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On-line Monitoring of Mechanical Faults In
Variable-Speed Induction Motor Drives Using the
Wigner Distribution
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Abstract—This paper examines the detection of mechanical « shaft misalignment
load faults in induction motors during speed transients by « gearbox faults e.g. broken tooth
stator current analysis. Mechanical load faults generally lead beari
o o : « bearing faults
to load torque oscillations at specific frequencies, related to s L
the mechanical rotor speed. The torque oscillations produce a Tordue oscillations already exist in a healthy motor due to

characteristic sinusoidal phase modulation of the stator cur- Space and time harmonics of the airgap field, but the consid-
rent. Speed transients result in time-varying supply frequencies ered fault related torque oscillations are present at particular
that prevent the classical, Fourier transform based spectral frequencies, often related to the mechanical motor speed.
estimation. This paper proposes the use of a time-frequency  romgon showed in [1] that mechanically induced speed
distribution, the Wigner Distribution, for stator current analysis. S . . -
Fault indicators are extracted from the distribution for on-line  OScillations give rise to sidebands of the fundamental stator
condition monitoring. The proposed methods are implemented current frequencyfs. It was also demonstrated that shaft
on a DSP and experimental results in steady-state and during misalignment causes a rise at frequencjgst f,. in the
transients are presented. current spectrum wherg, is the shaft rotational frequency.
Index Terms— Fault detection, induction motor, mechanical Obaid et. al. [2] studied load unbalance and shaft misalignment
fault, motor current signature analysis, torque oscillation, Wigner and proposed a detection scheme based on monitoring stator
Distribution. current frequencies af, + f,. Kral et. al. [3] analyzed the
instantaneous motor input power to detect mass imbalance and
|. INTRODUCTION eccentricity. Nevertheless, the power mea§urement requir.es 3
] ) ) ) . voltage and 3 current transducers. All the cited works consider
I NDUCTION motors are used in a wide variety of industriale 4y state motor operation at constant supply frequency.
applications. In o'rderto increase the.prO(.juctlv@y, rellab|l|ty[-he employed FFT based spectral analysis methods cannot
and safety of an installation containing induction motorge ,seq during speed and frequency transients. Several time-
permanent and automatic motor condition monitoring is oftgf.quency methods are proposed in [4] for the detection of
desired. B o load torque oscillations in induction motors with time-varying
Stator current based condition monitoring is often advagy,nniy frequencies. In [5], rotor faults in brushless DC motors
tageous due to easy and economical implementation. The getected during transients using Wigner-Distributions. The
monitoring is in most cases done in steady operation St%orithm has also been implemented on a DSP.
using classical spectral analysis tools. However, a lot of |, this work, the induction motor stator current is analyzed
drives are adjustable speed drives where mechanical Spggfing transients i.e. variable supply frequencies using Wigner
transients may be present during a long time period. TRgstriputions. It is shown that small load torque oscillations
resulting time-varying supply frequency prevents the use Rfaq to a particular signature on the distribution that is used
classical spectral analysis. The application of other signgl gerive two different fault indicators. These methods are
processing methods like time-frequency analysis overcomgg,jemented on a low-cost DSP in order to demonstrate their
this problem and makes condition monitoring possible du”%mputational effectiveness.
speed transients. . _ Section Il resumes the effect of load torque oscillations on
This paper investigates the detection of torque oscillatiofge stator current. The resulting fault model shows a sinu-
caused by mechanical faults in induction machines using staégfidal phase modulation at the fault characteristic frequency.
current time-frequency analysis. In a general way, a faultin t¢ section Ill, the chosen signal processing method i.e. the
load part of the drive will be seen from the induction machingigner Distribution is presented and the theoretical fault
by a periodic variation of the load torque that is no long&jignature is calculated. The following section IV deals with
constant. Examples for such faults causing torque oscillatiope psp implementation of the proposed processing scheme,

include: including the necessary filtering, downsampling, numerical
« general fault in the load part of the drive system e.g. loaghlculation of the Wigner Distribution and the fault indicators.
unbalance Section V describes the experimental setup used to generate

_ _ _ _ _ _ small periodic torque oscillations at the rotational frequency.
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are presented for different amplitudes of the torque oscillatievhere ¢, denotes the initial phase angle between rotor and
corresponding to different fault levels under different loadtator MMF.

