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Abstract: Among the total energy consumption by utilities, pumping systems contribute 30%. It is
evident that a tremendous energy saving potential is achievable by improving the energy efficiency
and reducing faults in the pumping system. Thus, optimal operation of centrifugal pumps throughout
the operating region is desired for improved energy efficiency and extended lifetime of the pumping
system. The major harmful operations in centrifugal pumps include cavitation and water hammering.
The pump faults are simulated in a real-time experimental setup and the operating point of the
pump is estimated correspondingly. In this article, the experimental power quality and vibration
measurements of cascade pumps during cavitation and water hammering is recorded for different
operating conditions. The results are compared with the normal operating conditions of the pumping
system for fault prediction and parameter estimation in a cascade water pumping system. Moreover,
the Fast Fourier Transform (FFT) analysis comparison of normal and water hammering (faulty
condition) highlights the frequency response of the pumping system. Also, the various power quality
issues, i.e., voltage, current, total harmonic distortion, power factor, and active, reactive, and apparent
power for a cascade multipump control is discussed in this article. The vibration, FFT, and various
power quality measurements serve as input data for the classification of faulty pump operating
condition in contrast with the normal operation of pumping system.

Keywords: improving energy efficiency; centrifugal pumps; fault prediction; parameter estimation;
preferable operating region; variable frequency drives

1. Introduction

Energy remains the fundamental requirement for the industrial and residential sectors [1]. Global
energy consumption is expected to have an alarming growth by 2030, shown in Figure 1. Among them,
the pumping system (especially centrifugal pumps) contributes the major electric loads installed around
the globe, contributing ~22% [2]. This is due to the huge availability of energy savings opportunities and
various research outcomes suggested for increasing energy efficient pumping system [3]. A review of
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various energy efficient enhancement centrifugal pumping systems concludes the maximum savings
of approximately 5% to 50% can be achieved. This expectation can be made possible by introducing
variable frequency drives with proper control methods [4].

Due to the inevitable usage of pumps [5], the supervision on the reliability and fault occurrence
of the pumping system is highly significant. The major components of a pumping system consist of a
pumping liquid, pump unit, piping, suction, and the delivery setup. The major faults include cavitation
and water hammering caused due to the inefficient operation of pumps and piping arrangements in a
pumping system. The commercial and industrial loads insist enhancement of energy efficiency [6,7] that
leads to the drastically increased usage of Variable Frequency Drives (VFDs) for pumping applications.
It reduces the energy consumption along with the regulation of variable flow rate demand of the
pumping system [8,9]. Conversely, current/voltage harmonic distortions are generated by installing
such nonlinear loads (VFDs).

VFDs are preferred for centrifugal pumps to enhance energy efficiency and reduce the occurrence
of faults. Fault diagnosis at an early stage is identified by using vibration-based investigation
methods [10,11]. The transient impulse of the motor bearings and rotor faults are diagnosed using
wavelet transform (WT) techniques [12]. The signal-based techniques exhibit better performance
than the model-based techniques for estimating faults [13,14]. Advanced learning techniques involve
developing algorithms that enable the drives to learn, classify between the given categories [15,16],
and predict the future states [17,18]. Detection of pump faults like cavitation can be performed by
using pump acoustics [5]. The nature of individual power quality parameters varies with the change
in pressure, the severity of fault, and the region of operation [19–21]. The existing fault detection
techniques involve the usage of pump parameters like flow rate and pressure to determine the
occurrence of pump cavitation and water hammering; this requires additional sensors. To overcome
the shortcomings of the currently available research, the experimental investigation of power quality
parameters was proposed to estimate the cavitation and water hammering in a centrifugal pumping
system. The change in such power quality parameters, vibration details of normal operation, and
simulated fault conditions are recorded as the testing inputs for validating the performance of the study.

In this research, the effectiveness of the fault identification is performed through experimental
power quality measurements in a parallel pumping system. Estimating pump defects at an early
stage will help perform suitable primitive measures and significantly increase the life of the system.
The cascade setup is subjected to various pressure set points, the delivery valve is maintained in a
partially closed position, and the response is observed for various set pressure values. The power
quality variations are voltage, current, respective Total Harmonic Distortion (THDs), power, power
factor, and energy. The power quality variations were observed and recorded for the equidistant set
pressure values. Also, the best operating region, in terms of energy efficiency, is suggested using the
power quality results. The vibration signal and power quality measurement from the pump is used to
estimate and classify faults automatically. The training data is obtained by varying the pressure from
0.1 to 0.5 bar. Also, the cascade pumping system is experimented and validated, in terms of power
quality and the efficiency for set pressure, with using observed results.

