Latest Trends on Systems - Volume |

Statistical Wound-Rotor IM Diagnosis Method
Based on Standard Deviation using NVSA

Khalid Dahi, Soumia Elhani and Said Guedira

Abstract— In this paper we address the problem of rotor faults in
Wound Rotor Induction Machine by using two different signal
processing methods to voltage between neutrals such as Standard
deviation calculation and Hilbert Transform (HT). This last is
employed as an effective technique for fault detection in induction
machines. The mathematical simplicity of the proposed technique,
compared with some commonly used algorithms from the literature,
renders it competitive candidate for the on-line diagnosis of
machines.

Experimental results are provided to verify the proposed method
and to evaluate its performance as pre-processing for monitoring of
Wound Rotor Induction Machine. An algorithm has been tested on
neutral between voltages under different load conditions and rotor
fault degrees that shows that the studied diagnosis method can be
used as a valid methodology for this type of phenomena.

Keywords— Diagnosis; Rotor fault; WRIM; Neutral voltage;
Standard deviation.

I. INTRODUCTION

OUND Rotor Induction Machine WRIM has recently

known a new life due to the worldwide development,

The wound rotor induction machine offers a number of
advantages over other types of asynchronous machines,
including the ability to produce a high starting torque with low
starting current, and also they are easy assembly compared to
asynchronous squirrel cage machine, thanks to these benefits
that the WRIM is frequently used in the industry for any
application requiring large rotating machines. However, these
wind generators suffer from some electric stresses that can
affected the profitability of these machines.

In this type of application, monitoring of WRIM is crucial
due to their working environment, and fault diagnostics
requires measures sensitive to the change greatness of the
WRIM and an appropriate method to obtain a diagnostic index
and a threshold indicating the limit between the healthy state
and the defective one. There are a number of research papers
on technical monitoring of electrical machines which are most
relevant are [1] - [6].
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Studies carried out by articles have shown that defects of the
stator windings and rotor windings are assumed equal because
they are inadequately protected. However, the vast majority of
articles dealing mainly with rotor fault first and then with
stator faults and finally bearing faults.

In this paper we focus on the rotor fault, this fault which
physically resembles to the stator fault resulting either by
short/open circuits or by increasing of the rotor resistance. In
this case, the machine can also operate after the application of
a fault, while in case of short/open circuits the machine
operation is limited by a brief duration. In our case an
additional resistance is added to one of the phases of the rotor
to create the rotor fault.

Generally, MCSA “Motor Current Signal Analysis” [7] [8]
[9][10]. (Widely known in the literature) is the most
commonly used technique and well established. In fact, MCSA
is simple and effective in appropriate operating conditions.
However, this technique has significant limitations due to the
increasing complexity of electrical machines and drives [1]:

1) It is influenced by the operating conditions (e.g. low load
conditions, load oscillations);

The fault diagnosis is difficult or impossible if the system

operates under time-varying conditions or the machine is

supplied by a power converter;

The diagnosis is difficult or impossible in machines with

special magnetic structure (e.g. machines with double

cage in which there are a strong influence of interbar
currents or only the outer cage has a fault).

The induction machines are now frequently installed with

inverters which provide a number of advantages and

therefore make the stator current inaccessible to diagnosis.
To reduce these limitations, the proposed work focuses on
the use of voltage between neutrals NV “Neutral Voltage”
[12] - [17] that we will name in this paper Vyn. The method
has performance comparable to MCSA or better is based on
the analysis of the potential difference between the neutral of
star-connected stator and the neutral network in the case of a
direct feed or artificial neutral in the case of a supply voltage
by inverter in order to detect a rotor fault in induction
machine.

In addition, by using this signal we follow the same steps as
G.DIDIER [9] who has developed a method by MCSA for the
detection of rotor faults without need to reference, this
reference obtained in a healthy functioning. This approach is
based on standard deviation calculations taken on two

2)

3)

4)
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frequency ranges, the first standard deviation will be
calculated on the first frequency range, this range identifies
where the phase jump whose frequency (3-4s)fs. The second
standard deviation is a picture of measurement noise present
between jumps being located at frequencies (3-4s)fs and
(3-65)fs.

