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Abstract: Water distribution systems (WDSs) deliver water from sources to consumers. These
systems are made of hydraulic elements such as reservoirs, tanks, pipes, valves, and pumps. A pump
is characterized by curves which define the relationship of the pump’s head gain and efficiency
with its flow. For a new pump, the curves are provided by the manufacturer. However, due to its
operating history, the performance of a pump deteriorates, and its curves decline at an estimated
rate of about 1% per year. Pump curves are key elements for planning and management of WDSs
and for monitoring system efficiency, to determine when a pump should be rehabilitated or replaced.
In practice, determining pump curves is done by field tests, which are conducted every few years.
This leaves the pump’s performance unmonitored for long time periods. Moreover, these tests often
cover only a small range of the curves. This study demonstrates that in the era of IoT and big data,
the data collected by Supervisory Control And Data Acquisition (SCADA) systems can be used to
continuously monitor pumps’ performance and derive updated pump characteristic curves. We
present and demonstrate a practical methodology to estimate fixed and variable speed pump curves
in pumping stations. The proposed method can estimate individual pump curves even when the
measurements are given only for the pumping station as a whole (i.e., total flow, pumping station
head gain). The methodology is demonstrated in a real-world case study of a pumping station in
southern Israel.

Keywords: pump curves; water distribution systems modeling; pump monitoring by SCADA

1. Introduction

The flow of water requires energy. In nature, rivers flow from the mountains to the
sea due to gravitational energy. Similarly, in some water distribution systems (WDSs), the
flow of water in pipes is also governed by gravity. However, to supply water to higher
areas and to overcome the energy losses in the water delivery system, additional energy
must be added. This is the role of pumps, which convert electrical power to mechanical
power, and then into hydraulic energy (head). Energy consumption for pumping water in
distribution systems constitutes an important element of the overall energy budget. For
example, the energy consumed for treating and pumping of water and wastewater in the
United States in 2010 was estimated to be 4% of the total energy consumption [1,2]. In a
survey conducted by Lam et al. [3], it was found that the energy used for water provision
in 30 cities over 15 years, is up to 1 kWh per m3 which amounts to an average annual
per-capita energy use of 100 kWh. Pump performance and efficiency deteriorate over
time [4]. It has been estimated that the energy use of a potable water pump will increase
by about one percent per year [5]. The reasons and rates of performance degradation over
time have been analyzed by Eaton et al. [6]. They conclude that the head at constant flow
declines in a non-linear fashion, reaching 1% after two years of service, and growing to
10% after 9 years of service. They recommend that pump performance should be tracked
over time but also point to the practical difficulties of doing this under field conditions.
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Thus, monitoring the performance and condition of pumps is important. The opera-
tion of a pump is described by its characteristic curves that show the pump’s head gain,
power, and efficiency over a range of flow rates. For new pumps, these curves are supplied,
together with the pump, by the pump’s manufacturer. For pumps already installed and
in operation, it is customary to perform field tests to evaluate their current performance
curves [7]. For example, Israeli regulations require that a certified pump test should be
performed once every 30 months or after 7500 h of operation (whichever comes later) [8].
According to these regulations, it is not permitted to operate a pump with an efficiency of
less than 65%, or a well pump with an efficiency of less than 55%. The pump curves are
used for monitoring its performance as well as a central component in hydraulic models
of WDSs. These models are used for design, operation, and monitoring tasks in WDSs,
including: pipes’ sizing and expansion [9,10], network calibration [11], detecting cyber-
attacks [12], optimizing pumps operation [13,14], water quality modelling [15,16], sensor
placement [17], minimizing greenhouse gas emissions [18], and analysis of water hammer
effects [19].