conditions and with varying supply frequencies. The Wigner The total magnetic flux density is obtained by the multipli-
Distribution based indicators are compared to the classication of the total MMF with the airgap permeance, which is
spectrum based approach in steady state in order to demsupposed constant. The induced voltage in a machine winding

strate their performance. is related to the magnetic airgap field, so that the phase
modulation is preserved. Consequently, a mechanical load fault
[I. STATOR CURRENT MODEL UNDER FAULT leads to the following stator current expression (for an arbitrary
The method used to study the influence of the load torgf@chine phase):
oscillation on the stator current is based on the magnetomotive i(t) = st (t) +re(t)
force (MMF) and permeance wave approach. This approach = Ly sin[ws ()t + ¢4 (5)

is traditionally used for the calculation of the magnetic airgap ]
field with respect to rotor and stator slotting or static and + Lresin [w, (£)t + 5 cos (we(1)1) ]
dynamic eccentricity [6] [7]. ist(t) andi,.¢(t) denote the stator current components resulting

The detailed theoretical development for the stator currentfiom the stator and rotor MMF. The amplitudés and I,.,
case of load torque oscillation has been given in [8] to identiire supposed quasi-constafitis the phase modulation index
the consequence of bearing faults and in [9] for the geneeaid it is proportional td"./w?. The healthy case is obtained
case. The results will be shortly resumed in the following. considerings = 0.

As this paper considers variable speed drives, the supplyFor the sake of simplicity, the time harmonics of rotor
frequency f, and the fault frequency, can be considered MMF and the non-uniform airgap permeance have not been
variable. Note thatf. can be for example the time-varyingconsidered. However, the harmonics of supply frequeficy
rotational frequencyf,.. The theoretical analysis of the statoand the rotor slot harmonics theoretically show the same phase
current under fault, however, is identical to the steady statenifodulation as the fundamental stator current component.
relatively slow frequency variations are considered.

Under a mechanical fault, the load torque as a function of [1l. TIME-FREQUENCY SIGNAL PROCESSING

time is assumed to. .be described by a colnstant componentq time-varying supply frequencies in variable speed
Teons: and an additional component varying at the faulfives lead to non-stationary signals that require advanced
characteristic frequency.. The first term of the variable gy processing methods for analysis. Traditional spectral
component Fourier series is a cosine with frequeficyFor  ggtimation methods based on the Fast Fourier Transform (FFT)
the sake of clarity, higher order terms are neglected in the, g |onger be applied. One possible solution for signal
following and only the fundamenta! term is considered. Th&nalysis is the use of time-frequency distributions [10] [11]
load torque can therefore be described by: that represent the signal energy with respect to time and
Tioad(t) = Teonst + L' cos (wet) (1) frequency.

) ) . A multitude of possible time-frequency distributions exist
whereT'. is the amplitude of the load torque oscillation angith different properties. A simple method is the spectrogram
We = 27T_fc- ) ) ) . that uses the FFT on a sliding window. It was applied in

Considering the mechanical equation of the machine, ] to induction motor fault diagnosis. However, this method
oscillating load torque leads to periodic oscillationsfatof  cannot provide a high resolution in time and frequency due to
the mechanical rotor speed. The consequence is ar_1_oscnlattp@ Heisenberg-Gabor uncertainty principle [11]. The Wigner
at the same frequency on the mechanllcal rotor position. If tRgsiribution, proposed by Wigner in [13] and applied to signal
fundamental. rotor MMF is calc_ulated in the stator refere”?ﬁocessing by Ville [14], provides a high resolution in time and
frame by using the transformation between the two referenggquency. It is particularly adapted to the analysis of linearly

frames, the oscillating mechanical rotor position producggying frequencies, as can often be found in electrical drives.
an oscillating rotor MMFF,.(6,t) that can be expressed as

follows: A. Wigner Distribution
F,(0,t) = Fy cos (pf — wst — ' cos (wet)) (2)  The Wigner Distribution (WD) is defined as follows:

oo T T o f
Fc - — -’ * _ —j2nfr
7 =p L @ W) /m e(t42)a (i 2) e rar ()
: . ‘ N This formula can be seen as the Fourier transform of a kernel
where p is the pole pair number/ the total inertia and K. (7,t) with respect to the delay variable The kernel is

ws = 27 fs. The fault effect on the rotor MMF can be seen.” . .
S|H1|Iar to an autocorrelation function.

