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This paper presents online components calculation techniques for stator and rotor of the induction
machine. Four techniques have been developed for online components calculation; the first one starts
the calculation of the negative component of stator current space vector using the Discrete Fourier Trans-
form (DFT) in order to detect the stator fault. The second technique is dealing with the detection of rotor
fault by the Recursive Fourier Transform (RFT), This technique improves the signal acquisition and
enhanced detection of components near the fundamental. The third technique allows improving of the

g’gﬁ’;‘:g;ﬂ onents calculation rotor fault detection by the spectrum of analytical signal. The fourth and the last technique is the fre-
Faults P quency analysis of the instantaneous power, which allows obtaining a singular signature of faults. These

techniques have shown better detection, where each fault is characterized by a singular signature and
therefore they improve the detection and diagnosis of faults. Experimental results applied on an asyn-

Induction machine

chronous machine 5.5 kW, approve and validate these calculation techniques.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

A variety of faults can occur within induction motors, during
normal operation. Several faults, such as unbalanced stator, broken
rotor bars, rotor eccentricity, can result in a complete breakdown
of the machine, if the progress of the fault is not detected. The ma-
chine parameters which are most often monitored include line cur-
rent, leakage flux, and vibration. Line current is probably the most
convenient of these parameters, since in an industrial environment
it is the most accessible parameter, this can be measured remotely
if needed, and requires simple instrumentation. In recent years
many research works have been carried out on the monitoring con-
dition and diagnosis of electrical machines. Many tools of calcula-
tion have been proposed for electrical machine faults detection and
localization. These tools include the measurement of stator current
and voltage, torque, external magnetic flux density and vibration.
On-line calculation of induction machine faults such as broken ro-
tor bars and stator unbalanced can be carried out by analyzing the
stator current by temporal or spectral, or both at once as time-fre-
quency. Broken rotor bars result in twice slip frequency sidebands
around the fundamental frequency of stator current, while unbal-
anced stator, such as stator winding short circuits, which cause
changes in three-phase stator current system and the occurrence
of negative sequence current. Many diagnostic techniques for
induction motors have been reported in the literature as to diag-
nose electric machine faults, Therefore some researchers have
investigated the monitoring of machine conditions, mainly based
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on the signature of external variables, for instance by means of
all voltage and current signals, speed, torque and instantaneous
power. They can be computed, and more information may be re-
trieved for diagnostic purpose. The Park’s vector approach and
the motor angular fluctuation of the current space vector have
been used as a new source of diagnostic data for stator and rotor
induction motor faults [1,2]. These techniques depend upon spe-
cific harmonic components location in the motor current, which
are usually different for different types of faults. Exploitation of
instantaneous power factor is interesting because it varies accord-
ing torque oscillation and hence the stator current [3]. Differential
diagnosis is based on multivariable monitoring to assess induction
machine rotor conditions [4]. The calculation of the negative
impedance is used to the monitoring of the stator fault [5]. The ma-
jor advantage of this technique is the non dependence on the slip.
The negative sequence of the stator current represents a reliable
index for the on line monitoring of stator unbalanced [6]. Exploita-
tion of the line neutral voltage for the diagnosis of stator and rotor
faults has been proposed [7]. Artificial Intelligence (AI) based on
statistical machine learning approach [8], artificial neural net-
works [9], time-frequency for classification induction motor faults
[10].

Recent advances and new techniques have been reported in the
literature concerning calculation of faults in electrical machines
these are; Multidimensional demodulation techniques for diagno-
sis of induction motors faults [11], polynomial-phase transform of
the current for diagnosis of three-phase electrical machines [12],
symmetrical components and current Concordia of an induction
motor by feature pattern extraction method and radar analysis
[13], Monte Carlo approach for calculating the thermal lifetime of
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transformer insulation [14], intelligent approach by an artificial
immune system for the detection of induction machines faults
[15], independent component analysis for fault detection and diag-
nosis of turbine [16], signature analysis for fault diagnosis of mixed
eccentricity [17].

