Improving the energy efficiency of pumping stations using artificial intelligence technologies
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Abstract. This article presents research aimed at creating favorable conditions for the implementation of artificial intelligence technologies in energy resource management by optimizing energy-efficient operating modes at pumping stations. The study provides recommendations for the intelligent management of energy facilities. To build a knowledge base, a methodology has been developed for combining various forms of knowledge representation within a single intelligent system. Optimization of the operating modes of electric motors of pumping stations and the power supply network consists of achieving a minimum of power losses in the network under given active loads of electric motors. To optimally plan the operation of a centrifugal pump, software was used for hydraulic modeling of the modes of the D3200-75 pumps most commonly used in irrigation systems.
INTRODUCTION
Energy conservation issues and solutions based on energy-efficient technologies, cost reduction, and increased economic efficiency to maintain the required microclimate parameters are particularly pressing worldwide. To reduce dependence on hydrocarbons and reduce greenhouse gas emissions, developed countries have begun to implement more environmentally friendly technologies for energy production and use, including the use of solar, wind, small rivers and canals. At the same time, technologies that reduce energy losses and increase energy efficiency have begun to be widely implemented. However, energy consumption tends to increase due to the growing amount of equipment and its wear and tear [1,2,22].
When optimizing modes and calculating technical and economic indicators of power plants, the initial information is the flow characteristics of individual units. Conventional methods for obtaining energy characteristics of equipment require special tests that are time-consuming and costly, making it impossible to conduct them partially. This leads to a discrepancy between the characteristics and the actual state of the equipment and, ultimately, affects the efficiency of the power plant.
Pumps are the primary energy consumers in irrigation systems. Pump monitoring is essential to minimize energy consumption and reduce operating costs. An optimization algorithm is used to control pumps. In hydraulic systems, pumps account for up to 95% of the total energy consumed [3,4].
Currently, the concept of intelligent manufacturing is used to manage processes as a process where intelligent robots use the integration of engineering knowledge, technological software systems for real-time optimization [5,6]. With the acceleration of the new wave of digital and technological revolution with the introduction of artificial intelligence (AI), it is possible to develop the management and optimization of processing of operating and maintenance parameters of pumps [7,8].
EXPERIMENTAL RESEARCH
Intelligent technologies are the main driving force of the fourth industrial revolution, which has an important impact on high-quality economic development.
To find the optimal scheduling of a centrifugal pump, the authors used EPANet hydraulic modeling software to test the modes of the D3200-75 (20 VAT) pumps most commonly used in irrigation systems. These modes are characterized by a flow rate from start to finish of 2700-3650 m3/h with an operating point of 3200 m3/h; corresponding to these values, a pressure of H=63-86 (75) m; and a power of N=695-940 (820) kW. Measurements at natural sites in the Khorezm region at the PS "Sartarosh", "Shpor", "Gagarin" with the installation of pumps 20 NDN and 20 NDS showed the efficiency value η from 74-80 to 88% and the permissible cavitation reserve of 5.5-7.4 (6.5) m.
Power consumption by pump i during time period j 
	,					(1)
where  – is the period of one hour, depending on the pump efficiency (), pump flow rate (Q), and pump head (H). 
The pump flow rate and head are calculated using the EPANet hydraulic simulator according to the diagram (Fig.1).
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FIGURE 1. Calculation scheme for the parameters of the РS network

The performance curves and installation of these pumps are shown in Figure 2.  [image: ]  [image: ]
a)                                                                                         b)
FIGURE 2. Full-scale testing of D3200-75 pumps; a) characteristics of the D3200-75 pump; b) location of the pumping unit.

