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Abstract: This article presents a methodology for optimizing the operation of parallel pumping
stations in an open-channel water transfer system. A mathematical model was established for
the minimum power with constraints on water level, flow rate and pump unit performance, and related
factors. In the objective function, energy consumption of relevant equipment or facilities, such as
main pump units, power transmission and transformation equipment, and auxiliary equipment,
was considered comprehensively. The model was decomposed to two layers for solving. In the first
layer, by using discharge distribution ratio as a variable, the flow rate and water level of the two water
channels could be determined by employing the dichotomy approach (DA), and were calculated
according to the principle of energy conservation, considering energy loss caused by hydraulic
leakage and evaporation losses. In the second layer, the number of running pumps and the flow
rate of a single pump were obtained by simulated annealing—particle swarm optimization (SA-PSO).
The hybrid of the two algorithms is called the dichotomy approach-simulated annealing—particle
swarm optimization (DA-SA-PSO). To verify the efficiency and validity of DA-SA-PSO, SA-PSO is
also applied to determine discharge distribution ratio. The results indicate that the computation time
using DA-SA-PSQO is 1/30 of that using double-layer SA-PSO (dSA-PSO). Compared with the original
plan, the optimal solution could result in power savings of 14-35%. Thus, the DA-SA-PSO is highly
efficient for optimizing system operation in real time.

Keywords: parallel pumping stations; open-channel water transfer system; optimizing operation;
discharge distribution; hybrid algorithm; energy savings

1. Introduction

Pumping stations play a key role in agricultural irrigation and drainage, urban domestic water
supply and sewage, industrial water supply and drainage, and ecological environment construction,
and they have high energy costs. For a large open-channel water transfer system with pumping
stations, power transmission facilities, pumping stations and water passing facilities are necessary to
work together to transfer water from the source to the destination, and they are responsible for power
transmission, energy conversion and water transport. During this process, energy loss is inevitable.
Energy wasting equipment and water passing facilities include main water pumps, electrical motors,
drive mechanisms, inlet and outlet passages and their accessories, suction and outlet sumps. In addition,
power transmission, power transformation, and auxiliary equipment must also assist in the function of
main pump units (see Figure 1). Water transfer performance of the open-channel is interrelated with
pump operation performance. Therefore, it is important to study operation optimization methods for
an open-channel water transfer system to decrease energy consumption and improve energy savings.
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Figure 1. Components of a pumping station in an open-channel water transfer system.

Previous studies on optimization mainly focused on improving the efficiency of a single pump by
adjusting pump blade angles, pump rotational speed or valve opening based on the varying head.
Then, the goal expanded to developing high-efficiency pump assemblies (composed of the main pump,
inlet passage and outlet passage) and pumping stations (considering main pumps, inlet passages,
outlet passages, matching motors, driving mechanisms, a suction sump and an outlet sump). The focus
has since shifted to lowering the power consumption and energy costs of pumping stations or a complex
water transfer system entirely.

Many researchers have studied the operation optimization theories for water transfer pumping
station systems. Olszewski [1] investigated optimal operation for parallel pumps in a pumping system
using the genetic algorithm, and regulated operation modes by adjusting valve opening, throttling and
frequency conversion, aiming to achieve minimal power consumption, flow rate balance and maximum
total efficiency. Feng et al. [2] discussed the optimal operation of main pump units using the genetic
algorithm, giving electricity cost savings of 4.73—31.27% in the schemes of adjusting blade angles and
time-varying electrical price. Abkenar et al. [3] established multiple objective nonlinear optimizing
models for a water diversion system, considering the cost and energy consumption of environmental
contamination emissions, and determined optimization schemes by applying the genetic algorithm
with continuous and discrete coding. Ramos et al. [4] studied the optimal operation of a water supply
system in which the turbine generation and wind turbine afforded power for pumping stations,
and the energy efficiency and hydraulic efficiency of the system were improved. Bohérquez et al. [5]
applied genetic algorithm (GA) to a water distribution system using EPANET software, allowing for
26% and 50% of energy cost and leakage reduction in the case of unique speed pumps, and 33%
and 55% of that in the case of variable speed pumps. Zhang et al. [6] utilized a neural network
algorithm to model pump energy consumption and proposed an artificial immune network to schedule
the model, achieving energy savings of 6-14%. Zhuan et al. [7] proposed an extended reduced dynamic
programming algorithm to solve the optimal operation scheduling of a pumping station with multiple
pumps, and the results indicated the feasibility of reducing operation energy and maintenance costs
with this method. Naoum-Sawaya et al. [8] applied the simulation optimization method to study
the optimal operation of pumps in water supply networks, ensuring the lowest operating cost and
the least amount of seepage. Bagirov et al. [9] put forward a novel approach for modelling explicit pump
scheduling to minimize energy consumption that was based on the combination of the grid search with
the Hooke—Jeeves pattern search method. Ghaddar et al. [10] presented a Lagrangian decomposition
approach for pump scheduling in water networks, and the results illustrate significant costs savings.
Charles and Bauer [11] optimized the operation of cascade pumping stations considering river water
loss. Zhang and Zhuan [12] investigated the operation optimization problem of the third Huaiyin
pumping station to save on electricity while satisfying the required flow demand; the results indicate that
the operational electricity tariff is reduced by 7.71% by the improved dynamic programming algorithm
in comparison with the benchmark scheduling. Gong and Cheng [13] reported a method for optimizing
the operation of cascade pumping stations based on the head decomposition-dynamic programming
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aggregation method considering water level requirements. Zhao and Feng [14] reported an evaluation
strategy of particle swarm optimization to achieve the optimal operation of a pumping station
system. Liu et al. [15] proposed an improved self-adaptive grey wolf optimization (IAGWO) to solve
the operation problems of cascaded pumping stations. Compared to the present scheme, the schemes
employing IAGWO, adaptive grey wolf optimization (AGWO), grey wolf optimization (GWO) and
particle swarm optimization (PSO) could save 0.80268%, 0.80189%, 0.77369% and 0.45331% of daily
operating expenses, respectively. Zhuan et al. [16] studied operation optimization of the fourth Huai’an
stations of the east route of the South-to-North Water Transfer Project and proposed a decomposition
method to solve the model; the result of which was 2.54% energy saving compared with the benchmark
scheduling scheme. Zhang et al. [17] optimized the scheduling of cascade pumping stations in an open-
channel water transfer systems based on station skipping. Turci et al. [18] reported two adaptive
and one improved multi-population-based nature-inspired optimization algorithms for water pump
station scheduling, comparing it with GA, PSO and ant colony optimization (ACO) to show its
better performance. Dong and Yang [19] proposed a data-driven model to carry out the operation
optimization scheduling of water diversion and drainage pumping stations in the presence of complex
hydrometeorological constraints. the results clearly confirm its effectiveness and improved economic
performance compared to the existing benchmark solution. Parvez et al. [20] reviewed the prior research
work for hydro-scheduling by considering various constraints, different solutions and modelling
techniques. Cimorelli et al. [21] reported that a well-designed GA is capable of tackling optimal pump
scheduling. In addition, a new decision-variable representation was proposed, specifically suited to
parallel pump systems.