FFT algorithm is one of the most popular signal-processing algo-
rithms in motor-fault-detection applications. However, in real-
time applications, the (N/2)xlog(N) complexity of FFT-radix 2
brings an overwhelming burden to the DSP where significant
amounts of data need to be processed in order to produce suffi-
ciently high resolution [18]. The problem in the spectral approach
is that we intend to use systematically the Fourier transforms and
its different variants particularly the fast Fourier transform (FFT),
for signals of machine faults whose frequencies are known before
hand. It means that we calculate the remain of frequencies without
need them and therefore the calculations are cumbersome and
unnecessary.

In this paper we will investigate the applications of Discrete
Fourier Transforms on the complex vector of three-phase stator
currents; this will allow making the choice on the most appropri-
ate alternatives to the calculation of the faults components at
lower computational cost. We will begin this work by the presen-
tation of a three phase unbalanced system and harmonic pollu-
tion. The Fourier transformed applied to three-phase system
will allow understanding and calculating the unbalanced current
caused by the negative system. Recursive Fourier Transform (RFT)
will highlight the sidebands of broken bar fault without the pres-
ence of the fundamental, which at low spectral resolution or at
low load inhibit these sidebands. This technique is also used in
real time. The technique of phase spectrum allows us to better
characterize the fault rupture bar. In order to make the technique
less sensitive to harmonic pollution we proposed the technique
of phase of the analytical signal. The spectrum of the instanta-
neous power facilitates the detection at low frequencies of few
Hertz.

2. Spectral analysis of stator current vector

The spectral analysis of stator current is a powerful analytical
tool that can highlight the presence of characteristic frequencies,
including those related to faults.

2.1. Unbalanced and polluted three-phase system

A balanced system of three-phase current represents only a sys-
tem of positive sequence; in contrast, an unbalanced system of
three-phase current can be represented by the combination of po-
sitive sequence system, negative sequence system and homopolar
system. In a system where the neutral is not connected, the current
in the phase “m” is written in general form:
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where Igp+ is the fundamental RMS value for (h = 0), remained har-
monics (h # 0), positive sequence (h=1) or negative sequence
(h=-1).

The development of eq. (1) yielded a vector of stator currents
following:
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From Eq. (2) the complex magnitudes of different components are
defined by:
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Stator current vector becomes:
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Equation of the stator current vector (4) is composed of two sys-
tems, one of positive sequence:
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And the other negative sequence:
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In the complex plane, the stator current vector of positive se-
quence has a circular shape. During the time of unbalanced fault,
a negative sequence current appears and transforms the circular
shape of the current vector to an elliptical shape. The spectrum
of the stator current phase does not permit having the negative
component of the current. On the other hand, the spectral analysis
of the stator current space vector allows the separation of two of
sequences: one positive defined in [0 f,.,] and the other negative
defined in the [—fnax  0]. Fourier analysis is one of nonparametric
methods of spectral estimation. Its application to analyze the stator
current vector will provide further information on its spectral
content.

2.2. Discrete Fourier Transform of stator current vector

The discretization of the stator current vector (4) gives the fol-
lowing equation:
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The Discrete Fourier Transform of this vector is evaluated with-
in the meaning of [19] to determine the harmonics of a Fourier
series:
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We obtain the following notation with

M) = W s(m) an

The DFT is characterized by:

An acquisition time: T = %

The maximum frequency of the signal: f.x = Af-N/2 and the Ny-
quist frequency: f. = 2-fmax-

The multiplication of the rotation matrix [W™] by the current
vector allows separation of the positive and negative sequences
of the current vector:

0GOS =T Ty oo T (12)
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In Eq. (12), [I(fi)] is a vector representing the kth harmonics of
the stator current vector is, in the frequency domain, while the vec-
tor [Is(n)], in (8) represents the Nth samples of the stator current
vector in the time domain.