as a sinusoidal phase modulation at the characteristic faU . X o
frequency P An interesting property of the WD is its perfect concen-
The stator MMFE, (6, ) is not directly affected and takestrat|on on the instantaneous frequency in the case of a I_mear
: g ) frequency modulation. However, other types of modulations
the same expression as in the healthy case: ; ) . .
(e.g. in our case sinusoidal phase modulations) produce so-
Fy(0,t) = F; cos (pe — Wyt — gos) (4) called inner interference terms in the distribution [15]. Note

with:
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that the interferences may however be used for detectibi.

purposes a§ it will be shown in the foIIo.W|r.1g. o Wi, (6, f) = I2,6(f — f,)

Another important drawback of the distribution is its non- too
linearity due to the quadratic nature. When the sum of two " FTT{ Z Jn( _ wsin(wct))ejngcf}
signals is considered, so-called outer interference terms appear Mt
in the distribution at time instants or frequencies where there +o00
should not be any signal energy [15]. If harmonic signals =17 Z Jn< _ 2ﬁsin(wct)) 5 (f —fs _nf0>
such as the stator current are analyzed, appropriate filtering ne—oo 2
is necessary. In order to avoid further interferences, the WD (12)

should be calculated using the analytical signal obtaine . . . .
through the Hilbert transform [11]. w%ere&(f) is the Dirac delta function. For small modulation

) ) o indexes 3, the Bessel functions of ordet > 2 are very
In practice, .the Pseudo ngner Distribution (I.DWD)Z 2mall and may be neglected (narrowband approximation from
smoothed version of the WD, is often used. PWD is def'nec%mmunication theory):

as follows [11]:
Wi, (t, ) = T2 Jo(7) 6(f = fs)

e T * T —j)2nfT .
PWI(t»f)Z/_OO p(r)x (t+ 5)55 (t_§>€ 2iTdr +IT2tJ1(7)5(f—fs—f5) (13)
) fe
wherep(7) is the smoothing window which also reduces the — I h()o(f - fo + 5)

amplitudes of the interference terms. ) .
P with v = —24 sin(w.t). The WD of the considered pure phase

modulated signal is therefore a central frequencyf atvith
sidebands af; + f./2. All the components have time-varying
amplitudes at frequency, as~ is a function of time. It is

In order to obtain the WD of the stator current accordinfj’POrtant to notice that the lower sideband has the opposed

to (5) with constant supply and fault frequency, the WD of anign to the upper s_ideband. _
analytical phase modulated sigrigl(t) will first be calculated 1€ Bessel functionsy () and./y(v) can be approximated

B. Wigner Distribution of Stator Current in Steady State

with for small argumentsy by [16]:
irt(t) = Iy expj [wst + 3 cos (wct)] (8) Jo(v) =1 (14)
J1(7) =~ % = —(sin(wct) (15)
The kernel of this signal can be written as follows :
As the stator current signal is considered as the sum of two
K (t,7) = int (t + Z) i, (t _ Z) components, a phase modulated signal and a pure frequ.ency
2 2 " (9) (see (b)), its WD must be calculated according to the following
=TI%expj {wsT — 283sin(w,t) sin (?CT>} expression for the sum of two signalst+ y [11]:

Wao(t, F) = Walt, f) + W, (L, f) + 2Re{ W, (£, )} (16
The WD is obtained as the Fourier transform (FT) of the kernel +u(t ) (&) ot f) S Way(t, )} (16)

with respect to the delay: with
Wi, (&, £) = FT, {K, (.7} Way(t.f) = [

2 .
=1 FTT{ exp j (wsT) } The WD of the pure frequenay, (t) = I, sin (wst + o) (first
«FT, {expj [—25 sin(w,t) sin (&7)} } term of (5)) is given byl2, 6(f — f,). A detailed calculation of
E (10) the cross termdV;_,;, shows that they are of small amplitude
and that they do not introduce new frequency components.

wherex denotes the convolution. The FT of the second terf'US: the Cross terms may be neglected in this case and the
may be calculated in analogy to the FT of a pure PM sign?ﬂl)lo_w'ng approximate expression is obtained for the WD of

using the Jacobi-Anger expansion [16] given by:

