaced from each other by 120°. In applica-
tions requiring speed and/or torque control, pulse width
modulation (PWM)‐based inverters are usually employed.
These inverters generate an approximation of the sinusoidal
currents through the coordinated switching of multiple
switching elements (e.g. MOSFETS or IGBTs). This approach
produces a train of pulses which, when applied to the winding
inductance, average to produce an approximation of the
required sinusoidal waveform. To reduce the level of distortion
in this current waveform the PWM switching frequency should
be substantially higher than the fundamental rotation fre-
quency of the machine (usually of the order of kHz).

To reduce the switching losses which occur within the
inverter, it is advantageous for the switching events to occupy
possibly a short time period by employing fast rise and fall
times. The development of newer wide‐bandgap technologies,
such as SiC and GaN offer the potential for higher power
densities through the facilitation of faster rise times and higher
switching frequencies, allowing these values to be pushed to
levels which would not be practical with conventional Si‐based
devices [1–3]. These factors, coupled with the increasing trend
to use higher DC‐link voltages in many applications such as
electric vehicles result in high rates of dV/dt being applied to
the machines.

In a practical system, the machine will be connected to the
inverter using a cable. Due to impedance mismatches between
the machine and cable, voltage overshooting at the machine
terminals will occur [4]. Research has shown that for cables
shorter than the critical length (that is cables for which the
propagation time is less than the converter rise time) overshoot
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voltage magnitude is inversely proportional to rise time—that
is to say that faster rise times will result in a greater level of
overshoot [4–6].

Voltage overshoot can cause a range of issues for an
electric machine. Most obviously, if the overshooting voltage
exceeds the breakdown voltage of the insulation, failure will
occur. Less obviously, but potentially just as harmful, is the
condition where voltage exceeds the partial discharge inception
voltage (PDIV) of the insulation. In this case, total insulation
failure will not occur immediately; however, discharges will
occur within the air voids of the insulation, which over time
will result in insulation degradation leading to premature failure
[7]. Consequently, a good understanding of the voltages which
occur at machine terminals is vital for the understanding of
machine lifetimes.

Methods for predicting the overshoot voltage for a given
system already exist in the literature [5, 8, 9]. One such method
which will be discussed here is described in ref. [5]. It is
assumed in all these methods that each switching event can be
treated as a discreet event and can be considered in isolation.
When this condition is true, these methods can predict the
overshooting voltage with a reasonable degree of accuracy;
however, in cases which this condition is not true, for example,
when multiple phase transitions occur within a short period of
time, the interaction between these events can result in over-
shooting voltages which are substantially higher than would be
predicted using this method.

It has been reported in literature [6, 8, 9] that terminal
voltage stress may be increased if a single phase is switched for
a second time while oscillation is still present from the first
switching event. In this article, it is demonstrated that such
interactions can also occur between the phases if the switching
events occur on different phases, due to the mutual inductance
between the phases. While some more recent models which
incorporate the mutual inductance between phases do exist in
literature, for example, in refs. [10–13] the impact of different
phases switching within a short time frame, and the resultant
impact on terminal jump voltages is not explicitly discussed in
these cases. This phenomenon, which has not been widely
reported, is the primary focus of this paper. In addition to this,
a method of obtaining the parameters for the overshooting
prediction model based on common‐mode impedance mea-
surements of the system under test is also presented. An
empirical model of the system under study which includes the
impact of phase interactions is also employed to identify the
worst‐case inverter operating points with respect to terminal
voltage.

2 | STUDIED SYSTEM
CONFIGURATION

A typical configuration for a PWM driven machine is shown in
Figure 1. This system consists of a PWM inverter which is
supplied by a dc link voltage (Vdc). This generates the PWM
waveforms used to drive the machine. Connection between the
inverter and machine is achieved using a length of shielded

cable. Here each conductor is individually insulated, and the
entire cable is shielded using a common shield. If grounding is
required, this shield is connected to the midpoint of the dc link
voltage at the inverter end and to the machine casing at the
machine end. In some configurations, a separate protective
earthing connection is required, in such cases a fourth
conductor may also be included for this purpose. The
configuration shown in Figure 1 is a generalisation, and other
shielding/protective earthing arrangements may be required
for specific applications. Such discussion is application specific
and beyond the scope of this article as it will not significantly
impact the key phenomenon under discussion. In the example
considered here the machine is connected in star configuration,
this is a typical configuration for machines of this type. In the
work discussed here, the voltages referred to as the machine
terminal voltages are measured at the point between the end of
the cable and the machine terminals. The machine casing
voltage is used as the reference point for these measurements.

