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Abstract. This paper considers the problem of assessing and predicting the quality of three-phase 

electric power systems by introducing an integral criterion. The criterion is based on applied and 

fundamental research in the field of modern power system management, conducted at the Center 

of Digital Solutions for Smart Grid, the Trapeznikov Institute of Control Sciences, the Russian 

Academy of Sciences. The integral assessment criterion is based on several key indicators: fre-

quency deviation, slow voltage changes (in each phase), and the total harmonic distortion (in each 

phase). Practical results of applying this criterion are presented for the data collected in a real 

electric power system since 2021. The criterion expands the capabilities of assessing the quality 

of electric power systems compared to those accepted in the industry. 
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INTRODUCTION  

Any modern organization is a power consumer, as 

it uses lighting, computing equipment, climate control 

systems, household appliances, etc. In turn, each con-

sumer imposes certain requirements on power supply 

quality (permissible deviations in voltage and AC fre-

quency, permissible harmonic components, etc.), 

which affects the reliability and performance of the 

equipment. Therefore, among the collected data, of 

key importance are the parameters of an electric power 

system that can be used to obtain retrospective infor-

mation about its operation and to build its model. The 

most promising area of research is the possibility of 

creating models to predict the future state of a power 

system based on its current state and historical data; it 

would enable a shift towards predictive power system 

management, with the early forecasting and prevention 

of emergencies or abnormal situations.   

Note that when assessing power supply quality, 

energy retailers and utilities primarily involve the reli-

ability indices of the Institute of Electrical and Elec-

tronics Engineers (IEEE). In particular, the following 

indices are commonly used: 

 SAIFI (System Average Interruption Frequency 

Index), representing the ratio of the total number of 

disconnected customers due to sustained unscheduled 

outages to the total number of connected customers 

during a period under consideration; according to the 

IEEE 1366-2012 [2], this index is calculated by the 

formula 
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where i denotes an interruption event ( 1,i n ); Ni is 

the number of customers affected by interruption event 

i; and Nt is the total number of customers served in the 

system. 

 SAIDI (System Average Interruption Duration 

Index), representing the ratio of the total duration of 

sustained unscheduled outages affecting customers to 

the total number of connected customers during a pe-

riod under consideration; this index is calculated by 

the formula 
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where Ni is the number of customers affected by inter-

ruption event i; Ui is the restoration time or duration of 

interruption event i; and NT is the total number of cus-

tomers served in the system. 
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In the Russian energy sector, the reliability index is 

denoted by ПSAIFI; it has been calculated since 2016 in 

accordance with the methodology established by Or-

der no. 1256 of the Ministry of Energy [3]. However, 

this methodology considers either instances of power 

outages (restorations) or differentiates by voltage lev-

els, neglecting important indicators such as, e.g., pow-

er system frequency and harmonic components.    

A number of international studies have attempted 

to develop a universal criterion for assessing the quali-

ty of power systems. For example, a multifactorial 

assessment technique using a multicriteria approach 

based on the VIKOR method was proposed in [4]. For 

each power system node, this technique yields a com-

prehensive assessment taking a system of indicators 

into account: voltage deviation, harmonics, voltage 

asymmetry, voltage fluctuations and flicker, voltage 

dips, and frequency deviation. A distinctive feature of 

the above approach lies in combining weights, which 

are calculated by an improved technique (gray rela-

tional analysis with the method of analytical relations) 

to consider the interdependence of indicators and ex-

pert opinions. The final quality assessment criterion 

for an entire electric power system (F) is the sum of 

the products 

( ),j j

j
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where Qj is the power supply quality assessment of 

node j obtained by the VIKOR method; Dj is the de-

gree of influence of node j on the entire power system, 

calculated based on the theory of complex networks. 

However, this criterion quantitatively measures how 

the condition of a particular node degrades power sup-

ply quality throughout the entire power system rather 

than identifies nodes with poor voltage. 