In the contemporary research, the pump assembly (only composed of a pump and inlet and
outlet passages) or pump unit (only composed of a pump, motor and driving device) is taken as
the study subject, and energy loss of other equipment or facilities is partly considered in some studies.
For example, water quantity loss is considered in the literature [5,11]. In short, optimization methods
were focused on in previous research, and energy consumption or cost in models were considered
incomplete factors. Thus, energy savings could be further improved.

The goal of this study is to present a methodology for improving energy saving by optimizing
the operation strategies of pumping stations, targeting parallel pumping stations in an open-channel
water transfer system with double lines that transfers water from the Sanjiangying intake of the Yangtze
River to the Huai’an pumping station in the eastern route of South-to-North Water Transfer Project in
China. The novelty of this study is that energy consumption is considered more comprehensively than
in previous work. The energy consumption includes not only the power of main electrical motors
in the pumping stations but also the power of auxiliary equipment (including water supply pumps,
water drainage pumps, fans and so on) for main pumps, power transmission and transformation
equipment, and hydraulic and water quantity losses (including evaporation and leakage) of the channel.
Using this approach, computation load and time would be increased greatly by repeated iterations
of flow rate and channel water level. An efficient methodology is presented in which the dichotomy
approach is employed to optimize the flow rate distribution of double water lines to determine
the head and flow rate of each pumping station; simulated annealing-particle swarm optimization is
implemented to optimize power consumption in pumping stations. This paper presents data verifying
that the proposed method is more time efficient than double-layer simulated annealing—particle swarm
optimization (dSA-PSO), and yields higher energy savings than the benchmark operation strategy for
pumping stations.

2. Description of Parallel Pumping Stations in an Open-Channel System

The South-to-North Water Diversion Project is a large-scale interbasin water transfer project in
China. Water is transferred from the Yangtze River in southern China to the more arid northern
regions through eastern, middle and western routes. In the eastern route project, 13 stages,
including 34 pumping stations, are located along the double open-channel water conveyance lines.
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The first-stage of the eastern route projectis combined with the 1st, 2nd, 3rd, 4th Jiangdu pumping station
and the Baoying pumping station, power transmission and transformation equipment, and the water
transferring open-channel. The water transfer diagram is shown in Figure 2.
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Figure 2. Diagram of parallel pumping stations in the open-channel water transfer system.

In Figure 2, the arrows represent flow direction, and the numbers are the compute nodes. The water
flows from the Sanjiangying intake (source) in the Yangtz River to the Jiangdu West Gate, after which
point some water is pumped by the Jiangdu pumping stations and flows to Dashanzi along the Li
Canal continuously, while some flows from the Jiangdu West Gate to the Baoying pumping station,
passing by the Jiangdu East Gate along the Sanyang River and the Tong River. The two flows meet at
Dashanzi, after which the water flows along the Li Canal to the downstream of the Huai’an pumping
stations in the second stage of the eastern route project, passing by the West Gate of North Canal.

Table 1 shows the channel parameters, where evaporation is the long-term month mean value,
which is related to temperature, air relative humidity, and wind speed, among other factors.

In the 1st, 2nd, 3rd, 4th Jiangdu pumping stations and the Baoying pumping station, there are 8, §,
10, 7 and 4 axial flow pump units installed, respectively. The pump types are 1.75ZLQ-7, 1.75ZLQ-7,
2000ZLQ13.5-7.8, 2900ZLQ30-7.8, and 3500HDQ34-7.6, with rated power of 1000, 1000, 1600, 3400 and
3400 kW, respectively. The 1st, 2nd and 3rd Jiangdu pumping station share one 40,000 kVA transformer,
and the others use one transformer separately. From the power substation to the transformer, the power
transmission cable length is approximately 7 km for the Jiangdu pumping stations, and 27 km for
the Baoying pumping station, with 110 kV voltage. The cable lengths from the transformer to electric
motors are about 231, 251, 220, 462 and 20 m, and the voltage is 6 kV for the Jiangdu pumping stations
and 10 kV for the Baoying pumping station.

Auxiliary equipment is installed in each pumping station. For instance, in-station water supply
pumps are installed for cooling and lubrication. In-station water drainage pumps are used for draining
water in the collecting gallery of the pump house during running, non-running and overhauling.
Fans reduce heat generated from motors and solar radiation. Trash-removal equipment is installed to
prevent trash from entering the main pumps.
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Table 1. Channel parameters.