In the presence of rapidly changing waveforms, for
example, PWM signals with fast rise times, wave propagation
effects can influence the voltage which is present at the ma-
chine terminals. When a switching event occurs, this waveform
will propagate along the connecting cables, and through the
machine windings. Due to impedance mismatches at the
interface between the cable and windings, reflections will occur
at the machine terminals. These reflections interact with the
incoming signal, resulting in higher voltages being observed at
the machine terminals [5].

To study these effects in this article an example system is
employed. The specifications of the machine used for this
study are listed in Table 1. In this study, the test sample con-
sisted of a machine stator only (no rotor), this will not have a
significant impact on the observations made in this work but
simplifies the experimental setup considerably. A photograph
of the stator is shown in Figure 2. PWM signals are generated
in this work using a SiC‐based 2‐level PWM inverter and
connections between the stator and inverter are made using a

F I GURE 1 Configuration of typical PWM drive driven system.

TABLE 1 Machine specifications.

Parameter Value

Type Permanent magnet servo motor

Phases 3

Winding type Distributed, single layer

Power rating 2.8 kW
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2.5 m long shielded cable. This experimental setup is shown in
Figure 3, an oven is employed as an enclosure for the sample
under test to protect the operator from exposure to high
voltages, during this testing the oven was not turned on and
was not used to heat the sample.

3 | PREDICTION OF VOLTAGE
OVERSHOOT

The underlying method discussed here for the prediction of
voltage overshooting was first proposed in ref. [5]. In this
section, the relevant equations will be briefly summarised,
along with a newly proposed alternative method of charac-
terising the parameters for an electric machine system, based
on common mode impedance measurements of the cable and
machine.

Ultimately, the parameter which is of interest when pre-
dicting the level of voltage overshoot is the reflection coeffi-
cient Γ, which can be calculated using Equation (1).

Γ ¼ Zm − Zc

Zm þ Zc
ð1Þ

Where Zm and Zc are the surge impedance values of the ma-
chine and cable respectively. The surge impedance of an
element can be calculated as follows:

Zc ¼
ffiffiffiffiffiffi

LC

Cc

s

; Zm ¼
ffiffiffiffiffiffiffi

Lm

Cm

s

; ð2Þ

Where Lc and Lm represent the per unit inductance of the
cable and machine respectively, and Cc and Cm represent the
per unit cable and machine capacitance values.

While it is possible to calculate the surge impedance of a
component by measuring the L and C values, an alternative
approach using measurements of the common mode imped-
ance can be employed. By way of example, the common mode
impedance of the cable studied in this work is shown in
Figure 4. From this data, two parameters can be determined.
Firstly, the capacitance is extracted from the impedance data,
this is done at a low frequency (10 kHz) as at this frequency the
impedance angle can be observed to be very close to −90°,
meaning that the impedance is predominantly capacitive at this
frequency. The second extracted parameter is the first anti‐
resonant frequency of the cable. These values can be used to
calculate the surge impedance of the cable using equa-
tions (3)–(7).

The propagation time of the cable is given by the
following [5]:

tpðcableÞ ¼
lc

v
¼ lc

ffiffiffiffiffiffiffiffiffiffi

LcCc
p

ð3Þ

Where tp(cable) is the propagation time of the cable, lc is the
length of the cable, and v is the velocity at which the pulse
propagates through the cable.

The relationship between the first anti‐resonant frequency
and the propagation delay is shown in Equation (4) [10]. By
rearranging Equation (4) and substituting it into Equation (2) it

F I GURE 2 Stator sample under test.

F I GURE 3 Experimental setup used for this study. F I GURE 4 Measured common mode impedance of cable.
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is possible to obtain Equation (5). As the cable common mode
capacitance (CCCM) is equal to the product of the cable length,
and the per unit capacitance (6) the final equation for cable
surge impedance (7) can be obtained.

far ¼
1

4tpðcableÞ
¼ 1

4lc
ffiffiffiffiffiffiffiffiffiffi

LcCc
p ð4Þ

Zc ¼
1

4farlc
ffiffiffiffiffiffi

Cc
p 1

ffiffiffiffiffiffiffi

CC
p ¼ 1

4farlcCc
ð5Þ

CCCM ¼ Cclc ð6Þ

Zc ¼
1

4farCCCM
ð7Þ

This approach may not be necessary for the cable, as it is
relatively trivial to determine the cable length through mea-
surement, allowing the use of Equation (2) directly. However,
this equation can also be applied to the machine surge
impedance by replacing the cable parameters with parameters
for the machine. This is helpful as determining the length of
the machine windings is much more difficult given their wound
arrangement.

