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Detection of Stator Winding fault in Permanent Magnet Synchronous Machine

ANTON GROTH
SIMON OLOFSSON
Department of Electrical Engineering
Chalmers University of Technology

Abstract
The objective of this thesis is to detect turn-to-turn fault in the stator winding in
a permanent magnet synchronous machine (PMSM) at an early stage before catas-
trophic failure. There are several different faults that can occur in a PMSM where
the stator winding fault is the most common. The early stage of a stator winding
fault is the turn-to-turn fault which will be the main focus. This fault is simulated
by first designing a non-faulty PMSM model in SimuLink and Matlab and then
expanding the model to behave like a faulty PMSM by adding fault turns. A non-
faulted model is used as a benchmark to validate the accuracy of the faulted model.
The PMSM is designed so that the fault severity can be varied by adjusting the
number of turns shorted and the contact resistance between the shorted turns. To
find a turn-to-turn fault different methods are considered and thoroughly discussed.
The most suitable fault detection and diagnosis (FDD) methods, the motor current
signature analysis (MCSA) and the zero sequence voltage component (ZSVC) are
chosen due to their superior features. The MCSA is implemented with the simulated
PMSM and produce satisfactory results. The results show that the FDD method
can detect smaller faults such as turn-to-turn fault, which occur at an early stage,
when Rf is approximately 27 Ω and the extra torque load is zero. When the extra
torque load is 15 Nm the fault is detected at Rf 17 Ω. The ZSVC announces a fault
when the zero sequence voltage reach a certain level which is not determined in the
report. What is concluded is that the measured zero sequence voltage when a fault
occurs is very low, around 1 mV, which makes it much more sensitive compared to
the MCSA. Due to the sensitivity of the ZSVC and the simplicity of the MCSA, the
MCSA is preferable.

Keywords: Permanent Magnet Synchronous Machine (PMSM), stator winding fault,
turn-to-turn fault, fault detection, fault detection and diagnosis (FDD), Motor Cur-
rent Signal Analysis (MCSA), zero sequence voltage component (ZSVC)
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1
Introduction

1.1 Background

The demand for the PMSM (Permanent Magnet Synchronous Machine) is increasing
due to its superior power density, higher efficiency and better power factor compared
to the induction machine. The lower prices for rare-earth magnets is also a large
contributor to PMSM’s rising demand [1]. Failure of a PMSM can lead to loss
of production time, expensive maintenance and even danger to personnel. Hence
continuous and reliable operation is of the utmost importance.

In the PMSM faults occur both in the stator and the rotor. In the rotor faults such
as demagnetising of the permanent magnets and damaged rotor bar are common.
Demagnetising of the permanent magnets is when the magnets loose their magnetism
for various reasons that occur over time [2]. A damaged rotor bar is when the rotor
tooth get cracked or chipped due to wear [3].

One of the most common reason for a failure in the stator of the PMSM is the stator
winding fault [14]. The stator winding fault occur when the winding insulation fails.
When the insulation is worn down a short circuit current will occur between the
windings, but also, depending on where the insulation has broken down, a phase-
to-phase or phase-to-ground fault could occur. This short circuit current could
be high enough to over time melt the windings themselves. This can further lead
to more windings being short circuited, phase-to-ground fault and eventually even
catastrophic failure. Methods of detecting a fault to prevent the electrical machine
from a total failure can be done in different ways by using methods that monitor
the different output signals of the machine.

The main goal with a FDD (Fault detection and diagnosis) method is to detect a
fault before the performance of the machine is compromised. The absolute require-
ment is to detect the fault before the machine reach catastrophic failure. In some
applications it is important to notice a fault at an early stage before they are close to
compromise the performance of the machine. An example of this kind of application
is the automotive industry, where performance issues will directly reduce the safety
of the driver and other road-users. The automotive industry also have a need for
online FDD as well as the possibility to find fault in a disruptive environment. A
disruptive environment means that the signals such as mechanical torque, vibrations
and acoustics might be difficult to read due to noise.
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1. Introduction

1.2 Aim
The aim for this thesis is to model and simulate a faulty PMSM for the automotive
industry. The fault should then be detected by an FDD method at an early stage.
To find a suitable FDD method to predict fault with, several different methods will
be considered. The most suitable FDD methods will be implemented and tested to
ensure their reliability.

1.3 Scope
The objective for this thesis is to develop a functional FDD method applicable for
a PMSM in the automotive industry.

• Fault in the stator windings can occur in all electric motors but this thesis
will only treat the PMSM due to its rising popularity and applicability in the
automotive industry.

• The PMSM can have several different faults but this thesis will only consider
the stator winding faults since its one of the most common fault amounting
to around 35 % of all faults in electric machines [14][30].

• The PMSM will only be simulated and no experimental testing with physical
components will be done.

• FDD methods that include machine learning will not be considered since there
is a need for a large amount of data for both training and verification.

• FDD methods containing finite element analysis will be excluded due to high
computing power.

1.4 Thesis outline
This thesis will consist of seven chapters. Chapter 2 will explain the PMSM model
with equations. It will describe the non-faulty as well as the faulty model. The
models will be compared to validate the faulted models accuracy. Chapter 3 will
describe the FDD methods considered for this thesis. Where the FDD methods will
be ranked and put into a table. The most relevant FDD methods will be explained in
more detail and how they could be implemented. Chapter 4 will present the results
with the chosen FDD methods. Chapter 5 will consist of a discussion regarding the
results and chapter 6 will conclude the thesis. Lastly chapter 7 will present the part
of the thesis that might be interesting for further work or studies.

2



2
Permanent Magnet Synchronous

Machine

This chapter will describe how a non-faulted PMSM is modeled and how it can be
expanded into a PMSM with a turn-to-turn stator winding fault. The most common
stator windnig faults are the turn-to-turn fault [14]. The turn-to-turn fault occurs
when an insulation breakdown happens between the windings. The insulation may
breakdown due to stress from voltage, current and/or high temperatures. It may also
breakdown due to aging of the material or mechanical stress. When the insulation
is damaged a short circuit current occur between the windings that will stress the
insulation even more due to high temperatures caused by the relatively high short
circuit current which will lead to more turns being short circuited. The insulation
between two phases could also breakdown. This is called a phase-to-phase fault
and is considered severe since it could damage the machine permanently. The turn-
to-turn fault could also happen in the stator housing which could eventually make
the winding melt into the ground thus creating a direct contact between the phase
and the ground, this is called a phase-to-ground fault. The phase-to-ground fault is
dangerous to personnel since it will make the housing of the PMSM electrified [14].

2.1 Analytical PMSM model
This part of the chapter will present the general equations for a PMSM and the
equations used to simulate a fault.

2.1.1 General PMSM model
In this section a general model of the PMSM is presented. The equations are ac-
quired from [5]. The voltage in one phase, in this example phase a, can be expressed
as

ua = Rsia + dΨa

dt
(2.1)

where ua is the phase voltage, ia is the phase current, Ψa is the phase flux linkage
and Rs is the stator resistance which is equal in all three phases. The flux linkage
contains the phase inductance and the back-EMF. The phase inductance is the sum
of the self-induction and the mutual inductance and the back-EMF is the derivative
of the magnetic flux. The phase voltage equation is then

ua = Rsia + Ls
dia
dt

+ ea (2.2)

3



2. Permanent Magnet Synchronous Machine

The equation applies to phase b and c as well. One phase can be represented as
shown in Figure 2.1.

