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Variables

fst Components that are a function of shorted turns.
f, Supply frequency
1,2 3...
1,3,5...
Pole Paris
m, Number of phases
I, Armature current in Ampere
I, The current in stator
I, Resistance of stator winding
X, Reactance of stator winding
Ry, The core loss resistor
Xy The magnetic inductance
E, The voltage at primary side
E,. The voltage at secondary side
r, Resistance of rotor winding
S
X, Reactance of rotor winding
N, Number of stator turns
N, Number of rotor turns
l, The current in rotor
s Slip
V, Voltage on stator
Z, Leakage impedance
K, Ratio current
Kv Ratio voltage.
Py Input power
Py, Flow power from stator to rotor
P, Output power
cosQ Power factor




AP, Power loss in rotor copper
AP, Power loss due to frication
U The efficiency of induction machine
Ry Resistance of stator
L Leakage inductance between phases of stator
L, Leakage inductance between phases of stator and rotor
R, Resistance of rotor
I Stator current
L. Rotor current
0 Rotor position
p Is copper resistivity and equal (1.8 x 1078 Qm at 25 ¢°)
A, Actual conductor area
N, Number of turn/ phase
L, Stack length of turn
0, Position of rotor
T, Parks transform for stator
T, Parks transform for rotor
T, The electrical torque
T, Load torque
J Moment of inertia
P Number of poles the motor (an even integer)
Ly Mutual inductance
, Synchronous speed
W, Rotor speed
R Resistance for one turn




Abstract

Motors are critical components for electric utilities and process industries. A motor fail-
ure can result in the shutdown of a generating unit or production line, or require that re-
dundant plant be utilized to circumvent the problem. One major cause of failures is
breakdown of the turn insulation (Turn to turn fault). This is fault must be detected in an
early stage before propagating to a phase to ground or a phase-to-phase fault and occur-
ring complete damage in motor. The condition monitoring of the faulty machines can
significantly reduce the costs of maintenance by allowing the early detection of faults,

which could be expensive to repair.

Turn fault detection is based on the principal that symmetrical (un faulted) motors pow-
ered by symmetrical multiphase voltage sources, two cases for simulation by MATLAB
of three phase induction machines having symmetrical winding and inter-turn short cir-
cuit on the stator (asymmetrical winding).The first case assumes that each stator phase
winding has same number of turns. The second case assumes stator phase (As) has
number of shorted turns. For represented a model without using additional sensor using

monitors the spectrum contact of stator currents to detect the fault.

In this thesis, the applied method is the so-called motor current signature analysis
(MCSA) is used to detect this fault and experimental results for healthy and faulty

motors have been shown and discussed.
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Chapter one: introduction

1.1-General

Induction motors are by far the most numerous of electric machines, accounting for
80% of the motors in use and it is one in which alternating current is supplied to the sta-
tor directly. In world industry the three-phase induction motor is widely used for rea-
sons of economy robust construction and reliability. They are used to drive gas com-
pressors, seawater, injection pumps, machine tools, washing machine and oil exporting

pumps, etc.
1.2- Problem statement

In modern industrial facilities, thousands of electric motors work together in the manu-
facturing process. A great percentage of the applied motors are essential to the process.
An unscheduled shutdown occurs if one of these motors were failing. If it were possible
to detect a developing fault, it would be possible to schedule an orderly shutdown of the
complete process with more efficient utilization of material and labor. Because of the
great expense associated with unscheduled downtime, it may be cost effective to con-
tinuously monitor the critical motors for certain incipient faults before on: of these mo-
tors become inoperable[1].

People who work on condition monitoring of induction motors often need an accurate
model to predict performances and to extract faults signature. Early detection of abnor-

malities in the motor will help to avoid expensive failures.
1.3- Methodology

The modern industry has widely used reliability-based and condition-based maintenance
strategies to reduce unexpected failures and downtime. Many predictive techniques are
applied to these motors to reduce the number of unplanned outage. These techniques are
most useful if they can be implemented on-line along with a planned maintenance pro-
gram to prevent unscheduled plant interruptions. The machine parameters which are
most often monitored include vibration, leakage flux, and line current. These three fea-
tures are common in monitoring techniques used today. Vibration analysis not only pro-
vides information on the motors in a system but can be used on gear boxes. Line current
is probably the most convenient of the three since in an industrial environment it is the
most accessible parameter, can be measured remotely if needed, and requires simple
instrumentation. The monitoring of line current forms the basis of the work presented in

this thesis. The analyses based on mechanical concepts are established.
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These techniques can increase the time between planned shutdowns for standard

maintenance, reduce maintenance and operational costs.
1.3.1-Condition Monitoring of Induction Machine

Machine condition monitoring is a vital component of preventative and predictive
maintenance programs that seek to avoid unplanned downtime and the costs of mainte-
nance by allowing the early detection of faults, which could be expensive to repair .One
of the most frequently used fault detection methods is the motor current signature analy-
sis (MCSA).

Condition monitoring is used for increasing machinery availability and machinery per-
formance, reducing consequential damage, increasing machine life, reducing spare parts
inventories, and reducing breakdown maintenance. The electric motors have attracted
increasing attention during the last decade, during which a considerable number of stud-
ies on the detection of stator and rotor faults have been made. There are many published
techniques[1]and many commercially available tools to monitor induction machines to
insure a high degree of reliability uptime.

On-line condition monitoring uses measurements taken while a machine is in use, to
determine if a fault exists. Figure (1.1) shows a block diagram of the general approach.
Different types of sensors can be used to measure signals to detect these faults. Current
signal processing techniques can be applied to these sensor signals to extract particular
features which are sensitive to the presence of faults. Finally, in the fault detection
stage, a decision needs to be made as to whether a fault exists or not [2].

laboratory testing with known faults Expert
and previous field experience Knowledge

Motor Sensor .I Signal Fault
Faults Signals Processing Detection

- bearings - vibration - RMS » model-based

- stator winding - current - Fourier transform - trending

- rotor bar » magnetic flux - time-frequency = threshold

- eccentricity - voltage - wavelet - multi-dimension
« higher order stats - neural networks
- Park’s vector - fuzzy logic
= negative seq. - expert systems

Figure (1.1): The on-line condition monitoring
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Previous research in electrical monitoring as W.T. Thomson used online current moni-
toring to detect inter-turn stator winding faults [3]. Fault severity can be controlled by
the number of shorted turns and an optional current limiting resistance to short circuit
the windings. It was shown that an indicator of inter-turn winding faults. It has been
suggested that it would be worthwhile developing an on-line current monitoring strategy
which could reliably detect inter-turn winding faults.

Acosta and Verucchi, [4]have utilized two techniques. One of these techniques resorts
to spectrum analysis of machine line current. Another non-invasive technique is the Ex-
tended Park’s Vector Approach, which allows the detection of inter-turn short circuits in
the stator winding.

1.3.2-Motor Current Signature Analysis (MCSA)

MCSA used in induction machine fault diagnosis, it is one of the most frequently used
fault detection methods. This technique depends upon locating by spectrum analysis
specific harmonic components in the line current produced of unique rotating flux com-
ponents caused by faults such as broken rotor bars, air-gap eccentricity and shorted
turns in stator windings, etc.
Howard and Penrose[5]. MCSA is used the electric motor as a transducer, allowing the
user to evaluate the electrical and mechanical condition from the Motor Control Center
MCC or disconnect. For accurate analysis, MCSA systems rely upon FFT analysis,
much the same as vibration analysis. Most MCSA systems also rely upon analysis of
demodulated voltage and/or current, which involves the removal of the fundamental
frequency LF.
William and Ronald [6], it is proved that the MCSA is a condition monitoring technique
that is now widely used to diagnose problems such as broken rotor bars, abnormal levels
of air gap eccentricity ,shorted turns in low voltage stator winding ,and certain mechani-
cal problems. This thesis sets out to present the fundamentals on MCSA plus data inter-
pretation and the presentation of industrial case histories.
Neelam and Ratna[7]have utilized the fundamentals of current spectrum plus condition
monitoring of the induction motor for detection fault as figure(1.2), the figure illustrates
the key elements for the successful application of MCSA and in clouded fundamental
understanding of the design and operation of 3-phase induction motor .MCSA spectrum
analyzer to present the signature patterns and it is the drive operator who has to make
the final decision to either immediately remove the motor for repair or let it run and
prepare for a planned outage to rectify the problem.