[bookmark: bfig6]EPANet maintains a constant efficiency value for all flow rates, regardless of pump operation or any combination thereof. The results of water pumping mode optimization are compared with the currently optimized curves. Figure 2 shows the pump schedules tested for hydraulic feasibility using the EPANet simulator, and it is evident that the proposed methodology minimizes pump activation during periods of high system power demand.
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FIGURE 3. Scheme of optimal water supply schedule and daily electricity consumption by the PS network

The solution to the problem of optimally distributing a given load schedule between units was carried out using the dynamic programming method, provided that the flow characteristics of the units  are known. Optimality criterion
						(2)
under control restrictions 
Condition (2) reflects the limitations of the power equipment's operating conditions. A program for calculating the pumping station's flow characteristics was developed using this algorithm. The specified method allows calculating the flow characteristics of the PS units during operation according to the operating parameters without conducting special tests and solving the issue of optimal control of the modes [9,10,23,24,26].
RESEARCH RESULTS
Optimization of the operating modes of synchronous electric motors and the power grid should ensure their highest efficiency while maintaining voltage within specified limits and under varying shaft loads. This can be achieved by selecting operating modes for synchronous electric motors that minimize active and reactive power losses in the grid. To select normal operating modes of electric motors and the power supply network, we use a typical power supply circuit for the PS, which, for example, corresponds to the power supply circuit for the PS [11,12,25].
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FIGURE 4. Equivalent circuit diagram of an electric motor and a power supply network

The equivalent circuit diagram of a power supply network is based on the assumption that the resistance of the wires in power transmission lines is independent of the ambient temperature and operating parameters. This allows for the construction of an equivalent circuit diagram in which currents and voltages are related by linear equations [13,14]. In the power supply network diagram, there are several voltage levels, so we will reduce them to uniform basic conditions: voltage Vδ = 230 kV, total power Sb = 100 MVA and resistance Zb=Sb/Vb. In the equivalent circuit of the power supply network, the parameters of the power transmission line and step-down transformers are indicated. 
All synchronous electric motors are reduced to a single equivalent. Determination of normal modes is reduced to determining the voltages in nodes 1-4, the flows of active and reactive power along the branches, and the total power losses in the circuit under consideration. The following are specified for the circuit: - the parameters of the elements rΛ, xΛ, rTB, xTB, rTC, xTC, rTH, and xTH;
						(3)
QH = 40 MBAp; - power system voltage U0 = 230 V. In node 4 the following are specified: 1) Neng = 75 MW, Qeng= 0; 2) Neng and │U1│ - voltage modulus, which should be provided by regulating reactive power within Qmin and Qmax. The main relationships for calculating normal modes are obtained on the basis of nodal equations in the form of power loss balances in the following form [15,16]:
 `		(4)
 `			(5)
where
, - - elements of the matrix of nodal conductivities obtained on the basis of the circuit topology and elements of the equivalent circuit; 
|Uk|, |Uj| - voltage modules at the circuit nodes;
,  – phase angles of voltages at nodes 1-4; Pk,
 – active and reactive power in nodes 1-4.
The initial data are presented in Table 1.

TABLE 1. Assignment of the phases in the slots
	The section of the circuit between the nodes
	Element Options

	
	r, Ohm
	х, Ohm
	Кт

	1
	2,15
	9,5
	1,0

	1-2
	0,20
	14,0
	1,0

	2-3
	0,05
	0,0
	1,0

	2-4
	0,05
	24,3
	5,8



In accordance with the obtained mathematical model, the algorithm for calculating the normal mode is as follows: formation of constant coefficients (nodal conductivity matrices) in the system of equations; iterative solution of the system of nonlinear equations; verification of the convergence of the iterative process. If convergence occurs, the system moves on to the next block. Otherwise, it returns to the beginning of the current block and continues the iteration process. If convergence fails, resulting in the impossibility of implementing the specified mode, the system exits the current block. This exit occurs when the number of iterations exceeds a specified value. Based on the obtained voltages and phase nodes, power flows and total power losses are calculated. The normal mode calculation was performed for two cases: 1. N=75 kW, Q=0, V0=230 kV. 2. N=65 kW, Q=3200 m3/h, while the voltage on the РS buses is equal to V=10.3 kV. N=75 MW, Q=7.6 MVAp, V0=230 kV. N=65 kW, Q=3200 m3/h; when the electric motors supply reactive power to the network equal to Q=7.6 MVAp, the voltage on the YC buses increases to V4=10.5 kV.
Table 2 shows the results of calculating the normal operating conditions of the synchronous electric motors of the Shpor РS and the power supply network for both cases.

