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Abstract — The study focuses on unbalanced power 

distribution networks operating within integrated 

hardware and software solutions in Automated 

Systems of Electric Revenue Metering (ASERM) 

designed to automate and digitalize electricity 

monitoring and metering processes. Unbalanced load 

flows in power distribution networks cause significant 

active power loss and, consequently, compromise the 

efficiency and techno-economic performance of these 

networks. This study seeks to minimize technical power 

loss in power distribution networks through the 

development of an Automatic Control System (ACS) 

within the ASERM structure for balancing the 

three-phase network. Previous studies show that 

modern ASERM implementations lack technologies 

capable of solving the problem. We propose a method 

for designing a digital ACS controller whose primary 

function is to maintain the required phase power levels 

in specific sections of the network in real time. 

Conceptually, the method is based on the idea of 

redistributing load flows between power distribution 

network phases by appropriately switching 

single-phase customers to minimize deviations of phase 

powers from their set values. To achieve the effective 

control, criterion functions are built to serve as quality 

metrics of ACS performance and algorithms are 

designed to govern the operation of the digital 

controller and generate controls to be applied to the 

controlled object. The controls are represented as a 

digital code containing data on the coordinates of 

electricity meters of three-phase network customers 

that are to be switched to another phase. The findings 

from the study aim at improving the automation and 

digitalization of power distribution networks (PDN) 

and enhancing their reliability. 

Index Terms — Power distribution system, network 

balancing, digital controller. 

I. INTRODUCTION 

It is well known that current and voltage unbalance in 

power distribution systems causes significant electricity 

loss [1–3]. According to the published research, in 

networks with distributed loads, deviations (unbalances) of 

phase currents from their average value result in 

substantially increased technical loss. Experimental 

evidence from power supply systems shows that technical 

loss in power transmission lines and their feeding 

transformer substations (TS) accounts for more than 6% of 

the total amount of electricity fed into power distribution 

networks [1]. Furthermore, power quality deteriorates, 

increasing the likelihood of failure of household appliances 

and industrial equipment. Various methods and devices are 

proposed for load balancing in power distribution networks 

[4–9]. Their practical application, however, is hindered by 

the technical complexity of creating automated balancing 

systems for three-phase distribution networks with a large 
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number of electricity consumers. The technical 

implementation of these solutions requires the creation of 

separate local subsystems at the points where loads are 

connected to network phases. These subsystems must 

include individual units for performing measurement, 

parameter monitoring, and data processing. The design of 

such subsystems involves rather complex processing 

algorithms based on measurements of a set of data-driven 

parameters. For example, the technique reported in [4] 

requires measuring the active power of the neutral 

conductor of the line, as well as voltage and current signals 

of the neutral conductor at the points where loads are 

connected to the network. The reactive power control 

system in [4] uses the positive-, negative-, and 

zero-sequence currents of the loads. Modern electricity 

meters [10, 11] operating within the Automated System for 

Electric Revenue Metering (ASERM) lack such 

measurement capabilities, which makes it problematic to 

use the above technologies in modern ASERM systems. 

The studies [12, 13] contribute a possible solution to the 

problem through the creation of a digital automated control 

system for load balancing within the data concentrator 

(DC) of the ASERM.  

This paper aims to further advance the approaches 

proposed in [12, 13]. 

II. PROBLEM STATEMENT 

We consider a three-phase four-wire power distribution 

network connected to a feeding transformer substation 

(TS) and a group of n  electricity meters {
kEm 

} installed 

at single-phase consumers. Its schematic diagram is shown 

in Fig. 1, where k  and   are index variables denoting, 

respectively, the phase numbers A, B, C ( 1,3k = ) and the 

load (electrical appliance) numbers of the PDN customers 

( 1,n = ); kI  and kU  are the sinusoidal instantaneous 

current and voltage at the input of the k -th phase; kZ   is 

the load impedance with coordinates ( ,k  ); kI   and kU   

are the instantaneous current and voltage of the load kZ  ; 

J  is the instantaneous current in the  -th section of the 

neutral conductor; kS  is the complex power of the k -th 

phase; kS   is the complex power consumed by the load of 

the customer with coordinates ( ,k  ); 
kPCS 

 is the 

phase-current switch of meter 
kEm 

. 