4
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Expert
Expert Knowledge Knowledge

Decision base
C
r /W\! 0
% Detection of problem
:: r b O
F b MCSA Instrument
U 5 nstrurmen
Drive operatdr g cite application
I 1
Induction motor

Figure (1.2): Overall MCSA Strategy

The objective is to identify current components in the stator winding that are only a

function of shorted turns and are not due to any other problem or mechanical drive

characteristic. MCSA is the on-line analysis of current to detect problems in a three-

phase induction motor drive while it is still operational an in service. This method is

based on detection of sidebands at certain frequencies. For these latter techniques, it is

assumed that the current measurements can be modulated like multi-component mix-

tures whose magnitudes change when a failure occurs[4].

1.4-Objectives

The main objectives of this research as the follows:

1.
2.

3.

Surveys the electrical faults and electrical faults on stator.

Modeling of induction machine in steady state and with shorted turns.
Simulating the model of steady state and transient behavior of motor using
MATLAB software.

Detecting inter-turn shorted circuit with two cases, the increased amplitude
components around 125Hz and 175Hz and increase the magnitude of third
harmonic component 150Hz.

Evaluation of number of inter turn short by know the magnitude of third har-
monic component 150Hz.

1.5-Thesis Organization

In this chapter gives the background, literature review and their detection techniques

was presented for detect the stator winding turn faults.

5
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Chapter two presents the types, construction and the principles of operation three phase
induction motor. It is also shows the relationship between stator and rotor which been

derived from the equivalent circuit.

A survey on induction motor common faults and electrical failure on the stator are

presented in chapter three.

System modeling of the induction machine is presented in chapter four. A fault

indicator is proposed.

Simulation and results for the operation motor under normal, inter-turn short circuit
condition and three different loads, validate the reliability of the model and the fault in-

dicator are given in chapter five.

The conclusions and future work are given in chapter six.
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Chapter Two: Three Phase Induction Motor

2.1-General

The induction machine is basically an AC poly phase machine. The AC power source
is, in general, three phases but it may also be single phase. In both cases the winding
arrangement on the part of the machine the primary connected to the grid (the stator in
general) should produce a traveling field in the machine air gap.

The rotor winding may be multiphase (wound rotors) or made of bars short circuited by
end rings (cage rotors).All primary and secondary windings are placed in uniform slots
stamped into thin silicon steel sheets called laminations[8].

2.2-Construction

Three phase induction motor has two main parts stator and rotor. The rotor is separated
from the stator by a small air-gap which ranges from 0.2 to 3 mm[8], depending on the

power of the motor.
2.2.1-Stator

The stator is made up of several thin laminations of aluminum or cast iron. They are
punched and clamped together to form a hollow cylinder (stator core) with slots as
shown in Figure (2-1)[9]. Coils of insulated wires are inserted into these slots. Each
grouping of coils, together with the core it surrounds, forms an electromagnet (a pair of
poles) on the application of AC supply. The number of poles of induction motor de-
pends on the internal connection of the stator windings.

Figure (2-1): Typical stator
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2.2.2- Rotor

The rotor mounted on a shaft, is a hollow laminated core having slots on its outer pe-
riphery. The winding placed in these slots (called rotor winding) may be one of the
following two types:

-Wound rotor machines

Three phase distributed winding on the rotor with the same number of poles as the stator
and number of phases m, = 3. This windings are usually connected in star with ends of

winding brought out to three slip rings as show in figure (2.2).

Stator Rotor

Slip rings
Shaft

Ra

La

Figure (2.2): Wound rotor machines

-Squirrel cage machines

The rotor of a squirrel cage machine carries a winding consisting of a series of bars in

the rotor slots which are shorted by end rings at each end of the rotor as in figure (2.3),

it has the number of loops N, .

Bars

/ End ring

Figure (2.3): Squirrel cage machines

9



Chapter Two: Three Phase Induction Motor

2.3-Principlies of Operation

The operation principle of electric machines is based on the interaction between the
magnetic fields and the currents flowing in the windings of the machine. When the in-
duction machine is fed in the stator from a three-phase balanced power source, the
three-phase currents produce a traveling field in the air gap. This traveling field will in-
duce voltages in conductors on the part of the machine not connected to the grid (the
rotor, or the mover in general) the secondary. If the windings on the secondary (rotor)
are closed, AC currents occur in the rotor. The interaction between the primary field and
secondary currents produces torque from zero rotor speed onward. The rotor speed at
which the rotor currents are zero is called the ideal no-load (or synchronous) speed. This
field produces emfs both in the stator and in the rotor windings. The equivalent circuit is
cleared method to estimate the load and efficiency of an in-service motor.

2.4-The Equivalent Circuit

The performance of the three phase induction motor from the parameters of its equiva-
lent circuit is evaluated in the usual way. The equivalent circuit parameters in figure
(2.4) and power losses are known at rated voltage and rated frequency. The following

relationship for the motor [10].

ly ! X1 L X
Y & Eas
T e s
Ns Nr

Figure (2.4): Per-phase equivalent circuit of an indication machine
In the familiar equivalent circuit of the induction motor, shown in Fig. (2.4), the imped-
ance (Z,), the stator voltage (V,) as
V,=E +1,.Z, =E, +1,.(r, + jx,) (2-1)

The current in secondary circuit associated rotor is
E

I = —2 2'2
TR e
The secondary circuit for motor has resistance active (%) It change with change slip

and equal:
10
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1-s
% =r, 4+, (2-3)

S

This gives per-phase equivalent circuit reduced to the stator. The stator and magnetizing
branch components may be reduced to an equivalent circuit small. The rotor impedance
may now be transferred to the stator using the relationships of equations

LxN,=1,xN, (2-4)

For reduced equivalent circuit must connected primary side with secondary side. That is

E, =E, XK, (2-5)
' I
I, = Z (2-6)

The resistance transferred to primary is:

r = m—} <, 2-7)

r
The figure (2.5) show the small circuit after the parameters in secondary transferred to

primary, the circuit is

|1 1 X1 ? l2 T2 X2

————PANN—""N——
Y l
|

1 m I I2 1‘5 /S

vT R: {}x | (519 Z
|
[
‘ Il
v

Figure (2.5): Per-phase equivalent circuit of an indication machine referred to stator

By used an equivalent thevenin circuit the rotor at the air gap line of figure (2.6), to giv-

en the thevenin equivalent is

Z,=R,+X, (2-8)
L =1+X (2-9)
The voltage of thevenin circuit is:
Z
V.=V, |—" 2-10
) (2-10)

And impedance is:

11
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(2-11)

l2 X2

l
Y

r2/s §

<
—>
>

Figure (2.6): Thevenin per-phase equivalent circuit
2.5- Power Flow Relation

The output power (P,) that can be delivered to the rotor is the power delivered across

the air gap (P,,) mine the rotor copper losses.
When induction machine is running it take power from network
P; =3.V;.1,.cosp (2-12)

A part from this power loss in stator copper via heating (AP,,,), other part loss in iron

magnetic (AP.). The power electromagnetic which transferred to the rotor via air gap

(P12) as

Py = Py — APgyq — APy, (2-13)
The mechanical power is

P, = P;, — AP, (2-14)
The output power P, can be calculated from

P, =P, — AP, (2-15)

The last calculation to consider is to determine the motor efficiencies. These can be cal-

culated by comparing the losses to the total power input of the motor.

