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Abstract: This study presents a practical method to find a high-frequency model of AC machine in order to predict
leakage current and shaft voltage. A voltage-source inverter with hard switches generates pulse width modulated
voltage with high dv/dt and common-mode voltage, which causes leakage current and shaft voltage due to stray
capacitances in an electric motor. At fundamental frequency (a few hundred hertz), an equivalent circuit of an
electric motor consists of inductances and resistances without considering stray capacitances. This study
presents a practical approach in extracting high-frequency parameters of an electric motor for leakage current
and shaft voltage analysis. Input impedance (magnitude and phase values) of several configurations of an AC
motor is measured using a network analyser. All capacitive couplings between windings, stator and rotor are
extracted based on theoretical analysis and measurement results. Simulations are compared with test results
to verify the proposed method and model.
1 Introduction
Electromagnetic compatibility is an important issue in
modern power electronic systems. As switching speed of
power devices used in power modules is increased,
electromagnetic interference (EMI) becomes a major
problem in power electronic circuits. Since more than 60%
of the world’s energy is used to drive motors, it is
important to characterise and predict electromagnetic
emission behaviour of the motor drive systems.

Modern power electronic drives are large complex systems
consisting of a power supply, filter, rectifier, inverter and
motor as shown in Fig. 1a. In these motor drive systems,
high-frequency leakage currents generated by high dv/dt of
hard and fast switches flow to a ground wire through stray
capacitors between windings and the motor frame.

Fig. 1b shows a three-phase inverter where (Vao, Vbo, Vco)
and (Van, Vbn, Vcn) are the leg voltages and phase voltages of
the three-phase inverter, respectively. Vno is the voltage
T Electr. Power Appl., 2010, Vol. 4, Iss. 9, pp. 727–738
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between the neutral point and the ground (common-mode
voltage). The six-switch combination of this inverter has
eight permitted switching vectors which have been shown
in Fig. 1c. According to Fig. 1b, the three-leg voltages of
the inverter can be calculated as follows

Vao(t) = Van(t) + Vno(t)
Vbo(t) = Vbn(t) + Vno(t)
Vco(t) = Vcn(t) + Vno(t)

⎧⎨
⎩ (1)

By adding two sides of (1)

Vao(t) + Vbo(t) + Vco(t) = Van(t) + Vbn(t) + Vcn(t)

+ 3 × Vno(t) (2)

It is obvious that the sum of the three-phase voltages is
equal to zero (Van(t) + Vbn(t) + Vcn(t) ¼ 0). Therefore the
common-mode voltage can be calculated as

Vno(t) = Vao(t) + Vbo(t) + Vco(t)

3
(3)
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One of the inherent characteristics of pulse width
modulation (PWM) techniques is the common-mode
voltage which is defined by switching pattern. By using an
appropriate switching pattern, the common-mode voltage
level can be controlled. The switching states of the inverter,
the leg voltages and the common-mode voltage are shown
in Fig. 1d and given in Table 1. In a three-phase motor

Figure 1 A modern power electronic drive

a Motor drive system connected to grid
b Circuit diagram of an inverter
c Eight switching vectors
d Legs and common-mode voltage waveforms
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drive system, common-mode voltage – generated by an
inverter – is a main source of shaft voltage which causes
bearing current.

Shaft voltage is influenced by various factors such as
capacitive couplings between different parts of the machine
structure, configuration of the main supply and switching
states in PWM pattern [1, 2]. Different techniques to
reduce common-mode voltage based on PWM methods
for three-phase voltage-source inverters have been proposed
by authors. In [3], new modulation techniques – near-state
PWM and active zero-state methods – are analysed
considering advantages and disadvantages of the
modulation methods as overall superior methods. This
paper aids in the selection and application of appropriate
modulation methods in inverter drives with low common-
mode voltage requirements. In [4], a simple technique is
proposed to select switching states to synthesise the desired
voltage vectors for multilevel inverter to reduce common-
mode voltage.

Understanding of common-mode EMI issues such as
generation and mitigation of EMI as well as modelling and
test methods are presented in [5]. A high-frequency
behaviour of an induction motor with regard to the impact
of magnetic core selection, parasitic interturn and skin
effects of windings is investigated in [6].

Recently, some techniques are presented to mitigate shaft
voltage and bearing currents in doubly-fed induction
generators based on modulation techniques to cancel out
shaft voltage [7]. An approach is used in [8, 9] to measure
high-frequency parameters for shaft voltage analysis and
modelling of motor bearing currents.