50f19

Channel Segment Length L (km)  Bottom Elevation i, (m)  Bottom Width B (m) Slope Factors ~ Roughness Coefficient R Groundwater Level zg (m)  Soil Permeability C Evaporation g, (m®/s)
0-1 22.40 -12.20 160.00 3.00 0.0225 2.00-2.12 0.0014 0.134
1-2 0.73 -5.00 60.00 3.00 0.0225 212 0.0014 0.004
2-5 0.73 -5.00 60.00 3.00 0.0225 212 0.0014 0.004
5-6 11.30 -7.00 50.00 3.00 0.0225 2.12-2.40 0.0034 0.029
6-7 20.90 -3.50 30.00 3.00 0.0225 2.40-2.96 0.0014 0.032
7-8 15.65 -3.50 30.00 3.00 0.0225 2.96-3.52 0.0014 0.024
8-9 29.95 -3.50 30.00 6.00 0.0225 3.52-5.00 0.0014 0.065
9-10 15.50 -3.50 30.00 4.00 0.0225 5.00 0.0014 0.025
34 75.00 1.00 100.00 3.00 0.0225 2.12-5.50 0.0014 0.273
4-11 33.15 2.00 70.00 3.00 0.0225 5.50-6.31 0.0014 0.086

11-12 18.70 2.00 70.00 3.00 0.0225 6.31-8.00 0.0014 0.047
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3. Mathematical Model

3.1. Objective Function

For large parallel pumping stations in an open-channel water transfer system, power is transmitted
from an external substation to the main transformer of pumping stations through cables and is
continuously provided to the main motors and auxiliary equipment. A portion of the power
is transformed into useful power, while the remainder is wasted due to power transmission,
transformer, motor, driving mechanism, main pump, inlet and outlet passage, inlet and outlet sump,
auxiliary equipment consumption, and water transfer losses. As shown in Figure 1, given the source
water level zgjy, of the Sanjiangying intake in the Yangtze River, the downstream level zy, and the flow
rate Qp, of the Huai’an pumping stations (destination), the following mathematical model can be used
for minimizing system input power P (kW) based on the order of energy transfer:

5
] P8 Qini ‘N
mln; (1000 Nz i Mdri * TTmoti + Pani tei + bl) ( )

where i is the sequence number of pumping stations and i = 1, 2, 3, 4 and 5 represent the 1st, 2nd, 3rd,
4th Jiangdu pumping stations and the Baoying pumping station; p is the density of water, kg/m3; g is
the acceleration of gravity, m/s?; Q is flow rate of single pump, m?/s; H, is pump assembly head, m;
n is the number of running pump units; 1, is pump assembly efficiency; ng; is the driving efficiency
(for direct driving, nq; = 1.0); mot is electrical motor efficiency, Nmot = Nmot (), where y is motor
load coefficient; P, is input power of auxiliary equipment system, kW; AP;. is energy loss of power
transmission, kW; and AP}, is energy loss of power transformation, kW.

In Equation (1), the input power of auxiliary equipment system P,, mainly includes
the consumption of the water supply and drainage, motor ventilation, trash removal, and lighting
systems as well as the in-station transformer, which provides power to the main pump units.
Input power can be calculated according to the actual operation system.

Transmission energy loss is related to transmission current, cable length and cable parameters.
Assuming the input power of the electrical equipment that is connected with the end of the transmission
cable is Ps (kW), the total current I through the cable can be obtained as:

Ps

Jfo = ———— 2
‘ V3U, cos @ @

where [ is the total current, A; Ue is the voltage, kV; and cosg is the power factor.
Transmission loss AP can be obtained as:

AP = (Lie/m)* 1o -1-m-107° ®)

where m is the number of cables; r( is resistance per unit length of cable, (3/km; and !/ is the length of
the cable, km.

The energy loss of a main transformer APy, is related to its parameters and actual operation load.
The operation load depends on the consumption of main pump units and other equipment. Energy loss
of a transformer can be expressed as:

5\2

AP, =Py + (<) Pr 4)
r

where Py is no-load comprehensive loss, kW, Py, = Py + eQq; P, is rated load comprehensive loss, kW,

Pg, = Ps + eQy; S is actual load capacity of the transformer, kVA; S, is rated capacity of the transformer,

kVA; Py is no-load active loss, kW; Ps is load loss, kW; Q is no-load reactive loss, kvar, Qg = Iy%S5;
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x 1072; Qs is short circuit reactive loss, kvar, Qs = Us%S; X 1072; Iy% is no-load current; U% is short
circuit impedance; and e is reactive economy equivalent, kW/kvar, typically 0.01.

3.2. Constraint Conditions

The objective function should meet the flow rate, water level, and pump unit constraints.

3.2.1. Flow Rate Constraints

The required flow rate Qy, of a water transfer destination is a given value of Cy:

Qha =G (5)

The flow rate Qw(x) of a different channel section x—x should be no more than the maximum
allowable value Qw, max(¥):

Qw (%) < Qw,max(X) (6)
Considering the inevitable flow rate loss of leakage g5, evaporation g, and the intake flow rate g¢
supplying to users along the channel, the flow rate should meet the continuity equation defined below:
pp
Qha + gs1 +4z1 +g4a1 = Qdsz
5
Qdsz +gs2 + 22 + G2 = ‘Zl Qi-nj
1=

Qs 115+ qs3 + 423 + 93 = Quax
de + qs4 + 24 + s = Qsd
Qsd 1 gs5 + 425 + g5 = Qe
Qfc +9s6 + 926 + 16 = Qy1
4
Qy1 + qs7 + 427 + ‘21 Qi1 = Qjdwg
1=

dexz +qs8 + 428 = Qsjy

@)

where sjs Gzjs and qj (G=1,2,...,8) are water leakage, evaporation loss, and intake flow rate of
the channel from the destination to the source. Water surface evaporation is related to temperature,
air relative humidity, and wind velocity. Leakage loss is determined by the channel geometrical
dimensions, roughness coefficient, ground water level, and soil permeability. According to the project
original plan, the intake flows qsj (j =2, 4,5, 8) of Dashanzi, Sanduo, Fanchuan and Yiling are 50,
50, 150, and 250 m3/s, respectively, and g = 0(j = 1, 3, 6, 7). Qdsz, Qax, Qsd, Qe Qy1, Qjdwg, and
Qsjy are the flow rate of Dashanzi, Duxiang, Sanduo, Fanchuan, Yiling, Jiangdu West Gate, and
Sanjiangying, respectively.

