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ABSTRACT Parallel pump systems are widely used in industries. However, pumps are often operating
under off-design conditions due to many reasons, which reduces the efficiency and reliability of the pumps.
This paper aims at reducing the power consumption of parallel pump systems and improving the reliability
of pumps by improving the operation points of pumps. To achieve this goal, a combination of selecting
the proper number of pumps to put into operation and their speed is needed. Also, a control valve is
adopted to further improve the operation points. The optimization model is built for a parallel pump system.
Particle swarm optimization algorithm is used to solve the problem. Experimental verification shows that the
proposed method improves the reliability and can also reduce power consumption for some cases compared
to conventional PID speed regulation method. But for cases with large flow, extra power might be needed
because the control valve introduces extra flow resistance in order to improve the operation point. The
proposed method can be easily extended to applications based on their requirements on reliability.

INDEX TERMS Pump reliability, parallel pump systems, particle swarm optimization, operation points.

I. INTRODUCTION
Water supply systems are designed to pressurize and trans-
port water to consumers, which are extensively used in wide
range of industries, such as urban water supply networks,
agricultural irrigation and power plants. Pumps are the key
components in water supply systems to provide sufficient
pressures. However, the reliability of pumps are difficult to
define and predict. Although there are several researches
about predicting pump failures [1], [2], the pump reliability
curve proposed by Barringer [3]–[5], which uses the Mean
Time Between Failure (MTBF) as the measurement of pump
reliability, are widely used due to its simplicity. Usually a
pump is designed for a certain flow rate, which is called
Best Efficiency Point (BEP) flow rate. Barringer [3]–[5] and
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Bloch [6] found that the reliability of a pump reaches max-
imum at its BEP and decreases rapidly as the flow rate
deviates fromBEP. Typically the reliability of a pump reaches
a satisfactory value within the flow range of −30% to +15%
of BEP, as shown in Fig. 1, where the x-coordinate is the
flow rate, the y-coordinate is the pump head. As shown
in Fig. 1, the pump head decreases as flow rate increases,
while the pump efficiency and reliability are highest when
the flow rate is near the BEP and decreases as flow rate
increases or decreases. The reason are analyzed as follows.
The flow is uniformly distributed and the unbalanced axial
and radial force is minimum when a pump operates at BEP
flow rate, and consequently, its efficiency and the reliability
are relatively high near its BEP flow rate. However, when
a pump operates at off-design conditions, the unbalanced
axial and radial force, which are transmitted the the shaft and
bearings, increase and become unsteady. Also, the overheat,
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FIGURE 1. Relationship between pump reliability and pump curve [3]–[5].

recirculation and cavitation may occur [3]–[5], [7], [8].
Therefore, long-term operation at off-design conditions leads
to low efficiency and high failure rate [3]–[5], [9]. However,
pumps are often selected too large than the actual system
demands due to safety margins. A pump would be operat-
ing at large flow rate points if it is too large for the sys-
tem. Therefore, a large percentage of pumps are operating
in off-design conditions. Moreover, the regulation methods
nowadays, such as speed regulation and throttling regulation,
do not take optimizing the operation point of pumps into
consideration.

Parallel pumps are widely used in many applications, such
as the cases with a high demand of flow rate or pressure and
the cases with a wide range of demand variations. Shiels [10]
compared the pros and cons of a single pump operation versus
a two pump operation in terms of life cycle cost, reliability
and safety and concluded that a two pump is often safer
and more economic. The major problem in the operation
of parallel pumps is to determine the number of pump that
should be put into operation and their speed. Bortoni [11]
used dynamic programming to optimize the pump number
and their speed for parallel pump systems with different types
of pumps, but the problem is that the method will become
complicated when dealing with system with many pumps.
In many applications, intelligent optimization algorithms are
more suitable for many engineering problems because of
their nonlinearity, non-convexity andmany constrains,such as
pump scheduling problems [12], single-machine scheduling
problems in steel product systems [13], economic power
dispatch problems [14] and many others [15]–[19].