The common mode impedance of the cable and machine
were each measured using Bode 100 vector network analyser in
the configuration shown in Figure 5. Using equations (1)–(7)

combined with the data presented in Figures 4 and 6 the values
for the system under study can be calculated. These values are
listed in Table 2.

Calculating the expected terminal overshooting value from
the reflection coefficient can be achieved using Equations (8)
or (9) [5]. The correct equation in this instance depends on the
propagation time relative to the signal rise time [5]. In this
article, a nominal rise time of 60 ns is considered. In this case,
three times the cable propagation delay (3 � 13.6 ns) is less
than the rise time, therefore the correct equation is (8). Using
this equation for the converter rise times yields a predicted
terminal overshooting value of 1.62, which equates to a voltage
of 162 V when a 100 V dc link is used.

Vtmax

VDC
¼ 1 þ

3tpðcableÞ ∗ Γ
tr

If 3tpðcableÞ < tr ð8Þ

Vtmax

VDC
¼ 1 þ Γ If 3tpðcableÞ ≥ tr ð9Þ

Where Vtmax is the peak terminal jump voltage, VDC is the dc
link voltage and tr is the converter rise (or fall) time.

4 | EXPERIMENTAL RESULTS

Testing was performed using a dc link voltage of 100 V. The
converter was operated in open loop mode with a modulation
index value of 0.5. The inverter was configured to provide a
nominal rise time of 60 ns with a 40 kHz switching frequency
and the fundamental frequency of the drive was set to 200 Hz.
The captured machine terminal voltages measured relative to
the machine casing are shown in Figure 7. The captured data
here shows over 120° of the electrical cycle, which due to the
symmetry of the system, is sufficient to illustrate the behaviour
over the entire cycle, as the behaviour will repeat, with the
position of the phases swapped. This will not impact the
behaviour being discussed here.

Over the course of the electric cycle, it can be observed
that the peak terminal voltage values are not consistent. The
reasons for this will be discussed in the following section.

4.1 | Impact of phase interaction

Consider the case shown in Figure 8. This data shows an
extract from Figure 7 in which of the switching events within

F I GURE 5 Measurement setup used to measure common mode
cabled impedance.

F I GURE 6 Measured common mode impedance of machine.

TABLE 2 Calculated values for setup under test.

Parameter Value

Zc 50.56 Ω

tp(cable) 13.6 ns

Zm 1052.27 Ω

Γ 0.908
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the PWM cycle are spread out and each phase switching event
can be considered in isolation. The first thing to observe is that
whenever a switching event occurs a corresponding distur-
bance is also visible in the other phases. This disturbance can
be attributed to the mutual inductance between the phases,
both in the machine and the cable. When a rapid change in
current (for example a switching event) occurs, this will excite
the mutual inductance between the phases, resulting in a
voltage being induced in the other phases. The presence of
high frequency components within these coupled signals sup-
ports the explanation that they are caused by magnetic

coupling rather than the signal propagation through the
windings. Considering the results presented in ref. [11] it can
be observed that as the signal propagates through the wind-
ings, the winding behaves as a low pass filter, removing the
high frequency elements from the signal. The oscillations
observed on the unswitched phases contain frequency com-
ponents which match the high frequency oscillation of the
switched phase, suggesting that these signals have not propa-
gated through the winding, as high frequency components of
this magnitude cannot be observed at the neutral point of the
machine.

In cases such as the one shown in Figure 8, the distur-
bances do not substantially impact the observed terminal jump
voltage, as the disturbance has time to decay before the next
pulse is applied. Consequently, the voltages observed in phases
B and C are very close to the predicted values using the
method discussed in the previous section. The lower value
observed in phase A can be explained by several factors
including discrepancies in rise time and imbalances between
the machine phases.