3.2.2. Water Level Constraints

The source water level zg, and the destination water level zy, are the given values of C; and Cj:

{ zZgy = C2 8)

Zha = C3

To ensure the safe operation of the channel, the water level z(x) at a different cross-section x—x
should be subjected to the constraint zmin () and zmax(x):

Zmin(x) <z(x) < Zmax(x) )
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According to the principle of energy conservation, the following energy equation can be derived at
an open flow segment, supposing the upstream cross-section is u—u and the downstream cross-section
is d—d:

Q(z ya %)— 0 ) N (10)

P&<ulZu g 29 —Pgddpg 2g H L \

where Q, and Qq are the flow rate on the cross-sections u-u and d-d, m3/s; z, and zq represent

the potential energy per unit weight of liquid on the u—u and d-d cross-sections, typically to the point

on the water surface, m; p,, and pq are the pressure measurements at the water surface on cross-section

u—u and d-d, N/m?2, Pu = pd = 0; vy and vq are mean velocity on cross-section u—u and d-d, m/s,

v = Qu/Au, 94 = Q4/Aq; Au and Aq are the area on cross-sections u—u and d-d, m?; a, and ay are

kinetic energy correction coefficient on cross-sections u—u and d-d, (for the gradient flow section,

they are 1.05-1.10); and APy, APy, and APy are respectively the energy losses caused by lengthwise
hydraulic, leakage, and evaporation losses, W.

According to Equations (6) and (3), given zp,, Qna and zgjy, we can obtain the water level and flow
rate at each cross-section. Supposing Zidus Zjdds Zbyd, and zg4g; are downstream and upstream water
levels of the Jiangdu pumping stations, the downstream water level of the Baoying pumping station,
and the water level of Dashanzi, the following water level balance conditions should be satisfied:

{ Zjdu ~ %jdd = Hyi ( i= ‘1/21 314) (11)
Zdsz ~ Zbyd = Hy; ( 1= 5)

3.2.3. Head Constraint

According to the theoretical performance and the operation data of the pump units in practice,
the allowable operation head is determined as follows:

Hzi,m'm < sz' < Hzi,max (12)

3.2.4. Blade Angle Constraint

For blade angle full adjustable pumps, the pump blade angles fshould meet the following constraints:

ﬁi,min < ﬁi < ﬁi,max (13)
3.2.5. Flow Rate Constraint

For a given pump assembly head H, there is a one-to-one correspondence between the pump
blade angle and flow rate; the flow rate should obey maximum and minimum constraints:

Qi,min < Qi < Qi,max (14)
3.2.6. Single Pump Unit Power Constraint

For an electrical motor, the input power should be no more than the maximum value Ppax to
avoid operation overload:
P8 Qini
1000 Nz i* 1dri * moti

< Pmaxi (15)

3.2.7. Pump Number Constraint

The quantity of operating pump unit # in the pumping station should be no more than the quantity
M of machines installed in the pumping station:

n; < M; (16)
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4. Solution Methods
4.1. Optimization Algorithm

4.1.1. Dichotomy Approach

The dichotomy approach (abbreviating as DA) is a commonly used computational method that
introduces the dichotomy into the approaching iterative search as follows:

(1) For variable x € [a, b], divide the definitional domain into n equal parts.

(2) Forintervalstep Ax=(b—a)/n,xj=a+iAx(1=0,1,2,...,n).

(8) Calculate the values of function f(x;) and obtain the minimum f ,;, (x;).

(4) If the minimum value locates boundary point x; (I = 0 or n), take the midpoint of the boundary
domain and calculate its function value, compare it with the current minimum value, and identify
the points x* with the minimum function value. Otherwise, take the midpoint x" = (x;_1 + x;)/2
and x” =(x; + x;41)/2 of interval [x;_1, x;] and [x;, x;41] respectively, then calculate f(x") and f(x”),
and compare them with f(x;) to get the minimum points x*.

(5) Shorten the search interval by half and determine the minimum point among f(x*), f(x* — Ax/2)
and f(x* + Ax/2).

(6) Shorten the search interval again by half, and stop calculations once the precision is satisfied.

4.1.2. Simulated Annealing—Particle Swarm Optimization

Particle swarm optimization (abbreviating as PSO) is an evolutionary stochastic swarm
computational technique that is based on swarm movement and intelligence [22]. In the algorithm,
a group of random particles is initialized, and the optimal solution is obtained by iterations. Each particle
adjusts its position and velocity based on both its own experience and that of neighboring particles.
At the end of each iteration, all particles observe the objective function value and move toward
better positions. The velocity and position of each particle j in iteration ¢ + 1 can be computed as
follows [23-25]:

0j(t+1) = wo;(t) + eari (1) - (py(8) = xi(t) + cara(t) - (pg (1) = x;(1)) (17)

x]'(t-‘rl) =x]'(t)+0]'(t+1) (18)

where j represents the jth particle; w is inertial weight; ¢; and c, are study factors; r; and r; are two
independent random numbers between 0 and 1; v; is the velocity of particle j; x; is the position of
particle j; p; is the best experience of particle j; and pg is the best experience of the all particles.

Simulated annealing (abbreviating as SA) is based on the physical annealing process of solid
matter [26]. In this algorithm, for a minimum function f(x), x is a current solution, and x” is a new
solution generated in the neighbourhood domain randomly, supposing AE = f(x) — f(x). Then, x is
substituted with x” at a probability p, = min{1, exp(~=AE/T)}, where T is temperature. When f(x") < f(x),
pa = 1, which implies that the better solution is accepted with probability 1; otherwise, p, is a value
between 0 and 1. The algorithm accepts a bad and new solution at a certain probability.

