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Abstract

:

The pressurized irrigation network aims to deliver water to consumption nodes at an appropriate pressure and discharge. The traditional pipe network optimization minimizes the annual operating cost or investment per unit area. The present work establishes the traditional pipe diameter and operating frequency optimization models based on flattish terrain. It proposes a new synchronization optimization method of pipe diameter and operation frequency to find the best match point for pipe diameter and operating frequency in the branched network system. The irrigation costs of the above three models, including the energy and pipe network costs, are compared with the original irrigation network system. Based on the results of optimizing the typical experimental field, the operation frequency optimization model and the pipe diameter optimization model can save about 1.4% and 10.6% in irrigation cost, respectively. Furthermore, the synchronous optimization model can significantly reduce the irrigation cost to about 19.3%, including a 26.6% reduction in the pipe network cost and a 21.9% increase in the energy cost. Compared with pipe diameter optimization, synchronous optimization can further reduce network costs while generating lower energy costs. The results of this research can be used for the design of the network system in flattish terrain to reduce the irrigation cost.
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1. Introduction


Pipeline irrigation is an important trend in the development of water-saving irrigation, while pipe network optimization is a multi-discipline issue involving global optimization, hydraulics, and intelligent algorithms [1,2,3,4]. The pressurized irrigation network (PIN), an essential system in the agricultural irrigation project, aims to deliver water to consumption nodes at an appropriate pressure and discharge [3]. The pipe network optimization minimizes the annual operating cost or investment per unit area and maximizes the system’s reliability under pressure and discharge constraints [1]. With the formulation of PIN design as an optimization problem, various studies have been performed on pipe network optimization [2,5,6,7,8].



The rapidly growing world energy use has already raised concerns over supply difficulties, exhaustion of energy resources and heavy environmental impact [9]. Predictions show that energy use by nations with emerging economies will grow at an average annual rate of 3.2% and will exceed by 2020 that for the developed countries at an average growing rate of 1.1%. Energy consumption plays an important role in pipeline irrigation [10,11]. For example, energy consumption is involved in the process of water extraction, transportation, irrigation and drainage [12]. Various measures can be adopted to reduce energy consumption during the operation of pressurized irrigation systems. The irrigation network design should take into account the energy criterion for determining the optimum pipe diameter. Conversely, more efficient management and operation of irrigation systems can be achieved using protocols and tools developed for assessing the performance using management indicators [13].



The optimization of pipe diameter combination significantly influences the investment of the whole system, leading to remarkable economic benefits [14]. Giménez et al. [15] proposed a two-level dynamic programming method to optimize networks represented by multistage graphs. Zhao et al. [16] constructed the mathematical optimization model of the pipe diameter optimization for the overall synchronized optimization of the pipeline layout and pipe diameter and achieved a total cost 27.5% lower than the empirical method. Ma et al. [14] proposed the optimization method of the mechanical pressure micro-irrigation pipe network system and established the mathematical model of the optimization design. Accordingly, the annual cost of the optimal design scheme of the irrigation pipe network has been reduced by 14%. According to various research results, optimizing the diameter of the irrigation pipe network can provide significant economic benefits [17,18,19,20]. Diameter optimization can realize the use of smaller diameter pipes to complete the system construction and to reduce the construction cost of the irrigation system.



The variable speed drive (VSD) offers many advantages in the operation of centrifugal pumps [21]. It can reduce or increase the pump head by adjusting the pump speed [22]. Lamaddalena et al. [23] and AitKadi et al. [24] indicated that about 20% and 25% of the energy for pumping could be saved by variable-speed pumps in two Italian irrigation districts and an irrigation district in Morocco, respectively. Díaz et al. [25] analyzed an irrigation district in southern Spain equipped with variable-speed pumps and simulated four alternative management scenarios for several water demand levels. In summary, by adopting the operation frequency optimization technology, adjusting the speed of the water pump, and matching the appropriate pump operating points for different irrigation groups, the energy consumption of the pumping station can be reduced, and the sustainable development of the irrigation system can be achieved [26,27].