It is important to find a high-frequency model of an AC
motor to predict leakage current and shaft voltage in order
to estimate EMI filter size at the beginning stage of a
design. Selecting a good PWM technique and a proper and
fast switching speed can reduce voltage/current harmonics
and switching losses, respectively. On the other hand, these
may increase shaft voltage and/or leakage current due to
capacitive couplings in an AC motor. Thus, to select a
proper switching time and PWM strategy, it is important
to predict shaft voltage and leakage current which requires
a good high-frequency model to analyse the motor.
Different approaches have been developed to model AC
motors for common-mode leakage current analysis by
measuring capacitive coupling between windings and stator.
In [10, 11], several approaches have been proposed to
extract capacitive couplings for common-mode leakage
current analysis. A high-frequency model of an induction
motor has been proposed in [12, 13] to analyse common-
mode and differential-mode emission noise. In this
analysis, capacitive coupling between phases and between
phases and rotor have not been considered for differential-
mode noise and shaft voltage analysis. A low-voltage high-
power AC motor drive system has been proposed to analyse
IET Electr. Power Appl., 2010, Vol. 4, Iss. 9, pp. 727–738
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Table 1 Switching states, leg voltages and common-mode voltage

Vector S1 S3 S5 Vao Vbo Vco Vno

V1 1 0 0 Vdc

2
− Vdc

2
− Vdc

2
− Vdc

6

V2 1 1 0 Vdc

2

Vdc

2
− Vdc

2

Vdc

6

V3 0 1 0
− Vdc

2

Vdc

2
− Vdc

2
− Vdc

6

V4 0 1 1
− Vdc

2

Vdc

2

Vdc

2

Vdc

6

V5 0 0 1
− Vdc

2
− Vdc

2

Vdc

2
− Vdc

6

V6 1 0 1 Vdc

2
− Vdc

2

Vdc

2

Vdc

6

V7 1 1 1 Vdc

2

Vdc

2

Vdc

2

Vdc

2

V0 0 0 0
− Vdc

2
− Vdc

2
− Vdc

2
− Vdc

2

EMI [14] without considering high-frequency parameter of
the AC motor. A new approach to find high-frequency
transfer function of a motor drive system is proposed in
[15, 16]. In this case, the proposed model is only used for
frequency-domain analysis and conducted emission noise
and it is not possible to separate parameters for shaft
voltage analysis or time-domain simulations.

This paper addresses a comprehensive and a practical
method to extract most important high-frequency
parameters (capacitive couplings) of an AC motor based on
input impedance measurement of different configurations.
In the proposed method, it is recommended to estimate the
behaviour of the motor in a frequency range, in which the
motor acts as a capacitive or an inductive load according to
phase value of the input impedance. Based on different
configurations, there are different frequency ranges (low or
high-frequency ranges) in which phase value of the input
impedance is almost 2908 (capacitive load) or +908
(inductive load) over that frequency range. This paper
presents a new model of an AC motor to be used for
common-mode and differential-mode conducted emission
noise and shaft voltage analysis.

2 Modelling of an electric motor
for EMI and shaft voltage analysis
A classical model of an electric motor is used for steady-state
and dynamic analysis at fundamental frequency (up to few
hundred hertz) and it cannot be used for shaft voltage and
EMI analysis (in kHz or MHz range) due to the existence
Electr. Power Appl., 2010, Vol. 4, Iss. 9, pp. 727–738
i: 10.1049/iet-epa.2009.0305
of stray capacitances between windings, rotor and stator.
This paper presents a practical approach to extract all
parameters (such as capacitive couplings) in an AC motor
based on measuring input impedance across different
terminals in a broad frequency range using a network
analyser.

Fig. 2a shows a comprehensive high-frequency model of
an AC motor consisting of

Cws: capacitive coupling between windings and stator;

Crs: capacitive coupling between rotor and stator;

Cwr: capacitive coupling between windings and rotor;

Cw: capacitive coupling between turns of a winding;

Cww: capacitive coupling between windings;

L: winding inductance;

Rloss: resistance to model losses.

Fig. 2b shows a circuit diagram similar to the one shown in
Fig. 2a, but without the rotor which gives a better
configuration to find Cw, Cws, Rloss and L. Figs. 2c and d
show the cross-sections of the AC motor with and without
the rotor, respectively. Input impedance of five different
configurations in an AC motor are measured using a network
analyser in a broad frequency range in order to extract high-
frequency parameters based on magnitude and phase values.
729
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A simple method with analysis and equations to extract the
high-frequency parameters is presented in this paper.