The calculation by the DFT of the kth frequency components
from the Nth samples of the current vector requires N> complex
multiplications for k = N, which represents a very important vol-
ume calculation. Many elements of the rotation matrix are equal.
The fast Fourier transform (FFT) exploits this advantage in order
to reduce the volume of calculation. The algorithm of Cooley-Tu-
key is the most used among several other algorithms of the FFT.
A reduction of N?> complex operations to (N/2)logy(N) arithmetic
operations. For example, with a number of samples N = 1000, the
DFT requires one million complex operations, while the FFT
requires only 4982 operations, a reduction of about 200 times.
Therefore, the FFT algorithm is widely used for the frequencies
treatment of temporal signals. The rotation matrix [W*"] in
Eq. (13), does not keep the same sign: of the line k = 1,...,N/2, the
matrix is defined in a positive sequence, of the line k = N/2,......,.N
the matrix is defined in a negative sequence, This allows to rewrite
the matrix as follows:

. Wnk
W) = {Wi'} (13)

The multiplication the rotation matrix [W"¥] by the current vec-
tor is used to separate both the positive and negative sequences
contained in the current vector as:

r nl nl 7
Zl(sh+l)w(l—(6h+l)fs)n+ZI(GIF])W(1+L6I1—1)fS)n
h=0 h=0
T 1 | .
/ B nl B nl B
: I+ > WO L LW S gy WO
7 h=1 h=1
fs
: B nl 6 .’ nl Snih
TLigy1y 1 Ien+1) + Z IgniyW ('lil)f’"-*-zl(shfl)w (r+h)fsn
== h=0.h#n h=0
N
Ly at
6(n-h)-2)fin , 7 6(1+h)-2)fs
: Dl WO Ty ) umily L WO
o h=0
Ly,
_ nl ) ’ _ nl ’
L d I] W72fln+Zl(6hvl)wf(6h+2)f5n+171+Z[(ﬁhil)w(61—2)f5n
h=1 h=1
(14)
e _ _ _ _ _ _
ISl =1 4,k dengs - deners o005, 1y, ] (15)

The spectrum given by (15) shows that the calculation of the
negative sequence current I_; inevitably involves the calculation
of the positive components sequences for k=1,...,N/2, [I(fsn+1)],
which is a long and unnecessary computation. To avoid starting
with the direct components, it is proposed to calculate the FFT of
the current space vector of negative sequences.
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The discretization of the current vector of negative sequence is
presented as follows:
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It is possible to calculate the negative sequence component (I_1)
directly from the current vector. While in the previous case, the en-
tire spectrum of the DFT contains frequencies less interesting,
especially the low frequencies below 50 Hz, which require an
acquisition time of 0.98 s for a spectral resolution of 1 Hz (I equiv-
alent of 49 fundamental periods). It suffices one period to calculate
the negative sequence component. However we can, in this case,
reduce the duration of measurement to one period. Thus the num-
ber of samples becomes:

N :jE (18)
fs
fe is the sampling frequency and f; is the stator frequency.

Discrete Fourier Transform performed by the FFT algorithm re-
quires, nonetheless, a significant number of complex operations of
multiplications and additions. Thus the systematic calculation of
all frequencies in the signal represents a significant volume of cal-
culations. To relax this technique, we must extract only the nega-
tive sequence of imbalance.

2.3. Detection by Recursive Fourier Transform (RFT)

Many faults (problems with motor coupling load, broken rotor
bars) may cause fluctuations of torque and speed. They are mani-
fested by the modulation of the amplitude and the frequency of
stator current. This modulation is characterized by harmonics at
low frequencies around of fundamental frequency. Given the mag-
nitude of the amplitude of the fundamental against other current
components, the elimination of this component in real time allows
[20]:

- Improving the signal acquisition.
- Enhanced detection of components near the fundamental.

Recursive Fourier Transform (FFT) allows a real-time detection
without the presence of the fundamental.

The recursive average of the Fourier transform is an iterative
technique giving the amplitude and phase of any harmonic, pro-
vided that its frequency is known. The technique of Recursive Fou-
rier Transforms allows an implementation in real time.