The article is organized as follows. Firstly, in Section 2, the industrial cascade pumping
experimental setup and modeling equations and curves are discussed. In Section 3, the power quality
and pump vibration results are presented for a cascade pumping system during normal and abnormal
conditions for fault identifications in the cascade pumping system. In Section 4, the experimental
vibration, FFT, and power quality signatures are highlighted for cavitation and water hammering.
Moreover, the results portraits the significant variation in the power quality and vibration parameters
for normal and abnormal pump operating region. It is followed by the conclusion in Section 5.
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2. The Cascade Pumping System

Cascade pumping comprises a system with more than one pump that is turned ON/OFF in
sequential order to achieve the process set value. In the cascade pumping arrangement, at least
one pump is controlled through VFD; whereas other pumps are switched ON through relays with
a command from VFDs. The flow rate is the process variable in most of the pumping system.
Conventionally, the desired flow rate is achieved by throttling the control valve that shifts the system
curve towards left/right over the pump performance curve. Whereas when VFDs are used to change
the speed of the motor–pump setup, and the pump performance curves shift along the vertical axis,
causing the change in operating point leading to performance variation. Thus, head and the flow rate
developed by the pump vary in both the cases. The energy consumed in the latter is comparatively
less and the life of the pumping system also increases considerably.

Figure 1. Energy demand statistics from 1980 to 2030 [5].

2.1. System Description

The experimental setup of the research consists of three pumps, controlled through VFD and
relays as shown in Figure 2. The lead motor–pump unit is connected through VFD and it is referred to
as pump 1. The cascade parallel pumping setup is connected to three-phase power source supplying
415 volts at 50 Hz frequency. Figure 2b shows the simplified electrical layout and the laboratory
prototype designed for the power quality measurements. To analyze and record the power quality
values of a cascade pumping setup, measurements were taken at the point of common coupling (PCC)
using a power quality instrument (PQ Box-200). The PQ Box-200 is a class-A instrument is capable of
monitoring and recording three-phase power quantities and computing until the 50th harmonic order.
The experiment is conducted by varying the pressure set points from 0.1 bar to 0.5 bar, with the valve
in open condition. All power quality measurements on the experimental setup were taken at nominal
room temperature. The design specification of the experimental setup tested is given in Table 1.

Table 1. Cascade pumping system setup specification.

Parameters Values Parameters Values

Rated Power 0.46 kW Voltage 415 V
Rated Speed 2887 RPM Frequency 50 Hz

Flow rate 3.1 m3/h Phase 3 Phase
Head 2.02 bars VFD Power 2.2 kW
VFD Danfoss (FC202) Grundfos Pump CM3-5ARAV
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Figure 2. Multipump cascade control. (a) Experimental setup—parallel centrifugal pumping system.
(b) Experimental setup—single line layout.

2.2. Pumping System Modeling

The relation between the head developed and the flow rate at specific speed is given by the pump
performance curve, as shown in Figure 3. It is the amount of pressure that a pump can develop at
given speed, with the change in flow rate. For the given speed, the pump manufacturer also provides
efficiency and power drawn for various flow rates in the performance curve [22]. The resistance
offered due to the pipes, bends, and valves in a pumping system is expressed as a system curve
that incorporates both static and frictional losses. In the case of the closed hydraulic system, only
a frictional head is present; the open-loop hydraulic system has both static and frictional heads.
The intersection point between the pump performance curve and the system curve is the operating
point of the pumping system. It determines the output head (H) and flow rate (Q) developed by the
pumping system. The head developed by the centrifugal pump at the delivery side is given by

H =
∆p
ρg

=
po − pi

ρg
(1)

The system curve represents the relation between the water pumped for the head to overcome
and the flow rate developed in the pumping system. The static and dynamic head together are known
as the system head, and are shown in Equation (2) [23].

Hsys = Hst + Hdyn (2)

Hst = const, Hdyn = k · Q2 (3)

If the hydraulic system transfers the liquid from suction to the delivery, then it is called an
open-loop system. In open-loop pumping systems, the dynamic head is a function of the flow rate,
and the static head remains unchanged (as in Equation (3)). The static head is zero for a closed loop
pumping system [24] (as in Equation (4)).