The common intelligent optimization algorithms include
genetic algorithm (GA), simulated annealing algorithm (SA),
particle swarm optimization algorithm (PSO) and ant colony
optimization algorithm (ACO). Savic [20] applied genetic
algorithm to optimize the scheduling a pump station to
minimize the energy consumption and maintenance cost,
which achieved good optimization results and robustness.
Wang [21] used an enhanced genetic algorithm to minimize
the energy cost and the total work time for each pump
and the validity was verified by experimental verification.
Genetic algorithm is more complicated and more difficult
to implement because it needs operations like chromosome
encoding, selection, crossover and mutation. Kenny [22]
developed PSO and since then PSO has been widely used in
many applications. Montalvo [23] compared PSO with other
GA and ACO in optimizing the water distribution system
in Hanoi and found that PSO obtains good solutions with
fewer iterations. Jung [24] adopted GA and PSO to optimize
the types and locations of transient protection devices in
pipeline systems and concluded that both algorithms works
well. Hassan [25] compared the solution quality and com-
putational effort of GA and PSO and concluded that both
GA and PSO were able to arrive at solutions with the same
quality but PSO consumes less computational resources for
unconstrained nonlinear problems and constrained nonlinear
problems.

This paper proposes a new solution to reduce the power
consumption of parallel pump systems and improve the reli-
ability of pumps simply by improving the operation points of
pumps. PSO is chosen as the optimization algorithm in this
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FIGURE 2. Schematic of N pumps in parallel.

work due to its the simplicity and fast convergence. The main
contribution of this paper are summarized as follows.

1) It proposes a new solution to improve the reliability of
pumps in parallel pump systems simply by improving
their operation points, which is of great significance to
engineering industries.

2) It presents an new application of PSO algorithm to an
engineering problem in pump systems, which improve
the value of PSO algorithm as well as other similar
algorithms in real engineering problems.

The remained of the paper is organized as follows.
Section II describes the problem and the optimization model
of a parallel pump system. Section III briefly describes the
PSO algorithm. The application of PSO algorithm to the
problem and the experimental verification are discussed in
Section IV. Section V gives the summary of this paper.

II. PROBLEM DESCRIPTION AND MODEL DEVELOPMENT
A. PARALLEL PUMP SYSTEMS
Fig.2 shows a schematic of N pumps assembled in parallel,
where b1, b2,. . . , bN are identical pumps; V1 is a control valve
installed in the main pipe. Usually, check valves are installed
in each branch of parallel systems to prevent reverse flow,
but previous study shows the resistance of check valves are
relatively small [26], therefore the check valves are omitted.

B. OBJECTIVE FUNCTION
Previous studies have shown that the best efficient way is
to keep each turned-on pump running at the same speed for
parallel pump systems consisted of identical pumps [27].
Therefore, in this study, each pump in operation is running
in the same speed.

The objective of this study is to reduce the energy con-
sumption of a parallel pump system, therefore the objective
function can be selected as Eqn. (1), whereP is the total power
of pumps,M is the number of the pumps that is running in the
parallel pump system, Pi is the power of i-th pump that is in
operation, Pi = 0 if it is not in operation.

min F = P = MPi (1)

The power of each running pump can be stated as
Eqn. (2) [28], where P∗i is the power of each pump at rated

speed, where Qi is the flow rate of each pump that is in
operation, b1, b2, b3 and b4 are polynomial coefficients.

P∗i = b1Q3
i + b2Q

2
i + b3Qi + b4 (2)

By applying pump’s affinity laws to Eqn. (2), we get Eqn. (3),
where k = n/nr is the speed ratio of the pump, the ratio of
actual rotational speed n to its rated rotational speed nr .

Pi = b1Q3
i + b2Q

2
i k + b3Qik

2
+ b4k3 (3)

By adapting Eqn. (3) into Eqn. (1), the objective function is
presented in Eqn. (4).

min F = P =
N∑
i=1

Pi

= MPi = M (b1Q3
i + b2Q

2
i k + b3Qik

2
+ b4k3) (4)

C. CONSTRAINS
1) PUMP NUMBER IN OPERATION
The number of pump in operation should not exceed the total
number of pumps in the parallel pump system, therefore the
constrain for pump number in operation is

0 ≤ M ≤ N (5)

2) SPEED RATIO
Usually the speed of a pump cannot exceed the rated speed.
The efficiency of variable frequency drives (VFD) decreases
rapidly when the speed ratio of the drives is less than 0.5 [29],
so the speed of the pump should be kept larger than 0.5.
Therefore, the constrain for pump speed ratio is

0.5 ≤ k ≤ 1 (6)

3) TOTAL FLOW RATE
The total flow rate is the sum of the flow rate of each pump,
which equals to the system requirement. Therefore, the con-
strain for pump speed ratio is set as Eqn. (7), where Q is the
flow rate required by the system.