T+ D)y (= D) i

Wist+irt (t7 f) ~ (Igt + ISQt) 6(f - fS)

+oo
eJvsing _ Z Jn(,y)eJVLG (11) — Etﬂsin (wct) 5(f — fs — %) (18)
e : Je
—|—IT2 sin (wet) 6(f — fs + =
where J,, denotes the n-th order Bessel function of the first Psin (wet) o(f = 1 2 )
kind. In contrast to the pure phase modulated signal, the constant

The second term in equation (10) can therefore be developmmnponentl,; is present at the fundamental frequency. The
into a Fourier series which allows a simple calculation of iult characteristic signature is conserved.
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Fig. 1. Pseudo Wigner Distribution of simulated steady state PM signal Fig. 2. Pseudo Wigner Distribution of simulated transient PM signal

These considerations are illustrated in Fig. 1 where a detailFor illustration of the current signature in the transient
of the PWD of the PM signat, (¢) is displayed. The plot is in case, consider Fig. 2 where the PWD of a transient signal
logarithmic scale and only positive values are displayg¢:) is displayed. The signal is identical tq(¢) but with linearly
is the sum of a pure sine and a sinusoidal PM signal: varying supply and fault frequencie& and f. in order to

consider a case similar to a motor start-up. The modulation
s1(t) = cos (27 fit + m/8) + cos (2m fst + ([ cos (27 fet)) index /3 is kept constant in this example. The theoretically
(19 calculated signature is clearly visible. However, stronger in-

with f,=50 Hz, /=25 Hz, $=0.05 and sampling frequeNncye farences due to the time-varying frequencies can also be
200 Hz. The PWD ofs;(t) clearly shows the theoretically recognized.

predicted signature: a strong component is visiblgatvith
sidebands atf; + f./2. The sideband amplitudes are time
varying at modulation frequency.. Furthermore, the two

time-frequency analysis have been implemented on a DSP

] o ] (see section IV-C). The DSP is a low-cost Analog Devices
C. Wigner Distribution of Transient Stator Current ADSP-21161 (21161N EZ-Kit lite), mainly designed for audio
During speed transients, the supply and fault frequenciapplications. The inputs include anti-aliasing filters, followed
are time-varying. For the calculation of the WD of a transierity 24-bit AD-converters with a minimum sampling rate of
stator current under fault, these frequencies are modelled4&skHz. As the fault signatures appear around the fundamental

IV. DSP IMPLEMENTATION

linear functions of time: supply frequency of 50 Hz, a lower sampling rate would be
advantageous but cannot be realized with this hardware. There-
fs(t) = as + Bst (20) fore, a preprocessing stage with filtering and downsampling is
fe(t) = e+ Bet (21) implemented numerically before the calculation of the WD.
The instantaneous frequencig$t) of a sinusoidal signal with _
these frequency laws would be (see [11]): A. Preprocessing
_ 1) Downsampling:The stator current is sampled at 48 kHz.
fiat) = s + 26,1 (22) However, relevant fault frequencies with the two pole pair

fie(t) = e + 20t (23) machine are at a maximum frequency10§ times the supply
ﬁpgquency fs which leads approximately to 75 Hz for the
considered machine in nominal conditions. As a consequence,
a real-time downsampling stage is implemented to decrease the
Wilt, ) = (IZ, + 12,) 6 (f — (as + 20st)) sampling frequency by a fact@? = 256 i.e. the new sampling

. O frequency is187.5 Hz. The implementation of a single lowpass

B2 B(W)sin (we)) 3 (1 = (s +20:6) = (5 + Bet) ) oo P gie ‘o
(t t

Using similar approximations as in the precedent part, t
WD of a transient current signal becomes:

filter with normalized cut-off frequency/(2 - 256) followed
+ I2B(t) sin (we(t)t) § (f (s + 28st) + (% T 6&)) by a 256-fold decimator (takes one sample out of 256) would
2 (24) require a high filter order and a significant amount of memory
for storage. It is more efficient to implement a scheme as in
The central component of the WD is now time-varying adigure 3 with 8 decimation stages in cascade, each including
cording to the instantaneous frequency lg,(t) of the the same filted (f) with a normalized cut-off frequenay.25
fundamental stator current component. The sidebands &lowed by a 2-fold decimator. Main benefits are a low global
located atf; ,(t) + fi..(t)/2 analogous to the stationary caseorder, small time delay and computational cost.
Their opposed amplitudes are also time-varying. It should alsoMore precisely, the implemented lowpass fil#( f) is an
be noted that? is no longer constant during transients as it islliptic IIR filter of order 14. Its normalized cut-off frequency
proportional tol/w?. at —3 dB is 0.227 so that after the last downsampling stage,



