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1. INTRODUCTION (10 PT)

Many of the works presented in literature have shown that a most of failures in induction machines
are caused by stator winding faults. For example, the turn-to-turn short circuit faults, in stator windings,
represent 30%—40% of the existing faults in induction machines [1]. In most cases inter-turn short circuits
fault is caused by thermal, thermomechanical, vibrational and environmental factors occurs during the
operational phase [2-4]. More recently, the cage induction motor is the most electromechanical form used in
many areas such as electromechanical drive for industrial, commercial and domestic applications.

Diagnosing failures of industrial systems, if it can be possible to identify in a timely manner,
represents one of the means of increasing gain points of productivity. Any reliable method of diagnosis
should be based on the study of the electromagnetic and mechanical behaviour of the motor in both healthy
and under fault conditions. For a good and effective understanding diagnosis, an accurate and appropriate
analytical model is required. A large number of mathematical models of three-phase induction motors have
been seriously studied in the past decades [5-11]. Induction motor models are developed based on suitable
mathematical descriptions, which have relevant dynamic description of the processes associated with
induction motor operation in healthy and faulty conditions. It is agreed that the difficulty in obtaining an
accurate model is a tradeoffs between complex, effectiveness and reliable characteristic. Although it is
difficult to control the factors influencing machine function and all nonidealities existing in a reality., A
model must be available in order to extract the fault indicators. So, there is a real need to develop an accurate
model that can take into account the impact of default and predict it before it grows and damages the machine
completely. The developed model relies on coupled magnetic circuit theory and allows detection of electrical
faults, like shorted faults in stator windings. In this paper, a judicious, precise and effective mathematical
model that could be used to monitor induction machine in healthy and faulty conditions is proposed. To
demonstrate the effectiveness of the model, simulation and experimental results are shown at the end of this

paper.

2. MOTOR MODEL IN ABC MODEL COORDINATES INCLUDING INTER-TURN SHORT
CIRCUITS FAULT
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2.1. Healthy machine

to modeling three-phase induction motor, it is necessary to put some hypotheses to achieve a simple

and useful model:

there is no magnetic saturation during operation.
magneto-motive force (MMF) and flux are considered sinusoidally distributed.
harmonics in this model are neglected.

magnetism of iron is considered as unlimited and the air gap is negligible and smooth.

Currents, voltages and flux linkage equations of the mathematical model are generally carried out in

the stationary reference systems a, b and c.
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with,

[Is]:[isa Isp isc]t [Ir]:[ira Irp irc]t [Vs]:[vsa Vsp Vsc]t

[Rs]=Rs -15,5 is the stator matrix resistance, and the stator inductance matrix is given by:

Lsaa M sab M sac Lraa M rab M rac
[Lss]: Msba stb Msbc [er]: Ivlrba I-rbb Ivlrbc
M sca M sch I-scc M rca M rch chc

where
Lsaa = Lsbb = Lsee =Is; the stator self inductance,

Meab = Msac = Mgpe = Mpa = Mgy = M, = My the stator phase mutual inductance.
Lraa = Lrbb = Lrec = Ir ; the stator self inductance,
Mrab =Myac =Mrpe =Mya =Ma =M =M, ; the rotor phase mutual inductance.

M

)

[m, ] the mutual inductance matrix between the stator and rotor, which is function of g , the spatial position

of the rotor.
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2.2. Turn-to-turn shorted circuit model

Turn-to-turn short circuit fault causes one or more additional windings in faulty phase and reduce the

effective winding. (see Figure. 1.)



Figure 1. Diagram of stator phases windings including inter-turn short circuits fault in phase A.

To consider a short-circuit fault, it is required to define two parameters indispensable for the understanding
of the model [12], [13]. " is a short-circuited turns parameter and it defined as:

Number of inter —turns short —circuit windings
Total numberof inter —turns in one phase

cc =
Turn faults equation can be expressed as:
0= Rcc icc + _¢cc (3)

¢cc:[Mccs][is]+[ ccr][] Lcc

cos(6,.) cos(@,,

[M SCC] = nCCISp COS(HCC - Z?EJ [M rcc] = 77cc sp (9 -0- —j (4)

cos(é’CC + 2—”) [ —ﬂj
i 3 )] 3

When the short circuit occurs in the phase s , g, can be givenas g, =o.

Where

3. INTER- TURN SHORT CIRCUITS FAULTS MODEL IN (o, 8) COORDINATES (10 PT)

Three-phase quantities (voltages, currents and flux linkage) are converted in (o,3) coordinates to
resolve differential equations with variable coefficients. The 2-phase stationary (a,) is used to reduce the
number of equations and to eliminate the interdependence found in the mutual inductances matrix between
stator and rotor. These fictive coils are electrically and magnetically equivalent to the real coil.