The above research indicates that pipe diameter optimization and operating frequency optimization can significantly reduce network and energy costs, respectively. The optimization target of this paper is the irrigation cost as the sum of the annual network and energy costs. A synchronization optimization model of pipe diameter and the operation frequency is established and solved using the genetic algorithms (GA) [28,29,30,31], providing a design reference for the PIN system.




2. Materials and Methods


2.1. Problem Description and Generalization


The PIN system consists of four parts: the water source, water intake works, irrigation networks, and field irrigators. The irrigation networks are arranged according to the terrain, water source, and water consumption. Due to their low cost and convenient maintenance, branched networks have been widely utilized in agriculture [16]; this paper conducts research on the networks. Figure 1 shows the schematic diagram of the branched networks.



Irrigation costs include the investment cost (this paper only considers the cost of the pipe network, excluding equipment such as pumping stations) and the energy consumption cost [2]. There is a non-strict inverse relationship between these two costs and the pipe diameter. The network cost is positively related to the pipe diameter, and the energy consumption cost is negatively related to the pipe diameter [26].



The pipeline network investment generally accounts for 70% of the total investment in the irrigation system and determines the investment in the entire system. Plastic pipes such as PVC or PE are usually employed for the PIN. With the increase in the pipe diameter, the unit price of pipes usually increases exponentially [16]. Therefore, a reasonable reduction of the pipe diameter can significantly reduce the investment cost of irrigation projects.



Furthermore, the energy consumption cost is mainly generated by the motor that drives the pump, determined by the pump’s operating point. The pump’s operating point will change during the entire irrigation process according to different pipeline resistances of different rotation irrigation sectoring [32,33]. When the pipeline resistance difference between the rotation irrigation sectoring is relatively significant, the operating point deviation of different rotation irrigation sectoring will be more obvious. This often avoids the water pump running at the optimal operating point, thus reducing the pump efficiency and increasing unnecessary irrigation energy consumption. In order to adjust the working point of the pump, the pump revolution speed can change the pump’s performance curve based on VSD technology [26]. This technology can theoretically match the operating point for each rotation irrigation sectoring to realize the low energy consumption operation of all rotation irrigation sectoring.




2.2. Mathematical Models


The PIN design is a highly complex problem. Most of the optimization methods are based on the pipe diameter optimization of the fixed speed pump [21]. Compared with the traditional optimization of branch pipe diameter and operation frequency optimization, this paper establishes a pipe diameter optimization model (PDM), an operation frequency optimization model (OFM), and a synchronization optimization model of pipe diameter and variable frequency (SOM) without changing the rotation irrigation sectoring, irrigation amount, and pipe network layout.



The synchronization optimization of pipe diameter and operation frequency process can be structured in four stages. First, mathematical models of PDM, OFM, and SOM are established. In the second stage, various irrigation constraints are established according to the engineering application requirements. In the third stage, the annual energy and network costs are evaluated. Finally, the total costs of PDM and OFM are compared with those of SOM.



Large-scale farmlands generally employ the rotation irrigation system [16]. The main pipe adopts continuous irrigation. Valves control the branch pipe for rotation irrigation; that is, the main pipe supplies water to the branch pipes according to the sequence of rotation irrigation groups. Furthermore, considering engineering applications, the pump station generally supplies water only to two branch pipes at the same node. In the proposed model, the number of main pipes is 1, the number of main pipe segments is NM, the number of branch pipes is N, and the number of branch pipe segments is NB. The number of hydrants and branch pipe segments is the same. The numbering methods of branch pipes and main pipe segments are shown in Figure 2. The division method of rotation irrigation sectoring and the number of passes through the central pipe segment are shown in Table 1. The branch pipes are numbered in sequence from the pump along the water flow direction.



In engineering applications, the branch pipe diameter will gradually decrease along the flow direction to reduce investment. Furthermore, due to the different irrigation areas of each hydrant, the discharge of each outlet is also different during the irrigation process [34]. Therefore, to obtain a reliable hydraulic model close to reality, the pipeline resistance calculation should be performed for each pipe segment during the hydraulic calculation. For the convenience of mathematical calculation, the branch pipe segments and hydrant should be numbered. Figure 3 shows the branch pipe segments and hydrant numbers. The branch pipe segments are numbered sequentially from the furthest hydrant in the opposite direction of the water flow.