Figure 2.1: Circuit of one phase in the PMSM

To combine the phases a space vector for the voltage can be introduced similarly as
done in [5],

uss = Rsi
s
s + dΨs

s

dt
(2.3)

Magnetic flux is a product of current and inductance, hence the flux linkage Ψs
s is a

product of the current and the inductance in the phase plus the flux linkage coming
from the rotor. The flux linkage can be expanded to

Ψs
s = Lsi

s
s + Ψme

jφr (2.4)

where Ls is the stator self and mutual inductance, Ψm is the permanent magnet flux
linkage and φr is the electrical rotor angle. Furthermore the time derivative of the
electrical rotor angle is the electrical rotor speed, ωr. Then the time derivative of
(2.4) is

dΨs
s

dt
= Ls

diss
dt

+ jωrΨme
jφr (2.5)

where jωrΨme
jφr is the back-EMF of the machine. Combining (2.3) and (2.5) gives

the general equation for a PMSM in stationary form

uss = Rsi
s
s + Ls

diss
dt

+ jωrΨme
jφr (2.6)

It can be observed that (2.6) is now very similar to (2.2).

4



2. Permanent Magnet Synchronous Machine

In Figure 2.2 (2.6) is represented in a dynamical equivalent circuit.

Figure 2.2: Dynamical equivalent circuit of a PMSM

To better analyze a PMSM the machine can be converted from stationary to rotating
form. When doing so the following relations applies

iss = ise
jθr , uss = use

jθr ,Ψs
s = Ψse

jθr (2.7)

where θr is the dq-transformation angle. Using the relations in (2.7) with (2.3) gives

use
jθr = Rsise

jθr + d

dt
(Ψse

jθr) (2.8)

where the derivative of Ψse
jθr is

d

dt
(Ψse

jθr) = dΨs

dt
ejθr + jωrΨse

jθr (2.9)

Similarly, (2.4) becomes

Ψse
jθr = Lsise

jθr + Ψme
jφr (2.10)

By assuming perfect field orientation, θr = φr, and combining (2.8) and (2.10) gives

us = (Rs + jωrLs)is + Ls
dis
dt

+ jωrΨm (2.11)

which is the general equation for a PMSM in rotating form. Also worth noting is
that jωrΨm is the back-EMF. Equation (2.11) can be split into d and q, which gives

ud = Rsid + Ld
did
dt
− ωrLqiq (2.12)

uq = Rsiq + Lq
diq
dt

+ ωrLdid + ωrΨm (2.13)

The PMSM can also be modeled in αβ-system. Equation (2.6) can be divided into
a real and an imaginary part giving

uα = Rsiα + Ls
diα
dt
− ωΨmsin(φr) (2.14)

5



2. Permanent Magnet Synchronous Machine

uβ = Rsiβ + Ls
diβ
dt

+ ωΨmcos(φr) (2.15)

where −ωΨmsin(φr) is the back-EMF in α and ωΨmcos(φr) is the back-EMF in β.
The speed of a PMSM is set by the number of poles in the rotor and the frequency
of the supplied AC. The synchronous speed for the PMSM is

ns = 60fs
np

(2.16)

where fs is the frequency of the supplied AC and np is the number of pole pairs.
To the torque of a PMSM is calculated using the shaft power and the speed of the
machine. The shaft power with amplitude invariant scaling is

Pe = 3
2Re{jωΨmi

∗
s} = 3ωr

2 Im{Ψ∗mis} (2.17)

Using (2.17) assuming perfect field orientation the torque is

Te = Pe
Ωr

= npPe
ωr

= 3ωrnp
2ωr

Im{Ψ∗sis} = 3np
2 (Ψmiq + (Ld − Lq)idiq (2.18)

where Ωr is mechanical rotor speed which is Ωr = ωr

np
. Another representation of the

torque is done by using the back-emf as

Pe = TeΩr = eaia + ebib + ecic −→ Te = eaia + ebib + ecic
Ωr

(2.19)

where ei is the back-emf for each phase.
To easily present the whole machine a matrix system is used by expanding (2.2) as

ua = Rsia + La
dia
dt

+Mab
dib
dt

+Mac
dic
dt

+ ea (2.20)

where Mij is the mutual inductance between the phases and ea is the back-emf.
Assuming that the machine is symmetrical the following is true

Ra = Rb = Rc = Rs (2.21)

La = Lb = Lc = Ls (2.22)
Mab = Mac = Mbc = M (2.23)

Using the above relations and (2.20) a matrix representation of the machine can be
done as uaub

uc

 =

Rs 0 0
0 Rs 0
0 0 Rs


iaib
ic

 +

Ls M M
M Ls M
M M Ls

 d

dt

iaib
ic

 +

eaeb
ec

 (2.24)

Matrix form can also be done in αβ[
uα
uβ

]
=

[
Rs 0
0 Rs

] [
iα
iβ

]
+

[
Ls 0
0 Ls

]
d

dt

[
iα
iβ

]
+

[
eα
eβ

]
(2.25)

6



2. Permanent Magnet Synchronous Machine

The mechanical part of the general PMSM model has three major quantities, the
inertia of the machine, J , the mechanical or load torque, TL, and the mechanical
damping, B. These quantities are calculated with two different equations as

J

np

dωr
dt

= Te − TL (2.26)

The other equation is
TL = BΩr + TL,extra (2.27)

where TL,extra is a extra load added to the machine.

2.1.2 Faulty PMSM model
The equations for a faulty PMSM has been acquired from [6]. A turn-to-turn fault
in a phase of a PMSM can be modelled as shown in Figure 2.3. As can be seen
in the figure the phase is divided in two parts, one non-faulty, Xa1, and one with
a turn-to-turn fault, Xa2. The fault insulation resistance between the turn-to-turn
fault is modeled with the resistance Rf .

Figure 2.3: Circuit of a fault in phase a in the PMSM

The two voltages that appear in the faulted phase have the following equations

ua1 = Ra1ia + La1

dia
dt

+Ma2a1

d(ia − if )
dt

+Ma1b
dib
dt

+Ma1c
dic
dt

+ ea1 (2.28)

ua2 = Ra2(ia − if ) + La2

d(ia − if )
dt

+Ma1a2

dia
dt

+Ma2b
dib
dt

+Ma2c
dic
dt

+ ea2 (2.29)

where if is the fault current, Ma1a2 is the mutual inductance between the two parts
of the faulted phase and Maxb is the mutual inductance between each of the parts
and the phases with no fault. Rf determines how good the contact is between the
short circuited turns and can have a value from∞ to 0. A low Rf results in a higher
fault current and therefore a more severe fault. Since the machine is not altered in
any way except adding a contact between the short-circuited turns the following can
be assumed

ua = ua1 + ua2 , ua2 = Rf if , ea2 = ef , Ra = Ra1 +Ra2 (2.30)

7



2. Permanent Magnet Synchronous Machine

Utilizing (2.28), (2.29) and (2.30) gives that ua for the faulty phase is

ua = Raia + La
dia
dt

+Mab
dib
dt

+Mac
dic
dt

+ ea −Ra2if − (Ma2a1 + La2)dif
dt

(2.31)

Worth observing is that if if is equal to 0 equation the same as a healthy phase which
means that the fault can be suppressed by setting Rf to ∞. The self-inductance
,La, is equal to the sum of the self-inductance and the mutual inductances between
ua1 and ua2 which is [6]

La = La1 + La2 +Ma1a2 +Ma2a1 (2.32)

Then considering that the machine is linear the mutual inductances between the two
parts of the faulted phase and the non-faulted phases’ is equal to the whole faulted
phase and the non-faulted phases, as

Mab = Ma1b +Ma2b, Mac = Ma1c +Ma2c (2.33)