The discrepancy between nominal and actual rise times can
be attributed to a combination of factors. Firstly, component
tolerances will cause each phase leg to switch at slightly
different speeds. Secondly, at different points in the electrical
cycle, the polarity and magnitude of the load current will vary.
This current interacts with the parasitic capacitances of the
MOSFET resulting in differences in rise time. A detailed dis-
cussion of this behaviour is studied in ref. [14].

A further extract from the data is shown in Figure 9.
Similar to the previous example, phase C switches in isolation
from the other phases; consequently, there are no disturbances
from other phases influencing this switching event. In this
case, the magnitude of the jump voltage is very similar to the
previous example (2 V difference). The slight difference which

F I GURE 8 Zoomed view of a single PWM switching set extracted
from Figure 7 showing widely spaced switching (Measured).

F I GURE 7 Sample terminal voltage measurements (Vdc = 100 V,
m = 0.5, tr = 60 ns).

F I GURE 9 Zoomed view of a single PWM cycle extracted from
Figure 7 showing close switching (Measured).
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is observed between the examples can be attributed to differ-
ences in the electrical angle and by extension the load current,
which will result in slight differences to the converter rise
time [14].

Unlike the previous example, in this case phase A and
phase B switch within a very short time period. The impact of
this can be observed by considering phase B. Initially, the
disturbance induced by the switching of phase A causes the
voltage of phase B to decrease; while this voltage is lower than
the resting value, the phase B rising edge occurs. Consequently,
the resulting jump voltage consists of a combination of the
rising edge and the previous disturbance, resulting in a jump
voltage which is substantially higher than the previous
case (~20%).

This demonstration illustrates the reason for the observed
variations in measured terminal voltage over the course of an
electrical cycle. It also highlights that the conditions under
which larger than predicted overshoots can occur exist even at
relatively high modulation index values. By inspection of the
PWM switching sequence it can be observed that, these con-
ditions will occur whenever the electrical angle of the inverter
space vector voltage is close to integer multiples of 60 electrical
degrees. In such cases, two phases will switch within a short
time. It is also possible for all three phases to switch in close
proximity; however, this will only occur when the modulation
index is low.

To illustrate this, the converter was operated using a
modulation index value of 0.01. A sample switching event
from this test is shown in Figure 10. In this example, phases A
and B switch simultaneously, and phase C switches shortly
afterwards. The most significant impact of this can be
observed in phase C. Once again, the disturbances caused by
the switching of the other phases results in a decrease in
voltage prior to switching, causing the overall jump voltage to

increase. Another interesting observation in this case is the
behaviour of phase B, in this case the value is slightly reduced
compared to the isolated switching case. Here the interaction
between the phases results in the peak of the waveform
coinciding with the trough of the mutually inductance voltage,
the superposition of these two signals results in a net decrease
in the terminal voltage. While such an occurrence is possible, it
should not be relied upon as a means of reducing the terminal
voltage, as such behaviour will not occur consistently
throughout the electrical cycle.

These results demonstrate that although the analytical
method discussed in section 3 is a valuable tool for obtaining
an indication of the likely voltage levels, it is not fully adequate
for predicting voltages if multiple phases are likely to switch
near each other. While this is more of an issue when inverters
are operated at lower modulation index values it has also been
shown here that even at higher values of modulation, this
phenomenon will still occur when the electrical angle of the
space vector voltage approaches integer multiples of 60 elec-
trical degrees.

5 | ANALYTICAL ANALYSIS

The previously presented results demonstrate the phenomena
under discussion and its impact on the voltages experienced at
the machine terminals. To further study this effect, it is helpful
to consider the overall impact of modulation index and elec-
trical angle on the terminal overshoot value. While this could
be achieved by performing many experimental tests, it is
preferable to be able to perform this analysis analytically. To
this end a model is generated to characterise the system under
test based on a limited number of experimental data points.
This approach allows the entire experimental space to be
considered without the need for many experimental tests. In
this section such a model is discussed, culminating in the
production of a surface which comprehensively explores the
relationship which exists between modulation index, electrical
angle, and terminal jump voltage.

The model employed for this purpose is based on travelling
wave theory which is discussed in general terms in ref. [15], the
specific derivation as applied to an electric machine problem is
also discussed in ref. [11] and is built on the time domain
second order step response of the system. As it is necessary to
consider the interaction of multiple switching events it is
necessary to use a version of this model which allows for non‐

zero initial conditions. In this implementation of the model the
input signal is the inverter output. The model captures the
behaviour of the signal propagation through the cables and
machine windings, allowing the model to be used to calculate
the voltages at the machine terminals in this system.