Hsys = Hdyn, ∵ Hst = 0 (4)
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Affinity laws exhibited by centrifugal pumps state the relation between the pump parameters
like rate of flow, head developed, and power drawn with respect to change in rotational speed (see
Equation (5)).

Q1

Q2
=

N1

N2
,

H1

H2
=

(
N1

N2

)2
,

P1

P2
=

(
N1

N2

)3
(5)

where suffixes 1 and 2 represent previous values and estimated values, respectively. The pump
performance curve has the QH curve of individual pumps with the system curve. Also, the resultant
QH curve of the three pumps provides the maximum operating range of the pumping system, as shown
in Figure 4. The system operating point is obtained from the intersection of the resultant pump curve
and the system curve. From the system operating point, an individual pump’s flow rate and head
developed values can be attained. The system curve and the QH curve of the fixed speed pumps
remain unchanged for different set pressures. As pump 1 is operated through VFD, the QH curve
varies with the change in operating speed of the pump. Thus, the pump operating point can be
estimated from the pump performance curves.

Figure 3. (a) Performance curve of centrifugal pumps. (b) Affinity laws in centrifugal pumps.

Figure 4. Parallel centrifugal pumps—QH performance curve.

3. Experimental Test with Cascaded Industrial Variable Frequency Drives Pumping System

The experimental results of motor parameters for the pressure set points of 0.1, 0.3, and 0.5 bar
were recorded through the hardware interfacing platform (dSPACE and MCT 10), as shown in Figure 5.
Significant motor control parameters like speed, motor current, set reference, voltage, frequency, power
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drawn, and feedback (actual pressure) were monitored and recorded. From the waveform, variable
speed pump (pump 1) is initiated at the beginning of the process. Since pump 1 alone is unable to
deliver the required set pressure (0.3 bar), an additional pump (pump 2) is staged on to run at the
rated speed. However, pump 1 starts from the minimum speed limit, and accelerates gradually to
reach the pressure set point.

Figure 5. (a) Experimental setup—dSPACE and Variable Frequency Drive (VFD) setup. (b) Block
diagram of the experimental setup.

The valve positions can be kept either at fully or partially open condition. In the study, the
valve position is maintained in the partially opened condition, and the rated voltage is applied across
the point of common coupling (PCC). The experimentation is performed by taking five equidistant
pressure set points: 0.1, 0.2, 0.3, 0.4, and 0.5 bar. The pressure gauge reading is monitored by the
internal cascade control algorithm as it tries to reach the pressure set point. It is accomplished by
varying the speed of the pump 1 and turning ON/OFF pump 2 and pump 3. For waveform analysis
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purpose three pressure levels—0.1, 0.3, and 0.5 bar—are considered. The operational state (ON/OFF)
of the motor–pump is defined in Table 2. Pump 1 alone operates at a lower pressure set point of 0.1 bar,
and pumps are added into operation when the pressure set point increases.

Table 2. Pump-switching states in cascade pump control.

Set Pressure Pump 1 (VFD) Pump 2 (DOL) Pump 3 (DOL)

0.1 Bars X • •
0.3 Bars X X •
0.5 Bars X X X

X Pump ON; • Pump OFF.

When the available net positive suction head value (NPSHA) is lower than the required net
positive suction head value (NPSHR) the centrifugal pump exhibits cavitation. The NPSHR was
provided by the pump manufacturer, and the NPSHA is calculated from pump system parameters
like friction loss, atmospheric pressure, and static head. The water hammering occurs whenever there
is a sudden increase in pressure change, i.e., sudden closure/opening of valves that causes severe
damage to the pipes. To realize water hammering in the real-time experimental setup, electric valve
actuators in the delivery side were used. These electronic controlled valves have a much smaller time
constant for the sudden closure of the valve and opening at the same to induce water hammering
in the pumping system. In this research we have not considered the fault condition with both water
hammering and cavitation at the same instant, and the vibration measurement details are provided to
confirm that the pump and piping systems are operated safely when realizing water hammering.

4. Experimental Power Quality Signatures

The effectiveness of the proposed methodology is calibrated by testing a practical industrial
pumping setup with variable speed drives. The results and inference obtained for various operating
pressure are plotted for estimating the pumping parameters. Power quality is the capability of electrical
equipment to operate in the preferred region without influencing the operation of adjacent equipment
connected to the common electrical bus. As the pumps in industry are put into service, the variations
in loading/demand cause voltage fluctuations. Hence, for various pressure values (0.1, 0.3, and 0.5 bar)
the instantaneous measure of three-phase voltage and current has been observed through WinPQ
software (PQBox-200), as shown in Figure 6. The power drawn by the pump driven by VFD is at its
maximum when it is operated at a low-pressure set point (say 0.1 bar). When other pumps are staged
at higher set pressure (for 0.3 bar) the contribution due to variable speed pump (pump 1) is lower.
The contribution of pump 1 still reduces when the pressure set point is further increased to a higher
value, i.e., 0.5 bar (see Table 3).