2.2.1. Mathematical Model of Irrigation Cost


The PIN optimization mainly involves pipeline layout, pipe diameter selection, and pump revolution speed [16,21]. This paper optimizes pipe diameter and operating frequency (pump revolution), considering a constant pipeline layout. The pipe diameter optimization aims to determine the branch pipe diameter, considering only one standard diameter for each branch pipe segment. Operating frequency optimization mainly matches the most economical pump speed for the network characteristic curve of each irrigation sectoring.



PDM, OFM, and SOM are established in this paper. SOM can be simplified to PDM without frequency optimization, and OFM can be obtained without pipe diameter optimization. For the convenience of mathematical description, an irrigation system optimization model is established to optimize pipe diameter and operation frequency with the minimum annual cost of the rotary irrigation network as the objective function. The minimum irrigation annual cost (including the annual network and energy costs) of the irrigation system is considered the objective function, which is defined as follows:


   min    F =  [     r ( 1  +    r )   y       ( 1  +  r )   y  − 1   + B  ]    ∑  i = 1  N     ∑  j = 1   N  B i      C  i j    L  i j       + μ ⋅   ∑  i = 1    N / 2       E  T i   H i   (    ∑  j = 1   N  B  2 i − 1       q  2 i − 1 , j   +   ∑  j = 1   N  B  2 i       q  2 i , j        )    367.2  η i   η p       



(1)




here, F is annual irrigation cost, Yuan/year; r is annual interest rate, %; y is depreciation period; B is average annual maintenance rate, %; Cij is the price of branch pipe i segment j, yaun/m; Lij is the length of branch pipe i segment j, yaun/m; μ energy consumption correction coefficient based on experimental; E is the local electricity price, yaun/kW·h; Ti is irrigation period of rotation irrigation sectoring i, h; Hi is pump outlet pressure of rotation irrigation sectoring i, m; NBi is the number of pipe segments of branch pipe i; qi,j is the hydrant discharge of branch pipe i segment j, m3/h; ηi is pump efficiency of the rotation irrigation sectoring i, %; ηp is water utilization coefficient of pipeline system, %.




2.2.2. Constraint Conditions of the Model


	
Irrigation period constraints






The irrigation period is determined according to the local irrigation test data and national standards [35]. The rotation irrigation period should not be greater than the designed irrigation period. Therefore, the following constraints are considered for the rotation irrigation period:


    ∑  i = 1    N / 2      T i    ≤  T s   



(2)




here, Ti is the irrigation period of the rotation irrigation sectoring i, h; Ts is the longest irrigation period allowed by the project, h.



	
Pipe diameter constraints






Along the direction of water discharge, the diameter of the pipe should gradually decrease [16,36]. The pipe diameter constraint established are shown below:


   d  i , j   ≤  d  i , j + 1    



(3)




here, di,j is the diameter of branch pipe i segment j, mm.



	
Velocity constraints






When the network has fertilization or application tasks, the velocity in the pipe is 0.6–2.0 m s−1 [36]. The flow depends on the velocity in a pipe and on the pipe diameter. The velocity constraints are given by:


   q  i , j   =   ∑  j = 1  j      9 π  ⋅  (  1.4 ⋅ Rand + 0.6  )  ⋅  d  i , j     2    1 ×   10  4       



(4)







	
Hydrant outlet pressure constraints






Since the most basic design principle of the irrigation network is that all hydrants have a steady discharge, there should be no pressure deficit in the most remote hydrants [37]. Taking the hydrant working pressure at the end of all branch pipes in the rotation irrigation sectoring to meet the pressure conditions as constraints, the following constraints are established:


  h y  e i  ≥   hy  M   



(5)




here, hyei is the working pressure of the hydrant at the end of the branch pipe i, m; hyM is the minimum working pressure of hydrant, m.