A criterion for classifying (recognizing) composite 

disturbances, i.e., deviations from normal operation, in 

power supply quality was presented in [5]. Unlike the 

paper [4], aimed at a comprehensive assessment of the 

quality level, the problem considered therein is to 

identify the type of disturbance. The main criterion 

can be formulated as the accuracy of recognizing the 

type of a composite disturbance using the transfor-

mation of a one-dimensional signal into a two-

dimensional image. 

The approach described in [6] is similar to that of 

[4], albeit for a particular object. Indicators are as-

signed objective weights without taking expert opin-

ions into account. Time intervals are ranked: for each 

time instant, a single compromise index is calculated 

to assert, e.g., that slice no. 3 is better than slice no. 5. 

Moreover, the method proposed therein identifies 

combinations of factors that duplicate information 

(e.g., two parameters increase simultaneously and with 

the same rate) and assigns weights appropriately to 

avoid the double consideration of the same infor-

mation. 

However, the approaches of the cited studies have 

not become widespread in practice. 

An attempt to standardize power supply quality as-

sessment approaches was undertaken in GOST 32144–

2013 [7]; but the quality indicators presented therein 

are disparate and cannot be used to assess power sup-

ply quality at a given time instant comprehensively or 

compare different electric power systems.  

Fluctuations in peak loads caused by climatic fac-

tors (winter/summer), the emergence of new catego-

ries of consumers (including high-power, energy-

intensive data centers), the growing share of electric 

and hybrid vehicles, the transition to electric heating 

due to the deterioration of water heating networks and 

environmental agenda support in disadvantaged re-

gions, the development of energy-intensive data cen-

ters for the digital economy, shifts in the balance be-

tween active and reactive loads, and other factors 

make the power system frequency and voltage unsta-

ble, increase electricity losses in power systems, and 

reduce the service life of power systems, particularly 

cable lines. Changing requirements from consumers of 

reliability categories I and II regarding power supply 

quality and the emergence of a new group of consum-

ers (high-tech manufacturing with tougher demands on 

power supply quality) call for a more comprehensive 

approach to assessing the quality of electricity sup-

plied to consumers and new metrics for assessing the 

quality of electric power systems in real time. 

The Center of Digital Solutions for Smart Grid 

(hereinafter referred to as the Center) is a structural 

unit of the Trapeznikov Institute of Control Sciences, 

the Russian Academy of Sciences (ICS RAS). Experts 

of the Center are engaged in the development and re-

search of methods and technologies for the intelligent 

control of electric power systems. The Center’s key 

objective is to create and improve hardware and soft-

ware infrastructure for data collection, as well as to 

develop algorithms and mathematical models for in-

door power consumption management and climate 

control systems.  

Since 2021, the Center has organized the acquisi-

tion and systematization of the following data (the cor-

responding sensors are indicated in parentheses):  

 power system parameters (Mercury-234 electric-

ity meters installed on the three-phase cables coming 

from transformer substations);  

 microclimate characteristics for the rooms of 

ICS RAS (multi-sensor systems collecting data on 

temperature, humidity, illuminance, and carbon diox-

ide concentration indoors);  
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 meteorological indicators (a local weather sta-

tion collecting information on weather conditions).  

The architecture of the data acquisition system 

was presented in detail in [1]; also, see Fig. 1.  

 
 

 
 

 
Fig. 1. The architecture of the data acquisition system developed at the 

Center. 

 

This paper proposes an integral criterion for as-

sessing and predicting the quality of electric power 

systems, as well as for comparing different electric 

power systems with one another, based on data col-

lected by systems with a functional architecture simi-

lar to the one described in [1]. 

1. KEY PROVISIONS 

According to GOST 32144–2013, the following 

indicators are used to assess power supply quality: 

– frequency deviation, 

– voltage deviations,  

– voltage fluctuations, 

– voltage distortion, 

– voltage asymmetry, 

– voltage interruptions,  

– voltage dips and surges, and 

– transient voltages.  