Q = MQi (7)

4) HEAD
Define1H as the extra head loss at the control valve relative
to its fully open state, then the head of the pump equals to
the summation of system requirement (the head requirement
between point A) and B in Fig.2) and 1H . 1H equals to
0 when it is fully open and it cannot be less than 0, so the head
constrain is set as Eqn. (8), where H is the head requirement,
Hi = a1Q2

i + a2Qi + a3 is the head of each running pump,
a1, a2 and a3 are polynomial coefficients.

1H = Hi − H = a1Q2
i + a2Qi + a3 − H ≤ 0 (8)
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FIGURE 3. Optimum operating region for each pump.

5) PUMP OPERATING REGION
According to pump’s affinity laws, the BEP flow rate at
a given speed ratio kcan be described in Eqn. (9), where
kQBEPr is the BEP flow rate of the pump at rated speed (often
approximately equals to its rated flow rate which is provided
by its manufacturers).

QBEPk = kQBEPr (9)

To improve the reliability of the pumps, the operation
point should be restricted nearby the BEP. Fig. (3) gives the
optimum operating region for a pump, where point A0 is the
BEP at rated speed, point A1 and A2 are the maximum and
minimum flow rate point at rated speed respectively, point B0
is the BEP at minimum speed constrained by Eqn. (6), point
B1 and B2 are the maximum and minimum flow rate point at
minimum speed respectively. The optimum operating region
for a pump is the region closed by A1A2B1B2. Define δ as the
deviation of the actual flow rate with respect to the BEP flow
rate at current speed, as shown in Eqn. (10).

δ =
Qi − QBEPk

QBEPk

(10)

It is suggested by Barringer [4] that a pump should be
operating within a range of −30% to 15% of the BEP flow
rate to gain a good reliability.While Bloch [6] suggest a range
of −10% to 10%. For simplicity, the range of δ is chosen as
−20% − 20%.

Therefore, the constrain for the pump’s operating region
can be described as Eqn. (11)

|δ| = |
Qi − QBEPk

QBEPk

| ≤ δmax (11)

D. OPTIMIZATION MODEL
Combining the objective function and the constrains above,
the overall optimization model can be summarized as a con-
strained minimization problem in Eqn. (12).

min F = P = M (b1Q3
i + b2Q

2
i k + b3Qik

2
+ b4k3)

s.t. Q = MQi
1H = Hi − H = a1Q2

i + a2Qi + a3 − H ≥ 0

0.5 ≤ k ≤ 1

0 ≤ M ≤ N

|
Qi − QBEPk

QBEPk

| ≤ δmax (12)

E. DEALING WITH CONSTRAINS
The most common method to deal with constrains for con-
strained problems is penalty method. The penalty method
transforms the constrained problems to unconstrained prob-
lems by adding a term to the objective function that consist of
the consists of a penalty parameter multiplied by a measure
of violation of the constraints.

For a parallel pump system as in Fig. (2), there are three
factors affecting the operating status: the number of run-
ning pump M , the speed ratio of each running pump k and
the extra head loss 1H at the control valve. According to
Eqn. (8), the head loss can be derived by subtracting the
head requirement from the pump head. Therefore, the two
variable remaining is the number of running pumpM and the
speed ratio of each running pump k . The number of running
pump M and the speed ratio of each running pump k can
be constrained by restricting the range of variable M and k .
The head and pump operating region constrains are achieved
using penalty functions as in Eqn. (13) and (14).

WH =

{
0, Hi − H ≥ 0
(Hi − H )2, Hi − H < 0

(13)

Wδ =

{
0, |δ| ≤ δmax

δmax − |δ|, |δ| > δmax
(14)

From the analysis above, it can be seen that the parallel
pump system optimization described in Eqn. (1) - (14) is a
constrained nonlinear problem. Intelligent optimization algo-
rithms are suitable for this kind of problems. Of the com-
mon used intelligent optimization algorithms, particle swarm
optimization algorithm is more stable, more computational
efficient and easier to program. Therefore, PSO is chosen for
the parallel pump system in this study.