	
Pump outlet pressure constraints






Each rotation irrigation sectoring in this study contains two branch pipes. Each irrigation sectoring passes through various main pipe segments, resulting in different irrigation sectoring with different main pipe dampers. Similarly, each rotation irrigation sectoring has different branch pipe dampers. In order to meet the hydrant pressure of the branch pipe with greater damping, the pressure calculation should be performed with a branch pipe with high dampers. Thus, a general mathematical model should be established to obtain the network inlet pressure of different irrigation sectoring. The network inlet pressure consists of main dampers, branch dampers, and minimum hydrant working pressure. Thus, the network inlet pressure model of different rotation irrigation sectoring can be established according to the working pressure demand of the hydrant at the end of the branch pipe.


     h i  = α ⋅ max  (    ∑  j = 1   N  B  2 i      f     ∑  i = 1  j    q  2 i , i     m       d  2 i , j     b     l  2 i , j     ,   ∑  j = 1   N  B  2 i − 1      f     ∑  i = 1  j    q  2 i − 1 , i     m       d  2 i − 1 , j     b     l  2 i − 1 , j      )      +   ∑  k = 1    ⌊    2 i − 1  4   ⌋  + 1    f      (    ∑  i = 1   N  B  2 i       q  2 n , i   +   ∑  i = 1   N  B  2 i − 1       q  2 i − 1 , i        )   m     D k    b     L k    +  hy M     



(6)




here, hi is network inlet pressure of rotation irrigation sectoring i, m; α is drag coefficient considering local hydraulic losses; f, m, b are friction coefficient, discharge coefficient, pipe diameter coefficient, respectively; di,j is the diameter of the branch pipe i segment j, mm (OFM is consistent with the parameters of the original pipe network); li,j is the length of the branch pipe i segment j, m; Dk is the diameter of the main pipe segment k, mm; Lk is the length of the main pipe k, m.



Each performance parameter of a pump is not isolated and static but interrelated and mutually restrictive. This connection and restriction have certain regularity. A polynomial curve usually represents the law of change between them [26]. A pump outlet pressure model is established based on the inlet discharge of the pipe network:


  H  b i  =   ∑  i = 1  4    (   B  i , f      (    ∑  j = 1   N  B  2 i       q  2 i , j   +   ∑  j = 1   N  B  2 i − 1       q  2 i − 1 , j        )    i − 1    )     



(7)




here, Hbi is pump outlet pressure of rotation irrigation sectoring i, m; Bi,f is the polynomial regression coefficient of frequency f in the rotation irrigation sectoring i (The f of PDM remains unchanged and runs in 50 Hz power frequency).



This research model employs the farthest hydrant to calculate the network inlet pressure. Since the pump outlet pressure may be less than the demand of the network inlet pressure, the pump outlet pressure constraint is established as:


   h i  ≤ H  b i   



(8)







	
Pump efficiency constraints






Similar to the pump outlet pressure constraint, a polynomial regression model of pump efficiency is established according to the inlet discharge of the pipe network.


  P  b i  =   ∑  i = 1  4    (   C  i , f      (    ∑  j = 1   N  B  2 i       q  2 i , j   +   ∑  j = 1   N  B  2 i − 1       q  2 i − 1 , j        )    i − 1    )     



(9)




here, Pbi is pump operating efficiency of rotation irrigation sectoring i, %; Ci,f is the polynomial regression coefficient of frequency f in the rotation irrigation sectoring i.





2.3. Method of the Model Solving


2.3.1. Fitness Function Design of GA


GA is a computational model of the biological evolution process that simulates Darwin’s theory of biological evolution [38,39]. GA can iterate independently, allowing the individuals to perform a natural selection of survival of the fittest, retaining better individuals, and excluding inferior individuals. Since the GA is based on selecting the best individual, this paper employs the character to find the minimum irrigation cost.



The penalty function method is the most common and typical constraint processing method [40]. Numerous constraints must be managed when solving models. Usually, the penalty factor parameter setting is challenging and directly affects the search. The unreasonable function will lead to problems such as falling into the local optimum solution, too long calculation time, and instability.



The proposed model has five constraints, and the fitness function is established as follows:


     F  f i t   = F −  λ 1  ⋅ max  (    ∑  n =    1     N / 2      T i  −    T s  , 0  )  −  λ 2  max  (   d i  −  d  i + 1   , 0  )      +  λ 3   (  min  (  h  y  nmin   −   hy  M  , 0  )  + min  (  H  b n  −  h n  , 0  )  + min  (  p  b n  , 0  )  + max  (  p  b n  − 1 , 0  )   )     



(10)




here, Ffit is the fitness of the irrigation cost, λ is the penalty factor.