2.1 Test 1: input impedance across
windings (either T1 or T2) and stator
(motor frame) to extract Cws

This test is performed to extract the capacitive coupling
between the phase windings and the stator based on the
configuration shown in Fig. 2b. In order to simplify the

configuration, the three phases are connected in parallel
assuming that the windings of the motor are in a star form
(Fig. 3a). In this case, Cwws are removed from the model
due to short circuits between the phases. The input
impedance – phase and magnitude values – across one
terminal of the phases (either T1 or T2) and the stator
(motor frame) is measured in terms of frequency using a
network analyser. At low-frequency range – below the
resonant frequency ( f , 70 kHz according to Fig. 7) –
when an equivalent impedance of Rloss and L is less than

Figure 2 Comprehensive high-frequency model of an AC machine:

a With rotor
b Without rotor
Cross-section of an AC motor
c With rotor
d Without rotor
0 IET Electr. Power Appl., 2010, Vol. 4, Iss. 9, pp. 727–738
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Figure 3 AC motor without rotor

a Three phases are connected in parallel
b Equivalent circuit diagram
c High-frequency model
d Low-frequency model
Cw and Cws impedances, the impedance across T1 and T2 is
very low compared to other capacitive impedances and we
assume these terminals are connected to each other. In this
case, the input impedance of this configuration will be
capacitive (Fig. 3d) – in which the phase value is close to
2908 – and Cws can be calculated as follows

Ctest1 low = 3Cws + 3Cws = 6Cws (4)

We can also calculate the capacitance value at high-frequency
range ( f . 300 kHz according to Fig. 7) when the
impedance of Rloss and L is much higher than the
impedance of Cw (Fig. 3c) and the phase value is close to
2908 (Fig. 7b). As Cws ≫ Cw, thus

Ctest1 high = 3Cws +
3Cw × 3Cws

3Cw + 3Cws

≃ 3Cws + 3Cw ≃ 3Cws

(5)

This analysis shows that the capacitive coupling between the
winding and the stator can be calculated in two different ways
but it is recommended to calculate Cws based on (4) which is
more accurate than (5).

2.2 Test 2: impedance of windings to
extract Cw, Rloss and L

The second measurement is based on Fig. 3a, but the
impedance across terminals T1 and T2 is measured. The
configuration is shown in Fig. 4a. The impedance of Cw

and Cws is much higher than the impedance of L and Rloss

at low-frequency range ( f , 70 kHz according to Fig. 7)
and it can be simplified as an inductive and a resistive load
as shown in Fig. 4b.
Electr. Power Appl., 2010, Vol. 4, Iss. 9, pp. 727–738
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At this frequency range when the phase value is close
to 908, we can extract the inductance value based on
magnitude and frequency values. The inductance value is
almost constant with respect to frequency while the
resistance value is changed due to losses. The main point is
that Rloss is a function of frequency and it can be modelled
as a non-linear load but it makes the model very complex.
Another alternative is to choose a correct value for Rloss,
with a performance close to experimental results. In order
to define a simple and linear circuit to model an AC motor
for EMI and shaft voltage analysis, it is recommended to
calculate Rloss at the first resonant frequency.

At a high-frequency range ( f . 300 kHz according to
Fig. 7), the phase value is close to 2908, which presents a
capacitive load. In this case, the impedance of L and Rloss

Figure 4 Impedance of windings

a Circuit diagram based on Fig. 3a and input impedance across
terminals T1 and T2

b Low-frequency model
c High-frequency model
731
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is much higher than the equivalent impedance of Cw and Cws,
as shown in Fig. 4c. Thus, the capacitance value can be
calculated as follows

Ctest2 = 3Cw + 3Cws × 3Cws

3Cws + 3Cws

= 3Cw + 3

2
Cws (6)

As we found Cws is based on (4), Cw can be extracted based
on (6) as follows

Cw = Ctest2 − (3/2)Cws

3
(7)

The inductance, L can also be calculated based on the
resonant frequency of L and Ctest2 as follows

L = 3

(2pf )2Ctest2

(8)