The efficiency(u) of induction machine can be calculated as:

i="2.100% (2-16)

1

12
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Chapter Three: Electrical Fault In Three Phase Induction Motors

3.1-General

Faults and failures of induction motors can lead to excessive downtimes and generate
large losses in terms of maintenance and lost revenues, and this motivates the examina-
tion of on-line condition monitoring . These faults are the main types and there are many
secondary faults. This chapter presented the major faults which occur on induction mo-
tors and special on the stator and behavior motor under operated normal condition.
Induction machine failure surveys [2, 11] have found the most common failures in in-
duction machines see Figure (3.1). These have been categorized according to the main
components of a machine stator related faults, rotor related faults, bearing related faults

and other faults.

Figure (3.1): Chart of induction machine faults
The failures are unavoidable, and failure statistics has reported that the percentage of

failures in induction motor components is as follows:
1. Bearing related faults: 40%

2. Stator winding related faults: 38%

3. Rotor related faults: 10%

4. Other faults: 12%

In general, the induction motor is subjected to many primary types of fault. The sources
of motor faults may be internal, external or due to environmental. Internal faults can be
classified with reference to their origin, electrical and mechanical or to their location,

stator and rotor. Usually, other types of fault, bearing and cooling faults, refer to the

14



Chapter Three: Electrical Fault In Three Phase Induction Motors

rotor faults because they belong to the moving parts. Stator fault is important to note
that even if the stator fault account makes up 38 % of the all faults, it is very important
to spot them in time because they can lead to the total destruction of the motor. A relia-
ble system for the detection of such a fault should be able to detect the fault at an early

stage, monitoring the motor condition online.
3.2-Stator Faults

Stator is subjected to some types of fault, such as winding faults and core faults. Wind-
ing faults are due to turn to turn, phase to phase or winding to earth short circuit, et.
While core faults are due to core slacking, laminations short circuit and rotor strike.

Almost 38% of all reported induction machine failures fall into this category. The stator
winding consists of coils of insulated copper wire placed in the stator slots. They are
often caused by insulation failure between two adjacent turns in a coil. This is called a
turn-to-turn fault or shorted turn. The resultant induced currents produce extra heating
and cause an imbalance in the magnetic field in the low voltage three-phase induction

motors, inter turn fault can be classified as follow:

Turnto Turn

Turn-to-turn fault

Figure (3.2): Turn to turn fault

3.2.1-Turn to turn fault

An inter-turn fault denotes an insulation failure between two windings in the same
phase of the stator. The insulation failure problems in the motor totalize 11% of the total

of motor failures, and they are shown in figure (3.3)[12].
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Chapter Three: Electrical Fault In Three Phase Induction Motors

Turn to turn fault within a coil (inter-turn short circuit), the motor will continue to oper-
ate, the induction motor with inter-turn fault is represented in figure(3.2b)[7]. It is one
of the most common faults in the electrical motors. The increased heat due to this fault
may also lead to turn-to-turn and turn to ground faults. It is mostly caused by mechani-
cal stress, moisture and partial discharge. The majority of stator winding fault is caused
by the breakdown of turn-to-turn insulation as a result of the voltage, current or thermal
stress acted on the stator winding. In early stage of this failure, the motor may still oper-
ate. However, such a fault can be rapidly propagated to more stator turns since it makes
a large circulating current in the shorted path, yielding excessive heat. Therefore an ear-
ly detection of inter-turn short during motor operation is quite important to avoid subse-
quent damage to adjacent coils and stator core.

A turn to turn fault is one of the most difficult failures to detect, depending on the type
of motor protection, the motor may continue to run, but the heating in the shorted turns
will soon cause severe faults like phase to phase or coil to ground faults. Warning be-
fore catastrophic failure can only be achieved if turn to turn faults within a coil can be
initially diagnosed via online diagnostic techniques [2]. This is the main objective of

this thesis.

Figure (3.3): Stator winding failures
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Chapter Three: Electrical Fault In Three Phase Induction Motors

3.2.2-Caoil to coil short on the same phase

When Shorts occur between coils of the same phase, the motor can continue to operate.
Show in figure (3.4).

Coil-to-coil

Figure (3.4): Coil to coil fault

3.2.3- Phase to phase short

When two of the three-phase in induction motor are shorted, the motor fails and protec-

tion equipment disconnects the supply figure (3.5).

C

Phase-to-phase W A

,

B

Figure (3.5): Phase to phase fault
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3.2.4-Open circuit in one phase

When one of the three-phases to the motor is open, single phasing situation occurs. This
result increased positive and negative sequence currents and hence excessive heating.
Motor may continue to operate, depending on the load conditions. It can see in figure
(3.6).

<’ Open circuit

=

/-

B

Figure (3.6): Open circuit fault
3.2.5-Phase to earth fault

When one of the three-phases in induction motor is connected with earth the motor fails
and protection equipment disconnects the supply figure (3.7).

C

Phase-earth

s

B

Figure (3.7): Phase to earth fault
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Chapter Four: Induction Motor Modal under Different Operating Condition

4.1-General

For symmetrical three-phase induction machine model and a symmetrical model of sta-
tionary defects such as short circuit between turns in the same phase, we introduce only
in the matrix the coefficient of resistance, inductance of stator and in the mutual induct-
ance stator-rotor. This coefficient take account the number of turns in short-circuit
deducted from the total number of turns in the same phase. A state space model is
developed based on d-g axis theory, which can represent both the healthy and faulty

conditions.
4.2-Induction Motor Voltage Equations

Using the coupled circuit approach and motor notation, the voltage equations of the

magnetically coupled stator and rotor circuits[13], general motor voltage equation can

be written
d d
V] = [RIl) + [L]1 22 + (142 (4-1)
Stator voltage equations:
d[ls d[Lg d[l;] . d[Lgr
[Vs] = [R[L] + [Ls) e 4 ey ) 4 g, il g el g (4-2)
Rotor voltage equations:
d[ls d[Lsr]t d[l;] . d[Ly
] = R[] + [Lg 10 e 4 by g o g, ) el 2R (4-3)

Where

-v, -and v,.are the stator and rotor voltage (v). and equal

N Vg
[vs] = |:vB] ) [vr] = [vb]
Ve v,

-1;-and I.are the stator and rotor current (A).and equal

Io
) [I‘r] = [Ib]
Ic

-R, -and R,.are the stator and rotor resistance (£2). Appendix A

Iy
[Is] = [IB
I¢

-Ls -and L,..are the stator and rotor resistance (H). Appendix A.

-L, -the mutual inductance between stator and rotor phases (H). Appendix A
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Chapter Four: Induction Motor Modal under Different Operating Condition

And current equation is [13]

din
dt

o A e R et
at [I 10 L, V Lys Ly 0 R, at |Lys Ly I| LIy

The mutual inductance matrix is a function in rotor position 6

d[L]

= [ V] = [RI[ + (14

_ae

w =
dat

Equation (4-5) can be rewritten as:
ol I e B e
at Ir — 1o Lr V;" Lrs er 0 Rr e Lrs er Ir

4.3-Basic Principle of Mutual Inductance between Coils

Figure (4.1): Mutual between two electrical coils
Lgqp = Ly, cos(8, — 6,,) + L,cos(6, + 6,)

L2- appears only in salient pole synchronous machine.

(4-4)

(4-5)

(4-6)

(4-7)

But in induction machines and turbo synchronous machines the air gap is uniform so the

magnetic path is constant and L2=0.

