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PAPER TEXT

In this paper, motor current signals from electrical control systems, rather than installing additional measurement systems, are characterised for the fault
diagnosis of centrifugal pumps. Modulation signal bispectrum (MSB) analysis is applied to reveal the weak nonlinear characteristics of current signals
when the pump with different impeller faults operates under a wide range of flow conditions. Experimental results show that two static features including
the amplitude at supply frequency and the frequency value of bar-passing frequency can be based on to diagnose impeller defects on exit vane tips and inlet
vane tips. In addition, the dynamic parameter of sidebands at vane-passing frequency can also be a good indicator for differentiating between the faults.
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1. Introduction

Centrifugal pumps are widely used in multiple industrial
sectors such as petrochemical, water treatment, power generation,
agriculture, fertilizers oil and gas, etc.. Most of them are driven
by induction motors, and failure to either the motor or the
centrifugal pump would result in an unscheduled shutdown
leading to loss of production and subsequently loss of revenue.
To monitor the condition of motor-pump systems, a great deal
effort has been invested in detecting and diagnosing incipient
faults in induction motors and centrifugal pumps through the
analysis of vibration, acoustic sound, acoustic emission, pressure,
flow rate and temperature. However, all of the above mentioned
methods require additional sensors to be installed on the system,
which leads to an increase in overall system cost. Furthermore, in
many cases e.g. submersible pumps it may be difficult to access
the pump to install such sensors®.

Previous studies have shown that motor current signature
analysis (MCSA) can be used for condition monitoring of
different types of machines, especially, where the use of external
sensors are difficult due to insufficient spaces and unusual
environmental conditions. Motor current and power analysis
methods have been developed to assist in the condition
monitoring of a variety of motor-driven devices. In 1988, Kliman
et al.* proposed that rotor current is sensitivity to detect a single
broken bar (and possibly a cracked bar). Casada® compared the
sensitivity of motor input power and vibration measurements to
common sources of vibration and concluded that motor-based
measurements are more sensitive to torsionally-related loading
than radial or axial vibration data. Casada proposed that the
motor can be effectively used as a transducer to aid the
understanding of both alignment and process conditions. In
contrast, the motor had not been found to be a particularly
effective transducer of mechanical unbalance or bearing fault
conditions. Casada® has also detected a pump specific operational
problem by motor current analysis and where the detection of a
partial load operation caused by strainer clogging using MCSA
was achieved. The motor can be effectively used as a transducer
to aid the understanding of both alignment and pump hydraulic
conditions. Unsworth J. Peter et al.” provided a method for
detecting pump cavitation/blockage and seal failure via motor
current signature analysis. Welch et al.® and Haynes et al.’
extended the electrical signal analysis to condition monitoring of
aircraft fuel pumps. Parasuram P. Harihara and Alexander G.
Parlos' presented a sensorless approach to detect impeller cracks
fault severity in centrifugal pumps. The impeller crack faults are
detected using only the line voltages and phase currents of the
electric motor driving the pump. The developed fault detection
scheme is insensitive to variations in electric power supply and
mechanical load. They™ also proposed a model based method
which not only can successfully detect the presence of a bearing
fault but also classify bearing degradation in the motor and/or the
pump. Fault isolation is carried out using only the line voltages
and phase currents of the electric motor driving the pump. The
developed fault isolation scheme is insensitive to variations in
electric power supply. Augusto and Fredrik’ performed the
diagnosis of a submersible centrifugal pump, proved that it is
possible to detect not only when cavitation is present but also
when it starts using the current and power signature analyses of
its motor drive as diagnostic tools.

Most of the detection schemes presented in the literature
mentioned above are based on either tracking the variation of the
characteristic fault frequency or computing the change in the
energy content of the motor current or in certain specific
frequency bands. The characteristic fault frequency depends on

the design parameters, which are not easily available. This paper
presents a new method of fault diagnosis based on MSB analysis
of motor current signals, which has been demonstrated to be
particular effect in diagnosing faults from reciprocating
compressors™. MSB herein is used to capture the deterministic
nonlinear feature of modulation components between fluid
pulsations, rotating oscillations of the driving shaft and the
impeller for reliable diagnosis.

The following content is organized as: Section 2 introduces the
theories of motor current based diagnosis. Section 3 descripts the
test system. Then, section 4 presents the signal processing results
and discussion. Finally, section 5 is the conclusion.

2. Theories of Motor Current based Diagnosis
2.1. Mathematical model of centrifugal pump

To show the feasibility of using motor current data for pump
diagnosis, a model for the torque balance of pump system can be
developed as Eq. (1)*.