Thereafter, an analysis of phase spectra by the Hilbert
transform is made, this transform is usually used in image
processing, where the phase contains more relevant
information than its module, its advantage is that the Hilbert
transform calculated from the amplitude spectrum of the signal
to analyze, which allows to conclude on the nature of fault.

This paper is organized as follows. Section Il presents the
theory background that we use in this study. The neutral
voltage signal analysis NVSA is described in Section III.
Proposed method is presented and explained in Section IV. In
Section V, experimental results are validated and discussed.

The purpose of this section is to present some mathematical
signal processing notions used to develop the studied method.
To permit the reader to navigate the various strands, this
section is subdivided into three main topics: Fourier and
Hilbert transform, discrete Hilbert transform and standard
deviation.

THEORY BACKGROUND

A. Phase Fourier transform

Recall the mathematical equation of the Fourier transform of
a finite sequence {ps (0)...,P (N - 1)}

l N-1 _.27nk
F k)= WZ p(n)e
n=0

=N
By applying this relationship, the result is a complex signal
with a real part and an imaginary part such as:
F (k) =R(FK)+ jS(F (k) @)
In our work we are interested in the form of the phase of
NV, the phase of the Fourier transform is given by:

o (K) = arctanL J
B. Hilbert Transform

To start we present first the theory of the Hilbert transform
Let’s consider a real measurement signal: x(t) e £?

Where L@ is the signal class with integral square
The Hilbert transform of the signal x(t) is : [18][19]

K(t) = H{x(t)} = T%dr

X(t) is improper named the conjugate of x(t), and we also
have : X(t) e £?
x(t) is the inverse Hilbert transform of X(t)

X(t) =H{X(t)} :—% T gdr

—0

1)

‘Em(k)

©)

Re(k)

(4)

©)
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Let’s observe that X(t)is determined by the convolution of
X(t) with the signal 1/xt:

(6)

Hilbert transforms are linear

(1) = x(t) *%

Like Fourier transforms,
operators.
The above relation allows the calculus of the spectral

density of X(t):

X(jo) = X (jo). 7L} ™
. 1
Since: }—{E}_ jsgn(w)
It results: X (jo) = X (jo)[-jsgn(®)] (8)
Or:

- =X (je)o>0

X(Jm)_{ X (jo),0<0 ©

As a result, the spectral density function of the x(t) signal’s
conjugate is obtained by changing the phase of the spectral
density for X(jw) by £z/2. And it results:

K(t) = H{X()} = F X (jo)} (10)
Taking into account relation (8) it results:
K =—Hgxey=] T WXUIRe=0 g,

FU X (jo)ho<0

The analytic signal

A useful point of view to understand and to compute the
Hilbert Transform of x(t) is using the analytic signal z(t)
associated with x(t), defined, as explained before, as:

z(t)=x(t)+ jX(t) (12)
That can be rewritten also as:
z(t) = A(t) xe’® (13)

Where A(t) is called the envelope signal of x(t) and 6(t) is
called the instantaneous phase signal of x(t). In terms of x(t)

and X(t), it is clear that:

The use of Hilbert phase analysis is applied to the module of
Fourier transformation frequency of the signal x(t). Indeed, the
analytic signal and the corresponding phase are given by:

At =[x*(t) + X" (14)
ot X | 15
o(t) = tan [x(t)} 27 f t (15)
Or:

 arcan P ()] 16
(;)(f)—arctanW (16)
And the “instantaneous frequency” is given by:
f, = [i) tan {@} a7

Vs

2 X(t)
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C.

Having the signal x(t) defined on the time interval [0,t\]
using a sampling period T, we obtain the discrete signal x[n]:
x(n) =x(nT,),ne0,N -1 (18)
Where: Te=t\/N
The sampling frequency f. is chosen so that the frequency
f/2 is greater or equal to the least significant frequency from
the spectrum of x(t). We consider the discrete frequency step:

Discrete Hilbert Transform

f, 2
fO = W ' Wy = f (19)
The discrete Fourier transform (DFT) is:
TFD{X[n]= X [k] = z [ "V keON-1 (20

The sample of the spectral density corresponding to
frequency kwyq is determined with the relation:
X (jkoy) =T, X [K] (21)
Where X{jw) is the Fourier transform in continuous time.
O the other hand:
X [k]*=X[N-k]=X[k] (22)
Which show that the sample X[N-k]=X[-k] has a
correspondent sample of the spectral density, with the negative
frequency X(-kwo).
Similarly to (10) the discrete Hilbert transform is defined as:

#H{x[n]} =x[n] =TFD{X [k ]} (23)
Where for N-even:
. —J'X[k],k=1,ﬁ—1,Neven
X [k]= 2 (24)

iX[k].k =%+1, N —1,Neven

D. Standard deviation formula:

The RMS can be computed in the frequency domain,
using Parseval's theorem. For a sampled signal

2IXf
S () = ——

Where X(f)=FFT{x(t)} and n is number of x(t) samples.
In this case, the RMS computed in the time domain is the
same as in the frequency domain:

1 1
RMS =J;Zx2<t> =J;ZIX(f)I2
If is the arithmetic mean and is the standard deviation of a
waveform then:

(25)

(26)

2

X2 =% +c° @7)

The standard deviation (represented by the Greek letter
sigma, o) shows how much variation or dispersion from the
average exists, and it’s defined by:

e

N-15
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I1l. NEUTRAL VOLTAGE SIGNAL ANALYSIS (NVSA)

A. NVSA frequency

1998, M.A.Cash [12] used the voltage between the neutral
of the supply voltage and the neutral of induction machines
(Fig. 1) to detect short circuits between spiral in stator coils. A
similar analysis was carried out by [14] [15] in order to detect
rotor fault in induction machines.

The voltage between the neutral and the neutral WRIM of
the power source is given by the following mathematical
relationship:

dl, dL,
Vi =Rl + Lot 42 Oy Vi, (29)
Where:
Ra represents the stator-phase resistance,
L., his inductance,
I, the current passing through it,
Q Rotation speed, @ the angular position of the rotor and

Vsupply Simple voltage generated by network supply.

The presence of a fault rotor reveals additional components
in the spectrum of NV. Indeed, M.E.K. OUMAMMAR [17]
demonstrated by a complex analysis, that the appearance of a
rotor fault induces additional components in the frequency
spectrum of the NV at frequencies given by the relation:

f, = L3h —(3h il)sJ f,
fs: supply frequency, h=1,3)5,

(30)

s: slip,

The speed ripple induced additional harmonic components
around the previous frequency, and the frequencies of all
components can be expressed as follows:

f, :LBh(l—s)is(1+ 2k)J f, (31)

B. FFT Analysis

The information given by the spectrum of the voltage at the
third harmonic [11], i.e., nears the spectral line having the
frequency 150 Hz can be used for WRIM fault diagnosis. We
present in Fig.3 the power spectral density of NV for a rotor
fault near this harmonic. We note the presence of the main
frequency component (2) and additional components around
these main components.

It is important to note that the rotor fault is created by
adding an extra resistance on one of the rotor phase in order to
have a dissymmetry in the rotor. For that the value of the rotor
resistance has been progressively varied during the experiment
from R.q = 0to Ry = 1.25R,, from this variation we can see
its effect on the spectrum of the NV according to (27), the
value of fg: = 145 Hz.