4.4-Modeling of Healthy Three Phase Induction Motor

Usually reference is magnetic axis of stator current phase (as)
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Chapter Four: Induction Motor Modal under Different Operating Condition

asg| refrence

Rotor

Figure (4.2): Modeling of healthy three phase induction motor

as ar
21 21
Hbs = ? Hbr = 9 +? (4'8)
21 21
s =3 Os =035

The model for symmetrical three-phase induction motor is well known .To derive equa-

tions for symmetrical stator winding and rotor, are the following
4.4.1-Self-inductance of motor

a) Self-inductance of stator

Lasas = Lis + L = & (lis + 2 ) = N Ly

Lysps = Lis + Ly = N Lys (4-9)
Leses = Lis + Ly = N& Lyys

Where:1,,;; = Nisz(lls +1,)

b) Self-inductance of rotor

Larar = Llr + Lm
Larar = Loror = Lerer = Lip + L (4'10)
4.4.2-Mutual inductance of motor

a) Mutual inductance of stator
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Lasps = Lin COS(HaS - Hbs) = —0.5L,, = ( =N Nb) (2 lm) ™

3NS
= NaNblmss

Lascs = Lm COS(Has - Hcs) = _O-SLm = NaNclmss (4'11)

Lpses = Lim COS(Hbs - Hcs) = _O-SLm = Nchlmss

b) Mutual inductance of rotor

As the same as in the stator we get it as the following:
Larbr = Larcr = Lbrcr = _O-SLm (4'12)
4.4.3-Mutual inductance between stator and rotor

a) Mutual between phase a in stator and rotor phases:

ZNaNr
Lgsgr = Ly, cos(0) == NE

Ly =Ny Lo, A

2 NaNr

Laspr = Ly cos(8 + 120) = A = Ny lpor . (4-13)

2 N,N,
Lyser = Ly, cos(6 —120) = 3NZ Ay =Ny Lo )

b) Mutual between phase b in stator and rotor phases

2 NbNr 3
A = Ny Loy

Lpsar = Ly cos(0 + 120) =

2 NbNr

Lbsbr - L COS(H) - NZ

Ly =Ny Ly \ (4-14)

T

2N, N
Lyser = Ly, cos(6 —120) = 3NZ Ay =Ny Lo

ZN’"l
3nz-m

Where: 1o =

¢) Mutual between phase ¢ in stator and rotor phases

Lesar = Lyycos(6 + 120)=N,. L,,,¢
Lespyr = Ly cos(0 —120) = N, Ler (4-15)
Leser = L COS(H) = N,. lmsr

So the total inductance matrix of the healthy induction motor is as follows:
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_Lasas Lasbs Lascs Lasar Lasbr Lascr i
Lbsas Lbsbs Lbscs Lbsar Lbsbr Lbscr
Lcsas Lcsbs Lcscs Lcsar Lcsbr Lcscr
L= (4-16)

Laras Larbs Larcs Larar Larbr Larcr

Lbras Lbrbs Lbrcs Lbrar Lbrbr Lbrcr

—Lcras Lcrbs Lcrcs Lcrar Lcrbr Lcrcr -

By substituting from equations (4.9) to (4.15) in equation (4.16) the result as following:

LSS LST
L= (4-17)
LT'S LTT

4.4.4-Resistance matrix for the stator and rotor phases

R= [55 R(i] (4-18)

- Calculation of resistance:

The stator resistance phase in induction machine per one turn can be calculation from
figure (2-1):

R=pXLeX— (4-19)
Where: L, = 21+ 2b

The total resistance for one phase example phase (A)
Rya =R X N, (4-20)

4.4.5-Induction motor model with inter-turn stator short circuit

Figures (4.3a, b) show a three phases, 2-poles, induction machine in case of short circuit

winding at stator phase (as).

Number of Inter turn s.c

ad| refrence

b c

Rotor

Figure (4.3): Modeling of faulty three phase induction motor
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Chapter Four: Induction Motor Modal under Different Operating Condition

It has been assumed that phase (as) has winding before fault (N,) and after fault (Nsq),
the phases (bs) and (cs) have Ny, =N,.=N,. The effective number of turns in stator
phase (a) is reduce by the number of turns (N, ;) shorted turns winding, the motor ref-

erence direction of rotation is adopted as shown in figure (4.3)[14],[3].

In the following the modification of equations for the new model is presented. The
equations from (4-9) to (4-18) demonstrated the relationships between the per phase sta-
tor resistance, self and mutual inductances , the number of per-phase stator turns , and
showed that the resistance, self and mutual inductances are highly dependent on the

number of turns.

Suppose (k) as the ratio of shorted turns (N, ) to total number of phase turns (N;).

Nsaf

ksa = Ns

The number of useful turns for the stator phase (a) is then given by:
Ngq = Ns — Nsaf =(1- ksa)Ns = fsaNs (4-21)

The matrixes R, Ly, L, depend of the coefficient (f;,) are given by the following
terms

-Resistance of motor

Rgar = fsa X R X N, (4- 22)

The resistance of each stator phase is proportional to the number of useful turns. Ap-

pendix A.

-Self-inductance of motor

Lasasf = f:S‘%l X Nc%- lmls
Lbsbs = Nl? lmls (4'23)
L = N2.1

cscs c'mls

-Mutual inductance of stator

Lasbsf = f:saNaNblmss
Lascsf = f:saNaNclmss (4'24)

Lbscs = Nchlmss
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Mutual between stator phase a and rotor phases

Lasarf = f:saNa- lmsr

Loscry = fsalNa-lmsr (4-25)
Lasprr = fsalNa-lmnsr
So the total inductance matrix of the non-healthy induction motor is as follows:
" Lasasy  Lasbsy  Lases Lasarf Lasbrf Lascrs
Lbsasf Lbsbs Lbscs Lbsar Lbsbr Lbscr
L Lesasf Lesbs Leses Lesar Lesor Leser (4-26)
Larasf Larbs Larcs  Larar  Larbr  Larcer
Lbrasf Lbrbs Lbrcs Lbrar Lbrbr Lbrcr
L Lerasy Lerbs Leres Lerar Lerbr Lerer

The model of a faulty motor can be derived from standard equations (4-2), (4-3). The
equations of induction motor with turn-to-turn fault in abc system take the following

form
[Vs] = [Rop]l1] + [Loy] 2l 1 by g g g, )il ol g (4-27)
V] = (R0 + [y ] 4 g lsrrl gy g g g, 20d y dlind gy g (4-28)

4.4.6-Transformation from ABC to dq reference frame

Figure (4.4) shows a schematic diagram of a 3-phase induction motor with the dq axes

superimposed. The g-axes lag the d-axes by 90°.

Rotor phase axis

Stator phase |
......... axis.......:

Figure (4.4): d,q axes superimposed onto a three-phase induction motor
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The dq axes can rotate at an arbitrary speed .There is no relative speed between the four
coils ds, gs, dr and qgr, the physical significance of showing the dq coils in figure (4.4) is
to illustrate that in effect the three phase induction machine with its six coils is replaced

by a new machine with four coils .

When 8 = 0 this is called the stationary reference frame because the dq axes do not
rotate .In addition ,the d-axes is chosen to coincide with the stator phase A axes .Hence
from figure (4.4)[13, 15].

w=pd=0
p=60-6,=-6, (4-29)

In general for any arbitrary value of (8) ,the transformation of ABC phase variable to

dq variables is carried out through Parks transform[T] as follows[ [13],[15]],

cos6 sin @
=2 cos® cos (9 - 2?“) cos (9 + Z?H) (7,]-1=|cos (e — 2?“) sin (9 - 2?“)
S *|sin6 sin (9 B 2?”) sin (9 + Z?H) o cos (9 + 2?“) sin (9 + 2?“)

Using this transformation, all variables rotor (flux and currents) can be changed into
new variables with the same pulsation that the variables stator. Thus, all parameters of
the model will be independent of the angular position.