Simulated annealing—particle swarm optimization (abbreviating as SA-PSO) introduces SA to
the particle velocity and position update process to avoid falling into the local extreme value area and
to obtain the global optimal solution. SA-PSO is simple and easy to implement, and it improves PSO
performance [27,28].

The feasibility rule can be used to address equality and inequality constraints. It can help the SA
jump out of the local minimum and update the best position of the particle and the best position of
the population. For general constrained optimization problems,

F =Min f(x)
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] ’
std h(x)=0k=1,- (19)

where g; is constraints of inequality; /i is constraints of equality; and x; is decision variable.
Define the infeasibility degree ¢ of a solution x; as follows:

K

J
o (x;) :meOg]xl —I—thxl
j=

k=1

(20)

The infeasibility degree is the distance from the solution x; to the feasible region. The further
away from the feasible region, the greater the infeasible degree, and vice versa. If x; is feasible,
the infeasibility degree is zero. The feasibility rule is as follows: (1) the feasible solution is always
superior to the infeasible one; (2) if both solutions are feasible, the solution with a good target value
is superior; and (3) if both solutions are infeasible, the solution with a lower infeasibility degree
is superior.

The schematic diagram of SA-PSO is shown in Figure 3, where T is the temperature, A is annealing
rate, 11 is searching step (h = 0.01 in this study),
and Xmax and xmin are upper and lower bounds of the search variable.

Beginning of SA-PSO

Suppose maximum iterations
G of PSO, =0,
T(#) = (fmin—fmax) /In(0.1)
v Suppose maximum iterations

Randomly generate initial L ofSA, m=1, P, =P,(k)
population i 4’ £ £

N(0,1) and U(0,1) are random numbers between 0 and 1,

Suppose new x' =P,' +
hx(xmaxixmin)xN(oa 1 )
v

Evaluate each particle based
on feasibility rule, and

determine Py(¢) and P(f)

v

Calculate probability p,
based on infeasibility rule

Update the velocity and

v

U(0, 1), update

!

location of particles If p,=
v P, =

Evaluate each particle agian,
m=m+1

and update P(f) and Py(f)
v v
No

Update Py(7) by SA
v

AT, =t+1

T(+1)=

No

Yes
End

Figure 3. Schematic diagram of simulated annealing—particle swarm optimization (SA-PSO).

4.2. Solving Process

The mathematical model is a nonlinear optimization problem with equality and inequality
constraints. In the model above, pump assembly head H; is the difference between downstream and
upstream water level of the pumping station (see Equation (11)), and the water level is related to
the flowrate of each water channel. Flow rate Q of a single pump and the number of running pumps n
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could be determined according to the pump assembly head and the flow rate of the water channel.
The mathematical model could be decomposed into two layers. In the first layer, discharge distribution
ratio is chosen as a variable, and the water level and flow rate of the channel are determined to
obtain the flow rate and head of pumping stations by DA. In the second layer, the flow rate (or blade
angles) and the number of running pumps of each type are regarding as variables. In our previous
study, we analyzed the application of GA, PSO, and SA-PSO to optimize pumping station operations.
The results indicated that SA-PSO had better search ability [29]. SA-PSO is used to solve the second
layer here. The combination of DA and SA-PSO is called DA-SA-PSO. The schematic diagram of
the hybrid algorithm of the model is shown in Figure 4.

Given required Given source and destination

flow rate: Op, water level: zgy, Zna
\ I
v
Discharge distribution ratio:
Th st [ N
e irstlayer: | i . Ko Koia=Chnin ) 2

| Beginning of DA, for i=1, k=Fuin, Kunax: knia
T

2 v v
Water level: ‘ Flow rate: ‘ Water level: ‘F]owrate:
Zdsr Q‘jd(l‘ci) Zsiy Qb)"(kr')
v
Water level: Water level: Water level:| |Water level:
Zjdu(ki) Zjdd(kr') Zbyd(ki) Zdsz.
[

v
‘ Pump assembly head: Hyy(k;)
I

v
The second layer: ‘ By SA-PSO, choosing Q and # as variables ‘

‘Pump assembly head: H;q(k;)
[

‘ Power : Pyy(k;)

‘ Power : Piy(k;)
I

Minimum total power :
min Pioi(k)=min(Pia(k:) +Pia(k:))

‘ =i +1 B Updatc kmina kmaxa kmid ‘

midi+1-Kmid < €

Figure 4. Schematic diagram of the hybrid algorithm.

Specifically, in the first layer, the water transfer destination is the Huai’an pumping station.
Given the required discharge Qy,, the water level z},, of the destination and related parameters of the
channel, the water level and flow rate along the channel could be calculated backwards to determine
the pump assembly head. After converging at Dashanzi of the Li Canal from the Jiangdu pumping
stations and the Baoying pumping station, the water is transferred to the Huai’an pumping stations.
Supposing the flow rate is Qy of Dashanzi after water convergence and is Q; before water convergence
from the Jiangdu pumping stations, the flow rate of the Baoying pumping station is Q, = Qp — Q1
(see Figure 5). The discharge distribution ratio is defined as k = Q1,Qo, where k € [0,1], which is a unique
variable determining the water level and flow rate. They could be calculated by DA. The influences
of discharge distribution ratio k on input power are analyzed. When the system input power lowest,
the discharge distribution ratio is the optimal kopt.
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{2} Huai'an pumping stations

}
O

* Baoying pumping station
Dashanzi () =— Q2 =— (9

|

O1

|

(2 Jiangdu pumping stations

Figure 5. Water distribution diagram at Dashanzi.