Jm%:Te7T| 7T§ (1)
where T, is the active torque produced by the motor; T is the
passive/load torque created by the pump and mechanical friction
losses respectively; T, is the viscous torque;  is the motor
angular velocity; and J,, is the moment of inertia of mechanical
system. It shows that any changes of the load torque T, due to
any disturbances such as flow adjustments, external and internal
abnormalities would need a corresponding change of the motor
torque T, in order to maintain the speed to be the desired one.
Furthermore, the change of the motor torque needs to be
compensated by a consistent change of motor current because the
motor torque connects to the current as shown in Eq. (2)*.

NEL—

where the motor parameters R, L, R}, L and L, denote the
per phase stator resistance, stator leakage inductance, rotor
resistance, rotor leakage inductance and magnetizing inductance,
respectively. P denotes the number of magnetic poles of the
machine. For a given pump system these parameters are fixed.
The change in load will not influence them but will alter the
current either dynamically or statically depending on the
characteristics of load variation caused by flow characteristics.

To understand the load characteristics in the pump system, the
model of load torque due to flow effect, which is expressed by
Eq. (3)'°, needs to be examined.

do dQ;
T =2uQi ~2Q7 +ape” + Iy, =~ Ko = ©)

where Q; is the volume flow and its associated coefficients
which relates to sizes of the impeller and the hydraulic
friction due to liquid between the volute and the impeller.
Obviously, the first three terms are the static loads due to
steady flow, whereas the other two terms with time
differentiation are the dynamic loads due to unstable flow.
The dynamic loads are due to the changes in speed and flow
which are correlated by parameters of Jy, and Kq
representing the moment of inertia of the water inside the
impeller and the effects of flow changes on the impeller torque
respectively.

Eg. (3) shows that any abnormalities inside a pump such as
defects on impellers due to inventible cavitation and erosions will



COMADEM 2014

cause changes in both static torque and dynamic torque, which in
turn influence both the static portion and dynamic portion of the
current data. This means that both the static current components
and dynamic components will be useful for fault diagnosis.

Moreover, the impellers have limited number of vanes. The
flow will be modulated by each vane and exhibit impulsive
behavior, which will also be reflected to the current through the
dynamic torque terms in Eq. (3). Obviously, the change of vane
patterns due to erosions will alter the impulsive behavior.
Therefore, detecting these corresponding changes in motor
current signals will also allow the monitoring of impeller health
conditions.

2.2. MSB analysis

The static portion in current signal is the root mean squared
(RMS) value of a measured current signal at supply frequency,
which is the dominant component and easy to obtain. However,
the dynamic current components need careful handlings in order
to calculate from the measured signal because it is very small and
can be easily degraded by noise. Based the studies in [13, 17], the
current signal i including both the static and dynamic
components can be expressed as the sidebands at f- around the
dominant components at supply frequency f; by

i" = V21 cosA t - ay)
721 cos2r(fs — Te)t—ap — Agy ] 4)
+/21 Fr Cos2z(fg + fe )t =20, + ap +Apy, — 7]

where Ig , Ig =27(1- fe)fs API(Z — AZ) and

e =27(1+ f) f, Ap/(Z +AZ) denote the RMS values of current
components at supply frequency, lower sideband and high
sideband respectively, and the phase terms: a,, o and Ag, are
the initial phase of magnetic flux, fault and change of impedances
respectively. It will be shown that an adequate connection
between the phase terms in Eq. (4) will make the signal segment
independent of different measurement realizations for an
effective average process. The average process is critical in
extracting the effect of sideband components, because they are
small in amplitudes and contaminated with different noises such
as that from measurement systems, electrical control systems and
disturbances of randomness in fluid flow and mechanical
interacts.

As shown in [13, 17] the small sideband in current signal can
be better estimated by MSB analysis. The bispectrum, Fourier
transform of the third-order cumulant, is a statistic used to
suppress Gaussian noise or detect nonlinear interactions.
However, conventional bispectrum is not adequate to describe
modulation signals like Eq. (4). To overcome this disadvantage, a
MSB was proposed in [18, 19]. In this method, the constant
phase between the two sidebands of modulated signal is
considered in the form of Eq. (5):

Bus (f1, 12) = E(X(f, + f)X(f, = ()X ()X (1)) (5)

where X(f)is the Discrete Fourier transform(DFT) of current
signal x(t); f, is the frequency of carrier signal and f, is of
modulated signal; X(f,) is Fourier transform of the carrier and
X" (f,) is conjugate of X(f,). The magnitude and phase of MSB
can be expressed as Eq. (6) and (7).

Aus (11, 12) = [E(X (£ + DX (5, = X" (10X (1))| (6)

Pus (f1, f2) =(fo + f1) +(f, - f1)‘|¢(f2)l—|¢(f2)l )

Based on Eq. (7), the phase combination of Eq. (4) will be
dus (F1, F2) =A@z — Ay — 7 (8)

It means that the phase of MSB will be constant. The statistical
average E( ) of complex value DFT results can be carried out
between different signal segments.