The following assumptions are made: 

1) The three-phase PDN operates under current and 

voltage unbalance; 

2) The electricity meters (
kEm 

) are equipped with 

phase-current switches (
kPCS 

); 

3) The data concentrator (DC) polls the main 

three-phase electricity meter (
TSEm ) and the groups of 

customer meters connected to phases A, B, C at discrete 

time instants t t=  ( 1,2, =  ), recording the following 

quantities in the ASERM database: 

 
Fig. 1. Schematic diagram of a power distribution network with kEm   and kPCS  . 

http://esrj.ru/


T.T. Omorov et al.                       Energy Systems Research, Vol. 8, No. 4, 2025 

26 

• Active powers 
kp 

 and reactive powers 
kq 

 

consumed by customer loads with coordinates ( ,k  ); 

• Active powers 
kp  and reactive powers 

kq  consumed 

by the corresponding phases at the input of the three-phase 

network. 

The technical power loss in the TS and the network are 

largely determined by the effective (root mean square, 

RMS) currents 
1 2, , , nJ J J  flowing in the corresponding 

sections of the neutral conductor. The smaller these 

currents, the higher the level of network unbalance and the 

lower the power losses. Therefore, the quality and 

efficiency of the PDN can be evaluated by the following 

objective function: 

1

n

E J

=

= .  (1) 

Minimizing the efficiency index E is equivalent to 

optimizing the load flow of an unbalanced PDN, in which 

the unbalance of the total power consumed by each 

network phase is reduced to a minimum. To this end, it is 

advisable to design a power loss control system based on 

the balancing of phase loads and relying on criterion 

functions [12] and computational methods [14, 15]. 

In our earlier studies [12, 13], due to the complexity of 

controlling technical power loss, we implement the 

balancing process only for the initial section of the PDN, 

since a large share of load unbalance-related loss occurs in 

the transformer substation. In an unbalanced load flow, the 

effective values of the above currents can become 

significant due to the phase-current unbalance. The smaller 

these values, the higher the balancing level of the network 

and the lower the active power loss. Thus, the sum of the 

effective currents in the neutral conductor of a three-phase 

network can serve as an objective (criterion) function, i.e., 

a metric of the quality and efficiency of the distribution 

system. By minimizing this criterion, it is possible to 

optimize the load flow of the PDN. To this end, we propose 

using an automatic control system for technical losses in 

the distribution network, whose main functional 

component is a microprocessor-based digital controller. 

The primary function of the digital controller is to process 

load-state data to determine the coordinates of those 

customers whose loads must be switched from more 

heavily loaded phases to less loaded ones [12, 13] to 

minimize the criterion function. Consequently, control u is 

generated for the facility, which includes a group of loads 

with electronic electricity meters {
kEm 

} installed at the 

customers of the three-phase network. Control signal u is 

the digital code of a command containing information on 

the coordinates of the corresponding customer meters and 

the phases of the three-phase network where the required 

switching operations must be performed. This control 

information is transmitted via a communication channel to 

the customer meters, which must be equipped with special 

devices — phase-current switches (PCS). The practical 

implementation of this principle of redistributing load 

flows between network phases is feasible, since 

phase-current switches have already been designed and 

tested [7, 8]. It should be noted that modern ASERM 

systems can use microprocessor-based electricity meters 

that allow synchronized real-time measurements of the 

required data with accuracy of up to 2% [10, 11]. The meter 

readings are recorded at the moments of their remote 

polling. 

 
 

Fig. 2. Schematic of a power distribution system divided into N modules. 
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The task is to determine the structure and operating 

algorithm of the digital controller that ensures the 

minimization of technical power losses in the PDN based 

on ASERM data. 

III. CONCEPT OF POWER LOSS CONTROL IN THE 

NETWORK 

Further research reveals that a more effective method for 

controlling technical loss is based on the decomposition of 

the PDN into a number of local network sections (LNS), 

each combining a group of adjacent loads (customers) that 

are invariant (independent) with respect to certain 

electrical variables of the PDN. Such variables may include 

the total power consumed by the local PDN sections, as 

well as the total currents of the customer loads connected 

to the phases of the LNS. Selecting the composition of an 

LNS, it is essential to ensure the presence of at least one 

single-phase customer electricity meter. Figure 2 shows a 

schematic of a PDN divided into LNSs. 

Here, 
kS 

 is the total complex power of the network 

module with coordinates ( ),k  , where   is the serial 

number of the module. 

Figure 3 illustrates the concept of the local network 

section ( LNS
) for a subsection of the k -th phase. 

 
Fig. 3. Schematic of a local network section LNS . 

 
Fig.  4. Schematic of the digital controller system. 
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Here, kS 

  is the complex power of the load of a customer 

in LNS
 with coordinates ( ),k  . The total power 

consumed by LNS
 is 

1

N

k kS S


 

 

=

= ,  (2) 

where N
 is the number of loads in the  -th local network 

section. 