The water level of Dashanzi z4g, and the flow rate Qg can be obtained by Equation (10) based on
the given water level zy, and required flow rate Qy,. For any reasonable discharge distribution ratio k
(the flow rate of the pumping station should be between the maximum and minimum to guarantee
normal operation), according to Q1 = k-Qp and Q> = Qp — Qy, the flow rate Qpy (namely Q) and
upstream water level zpy, (namely zg4s,, ignoring the loss along from the Baoying pumping station
to Dashanzi) of the Baoying pumping station can be determined. The flow rate Qj4 and upstream
water level zjq, of the Jiangdu pumping stations can also be obtained. Similarly, given the source water
level zgjy, the downstream water level zjqq of the Jiangdu pumping stations and zy,y4 of the Baoying
pumping station can be obtained based on the above Qpy and Qjq. As a result, the pump assembly
head could be calculated by Equation (11).

In the second layer, according to the pump assembly head obtained by the first layer, the flow
rate of a single pump and the number of running pumps are selected as variables, and the SA-PSO
algorithm is used to determine operation schemes and power. The related parameters of SA-PSO are
as follows: the population size is 200, the maximum number of iterations is 300, the inertia weight is
varied by Equation (21), the annealing rate is 0.92, and the searching step is 0.01.

avg ™ /min

(21)
Wmax, f > favg

(Wmax=®Wmin ) (f — fmin)
w_{wmin+ J2 fff /foavg

where Wmax and Wiy are the maximum and minimum inertia weight with values of 1.5 and 0.01,
respectively; and f, favg and f i, are current, average and minimum fitness function, respectively.

5. Results and Analysis

When zj, is 6.0 m and Qp, is 300, 200, and 100 m3/s, system operation schemes of different
discharge distribution ratio are determined at different Zsiy such as 3.00, 2.19, and 1.40 m.

The downstream water level z,y4 of the Baoying pumping station is related closely to water level
and flow rate of Sanjiangying. Considering the navigation requirements of the Sanyang River and
the Tong River, zpyq is limited between 0 and 2.60 m.

The maximum flow rate of the Baoying pumping station is 150 m>/s based on the pump
assembly performance. Given the 300, 200, and 100 m?3/s flow rate of the Huai’an pumping stations,
the corresponding minimum discharge distribution ratio is 0.5, 0.25, and 0, respectively. The flow rate
of the Sanyang River and the Tong River has more influences on hydraulic loss than that of the Li Canal.
The hydraulic loss is positively correlated with the flow rate, so the flow rate of the Sanyang River and
the Tong River is limited. In the range of 1.0-3.5 m of source water level, considering the demanding
water level of the Baoying pumping station downstream, feasible ranges of the discharge distribution
ratio could be calculated. In this study, the calculation accuracy of discharge distribution ratio k is 0.01.

Figure 6 shows the relations between the source water level zg, and the discharge distribution
ratio k under the water level constraints. Taking Qp, = 300 m3/s as a case, when Zsjyy 15 2.19 m, we can
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see that the feasible interval of k is [0.73, 1.0]. According to Figure 5, in the range of 1.0-3.5 m of source
water level, the feasible interval of flow distribution ratio corresponding to any source water level can
be determined, and the results are listed in Table 2.

4.0
—+— 0,,=300 m’/s
T 35/
330 —&—(0,,=200 m’/s
N Ur
2 sl —5— 0,=100 m’s
g 2.0t
=
8 15
5
@ L0t ‘
0.73,
0.5 ‘ ‘ —— ‘
0 02 04 06 08 10

Discharge distribution ratio &
Figure 6. Relationship between source water level and discharge distribution ratio.

Table 2. Feasible interval of k under the constraints of water level.

Feasible Interval of k

Source Water Level zgjy (m)

Qha = 300 m3/s Qha = 200 m3/s Qha = 100 m3/s
3.00 [0.60, 1.0] [0.35,1.0] [0.00, 1.0]
2.19 [0.73,1.0] [0.60, 1.0] [0.20, 1.0]
1.40 [0.92,1.0] [0.86, 1.0] [0.70, 1.0]

The pump cannot operate normally if the flow rate is too high or low. The flow rate of a single
pump unit in the Baoying pumping station is subjected to maximum and minimum values, k ¢ [0.83, 1.0).
Under the constraints of water level and flow rate, k € [0.73, 0.82] U {1.0}, where k € {1.0} represents
that none of pumps runs in the Baoying pumping station, and the flowrate is zero. For different zy
and Qh,, the feasible interval of k can be determined in the same manner, and the results are listed in
Table 3.

Table 3. Feasible interval of k under the constraints of water level and flow rate.

Feasible Interval of k

Source Water Level zgy (m)

Qha =300 m3/s Qha =200 m3/s Qha =100 m3/s
3.00 [0.60, 0.80] U [0.85,0.90] U {1.0}  [0.35,0.70] U [0.77,0.85] U {1.0} [0, 0.34] U [0.5, 0.69] U {1.0}
2.19 [0.73,0.82] U {1.0} [0.60,0.72] U [0.79, 0.85] U {1.0}  [0.20, 0.43] U [0.56, 0.71] U {1.0}
1.40 {0.92} U {1.0} [0.86, 0.87] U {1.0} [0.70,0.73] U {1.0}

In calculation, k is varied approaching the optimal value by the DA algorithm. Figure 7 shows
the relation between discharge distribution ratio k and system input power P for different zs, and
Ona, and the optimal discharge distribution ratios kopt are listed in Table 4. From the above results,
at a given flow rate of the Huai’an pumping stations, when the source water level is raised, the feasible
intervals of discharge distribution ratio are enlarged, and the system input power and optimal
discharge distribution ratio are decreased. At a given source water level, when the required flow rate of
the Huai’an pumping stations is decreased, the system input power and optimal discharge distribution
ratio decrease as well, but the feasible intervals of discharge distribution ratio are increased.
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Table 4. Optimal discharge ratio kopt-

Optimal Discharge Ratio kopt
Source Water Level zgjy (m)

Qha = 300 m3/s Qha = 200 m3/s Qha = 100 m3/s
3.00 0.80 0.69 0.66
2.19 0.82 0.82 0.69
1.40 0.92 0.87 0.73

Tables 5 and 6 show water level of compute nodes and optimized results of pump units with
the optimal discharge distribution ratio. In Table 5, “—” represents the pump unit does not run.
The operation scheme of the 3rd Jiangdu pumping station is not listed because this station does not
need to run (i.e., its flow rate is zero). The total computation time using DA-SA-PSQO is approximately
20 min. A decision within 30 min is regarded as real time for an open-channel water transfer system.