The system (Fig. 1) collects tabular information on 

power system parameters and stores it in a database 

(Fig. 2). The correspondence between the power sup-

ply quality indicators and the attributes of the Electric-

ity_sensor_readings entity is given in Table 1.  

When forming the integral quality criterion for 

power systems, the following quality indicators were 

excluded: 

 voltage fluctuations, as they are associated with 

the presence of harmonics in the supply voltage and

 are incorporated in the total harmonic distortion; 

 voltage asymmetry, since this indicator is calcu-

lated, in accordance with GOST 32144–2013, over a 

sufficiently long period of time (one week) and there-

fore cannot be used to assess power supply quality in 

real time; 

 voltage interruptions, dips, surges, and transient 

voltages, since these criteria are associated with rapid 

and random events in the power system that cannot be 

tracked within the above data acquisition architecture 

based on standard hardware. 

 
 

 
 

 
Fig. 2. The database table containing sensor readings 

(Electricity_sensor_readings). 
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Table 1 

The correspondence between the attributes of Electricity_sensor_readings and power supply quality indicators 

Attribute name Attribute description 
Relationship to power supply quality indicator (GOST 32144–

2013) 

ts 
Measurement time, including date, time, and 

time zone 
Not applicable 

U1 
Phase 1-to-neutral voltage, measured at a 

given time instant ts, in V 

The deviation of the supply voltage at the electrical energy 

transfer point from the nominal (agreed-upon) value, in %. 

It is defined as  

   

   

0 0 0

0 0 0

100, ,

( ) 100, ,

i i

i i

U U U U U U

U U U U U U





       

    

  

where 0U  is the standard nominal voltage (230 V in GOST 

32144–2013); iU  is the voltage in the ith phase. 

U2 
Phase 2-to-neutral voltage, measured at a 

given time instant ts, in V   

U3 
Phase 3-to-neutral voltage, measured at a 

given time instant ts, in V 

frequency 
Power system frequency, measured at a given 

time instant ts, in Hz 

Frequency deviation, in Hz. It is defined as 

freq nomf f f   , where nom  f  is the nominal power supply 

frequency (50 Hz in GOST 32144–2013). 

harmonic 1 
Harmonic distortion of the first phase, a di-

mensionless quantity 

Total harmonic distortion UK , in % harmonic 2 
Harmonic distortion of the second phase, a 

dimensionless quantity  

harmonic 3 
Harmonic distortion of the third phase, a di-

mensionless quantity  

 
2. AN INTEGRAL QUALITY CRITERION  

FOR ELECTRIC POWER SYSTEMS 

Within the initial approach to developing an inte-

gral quality criterion (IQC) for electric power systems, 

by assumption, the most significant parameters of 

three-phase electric power systems are frequency fluc-

tuations, phase voltages, and the total harmonic distor-

tions in the phases. Based on this assumption, the IQC 

is defined as 

       

     

Σ3 1 2 3

THD THD THD

, , , ,

1 , 2 , 3 .

ENetK F f t U t U t U t

K t K t K t

    

 (1) 

Thus, the criterion Σ3K  functionally depends on a tu-

ple of the following components: 

  freq nomENetf t f f   , representing the power 

frequency deviation as a function of time; 

       1 1 0 0 2 2 0 0/ , / ,U t U U U U t U U U     
 

and    3 3 0 0/U t U U U   , representing the devia-

tions of the voltage between the neutral wire and the 

first, second, and third phases, respectively, as func-

tions of time; 

K1THD(t), K2THD(t), and K3THD(t), representing the 

total harmonic distortions of the voltage in the first, 

second, and third phases, respectively, as functions of 

time. 