The short-circuit voltage, uf , is then

uf = 0 = (Rf +Ra2)if −Ra2ia +La2

dif − ia
dt

−Ma1a2

dia
dt
−Ma2b

dib
dt
−Ma2c

dic
dt

+ ea2

(2.34)
From equation (2.31) and (2.34) the matrices for a faulted machine can be expressed
as


ua
ub
uc
0

 =


Rs 0 0 −Ra2

0 Rs 0 0
0 0 Rs 0
−Ra2 0 0 Ra2 +Rf



ia
ib
ic
if

 +


Ls M M −La2 −Ma1a2

M Ls M −Ma2b

M M Ls −Ma2c

−La2 −Ma1a2 −Ma2b −Ma2c La2

 d

dt


ia
ib
ic
if

 +


ea
eb
ec
−ef

 (2.35)

The matrices are modeled as (2.24) and the fault could be placed in any phase.
Also worth observing is that if if=0 the matrices is equal to (2.24). This can also
be written in αβ likeuαuβ

0

 =

 Rs 0 0
0 Rs 0
−R′a2 0 R′f


iαiβ
if

 +

 L′s 0 L′f
0 L′s 0
−L′f 0 La2

 d

dt

iαiβ
if

 +

 eα
eβ
−ef

 (2.36)

where
L′s = La −M (2.37)

R′a2 =
√

2
3Ra2 (2.38)

R′f = Ra2 +Rf (2.39)
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2. Permanent Magnet Synchronous Machine

L′f =
√

2
3(La2 +Ma1a2 −Ma2b) (2.40)

according to [6]. The electrical torque in abc and αβ is, respectively

Te = eaia + ebib + ecic + ef if
Ωr

= eαiα + eβiβ + ef if
Ωr

(2.41)

To calculate the resistance and back-emf in the part of the phase where the fault
occurs the variable µ is introduced. µ is a ratio between the faulted turns, Nf and
the total number of stator turns, Ns, as

µ = Na2

Ns

= Nf

Ns

(2.42)

Then the equations for Ra2 and eas is

Ra2 = µRs ea2 = ef = µea (2.43)

The same method is not preferred to use when calculating the inductances since the
error between the calculated and actual value is too large [6]. For example, if the
mutual inductance in the faulty phase would be scaled with µ the equation would
be Ma1a2 = µ(1− µ)Ls where it can be seen that the mutual inductance will have a
positive value, while it should be negative, since it is a mutual inductance, and the
calculated value will be much higher than the actual value. In [6] the inductances
calculated by scaling with µ were compared with inductances acquired with FEM.
In Table 2.1 the difference that was observed is presented when µ = 50 %.

Table 2.1: Comparison of inductances when calculated with µ-scaling, calculated
utilizing individual coils and acquired with FEM. The values are taken form [6]

La1=La2 Ma1a2 Ma2b=Ma2c

FEM 1.6 -0.19 -0.28
With µ 0.705 0.705 -0.14
With coils 1.62 -0.2 -0.15

The inductances can instead be calculated using the number of poles and fault turns.
A machine have a number of bobbins or coils per phase in the stator. Using the coils,
the number of faulted turns and the number of total turns the calculated value of the
inductances are much more accurate than just using µ [6]. The general expression
for the inductance of a phase for a healthy PMSM when calculating with the help
of individual coils is

La = p(Lcoil + (p− 1)Mcoil) (2.44)

where La is the self-inductance of the whole phase, Lcoil is the inductance for one
coil, Mcoil is the mutual inductance between two coils and p is the number of coils
in one phase. A visual representation of this equation can be seen in Figure 2.4.
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2. Permanent Magnet Synchronous Machine

Figure 2.4: A visual representation of how Lcoil and Mcoil

To calculate the inductances in a PMSM with a fault a new variable is introduced,
µcoil, which is a ratio of number of fault turns over total number of turns in the
affected coil. The equation for µcoil is

µcoil = Nfcoil

Ncoil

(2.45)

where Nfcoil
is number of fault turns in one coil and Ncoil is number of total turns

in one coil. The inductances of the faulty phase can then be calculated as

La1 = (p−q)(Lcoil+(p−q−1)Mcoil)+(1−µcoil)2Lcoil+2(1−µcoil)(p−q)Mcoil (2.46)

La2 = (q − 1)(Lcoil + (q − 2)Mcoil) + µ2
coilLcoil + 2µcoil(q − 1)Mcoil (2.47)

Ma1a2 = (q−1)(p−q)Mcoil+µcoil(p−q)Mcoil+(1−µcoil)(q−1)Mcoil+µcoil(1−µcoil)Lcoil
(2.48)

where q dictates in which coil the faulty occurs. Figure 2.5 shows a simple circuit
where a fault occurs in coil q, in this case the second to last coil, and 50 % of the
affected coil is short circuited.

Figure 2.5: Representation of a fault. In the shown case µcoil is 50 %

The self-inductance La is, as described earlier, the sum of the self-inductances and
the mutual inductances

La = La1 + La2 + 2Ma1a2 (2.49)

10



2. Permanent Magnet Synchronous Machine

2.1.3 State space equations
In this section the state space equations for both a faulted and non-faulted machine
will be presented. The general state space model is

dx
dt

= Ax+Bu

y=Cx+Du
(2.50)

where x is the states, u is the inputs and y is the outputs. If x=[iα iβ]T , the state
space expression for (2.25) will be

u =
[
uα − eα uβ − eβ

]T
A = −

[
L′s 0
0 L′s

]−1 [
Rs 0
0 Rs

]

B =
[
L′s 0
0 L′s

]−1

(2.51)

The state space model for a faulty machine using (2.36) and setting the state vari-
ables to x = [iα iβ if ]T is

u =
[
uα − eα uβ − eβ ef

]T
A = −

 L′s 0 −L′f
0 L′s 0
−L′f 0 La2


−1  Rs 0 −R′a2

0 Rs 0
−R′a2 0 R′f



B =

 L′s 0 −L′f
0 L′s 0
−L′f 0 La2


−1

(2.52)
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2.2 PMSM control system
This section will describe the control system used in the PMSM simulations. The
control system was acquired from [5]. In Figure 2.6 a simplified block diagram
of the whole control system is shown. The controller used in the simulations is a
position-sensored vector control. The PMSM in the block diagram is the machine

Figure 2.6: Block diagram of the control system for the PMSM

model derived in the previous sections. The controller then consists of three major
blocks. Firstly a speed controller where speed from the machine, the reference speed
and the limited electric torque is the inputs. The speed controller is a simple PI-
controller that calculates the reference electric torque which is the only output from
the speed controller. The reference electric torque act as the input to the current
reference calculation block together with the actual speed of the machine. The
current reference block calculates the reference current in dq-component form and
also sends back the limited electric torque to the speed controller. The last block
in the controller is the current controller which is two PI-controllers, one for iq and
one for iq, that calculates the reference voltage in three phase representation. The
inputs to the current controller is the reference current, the actual current and the
actual speed. The three PI-controllers have different closed loop bandwidths where
the two in the current controller has a closed loop bandwidth of 3000 rad/s while
the speed controller only has one of 20 rad/s. This difference is due to the controller
for the electrical part should be much faster since the system inertia of the electrical
part compared to the mechanical part is much slower.

2.3 Setup of a PMSM with fault
This section will describe the approach taken in this report to simulate a PMSM
with a fault. The machine used is acquired from [7] and its parameters can be found
in Appendix A.1. From here on this machine will be referred to as the PMSM. Since

12
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no FEM analysis will be conducted in the report an additional machine, obtained
from [6], is used to calculate the fault inductances of the machine. The parameters
for this machine can be found in Appendix A.2 and this machine will from here on
be referred to as the reference PMSM.