For a given zgy, the pump assembly head increases with an increase in flow rate to meet
the requirements due to the hydraulic loss increases. The pump assembly head of the Baoying pumping
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station is higher than that of the Jiangdu pumping stations, which indicates that the hydraulic loss
of the channel starting from the Sanyang River and the Tong River to the Baoying pumping station
downstream is larger than that of the channel starting from the Jiangdu pumping station to Dashanzi
along the Li Canal.

The optimal discharge distribution ratio increases with flow rate increment of the Huai’an pumping
stations. For a given flow rate of the Huai’an pumping stations, the pump assembly head and optimal
discharge distribution ratio decrease with an increase in source water level. Namely, the flow rate of
the Jiangdu pumping stations decreases, while that of the Baoying pumping station increases. This is
because the pump assembly head decreases with an increase in source water level, and the efficiency
increment of the Jiangdu pumping stations is more than that of the Baoying pumping station.

Meanwhile, with an increase in source water level, the source flow rate increases to less than 0.1%,
which could be regarded as an invariant. One possible reason is that the depth of the channel and
wetted perimeter increase, but the water flows slowly, resulting in slightly increased loss from water
leakage. The operation characteristics of pumping stations exhibit close relationships with water level
and flow rate.

For the South-to-North Water Transfer Project, the original flow rates of the Jiangdu pumping
stations and the Baoying pumping station are 400 m3/s and 100 m3/s, and the discharge distribution
ratio k is 0.8. The input power of the optimal and original discharge distribution ratio is listed in Table 7,
where “—” represents the system could not operate normally under original discharge distribution.
From the table, the input power could be saved by 0.2-2% using the optimal solution.

An explanation is that in the scheme of original discharge distribution ratio, flow rate (or blade
angles) and the number of running pumps of each type are optimized using SA-PSO. In actuality, the
pumping stations operate according to managerial experience with a lack of scientific guidance. Under
a given water level and required flowrate, the pump blade angles are regulated to a fixed value (which
is usually is 0°), and the pump assembly with high efficiency is preferred to be operated. For the case
in this study, the pump unit operation schemes and input power are calculated under the assumption
that the pump blade angles are all 0°, as shown in Table 8. Due to the constraints of fixed blade angles
and the integer number of running pumps, the total flow rate may be greater than what is required,
resulting in flow rate waste and a great increase in input power. Compared with Table 8, the input
power of optimal discharge distribution ratio is saved by 14-35% in Table 7.

The mathematical model could also be solved by double-layer SA-PSO (dSA—-PSO). The optimal
discharge distribution k is regarded as a variable in the first layer and is determined by SA-PSO,
where the population size is 20, the maximum number of iterations is 30, and the other parameters are
the same those listed above. The calculating amount is quite large, with a long computation time of
approximately 10 h. Good solutions could be obtained by the two methods, and the results are shown
in Table 9.

The results indicate that the accuracy of discharge distribution ratio is higher, and the input power
is approximately 0.067% lower by dSA—PSO than that by DA-SA—-PSO, while the difference of kopt is
approximately 0.5% between the two methods. The computation time is only approximately 20 min
by DA-SA-PSO, which is 1/30 of that by dSA-PSO, because repeated iterations of water level and
flow rate are avoided. Therefore, the DA-SA-PSO algorithm exhibits more advantages in terms of
calculation amount and speed, and is efficient for obtaining optimal solutions in real time according to
frequently varying water levels of the source or destination, required flow rate, or technical equipment
conditions for parallel pumping stations in an open-channel water transfer system with double water
lines. The dSA—-PSO is useful for calculating optimal solutions in advance, lessening the impact of
time restrictions. The solutions could be stored digitally and used based on different conditions.

For a more complex water diversion system, such as three or more water diversion lines and more
pumping stations, the modelling method and solving process are similar to above. The difference is
the increasing number of variables, working load and computation time.
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Table 5. Water level and flow rate of main compute nodes with optimal discharge ratio.

16 of 19

Qha =300 m3/s

Qha =200 m3/s

Qha =100 m3/s

Water Level z5jy (m)  Compute Nodes
Flow Rate Q (m?/s) Water Level z (m) Flow Rate Q (m?/s) Water Level z (m) Flow Rate Q (m?/s) Water Level z (m)

0 812.185 3.000 711.028 3.000 611.647 3.000

2 292.327 2.887 194.189 2.900 122.311 2.909

3.00 3 292.327 8.128 194.189 7.394 122.311 6.599

’ 4 303.335 7.678 202.023 7.114 102.248 6.430

10 60.667 2.266 62.627 2.265 34.764 2.483

12 300.000 6.000 200.000 6.000 100.000 6.000

0 811.737 2.190 710.724 2.190 611.204 2.190

2 303.379 2.048 220.350 2.069 127.397 2.085

219 3 303.379 8.145 220350 7.464 127.397 6.608

’ 4 303.335 7.678 202.023 7.114 102.248 6.423

10 54.600 1.044 36.364 1.357 31.697 1.433

12 300.000 6.000 200.000 6.000 100.000 6.000

0 811.467 1.400 710.251 1.400 610.6550 1.400

2 333.648 1.203 230.410 1.244 129.432 1.271

1.40 3 333.648 8.229 230.410 7.492 129.432 6.621

’ 4 303.335 7.678 202.023 7.114 102.248 6.423

10 24.267 0.084 26.263 0.101 27.607 0.122

12 300.000 6.000 200.000 6.000 100.000 6.000

Table 6. Pump unit optimal operation schemes with optimal discharge ratio.
1st Jiangdu Pumping Station 2nd Jiangdu Pumping Station 4th Jiangdu Pumping Station Baoying Pumping Station
Water Level Flow Rate No. of No. of No. of No. of
Zgjy (m) Qha (m3/s) Head H, (m) A Bll ade € Running Head H, (m) A Bllade € Running Head H, (m) A Bllade ©) Running Head H, (m) A Bllade © Running
ngles Pumps n ngles Pumps n ngles Pumps n ngles Pumps n