MANUSCRIPT SUBMISSION TO IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS SPECIAL ISSUE ON ELECTRICAL MACHINERY 5

i[ﬂ) H) = 12 = Hi(f) @ﬂn] C. Fault Indicators
| Two fault indicators based on the Wigner Distribution,
8% called WD1 and WD2 in the following, are proposed. For
Delay comparison with traditional techniques, the results obtained

with a spectrum based indicator are also presented in steady-
Fig. 3. Preprocessing of stator current signal: lowpass fiftéf), decimation  State operation. All the fault indicators are calculated on data
and Hilbert filter H; () records of length 512 samples after downsampling. As soon as
one data buffer of length 512 is complete, the fault indicator is
calculated while the arriving samples are written to a second
frequencies between 0 ai8d.03 Hz can be analyzed without buffer. The calculation of the indicator must therefore take less
significant attenuation. than 2.73 s which is respected in all the cases.

2) Hilbert filtering: The Wigner Distribution should be 1) Spectrum based indicatoithe magnitude of the Fourier
calculated on the complex, analytical current signal in ordeansform of the phase modulated stator current according to
to avoid interferences [11]. The analytical current sigh@h] (5) is approximately for smalb [9]:
is obtained from the real current sign&h] by means of the
Hilbert transformH {.} according to: [I(f)| =~ (Ist + Irt) 5(f—fs)+_rrt§ S(f—(fs £ fr) (29)
ia[n] = i[n] + jH {i[n]} (25) where the fault frequency is supposed to foe

The algorithm that calculates the spectrum based fault
indicator on a given buffer is the following:

o Zero-padding of initial data record up to 1024 samples
Hy(f) = { —j foro0 ? f< % (26) « Discrete Fourier transform using a Hanning window
! j 5<f<0 » Search of the maximum absolute value of the Fourier
transform1,,, corresponding to the supply frequengty
« Search of maximd; andl; in intervals(fs — fs/p, fs —

9.6in2 9 it i 0.9fs/p] and [fs + 0.9f,/p, fs + fs/p]. The rotational
2sin”(mn/2) — { 20 :f : :2 g\é?jn 27) frequency f,. is supposed to vary within these bounds

The Hilbert transform is realized using a Hilbert filter with the
following frequency response:

Its impulse responsg;[n] is

hi[n] =
m under different load conditions.
In practice, the Hilbert filter is implemented as finite impulse « The spectrum based indicator is then given @y +
response filter of ordeN;=257. In order to respect causality, I)/1,,
the symmetric impulse response must be shifte@By-1)/2.  The normalization with respect to the fundamental amplitude
The filter output is therefore delayed by 128 samples corrg: is useful to obtain an indicator value that depends less on
sponding to 0.688 s. The analytical signgl| is obtained by the machine load level than without normalization.
multiplication of the filter output withj and addition of the 2) Indicator WD1: The first indicator WD1 analyzes the
delayed real signal[n] (see Fig. 3). energy in a region around the characteristic fault signature at
fs=£fr/2 in the PWD. The rotational frequency is supposed to
vary betweer0.9f;/p and f;/p as before. The fault indicator
is only calculated for time bins varying from=64 to 448 in
The discrete Wigner Distribution (DWD)V,[n,k] of a order to avoid border regions with strong interferences. The
discrete signal:[n] of length N can be calculated accordingdetailed steps are the following:

B. Discrete Implementation of the WD

to the following formula [11] (verifier!): « for n=64 to 448
' — Calculate DWDn, m]
[n,m] =¥ Z plkz[n + kla*[n — ke 74mmF/N - (28) — Determine frequency bim 4 belonging to strongest

absolute valued (supply frequency)

— Calculate frequency bins corresponding to inter-
vals I; = [(1 + 0.9/4)ma,(1 + 1/4)m4] and
I =[(1—1/4)ma, (1 —0.9/4)m 4]