This approach enables the study on the operation of each 

local section independently of the others. Moreover, it 

facilitates designing an individual local digital controller 

(LDC) for each section, whose main function is to ensure 

the balancing process of the corresponding LNS. Local 

controllers allow for parallel data processing, which 

significantly speeds up computations. The independent 

LDCs are coordinated by a central control unit (CCU) 

relying on information from all LDCs and the ASERM 

database (Fig. 4). 

Based on the preliminary processing of data obtained 

from customer electricity meters, the CCU: 

• Determines the composition of the LNS in the PDN; 

• Calculates setpoints for all digital controllers; 

• Generates controls (u) for the controlled object, 

consisting of a group of phase-current switches { kPCS  } 

and customer meters { kEm  }, using the results of the 

LDCs’ operation. Control commands can be transmitted 

via a communication channel (CC) using PLC or GSM 

technologies. Figure 5 shows the functional structure of the 

power loss control system. 

In our earlier studies [12, 13], due to the complexity of 

controlling technical power loss, we implement the 

balancing process only for the initial section of the PDN, 

since a large share of load unbalance- related loss occurs in 

the transformer substation. 

Based on the preliminary processing of data obtained 

from customer electricity meters, the CCU: 

• Determines the composition of the LNS in the PDN; 

• Calculates setpoints for all digital controllers; 

• Generates controls (u) for the controlled object, 

consisting of a group of phase-current switches {
kPCS 

} 

and customer meters {
kEm 

}, using the results of the 

LDCs’ operation. Control commands can be transmitted 

via a communication channel (CC) using PLC or GSM 

technologies. Figure 5 shows the functional structure of the 

power loss control system. 

In our earlier studies [12, 13], due to the complexity of 

controlling technical power loss, we implement the 

balancing process only for the initial section of the PDN, 

since a large share of load unbalance- related loss occurs in 

the transformer substation. 

The technical implementation of the CCU and the LDCs 

can be carried out using a microprocessor-based controller. 

IV. SCENARIO ANALYSIS OF THE CONTROLLED OBJECT 

The balancing process for each local network section (

LNS
) is carried out as follows. The input data for the 

problem are the measured active powers 
kp


 and reactive 

powers 
kq


 consumed by the loads of LNS

. The total 

complex power of LNS
 can be calculated as 

( )
1

k

N
j

k k k kS p jq S e


 

   

=

= + = ,  (3) 

 
Fig.  5. The functional structure of the power loss control system. 
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where 
kS 

 and 
k  are the magnitude and phase of the 

complex power 
kS 

, respectively, and 1j = −  is the 

imaginary unit. Next, the average power S
 over the 

phases of the considered LNS
 is determined as 

1 2 3

3

S S S
S

  



+ +
= .  (4) 

The deviations from the average value S
, i.e., the phase 

mismatches for the local network section, are then 

calculated as 

1 1e S S  = − ,  

2 2e S S  = − ,  (5) 

3 3e S S  = − ,  

which forms the mismatch vector 
1 2 3, ,e e e e   

 =   . It is 

important to note that the quantities 
1e 

, 
2e 

 and 
3e 

, as 

defined by (5), essentially represent control errors 

(mismatches) that should tend toward zero during the 

control process. Based on the computed entries of vector 

e , the following cases can be distinguished: 

Case 1. One entry of the control error vector 

1 2 3, ,e e e e   
 =    is positive, another is negative, and the 

third is zero. For example, 
1 0e   , 

2 0e   , 
3 0e  =  

(Fig. 6a). In this case, phase A is overloaded. Therefore, its 

loads should be switched to phase B (denoted as A → B). 

Phase C remains unchanged, since 
3 0e  = . 

Case 2. Two entries of the control error vector e  are 

positive, and the third is negative. For example, 
1 0e   , 

2 0e   , 
3 0e    (Fig. 6b). In this case, phase A is 

overloaded, while phases B and C are underloaded. To 

balance the loads, switching should be performed as 

A → B and A → C. 

Case 3. One entry of the mismatch vector e  is positive, 

and the other two are negative. For example, 
1 0e   , 

2 0e   , 
3 0e    (Fig. 6c). Here, phases A and B are 

overloaded, and phase C is underloaded. Therefore, loads 

from phases A and B should be reassigned to phase C 

(denoted as A → C and B → C). 

Thus, the identification of the required phase-switching 

operations in the power distribution network requires a 

scenario analysis of the signs of the quantities 
ke 

, 1,3k =

. Loads from phases with positive control errors 
ke 

 should 

be switched to phases with negative control errors. 