Obtaining the pump curve by a pump test is a simple procedure for a fixed speed
pump (FSP) as the pump can be tested at a few operational points (flows and head),
with different suction and/or discharge pressures. By utilizing flow, pressure and power
measurements, the curves can be constructed. On the other hand, variable speed pumps
(VSP) are used to maintain a desired flow or pressure. Therefore, it is not feasible to test
the pump across its range of speeds, so they are usually tested at a single speed, which is
its nominal (i.e., maximum) speed. VSPs are common because they provide a number of
advantages [20] including: (a) the pump flow can change gradually and give the upstream
process (e.g., treatment plant) time to adjust; (b) no water storage is required on the demand
side, as the pump can adjust to changing demands while maintaining the required pressure
in the demand zone; (c) the flow can be changed gradually to reduce water hammer, and
(d) motor life can be extended since fewer starts and stops are needed [21].

On the other hand, Gottliebson et al. [20] argue that VSPs also have disadvantages
compared to FSPs: (a) they are more expensive in both installation and maintenance; (b)
they may be less efficient; (c) controlling a VSP is more complex, and (d) a VSP may not
be suitable for flat H-Q system curves as high efficiency is difficult to maintain over the
entire flow range. In spite of these disadvantages, VSPs are most popular in systems in
which no water storage is available, and where there is a need to regulate the flow using a
demand-following mechanism.

With the VSPs gaining popularity in practice, they have been modelled in most
simulation software, such as EPANET [22], and their modelling and simulation continue to
be an active research topic [23–26]. Many studies of VSPs address the operation of WDSs
and optimization of pumps scheduling [27–31]. In a recent review, Wu et al. [32] report
improved system efficiency due to the use of VSPs, as well as other benefits of increased
levels of flexibility in controlling WDSs in real time. Lima at al. [33] suggested the use of
VSPs as a tool to recover energy and reduce leakage in WDSs. Wu et al. [34] incorporated
VSPs in the design stage of water networks and transmission lines. Huo et al. [35] explored
the option of using VSPs in deep injection well systems. All these studies assumed a fully
known pump curves for their VSPs. Thus, as the effort in VPSs modelling and simulation
grows, the need for accurate representation of the VPS curves increases.

Although not explicitly mentioned in most published research, the performance of
pumps, including VSPs, may be evaluated from the abundance of historical records which
is often available in WDSs that have Supervisory Control And Data Accusation (SCADA)
systems [5,36]. To produce the FSP’s curves, one needs the flow, suction and discharge
pressures (in fact only the difference is needed), and power readings for the pump. For
a VSP the speed readings (or the motor frequency) are also required. Due to budget
restrictions, many water utilities do not install all the required sensors in their pumping
stations. In some cases, flow meters are not installed for each individual pump and only a
single flow measurement is available for the entire pumping station. In other cases, the
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individual pump’s speed is not recorded. Power measurements are missing in many cases
for the individual pumps and, if at all, are available only for the entire station. Facing these
problems in real systems motivates the development of a methodology for deriving pump
curves under limited data availability.

The methodology presented in this study is designed to produce the pump’s curves
when some of the data are missing. The implementation is demonstrated on a pressure zone
in the water supply system of Mey-Sheva, which is the largest water utility in southern
Israel. The entire system contains 6 pumping stations, 11 water tanks, and serves a
population of 143,000 in Be’er-Sheva and the adjacent town Ofakim. The system has 670 km
of water pipelines, of which about 100 km are part of the pressure zone.

2. Methodology

The methodology for pump curve calculation is designed to estimate them using
SCADA data. Following the problem statement, the procedures are developed for single
and combination of FSPs, and for single and combination of VSPs.

2.1. Problem Statement

The objective is to determine the curves for individual pumps in a pumping station
that contains pumps in parallel, using SCADA data. The pumps may operate alone or
in various combinations with other pumps. Ideally, a pumping station that consists of
n pumps, p ∈ Pumps, where Pumps is the set of pumps in the station, will have real-time
measurements of each pump’s flow, power, and on/off state, as well as the suction and
discharge pressures of the station. However, due to budget limitations, individual pump
flow and power are often unavailable and only the total station’s flow is measured. In this
study, we consider that the following data are available at multiple times: each pump’s
state, Ip (a binary variable where a value of 0 denotes that the pump is off and 1 when it
is running), the total station’s flow, Qobs, and the suction and discharge pressures. The
difference between the discharge and suction pressures is the station’s head gain, Hobs. For
each variable speed pump, its speed, np, is also recorded. All these values change over
time and are available for each time step, t ∈ T, where T is a set of given historical time
steps. We aim to estimate the pumps’ curves in a quadratic form, which is a common form
used to the approximate the concave nonlinear association between head gain and pump
flow [22,37].