2.3 Test 3: input impedance across rotor
and stator to extract Crs and Cwr

The next configuration is based on Fig. 2a – the AC motor
with the rotor – and all the three phases are connected in
parallel assuming that the windings of the motor are in a
star form. Similar to the above circuit diagram, Cwws are
removed from the model due to short circuits between the
phases as shown in Fig. 5a. A simplified model of this
configuration is shown in Fig. 5b. At a low-frequency range
( f , 70 kHz according to Fig. 9) – when the impedance
of L and Rloss is much less than other capacitive
impedances – this configuration can be simplified to three
capacitors shown in Fig. 5c. Thus, this circuit diagram can
be used to measure the input impedances across, stator and
rotor and rotor and windings in order to extract Crs and
Cwr, respectively. Thus

Ctest3 = Crs +
6Cwr × 6Cws

6Cwr + 6Cws

(9)

As Cws ≫ Cwr, thus

Ctest3 ≃ Crs + 6Cwr (10)

In this configuration, we need to electrically isolate the rotor
from the frame in order to measure Crs. In a static situation,
the rotor shaft which is connected to two ball bearings at both
sides of the rotor are connected electrically to the stator
through the outer race, metallic balls and inner race of the
ball bearings. Thus, using an insulator to separate either
the outer race or the inner race of ball bearing from the
stator (motor frame) can help to measure the input
impedance across the rotor and the stator.

Although Cwr is much less than Crs and (10) gives an
approximate value for Crs, we need to consider both Crs

and Cwr parameters in this equation and find another
2
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equation to extract Cwr precisely. Thus, the next test is to
measure the input impedance across the windings and the
rotor according to the circuit diagram shown in Fig. 5c.

2.4 Test 4: input impedance across
windings and rotor to extract Crs and Cwr

In this test, the input impedance across one of the winding
terminals and the rotor is measured. As shown in Fig. 5c,
the capacitor, 6Cws is in series with Crs and they are in
parallel with 6Cwr. Thus, the equivalent capacitance can be
calculated as follows

Ctest4 = 6Cwr +
Crs × 6Cws

Crs + 6Cws

(11)

As we found Cws from the previous test and analysis (4), we
can find the two unknown parameters (Crs and Cwr) based on
(10) and (11) as follows

From (10), we can find Cwr in terms of Ctest3 and Crs.

6Cwr = Ctest3 − Crs (12)

Figure 5 AC motor with rotor

a Three phases are connected in parallel
b Equivalent circuit diagram
c Low-frequency model
IET Electr. Power Appl., 2010, Vol. 4, Iss. 9, pp. 727–738
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Substituting (12) in (11) yields

Ctest4 = Ctest3 − Crs +
Crs × 6Cws

Crs + 6Cws

(13)

Thus, we can sort the above equation in terms of Crs as
follows

Ctest4 − Ctest3 =
−C2

rs
− Crs × 6Cws + Crs × 6Cws

Crs + 6Cws

(14)

Thus

C2
rs − (Ctest3 − Ctest4)Crs − 6(Ctest3 − Ctest4)Cws = 0 (15)

From (15), we can find Crs in terms of the test results (Ctest3

and Ctest4) and Cws

Crs

= (Ctest3−Ctest4)+
�
(

√
Ctest3−Ctest4)2+24(Ctest3−Ctest4)Cws

2

(16)

It is obvious that Crs has a positive value, thus the only answer
for Crs is given by

Crs

= (Ctest3−Ctest4)+

�����������������������������������������
(Ctest3−Ctest4)2+24(Ctest3−Ctest4)Cws

2

√

(17)

2.5 Test 5: input impedance across
the phases to extract Cww

This test is important in finding capacitive couplings between
the phases which have significant impact on conducted
emission noise – differential mode – due to dv/dt
generated by the PWM voltage. In a real case, to make the
motor windings, one side of the winding is placed into one
slot and the winding is twisted with other windings at the
end of the rotor sides, in order to put the other side of the
winding into another slot. This configuration creates
capacitive coupling between phases due to the end
windings, even in an AC motor with one winding per each
slot.

To be able to extract these capacitive couplings, the rotor is
removed and two phases (in this analysis, phase ‘a’ and ‘b’) are
connected in parallel (Fig. 6a) and the impedance across
phase ‘c’ (Tc) and these two phases (Tab) is measured as
shown in Fig. 6b. It is important to consider that the other
side of the phases are not connected to each other which
means Cww between the phases ‘a and b’ and the phase ‘c’
exist at both sides of the windings. At a low-frequency
range ( f , 80 kHz according to Fig. 11), when the
T Electr. Power Appl., 2010, Vol. 4, Iss. 9, pp. 727–738
i: 10.1049/iet-epa.2009.0305
impedance of Rloss and L is much less than the other
capacitive impedance, the model can be simplified as
shown in Fig. 6c. In this case, 4Cws is in series with 2Cws

and they are in parallel with 4Cww.