III. PARTICLE SWARM OPTIMIZATION
A. GENERAL FLOW CHART OF PSO
Particle swarm optimization is a kind of swarm intelligence
optimization algorithm. The algorithm of PSO is simple and
the convergence of PSO is fast. The basic methodology of
PSO is that each particle moves toward the best position at a
certain velocity using the information of particle best position
and the global best position. Fig. (4) gives the genreal flow
chart of PSO.

B. FITNESS FUNCTION
By combining the objective function in Eqn. (4) and the
penalty function in Eqn. (13) and (14), the fitness function
can be defined as Eqn. (15), where σ1 and σ2 are penalty
coefficients for head penalty and operating region penalty.
By choosing appropriate penalty coefficients σ1 and σ2,
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FIGURE 4. General flow chart of PSO.

the PSO can solve minimum valve of the fitness function and
find the optimum of the problem.

min Ft = P+ σ1WH + σ2Wδ (15)

C. PARTICLE VELOCITY UPDATE EQUATION
The particle velocity update equation is chosen as Eqn. (16),

vK+1ij =ωvKij +c1r1(pbest
K
ij −x

K
ij )+c2r2(gbest

K
j −x

K
ij ) (16)

where subscript i denotes the i-th particle, subscript j denotes
the j-th dimension of particle velocity or position, superscript
K denotes the K -th iteration, c1 and c2 are acceleration
coefficients used to determine the influence of the local best
position and the global best position respectively, r1 and r2 are
random numbers between 0 and 1,ω is the inertia weight used
to determine the influence of the older velocity in previous
iteration. A higher value ofω enables the individuals to search
in new areas to avoid premature convergence to a local opti-
mum but also lower the convergence speed of the algorithm.
Therefore, the value of ω is set to be linearly decreasing with
iteration numbers as in Eqn. (17) to improve the global search
ability at the beginning of the run and improve the local search
ability near the end of the run [30], [31], where Kmax is the
maximum iteration number, ωmax = 0.9 and ωmin = 0.4.

ω = ωmax − (ωmax − ωmin)
K

Kmax
(17)

FIGURE 5. Schematic of the test bench. (R: reservoir, b1/b2: centrifugal
pump, CV1/CV2: check valve, V1/V2: control valve, FM1: flow meter.

FIGURE 6. Fitness over number of iterations.

D. PARTICLE POSITION UPDATE EQUATION
The particle position update equation is chosen as Eqn. (18).

xK+1ij = xKij + v
K+1
ij (18)

IV. APPLICATION OF PSO IN A PARALLEL PUMP SYSTEM
The PSO algorithm above is tested on a test bench as shown
in Fig. (5). It consists two VFD driven centrifugal pump, two
check valves, two control valves and a reservoir, where the
control valve V1 is used as regulation valve and control valve
V2 is used to simulate the resistance in real water supply
systems. The head curve and power curve of the pump can
be fitted as Eqn. (19) and (20) respectively, which have been
verified by experiments.

Hi = −0.01712Q2
i + 0.07864Qik + 40.4421k2 (19)

Pi = −1.4286× 10−4Q3
i + 0.00618Q2

i k

+0.04416Qik2 + 0.4402k3 (20)

Parameters of PSO algorithm are carefully selected. The
acceleration coefficients are selected as c1 = c2 = 1.3,
the size of particles is chosen as 20, the maximum number
of iteration Kmax = 200. The penalty coefficients are chosen
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FIGURE 7. Comparison between PSO and conventional PID.

as σ1 = 100 and σ2 = 10 after several trial and error.
The PSO algorithm is implemented in MATLAB. Special
attention should be paid that the number of running pumpM
should be kept as an integer in the MATLAB code.

A. RESULTS ANALYSIS
Taking an example with a system demand of Q = 30 m3/h,
H = 20 m, the fitness over iterations is given in Fig.(6). The
fitness decreases as the number of iterations increasing in the
beginning, but the fitness keeps unchanged after 75 iterations,
which indicates the algorithm is converged. The CPU time
cost is about 3 seconds on a 2.3 GHz Intel CPU for each
optimization case.