Hp = ap − bp ·Q2
p p ∈ Pumps (1)

where, Hp and Qp are the pump’s head gain and flow, respectively. ap (the shutoff head)
and bp are the function parameters.

2.2. Fixed Speed Pumps

We start with the simple case of a single fixed speed pump (Figure 1) operating alone.
Using Equation (1) and the SCADA data, we calculate, in Equation (3), the head errors,
eH , between the estimated pump head, Hest (i.e., the head resulted from the H-Q curve,
Equation (2)), and the observed head, Hobs. Since we are dealing with a single pump, the
index p is omitted.

Hest,t = a− b·(Qobs,t)
2 ∀t ∈ T (2)

eH,t = Hest,t − Hobs,t ∀t ∈ T (3)

To estimate the parameters of Equation (1) the sum of the squares of eH could be
minimized, namely using least square regression. However, this method is sensitive to
outliers in the SCADA data, and large deviations may bias unduly the fitting procedure.
To avoid this deficiency of a least square regression, we use the least absolute errors (LAE)
method in which the sum of absolute errors, EH , as defined in Equation (4), is minimized.

EH = ∑
t∈T
|eH,t| (4)
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In the ordinary case of curve fitting, it is customary to assign the errors to vertical
distances (i.e., the head in our context) between the observations and the assumed curve.
However, in general, one can assign the errors to horizontal distances (i.e., the flow in our
context) between the observations and the curve (Figure 1). Thus, the curve fitting process
can also be defined on the flows, by minimizing EQ as defined in Equations (5)–(7).

Qest,t =

√
a− Hobs,t

b
∀t ∈ T (5)

eQ,t = Qest,t −Qobs,t ∀t ∈ T (6)

EQ = ∑
t∈T

∣∣eQ,t
∣∣ (7)

where, eQ is the flow error, Qest is the estimated flow, Qobs is the observed flow, and EQ is
the sum of absolute flow errors. Figure 1 shows the vertical and horizontal distances of a
measured point from the estimated pump curve. Generally, the estimated curve will not be
the same for H and Q error minimization. While for a single fixed speed pump there is no
clear advantage of one method over the other, and both vertical and horizontal errors can
be easily calculated, the advantages of the horizontal calculations will become evident for
more complicated cases that will be discussed next.

Figure 1. Vertical and horizontal errors between observations and assumed curve.

Pumping stations may have more than one pump operating in different combinations
at different times. Consider, for example, a station with two identical pumps, Figure 2a
shows the measured points of each pump alone and the two pumps working together.
The case in which the two pumps operate together must be included in the procedure for
deriving the curves for the individual pumps, since if only data for the pumps operating
individually are considered, the curve’s parameters may be biased because the entire
operating region of the pump is not covered. To see this, consider the system curve in
Figure 2b, when a pump operates alone it will be on the “right side” of its curve with high
flow rates, as can be seen in Point A in Figure 2b. For two pumps operating together in
parallel, the combined curve is obtained by summing the flows of the two pumps for each
value of the head. The operating point in this case is Point B which is at the intersection of
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the combined pump curve with the system curve. This operating point corresponds to a
higher head compared to Point A, and thus each pump provides less flow at a higher head
(Point C) than when it operates alone (Point A).

Figure 2. Two pumps operating in parallel (a) SCADA data (b) pumps and system curve.