In fig.2 is shown that the magnitude of the characteristic
harmonic frequency due to a rotor fault changes as function of
the additional resistance.


http://en.wikipedia.org/wiki/Parseval%27s_theorem
http://en.wikipedia.org/wiki/Arithmetic_mean
http://en.wikipedia.org/wiki/Standard_deviation
http://en.wikipedia.org/wiki/Waveform
http://en.wikipedia.org/wiki/Sigma
http://en.wikipedia.org/wiki/Statistical_dispersion
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Fig. 1. Experimental results for the WRIM. Spectrum of neutral voltage in
healthy (light black solid line) and faulty (solid line)
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Fig. 2. Effect of a faulty operating conditions given by an increment of
the rotor-phase resistance (neutral voltage and stator current)

IV. PROPOSED METHOD

In this work we perform a rotor fault diagnosis based on
standard deviation calculation, for that we propose an
algorithm to decision making by analyzing the exclusive NV
signal.

Studies [15] [16] have shown that all asynchronous
machines have a slight asymmetry of construction induced, in
the spectrum of NV, a frequency component:

f, :LSh(l—s)is(1+ 2k)J f, (32)

This method has been developed by G.DEDIER who used it
on stator current analysis. We follow the same steps and we
study first the phase ¢ #(f), particularly the jump present at the
frequency (3-4s)f.. Normally, this phase jump is very small or
even zero for a healthy induction machine whatever the level
of load. For the studied machine, figure 4 shows this slight
fluctuation.

We propose the detection of a rotor fault by studying
exclusively the phase jump located at the frequency (3-4s)f.
We compare the standard deviation of the phase p#(f) and the
phase ¢#(f) based on two different frequency ranges. Indeed,
the first standard deviation, noted o will be calculated on the
frequency range (R;), this range identifies where is the phase
jump whose frequency (3-4s)fs. The second standard deviation,
which we note o, will be calculated on the frequency range
(Rp) This standard deviation is a picture of measurement noise
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present between jumps being located at frequencies (3-4s)fs
and (3-6s)f..

) B
R1:L(3—4s) fo=5:(3-4) fS+EJ (33)
R, = [(3_45) f —%,(3—65) f %J (34)

fa

Fhase (Rad)

Harmonic order 2

Fig. 3. Fluctuations at Spectrum phase in healthy case

The mathematical relationship to calculate the standard
deviation ov, unbiased, of the Neutral Voltage is:

1 1Y
o, =,|l—— V., —— V
A" JN—l (n N; ﬂj

Fig. 5 shows a representation for an adequate understanding
of the calculation of these deviations. The standard deviation
o is calculated on the gray frequency range while the standard
deviation g, is calculated on the black frequency range.

Standard deviation o,

N

)

i=1

(35)

—— Standard deviation o;

Phase (Rad)

I I I I
134 140 148 150

Frequency (Hz)
Fig. 4. Calculation of standard deviations o; and g,

For the further diagnosis it is necessary to calculate the slip
s of the machine in both frequency ranges R; and R,.

In most machines, the jump located at the frequency (3-4s)f
is always present in the Fourier and Hilbert phase, it adds that
is this jump is more pronounced among other jumps (same
thing for stator current phase, where (1-2s)f; is the most
pronounced in the spectrum) .The calculation of this shift will
inform us about the frequency (3-4s)f; desired. The detection
of the jump located at the frequency (3-2s)f; is given since we
know the fundamental frequency fs.

The maximum slip of the machine allows obtaining the
minimum frequency:



Latest Trends on Systems - Volume |

fo =(3-25,), (36)

The proposed methodology to diagnose rotor fault in WRIM
is shown in Fig. 5 Based on these algorithm we present in the
next section some experimental results to validate the

proposed method.
analysis
Acquire Neutral
D.Hilbert phase

analysis

Maxima
determination
around the 3rd
harmonic

gjand on . Maxima
determin  |[€ Ry and R, Slip. & selection |<€
. determination calculation
ation of (3-2s)fs

Fig. 5. Proposed methodology

V. RESULTS AND DISCUSSION:

The diagnostic procedure presented in this paper has been
tested through an off-line approach in which different degrees
of additional resistance to create the rotor asymmetry have
been forced in the WRIM.