Irrigation period and pipe diameter constraints can accept inferior solutions. Their order of magnitude is similar to irrigation cost to make the effective solution more stable. Thus, the penalty function can range from 102 to 103. In order to meet the hydrant outlet pressure constraints, pump outlet pressure constraints, and pump efficiency constraints, the penalty factor for these constraints should be infinite.




2.3.2. Solution Process of the Model


This study employs the GA to solve PDM, OFM, and SOM. Figure 4 shows the basic calculation flow chart of the GA. Compared with PDM and OFM, the SOM is a multifactorial model. One of the optimization variables (pipe diameter or operating frequency) in the SOM is chosen the same as the original system to convert SOM to PDM or OFM.






3. Results


3.1. Basic Information


In order to assess the performance of the proposed method, it is applied to PIN instances. The considered instances were obtained from the data from a real network in an experimental field (33°04′53.0″ N 119°52′55.8″ W) in Jiangsu Province, China. The irrigation area of the experimental field is about 30 hectares, the terrain is flat, rice and wheat are planted, and the annual irrigation amount is about 950 mm. The pipe network has many main pipe segments with a diameter of 400 mm and ten branch pipes. The pipes used in the experimental field are U-PVC, The friction coefficient, discharge coefficient, and pipe diameter coefficient are 94,800, 1.77, and 4.77, respectively. Each branch pipe is distributed with multiple hydrants, and the interval of each hydrant is 40 m. Figure 5 shows the irrigation area of each hydrant, pipe network layout, length, and diameter of the main pipe.



The irrigation network of the experimental field was designed and constructed more than ten years ago, and the original pipe network was designed by the relatively advanced economic flow method at that time [41,42]. Table 2 shows the diameters of all branch pipe segments.



Through the investigation of pipeline manufacturers near the experimental field, the latest pipe price is utilized in the model for calculation. The commercial diameters and prices listed in Table 3 are utilized for all optimization modes.



In order to determine the operational performance of the pumping station and the pipe network, the working condition confirmation was accomplished. The experimental system construction is shown in Figure 6. There is a 0.2 s high-precision electric energy meter, frequency converter, and motor in the irrigation system. The inlet pipe, pump, pressure gauge, flowmeter, main pipe, valve, and branch pipe are ordered sequentially along the water flow direction. The experimental procedure is: First, the pump’s performance (50 Hz) is evaluated by controlling the valve. Second, the output frequency of the inverter is adjusted, the previous actions are repeated, and the pump performance curve is tested at different frequencies, the polynomial regression coefficients of performance are shown in Table 4.



The μ in the objective function (Equation (1)) should also be determined experimentally to verify its accuracy. The designed experimental process is as follows: First, the equipment in Figure 6 is employed to collect flow, pressure, running period, current, voltage, power factor, and energy consumption. Next, the above values are substituted into formula 1 for calculation, and the value of μ is determined based on the difference between theoretical and actual values of F. This paper performs the field test of the energy consumption of different pump operating points. Compared with the theoretical calculation, it is concluded that the energy consumption correction coefficient is 1.05. This work substitutes this coefficient into OFM and SOM to calculate energy consumption.




3.2. Optimization Results


3.2.1. Algorithm Results


The genetic genes of this algorithm are discharge of hydrant, branch pipe diameter, and operating frequency. Figure 7 shows an iteration diagram of the hydrant discharge at the end of branch pipe 1. It can be seen from the iteration map that the initial population distribution of hydrant discharge is wide and covers all reasonable areas. After 20 iterations, the optimal discharge range is reduced, while the optimal discharge of the hydrant value becomes stable after 40 iterations. Similarly, the convergence of branch diameter and operating frequency has a similar effect.



Since the dimensions of the three models in this work are not the same, the feasible solution area is quite different. It is necessary to establish matching population sizes for different models. The orders of magnitude of OFM, PDM, and SOM are 10, 50, and 500, respectively. Therefore, to obtain better convergence, the designed population sizes are 1000, 2000, and 10,000. Figure 8 shows the model’s convergence iteration graph. Among them, the number of iterations is 30, the crossover probability is 0.4, the mutation probability is 0.2, the penalty coefficients are λ1 = 100, λ2 = 100, λ3 = 10,000, the depreciation period is 50, the annual interest rate is 8%, and the average annual maintenance rate is 3%.