-In Case of Healthy Motor

Applying a stationary reference frame transformation to these equations yields the cor-

responding qd equations. Eq. (4-2), (4-3) becomes

[Vaq] = [T1[Vagc] (4-30)
Vags = [Rslag-lags + [Lsslag-P-lags + [Lsrlag-P-lagr

+jo[[Lsslag- lags + [Lsrlag- iagr] (4-31)

qur = [Rr]dq- idqr + [er]dq-p- idqr + [Lsr]dq-p- idqs

+k. [[er]dq- idqr + [Lsr]dq- idqs] (4'32)

Where:k = j(w — w,), p =%

And the current equal

idqs = [Ts] [iABC]uidqr = [Tr] [iABCr]
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The matrix [Rg]aq, [Lsslaq, [Lsr]agCan be transformed with the matrix Tdg, to dq coor-

dinates as

[Rs]dq = [Ts] [Rs] [Ts]_1

s ° 4-33
[Rslaqg = lo Rsl (4-33)
[Lss]dq = [Ts] [Lss] [T]_l
bs = m 0 4-34
[Lss]dq - lo LS _ Lml ( - )
[Lsr]dq = [Ts] [Lm] [Tr]_l
2 0
[Lsr]dq_Lm- 5 z (4'35)
Similarly from figure(4.4) .The rotor (dq) transformation can be derived as[13]
S 2 cosf cos (B — 22?1) cos (B + z?:) (4-36)
3|sinp  sin (ﬁ — ?) sin (B + ?)
Where: p=60-0r (4-37)
Thus the rotor quantities can be expressed as
qur = [Tr] [VABCr] \
[Rr]dq = [Tr] [Rr] [Tr]_l
>
idqr = [Tr] [iABCr] (4-38)
[er]dq = [T ][L;,] [Tr]_l /
Equation (4-7) can be rewritten as:
I -1 [V; -1 I
m [Ir]dq = [Lag] [Vr]dq — [Lag] [[qu] tog [qu]] [Ir]dq (4-39)
. _ [Lss]dq [Lsr]dql -
Where:  [Lgq] = Loilas el (4-40)

Mechanical Dynamic Equation:

The mechanical equation is coupled to
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d 29I’m

dt?

J +T,-T, =0

(4-41)
The electrical torque can be expressed as the partial variation of the co energy with re-
spect to rotor position as:

AWeo

T, = 4-42
€ [ ae ](IS,IT constant) ( )

In a linear magnetic system the co-energy is equal to the stored magnetic energy and
equal

Weo = 218 Los. Iy + 216 Log Iy + 5 1 Loy g + > 1 Ly I (4-43)
The electrical torque that can be calculated (L, L,,-) are constant

P d[Lsy]
Te == [Is]giq' ( q0 )dq . [Ir]dq (4-44)

2

With this manner the mutual inductors matrix become independent of position angle (0):

dLsr _ d[Lsr]ABC -1
< do )dq - [Ts]'(T>'[Tr]

0 3
dLsr) _ 2 -
(& a iz (4-45)

-In Case of Inter Turn Shorted Circuit

We show that in faulty case, an induction machine can be characterized by two equiva-
lents modes. The common mode model corresponds to the healthy dynamics of the ma-
chine (Park’s model) whereas the differential mode model explains the faults. This
model, very simple to implement because expressed in Park’s frame, offers the ad-
vantage to explain the defect through a short circuit element dedicated to the faulty
winding. The qd-applied voltage in a reference frame fixed to the stator can be obtained
from the stator phase voltage equation(4-31),(4-32) by standard transformation [15].
The qd voltages in case fault are

Vags = [Rsr - laas + [Lssr] - P-laas + [Lsrs] - P laar
+jo |[Lssy] - taqs + [Lors] - aar (4-46)
Vagr = [Relag-tagr + [Lrrlag-P-laqr + [Lsrs] - P- laas
e[y lag-fagr + [Lors] - aas] (4-47)
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The matrix [Rs]aq, [Lsslaq, [Lsr]agdepend on coefficients (f5,) are given by the follow-

ing terms

[Rsf]dq = [Ts] [Rsf] [Ts]_1

[Rssf] RS( fsa + ) 0 (4-48)
0 Rg

[Lssf]dq = [Ts] [Lssf] [Ts]_1

[Losslag :[ Ls (5 £ +3) = (360 =3) Lm 0 (4-49)

0 (LS - Lm)

[Lsrf]dq = [Ts] [Lsrf] [Tr]_l
o 0

[Lsrf]dq:Lm- (g 2) 3 (4'50)

Equation (4-39) can be rewritten as:

I -1V, -1 I
% [Ir]dq = [quf] [Vr]dq - [quf] [[quf] + ‘“% [quf]] [Ir]dq (4-51)

Where

[Laqs] = l[LSSf

[Lrsf dq [er dql

The matrix elements|Rgf],[Lsss], [Lsr7] are given in Appendix A.

Mechanical Dynamic Equation:

The electrical torque for a machine under turn-to-turn fault can be calculated from [13]

Tom = 5 1o (F59),, - lag (4-52)

The mutual inductors matrix become

dLsrf _ d[Lsrf] B 1
(85), ) v

1
0 fsa t

dLg, _ 2
(Wf)dq_llm'l_ (fsa +%) 02

4.5- Implementation

(4-53)

Three phase induction motor is adopted as a model example in this thesis. It has 2-pole,

power 3hp and their parameters are listed in table (4-1):
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Table (4.1): Induction motor parameters

p 2

N 182

N, 28

L 0.109 H
Lg 0.20566666667H
L, 0.13H

D 0.07

J 0.006 kg.m?
Vo 240v

R, 15Q

R, 0.3Q

R, 0.3Q

In the model are Vs,Vr,Ls,Lr,Lsr,Rs,Rr in the equation from (4-1),(4-51). The model
was then translated into a mat lab code (Appendix B) in which the variables were pre-
sented. Figure (4.5) shows the flow chart of the simulation program

‘ start ‘

‘Read design data‘

l

Caculation
Rr,Rs,Vsdq,Ldq,To,Go,Rrdq,Rsdqg

l

Set initial condition for wavform
current, current spectrum and
electrical torque

<

Solve for currents and
torque by integration

Figure (4.5): Flow chart of the simulation program
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Chapter Five: Result And Discussion

5.1- General

This chapter presents the simulations of the proposed model were carried out on a
surface mounted permanent magnet motor whose main parameters are shown in
Table (4-1).
The study concentrates on the inter-turn short circuit fault occurring in a single coil be-
cause this is a common condition. The healthy induction motor was simulated to pro-
vide a base for comparison of the spectra of line current between the healthy machine
and faulty. The current wave form of the stator phases a, b and c in time domain, at oc-
curs the fault in stator, under case of inter turn fault shorted turn. There is no big differ-
ence in stator currents between healthy and faulty conditions. Thus, the waveform did
not reveal any information about these small faults presented. Frequency domain analy-
sis of the current signal provides detailed information. For small degree of fault, uncer-
tain information may be obtained, especially if the level of random noise is high and
there is fluctuation in the speed, load and supply voltage. Many researchers have pro-
posed a wide variety of techniques to diagnose inter turn faults in three phase induction
machine [6, 16]. MCSA is one of the most studied techniques in recent years and it is
seen as a good replacement for the widely-spread (method analysis). The principle is to
use the stator winding itself as a sensor placed inside the machine. The fault current due
to the shorted turn is the source of an additional mmf pulse, which also has a space har-
monic distribution which is superposed on the main field distribution. From previous
considerations, it follows that this will lead to a change in the time harmonics observed
in the leakage field. Previous theoretical studies have proved that the following equation
gives the components in the air gap flux waveform that are a function of shorted turns
[6, 11, 17, and 18].
f, = fl(ﬂ(l— s)+ kj
p (5-1)
The induction motor is simulated to operate under different fault levels and different
load. The amplitude components on the stator current spectrum as per around 125Hz
(with k=1, n=3), 175 Hz (k=1, n=5) and magnitude of frequency component (150Hz)
appear in spectrum analysis of stator phase current. They are apparent indicators of this
fault[6, 19]. The simulation results demonstrate that this approach has effectiveness on
fault detection under transient conditions. This advantage has significance on condition
monitoring of induction motor, since the induction motor predominantly operate under

transient conditions.
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The rotor is robust, and (N,.) is generally assumed to be constant, while (N,) will change
value due to deterioration in the stator winding. When (N;) is variable, (i), (R;), (Ls),
and (L,-) become a function of (N,). Hence the current in stator is a function of number

turns (N,) and can be expressed as

is = f(Ns) (5-2)
5.2- Model Performance under Normal Condition

In the first step, the machine was run under normal operating condition for a period of
2seconds under three different loads (0%, 50%, and 100%). The Program used in all the
Simulation is reported in Appendix B.