2.3.1 Inductance calculation
As mentioned in section 2.1.2 the fault inductances need to be calculated more
precise than just scaled with the help of µ. The inductances for a fault was calculated
using (2.46), (2.47) and (2.48). Since the geometry in the two PMSMs are similar it is
assumed that the self inductance and mutual inductance are proportional between
the two different PMSMs. To obtain the values of Lcoil and Mcoil the reference
machine was used as

Mcoil = Ls

p( Lcoilref

Mcoilref

+ (p− 1))
(2.53)

where p is the number of coils, Lcoilref
andMcoilref

are from the reference PMSM and
Ls is self inductance from the PMSM and Mcoil is the inductance of one coil in the
PMSM. Equation (2.53) is based on (2.44) and then modified so that it calculates
Mcoil for the PMSM. Lcoil is then calculated using (2.44). The calculated Lcoil and
Mcoil are presented in Appendix A.1. To obtain Lcoilref

andMcoilref
(2.46) and (2.48)

was used. Since Ls, La1 , Ma1a2 , p, q and µcoil are known and the only unknown are
Mcoil and Lcoil it can be solved with a simple equation system.

2.3.2 PMSM model with fault
The simulation of a PMSM with inter-turn short circuit fault takes its base from
a PMSM with no fault. This can easily be seen by comparing (2.51) and (2.52).
The faulty machine consist of more parameters since the affected phase has been
split into two parts as can be seen in section 2.1.2. To simulate different severity
of the fault µ, µcoil and Rf has been adjusted to see what has the most impact on
the fault and if it can be noticed by a FDD-method. Since all simulations done in
this report is only executed in Matlab and Simulink they are completely ideal. In
Figure 2.7 the current of the faulty PMSM with a very large Rf , then acting as a
non-faulty machine, can be seen and because of the ideal conditions all harmonics
are practically negligible.

13



2. Permanent Magnet Synchronous Machine

Figure 2.7: PMSM with no fault. Figure a) shows the three phase currents and
figure b) show the FFT of the current in the q-axis where the y-axis is a logarithmic
scale

In Figure 2.8 a PMSM with a large fault has been simulated. The fault resistance in
this case is set to 0.1 Ω and the the affected number of turns is 10 of a total number
of 20 turn i.e the phase is 50 % short-circuited. In the figure one can see that the
second harmonic is distinctive and much higher than in Figure 2.7. The three-phase
currents are also different when a large fault occurs where as the amplitude in the
three phases differ form each other. In Figure 2.8 a line have been drawn at the
peak of phase a to make it easier to spot the difference.
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2. Permanent Magnet Synchronous Machine

Figure 2.8: Faulted PMSM where µ is set to 50 % and Rf is 0.1 Ω. Figure a shows
the three phase currents and figure b show the FFT of the current in the q-axis

Even though a 50 % fault is a large fault it is hard to spot by just looking at the
three-phase currents but when one observes the harmonics of the quadrature current
of the affected phase it can easily be seen that the second order harmonic stands out.
Also worth noting is that since the three-phase currents are unbalanced when a fault
occurs the third order harmonic will be prominent in the phase-current harmonic
spectrum as shown in Figure 2.9. In the figure the fundamental harmonic is at 125
Hz and then the third order harmonic will be 375 Hz.
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2. Permanent Magnet Synchronous Machine

Figure 2.9: Harmonic content of ia when µ is set to 50 % and Rf is 0.1 Ω
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2.3.3 Validation of faulty PMSM model
To validate that the a faulty PMSM is working a PMSM with no fault implemented
was modelled and simulated. Using the general PMSM formulas a model of the
non-faulty machine has been designed in Matlab and SimuLink. The model with
no fault was then used as a benchmark. This benchmark was then compared to the
PMSM-model with a fault where Rf was set to a very large value to reduce the fault
to a level where it is regarded as a model with no fault. In Figure 2.10 a comparison
between these to types of machines has been done. As seen in the figures the faulty
machine works as intended.

Figure 2.10: Comparison between a PMSM-model without a fault and a PMSM-
model with a fault and a very high Rf at the start of the machine with a small load
introduced after 1.1 seconds. Figure a) shows the iq-current and figure b) shows the
voltage in dq-component form
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3
Fault detection and diagnosis

methods

This chapter will firstly present what FDD methods that are considered for the
model described in Chapter 2. The most prominent methods depending on their
score from Figure 3.1 will be described briefly and discussed. Secondly, the FDD
methods that fit the aim of the thesis will be presented in detail and thoroughly
discussed.

3.1 Qualitative assessment of FDD methods

This section will describe and explain previous studies in the field. The previous
studies will be assigned an description, usually the title of the paper or the FDD
method that it mostly resembles. The description of FDD methods will then be
divided into different sections depending on the signal primarily analyzed or what
umbrella term such as MCSA/MVSA or parameter estimation they are best fitted.
The FDD methods will be assigned weights where they are given different points
depending on their performance in the papers and further summarised in a final table
that can be seen in Figure 3.1. The FDD methods with the highest score in each
category section will be briefly explained as well as some perks and shortcomings to
see if they are applicable to the aim.

3.1.1 Current and voltage sequence component analysis

The three different sequence components are zero, positive and negative sequence
components. The zero sequence components amplitude and phase angle is used to
detect fault. It could either analyze the voltage when the motor is wye-connected or
the current when the motor is delta-connected. This method is capable of detecting
the fault location as well as the fault severity. However, this method needs access
to the motors neutral point to measure the voltage which may prove difficult on a
live motor [9]. Positive and negative sequence component utilize the relationship of
the current and the rotor speed to detect fault. This method is robust against rotor
speed changes but has a high sensitivity and might be affected by noise [8].
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3.1.2 MCSA/MVSA
The most popular FDD method is the motor current signature analysis (MCSA)[9].
The MCSA is an umbrella term which contains different algorithms such as fast
fourier transformation (FFT). An FFT can be done by comparing the harmonics
between the measured current from a faulted and a non-faulted PMSM. If the har-
monics differ within a previously determined range the method will indicate that a
fault has occurred. The kind of MCSA performed in the thesis takes the quadrature
current and performs an FFT of said current. The harmonics of the FFT is then
extracted and analyzed. As mentioned in Section 2.3.2 the fault is most prominent
in the second order harmonic content. But since there is always a second harmonic
content the problem is to set a threshold for when a fault should be announced.

3.1.3 Various current and voltage signals
This category is made up by the FDD methods using the output current and voltage
but that did not fit the other FDD categories. One of the most prominent FDD
method in this category is orthogonal space voltage analysis with FEM [20]. The
method uses an FEM to simulate the flux linkage in the machine which is used
to calculate the back electromotive force. The purpose of the paper is mainly to
categorize the fault severity using the voltage space vector and not detecting the
fault. Combined with the use of FEM this method is excluded from possible FDD
methods, since is do not meet the aim of the project.

3.1.4 Torque signals
The FDD methods analysing the torque signals are relatively few compared to the
other FDD categories in the Figure 3.1. Although, the torque FDD method with
continuous wavelet transform (CWT) can assess the number of faulted winding
turns, it requires a low pass filter to remove noise. Without the filter the torque
signal is considered very sensitive. The method also use machine learning hence it
is excluded [26].