A. Experimental Setup

Experimental Tests were developed on a 3kW, 50Hz,
220V/380V, 4-poles Wound Rotor Induction Machine
(Table.IV and V). The motor was directly coupled direct
current machine acting as a load. Two voltage sensors are used
to monitor the induction machine operation. The IM voltages
are measured by means of the two sensors which are used as
inputs of the signal conditioning and the data acquisition board
integrated into a personal computer.

WRIM

Data acquisition
system

= m

Fig. 6. Experimental set-up

For those two variables, the sampling frequency was 2 kHz
and each data length was equal to 2* values. Eight data sets of
induction machines neutral voltage subject to different
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numbers of rotor fault and load conditions were analyzed
(Table I).

TABLE |  ANALYZED DATA SETS
Set Machine condition
sl Healthy, unloaded
s2 Healthy, 75% Load
s3 Healthy, Full load
s4 Fault, unloaded
s5 Fault, 75 % load, R,qq=10%R,
s6 Fault, 75 % load, Ryqq=20%R,
s7 Fault, 75 % load, Raqq=100%R,
s8 Fault, 100 % load, R,4;=10%R,

B. Method diagnosis based on Fourier transform phase
analysis

In this section, we apply the detection method described
above on NV when the machine is directly connected to the
three-phase network.

The results are presented in Table I, the first column of this
table corresponds to the rotor state, the second gives the value
of the frequency (3-2s)f, third and fourth in succession values
g, and o, calculated on the frequency ranges R; and R, the
fifth gives gj/o, report that allows the decision making by the
last column. Thus, we represent in Fig.6 curve g #(f) phases for
s2, s4,55,56,57 and s8 tests.

According to the column giving oj/a, report we note that it is
low for a machine operating with a healthy rotor, then we
perceive that for some healthy functioning we do not detect
jump phase (3-2s)f; in this case we consider the rotor in good
condition.

The appearance of a partial rotor fault does not induce a
significant increase of g; relative to o,, which does not allow to
conclude on such a failure, it may be the low point method
using ¢ #(f). For an important rotor fault (s8) we note that this
report is greater 10 times that in tests where the machine is
healthy

From the results of the Table Il, we can validate the
proposed approach, even if oj/g, report in tests s6 and s5 is less
pronounced as seen in Table 11, but the results are satisfactory.

According to Fig. 7 and Table II, the first problem for this
approach is the high level of noise in the frequency range
studied. The second problem is the wrong detection of the
phase jump at frequencies located at frequency characterizing
the rotor fault for the NVSA. In fact, the presence of random
phase jumps in the frequency range does not allow proper
detection of the phase jump required to calculate the slip.
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Fig. 7. Standard deviations g; and o, calculation by pF{(f)

TABLE 1l RESULTS OF DIAGNOSTIC METHOD APPLIED TO THE
PHASE OF THE FOURIER TRANSFORM

Rotor (3-2s)fs. | (3-4s)fs. On Gj o5

state (Hz) (H2) on
sl No max detection
s2 No max detection
s3 145.23 139.19 0.240 0.091 2.64
s5 144.40 138.81 0.065 0.063 1.03
s8 146.33 140 0.969 0.026 | 37.30
s4 144.40 138.81 0.240 0.091 2.64
s6 143.8 138 0.51 0.079 6.52
s7 142.95 137.31 0.42 0.051 8.34

C. Hilbert transform phase analysis

We have already seen that even the good results that phase
spectrum analysis compared to the module spectrum analysis,
this method has two drawbacks.

1) The noise level is high, which makes detection difficult.

2) The second is that the form of the phase is not fixed.
Indeed, the real and imaginary parts can take random
values.

To stabilize the form of phase, we must find a solution to
control the values of the real and imaginary parts of the
spectrum, the idea is to obtain a phase always equal to[-z/2] to
the left of fs and equal to [#/2] right f, the real part must be
zero at frequencies * fger and f.

