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Abstract. Residential and industrial buildings with large territorial dimensions, have mainly radial power 

supply schemes, which feed a large number of small and medium capacity 0.4 kV induction motors. For 

their power supply copper or aluminum cables of small cross-section (with high active resistance) are used. 

Calculations of electricity losses in such lines show significant values. In order to reduce active power 

losses in 0.4 kV cable lines, the optimization problem of minimizing active power losses in the radial power 

supply circuit is solved by optimal distribution of reactive power of a given value between compensating 

devices. The single-line scheme of power supply of a group of pumps of technological installation of 

petrochemical production is considered, the mathematical model of the optimization problem on criterion of 

minimum of active losses in power lines from reactive power flow is made, which limitations are presented 

as a system of linear algebraic equations. Results of distribution of optimum values of reactive power 

between compensating devices of asynchronous motors at maintenance of the set tg φ are received. The 

quantitative estimation of active power loss reduction in power lines at use of capacitor units, which 

reactive power is optimally distributed, is given. 

1 Introduction  

Currently, reactive power compensation devices are 

installed in transformer substations on the 0.4 kV side, 

thus unloading power transformers and superior power 

lines 6/10 kV. In this case, the 0.4 kV lines supplying 

electrical installations remain loaded with excess 

reactive power [1-5]. The rise in electricity tariffs forced 

power supply specialists to look for ways to reduce 

electricity bills, so the issues of reducing active power 

losses have become very urgent [8-11]. The article 

suggests using the devices of reactive power 

compensation directly at asynchronous motors, which 

are the sources of reactive power, thus unloading the 

supply lines of 0.4 kV. The reactive power values of 

capacitor units are determined as a result of solving the 

optimization problem according to the criterion of 

minimum active losses in the lines of 0.4 kV [6,7]. 

2 Materials and methods  

The scientific task of minimizing active power losses in 

0.4 kV power transmission lines of a radial power supply 

scheme is posed by solving the optimization problem of 

the optimal distribution of the reactive power value of 

compensating devices between a given number of 

asynchronous motors. The target function of active 

power losses (1) is a nonlinear function; therefore, the 

problem posed is nonlinear and is solved using the 

Lagrange multiplier method. 

Losses of active power during transmission of 

electricity to the consumer are determined by the 

formula: 
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where P is the active power flowing along the line, W; Q 

is the reactive power flowing along the line, Var; U is 

the supply voltage of the line, V; R is the resistance of 

the power line, Ohm. 

When a compensating device is installed at the 

consumer (Qc  0), these losses are reduced to a value 
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Thus, reactive power compensation allows one to 

reduce active power losses in power supply circuit and, 

consequently, to improve the technical and economic 

performance of this circuit. From expressions (1), (2) it 

can be seen that power losses ΔP have two components: 

the losses from flowing through the active power line P 

and the losses from flowing through the line of reactive 
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power Q, that is (Q – Qc). Since the compensation of 

reactive power affects only the second component of 

losses, further we will consider the losses of active 

power only from the flow through the lines of reactive 

power. For the power supply system, the total power of 

the compensating devices Qc may be specified by 

specific technical conditions. In this case, the specified 

power Qc is required to be optimally distributed within 

the power supply system. This is a conditional 

optimization problem, which can be solved by the 

Lagrange method [12, 13]. 

We consider a problem of conditional optimization 

for the radial scheme of power supply of a group of 

pumps at a technological unit operating in continuous 

mode with constant and smoothly changing load is 

considered. Asynchronous motors M1, M2, M3, M4, 

which consume reactive power Q1, Q2, Q3, Q4, are 

powered by 0.4 kV cable lines from a distribution point 

with a supply voltage U=380 V. Active resistances of 

lines between the source and consumers are R1, R2, R3, 

R4. Technical characteristics of motors, cables and circuit 

breakers are shown in Figure 1. In the pump room there 

is a technical possibility to install a Qci compensating 

device for each asynchronous motor. 

Let's find the optimum distribution between four 

asynchronous motors of the set total power of 

compensating devices Qc, corresponding to 35.0=tg  

on buses SchSU-0,4 kV. We use criterion of optimality - 

minimum losses of active power from jet power flow in 

the scheme of power supply of group of pumps of 

technological installation.  

The target function to be minimized, which is the 

active power loss from flowing through the reactive 

power lines, has the form: 
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Fig. 1. Single-line scheme of power supply for engines of a group of pumps at a technological installation. 
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The relative minimum of the target function is found 

taking into account the following limitation: 

 04321 =−+++ ccccc QQQQQ   

The Lagrange function is: 
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In order to find the minimum of function L, we 

calculate its partial derivatives and equate them to zero: 
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We solve the resulting system of linear equations (3), 

determine the optimal values of reactive powers of the 

compensating devices Qc1, Qc2, Qc3, Qc4 and find the 

minimum for active losses ΔP from flowing along the 

lines of reactive power. 

We would like to note that there are many different 

methods for solving systems of linear equations. The 

approach depends on the type of system in question. 

When solving practical problems, in particular, the one 

presented above, the hypothesis of a linear representation 

of the real world can be assumed. Mathematical models 

of such problems are described, respectively, by linear 

equations. If the problem is multidimensional, then its 

mathematical model is represented by a system of linear 

equations, like the system of equations (3). The solution 

of systems of linear equations is fully investigated. To 

solve systems of linear equations, where the number of 

unknowns is equal to the number of equations, Cramer's 

formulas and the matrix method are applied. As 

limitations of their methods, we note the difference from 

zero of the determinant of the main matrix, since 

otherwise, the system of equations has no solutions. 