3.1.5 Mechanical signals
Finding a fault using a mechanical output such as acoustic noise or vibrations is
possible however they do need an additional sensor to be detected. The tests can
be done on a live motor but needs to be done in a controlled environment to reduce
sounds and other vibrations which could interfere with the fault analysis and is
considered a major disadvantage [28].

3.1.6 Parameter estimations
The idea of this FDD method is how the machines different parameters such as flux,
impedance, magneto motive force, resistance and inductance behaves and varies
during a fault. These methods contains a considerable amount of data and is often
the subject of AI technology such as machine learning. Machine learning demands
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a high CPU and needs to be applied to each machine separately since the machine
data vary from machine to machine. The data also needs to be acquired over time
for machine learning to work which can prove to be a bit cumbersome. Another
approach is modeling the PMSM as a permeance/reluctance network. This is very
similar to how high power systems are analyzed [37]. The major advantage with
this method is that it is requiring substantially lower CPU and at the same time
provide similar results [37].

3.1.7 Flux signals
The most common FDD method in Figure 3.1 within the flux signal category is the
search coil method. This method is not considered since it uses additional hardware
in the motor design. Adding a search coil to a motor is not only costly but can
affect the performance of the motor. This could be a valid method if implemented
when designing and building a new machine [43].

3.1.8 Weights
When ranking the different FDD methods the most significant characteristics has
been assigned as weights. The weights, except sensitivity and complexity, has the
same weight where they get one point if the answer is yes, minus one point if
the answer is no and an unknown weight gives zero points. The sensitivity and
complexity can give from one point if the sensitivity/complexity is very low down
to minus one point if the sensitivity/complexity is very high, see Figure 3.1. To get
an understanding of each weight a short description is presented in this section.

• Motor : What type of electrical motor this method is using. PMSM is not
only considered since some FDD categories with other motors might have
valuable input.

• Fault identification (FI) : Whether the FDD method can locate the fault
and determine what kind of fault it is. Such as winding fault, coil fault, phase
fault or open circuit fault.

• Online : If the FDD method can be applied on a live machine or has to be
executed on an offline machine.

• Noninvasive : There is no need to customize the machine to extract the
output signals needed for the FDD method.

• Sensitivity : The sensitivity of the output signals. Less sensitive signals are
easier to read where sensitive signals are more difficult to read.

• Fault severity : If the fault compromise the performance of the machine.
• Unaffected by other faults and noise (UBOFN) : If the results from the

FDD will be compromised due to other faults and noises.
• Independent of motor parameter (IOMP) : If the FDD method can be

applied to other motors without changing the parameters of the FDD method.
• Sensorless : Whether there is a need for extra sensors or not to extract the

signals from the motor.
• Low CPU : If the required computing power for the FDD method is low or

not.
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3. Fault detection and diagnosis methods

• Verified experimentally (VE) : If the FDD method has been tested on a
motor in practice or if the FDD method is tested in a simulation.

• Complexity : If the FDD method contains machine learning the complexity
will be considered very high. If it contains finite element method (FEM) the
complexity will be considered high. If it contains neither the complexity will
be regarded as medium.
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Figure 3.1: Summary of the different FDD methods considered with weights and
score specified as well as the score and colour system specified. Reference [8]-[45]
from top to bottom
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3. Fault detection and diagnosis methods

3.2 Permeance network
With a permeance network the flux flowing in the different parts of a PMSM can
be estimated. An interesting FDD method would be to analyze the flux when the
PMSM is fed with parameters from a healthy motor and compare that flux with
the flux from a PMSM with un-healthy parameters. The difference from a finite
elemental analysis is that the permeance network requires fewer calculations which
in turn requires less CPU. This is especially interesting for the automotive industry
where fast calculations are required. In this thesis the permeance network suggested
configuration is based on [35],[37] and [39].
Estimating different parameters can be done constructing a state variable model.
The model consist of a magnetic equivalent circuit (MEC) where the parameters are
derived from geometrical data of the electric machine. One part of the parameters
are usually estimated in permeance or reluctance. The second part of the parame-
ters are the magneto motive force (MMF) which are dependent on both the stator
windings and the permanent magnets in the rotor. Combining these two parameters
you can define the potentials between two nodes as (in this example between the
stator tooth and the stator base),

Mst −Msb = φ

P
+MMF (3.1)

where Mst,i and Msb,i are the magnetic potential between the stator tooth and the
stator base, φ is the flux flowing between these potentials, P is the permeance in
series between the nodes and MMF is the magneto motive force from either the
windings or the magnets.

3.2.1 Node analysis
Both the stator and the rotor will be divided into nodes separately. The nodes are a
segment of the stator and rotor and are split where the rotor and the stator repeats
itself. The stator repeats itself around the stator slots and the rotor repeats itself
around the magnets. The stator node will be expressed as i and take the value from
1 to Nss where Nss is the total number of stator slots in the machine. Likewise, the
rotor nodes will be expressed as j and have the value 1 to Npp where Npp is the total
number pole-pairs.

3.2.2 Permeance estimations
The equations for permeance estimations is based on the geometry of the machine.
Permeance values can be obtained with the formula

P = 1
<

= 1∫ L
0

dl
µS(l)

(3.2)

Where < is reluctance, L is the stack length of the machine, l is the integration
variable, S the cross sectional area and µ is the permeability of the material.
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3. Fault detection and diagnosis methods

In this method most elements can be regarded as rectangular for simplicity purpose.
The permeance can then be estimated to be

Prectangular = µS

l
(3.3)

The permeances considered in the stator can be the divided into different elements
as illustrated in Figure 3.2. The element Psb represent the permeance of the stator
base, Pst the permeance of the stator tooth and Pstst, the stator tooth-tip-to-tooth-
tip permeance.

Figure 3.2: Magnetic equivalent circuit of the stator

The permeances in the rotor can be expressed similar to the stator, illustrated in
Figure 3.3. Where Prb represent the permeance of the rotor base, Prt the permeance
of the rotor tooth, Prtrt the rotor tooth-tip-to-tooth-tip permeance and Prtc the
permeance rotor-to-center.

Figure 3.3: Magnetic equivalent circuit of the rotor
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3. Fault detection and diagnosis methods

Between the stator and rotor is the air-gap. The air-gap permeance value is varying
due the rotor position in respect to the stator position. The permeance value is
the highest when stator tooth and the rotor tooth is aligned. If a stator tooth and
a rotor tooth is not perfectly aligned the permeance decreases until they have no
overlap at all and the permeance is zero, as illustrated in Fig 3.4.

Figure 3.4: Air-gap permeance varying with the rotor position in respect to the
stator position

3.2.3 Magneto motive force estimations
The MMF is acting like a voltage source in the magnetic equivalent model (MEC),
as are shown in Figures 3.2 and 3.3. The MMF can be expressed as

MMF = φ

P
(3.4)

and is fundamental to the MEC model. The MMF in this model will occur both in
the stator due to the windings and the stator current is and in the rotor due to the
permanent magnets.
The stator windings in a machine can be assumed to have three phases. The windings
will be divided into stator nodes. One node contains the windings around one stator
slot. The MMF value is dependent on the current going through the winding and
the number of turns in the winding. Then the total MMF in each winding becomes

MMFwinding =
∑

N · I (3.5)

where N is the number of turns, times the stator current in the coil, I.
The MMF in a magnet can be estimated such as

MMFmagnet = Hmagnet · hc (3.6)

where the Hmagnet is the height of the magnet and hc is the magnet material coeffi-
cient.