3.2.2. Calculation Results


As shown in Figure 1, the branches in the irrigation sectoring have the same number of hydrants. However, asymmetry in the number of branch pipes often occurs in engineering applications. Therefore, when solving programming, the length of the non-existent branch pipe segment should be set to 0, and its corresponding hydrant discharge should also be set to 0.



Table 5 shows the pump operating performance and irrigation period for all irrigation sectoring of different optimization models. PDM runs at power frequency (50 Hz), while OFM and SOM run at variable frequencies.



Although both PDM and SOM optimize the pipe diameter, the SOM also optimizes the operation frequency. There is a clear difference in their pipe diameter optimization results, as shown in Table 6.






4. Discussion


The irrigation cost is the sum of the network and energy costs. Figure 9 shows the irrigation cost, including the network and energy costs of the original scheme and the three model schemes. As shown in Figure 9, the annual irrigation costs from high to low are the original scheme, OFM, PDM, and SOM. SOM can achieve a lower irrigation cost than OFM and PDM.



From the perspective of irrigation cost, the cost of a pipe network is about five times the energy consumption cost. Therefore, the pipe network optimization should reduce the pipe network cost as much as possible to complete the irrigation, rather than requiring the system to operate with lower energy consumption.



In order to compare the three optimization schemes with the original scheme, the savings rates of the irrigation cost, the network cost, and the energy cost are shown in Figure 10. A comparison between OFM and the original scheme indicates that the operation frequency optimization can achieve an energy-saving rate of 9.3%. It is verified that variable frequency drive optimization can reduce irrigation energy consumption [26,27]. However, the irrigation cost is only reduced by 1.4%, reflecting that the energy-saving effect of variable frequency drive is not apparent compared with the expensive pipe diameter cost. Furthermore, the irrigation costs of PDM and SOM are reduced by 10.6% and 19.3, the network costs are reduced by 18.1 and 19.3%, while the energy costs are increased by 31.7% and 21.9%, respectively. Therefore, although irrigation cost reduces while reducing the pipe diameter [7,16], it also has the detrimental effect of increasing energy consumption. Finally, a comparison between PDM and SOM shows that adding frequency conversion optimization can significantly reduce the irrigation cost, further reduction in the network cost and the energy consumption.




5. Conclusions


In this study, the pipe diameter optimization model and operation frequency optimization model are established, and a synchronous optimization model for the selection of the pipe diameter and variable frequency is proposed. The premise of this research is the flattish terrain, for which the models are only applicable. If used in hilly areas, the terrain should be used as an important constraint to modify the model. Taking the irrigation cost of the sum of network costs and energy costs as the research objective and solving it using GA. The algorithm converges after 20 iterations, and the calculation results are stable after 50 iterations. It is proved that the algorithm has strong adaptability and can be used to solve symmetric and asymmetric PINs.



The market research and experimental results show that the annual network cost and annual energy costs respectively account for about 5/6 and 1/6 of the annual total cost. Therefore, the focus of piping optimization should be to reduce the cost of the pipeline network as much as possible, rather than the low-energy operation of the system.



The traditional pipe diameter optimization and operating frequency optimization aim to reduce network cost and operating energy consumption, respectively. The calculation results of these two models show that the cost-saving rates of pipe diameter optimization and frequency conversion optimization are 10.6% and 1.4%, respectively. It shows that both optimization models can reduce the irrigation cost, but the optimization of the pipe diameter can significantly reduce the cost of irrigation more than the optimization of the operating frequency. The reason is that the cost-saving effect of variable frequency drive will be weakened compared with the expensive pipe diameter cost.