For a fixed time instant t, the tuple from (1) can be 

written as a seven-dimensional (7D) vector (a first-

rank tensor), and its absolute value (the Frobenius 

norm or L2 norm; for example, see [8]) can be used as 

Σ3K : 

   
     

    

2 2

Σ3 1 2 1

2 22

2 2 2 3 3 THD

1
2 2 2

3 THD 3 THD

1

2 3 ,

ENetK f U

U U K

K K

     

       

   

      (2) 

where 1
1 2.5 Hz  , 1

2 4.7619 V   , and 3 10    

are the normalizing coefficients for the voltage devia-

tion, frequency deviation, and total harmonic distor-

tion, respectively. 
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The values of the normalizing coefficients were 

determined using the least squares method so that the 

IQC value would fall within the range of 0 to 2 under 

the maximum permissible values of the electric power 

system parameters. 

3. ANALYSIS OF THE INTEGRAL QUALITY CRITERION 

It is impossible to represent the trajectory of the 

7D vector Σ3K  in the 3D space. Therefore, we ana-

lyzed the 3D traces of Σ3K  in the coordinate frame 

 Σ3 1 2,K f U U  under fixed values of the other 

components. Some results are presented below (Figs. 

3–7).  

According to these figures, if the power system pa-

rameters approach their nominal values, the optimum 

of the IQC vanishes (Fig. 3). 

The analysis results for the IQC (2) (its key points) 

are provided in Table 2. 
 

 

 

Fig. 3. The 3D trace of the IQC for a three-phase power system with 

the following fixed values: voltage 220 V in phase 3; frequency 50 Hz; 

and nominal values of the total harmonic distortions in each phase.  

 

 

 

Fig. 4. The 3D trace of the IQC for a three-phase power system with 

the following fixed values: voltage 220 V in phase 3; nominal values of 

the total harmonic distortions in phases 1 and 3; frequency 49.2 Hz 

(minimum permissible value); and the total harmonic distortion in phase 2 

is set to 0.3 (failure). 

 

 

Fig. 5. The 3D trace of the IQC for a three-phase power system with 

the following fixed values: voltage 220 V in phase 3; nominal values of 

the total harmonic distortions in phases 1 and 3; frequency 50 Hz (nominal 
value); and the total harmonic distortion in phase 2 is set to 0.01 

(permissible value). 

 

 

 

Fig. 6. The 3D trace of the IQC for a three-phase power system with 

the following fixed values: voltage 230 V in phase 3 (permissible value); 

frequency 50 Hz; and nominal values of the total harmonic distortions in 

each phase. 

 

 

 

Fig. 7. The 3D trace of the IQC for a three-phase power system with 

the following fixed values: voltage 240 V in phase 3 (maximum 

permissible value); frequency 50 Hz; and nominal values of the total 

harmonic distortions in each phase. 

 

According to the analysis results, for an electric 

power system meeting the requirements of GOST 

32144-2013 at a given time instant (frequency 50 Hz, 

voltage 220 V in each phase, and zero nonlinear dis-

tortion in each phase), the IQC will have a limit value 

of zero (Fig. 3). 
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Table 2 

Key points for electric power system states 

Electric power system state 
Key points of KΣ3 Comment 

min max 

Normal state 0 0.218218 
All power supply quality parameters are within permissible 

ranges. 

Lower limits for the electric 

power system parameters 
0.218218 0.626783 

The power supply quality parameters are below the permis-

sible values, albeit without reaching lower critical thresh-

olds. In other words, the operation of the electric power 

system is still permissible, but additional measures are re-

quired to eliminate the drawbacks. 

Upper limits for the electric 

power system parameters 
0.218218 1.520808 

The power supply quality parameters are above permissible 

values, albeit without reaching upper critical thresholds. In 

other words, the operation of the electric power system is 

still permissible, but additional measures are required to 

eliminate the drawbacks. 