3.2.4 MEC-model and node equations
The parameters from the permeance estimation and the MMF from the MMF esti-
mations merge into the equation

[P ][M ] = [φs] (3.7)
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3. Fault detection and diagnosis methods

where the [P ] is the permeance matrix containing the permeance in series between
the different node combinations. [M ] is the the magnetic potentials vector and [φs] is
the flux source vector. To obtain [M ], the magnetic potential vector can be derived
from (3.7) to

[M ] = [φs]
[P ] (3.8)

so that the magnetic flux flowing between one node (i) to another node (j) can be
estimated with (3.1) and (3.8) as

φ(i, j) = P (i, j) · (M(i)−M(j)) + φs(i, j) (3.9)

3.2.5 Solution algorithm
To solve flux equations one has to consider that the flux in a electric machine is
not linear. Hence a nonlinear machine needs a nonlinear solution. One proposed
solution to the state space equation is the Gauss-Seidel method which is an iterative
method. An iterative method is simplified, an algorithm that the first time will
guess a solution. Based on the guess of the first solution it will estimate a second
solution. It will continue estimating until the difference between the estimations is
sufficiently small or number of estimations exceeds a predetermined value.

3.2.6 Summary of permeance network
A PN-network might be used as the base for a FDD method because of the simplicity
of the network. To achieve a fully functioning online FDD method the signals from
the machine has to be read online as well. To confirm the permeance network it is
also recommended to compare it to a FEM. This might be possible to achieve but
will be a topic for further studies since.

3.3 Motor current signature analysis using FFT
The MCSA is one of the most popular FDD method [9]. The objective of the method
is to detect a fault by measuring the current of the machine and finding anomalies.
In this thesis the FDD method using FFT is obtained from [14]. To continuously
be able to detect fault on a live PMSM an algorithm is defined as shown in Figure
3.5.
Firstly to extract the harmonics of the q-current the machine must achieve steady
state to be able to provide accurate data. A simple function can detect whether the
machine has reached steady state, such as

|wr(k)− wr(k − 1)| ≤ |0.01 · |wr(k − 1)| (3.10)

where wr(k) is the electrical speed of the PMSM at a given moment in k intervals.
This function will see if the speed has changed more than one percent from the pre-
vious value in a predetermined time interval. If not, the machine can be considered
to be in steady state. The speed wr(k) is also used to calculate the fundamental
frequency.
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3. Fault detection and diagnosis methods

When the machine is in steady state the q-axis current can be extracted during a
number of time periods, in this case 10 time periods is sufficient. Executing an FFT
on the q-axis current during said time periods will provide the current harmonics.
The second order of the current harmonics is extracted into the variable hq2. A fault
index to determine fault is introduced as

Faultindex = hq2
h2n

(3.11)

where h2n is the magnitude of the normalized second order harmonic of the q-
axis current when the machine is operating under non-fault condition at the same
operating point. To obtain h2n a linear interpolation calculation is used as follows

h2n = h2b − h2a

Ib − Ia
(Iqavg − Ia) + h2a (3.12)

where h2b is the magnitude of the second order harmonic q-axis current under high
load condition and h2a is under low load condition. Ib is the average q-current under
high load condition and Ia is under low load. The variables h2b, h2a, Ib and Ia are
predetermined from previous simulations with varying load and thus need to be saved
prior to the computation of the algorithm. Iqavg is the measured average current
at the actual operating condition. The linear interpolation calculation provides the
means to determine a fault even with varying load. The fault index threshold is set
to be 1.5 due to the possibility of noise during measurement. If the signals were ideal
the fault threshold could be set to one. In Table 3.1 the values used to calculate the
normalized second order harmonic at a speed of 1500 rpm is presented.

Table 3.1: Values used in the MCSA when Ωr is 1500 rpm

Parameter Value
h2a 145 nA
h2b 237 nA
Ia 92 A
Ib 151 A
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3. Fault detection and diagnosis methods

Figure 3.5: Description of the MCSA algorithm using FFT
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3.4 Zero sequence voltage component
The FDD method zero sequence voltage component (ZSVC) is considered due to
it’s high score in Figure 3.1 and since it is applicable to the wye-connected model
in Chapter 2. The ZSVC is based on [46], [11] and is using the model from [6].
The ZSVC can be derived from (2.35) as

V0 = 1
3(ua+ub+uc)+

1
3(ea+eb+ec)−

1
3(La2+Ma1a2+Ma2b+Ma2c)

dif
dt
−1

3Ra2if (3.13)

where 1
3(ea + eb + ec) is the zero sequence back-emf and can be defined as e0. Due to

the the fact that PMSMs are usually fed from a PWM inverter the machine will be
injected with a zero sequence voltage. Hence (ua +ub +uc) will not be zero. Adding
a resistor network to the circuit as depicted in Figure 3.6 will cancel out the zero
sequence voltage injected from the PWM and thus create a neutral point. This will
give the equation

V0,m = 1
3(ea + eb + ec)−

1
3(La2 +Ma1a2 +Ma2b +Ma2c)

dif
dt
− 1

3Ra2if (3.14)

Figure 3.6: Inverter bridge feeding a wye-connected PMSM with fault in phase A.
A resistor network is added to the phases to create a neutral point

An FFT will be performed on the ZSVC to detect anomalies in the spectral content.
In a completely healthy motor there should be no fault currents which makes if
equal to zero. Hence the ZSVC V0,m in a healthy motor only consists of the zero
sequence back-emf, 1

3(ea + eb + ec), and should show in the third harmonic and
its odd multiples. Instead, when there is a fault, the fault current if is not zero.
The fault current should create harmonics in the fundamental components of ZSVC
V0,m as well as odd harmonic components. The third order harmonics and its odd
multiples should also be present in the fault ZSVC V0,m due to the zero sequence
back-emf. According to [46] the amplitudes of the fundamental harmonics differs
the most between a PMSM with fault and a healthy PMSM due to an induction
phenomenon with the permanent magnets and should be used as a fault indicator.
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In the simulation part of the thesis the results from the FDD-methods will be pre-
sented. The FDD-methods will be tested during different fault severity and the
sensitivity of the method will be analyzed. In section 2.3.2 two harmonic graphs are
presented, one with a very high Rf to simulate a non-faulty machine while still using
the model of a faulty machine and one with a severe fault where Rf is 0.1 Ω and µ
is 50 %. In Figure 4.1 a comparison between the two harmonic graphs are shown,
one with no fault and one with 5 % short circuited turns and Rf = 0.1Ω . It is
easily noticed that the even order harmonics are higher in the faulty machine. The
greatest one, apart from the fundamental harmonic, is the second order harmonic,
which is the one observed when performing the MCSA FDD-method.

Figure 4.1: comparison between non-faulted harmonics of iq and with a fault of
µ=5 % and Rf = 0.1 Ω

In Figure 4.2 the fault resistance, Rf , have been set to decrease linearly and µ is set
to 5 %. It can be seen in the graph that the fault resistance is at approximately 27 Ω
when the threshold is exceeded. Then the fault index will increase at an exponential
rate when the fault resistance decrease further.
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Figure 4.2: The graph shows how the fault index increase whenRf decrease linearly
from 50 to 0.1 Ω and µ=5 %

In the case of this thesis a µ of 5 % is the same as a turn-to-turn fault with just one
turn short circuited, since µ = Nf

Ns
and the total number of turns is 20. In Figure

4.3 the fault resistance have been decreased linearly from 1000 to 0.1 Ω. Since the
duration of the ramp function is the same as in Figure 4.2 the slope will be higher
and because of that the lesser faults will quickly change from a low fault index to
a big fault index when Rf is getting closer to the fault threshold. Figure 4.3 shows
that the difference between a fault with a µ of 5 % and 75 % is very large. In the
figure only a µ of 5 %, 10 % and 25 % are under the fault threshold some time
during the simulation.