— A; and A, are the sums of the absolute value of

where p[k] is a window function. This expression can be
efficiently implemented using an FFT algorithm (see [17] for
a sample algorithm). In this work, the DWD is calculated on
daFa records. of Iength._ 512. The window function is a xx DWDIn, m] in the intervalsl; and I,
point Hamming (??) window. T

The result of the calculation would be a (54212) matrix — Normalization: WD1n| = (4; + 4;)/4
that would require a considerable amount of memory for * The fault indicator WD1 is the sum of all the WDd
storage. However, the DWD can be calculated for each timi&ie normalization of the energy with respect to the funda-
bin » independently and the fault indicator can be directlgnental is done for each time bin. As with the spectrum based
derived for this time bin. This offers the advantage that riadicator, it improves the indicator behavior under varying load
storage of the complete DWD is necessary, only the faudivels. Since the fault signature is oscillating with positive and
indicator is retained. negative values in the PWD, the absolute values are taken.
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Torque
Transduce

For the second indicator WD2, two pseudo signg|$n] Induction
and s;[n] are synthesized by recording at each instant the Motor
highest absolute value of the PWD in intervdls and Is. 5,5 KW
They represent the oscillating fault signature in the upper and
lower sideband. According to (18), these signals theoretically
oscillate at the fault frequency, and their amplitude is d>-------
proportional tos. Once recorded, the spectrum @f(n) and
s2(n) is analyzed in an interval that takes into account possible
values of f,. This interval is calculated as a function of the (t) A DC/DC
minimum and maximum estimated supply frequency for the  |yverter DSP board T converter
considered data record. (open loop) ADSP-21161

o for n=64 to 448

— Calculate DWDn, m]
— Determine fundamental amplitudé and the inter- Fig- 4. Scheme of experimental setup
vals I; and I, as with WD1

— Find maximum absolute value of DWDB, m] in I herefore. th ilating t . irolled
and I, and retain the corresponding signed value erefore, the oscillating torque componéht. is controlie

A, and A, with respect to the mechanical rotor positi@nand takes the

— Synthesis of the pseudo-signals including a norme{fgnowmg form:

ization: s, [n] = A, /A | si[n] = A;/A Tose(t) = T cos (6,(t) + or) (30)
« Calculate the minimum and maximum possible value . ] ] . N )
of f. based on the minimum and maximum supplyMentionner influence de phi!) Neither the position signal, nor

< === ===
R

---= Fault indicator

frequency a speed measurement is used for the stator current analysis in
. Discrete Fourier transform of, ands, using 512 points the DSP.

(zero-padding) and a Hanning window A load unbalance can be created by fixing a mass eccen-
. Derivation of energiesE, and E;, in the interval trically on a disc placed on t_he shaft. I|j the following test,

[fr.mins fr.max) a mass ofm=77 g has been fixed at a distanceref7/’5 mm
« WD2 is the sum ofE, and E, from the center. The mass has two effects: first, the weight

This second indicator is more complex to calculate but [§ads to a load torque oscillation of amplituble = mgr and
should be more accurate than WD1. Since WD1 takes thdS Varying sinusoidally with respect to the rotor position.
absolute values of the PWD in a time-frequency regiOI§'econdly, a cer}trifugal fo_rc_e acts on the shaft. Ap increasing
it can be influenced by noise or oscillating signatures Oégel, of dynamic eccentrlcny_may result depending on the
other frequencies. The indicator WD2 is only depending aring tolerances and the stiffness of the shaft.

the oscillating energy at certain frequencies which makes it

insensitive to such phenomena. B. Steady-State Results

1) Off-line Analysis: The stator current has been recorded
and processed off-line in order to study the fault effects on
A. Description of Experimental Setup the stator current spectrum and the Wigner Distribution. The