This example demonstrates how individual pumps can work in different regions on
the curve depending on the active pump combination. This behavior will be even more
pronounced when there are several non-identical pumps in the pumping station with many
combinations of operations. If we only use the data of a single pump operating alone (e.g.,
data near Point A) the estimated pump curve will tend to fit points in that region without
considering the entire range of possible pump flows. To estimate the parameters of the
individual curves based on the entire set of SCADA points (i.e., all combinations) there are
two options:

Method 1
The combined curve for any specific combination can be derived as a function

of the individual pumps’ parameters. For example, given two pumps with curves,
Equations (8) and (9), the combined function must be written explicitly, as Equation (10),
and curve fitting technique with vertical error, eH , can be used to estimate the parameters
for each of the two pumps curves.

H1 = a1 − b1Q2
1 (8)

H2 = a2 − b2Q2
2 (9)

Hest = f (a1, b1, a2, b2, Qobs) (10)

While this procedure is valid in theory, deriving an explicit analytical function, even
for only two pumps and certainly for more pumps operating together, is not practical due
to the nonlinearity of the curves. To derive the function f (.), Equations (8) and (9) are
written for Q as given in Equations (11) and (12).

Q1 =

√
a1 − H1

b1
(11)

Q2 =

√
a2 − H2

b2
(12)
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It should be noted that for any number of pumps operating in parallel, their head gain
is equal, thus H1 = H2 = Hest. Summing the two flows yields the total flow of the pumps
station as given in Equation (13)

Qobs =

√
a1 − Hest

b1
+

√
a2 − Hest

b2︸ ︷︷ ︸
g(a1,b1,a2,b2,Hest)

(13)

The function f (.) is the inverse of the function g(.) defined in Equation (13). Thus,
even for the simple case of two pumps, one cannot derive an explicit form for the function
f (.). At best, the procedure is tractable for two pumps, by a numerical solution of Equation
(10) or (13) for given values of a1, b1, a2, b2. For a larger number of pumps this is not
practical, since one needs to prepare in advance the combined functions for all possible
combinations of pumps and then numerically solve all combination for each time step.
Method 2 addresses this challenge by considering the horizontal error.

Method 2
Figure 3 demonstrates the calculation of the horizontal error for two pumps operating

together. The observed flow, Qobs, of the station is the combined flow of the two pumps,
and Hobs is the measured head gain of the pumping station, which is equal for all pumps
running in parallel. To calculate the horizontal error, eQ in Equation (6), the estimated total
flow, Qest, is calculated based on the individual pumps’ curves as given in Equation (14).
That is, as shown in Figure 3, the observed head is used to estimate the flows from each
pump, Qest,1 and Qest,2, which are then summed as an estimate for the total flow of the
station. Given this total flow estimate the horizontal error, eQ, can be calculated.

Qest =

√
a1 − Hobs

b1
+

√
a2 − Hobs

b2
(14)

Figure 3. The horizontal error for two fixed speed pumps.
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The advantage of this method is that it does not require an explicit derivation of
the combined curve based on the individual curves’ parameters (i.e., it does not require
knowing the explicit function f (.)). In fact, unlike Method 1, which requires preprocessing
the curves of all combinations, using Method 2 leads to a generic optimization problem,
which can consider any arbitrary number of pumps, Equations (15)–(20).

min
ap ,bp

∑
t∈T

∣∣eQ,t
∣∣ (15)

Subject to:

Qest,p,t =

√∣∣∣∣ ap − Hobs,t

bp

∣∣∣∣ ∀p ∈ Pumps, ∀t ∈ T (16)

Qest,t = ∑
p∈Pumps

Ip,t·Qest,p,t ∀t ∈ T (17)

eQ,t = Qest,t −Qobs,t ∀t ∈ T (18)

ap ≥ 0 ∀p ∈ Pumps (19)

bp ≥ 0 ∀p ∈ Pumps (20)