Furthermore, compared with only the pipe diameter optimization and only the frequency conversion optimization, the proposed synchronization optimization model can significantly reduce the irrigation cost, while the saving rate increases from 1.4% and 10.6% to 19.3%, respectively. It shows that the synchronization optimization proposed, adding the frequency conversion optimization to the pipe diameter optimization, in this paper, has more advantages in reducing irrigation costs than the traditional optimization.
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Figure 1. The schematic diagram of the branched networks and irrigation sectoring. 
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Figure 2. The schematic diagram of branch pipes number and main pipe segments number. 
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Figure 3. Schematic diagram of the branch pipe segments number and hydrant number. 
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Figure 4. The basic calculation flow chart of the GA. 
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Figure 5. Diagram of the experimental field. 
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Figure 6. Schematic diagram of experimental system construction. 
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Figure 7. Population distribution of hydrant discharge during iteration. 
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Figure 8. Iterative graph of cost for different optimization models. 
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Figure 9. Irrigation cost, network cost and energy cost of the original scheme, OFM, PDM, SOM. 
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Figure 10. OFM, PDM, SOM compared with the original scheme, the saving rate of total irrigation cost, pipe network cost and energy cost. 
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Table 1. Rotation irrigation sectoring and the number of main pipe segments between branch pipe and pump.
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Rotation irrigation sectoring number

	
1

	
2

	
3

	
4

	
5

	

	
N/2




	
Branch pipe number

	
1

	
3

	
5

	
7

	
9

	
…

	
N−1




	
2

	
4

	
6

	
8

	
10

	
…

	
N




	
The number of main pipe segments

between branch and pump

	
1

	
1

	
2

	
2

	
3

	
…

	
    ⌊     N − 1   4   ⌋  + 1   
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Table 2. The diameters of all branch pipe segments in the experimental field. Since there are too many pipe sections in the experimental field, in order to facilitate the mathematical description, this paper describes the pipe sections as two-dimensional data. Sort by branch number and assign values to all pipe segments of each branch.






Table 2. The diameters of all branch pipe segments in the experimental field. Since there are too many pipe sections in the experimental field, in order to facilitate the mathematical description, this paper describes the pipe sections as two-dimensional data. Sort by branch number and assign values to all pipe segments of each branch.





	
Branch Pipe

Number

	
Branch Pipe Segment Number and the Corresponding Pipe Diameter (mm)




	
1

	
2

	
3

	
4

	
5

	
6

	
7






	
1

	
160

	
200

	
250

	
250

	
315

	
315

	
315




	
2

	
160

	
200

	
250

	
250

	
315

	
315

	
-




	
3

	
160

	
200

	
250

	
250

	
315

	
315

	
315




	
4

	
160

	
200

	
250

	
250

	
315

	
315

	
-




	
5

	
160

	
200

	
250

	
250

	
315

	
315

	
315




	
6

	
160

	
200

	
250

	
250

	
315

	
315

	
-




	
7

	
160

	
200

	
250

	
250

	
315

	
315

	
315




	
8

	
160

	
200

	
250

	
250

	
315

	
315

	
-




	
9

	
160

	
200

	
250

	
250

	
315

	
315

	
315




	
10

	
160

	
200

	
250

	
250

	
-

	
-

	
-
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Table 3. Unit prices of commercial different pipes.
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Unplasticized Polyvinyl Chloride (U-PVC) Pipes (with a Pressure Capacity of 0.6 MPa)






	
Outside diameter (mm)

	
140

	
160

	
200

	
250

	
315

	
400




	
Inner diameter (mm)

	
132.1

	
152.6

	
190.8

	
236.4

	
302.6

	
380.4




	
Unit price (Yuan/m)

	
28

	
37

	
56

	
90

	
142

	
232
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Table 4. The polynomial regression coefficient of the pump at the experimental site, since Bi,f and Ci,f have two variables, is converted into a table of different coordinates for description, irrigation sectoring (i), and operation frequency (f).
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Irrigation

Sectoring (i)