Eq. (5) takes into account both (f,—f) and (f,+f;)
simultaneously in Eq. (4) for measuring the nonlinear effects of
modulation signals. If (f,—f,) and (f,+ f;) are both due to the
nonlinear effect between (f,—f;) and (f,+f;), there will be a
bispectral peak at bifrequency Bys (i, f,) . On the other hand,
if these components are not coupled but have random
distribution, the magnitude of MSB will be close to nil. In this
way, it allows the wideband noise in signals to be suppressed
effectively, so that the phase coupling components can be
obtained more accurately.

To measure the degree of coupling between three components,
a MSB bicoherence can be used and calculated by Eq. (9)"".

|Buis (f1, fzxz

E<|X(fz)x(f2]2>E<|X(f2 — fl)x(fz + f1]2> (9)

birs (1, )=

3. Test system

Figure 1 shows a photo of the test rig used in this study. With
the layout of flow circuitry, the centrifugal pump can deliver 250
I/min of water under a pressure of 10 bar when the driving motor
operates at a rated speed of 2900 rpm. As shown in Figure 1, the
discharge flow can be adjusted by the discharge control valve to
test the pump under different heads and flow rates, allowing its
characteristics to be examined over its full operating range.

The experiment was carried out based on a same pump casing
but with three different impellers. The first impeller is a healthy
one, whereas the second and third have inlet tip defect and exit
tip defect, respectively. As illustrated in Figure 2, the fault of
inlet defects was induced to the second impeller by removing a
small portion of vane tips on the edge close to the inlet. In the
same way the exit fault was created on vane edges of the exit
side. These faults are typical erosion modes reported in previous
studies. To make it clear, the defect positions on impeller are
shown as the black areas in Figure 3.

N il ¢
= B

Pty * Discharge

]
Figure 1 Photo of the pump test rig
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Figure 2 Photo of the healthy and faulty impellers

During tests, current signal from motor was collected using a
high speed data acquisition system operating at a 96 kHz
sampling rate and 24-bit data resolution. Each impeller was
installed into the casing in turn and tested at six successive flow
rates: 100, 150, 200, 250, 300, and 350 (I/min). In addition, each
test was repeated three times for obtaining consistent datasets and
reliable comparisons. These multiple test datasets and operating
settings will help to understand the current characteristics in Eq.
(3) and develop reliable diagnostic features.

Exit tip fault

Inlet tip fault

Figure 3 Schematic diagram of impeller defects
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Figure 4 The change of pump performance

Figure 4 shows the main performance curves for three cases. It
can be seen that the inlet tip fault degrades the performance,
which is expected. Surprisingly, the exit tip fault has led to an
increase of the performance. It can be understood that the original
design may not be optimal and revision of the vane tip may
improve the main performance of the pump, though this change
may not make the efficiency optimal. Nevertheless, these two
faults have changed the optimal operation. It is expected that
these changes can be diagnosed from current signals measured
from the power supply station which is remote to the pump and
motor.

4. Results and discussion
4.1. Characteristics of current signal spectrum

The measured signal was firstly processed by conventional
spectrum analysis. From the spectrum shown in Figure 5, it has
been found that in addition to the component at f; =50Hz, the
signal contains a string of harmonic components such as at 3f,,
5fs and so on, which are due to the electrical supply and motor
operation and less correlated with pump operation.

To explore the sidebands of vane-passing frequency, the
spectrum is magnified in the low frequency range as shown in
Figure 5(b). However, the sidebands and their possible changes
with tested cases cannot be undoubtedly observed because of the
high level of noise and other components close to f,, + f.

In addition, these sidebands may be suppressed due to the
effect of the heavy damping of the fluid which is shown in Eq.
(1) as the dynamic viscosity torque. Moreover, the frequency
difference between f,, and f is large, which will also lead to an
additional decreased amplitude due to the effect of impedance
change in the motor circuitry as indicated in Eq. (2).

Besides, in the high frequency range, a number of spectral
peaks associated with the rotational speed exhibit noticeable
changes. As shown Figure 5(c), the sidebands at the bar-passing
frequency f,, show distinctive peaks and their frequency values
changes significantly with the fault cases. However, these
sidebands are arisen from the interaction between stator magnetic
fields and rotor fields, which are less correlated with the
dynamics of the rotor caused by the flow impulsions. Therefore,
the change of the amplitude may not be an effective feature for
the impulsion. Nevertheless, because these peaks are very
distinctive, they will be based on for the estimation of vane-
passing frequency by

fvp = fbp /Nbar - fs (10)
when the conventional spectrum is used and
fvp = fbp /Nbar (11)

when MSB is used. It is obvious that the MSB based results will
be more reliable as it does not include the possible error due to
the estimation of f; using conventional spectrum.