5.2.1- Model Performance at no-load under normal operating conditions

Figure (5.1a) shows the simulated rotor speed (w,.) which reached the steady state con-
dition after about 0.5 sec and then maintained a constant speed.

Figure (5.1b) shows the simulated stator currents a,b,c during motor starting up and
steady state at no load, it is clear that the starting current is about five times the full load
current during transient stage then decrease to steady state current after 0.5 sec. The
model appears to be working well and the speed and current characteristics are as ex-
pected. Simulated stator phase currents during the steady state at no load 6.5A, and the

maximum value of current at startup is approximately 32.5A.

2000
1500 M
£ 1000
500 %
(a)

0.2 04 06 08 1 1.2 14 1.6 1.8 2
time (sec)

6.5A

_—

£ 0 L L L L L A A A L R S Y T R e U O R A A TRV R
< T e e L B R W e D N R U ER TR I R RY BT
.

0 02 04 06 08 1 1.2 14 16 1.8 2
time (sec)

Figure (5.1a, b): Simulated for rotor speed and stator currents during starting up and
steady state
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Current spectrum (Healthy motor,n0 load )

100

50

50 3 £

Amplitude (dB)

-100

-150
0 50 100 150 200 250

Frequency (Hz)

Figure (5.2): Current spectrum for the stator current phase ( A) at no load
Figure (5.2) shows the current spectrum waveform for the stator current. The ripples in
the current spectrum due to the slots or tooth on stator, since the ripples are due to slot-
ting, they do not move with respect to the conductors but glide over the flux-distribution
curve, always opposite the slots and teeth which cause them. [20]. The motor supply
line frequency is clearly (dB> 0) apparent only in the current spectrum.
5.2.2- Model Performance at Half load Condition

1500
1000
g_ 500

-500

(a) 0 02 04 06 08 1 1.2 14 16 18 2
time (sec)

’i',]|\u\w\\ SR

Amp

B

b
() 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
time (sec)

Figure (5.3a, b): Simulated for rotor speed and stator currents during starting up and
steady state
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Current spectrum (Healthy motor,half load )
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Figure (5.4): Current spectrum for the stator current phase (A) at half load

Figure (5.3a) show the simulated rotor speed (w,) which reached the steady state condi-
tion after about 0.6 sec and then maintained a constant speed.

Figure (5.3b) show simulated stator a, b, ¢ currents during motor starting up and steady
state at half load during first two second. It is clear that the currents at starting reach to

about five times of steady state current then decays to steady state current, it takes about
0.6 sec.

5.2.3- Model Performance at Full load Condition

1500
1000
§ 500

-500

(a) 0 02 04 06 08 1 12 14 16 1.8 2
time (sec)

40

20 i ;
whuHUHWMMWWMMqupthLWPHWIHw‘M”‘M“M”

001

Amp

0

-20

(b)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time (sec)

Figure (5.5a, b): Simulated for rotor speed and stator currents during starting up and

steady state
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Figure (5.5a) show the simulated rotor speed during motor starting up and steady state
at full load condition, motor speed started from zero rpm to constant speed at full load
after about 0.8 sec.

Stator a, b, c currents during transient and steady state stages are shown in figure (5.5b).
It is clear that the current reaches about six times of steady state current during transient
stage then decrease to steady state current after 0.8 sec. The maximum value of steady

state current is approximately 35A.

Current spectrum (Healthy motor,full load )
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Figure (5.6): The current spectrum for the stator current phase (A) at full load

5.3-Model Performance under Difference Number of Shorted Turns

For a shorted turns fault, equation (4-51) according to the fault phase. The study con-
centrates on the inter-turn short circuit fault occurring in a single coil because this is a
common condition. First the healthy machine was simulated above to provide a base for
comparison of the spectra of line current between the healthy machine and one with an
incipient fault. Many different fault percentages were simulated .Here only four situa-
tions are described in detail (0% (Healthy motor), 1%, 1.5%, 2%) shorted turns.

5.3.1- Model Performance under No Load and Difference Number of Shorted

Turns

Figures (5.7) show the simulation results for current spectrum [0-250Hz] under the dif-

ferent number of inter-turn and no load.
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Current spectrum (Healthy motor,no load )
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Current spectrum (2% inter turn fault,no load )
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Figures (5.7a, b, ¢, d): The current spectrum under healthy and different number of
shorted turn at no load

The diagnosis of shorted turns via MCSA is based on detecting amplitude around the
frequency components given by equation (5-1) in that these rotating flux waves can in-

duce corresponding current components in the stator phase current.

Figure (5.7a) presents the current spectrum while the motor is operated under healthy
condition, no amplitude around components on the current spectrum at 125,175 Hz.
The obvious change in figures (5.7b, c, d) respectively is that completely new amplitude
component exist around 125 and 175 Hz and can only be due to the shorted turn[6].
Note that these components will change in frequency as a function of load. This result
agrees with a search carried by [3] [4] [6] in which it demonstrated that stator fault
causes are appear in these components.

Figures (5.7a, b, c, d), they can be seen clearly the component frequency 150Hz. This
third harmonic results from the interaction of the negative sequence current in the stator
phases and the fundamental slip frequency current in the rotor bars. This interaction
produces torque pulsating at twice the line frequency. The consequence speed ripple
caused flux density component at three times the line fundamental frequency with re-
spect to stator. Finally, this flux produces the third harmonic in the stator current. The
magnitude of the third harmonic increases as the fault severity increases [21]. On other
hand the (dB) difference between the third component magnitude 150Hz in figure 5-7a
and the supply frequency component is 128.7dB, in figure (5.7b) the (dB) difference is
decreased by 66.28dB ,either in figure(5.7c,d), the dB difference is decreased respec-
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tively by 62.85dB,60.44dB, this indicate to when inter-turn short circuit happens re-
spectively .

Figure (5.8) show value magnitude at frequency component 150Hz in phase (A) of sta-
tor current before and after inter-turn shorted turns. Fault happens in no load operation,
the comparison between the serious levels of inter-turn short. Notice that the magnitude
(dB) at component frequency (150Hz) is increased by (=3dB). Faulty parameter various
to indicate stator level occurring in the motor(1% various to approach 2 turns , 1.5% to

approach 3 turns 2% to approach 4 turns).
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Figure (5.8): Estimations of shorted turns at no load

5.3.2- Model Performance under Half Load and Difference Number of Shorted
Turns

The figures (5.9a, b, ¢, d) shows the fault current spectrum of stator current phase (A)
respectively at half load condition. As it can be seen the obvious change in figures
(5.9b,c,d), are that completely amplitude frequency component exist around 125 and
175 Hz, and can only be due to the shorted turn magnitude fault current spectrum.
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Current spectrum (1% inter turn fault, half load )
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Figure (5.9a, b, ¢, d): The current spectrum under healthy and different number of short-
ed turn at half load
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Figures(5.9a,b,c,d) can be seen clearly at the third component (150Hz), in figure(5.9a)
the difference magnitude between (50Hz and 150Hz) is high about (129.17dB),when
inter-turn short circuit happens respectively ,the difference in figure(5.9b,c,d) decreased

with the serious level of short turns.
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Figure (5.10): Estimations of shorted turns at half load
For more clearly figure (5.10) show magnitude of third harmonic component (150Hz) in
one phase of stator after inter-turn short. Fault happens at half load operation, the mag-
nitude in case healthy (-42.4), for the comparison between the serious level of inter-turn
fault, notice that the magnitude (dB) at component frequency (150Hz) is increased by
(=3dB).
5.3.3- Model Performance under Full Load and Difference Number of Shorted
Turns
Figures (5.11a, b, c, d) shows the fault current spectrum for (0%,1%,1.5%,2%) shorted
turns respectively at full-load condition .No amplitude component around 125,175 Hz in
figure(5.11a), but in figures (5.11b, c, d) found amplitude component around 125,175
Hz, they are respectively increased [15].
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Current spectrum (1% inter turn fault,full load )
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Figures (5.11a, b, ¢, d): The current spectrum under healthy and different number of
shorted turn at full load
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Figures (5.11a,b,c,d) shows the magnitude for a healthy motor and with a percentage of
shorted inter-turn on stator at frequency component (150Hz), the (dB) difference be-
tween the third component magnitude (150Hz) in figure(5-11a) and the supply frequen-
cy component (50Hz ) is appear to be greater in healthy case , when short turns occur
,as in figure (5.11b) the difference decreased of this magnitude component (150Hz) ap-
proximately (66.42dB) is change ( due to 1% shorted turns). It is also seen that the dif-

ference between two components in figure (5.11c, d) are decreased respectively.
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Figure (5.12): Estimations of shorted turns at full load