Figure 4.3: The fault index when Rf is decreased from 1000 to 0.1 Ω during
different amounts of short-circuited turns

To show at what Rf the threshold at different µ lies two different simulations have
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been executed. In Figure 4.4 the threshold of µ at 25 %, 50 % and 75 % are
presented. As can be seen in the figure the fault index threshold for these fault
occur at a much higher Rf . In the simulation Rf is decreased linearly from 10000
to 100 Ω.

Figure 4.4: The fault index when Rf is decreased from 10000 to 100 Ω during
different amounts of short-circuited turns

In Figure 4.5 the fault resistance is decreased linearly from 150 to 0.1 Ω during a
one and two short-circuited turns fault.

Figure 4.5: The fault index when Rf is decreased from 150 to 0.1 Ω during different
amounts of short-circuited turns
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The MCSA FDD-method was also simulated during different load conditions. In
Table 4.1 fault resistance and fault current at the fault index threshold are presented.
Since to acquire a precise FFT several periods, in this case 12, needs to be in each
FFT calculation the amount of fault index calculations for a certain amount of
time is relatively low. In the case of this thesis the fault index was calculated 20
times during a 2.28 second long simulation. Therefore, the Rf and If values are
approximations.

Table 4.1: Rf and If , when the fault threshold is met, at different amount of extra
load torque

TL,extra µ Rf If
0 Nm 5 % 27 Ω 103 mA
5 Nm 5 % 23 Ω 123 mA
10 Nm 5 % 20 Ω 151 mA
15 Nm 5 % 17 Ω 179 mA
0 Nm 10 % 111 Ω 51 mA
5 Nm 10 % 96 Ω 60 mA
10 Nm 10 % 85 Ω 69 mA
15 Nm 10 % 71 Ω 86 mA
0 Nm 25 % 694 Ω 20 mA
5 Nm 25 % 588 Ω 24 mA
10 Nm 25 % 530 Ω 28 mA
15 Nm 25 % 426 Ω 36 mA
0 Nm 50 % 2628 Ω 11 mA
5 Nm 50 % 2248 Ω 13 mA
10 Nm 50 % 2090 Ω 14 mA
15 Nm 50 % 1689 Ω 18 mA
0 Nm 75 % 6193 Ω 7 mA
5 Nm 75 % 5255 Ω 8 mA
10 Nm 75 % 4601 Ω 9 mA
15 Nm 75 % 3948 Ω 12 mA

As it can be seen in the table a higher load will make the FDD detect a fault later,
at a lower fault resistance, than with a lower load. This is because the current in the
machine is higher when a higher load is applied and a higher current leads to a lower
resistance. In Figure 4.6 the first part of Table 2.1, 5 % short-circuit, is presented.
It can be seen in the figure that a higher load gives a lower Rf at the threshold.
It can also be seen in Table 4.1 that a higher amount of short circuited turns gives
a lower fault current when the threshold is met. This is because a higher µ will
make the three phase current become more unbalanced which will lead to a higher
iq second order harmonic and therefore detect the fault at a lower fault current.

34



4. Simulations

Figure 4.6: The fault index when Rf is decreased from 150 to 0.1 Ω during different
load conditions at 5 % short-circuit

A ZSVC has also been implemented to detect the fault. As can be seen in Figure 4.7
the fundamental component of the zero sequence voltage is very close to zero when
no fault is present. But when adding a small fault the fundamental component is
much higher, but still relatively low, at around 1 mV.

Figure 4.7: Non-faulted zero sequence voltage fundamental harmonic and faulted
zero sequence fundamental harmonic when Rf is decreased from 50 to 0.1 Ω at 5 %
short-circuit

In Figure 4.8 the harmonics of the zero sequence voltage during no fault and a small
fault can be seen. The fault has one short circuited turn and a fault resistance of
0.1 Ω. It can be seen in the graph that a small fault impacts the harmonics very
much. It can be seen that the fundamental component is the most significant. The
third order harmonic and its multiples are also visibly larger than the rest.
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Figure 4.8: ZSVC FFT when no fault and at a short circuit of µ = 5 % and Rf =
0.1 Ω

In Figure 4.9 a bigger fault has been simulated. The fault has two short circuited
turns and a fault resistance of 0.1 Ω. The bigger fault gives a small increase in the
fundamental component compared to the previous fault severity.

Figure 4.9: ZSVC FFT when no fault and at a short circuit of µ = 10 % and Rf

= 0.1 Ω
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5
Discussion

In this chapter the different parts of the thesis will be discussed. It is divided into
the main parts of the whole thesis.

5.1 Modelling of PMSM
The faulty PMSM model used in this thesis is validated by comparing it to a PMSM
model without any fault. This is shown in Figure 2.10. Since the PMSM is com-
pletely ideal no harmonics is visible in the non-faulted machine. However, in the
faulted machine all harmonics are noticeable even when Rf is very high, as to sim-
ulate a non-faulted machine with a faulty model. When a fault is introduced, by
setting a low Rf , the second order harmonic of the quadrature current is expected
to be prominent, which as been confirmed in Figure 2.8 [14]. Since the three-phase
current is unbalanced, as shown in Figure 2.8, the third order harmonic is larger
in the three-phase currents. This is then multiplied by the fundamental harmonic
when transformed into a synchronous reference frame which is why the second order
harmonic is larger in the quadrature current. This is the proven accurate by the
results acquired in the thesis.
Even though the PMSM model is validated it could be improved on by conducting a
FEM on the machine to get more precise inductances. In this thesis the inductances
was instead calculated by using equations from [6] which is proven to be within
accepted error margins. Since all the necessary parameters needed to calculate the
inductances were not available for the machine used, a reference PMSM was used as
well. It was deemed reasonable to scale the inductances from the reference PMSM
to the actual PMSM since the geometry of the two machines are similar.

5.2 Fault detection and diagnosis
The FDD method with the highest score is the permeance network. The permeance
network offer similar measurements as the FEM but requires less computing power.
The FEM is widely used when designing the motor but is limited due to high CPU
and is not deemed suitable for an FDD purpose in the automotive industry. The
main reason why the permeance network is not carried out is that to verify that
the permeance network works as intended it needs to be confirmed with the FEM.
To design a motor in FEM more parameters then provided is needed and thus the
permeance network could not properly be validated.
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The FDD methods chosen, the MCSA with FFT and ZSVC, is not the FDD methods
with the highest score. However, the MCSA does offer some advantages in term of
implementation on a real motor compared to the other methods. By just measuring
the current and the electrical rotor speed of the PMSM, perform a few measure-
ments and calculations and an accurate fault detection can be accomplished. The
computing power needed to perform the method is relatively low compared to the
other methods which give it advantage especially in the automotive industry where
fast calculations are needed.
It should first and foremost be noted that the MCSA with FFT was implemented
on a ideal PMSM. This will affect how the sensitivity of the method is analyzed.
Since no noise is implemented in the PMSM model the sensitivity can not accurately
be determined. This could be accomplished by doing a physical experiment or by
implementing noise in the simulation. In the simulations that have been conducted
it can be observed that the method is working and can detect a small fault at an
early stage, at an Rf of about 27 Ω. It can be confirmed, that this is an early stage
detection in the papers [6],[47] and [7] where an Rf of 10 Ω or lower is considered a
fault. It can also be observed that an higher torque load will lead to that the fault is
detected at a lower Rf . The variable Rf is a representation of the insulation strength
between the windings. Rf can change over time due to wear of the insulation
but should be considered a constant resistance in the simulation process. If Rf is
considered to be constant the conclusion is that the fault will be detected at a later
stage, at a higher If , with higher torque load. Hence the FDD method detects a
fault later at a higher torque load compared to a low torque.
Since the ZSVC has no fault threshold determined in [46] it is hard to set a threshold
with no physical experiments. It can be determined that the ZSVC is a lot more
sensitive than the MCSA and should therefore have a higher threshold since noise
will possibly affect the method more. The difference in the fundamental component
is so large that a threshold could be set to the non-faulted fundamental component
times 10 and then detect a fault earlier than the MCSA. However it could also
be harder to detect the fault since the voltage amplitudes when a fault occurs is
still very low and a small anomaly could be seen as a faulty machine. One way to
solve this is to measure the zero sequence voltage for some period of time and if
the voltage is higher than a predetermined value during this whole period a fault
can be determined. The ZSVC also needs extra equipment to work which could be
hard to execute with a machine in a vehicle and would also make the method more
expansive compared to the MCSA.