Ctest5 = 4Cww + 4Cws × 2Cws

4Cws + 2Cws

= 4Cww + 4

3
Cws (18)

3 Experimental results
According to the above test procedures, five tests have been
performed to measure the input impedance magnitude and
phase values across different terminals to extract high-
frequency parameters based on the above equations.
Simulations have been carried out based on the high-
frequency parameters extracted from the above test results
and circuit diagram shown in Figs. 2a and b. For a 5.5 kW

Figure 6 AC motor without rotor

a Two phases (a and b) are connected in parallel
b Equivalent circuit diagram
c Low-frequency model
733
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induction motor, the parameters are extracted as follows

Cws = 495 pF

Rloss = 10 kV

L = 3.54 mH

Cw = 15 pF

Crs = 760 pF

Cwr = 11.5 pF

Cww = 155 pF

The input impedances (magnitude and phase values) of the
two configurations (Figs. 3b and 4a) have been compared
with the test results. Fig. 7a shows the test and simulation
results associated with the input impedance magnitude
across the terminal T1 and the stator (motor frame) in
terms of frequency. According to Fig. 7b, the phase value is
290 for the low-frequency range ( f , 70 kHz) and the
capacitive coupling has been extracted according to (4).
The equivalent impedance of Rloss and L affects the input
impedance for the frequency range of 70–200 kHz. As we
have discussed and addressed in the above section, the
resistance value has been extracted at the resonant
frequency. Thus, at higher frequency range there is an
4
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error between the test and the simulation results – phase
values – but it is not significant. In fact, in EMI and shaft
voltage analysis the most important parameters are the
capacitive couplings.

Fig. 7c shows the test and simulation results for the input
impedance magnitude across terminals T1 and T2 in terms of
frequency. According to the phase value shown in Fig. 7d, at
the low-frequency range ( f , 70 kHz) the phase value is
around 908, which shows an inductive load and the
inductance value has been extracted based on both
magnitude and phase values. The simulation and test
results shown in Fig. 7 verify the proposed analysis as a
reliable method to find an accurate model of an AC motor
for EMI and shaft voltage analysis.

From the test results, L equals 3.54 mH based on the
phase and magnitude values and 3.6 mH based on (8). The
error between these two values is less than 1.7%, which
shows a good validation for the proposed methods to
calculate L in two different ways. As was mentioned in the
above section, Rloss changes with respect to frequency and
the selection of a proper value for Rloss is important. Fig. 8
shows the input impedance across terminals T1 and T2 for
Figure 7 Test and simulation results:

a Magnitude
Input impedance across terminal T1 and the stator
b Phase
Input impedance across terminals T1 and T2

c Magnitude
d Phase
IET Electr. Power Appl., 2010, Vol. 4, Iss. 9, pp. 727–738
doi: 10.1049/iet-epa.2009.0305



IE
d

www.ietdl.org
three different Rloss values and the simulation results show the
best value with minimum error can be found at resonant
frequency, which means magnitude of the impedance at the
resonant frequency presents the resistance value.

Fig. 9a shows the test result – capacitance values between
the stator and the rotor in terms of frequency – in which the
phase value is close to 290 for a broad frequency range

Figure 8 Input impedance magnitude across terminals T1

and T2 (according to Fig. 4a) test result and simulation
results with different Rloss
T Electr. Power Appl., 2010, Vol. 4, Iss. 9, pp. 727–738
oi: 10.1049/iet-epa.2009.0305
(Fig. 9b) and presents a capacitive load for that frequency
range. The result shows that the capacitance value is
constant and Ctest3 is equal to 829 pF.

Fig. 10a shows the capacitance values between the winding
and the rotor in terms of frequency extracted from the test
result. At the low-frequency range ( f , 100 kHz), the
phase value is close to 2908 (Fig. 10b) and the input
impedance presents a capacitive load for this frequency range.

Using the tests results (Ctest3, Ctest4) and Cws, calculated
from the previous test, Crs and Cwr can be found based on
(17) and (12) and the results are 760 and 11.5 pF,
respectively.