Generally when compared to the healthy condition at same operating load (circled). The
current spectra with no fault and the case with actual shorted turns, the amplitude com-
ponents that is clearly inductive of shorted turns less than three load conditions around
125,175Hz as per equation (5-1). Note that these components will change in frequency
as a function of load and inter turn short. The other hand, the stator fault causes an in-
crease in the magnitude of the third component (150Hz) in current spectrum .They can
be seen clearly the (dB) difference between the magnitude (150Hz) component and the

supply frequency component, and this is indicative of serious short turns.

Table (5.1): Frequency components magnitude for a different number of shorted turns at
different loads

Percentage of | Number | Frequency No load Half load Full load

inter-turn S.C | ofturn | component

0% 0 150Hz -42.5dB -42.41dB -42.35dB
1% 2 150Hz 20.66dB 20.65dB 20.65dB
1.5% 3 150Hz 24.23dB 24.23dB 24.23dB
2% 4 150Hz 26.78dB 26.77dB 26.77dB
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From above table, the change in the magnitude of the frequency component which is
presented at (150Hz) can be taken as a diagnostic and indicator for the number of stator

shorted-turns fault.
This comparison is important because it is evident that only faulty parameters change

when the faults occur according to prior information.
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Chapter Six: Conclusion And Future Work

6.1- Conclusion

In this thesis the feasibility of diagnosing shorted turns in the stator windings by param-
eter estimation of induction machine. This model takes into account the effects of inter
turn faults resulting in the shorting of one phase, and obtains inter turn shorted. A model
dedicated to induction motors has been presented for the realistic identification and de-
tection of stator inter turn fault. Simulation tests illustrate the efficiency of this tech-
nique for use in on-line stator fault diagnosis of induction motor under varying current
spectrum of stator. The estimates of the number of inter turns short circuit windings in-
different realizations give a good approximation of the fault level in the motor.

The detection is based on monitoring the harmonic component around 125Hz and 175
Hz in the supply line current after eliminating any other cases, and we can know ap-
proximately the number of inter shorted-turn by comparison from the magnitudes of the
third component 150 Hz. They are apparent indicators of this fault and the number of

inter- turn fault.

Both the simulation current spectrum analysis results show a significant rise in the third
harmonic components 150 Hz when a turn-to-turn fault is inserted. An online fault es-
timator based on a transient model for the faulty induction motor is implemented.
Therefore, the model is good at simulation, and tests illustrate the good approximation
of the real faults and the efficiency of this technique for use in fault diagnosis.

The main conclusions, contributions that could be pointed out of the thesis are:

1- Detecting the occurrence of turn-to-turn insulation failure through monitoring ampli-
tude components around 125 and 175 Hz in the spectrum of the line current as per equa-
tion (5-1).

2- The increasing for the third component magnitude (150 Hz) by different faults and
constant load can used diagnostic of turn-to-turn insulation failure and indicate for the

number of inter turn short-circuit of the induction motor.

3- The (dB) difference between the third component magnitude 150Hz and the supply
frequency component at difference faults and constant load can used diagnostic an ap-

proximately indicate for the number of inter turn short-circuit.
6.2-Future work:

e In this research has used a single sensor type (motor current of stator) combined
with a particular signal processing technique (frequency spectrum) to detect

fault. Combining information from multiple sensor types and processing tech-
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niques should improve the accuracy of fault detection as temperature sensors
monitoring, speed variation, et.

e Developing an observer for the load torque from the measured currents.

e Use of this approach (MCSA) for diagnosing also stator winding faults in three-
phase synchronous machines (generators) such as inductive and resistive unbal-

ance in one stator and rotor phase.
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1-Appendix A: Matrix elements for induction motor
A.1. Matrix elements for induction motor

- L, —05L, —05L,
e L,=|-05L, Ly - O.SLm]
|—0.5L,, —0.5L,, L,
L,  —05L, —05L,
e L,=| —05L, L, —0.5L,, ]
| —05L,, —05L, L.
L., cos(6) L,,cos(8 +120) L,cos(6—120)
e L, =|Lncos(6—120) L, cos(6) L,,cos(6 +120)
| L,cos(6 +120)  L,,cos(6 +120) L,,cos(0)
R, 0 0O R, 0 0
e R,=|0 Ry O|RrR.=|0 R, O
0 0 R 0 0 R,
|[ 0 —sin(a+2?n) —sm(a—z—n) ]|
—d[LS;;ABC | —sin ((x - 2?”) 0 — sin(a + |
[— sin ((x + 2?”) — sin (a - 2?") J

A.2. Matrix elements for induction motor with inter-turn fault

f-Rs 0 0
e [Ry]=] O Rs 0
0 0 Rg
f2. L —05f.Ly —05f.Ly,
o [Less] —0.5f. Ly, Lg —0.5 Ly,
—0.5f.Ly —0.5 Ly, Lg
|[ f.cosa f.cos(a+2?")
. [Lsrf] L, | cos (a - 2?") cosa
| cos (a2 cos (a—2)
|[ 0 — f.sin ((x + 2;”)
[LS;};]ABC Ly.l —sin ((x — ?) 0
l —sin(a+2£) —sm(a——)
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2-Appendix B: Program code of motor simulation for inter turn fault
% motor simulation for inter turn fault

% in g-d frame stationary system
clear all
close all
global Lr0 Lss Lrr Lm Rs RrO Rr Rdg P D JtL Rdq Rrdg Rb Re
global Nr Ph LO GO ua ub uc TO Tem wr ROs Ls Lsl Ls2 f R1 Lml
% P numbers of pole pairs
% D Damping factor
% J mechnaical inertial or rotor system
% tL=external Load
% fs supply frequency
% fb sideband
fs=50;
wh=fs*2*pi;
tL=1;%external load
f=1;%coefficient of S.C
Lm1=0.07266666667 ;%Lm1=Lss-Ls
Ls=0.20566666667;
Lss=0.133;
Lrr=0.13;
Lm=0.109;
Rs=1.5;
R1=f*Rs;
% Ra=1.2;Rb=1.5;Rc=2.5;
P=2;
D=0.07;
J=0.006;
wm=wh/P; % sycr speed
Ph=3; Nr=28;Ns=182;
Rb=0.3;%68.34e-6; % bar r
Re=0.3;%1.56e-6; % ring seg r in physical stuctrune
% require equivelent R's for equation solving

%rotor matrix
Rr=zeros(Nr,Nr);
for i=1:Nr,%32=Nr+Ph+1 diagnal
Rr(i,i)=2*(Rb+Re);
end
% b. produce -Rb elements
for i=1:Nr,

ifi==1,
Rr(i,i+1)=-Rb;Rr(i,Nr)=-Rb;
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elseifi==Nr,
Rr(i,i+1-Nr)=-Rb;Rr(i,i-1)=-Rb;

else
Rr(i,i+1)=-Rb;Rr(i,i-1)=-Rb;

end
end
Y%stator resistance matrix

ROs=zeros(3);