V. CRITERIA FOR OPTIMIZATION OF THE CONTROL 

PROCESS 

There is evidence to suggest that identifying 

(evaluating) the quality metrics of processes in the power 

distribution network, as defined by expression (1), poses 

major computational challenges. Therefore, the criterion 

(penalty) function used for balancing all local network 

sections is as follows: 

1 2 3f e e e   = + + ,       (6) 

 
Fig.  6. Possible control error e  scenarios. 
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the parameters of this function are the magnitudes of the 

powers consumed by network users equipped with single-

phase electricity meters. The penalty function f  

characterizes the level of symmetry of the local network 

section LNS
. 

The minimization problem is then formulated as 
*min f f = ,         (7) 

where 
*f  is the optimal value of the criterion function 

with respect to the above-mentioned parameters. 

It is important to note that solving the extreme-value 

problem (7) ensures a reduction in the value of metric E. 

Issues related to formulating the criterion functions and 

solving the extreme-value problem are addressed in [12, 

13]. 

The value of the criterion 
*f  determines the quality of 

control for LNS
, i.e., the level of load balance in this local 

section. To assess the quality of power loss control for the 

entire PDN, we introduce a generalized (global) objective 

function F defined as 

1

N

F f
=

= .         (8) 

Analysis shows that a sufficiently high level of 

balancing, i.e., the desired quality of power loss control, is 

achieved by solving the minimization problem 
*min F F= ,        (9) 

where *F  is the optimal value of the global criterion  F, 

which reflects the overall symmetry of the entire 

distribution network formed by local network sections. 

VI. FUNCTIONAL TASKS OF DIGITAL CONTROLLERS 

The above considerations make it possible to specify the 

functional tasks of the digital controllers. The main 

functions of the local digital controllers (LDCs) are as 

follows: 

1) Receiving data on the complex powers 
kS 

 consumed 

by the corresponding customer loads of LNS
; 

2) Calculating the magnitudes of powers 
kS 

 and their 

average value S
 by equations (3) and (4), respectively; 

3) Evaluating the entries of the control error vector 

1 2 3, ,ke e e e   
 =    and the value of the criterion function 

f  by equations (5) and (6), respectively; 

4) Solving the minimization problem (7) for the criterion 

function f ; 

5) Proposing actions for controlling the electricity 

meters of LNS
 based on the solution of the minimization 

problem; 

6) Transmitting the quality metrics (balancing level) 

determined by the value 
*f  and controls  proposed for the 

object to the central control unit (CCU). 

The main functions of the CCU include: 

1) Forming the input data for the control problem based 

on ASERM data for network balancing; 

2) Determining the composition of the local network 

sections (LNS) according to a specified algorithm based on 

the input data analysis; 

3) Setting the setpoints for the LDCs and transmitting 

the necessary data to them; 

4) Receiving the relevant control data for the group of 

objects (phase-current switches, PCS, and meters, Em ) 

from the LDCs; 

5) Analyzing the data of the vector 
* * *

1 2, , , Nf f f f =    

obtained from all LDCs and evaluating the generalized 

objective function F by expression (8); 

6) Generating control commands for the object to switch 

selected customers from one phase to another based on the 

analysis of the data received from the LDCs. 

The control commands are selected based on the 

following condition: 

* max , 1,f f N   = ,       (10) 

where 
maxf  is the maximum allowable value of 

*f . 

Control commands to the object are issued only for those 

LNSs where condition (10) holds. 

VII. CONCLUSION 

This study proposes a method for automatic control of 

technical power loss in 0.4 kV power distribution 

networks. The method leverages phase-load balancing 

based on ASERM data. To solve the control problem, a 

three-phase network is arbitrarily divided (decomposed) 

into local network sections (LNSs) that are invariant with 

respect to the currents and powers consumed by the 

network customers. The extent to which load is balanced 

in an LNS is assessed by a criterion function introduced as 

a function of the unbalance in the current phase powers, 

which are determined as the sums of the powers consumed 

http://esrj.ru/
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by the customers of the local sections. The coordinates of 

the customer electricity meters are identified by 

minimizing the criterion function. The required 

computational procedures employ a group of local digital 

controllers (LDCs) whose operation is coordinated by a 

central control unit (CCU). Based on the results obtained 

from the LDCs, the CCU generates and transmits control 

commands to the controlled object in order to carry out the 

required operations for switching customer electricity 

meters from one phase to another. The findings of the study 

may prove instrumental in the design of an ASERM 

subsystem for power loss control in power distribution 

networks. 
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