Assuming that the fundamental harmonic is sought, the funda-
mental is given by:

Iy = Ia cos(wemAt) + Ig sin(wemAt) (19)

The magnitudes I, and I are calculated recursively by [20]:

In(m) = Iy(m — 1) +% [L(m) — Io(m — N,)] cos (i’%) (20)
Mm:@m-n+%@my¢m—mﬂm%%?> 21)
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N is the samples number.
The amplitude and phase of the fundamental is given by:

L=\ +1; (22)

e arctan% (23)

To remove the fundamental component, the frequency band
width to eliminate must be determined as follows:

Af = i% (24)

fs is the sampling frequency and N is the samples number.
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3. Techniques of the stator current phase
3.1. Spectrum phase

The spectrum phase is usually used in image processing where
the phase of the analyzed signal contains more relevant informa-
tion than the magnitude. The stator current spectrum phase pro-
vide signs of detection very interesting because these signs are
very sensitive to variations caused by the break of bars and allows
incipient detection of rotor fault.

The calculation of the phase is limited to four quadrants of the
unit circle where the variations are between —n and +7 result of
the Fourier transform (9) written as:

F(k) = R(F(k)) + 5 (F(k)) = Fre(k) + jFim (k)

The phase of the Fourier transform F(k) is given by:

@(TF(k)) = arctan (‘;:“((,’3) (25)

3.2. Phase of analytical signal

The sensibility of the spectrum phase is also affected by har-
monic currents. To solve this problem, we use the analytical signal
phase, which means, applying Hilbert transform to the magnitude
of the stator current spectrum.

The phase of analytical signal is based on calculating the phase
of analytic signal obtained by a Hilbert transform of modulus of
spectrum of current of induction machine [21]. This means that
works directly on the modulus of the Fourier transform. The Hil-
bert transform of a signal returns a representation of this signal
in the same field. In other words the Hilbert transform of modulus
of the Fourier transform of stator current will result in a signal ex-
pressed in the frequency domain.

The Hilbert transform in the time domain corresponds to a
phase shift of value n/2 of all the terms of the Fourier transform.
It allows to change the cosines terms in sinus terms and sinus
terms in cosines negative terms.

The Hilbert transform of a signal y(t) can be written as

TH ~ ~ o~
Y(£) = Y(t) = Yre(t) + jYim(t)
where yim (t) is the Hilbert transform of signal yg(t). The signal, y(t)
is called the analytic signal.
Amplitude modulation A(t) of time signal y(t) is calculated using
the following equation:

At) = \/Fre(6)® + Jm(£)? (26)
Phase modulation ¢ is calculated by the following equation:

o(t) = arctanJ:’""(t) (27)

Vre(t)

Fault diagnosis by the Hilbert transform is based on the calcu-
late of the phase of analytical signal obtained by a Hilbert trans-
form of module of current spectrum, its phase is irrelevant in
this case.

4. Frequency analysis of the instantaneous power

The instantaneous power of a phase is the product of the sup-
ply voltage at the stator current. Indeed, the spectrum of the
instantaneous power contains additional components located
near the frequency of the fault as shown by the following equa-
tion [21].

mVyl
Po(t)=Po(t) + =~

[cos ((Za)s —wp)t—@ ’%)

T

+cos ((2w3+wf)tf(p 6>+2cos<(p+g>cos(wft)] (28)

where
Deo(t) = Vil [cos (Zwst - g) 4 cos ((p + g)] (29)

In this expression, py(t) represents the instantaneous power of a
phase stator m, the modulation index V;;, the RMS value of the
voltage between phase, I; line current and wy oscillation pulse (pul-
sation of fault) in radians.

The terms w; and ¢ represent respectively the pulse of supply
currents in radians and the dephasing angle between the absorbed
current by the motor and the tension.

5. Experiment results

The experimental bench consists of a three-phase asynchronous
motor squirrel cage Leroy Somer LS 1328, IP 55, Class F, T° C stan-
dard =40 °C. The motor is loaded by a powder brake. Its maximum
torque (100 Nm) is reached at rated speed. This brake is sized to
dissipate a maximum power of 5KkW. Fig. 1 shows the motor
bench.

The Leroy Somer motor parameters used in experiments are
given below:

Rated power 5.5 kW
Number of poles 2

Rated voltage 230/400 Volts
Rated current 11.4 Amp
Rated frequency 50 Hz

Power factor 0.84

Rated speed 1 440 r/min
Number of stator slots 48

Number of rotor bars 28

For the rotor fault, the bar has been broken by drilling bar of
cage squirrel (Fig. 2). The 5% of power imbalance for simulating
the fault of stator unbalanced, is obtained with a variable auto-
transformers placed on a phase of the network (Fig. 1). The acqui-
sition of current signals was carried out on a test bench, The
sampling rate is 10 kHz. The number of samples per signal rises
at N =10,000 samples.