These problems can be circumvented with the use of the
Hilbert transform, as we will see below.
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Fig. 8. Standard deviations g; and o, calculation by ¢p7(f)

In order to support the results obtained, we give in Fig. 8 the
curves of phase @#(f) with different fault level. In these
figures, we stand once again by a continuous gray line the
frequency range where the standard deviation g; is calculated,
for a continuous black line the frequency range where the
standard deviation o, is calculated, and a red line the
maximum of the phase jump at the frequency located at
(3-2s)f..

By use of the Hilbert transform (Table 111), the two sets s4
and s5 were detected which is not the case when using the
Fourier transform. Except this particular case, the results are
better than those given in Table Il. This better detection is
possible because the noise in the phase of the signal analysis is
much less important when the machine is running at low load
torque. In addition, it is important to note that the signals
obtained by the Hilbert transform are much less noisy than
those calculated from the Fourier transform.

We show in Fig. 9 a comparison between the Hilbert
approach and Fourier one in both healthy and faulty cases. We
note that the gj/o, report does not vary too much despite the
variation in the load level. In the defective case we see a
notable variation between fault conditions.

From Fig.9, we note that the oj/c, report does not exceed 3
for a healthy machine and it is greater than 3 for a defective
machine. This conclusion led the authors in [9] to operate to
make an induction machine diagnosis method without
reference (this reference usually obtained from a healthy
functioning). In other words if the report gj/oy, is less than 3
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then the machine is healthy, and defective if greater than 3.
From this result we can draw a law diagnostic decision
support such as that given by G.DEDIER[9].

TABLE 111 RESULTS OF DIAGNOSTIC METHOD APPLIED TO THE
PHASE OF THE HILBERT TRANSFORM
Rotor | (3-2s)fs | (3-4s)fs O,
state (H2) (Hz) on 5 o
sl No max detection
s2 145.23 139.19 0.384 0.108 3.56
s3 145.23 | 139.19 0.105 0.073 1.45
s5 144.40 138.81 0.056 0.005 10.64
s8 146.33 140 0.29 0.003 | 79.30
s4 144.40 138.81 0.015 0.007 2.15
s6 143.8 138 0.302 0.006 | 48.01
s7 142.95 137.31 0.36 O'%OG 56.3
80 /:\
70
" Healthy Defective /
P /(/
é 40 /
/
/)
£ 20
[
10 e
3 ?—:ﬂ-‘%’
0

10 . . . .
sl s2 s3 s4 s5

Rotor state

s6 s7 s8

Fig. 9. Hilbert (Black line) and Fourier Transform (Gray line) method
comparison

VI.

Two approaches have been proposed to diagnose rotor fault.
The first approach is based on the calculation of Fourier
transform phase of Neutral Voltage. This phase contained
relevant information on the status of the asynchronous
machine. The results are relatively interesting.

To improve fault diagnosis, a second approach has been
proposed. This method uses the same approach as described
above, the only difference lies in the fact that this is not the
phase of the Fourier transform of the Neutral VVoltage which is
analyzed by the program decision, but the phases of the
analytic signal obtained by Hilbert transform of the amplitude
spectrum of Neutral Voltage. This analysis helped to detect
other defects that were not detected by the first approach.

In conclusion, the latest proposed method provides more
meaningful results that the analysis of the phase spectrum of
Neutral Voltage. Similarly, it would be interesting to validate
this approach on asynchronous machines with different
characteristics (higher power machines for example) to help

CONCLUSION
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determine a law of behavior for a parameter used in the
detection criterion.

APPENDIX

TABLE IV WRIM PARAMETERS

Parameter Value
Rated power kw 3
Rated stator voltage \Y 220
Rated frequency Hz 50
Rated speed rpm 1400
Stator phase resistance Q 0.621
Rotor phase resistance Q 0.4
Rotor inductance H 0.013
Pole pairs 2
TABLEV WRIM SENSORS
Parameter Value
Current sensor type LA100
Current sensor accuracy % 0.45
Current sensor Bandwidth kHz 200
Voltage sensor type DV1200
Voltage sensor accuracy % 0.3
Voltage sensor Bandwidth kHz 6.5
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