5.3 Sustainability
One of the most urgent and important problem of today might be the sustainable
question. More companies start to prioritize sustainability and some even prioritize
it before maximum profit [48]. Earth’s resources are limited and should be treated
as such. Society’s awareness of sustainability is increasing and the norm is to include
it in business plans, annual meeting of shareholders and scientific papers.
Sustainability is not just about the ecological aspect but covers the social and even
the economical aspect. In this paper the sustainable aspect of improving the PMSM
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and prevent it from failing will be discussed. Considering that the lifetime span of
the PMSM will increase as well as the operating security.

5.3.1 Social aspect
The transportation section is shifting from the fossil fuel towards renewable fuels
including electrification which includes the PMSM. Public transport with electric
engines such as trains, cars and buses would be more viable since the life span of the
motor could increase. This also means that the use of the combustion engine would
decrease since it is a shared market. That would decrease problem such as smog in
bigger city’s. Smog is a major health problem today and is considered a danger to
the general population [49].
To manufacture a PMSM you need rare earth minerals and magnets which usually
mined in underdeveloped countries. The working conditions in the mining industry
in these countries are substandard to say the least and a increase of this industry
could lead to more human suffering [50].
The aim of the thesis is to detect a stator winding fault in a PMSM at an early
stage thus preventing it from failing. In an automotive perspective this is of the
utmost importance to ensure personal safety. Hence, a FDD method will increase
the safety of road users.

5.3.2 Economical aspect
The investment cost of an electric vehicle today is usually higher than the standard
combustion vehicle. Today the economical argument for buying a electric vehicle is
that the fuel cost less or governmental subsidies. With a safer operation and longer
lifetime of the vehicle, the maintenance would decrease and hence the total cost.
A more reliable and safer PMSM could also change the electricity market. If electric
transportation become the leading form of transportation the demand for electricity
would increase.

5.3.3 Ecological aspect
With PMSM:s need for rare earth minerals such as permanent magnets the mining
of these minerals are more profitable. The mines that are created and existent affect
the natural landscape. The mines pollute the ground water and are affecting the
bio diversity in a negative aspect [50].
The use of PMSM is also connected with the use of batteries. Batteries is also
dependent on the mining industry which enhances the negative effect on the envi-
ronment.
This project aims to increase the lifetime of the PMSM which may reduce the
mentioned environmental impact. It could also increase this impacts due to the
PMSM being a more profitable choice.
The PMSM is dependent on electric energy which usually is produced by renewable
energy sources. Renewable energy sources such as wind-power, solar-power tidal-
power and hydro-power has a significant lesser emission of the greenhouse gas CO2.
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5. Discussion

Greenhouse gasses increase the greenhouse affect which is slowly and steadily in-
creasing the earths average temperature. With a increased temperature the arctic
poles will melt and raise the water level and decrease the area of livable land. Cities
close to the sea will need a comprehensive infrastructure to sustain. This might be
possible for developed countries but might prove difficult under developed countries.
A higher temperature also increase the extreme weather such as tempest, hurricanes
and draught. Once again developed countries might be able to sustain in these
conditions but under developed countries might not [51].
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6
Conclusion

The aim of this thesis has been to detect a stator winding fault in a PMSM at an
early stage. From the simulations it can be seen that the MCSA with FFT detects
the fault at an early stage. When there is no extra load the MCSA will detect a
small fault, one turn short circuited, when Rf is 27 Ω. It can also be seen that a
higher load torque causes it to detect the fault at a higher fault current, for example
at an extra load of 15 Nm a fault with one turn short circuited is detected when Rf

is 17 Ω which yields a higher fault current of 179 mA compared to the same fault
with no extra load at 103 mA. This means that the fault could do more damage
before being detected when the machine is operating at a higher load.
Another FDD, the ZSVC, was implemented and proved to also be able to detect
the fault at an early stage but since the voltage in the zero sequence is very low
the method is a lot more sensitive to noise. To compare it with the MCSA, at one
turn short circuited, a fault resistance of 27 Ω and no extra load the zero sequence
voltage is 0.4 mV and with a fault resistance of 17 Ω and 15 Nm extra load the
zero sequence voltage is 0.6 mV. The fact that it is sensitive, needs access to the
neutral point and an instrument that can detect the small voltages makes it a more
expensive and less attractive FDD method compared to the MCSA.
To be able to test the FDD methods a PMSM with a fault has been modeled. The
model has been verified by comparing it to a non-faulty PMSM and it was concluded
that it worked as intended.
To decide what FDD method to develop a number of different FDD methods has
been considered. Considering the limitations, the FDD method most suited to meet
the aim was the MCSA with FTT. Other FDD methods was described and their
working principals has been explained. The best rated FDD method, flux-estimation
with permeance network, should be considered in further works since it shows a lot
of promise and does not require high computing power. It is also concluded that
most of the FDD methods with a high score in the qualitative assessment uses FEM
or machine learning and these methods require a higher CPU which would be best
for an application when the machine data could be rendered by a powerful CPU
which most cars do not have.
To conclude, the aim of the thesis was met, which was to design an FDD method
that could detect a fault at an early stage, within the limitations of the thesis.
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7
Further work

For further work the parameters for the PMSM should be acquired by doing an FEM
or conduct measurements on a real machine to get more precise values. The PMSM
could be simulated with added noise to verify if the FDD method could still find
the fault at non-ideal conditions since that would more accurately represent a real
machine. The FDD method should be tested on a real machine since the analytically
modeled machine have estimated parameters and ideal conditions. This would be
the most accurate way to validate the FDD method. The FDD method should
lastly be implemented on a live machine to test if it works as intended. Ideally all
the FDD methods mentioned in 3.1 should be investigated in more detail to have a
more fair representation than the weight system. The permeance network could be
an interesting base for a FFD method and is suggested for further work.
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A
Machine parameters

Table A.1: PMSM parameters

Parameter Value
Rs 1.6 mΩ
Ls 292 µ H
Ms -12 µ H
Ψm 0.068
Pole-pairs 5
f0 125 Hz
Turns per phase 20
Coils per phase 4
Calculated inductances
Lcoil 88.423 µ H
Mcoil -5.141 µ H

Table A.2: Reference PMSM

Parameter Value
Rs 0.44 Ω
Ls 2.82 mH
Ms -0.28 mH
La1 @ µcoil = 50 % 1.62 mH
Ma1a2 @ µcoil = 50 % -0.2 mh
Lcoil 0.86 mH
Mcoil -0.05 mH
Pole-pairs 4
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