A short circuit in the stator windings generates an unbalance of
the currents that provides a negative spectral component —f; (Figs.
3 and 4). The amplitude of this component increases with the
severity of the fault. The presence of broken bars fault at same time

Fig. 1. Test bench of induction motor.
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Fig. 2. Broken rotor bars.
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Fig. 3. Spectrum of stator current vector.
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Fig. 4. Zoom of spectrum of stator current vector.

that a stator fault causes the appearance of two lateral compo-
nents, one the frequency (1 — 2s)f; at left of fundamental f; and
the other the frequency —(1 — 2s)f; to the right —f; (negative se-
quence component). The calculation of two fault components
(1 — 2s)fs and —f; which causes problem, because we usually use
the FFT to compute of frequencies known a priori. Knowing that
the FFT does not calculate a single frequency but all the frequencies
contained in the signal and sampling frequency.

The fast Fourier transform (FFT) does not allow a good legibility
of harmonic frequencies of defaults —f; and (1 — 2s)f because of
number very high of frequencies. The search for these two frequen-
cies of faults requires the calculation of f,/2 —2 unnecessary
frequency.

For example with the sampling frequency f. =10 kHz we get
10,000/2 — 2 = 4998 calculated frequencies uselessly and uninter-
esting. Even the zoom effect of the figure does not solve this prob-
lem because the calculations are already done.

The harmonic of rotor fault at the frequency (1 — 2s)f is always
close to fundamental, in order that it does not inhibit the emer-
gence of fault harmonic of small magnitude, especially for the
low spectral resolution or at low load, when the fundamental is re-
moved, in this case the concerned harmonic becomes clear. The
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Fig. 5. Spectrum of stator current of rotor fault without fundamental (solid line)
with the fundamental (dashed line).
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Fig. 6. Phase of current spectrum (without supply by inverter), faulty (top), healthy
(bottom).
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Fig. 7. Phase of analytical signal of induction motor current (with supply by
inverter) faulty (top), healthy (bottom).

advantage of the RTF is its realization in real time. Fig. 5 shows a
fault of broken bars. The sampling frequency of the signal acquisi-
tion is 10 kHz, the number of samples N = 2000, the width of the
frequency: 2Af= 10 Hz. With the elimination of fundamental and
the use of low pass filtering 160 Hz, the spectra of fault located
in the frequency band [0150] Hz are visible and well defined.
Unlike spectral analysis, the frequency resolution does not af-
fect the abrupt change that occurs on the phase at 50 Hz, which
facilitates the detection of the phase jump at frequency (1 — 2g)fs
(Fig. 6). Disturbances generated by the inverters in the phase of
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Fig. 8. Spectrum of the instantaneous power, faulty (top), healthy (bottom).

the stator current spectrum can affect fault detection. The tech-
nique of the analysis phase can overcome this drawback. Fig. 7 rep-
resent the phase of analytical signal of induction motor current
with a healthy rotor and a rotor with a broken bar. This figure illus-
trates the presence of “phase jumps” to frequencies of faults
(1 £ 2ks)fs. It should also be noted that the appearance of rotor fault
contributes to increase the amplitude of the jumps present in the
phase @y(f).

Fig. 8 reveals the presence of low frequency components in the
case of broken rotor bars. These components of fault appear more
clearly than those of the stator current spectrum, this facilitates
detection. Therefore they allow a significant improvement in fault
diagnosis.

6. Conclusion

The RFT technique improves the signal acquisition and allows
enhanced detection of the fault component near the fundamental.
RFT allows a real-time detection without the presence of funda-
mental. In instantaneous power the faults components appear more
clearly than those of stator current spectrum, thus easier to detect.
In the phase of current Spectrum, the abrupt change that occurs on
the phase at 50 Hz, facilitates the detection of the phase jump.

Phase of analytical signal improves the detection same with the
presence of disturbances generated by the inverters in the phase of
the stator current.
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