In the last test, phases ‘a’ and ‘b’ are connected in parallel
and the input impedance between one terminal of phases
‘a and b’ and one terminal of phase ‘c’ is measured in terms
of frequency. From the test result and as shown in Fig. 11,
the phase value is close to 2908 for the low-frequency
range ( f , 40 kHz), which presents a capacitive load. In
this measurement, Ctest5 equals to 1280 pF for this
frequency range and Cww is calculated using (18) and the
result is 155 pF.
Figure 9 Test results – according to the circuit diagram shown in Fig. 5b

a Capacitance value between the rotor and the stator in terms of frequency
b Phase value

Figure 10 Test results – according to the circuit diagram shown in Fig. 5b

a Capacitance value between the windings and the rotor
b Phase value
735
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In this section, a comprehensive high-frequency
model of 5.5 kW AC motor based on the proposed
method is used to analyse shaft voltage. In this case,
common mode and shaft voltage are measured for the
5.5 kW induction motor. According to the test results
shown in Fig. 12a, the DC-link voltage is 500 V and the
shaft voltage is 46 V.

In order to validate the proposed high-frequency model, a
three-phase inverter is connected to the comprehensive high-
frequency model (refer to Fig. 2a) with Vdc ¼ 500 V. A
PWM strategy is applied to the inverter to simulate a
power converter connected to the induction motor in
order to find the shaft voltage and common-mode voltage;
the results are shown in Fig. 12b. The error between
the simulation and the test results is very low which verifies
the proposed method to extract the parameters such as the
capacitive couplings.

Figure 11 Phase value of the input impedance in terms of
frequency associated with the circuit diagram shown in
Fig. 6b
6
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4 Discussion
According to the above analysis and the test and simulation
results, the circuit diagram shown in Fig. 2a can be
simplified for different analysis as described below:

1. For shaft voltage analysis, as the frequency of the
common-mode voltage waveform is almost three times of
the frequency of the leg voltage waveform, thus the
frequency of the common-mode voltage waveform is
around 60 kHz for the leg switching frequency of 20 kHz.
This means for the shaft voltage analysis we can use a
simple model shown in Fig. 5c which is valid for the
frequency range below 100 kHz. The simple high-
frequency model of the motor drive is shown in Fig. 13a
and the shaft voltage can be calculated as follows

Vshaft =
6 × Cwr

6 × Cwr + Crs

× Vno (19)

In this case, the shaft voltage magnitude can be calculated
based on the capacitive couplings Crs and Cwr and the
common-mode voltage, Vno. If the capacitive coupling
between the winding and the rotor, Cwr is much less than
the capacitive coupling between the rotor and the stator,

Figure 13 Simple model of an AC motor

a Shaft voltage
b Common mode (leakage) current calculation
Figure 12 Common mode and shaft voltage

a Test result; simulation results
b With the comprehensive model (Fig. 2a)
IET Electr. Power Appl., 2010, Vol. 4, Iss. 9, pp. 727–738
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Crs, thus, (19) can be simplified to Vshaft =
6 × Cwr

Crs

× Vno

† The common-mode voltage magnitude depends on the
DC-link voltage and the switching patterns.

† Crs depends on the effective surface between the rotor and
the stator and the air-gap size.

† As shown in Fig. 14, the shape of the slot has a significant
effect on Cwr and the shaft voltage.

2. For conducting emission noise analysis – both the
common-mode and differential-mode noise – the circuit
diagram shown in Fig. 2b can be used. The main reason is
that Cwr is very small and has less effect on the leakage
current generated by PWM voltage and dv/dt.

To predict only common-mode current (leakage current)
magnitude, the circuit diagram shown in Fig. 13b can be
used and a PWM voltage with different switching transient
can be applied to analyse the effect of the switching
transient time on the leakage current magnitude.

5 Conclusions
A comprehensive high-frequency model of an electric motor
has been analysed in this paper. An impedance of a 5.5 kW
induction motor has been measured in terms of frequency
using a network analyser and the results have been used to
extract the high-frequency parameters. One of the
advantages of the high-frequency model of an electric
motor is to analyse leakage current and shaft voltage due to
dv/dt and common-mode voltage, respectively. According
to (19), the ratio of Cwr/Crs can be found by measuring the
shaft voltage and the DC-link voltage but in this practical
approach, we can predict the shaft voltage level before
applying any PWM voltage across the motor. The model
can be used to perform simulation to predict conducted
emission noise and shaft voltage in order to have a better
EMI filter design and define a proper PWM strategy. It is

Figure 14 Stator slot with different parameters
T Electr. Power Appl., 2010, Vol. 4, Iss. 9, pp. 727–738
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recommended to estimate the behaviour of the motor in a
frequency range, when the motor acts as a capacitive or an
inductive load according to the phase value of the impedance.
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