To verify the effectiveness of the proposed optimization on
the test bench in Fig. (5), a comparison between the proposed
optimization algorithm and conventional PID constant pres-
sure water supply system was performed. The head demand
of the water supply system is selected as 20 m, the flow
rate varies from 10 m3/h to 70 m3/h. In conventional PID
water supply systems, there is no optimization. When the
speed of all running pumps reaches the minimum speed and

the flow rate is still too large, one running pump will be
turned off; when the speed of all running pumps reaches the
maximum speed and the flow rate is still too small, another
pump will be turned on. The comparison results are listed in
Table 1.

Table 1 shows that there is a difference at the switch
point of pump number between PSO and the PID method.
In conventional PID method, the second pump is put into
operation only when the first pump cannot provide enough
pressure even if it reaches the maximum speed (Q = 40 m3/h
in Table 1). However, in PSOmethod, the second pump is put
into operation since Q = 30 m3/h. Fig.(7) gives a more clear
comparison of k , H , P and δ between the proposed PSO and
conventional PID method. Fig.(7b) shows that the pump head
Hi equals to the system demand H for most flow rates for the
PSO method, which indicates that the control valve is kept
fully open for most cases and the pumps are kept operating in
the high reliability region by the choosing proper speed ratio
k and number of running pumps M by the PSO algorithm.
Therefore, no extra energy is wasted for the PSO method.
Fig.(7c) and Fig.(7d) show that the PSO method gets both
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TABLE 1. Comparison between proposed PSO and conventional PID.

lower power consumption and smaller deviation for flow rate
between 30 − 35 m3/h.
When system demand is large (Q = 55 − 70 m3/h),

the pump will be running at large flow rate conditions for
conventional PID method, thus the deviation δ will be large,
which will affect the efficiency and the reliability of pumps.
For the PSO method, the opening of the control valve will
be reduced due to the effect of deviation penalty term.
As a result, the deviation δ will be decreased and the pump
will be running at better operating points. However, since
the decreasing in the opening of the control valve induces
extra resistance in the pipeline system, an increase in the
pump speed is needed to provide enough pressure. Conse-
quently, the total power consumption will increase as shown
in Fig. (7c). This strategy is useful in industries that value
reliability most, such as nuclear facilities. Traditional ways to
ensure the reliability pumps is to allocate redundant pumps in
nuclear power plants. By applying this strategy, the reliability
of pumps are improved and the number of redundant pump
switches can be reduced. If there is a third pump, the PSO
algorithm will turn on the third pump instead of reducing
the opening of the control valve, then no extra power is
needed. The proposed PSO method can achieve a wider high
reliability region for systems with more pumps.

V. CONCLUSION
This paper establishes an optimization model for parallel
pump systems in the aim of reducing the power consumption
pump systems and improving the reliability by fixing pumps’
off-design operation problem. Particle swarm optimization
method is adopted to solve the optimization problem, aiming
at minimizing the total power consumption of the pump sys-
tem. The deviation between the current operating point and
the BEP are used as a constrain to fix the operating point of
the pumps to a region near the BEP to gain high efficiency and
good reliability. In most cases, the PSO method can achieve
lower power consumption and higher reliability simply by
adjusting the number of running pumps and their speed.
But when the flow is large that all the pumps are running,

the opening of the control valve will reduce to improve the
operating point of pump and the total power consumption will
increase.

In real industrial applications, it is supposed to choose
different penalty coefficient σ2 for different applications. For
applications that are less strict with pump operating points
and reliability, the value of σ2 can be reduced. When σ2 = 0,
the term of deviation constrain will be no longer exist in the
fitness function in Eqn.(15). Therefore, the PSO achieves the
minimum power consumption only by adjusting the number
of running pumps and their speed. The control valve is kept
fully open constantly, so no extra power will be wasted by
the control valve. In this way, the system runs at the most
energy-saving mode. For applications that are more strict
with reliability, such as water supply systems in power plants
especially nuclear power plants, the value of σ2 = 0 can be
increased. In this case, the role of control valve is enhanced
and more power will be consumed at the control valve to
improve the operating points of pumps for higher reliability.
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