	
Operation Frequency (f)




	
s

	
50

	
49

	
48

	
47

	
…

	
42

	
41






	
B

	
1

	
21.1

	
20.26

	
19.45

	
18.64

	
…

	
14.89

	
14.19




	
2

	
−0.004611

	
−0.004519

	
−0.004427

	
−0.004334

	
−0.003873

	
−0.003781




	
3

	
−8.467 × 10−6

	
−8.467 × 10−6

	
−8.467 × 10−6

	
−8.467 × 10−6

	
−8.467 × 10−6

	
−8.467 × 10−6




	
4

	
−1.329 × 10−22

	
−4.025 × 10−17

	
−7.911 × 10−18

	
−1.066 × 10−17

	
3.556 × 10−17

	
7.502 × 10−17




	
C

	
1

	
−0.02273

	
0.02265

	
−0.02257

	
0.02248

	
0.02206

	
0.02197




	
2

	
0.002277

	
0.002316

	
0.002356

	
0.002397

	
0.002632

	
0.002685




	
3

	
−1.919 × 10−6

	
−1.919 × 10−6

	
−2.068 × 10−6

	
2.149 × 10−6

	
−2.64 × 10−6

	
2.758 × 10−6




	
4

	
3.97 × 10−10

	
4.203 × 10−10

	
4.455 × 10−10

	
4.729 × 10−10

	
6.493 × 10−10

	
6.95 × 10−10
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Table 5. Operating frequency, pump performance and irrigation period for all irrigation sectoring of different irrigation models.
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Optimization

Model

	
Irrigation Sectoring

	
Operating

Frequency

(Hz)

	
Pump Flow

(m3/h)

	
Pump Head

(m)

	
Pump

Efficiency

(%)

	
Irrigation

Period

(h)






	
PDM

	
1

	
50

	
844

	
11.2

	
81.6

	
5.1




	
2

	
50

	
555

	
15.9

	
76.3

	
9.7




	
3

	
50

	
626

	
14.9

	
79.4

	
8.3




	
4

	
50

	
646

	
14.6

	
80

	
8.7




	
5

	
50

	
673

	
14.2

	
80.7

	
6.1




	
OFM

	
1

	
42

	
593

	
9.6

	
79

	
8.4




	
2

	
41

	
636

	
8.3

	
79.3

	
8.1




	
3

	
45

	
727

	
9.6

	
80.4

	
7.1




	
4

	
41

	
612

	
8.7

	
79.2

	
9.3




	
5

	
44

	
644

	
10.2

	
75.5

	
7.6




	
SOM

	
1

	
50

	
579

	
15.6

	
77.5

	
8.6




	
2

	
48

	
642

	
13.1

	
80.1

	
8.2




	
3

	
43

	
581

	
10.4

	
78.8

	
8.2




	
4

	
48

	
545

	
14.5

	
76.4

	
10.7




	
5

	
43

	
593

	
12.3

	
79

	
6.5
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Table 6. The diameters of all branch pipe segments in the different irrigation models.
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Optimization

Model

	
Branch Pipe

Number

	
Branch Pipe Segment Number




	
1

	
2

	
3

	
4

	
5

	
6

	
7






	
PDM

	
1

	
200

	
200

	
200

	
200

	
200

	
200

	
200




	
2

	
250

	
250

	
250

	
250

	
250

	
315

	
-




	
3

	
315

	
315

	
315

	
315

	
315

	
315

	
315




	
4

	
160

	
200

	
200

	
200

	
315

	
315

	
-




	
5

	
200

	
200

	
200

	
200

	
200

	
200

	
250




	
6

	
200

	
250

	
250

	
250

	
315

	
315

	
-




	
7

	
200

	
200

	
250

	
250

	
315

	
315

	
315




	
8

	
160

	
200

	
200

	
200

	
200

	
200

	
-




	
9

	
315

	
315

	
315

	
315

	
315

	
315

	
315




	
10

	
160

	
160

	
160

	
200

	
-

	
-

	
-




	
SOM

	
1

	
200

	
200

	
200

	
200

	
250

	
250

	
315




	
2

	
160

	
160

	
200

	
200

	
200

	
200

	
-




	
3

	
160

	
160

	
160

	
200

	
250

	
250

	
315




	
4

	
200

	
200

	
250

	
250

	
250

	
250

	
-




	
5

	
200

	
200

	
200

	
315

	
315

	
315

	
315




	
6

	
160

	
160

	
200

	
200

	
200

	
250

	
-




	
7

	
160

	
160

	
160

	
160

	
250

	
250

	
2




	
8

	
160

	
160

	
160

	
160

	
160

	
160

	
-




	
9

	
160

	
160

	
200

	
250

	
315

	
315

	
315




	
10

	
200

	
200

	
200

	
200

	
-

	
-

	
-
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