Equation (15) is the objective function which minimizes the summed absolute hor-
izontal errors by deciding on the pumps’ curves parameters ap and bp. In Equation (16)
the estimated individual pumps flows, Qest,p,t, are calculated, and the total estimated flow
for the pumping station is defined in Equation (17). It should be noted that the estimated
flow is summed only for the pumps which are operating at each time by multiplying
the individual pump’s flow by its given binary state, Ip,t ∈ {0, 1}. In Equation (18) the
horizontal error is calculated, and Equations (19) and (20) maintain the non-negativity of
the parameters. While the absolute value in the objective function might be converted
to set of linear constraints, the nonlinearity in the constraint in Equation (16) cannot be
eliminated. Therefore, the obtained optimization problem is nonlinear. Readily available
solvers such as fmincon shipped within Matlab [38] and the IPOPT [39] open source solver
can handle this type of nonlinearity in the constraints. Moreover, since the number of
decision variables is not expected to be high (e.g., a pumping station with 10 pumps will
only result in 20 decision variables) and since this problem will be solved offline, one can
utilize more computationally demanding global solvers such as Baron [40] to solve the
optimization problem.

2.3. Variable Speed Pumps

A change in the rotational speed of a VSP changes its curves and operating point,
according to the affinity laws:

Qp,t

Qp,t
=

np,t

np
∀p ∈ Pumps, ∀t ∈ T (21)

Hp,t

Hp,t
=

(
np,t

np

)2
∀p ∈ Pumps, ∀t ∈ T (22)

Pp,t

Pp,t
=

(
np,t

np

)3
∀p ∈ Pumps, ∀t ∈ T (23)

where, np is the nominal speed of pump p, and np,t, Qp,t, Hp,t and Pp,t are the speed,
nominal flow, nominal head gain, and nominal power for time t respectively. We examine
first the case in which a single pump is operating. Its flow and head are that of the
pumping station, Qp,t = Qobs,t and Hp,t = Hobs,t. Since np is a known constant value
(usually equivalent to the pump’s speed at 50 Hz), Qp,t and Hp,t can be calculated from
Equations (21) and (22) for each time t according to the speed of the pump, np,t. Once these
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values are calculated for different points in time, a curve fitting method can be employed to
derive the pump’s curve (i.e., Hp = a− b ·Q2

p) in the same way as for a fixed speed single
pump (Section 2.2).

Thus, for times of a single operating pump we can easily map observed points to
the nominal pump curve. However, as discussed previously, because the time instances
of single pump operation are only a subset (sometimes only a small subset) of the entire
operation, we may end up with a limited number of points on the curve, which causes a
bias in the pump curve estimation process. This is especially true, when the points for the
single pump operation fall on a narrow range of the pump curve. To overcome this bias,
the pump’s operation with other pumps must be included.

Next, we derive the equations for fitting all the pumps’ curves simultaneously without
restriction to specific time instances in which an individual pump is operating alone. That
is, we also consider the time instances with joint operation of different pump combinations.
From Equations (21) and (22) we obtain Equations (24) and (25).

Qp,t = Qp,t

(
np

np,t

)
∀p ∈ Pumps, ∀t ∈ T (24)

Hp,t = Hp,t

(
np

np,t

)2
∀p ∈ Pumps, ∀t ∈ T (25)

For VSPs we aim at fitting the nominal pumps’ curves as shown in Equation (26):

Hp,t = ap − bp·Q
2
p,t ∀t ∈ T, p ∈ Pumps (26)

Substituting Equations (24) and (25) in Equation (26) and extracting Qp,t will yield a
relationship between the individual pump heads and flows at any speed.

Qp,t =

√√√√√
∣∣∣∣( np,t

np

)2
ap − Hp,t

∣∣∣∣
bp

∀t ∈ T, p ∈ Pumps (27)

Since the measured head is the same for all pumps, Hp,t = Hobs,t ∀p ∈ Pumps ∀t ∈ T,
by substituting Hobs,t in Equation (27) we can obtain an estimate for the flows of the
individual pumps.