Tests have been conducted on an experimental setup withrent spectrum shows a rise at frequencigst f,. with
a three phase, 400 V, 50 Hz, 5.5 kW Leroy Somer inductigespect to the fault level as expected. Fig. 5 shows a detail
machine (see Fig. 4). The motor has two pole pairs and it the WD of the healthy and faulty motor stator current
nominal torque is about 36 Nm. The machine is supplied @ 50% load. The load torque oscillation amplitude in the
a standard industrial inverter operating in open-loop conditidaulty case wasl'.=0.22 Nm. The theoretically calculated
with a constant voltage to frequency ratio. The load is a DiBterference signature is present on the WD of the faulty
motor with separate, constant excitation connected to a resistorrent signal atfs + f./2 ~ 50 + 12.5 Hz , whereas the
through a DC/DC converter. Measured quantities for off-lin&/D of the healthy stator current does not show any energy at
analysis are the 3 terminal voltages, 3 line currents, speed dihe considered frequencies. However, other interferences are
load torque. All the signals are acquired at 25 kHz by a 24 kitesent at frequencies close to the fundamental.
data acquisition system. Further signal processing is done on 2) On-Line AnalysisThe load torque oscillations in steady
standard desktop PC using Matlab. In parallel, one line currestate are imposed according to the fault profile displayed in
signal is fed into the DSP for on-line analysis. Fig. 6. During 20 data records (corresponding to 55 s), the

The load torque oscillations are produced as follows: RC machine armature current reference contains no oscillating
DC/DC converter (Buck) is used to control the DC motocomponent. Then, the amplitude of the oscillating component
armature current. Thus, a constant load torque with a smaltreases after each 20 data records in order to obtain 6 fault
additional oscillating component can be introduced. The rdévels fromI’.=0.03 to 0.22 Nm (measured values). Note that
erence signal for the oscillation is generated by the DSP tHat the lowest fault levell’. is only about 0.1% of the nominal
receives position information from an incremental encodenotor torque.

V. EXPERIMENTAL RESULTS
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The results obtained with the spectrum based fault indicat@le average load level than WD1.

are shown in Fig. 7 for the nominal supply frequency and additional tests at lower supply frequency were conducted
three different load levels. The indicator evolves approximately verify the fault indicator behavior at lower speed. The fault
linearly with respect to the amplitude of the load torqugdicators are quantities that should represent the evolution

oscillation. This is the case for all average load levels. Even tBe the PM modulation index3. 3 is proportional to1 /w?

smallest torque oscillation of only 0.1% of the nominal torqugccording to the theoretical development and the fault indicator
can still be detected. However, the evolution of the indicatefhoyld therefore show the same behavior. This was verified

is_sensitive to the average load level. The indicator_ is high@kth a supply frequency,=25 Hz which leads approximately
with 50% load than with small load or 80% load. This can bg, half the fault frequencyf.. The indicator should therefore
explained by the normalization with respect to the fundaments four times higher compared fg=50 Hz. Fig. 10 shows the

stator current amplitude, which i&; + I,;. But the sideband spectrum based fault indicator and WD1 for the two different
amplitudes aref1,,, i.e. the correct normalization should onlysypply frequencies. The healthy state of all the indicators was

use the rotor current amplitudé., which is unfortunately referenced to zero. The indicatorsfat50 Hz were multiplied
not directly available. Nevertheless, it can be observed that

the proposed normalization improves the dependence of the

indicator on the load level compared to no normalization .

all.

The results obtained under the same test conditions with 1
two indicators based on the Wigner Distribution, WD1 an £
WD2 are displayed in Figs. 8 and 9. Both indicators sho
an approximately linear rise with respect to the amplituc
of the load torque oscillation. The indicator WD2 seem
more sensitive to the increase Bf than WD1. A possible
explanation is the more precise analysis with respect to t
fault frequency in case of WD2. WD1 is based on the toti .
energy in the WD in a given frequency interval, whereas WC

3
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only considers the energy of pulsating components at fault
frequency. It can also be noticed that WD2 depends less fga 9. Fault indicator WD2 vs. data records
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Fig. 11. Fault indicators WD1 and WD2 in healthy state (data records 1 to

19) and with load unbalance (data records 20 to 40) Fig. 13. Considered speed profile: Supply frequeficys. data records and

corresponding torque oscillation amplitude

by four to allow the comparison. A good agreement between
the indicators can be found, especially for WD1, which provegqithms is necessary for a correct functioning: Until now,

) ) ) st
experimentally thaf oc 1/w;. The results with the indicator 1, 550rithms have estimated a quantity directly proportional
WD2 are not displayed, but they are similar to those obtaingge yhase modulation indekin (5). However,3 depends on
with the spectrum bas.ed indicator. . the fault characteristic frequendy that itself depends orf,