TABLE 2. Results of calculating the normal operating conditions of the electric motors of the «Shpor» РS and the power supply network
	End
	ƩN1,     MW
	ƩN1,  kW
	ƩN,     MW
	ƩN, kW
	N,     MW
	N,   kW

	1
	87,3
	28,6
	85,1
	20,4
	2,2
	8,16

	2
	85,0
	30,0
	84,6
	16,6
	0,4
	13,4

	3
	12,0
	6,5
	12,0
	6,5
	0,0
	0,0

	4
	72,0
	14,5
	72,5
	-7,6
	0,1
	6,94



From the data in Table 2 it is evident that increasing the voltage on the pumping station buses ensures a reduction in the consumption of active and reactive power in the supply electrical network due to the supply of regulated reactive power to the network. Optimization of the operating modes of electric motors of pumping stations and the power supply network consists of determining the value of the regulated reactive power generated by electric motors, which achieves a minimum of losses of active and reactive power in the network under given active loads of electric motors. In this case, the optimization criterion is as follows:

where
- losses of apparent power in electric motors and the network,
K=1, 2…n – number of branches of the equivalent circuit. 
When implementing this criterion, the minimum and maximum voltage values ​​on the pumping station busbars – Vmin, Vmax – are taken into account as network and electric motor operating restrictions. The optimization algorithm is based on the one-dimensional search method – the “uniform bisection search” method [17,18]. The implementation of this method is characterized by its sufficient simplicity and fairly fast convergence. To calculate the optimization mode, a calculation program developed on the basis of the proposed method was used [19,20]. The optimization mode calculation was carried out using the same initial data as the normal mode calculation: Neng = 75 MW, Nload = 65 MW, Qload = 40 MBAp, V0 = 230 kV. The results of the optimization mode calculation are presented in Table 3.

TABLE 3. Results of the calculation of optimization of operating modes of synchronous electric motors and network switching 
	№
	Start 
	End 
	ƩN1,  MW
	ƩN1, MW
	ƩN2,  MW
	ƩN2,  kW
	MW
	kW

	1
	0
	1
	85,1
	20,4
	83,0
	12,8
	2,1
	7,6

	2
	1
	2
	84,6
	16,6
	84,2
	13,5
	0,3
	3,1

	3
	2
	3
	12,0
	6,5
	12,0
	6,5
	0,0
	0,0

	4
	2
	4
	72,5
	-7,6
	72,4
	-13,4
	0,05
	5,8



A comparison of the calculation results for the normal mode and the optimization mode shows that, with the same initial data and conditions, in the optimization mode an increase in voltage is observed in the nodes of the power supply circuit (on the РS buses - up to 10.85 kV), and a decrease in the losses of active and reactive power in the power supply network.
CONCLUSIONS
Modernization of existing pumping stations and pumping and energy equipment is being carried out at many facilities where it has served its purpose. The authors have developed and tested an intelligent control system for nuclear power plants, enabling the transition from traditional dispatch control to a distributed digital model with elements of AI and predictive analytics. When conducting an energy audit of a power plant, the problem of more accurately calculating energy savings from the implementation of a particular energy-saving measure is solved. When several measures are implemented simultaneously, the amounts of energy consumption reduction are not summed up, and additional calculations are required to assess the potential for this comprehensive reduction.
The presented results of intelligent production should accelerate cooperation with domestic and foreign research institutes along the innovation chain.
The study provides recommendations for the intellectualization of energy facility management. To build a knowledge base, a methodology was developed for integrating various forms of knowledge representation within a single intelligent system.
Optimization of the operating modes of the electric motors of the power supply network and the supply electric network consists of determining the value of the regulated reactive power generated by the electric motors, which achieves a minimum of power losses in the network under given active loads of the electric motors.
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