Owing to the advantages of the horizontal error formulation, the optimization problem
is formulated in Equations (28)–(33). The objective function, Equation (28) is minimized
by deciding on the pump’s curve parameters ap and bp. The individual pumps’ flows
are estimated in Equation (29). To obtain the total estimated flow of the pumping station,
the individual pumps’ flows are summed in Equation (30) and the horizontal error can
be calculated in Equation (31), while maintaining the non-negativity of the parameters in
Equations (32) and (33).

min
ap ,bp

∑
t∈T

∣∣eQ,t
∣∣ (28)

Subject to:

Qest,p,t =

√√√√√
∣∣∣∣( np,t

np

)2
ap − Hobs,t

∣∣∣∣
bp

∀t ∈ T, p ∈ Pumps (29)

Qest,t = ∑
p∈Pumps

Ip,t·Qest,p,t ∀t ∈ T (30)

eQ,t = Qest,t −Qobs,t ∀t ∈ T (31)

ap ≥ 0 ∀p ∈ Pumps (32)
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bp ≥ 0 ∀p ∈ Pumps (33)

The process for calculating the horizontal error is shown in Figure 4. First, the
normalized heads for the two pumps are calculated (at points A and B) using their operating
speed by Equation (25). Then, using the normalized heads the normalized flows can be
estimated by inverting Equation (26). Next, using each pump’s speed, their estimated
individual flows (Qest,1, Qest,2) are estimated (at Points C and D) by inverting Equation (24).
In the optimization model, these operations are lumped together in Equation (29). Finally,
the estimated flows are summed in Equation (30) to obtain the total estimated flow Qest,
which is then used in calculating the horizontal error in Equation (31).

Figure 4. Calculation of the horizontal error for two variable speed pumps.

One should note the similarity between the formulation of the fixed speed pumps
in Equations (15)–(20) and the variable speed pumps formulation in Equations (28)–(33).
In fact, the former is a particular case of the latter when np,t = np∀t. Furthermore, in this
way, the hybrid case of a pumping station featuring both fixed and variable speed pumps
could also be addressed. As such, to use this methodology it is sufficient to implement
the formulation in Equations (28)–(33) for an arbitrary combination of fixed and variable
speed pumps.

3. Test Case and Results

As a test case, we consider a large pressure zone (PZ) in the Southern Israeli city of
Be’er-Sheva which is operated by the Mey-Sheva (https://mey7.co.il/en accessed on 25
January 2021) water cooperation.

The PZ is supplied by a single pumping station and has no storage tanks. The station
has four variable speed pumps, and each can operate over a range of frequency settings
which are correlated with their speeds. SCADA measurements (31 December 2019–03 May
2020) are available at 30 s intervals: suction and discharge pressures, total station flow, and
individual pump frequencies (SCADA data is available in Data Set S1 in the Supplementary
Materials). The frequencies are recorded as percentage [0, 100] for a range of 35–50 Hz.
When the value is 0% it indicates that the pump is turned off or operating at its minimum
frequency. There are no individual pump flow data and no power data. Power data are not
available even for the entire station.

The pumps are operated to maintain the discharge pressure of the station within pre-
specified range. As demand in the PZ increases, the pressure in the network decreases, and

https://mey7.co.il/en
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the speed of the operating pump is raised to meet the required pressure. The speed is raised
to the maximum speed and then another pump is switched on at its lowest speed, which
is increased if the pressure continues to drop. The controlled pressure is set to be around
47 m during daytime (06:30–23:00) and to about 42 m during night hours (23:00–06:30) as
seen in Figure 5.

Figure 5. Pumping station discharge pressure.

Observing the station’s overall Flow-Head Gain plot in Figure 6, it can be seen that
the station operates to produce a relatively constant discharge head for a wide range of
flows, owing to the control strategy setting stated above. The two regions (“data clouds”)
in Figure 6 correspond to the day and nighttime discharge-head points.

Figure 6. Pumping station Flow-Head Gain points.