300 524 232 5 5.24 ~1.89 7 524 —4.00 5 541 —527 2
3.00 200 4.49 -3.31 7 4.49 -3.41 5 4.49 -3.10 2 4.85 -5.26 2
100 3.69 —-3.66 7 3.69 -3.34 5 — — 0 3.95 —4.57 1
300 6.10 -116 1 6.10 -1.22 6 6.10 ~4.00 7 6.63 ~5.66 2
2.19 200 5.39 -2.79 6 5.39 -3.08 6 5.39 —4.00 3 5.76 -1.77 1
100 4.52 -3.76 7 4.52 —4.00 6 — — 0 5.00 —4.95 1
300 7.02 -0.35 5 7.02 -0.17 4 7.02 -0.75 7 7.59 -5.86 1
1.40 200 6.25 -2.53 4 6.25 -2.60 3 6.25 —4.00 5 7.01 -5.75 1
100 5.35 -2.36 6 — — 0 5.35 —4.00 2 6.31 -5.81 1
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Table 7. Input power with optimal and original discharge distribution ratio.

17 of 19

Water Level zg;y (m)

Input Power with Optimal Discharge Distribution Popt (MW)

Input Power with Original Discharge Distribution P4 (MW)

Qha = 300 m?/s

Qha = 200 m3/s

Qha = 100 m3/s

Qha = 300 m?/s

Qha = 200 m3/s

Qha = 100 m3/s

3.00 26.223 17.037 9.205 26.223 17.384 —
2.19 29.647 19.410 10.550 29.706 19.518 —
1.40 33.834 21.845 12.075 — —
Table 8. Pump unit operation schemes with original discharge distribution ratio and fixed blade angles.
1st Jiangdu Pumping 2nd Jiangdu Pumping 4th Jiangdu Pumping . . .
Station Station Station Baoying Pumping Station
Water Level Flow Rate No. of No. of No. of No. of Input Power
Zgjy (m) Qna (m?/s) Head H, 0.0 Head H, 0.0 Head H, 0.0 Head H, 0.0 Pgp (MW)
Running Running Running Running
(m) P (m) (m) (m)
umps n Pumps n Pumps n Pumps n
3.00 300 5.24 8 5.24 8 5.24 4 5.41 2 30.849
’ 200 4.55 8 4.55 8 4.55 4 4.68 1 26.387
219 300 6.26 8 6.26 8 6.26 4 6.99 2 34.432
’ 200 5.38 8 5.38 8 5.38 4 5.81 1 28.324

Table 9. Optimal discharge ratio and input power based on dichotomy approach-simulated annealing—particle swarm optimization (DA—-SA—-PSO) and double-layer

simulated annealing—particle swarm optimization (ASA-PSO).

DA-SA-PSO dSA-PSO
Water Level zgjy, (m) Qha = 300 m®/s Qha = 200 m3/s Qha =100 m®/s Qha = 300 m3/s Qha = 200 m3/s Qha =100 m3/s
Kopt P (MW) kopt P (MW) kopt P (MW) kopt P (MW) kopt P (MW) kopt P (MW)
3.00 0.80 26.223 0.70 17.037 0.66 9.205 0.7940 26.214 0.6896 16.961 0.6586 9.204
2.19 0.82 29.647 0.82 19.410 0.69 10.550 0.8223 29.637 0.8238 19.406 0.6858 10.550
1.40 0.92 33.834 0.87 21.845 0.73 12.075 0.9202 33.826 0.8716 21.844 0.7285 12.071
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6. Conclusions

This paper proposes an efficient methodology for optimizing energy use of parallel pumping
stations in an open-channel water transfer system with double water lines. The energy consumption
includes the power of main electrical motors and auxiliary equipment, and power transmission,
transformation equipment, hydraulic, and water volume losses. To avoid repeat iterations of flow rate
and water level of the channel, the DA was applied to optimize the flow rate distribution of double
water lines to determine the head and flow rate of each pumping station, and SA-PSO was implemented
to optimize power consumption in pumping stations. The following conclusions can be obtained:

(1) Using the hybrid DA-SA-PSO, the calculation time is 1/30 of dSA-PSO. Compared with
the original scheme, the system input power of the schemes with optimal discharge distribution
could save 14%-35% of energy. DA-SA—-PSO is useful for solving optimization problems in real time
considering frequently varying conditions.

(2) When the flow rate of the transfer destination is a given value, such as 300, 200 and 100 m?/s,
the feasible range of discharge distribution ratio is enlarged with the increase in source water level,
and the pump assembly head, optimal discharge distribution ratio, and system operation power are
decreased. When the source water level is a given value, such as 3.00, 2.19 or 1.40 m, the feasible
range of discharge distribution ratio is shortened with the increasing flow rate of the destination,
and the optimal discharge distribution ratio, pump assembly head and system input power are all
increased. The operation characteristics of pumping stations are relevant to the water lever and flow rate.

(3) For complex systems with more water transfer lines and pumping station stages, the modelling
method and solving process could also be applied.
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