To use this model, first the terminal voltage contribution
from each phase is calculated using Equation (10). This
equation determines the oscillating component contribution to
the terminal voltage. In addition to these oscillations, the dc
contribution to the signal caused by the switching action of the
inverter must also be included for the phase under study. This

F I GURE 1 0 Zoomed sample terminal voltage measurements, all three
phases close switching (Vdc = 100 V, m = 0.01, tr = 60 ns) (Measured).
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is calculated using Equation (11). These voltages can then be
combined using Equation (12) to obtain the total terminal
voltage for a phase. Since the coupling between the phases is
caused by magnetic coupling, only signals with an AC
component will be transferred. Consequently, as can be seen in
Equation (12), only the DC component of the phase under
study is considered. In the case of the phase under study, the
value of Vxm is empirically determined such that the peak
oscillation value matches the experimental peak value in the
data used to calibrate the model. The magnitude of this value
will be impacted by properties of the system such as the rise
time and cable propagation time, as discussed previously. In
the case of the coupled phases Vxm is impacted by both the
magnitude of the switching oscillations, and level of coupling
between the phases. Again, this value is determined empirically,
such that the magnitude of the modelled oscillations which
occur in the unswitched phases during an isolated switching
event match the experimentally observed values.

VXAC ¼ VXm

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 þ
�

ξ

ω

�2
s

e−ξðt−τX Þ sin
�

ωðt − τXÞ

þ tan−1
�

ξ

ω

�

−
π
2

�

þ VX0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 þ
�

ξ

ω

�2
s

e−ξðt−τXÞ sin
�

ωðt − τXÞ

þ tan−1
�

ξ

ω

�

þ ϕX0
−

π
2

�

ð10Þ

Where VXAC represents the ac component of a phase (X = A, B,
C), Vxm is the initial amplitude of the phase voltage oscillation, ξ

is the damping factor, ω is the damped frequency of oscillation,
τX is the time at which the switching event occurs in phase X and
VX 0 and ϕX0

represent the initial magnitude and phase of the
damped sinusoidal oscillation. On model initialisation the initial
values will be zero, however, when successive switching events
occur the values will be updated in accordance with the pro-
cedure illustrated in Figure 11, allowing the initial conditions at
successive switching events to be captured.

VXDC ¼
VDC

2
If SX is high ð11Þ

VXDC ¼ −
VDC

2
If SX is low

Where VXDC is the dc component of the phase under study
(X ), VDC is the DC link voltage and SX is the inverter switch
state which is driving phase X.

VXT ¼ VXDC þ VXAC þ VYAC þ VZAC ð12Þ

Where VX T is the voltage at the terminal under study, X is the
phase under study, and Y and Z are the remaining phases, such
that X ≠ Y ≠ Z.

The values of ξ and ω are calculated using the measure-
ments illustrated in Figure 12 and Equation (13).

ξ ¼ lnðV2Þ − lnðV1Þ
t2 − t1

ð13Þ

The parameterisation of this model requires prior knowl-
edge of the system behaviour to allow suitable tuning to be
performed. In this example, the model is tuned using experi-
mental data, after which the model is used to extensively
explore the experimental space without the need for additional
experimentation to be performed. As an alternative to using
experimental data, this model could be tuned using data from a
high frequency model, for example, the model discussed in ref.
[11]. Due to the complexity of such high frequency models, it
is difficult to explore a wide range of operating points using
such a model directly, due to the long time required to solve
the high‐fidelity model. Using the simpler analytical approach
allows the terminal behaviour of the machine to be replicated
using a considerably simpler model, facilitating a much wider
analysis of operating points at reduced computational expense.

To evaluate the performance of this model against the
experimental data two comparisons are presented here. Firstly,
the example period initially discussed in Figure 8 is shown in
Figure 13. In this example, all three phases are switched in

F I GURE 1 1 Block diagram of analytical model implementation.
F I GURE 1 2 Experimental determination of damping factor (ξ) and
oscillation frequency (ω).
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isolation. Comparing the measured and predicted terminal
voltage in this case it can be observed that the peak voltage
values of both the switching event and coupled disturbances
caused by the switching of other phases match well. Similarly,
the case demonstrated in Figure 14 was originally presented in
Figure 9 and provides an example of multiple switching events
occurring in proximity. Again, in this case the peak voltage
values are well represented, as are the interactions between the
phases. In both cases, the peak values match well, it should be
noted that there are differences between the precise shape of
the waveforms owing to higher order harmonics being
included in the measured data which are not included in the
model. As the main objective of this model is to predict the

peak terminal jump voltage, this is not detrimental to this
objective.