On the other hand, the frequency location of the sideband will
be sensitive to the static torque and hence the static flow. As the
torque increases the frequency will decrease due to the increase
in motor slip under high motor loads. Therefore, in addition to
the static current I, in Eq. (4), the value of f,, can also be a
useful indicator to show the change of static load due to a
defective impeller.
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(a) Current Signal Spectrum for 254I/min
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Figure 5 Conventional spectrum of current signal

4.2. Characteristics of current signal MSB

To characterize the sidebands at both f,, and fy,, the MSB
expressed in Eq. (4) is applied to current signals to obtain their
MSB results in a frequency region specified by frequency ranges
of f-1<f,<f;+1Hz and 0<f <fy, +10 Hz respectively, of
which the carrier frequency covers f, the possible changes of
supply frequency due to instability of the speed controllers.
During the calculation, an average of 60 times was achieved
based on the length of data records and a Hanning data window
was applied to the data segment for suppressing the sidelobes in
DFT calculation.

(a) MSB at 340U/min.
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Figure 6 MSB results around f,,, at fs for different flow rates

Fig. 6 shows typical results of the MSB analysis, which is the
maximum slice of the carrier frequencies calculated. As shown in
the figure, the peaks at f,, are visible and exhibit difference
between the tested defect cases. This shows that MSB effectively
suppresses the noise in the frequency range of interest. Therefore,
it is possible to use this dynamic feature for diagnosing the faults.

4.3. Diagnostic Results

Based on above analysis, three relevant parameters: current
amplitude of 1, at f;, frequency value of f,, and sideband

amplitude at f,, are extracted from the MSB results. Figure 7
shows the connection of these parameters to different flow rates.
It can be seen that the first two parameters are closely correlated
with flow rates. In particular, as the flow increases, the current
amplitudes increase correspondingly, showing that more power is
required to deliver the high flow. On the other hand, the
frequency values exhibit an opposite connection to the flow
because of the large slips under high motor loads. As these two
parameters are more correlated with the static loads, they are
regarded as static parameters.

Moreover, both the current and the frequency values show
clear differences from the baseline and between the defective
cases. Therefore, it is possible to use either of them to make the
difference between the cases for all the low rates, provided the
flow parameters can be available.

(a) Static Current vs. Flow Rate
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Figure 7 Diagnostic parameters versus flow rate

On the other side, the sideband amplitudes show an increase
trend with flow for the baseline case. It indicates that there are
more flow pulsations at high flow rates, which agrees with that
predicted by the model. However, the defects in both the exit tips
and the inlet tips cause a decrease of the sideband. This is also
understandable as the defects will reduce the interaction between
the flow streams and impeller vanes. Thus, this decrease can be
based on to detect the defects but not make difference between
them. In addition, the sideband is also unable to make differences
for the low flow rates due to the inherent low pulsations induced
by the interactions between vane and fluid, which also exhibit
further low pulsations under the defective cases and hence
difficult to detect.

Obviously, the results are obtained in association with the
flow measurements, which is intrusive and difficult to obtain. To
show the results based on current measurements only, these three
parameters are presented collaboratively as shown in Figure 8. It
can be seen in the figure, it is possible to use only current
parameters to make differences between the defective cases. For
the two static parameters shown in Figure 8(a), a nonlinear
classifier such as support vector machine or relevant vector
machine may be used to separate the faults from the baseline in
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the high flow ranges close to the rated flow condition which are
scenarios in which most pumps operation practically. For the
combination of static and dynamic based diagnosis as shown in
Figure 8(b), a linear threshold can be used to separate the cases in
the high flow range.

(a) Diagnosis based on Current RMS and Sideband Frequency
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Figure 8 Diagnostic results based on static and dynamic parameters

5. Conclusion

Based on this study it can be concluded that the faults on the
impellers of centrifugal pumps can be diagnosed using motor
current signals measured remotely. Although the current signal
correlates with pump operations in a complicated nonlinear way,
it can be examined into static effect and dynamic effect. Both of
these effects can be observed in the signals when the impeller is
defective. However, the dynamic effect shows very small
sidebands at the vane-passing frequency in the spectrum and
easily contaminated with noise. Therefore, MSB analysis is
applied to extract it. In addition, because of the noise suppression
capability, the two dynamic effects: the change of current
amplitudes at supply frequency and bar-passing frequency can be
estimated more accurately through MSB analysis. Experimental
results show that using these three feature parameters, the two
types of defective tips on impellers can be diagnosed in the high
flow range around the rated flow condition.
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