Clark transformation equation is of the form:

[XOaﬂ]:[Xro Xra xrﬂ]t:[c]_l'[x3] )
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After applying the transformation, the model becomes:
Vsa (Rs Oj ise ) d|%sa
:0: . +_
VS,b’ 0 RS ISﬁ dt ¢Sﬂ (7)
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Equation of flux linkage can be expressed as:
|:¢sa _ I—s 0 isa " M 0 ira
¢s/3 - 0 Ls isﬂ 0 M irﬂ
(8)
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After transformation into (a,8) coordinates, the mathematical model of the induction motor is given as
follows:

. d . 2. .
Vsa :RS'Sa"'a[Ls ISa+T7CCLS\/;ICC+M 'ra] (10)
. d . .
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. d . 2. . doy, . . .
V,, =0=Ryi, +dt[M iy +77ch\£ iec + Ly |raJ+dt(M i + Ly |rﬂ) (12)
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dt dt 3
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From previous equations, if we precede a good rearranging the machine equations can be expressed as:

2)\(. 2.
5 d Lg 1+77cc§ isq +7cc EICC +
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dt
+M (1+ Nee %)im (15)

To facilitate the comprehension of the equation system we put:
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The new equation system becomes:
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The last system of equations is complemented with the electromagnetic torque r, that is obtained from the

magnetic coenergy W .

. 0 2
I, = ['sabccc] ‘ % [M sr] ['rabc] (18)

3 1. . L.
I = 2 Msr[_(glw +ncc'ccjx Irp tlsp % 'raj (19)

4. SIMULATION RESULTS

To extract in a precise way the information related to the stator defaults and to validate the
mathematical model, we used the spectra of stator current to make possible accurately the visualization of the
indices for detection and identification the shorted faults. The differential equations obtained are treated in
the fourth order Runge-Kutta method. In the corresponding FFT spectrum of the current (show Figure. 2) it
can be possible to identify precise frequencies correlated to early fault. We clearly observe that amplitude of
some negative and positive frequencies are responsive of the fault. Theses frequencies increase with the
augmentation of interturn short circuit. We remark the augmentation of —f frequency. This inverse sequence
is reflected on the rotor side and produces new components in the stator currents at frequencies +3f. these
frequencies which appear after application of the interturn short circuit fault are very quoted in the literature.
This result shows the correctness of our model.
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Figure 2. Simulation result of the spectra of the vector of Park of an induction machine under 2% , 10% and
20% of inter-turn short circuit fault
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5. EXPERIMENTAL RESULTS
The experimental platform has been developed to study different conditions of operation
of the electric machine in the healthy state or with shorted faults under different load conditions.
The load is a magnetic powder brake, which makes it possible to apply the different load torques.
The tested induction machine used in experimentation is a three-phase asynchronous motor, 50
Hz, 4 poles, 1.1 kW, rated at 400V, 2.95 A and 1450 rpm. The machine have re-winding with
intermediate wires were distributed over two of the three phases with the objective of choosing
previously a number of shorted turns. The welded connections are taken back to a terminal plate
[12]. Measurements of the stator currents and voltages of the machine are performed using the
voltage and current sensors. Then these values are recorded by the LeCroy Wave Runner 6050
oscilloscope which includes 4 signal acquisition channels, offers 5GS s on each ADC channel and
1 MB of standard memory. The sampling frequency chosen for each data acquisition is 25kHz, for
a duration of 2s. After acquisition, MATLAB programs are used for frequency domain analysis.
To confirm experimentally the exactitude of the model we present normalized FFT spectral of the
stator current motor in healthy condition and with 2% interturn shorted faults: no load condition.
(see Figure. 3.). These figures clearly show the same simulation fault frequencies. In the case of
healthy conditions we remark the presence of negative sequence component frequency. It is
universally known, that an electrical or magnetic non rotational asymmetry of induction machine
or an asymmetry in the supply voltages can be detected through stator current negative
component. After application of 2% interturn shorted faults the magnitudes of some frequencies
are increase with the application of the fault. The complete observation from theses frequencies
faults are given in Figure. 4 for 10 and 20 of interturn shorted fault respectively. In a general way
we remark that magnitude of third negative and five positive frequencies are very influenced by
the fault. The experiment results have a satisfactory conformity with the simulation one what
confirms the validity of the developed model. Interturn shorted faults are detected by study the
comparison of specific frequencies amplitudes with and without the fault. It is also possible to
know the percentage of the fault according to the amplitude in decibel.
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Figure 3. Normalized FFT spectrum of the stator current, machine in healthy machine (left), and 2% inter
turn short circuits faults (right), no load condition
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Figure 4. Normalized FFT spectrum of the stator current, machine with 10% (left) and 20% (right) of inter
turn short circuits faults: no load condition

6. CONCLUSION (10 PT)

An accurate model for induction motors with turn to turn shorted faults is developed using
reference frame transformation theory. Using motor current signature analysis method (MCSA) to
diagnose and extract a good and accurate indicator related of the default, we confirm the
effectiveness of the proposed model. The proposed model reduces the number of variable and
cancelled the complexity of the rotor angular position. The originality of this paper is also to
demonstrate the relationship between the interturn short circuit and unbalanced voltage supply.
We remark in the model that the resemblance between interturn short circuit and unbalanced
voltage supply is only reducing of amplitude of the voltage supply, and a same difference in its
resistance.
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