Lower critical thresholds for 

the electric power system pa-

rameters 

0.474386 1.294267 

The power supply quality parameters are below the lower 

critical thresholds. In other words, the operation of the elec-

tric power system is prohibited, and additional measures are 

required to eliminate the drawbacks. 

Upper critical thresholds for 

the electric power system pa-

rameters 

0.308607 2.035401 

The power supply quality parameters are above the upper 

critical thresholds. In other words, the operation of the elec-

tric power system is prohibited, and additional measures are 

required to eliminate the drawbacks. 

 

4. ASSESSING AND PREDICTING THE QUALITY  

OF ELECTRIC POWER SYSTEMS 

The approaches outlined in Sections 1 and 2 were 

applied to assess the quality of an electric power sys-

tem as follows: 

1. The data acquisition system for electric power 

system parameters (Fig. 1) was used. 

2. The data acquisition system with a database ta-

ble describing electric power system states (Fig. 2) 

was supplemented with a view containing the follow-

ing attributes from the table:  

– references to a particular sensor for data collec-

tion; 

– time of data collection; 

– power system frequency; 

– voltage in the first phase; 

– voltage in the second phase; 

– voltage in the third phase; 

– the total harmonic distortion of voltage in the 

first phase; 

– the total harmonic distortion of voltage in the se-

cond phase; 

– the total harmonic distortion of voltage in the 

third phase; 

– the IQC, the attribute calculated by (2). 

3. The IQC value as a function of time was visual-

ized; e.g., see Fig. 8. 

For each point on the graph, this user interface also 

displays the corresponding power system parameters; 

if the IQC exceeds the permissible limits, the user can 

determine the parameter violating the requirements of 

GOST 32144–2013. 

The user interface in Fig. 8 allows virtually chang-

ing the IQC values for each point on the graph. There-

fore, the user can analyze how variations of a parame-

ter (or several parameters) will affect the IQC value. 

(The modified state is not saved to the database.) This 

function is intended to simulate various states of an 

electric power system and consider various scenarios. 

Within the above approach, it is possible to predict 

power supply quality when varying electric power sys-

tem parameters and, hence, recommend power supply 

quality improvements and implement timely control 

measures. 

An example of power supply quality prediction is 

shown in Fig. 9. 

According to Fig. 9, at 00:21:40, the IQC value ex-

ceeds 2, corresponding to a critically high value for 

electric power system parameters. After manually 

changing some power system parameters (highlighted 

in color in the figure), a second curve appeared on the 

graph, corresponding to the predicted state. This curve 

can be used to decide what needs to be changed in the 

electric power system parameters. (Note that practical 

recommendations are beyond the scope of this paper.)  
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Fig. 8. IQC dynamics visualized. The parameters (left, top-to-bottom) are as follows: frequency deviation, Hz; voltage deviations in phases 1–3, V; voltage 

distortion in phases 1–3, %. 

 
 

 
 

 

Fig. 9. An example of power supply quality prediction. The parameters (left, top-to-bottom) are as follows: frequency deviation, Hz; voltage deviations in 

phases 1–3, V; voltage distortion in phases 1–3, %. 

 

CONCLUSIONS 

In this study, we have used an integral quality cri-

terion to assess the operation of electric power systems 

based on data collected within a system similar to [9]. 

Note that the criterion has been developed at the Cen-

ter of Digital Solutions for Smart Grid (ICS RAS). 

This criterion simultaneously incorporates several 

electric power system parameters, enabling the scenar-

io-based prediction of power system behavior under 

virtual (offline) variations to its parameters, such as 

frequency, voltage in each phase, and the total har-

monic distortions in each phase. 

The effectiveness of the proposed approach has 

been verified using real data [10]. Experimental stud-

ies of the developed IQC have been conducted using a 

software prototype that visualizes data collected by 

sensors in the electric power system of ICS RAS. 
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The approach can be included in the next edition of 

GOST 32144–2013 or applied to develop new quality 

assessment standards for electric power systems. 
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