We begin by scanning the SCADA data for points that correspond to a single pump in
operation, to determine the curves for each pump alone. This was done by searching for
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times where only one pump has a frequency greater than 35 Hz (>0% in the data) while all
other pumps are at a frequency of 35 Hz (=0%). Figure 7 shows the pump curves at the
nominal speed (as per Equations (21) and (22)) for the individual pumps as recorded by
the SCADA system. Figure 7 also shows the most recent available pump tests, which were
performed in September 2017 by the Israeli Water Works Association (IWWA).

Figure 7. Individual pump curves for the test case pumping station.

The following observations can be made from Figure 7: (a) the pump test curves are
parallel to the SCADA data; (b) the SCADA data are below the pump tests, as expected for
deterioration of pump performance over time; (c) the SCADA data for pump 4 is about
20 m below the test curve, which seems excessive and requires further investigation; and
(d) for pumps 2 and 3 the test covers only a small part of the actual flows experienced in
operation. In fact, for pump 3, the test only covers a small region which was rarely used in
the system.

Since the pumps operate alone only part of the time, it is necessary to evaluate
their curves while they operate in different combinations. Utilizing the optimization
methodology outlined in Section 2.3, (Equations (28)–(33)) we calculated the updated
curves (Figure 8). The curve parameters appear in Table 1. For the case studied herein, the
updated curve coefficients are not very different from the ones obtained when the pumps
operate individually, except for pump 1 where the difference is more pronounced. Still, our
generic methodology accounts for all available data for deriving the pump curves, thus
it can deal with situations where the pumps operate in different regions under different
conditions as was discussed in Figure 2.
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Figure 8. Estimated pumps curves for the test case pumping station.

Table 1. Pumps’ curve coefficients.

Pump
Single All

a b (×10−4) a b (×10−4)

1 64.00 0.621 66.29 0.701
2 66.63 6.163 65.78 5.826
3 85.62 1.364 83.93 1.309
4 51.05 1.072 51.07 1.073

4. Conclusions

In this study we present a practical pump curve constructing methodology for obtain-
ing individual pumps’ curves from partially available SCADA data. Using it, each pump’s
performance can be monitored continuously between physical on-premises inspections.
We considered the case in which the analyst aims at estimating the individual pump curves
whilst the measurements are only performed on the pump station level (i.e., only total flow
is available). We show that, unlike ordinary curve fitting techniques that minimize the
vertical error between observations and estimating curve, it is advantageous to use the
notion of horizontal errors (i.e., the deviation in terms of flow) since it does not require
deriving explicit functions for all pump combinations in the pumping station.

The proposed methodology is formulated as a non-linear optimization problem with
a small number of decision variables (two for each pump) which can be solved with open
source or commercial global solvers. The proposed optimization formulation is generic for
any number and type of pumps. Thus, it can be utilized for a single or multiple pumps,
and for fixed or variable speed pumps (and a combination of these types). The method can
estimate the pumps’ curves for any given amount of historical SCADA dataset, without
increasing the size of the optimization problem.

The methodology developed herein constitutes a contribution to an increasing trend to
“back-figure” system information from SCADA data. Relying on SCADA data for estimat-
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ing pump curves has significant practical implications. Field pump tests are expensive and
may even be impractical. Indeed, our results on a real test case show that the individual
pumps’ SCADA data and their corresponding field test results can be significantly different.
Furthermore, the field tests, for some of the pumps, cover only part of operating range.
This emphasizes the importance of the proposed methodology that derive the pump’s
curve over the entire operating range under different operating conditions. That is, the
method utilizes measurements not only from times when the pump operates alone, but
also when it operates together with other pumps. It is worth noting that these situations,
where different pump combinations operate at different time slots, are more common when
pumps are connected in parallel. Our methodology is tailored for pumps connected in
parallel, but still, a dedicated methodology for pumps connected in series is warranted and
will be considered for future work.

Unfortunately, in our test case the station power consumption data were not available,
and, therefore, the power and individual efficiency curves could not be calculated. Still,
if the station power consumption data were available, the methodology could be used to
estimate the individual power consumption curves.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-444
1/13/5/586/s1, Dataset S1: The SCADA data used in this study.
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