Simulating the model for a comprehensive range of mod-
ulation index and electrical angle values allows the impact of
these variables to be explored fully. This approach allows the
impact of these variables to be assessed, and to confirm the
observations made previously based on the experimental data.
The relationship between these variables is shown in Figure 15
for phase A. Similar analysis was also performed for the other
phases, but as the conclusions are consistent across the phases,
only phase A will be discussed here for brevity.

Considering the results presented in Figure 15 a few
important observations can be made. Firstly, regardless of
modulation index value, pronounced peaks in jump voltage can
be observed at regular intervals with respect to electrical angle.
These peaks in jump voltage value occur at 60° increments and
coincide with changes in the space vector sector. At these
points, switching of two phases will occur in close succession,
this will occur regardless of modulation index value, leading to
an increase in jump voltage in all cases. It is also interesting to
note that in the case of phase A, peak values occur consistently
due to this effect at 60°, 120°, 240° and 300°. This is to be
expected, as considering the state vectors at these points phase
A will switch simultaneously with another state. In the cases of
0° and 180°, phase A will switch in isolation, and phases B and
C will switch together. This results in the jump voltage at these
angles being comparable to the isolated switching value, which
for phase A has been shown to be ~1.3 p.u.

Additionally, at low modulation index it can be observed
that the jump voltage is further increased. This can be attrib-
uted to the fact that at low modulation index values all three
phases will switch within a short time, resulting in interaction
between the three phases and resulting in a further increased
jump voltage. This differs from the case observed at higher
modulation index values, where only a maximum two phases
will switch closely enough to cause significant interactions
between the switching events. From this it can be concluded
that the worst case for terminal voltage stress will occur at low
values of modulation index. It should be noted however that

F I GURE 1 3 Example comparison of measured and predicted
terminal voltages for isolated switching events.

F I GURE 1 4 Comparison of measured and predicted terminal
voltages for overlapping switching events.

F I GURE 1 5 Surface showing predicted terminal jump voltages with
respect to modulation index and electrical angle (phase A).

8 - HEWITT ET AL.

 1
7

5
1

8
6

7
9

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ietresearch
.o

n
lin

elib
rary

.w
iley

.co
m

/d
o

i/1
0

.1
0

4
9

/elp
2

.1
2

4
9

5
 b

y
 T

est, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
3

/0
9

/2
0

2
4

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



the electrical angle will also have some impact in the terminal
jump voltage, meaning that it cannot be assumed to be con-
stant over an electrical cycle regardless of modulation index
value.

To verify the trends predicted by the model the jump
voltage over 60 electrical degrees is evaluated from experi-
mental data under two different modulation index values. The
first case considered is when the modulation index value is 0.5.
The jump voltages for all three‐phases are shown in Figure 16.
For some of the sector shown here phases A and B switch
close together, over the entire sector, phase C will switch in
isolation. Firstly, considering phase C, the value is stable across
the time period considered, and is consistent with the values
discussed in the earlier analysis (~1.65). The impacts of phase
A and B on each other can be clearly seen by the increases in
jump voltage observed in both phases. This observation cor-
roborates the behaviour exhibited by the model and confirms
the observed trends in this case. In the second half of the data
shown in this figure, all three phases are switched in isolation,
yielding jump voltages comparable to the previously observed
individual cases.

Further analysis is also performed, considering experi-
mental data with a modulation index value of 0.01. This data is
presented in Figure 17. Here the results shown for phase C
exceed any values shown in higher modulation/isolated
switching case. Also, due to the very short window occupied by
all three switching events the jump voltage values for this
phase are higher than the isolated case across the entire period
shown.

It has also been discussed previously, that in some cases the
interference between the phases can result in a decrease in the
jump voltage, this behaviour can be seen in phase B in this
case, where in some instances the jump voltage value is below
the typical isolated switching value observed previously of
~1.6. Overall, the trends observed in the experimental data are
consistent with the behaviour predicted by the model regarding
phase interactions and the impact they will have on jump
voltages.