ROs=diag([R1 RsRs]);
y0=zeros(1,5)";
% y0(5)=0;
Fs=2000;
datapoints=2/14;
Time=datapoints/Fs;
tspan=[0:1/Fs:Time];
nsx=find(tspan>1.5); % find the instance of steady operation
ns=nsx(1);
T1=Time-1.5;
win=round(T1/tspan(2)); % data points per mech rev
nt=length(tspan);
%win=2."floor(log2(nt));
nt2=nt-win;
[t y]=oded5('difff_simulation_dq',tspan,y0);
ua=sqrt(2)*240*cos(2*pi*50*t);
ub=sqrt(2)*240*cos(2*pi*50*t-2*pi/3);
uc=sqrt(2)*240*cos(2*pi*50*t+2*pi/3);
ia=y(;,1)*sqrt(2/3);
ib=(-0.5*y(:,1)+(sqrt(3)/2)*y(:,2))*sqrt(2/3);
ic=(-0.5*y(;,1)-(sqrt(3)/2)*y(:,2)) *sqrt(2/3);
%Tem=P*(y(1:4)*T0*y(1:4)";
figure(1)
subplot(211),
plot(t,y(:,5)*60/2/pi);xlabel(‘time (sec)');ylabel('rpm");
subplot(212),
plot(t,ia,t,ib,t,ic);xlabel('time (sec)");ylabel('Amp");
grid;zoom on
figure(2)
subplot(211),
plot(t(nt2+1:nt2+win),y(nt2+1:nt2+win,5)*60/2/pi);xlabel (‘time (sec)");ylabel('rpm");
title('speed")
subplot(212),
plot(t(nt2+1:nt2+win),y(nt2+1:nt2+win,1:4))
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zoom on
figure(3),clf
subplot(211),
plot(t(nt2+1:nt2+win),ia(nt2+1:nt2+win, 1))
grid
title('windowed Current Signal for FFt')
fa=(0:win-1)*Fs/win;
Fr=300;
ww=Fr/(Fs/2);
[B,A] = butter(6,ww);
%iaf(:,1) = filtfilt(b,aia(nt2+1:nt2+win));
iaf(:,1)=ia(nt2+1:nt2+win);
wc=mean(y(nt2+1:nt2+win,5)); % average speed
s=(wm-wc)/wm;
fb=2*s*fs; % sideband frequency
power=filtfilt(B,A,ua(nt2+1:nt2+win).*iaf);
% .*hanning(win)
figure(4)
subplot(211),
plot(fa,20*log10(fft(iaf. *hanning(win))))
grid
title(" Current spectrum (healthy machine full load )")
xlim([0 400]);xlabel('"Frequency (Hz)");ylabel(Amplitude (dB)")
zoom on
subplot(212),
Te=y(:,2).*y(:,3)-y(:,1).*y(:,4);
plot(t, Te);title('electromagnatic torque Healthy machine full load")
xlabel('time");
grid;zoom on
% xlim([0 250]);xlabel('"Frequency (Hz)");ylabel('Amplitude (dB)")
% zoom on
% Irms=std(iaf)
speed=y(:,5);

%xs=[t uaubuciaibic speed]

function iyd=difff_inter turn simulation_dq(t,iy)
% function for healthy and inter turn fault
global LrO LssLrr Lm Rs RrO Rr P D J tL MM RdgRrdquaubucRb Re M1 M2 M4 M7
global Nr Ph LO GO TO Tem wr ROs f Ls Ls1 Ls2 R1 Rsdq Lm1
% P number of poles
% D Damping factor
% J mechnaical inertial or rotor system
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% tL=external Load
M1=((2/3)*f+(1/3));
M2=((4/3)*f-(1/3));
Ls1=(M1*Ls)-(M2*Lm1);
Ls2=Ls-Lm1,

M4=(f+0.5)*Lm1;
M7=((4/3)*f+(1/6))*Lm1;

Rss=M1*Rs;

i=1;

iy=iy();

iyd=zeros(size(iy));

wr=P*iy(5);

ar=2*pi/Nr;

leny=length(iy);
LO=zeros(leny-1,leny-1);
GO=zeros(leny-1,leny-1);
RO=zeros(leny-1,leny-1);
u=zeros(leny-1,1);
ua=sqrt(2)*240*cos(2*pi*50*t);
ub=sgrt(2)*240*cos(2*pi*50*t-2*pi/3);
uc=sqrt(2)*240*cos(2*pi*50*t+2*pi/3);
% tL=0.5*sin(2*pi*50*t);

% votage from three to dq
u(1)=2/3*(ua-1/2*ub-1/2*uc);
u(2)=(ub-uc)/sqrt(3);

% u(1)=sgrt(2/3)*(ua-1/2*ub-1/2*uc);
% u(2)=(ub-uc)*sqrt(2)/2;;

u(3)=0;

u(4)=0;

thtar=wr*t;

%Rotor Transforms to dq
Kr=zeros(2,Nr);
Kr(1,1:end)=cos(thtar+P*(2*pi/Nr*[0:Nr-1]));
Kr(2,1:end)=sin(thtar+P*(2*pi/Nr*[0:Nr-1]));
% Kr(3,1:end)=1/2;

rKkr=Kr';

%Kr=Kr*(2/Nr);

% Stator transformation to dq
Ks=zeros(2,Ph);
Ks(1,1:end)=cos(thtar+(2*pi/Ph*[0:Ph-1]));
Ks(2,1:end)=sin(thtar+(2*pi/Ph*[0:Ph-1]));
% Ks(3,1:end)=1/2;



rks=Ks';
% L matrix
LO(1,1)=Ls1; L0(1,2)=0; LO(1,3)=M7; LO(1,4)=0;
L0(2,1)=0; LO0(2,2)=Ls2; L0(2,3)=0; LO(2,4)=Lm;
LO(3,1)=M7; L0(3,2)=0; LO(3,3)=Lrr; L0O(3,4)=0;
L0(4,1)=0; LO(4,2)=Lm; LO(4,3)=0; LO(4,4)=Lrr;
Y%stator resistans matrix transfered to dq
ReplaceAllIRsdg=(2/Nr)*Ks*R0s*rKs;
%rotor resistans matrix transfered to dq
Rrdg=(2/Nr)*Kr*Rr*rKr;
Rrdg=Rrdg;
%motor resistance matrix
% Rdqg=zeros(4);
% Rdq(1,1)=Rsdq(1,1);Rdq(2,2)=Rsdq(2,2);
% Rdq(3,3)=Rrdq(1,1);
% Rdq(4,4)=Rrdq(2,2);

%motor resistance matrix
Rdg=zeros(4);
Rdq(1,1)=Rss;Rdq(2,2)=Rs;
Rdq(3,3)=Rrdq(1,1);
Rdq(4,4)=Rrdq(2,2);
% GO matrix = transformation*inductance matrix(ABC)*inverse of diffrentiation of the
% transformation with respect to thata
G0(1,1)=0; G0(1,2)=0; G0(1,3)=0; GO(1,4)=0;
G0(2,1)=0; G0(2,2)=0; G0(2,3)=0; G0(2,4)=0;
G0(3,1)=0; GO0(3,2)=M4; G0(3,3)=0; GO0(3,4)=Lrr;
G0(4,1)=-M4; G0(4,2)=0; GO0(4,3)=-Lrr; G0(4,4)=0;
% GO0(3,:)=L0(4,);
% GO(4,:)=-1*L0(3,2);
% T matrix
TO=zeros(4,4);
T0(1,4)=0;T0(1,2)=0;T0(1,3)=0; TO(1,4)=-M4;
T0(2,1)=0;T0(2,2)=0;T0(2,3)=M4; T0(2,4)=0;
T0(3,1)=0;T0(3,2)=M4;T0(3,3)=0;T0(3,4)=0;
TO(4,1)=-M4;T0(4,2)=0;T0(4,3)=0; T0(4,4)=0;

rLO=inv(L0);
iyd(1:4)=-rLO*(Rdg+wr*GO0)*iy(1:4)+rL0*u;
iyd(5)=(P*(iy(1:4)*TO0*iy(1:4))-D*iy(5)-tL)/J;
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