Table 3. Power drawn (W) for various set pressure.

Set Pressure Pumps ON P1 P2 P3 Total (Watts)

0.1 Bars P1 100 - - 100

0.3 Bars
P1 180 - - 180

P1+P2 60 170 - 330

0.5 Bars
P1 160 - - 160

P1+P2 80 180 - 360
P1+P2+P3 50 180 170 400

When the primary VFD-operated pump is not sufficient to produce the required set pressure
additional pumps are turned ON, with the VFD-controlled pump put back to its minimum operating
speed. During such a transition of pumps, the steady-state voltage value remains unchanged. The total
current drawn by the cascade pump setup experiences a spike for a momentary period when the
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additional pumps are added. The power factor during steady-state conditions reduces when the
pressure reference increases from 0.1 bars to 0.5 bar. As the load on the pump increases when the
pressure is set to 0.5 bar from 0.1 bar, the energy consumed and power drawn also increase. The power
drawn during full load capacity fluctuates less when compared with the power drawn at a pressure
at 0.1 bar. The steady-state current THD in Table 4 is found to be reducing desirably as the pressure
reference increases. For the pressure set values of 0.1 bar, 0.3 bar, and 0.5 bar the current THDs attained
are in the range of 100, 25 to 30, and 10 to 20 percent, respectively. The shape of the current drawn in
Figure 6 becomes sinusoidal from nonsinusoidal as the loading of the pumping setup is approached
towards its maximum capacity. Thus, when the pumping setup is operated near to its full load capacity,
the current THD reduces.

Figure 6. Experimental power quality results (instantaneous voltage and current) for set pressures of
0.1, 0.3, and 0.5 Bar.
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The harmonic spectrum obtained through experimentation shows that the mentioned harmonic
orders are having higher magnitudes. Among them, the 5th harmonic remains dominant, as shown
in Figure 7. The harmonic orders for the six pulse VFDs (Diode Bridge) are expressed through
Equation (6).

nv = kp ± 1 = k6 ± 1
nv = 5, 7, 11, 13, 17, 19, . . . , where p = 6

(6)

Figure 7. Active power, source current, individual harmonics, and THDi for the set pressure of 0.5 bar.
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The vibration meter (VIB-15) was mounted on the pump impeller casing to acquire the vibration
details (i.e., acceleration, velocity, and displacement) of the centrifugal pump. The sensitivity of
acceleration, velocity, and displacement for the vibration meter is 0.1 g, 0.2 mm/s, and 10 microns,
respectively. The input signals are recorded through a 24-bit analog input channel at a sampling rate of
70 kHz. An FFT analysis of the acceleration signal was performed to attain the time–frequency pattern.
The study is performed for various operating points with normal and faulty conditions as shown in
Table 5. The vibration and FFT signal of the normal defect-free pump and water hammering is noisy
when compared with the normal defect-free pump, as shown in Figure 8.

Table 4. Experimental results of ITHD (%) versus set pressure.

Set Pressure Pumps ON P1 P2 P3 Total (Watts)

0.1 Bars P1 104 - - 104

0.3 Bars
P1 92 - - 92

P1+P2 25 5 - 30

0.5 Bars
P1 96 - - 96

P1+P2 25 5 - 30
P1+P2+P3 6 5 5 16

Table 5. Vibration meter results.

Parameters Normal Condition Cavitation Water Hammering

Acceleration (g) 0.05 0.07 1.1
Velocity (mm/s) 0.3 0.5 1.2

Displacement (µm) 4 5 40

Figure 8. Vibration measurement and FFT analysis: (a) Normal Condition and (b) water Hammering.