3) Load unbalance: The three proposed fault detectiony,q ¢ (see (3)). Therefore, the obtained fault indicator with
schemes are tested with an unbalanced load. Th small precedent algorithms must be multiplied ¥ to yield

leads theoretically to a sinusoidal torque oscillation of ampl‘ii— result independent of speed. Sinteand f. are directl
tude 0.057 Nm. The results obtained with the WD based faug/ P peed. Sinte fr y

S : L o roportional tofs, it is equivalent to multiply the indicator
indicators atf,=50 Hz are displayed in Fig. 11. Both indicator ith the estimated value of,.

clearly detect the fault under all tested load conditions. TheThe speed profile used in the following tests is displayed in

magnitude of the indicators in the faulty case is comparaql_x?g. 13. During one speed cycle, the supply frequeficyaries

to the seg_ond or ﬂl"rd fgrultf Ievel0|87the Oprlici‘ljemTLeStﬁnearly from 20 Hz to 50 Hz during 20 data records and back
corresponding to values df.. from 0.07 to 0. M. 1N€ 4 20 Hz in the same way. At the start and at the end of one

values are higher than expected, possibly due to effects of ﬁle,fq is constant during 5 data records. This speed cycle

centrifugal force. As in case of the load torque oscHIatlon% repeated three times: first without a load torque oscillation,

WD_2 |s_Iess dependent on the load level than WI_Dl. Despltetﬂ%n WithT,=0.11 Nm andr',=0.22 Nm. The lowest supply
the indicator dependence on the load level, a simple dete%

ina th threshold for all load level Id b | quency is 20 Hz because of the DC machine voltage drop.
using the same threshold for all load levels could be émpioygh .,y this value, the DC motor armature current control is

no more possible and therefore, the torque oscillation are not
C. Results during Transient Operation correctly produced.

1) Off-line Analysis: The stator current has been recorded The tests with the first fault indicator WD1 gave the results
during a motor start-up from 0 to 50 Hz supply frequency idisplayed in Fig. 14 for two constant average load torques cor-
5 s. The WDs of the healthy and faulty stator current can lbesponding to 10% and 70% load. During the first speed cycle
compared in Fig. 12 for 50% average load dha0.22 Nm. without any oscillating torque, the indicator shows variations
The expected interference signature is visiblegfat- f./2 in  and is therefore still speed dependent with higher values at
the faulty case. higher motor speed. When the first level of torque oscillation

2) On-line Analysis:The algorithms used in the precedings applied from data record 50 on, the indicator jumps to a
section for steady-state current analysis are tested under maigher value. During the second speed cycle, the indicator
operation at variable speed. One modification of the describealue still depends on the speed but the relative variations
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(7]
betweenf,=20 Hz andf,=50 Hz are much smaller. The same
behavior can be observed during the third speed cycle with Bl
higher oscillating torque. It can be concluded from these tests
that the fault indicator WD1 still depends on the speed, despite
of the previously mentioned indicator correction. A simple[g]
threshold cannot clearly distinguish between the healthy case
andI'.=0.11 Nm (0.3% of nominal torque). However, for a

. - : 10]
given speed or supply frequency, the fault indicator is alwa§/s
higher with the torque oscillation. With stronger oscillationgi1]
(I'.=0.22 Nm or 0.6% of nominal torque), the discrimination
is possible for all considered speeds. 12

The results obtained with the second indicator WD2 are
shown in Fig. 15 for the same two load levels. It can be
noted that is less varying during the first speed cycle comparﬁg
to WD1. The behavior during the following cycles with
torque oscillation shows higher indicator values at low speéf!
whereas the indicator is approximately constant above a certgig
minimal supply frequency (about 30 Hz).

[16]
VI. CONCLUSION
This paper studied the detection of mechanical faults jmv]
induction motor drives at variable speed using stator current
time-frequency analysis with the Wigner Distribution. The
fault related torque oscillations modulate the phase of the
stator current signal and lead to a characteristic signature on
the Wigner Distribution. Fault indicators can be calculated
using properties of this interference structure. The two pro-
posed methods and a classical spectrum based indicator have
been implemented on a DSP for on-line condition monitoring.

Tests in steady-state have shown that load unbalance and small
torque oscillations can be detected.
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