The discussion above has focused on the voltages which
appear at the machine terminals; however, due to signal
propagation effects the observed increase in voltages will also
impact the turn‐to‐turn voltages within the windings. The
measurement of these voltages is much more challenging as to
do so requires machine disassembly/the production of a
modified stator which incorporates winding taps. Theoretically
it is possible to apply this model to the prediction of voltages
within the winding, however due to limitations in the acqui-
sition of calibration data this would be more challenging than
the currently presented terminal voltage case. In the absence of
suitable calibration data it may be more suitable to consider a
high frequency model which is suitable for parameterisation
using finite element data directly, for example ref. [16]; how-
ever, such models tend to be substantially more complex than
the approach discussed here owing the level of fidelity required
to accurately capture the behaviour throughout the winding.
Such complexity is potentially necessary if knowledge of the
turn‐to‐turn voltages within the machine is required.

It is also worth noting that studies which consider the
behaviour of the propagating waves thought the windings [10,
17] show that the high frequency signals which are associated
with switching events do not propagate through the entire
winding due to the inductive nature of the windings. Studies
also show that the peak voltages within the windings
(measured relative to the stator core) occur at the machine
phase terminals, and at the neutral point making these the most
important locations to consider.

6 | REDUCTION OF TERMINAL
VOLTAGE LEVELS

While the primary focus of this paper is highlighting the sig-
nificant contribution which phase interactions can have on
machine terminal voltage, it may be helpful for designers to
consider potential methods of reducing the terminal voltage.
This section is included for this purpose.

F I GURE 1 6 Experimental jump voltage of phases over 1/6 of an
electrical cycle (m = 0.5).

F I GURE 1 7 Experimental jump voltage of phases over 1/6 of an
electrical cycle (m = 0.01).
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Firstly, the use of shorter cables may reduce the level of
overshooting observed at the machine terminals, this can be
observed by inspection of Equation (8), as a shorter cable will
have a lower propagation time, resulting in a lower over-
shooting value. It is also important to ensure that the cables are
shorter than the critical length to prevent pulse doubling ef-
fects from occurring [6].

Another potential approach is to reduce the level of
magnetic coupling between the phases, this could be achieved
by using individually shielded cables, or choosing a machine
design which exhibits lower levels of inter‐phase mutual
inductance, for example, by employing single layer windings
[18–20]. Depending on the application such factors may be
outside the control if the designer, but in cases where this is
possible, consideration of these factors has the potential to
result in lower insulation stresses.

It is also possible to apply constraints to the converter to
reduce the terminal overshooting voltages. These include
limiting/increasing the converter rise time, limiting the allow-
able modulation index of the converter and preventing multi-
ple rising/falling edges from occurring at the same time.
Limiting converter operation in this way can lead to waveform
distortion and underutilisation of the dc link by limiting the
areas of the space vector plot which can be used. Additionally,
slowing down the switching of the devices may negate the
advantages of employing wide bandgap devices, as the imposed
limits could place the converter within the scope of silicon‐

based devices.
It may be also possible to add additional hardware to the

system, for example, filters to reduce the terminal voltage
overshooting levels [5, 21–23]; the appropriateness of such
techniques will be very much dependent on the application,
placing them outside the scope of this paper.

7 | CONCLUSIONS

In this article, a method for predicting the voltages which will
occur at the terminals of an electric machine has been evalu-
ated. This technique has been demonstrated to be reasonably
accurate when considering applied pulses in isolation. How-
ever, experimental results demonstrate that this technique is
less effective if multiple pulses occur close together and
interact with each other. This finding highlights two key points
which are worth considering.

Firstly, when multiple switching events occur within a short
period of time, the jump voltage at the machine terminals will
be higher than would be the case for pulses in isolation, this is
caused by the interaction between multiple switching events,
either in the same phase, or different phases via the inter‐phase
mutual coupling.

Secondly, methods which do not account for these effects
will underestimate the potential voltage stresses which will be
experienced by the machine insulation, resulting in an under‐
specified insulation system. This will be problematic for the
lifetime of the machines in service as it will lead to overloaded
insulation, and reduced lifetime.

An analytical model based on second order step response is
used to comprehensively evaluate the terminal jump voltage
with respect to inverter modulation index and electrical angle.
From this it is concluded that the jump voltage will be at its
highest when multiple switching events occur close together.
Consequently, the worst‐case jump voltage will occur when the
modulation index is low, as in such cases, all three phases will
be switched in a very short period.
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