Various power quality parameters measured for the pressure setpoint of 0.5 bars under normal
defect-free condition were recorded as shown in Figure 7. The measurements are repeated 10 times
and the average value is taken to ensure recording accuracy. The error tolerance and uncertainty of
fault detection are restricted to 5%. The faults are simulated in the real-time pumping setup, and the
test data (voltages, currents, pressure, flow rate, and speed) is obtained for different pressure set points.
The Root Mean Square (RMS) voltage and current, power drawn, voltage THD, current THD, rotational
speed, pressure developed, and flow rate for normal and faulty cases have been recorded. The power
signatures for cavitation condition at input side of the drive (Element 1, Element 2, and Element 3) and
input of the pump–motor set (Element 4, Element 5, and Element 6) are shown in Figure 9. Similarly,
the power signature for water hammering condition is shown in Figure 10. The classification/grouping
of test data can be performed among the classes that have various attributes and a target function.
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Figure 9. Power signature for cavitation condition.

Figure 10. Power signature for water hammering condition.
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The outline of all the measured power quality readings (minimum, average, and maximum
values) for the different pressure set points are provided in Table 6. The seven significant power quality
parameters considered for the analysis includes voltage, current, kW, kVar, power factor, voltage, and
current THD. The voltage range across the PCC varies from 406 V to 410 V, where voltage deviation
from the nominal value is less for higher pressure set points. The voltage drops gradually when the
pressure set point is significantly less compared to the rated capacity of the cascade pumping setup.
When loading of the pumping setup increases (from 0.1 bar to 0.5 bar), the power drawn by the system
increases gradually. Whereas, the power factor of the system is better for the lesser loading conditions
(i.e., 0.1 bar) when compared with the rated capacity of the setup.

Table 6. Power quality test data and parameters.

Faults (Target Value) No-Fault Cavitation Water Hammering

Voltage (V) 410 411.0 407.57 406.22 402.37 403.12
Current (I) 2.13 2.45 3.74 3.83 0.84 0.82

Power Drawn (kW) 0.29 0.31 0.42 0.41 0.12 0.11
Voltage THD (%) 0.90 0.86 2.01 2.10 0.81 0.70
Current THD (%) 61.44 59.77 108.70 108.70 72.70 81.40

Pump speed (rpm) 2883 2904 2450 2530 2750 2742
Differential Pressure (m) 106.4 110.2 92.2 93.7 135.3 129.1

Flow rate (m3/h) 1.5 1.42 2.23 2.17 0.92 1.10

5. Conclusions

The article discusses the real-time simulation of harmful pump operations (i.e., cavitation and
water hammering) of centrifugal pumping systems and compares them with the normal operating
conditions. Furthermore, the classification of faults and prediction of preferable pump operating
points in a pumping system was performed from the experimental power quality measurements.
An industrial parallel pumping system was considered for experimental validation, and the unique
power quality signatures obtained for water hammering and cavitation enabled the classification of
faults from the normal operating condition. The classification of faults based on the power quality
pattern can be applied to the centrifugal pump-based pumping systems. The vibration parameters
(such as acceleration, velocity, and displacement) show a significant difference to classify normal pump
operation from the faulty conditions.

The extensive experimental study on cascade pumping system reveals that the preferable
operating region enhances reliability as well as reducing the occurrence of faults. Further, this article
serves as a reference for insight power quality issues in VFD pumping systems and paves the way for
sensorless control. Also, the unique power quality signatures obtained from the experimental study
could be used for machine-based fault classifications in future works.

Author Contributions: All authors were involved in developing the concept to make the article an error-free
technical outcome for the set investigation work.

Funding: No funding was received for this research work.

Acknowledgments: The authors would like to acknowledge the support and technical expertise received from
the Renewable Energy Lab, Prince Sultan University, Saudi Arabia and the center for Bioenergy and Green
Engineering, Department of Energy Technology, Aalborg University, Esbjerg, Denmark. Also, thanks are given
to the Center of Reliable Power Electronics (CORPE) for providing additional technical support that made this
publication possible.

Conflicts of Interest: The authors declare no conflicts of interest.



Energies 2019, 12, 1351 13 of 14

Nomenclature

Q Flow rate (m3/h)
P Power input (W)
G Gravitational constant
H Pump head (m)
N Rotational speed of pump (rpm)
F Motor frequency (Hz)
K Dynamic head coefficient
T Time (s)
V Volume of liquid (m3)
D Pump impeller diameter (mm)
a,b Experimental coefficients
VFD Variable frequency drive
VSD Variable speed drive
∆p Differential pressure
p Pump
v VFD
sys. Pumping system
m Motor
h Hydraulic
t Total value
S Specific energy
st Static
dyn Dynamic
in Input to VFD
in,t Total input to multiple VFDs
j Number of pumps connected parallel
o Outlet pressure
i Inlet pressure
η Efficiency (%)
ρ Density of the liquid (Kg/m3)
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