In contrast to these methods, the Gauss method can 

be applied to systems of linear equations with an 

arbitrary number of equations and unknown ones. It is 

the most versatile and practically unlimited. With the 

determinant tending to zero, one can obtain an ill-

conditioned system, for the solution of which a very 

effective method called regularization has been 

developed. The number of arithmetic operations in the 

Gauss method depends on the dimension of the system; 

for large n (n>100) the total number of operations is 

approximately equal to 2/3n3. 

To solve a system of linear equations by Cramer's 

method, it is necessary to find the (n+1) determinant of 

the n-th order and also make n divisions. When solving 

by the matrix method, one has to find one determinant of 

the n-th order, n2 determinants of the (n-1) order and 

make n2 divisions. As we see, these two methods are 

characterized by a large number of operations, which 

sharply increases with the number of n. 

So, each of the considered methods for solving 

systems of linear equations provides for the repeated 

execution of the same operations with a different amount 

of data. In this regard, it is easy to represent them in the 

form of algorithms and translate them into a 

programming language. We would like to note that the 

disadvantage of the Gauss method in comparison with 

the Cramer method is that the solution of the system is 

obtained sequentially, after finding each unknown, when 

in the Cramer method any unknown is found 

immediately, it is enough to find only two corresponding 

determinants. 

Nevertheless, the Gauss method is easy to program, 

compared to the matrix method, which also allows you 

to find an array of unknowns by matrix multiplication, 

but it is difficult in terms of creating the right conditions 

in the programming process. The productivity of using 

this or that method for solving systems of equations is 

determined by a combination of various factors, 

however, in any case, their use is advisable only when 

the solution to the system exists and it is the only one. 

Note that in our study, we solved the system of linear 

equations (3) in several ways using various mathematical 

packages. We would like to say that each of the methods 

used for solving systems of equations has its own 

advantages and disadvantages. We were interested in the 

number of operations performed using various methods. 

The number of unknowns in our system of equations is n 

= 5. When using the Gauss method with the choice of the 

main element, about 115 arithmetic operations were 

performed at each step. When using Cramer's formulas, 

you have to calculate 6 determinants of the 5th order and 

perform 5 division operations, which is more than 600 

arithmetic operations. The matrix method is reduced to 

calculating one determinant of the 5th order, 25 

determinants of the 4th order, and carrying out 25 

division operations, which corresponds to about 220 

operations. Thus, the most optimal is the Gauss method. 

Analysis of the results of solving the optimization 

problem shows that the optimal distribution of a given 

total value of reactive power on the buses of the 

distribution point Qc in the considered radial power 

supply scheme obeys the equality: 
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When solving the problem of optimal distribution of 

a given total reactive power between compensating 

devices, several factors should be taken into account in 
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the mathematical model. As a rule, in petrochemical and 

oil refineries, asynchronous motors operate in a 

continuous mode with a partial load, therefore it is 

necessary to determine the active and reactive power of 

the asynchronous motor taking into account the load 

factor. If the electrical installation is equipped with 

meters of active and reactive energy, you can obtain the 

required power values from the measurement results. In 

case the electric installation is equipped with active and 

reactive energy meters, it is possible to obtain the 

required power values from the measurement results. If 

there are no electricity metering devices on the object, 

the actual values of active and reactive power of 

asynchronous motors with the load factor taken into 

account can be determined by the method given in [14]. 

When determining the active resistances Ri, all 

components of the three-phase power transmission line 

should be taken into account in the section from the 

motor to the buses of the SchSU-0,4 kV, that is, the 

active resistance of the cable should be determined 

taking into account the number of phases and the 

ambient temperature, and the transition resistance of the 

contact connections should also be taken into account 

and the resistance of detachable contacts of magnetic 

starters and circuit breakers.  

From table 1-4 it can be seen that when the load 

factor Kz changes, the parameters of the motor and the 

value of the optimal power of the compensating device 

for each asynchronous motor do change. 

3 Results  

For the above four cases of loading asynchronous 

motors, losses in 0.4 kV lines were calculated for the 

power supply scheme shown in Figure 1, from the flow 

of reactive currents for the case of optimal distribution of 

compensating devices directly from induction motors 

∆PQopt, from the flow of reactive currents without 

compensation devices reactive power ∆PQ, as well as 

total active losses in 0.4 kV lines without reactive power 

compensation ∆PΣ. The calculation results are shown in 

Table 5. 

It is obvious that the application of the results of 

solving the problem of optimal distribution of reactive 

power of compensating devices according to the 

criterion of minimum losses in lines will significantly 

reduce losses from the flow of reactive currents and total 

losses in general. 

In order to create an automated electrical complex for 

a group of asynchronous electric motors with an optimal 

power distribution of compensating devices and 

integration into the complex of the calculation algorithm 

of the optimization problem discussed above, the 

software product "SaveEnergy" was developed based on 

Visual Studio with C/C++ support, which allows the user 

(control system) to quickly select the power 

compensating devices to a group of asynchronous 

electric motors connected radially to one load node. The 

capacities of the capacitor units are calculated by the 

Table 1. Technical characteristics of asynchronous motors. 

№ Type IL, A КЗ РФ, kW tg φФ QФ, kVar Qopt, kVar 

1 ВА180М2 52.9 1 32.58 0.51 16.70 4.7 

2 ВА132М2 20.2 1 12.30 0.54 6.64 0.3 

3 ВА200L2 77.3 1 48.14 0.48 23.31 10.8 

4 ВАС07К-37-14 76.3 1 40.66 0.83 33.69 19.1 

Table 2. Technical characteristics of asynchronous motors. 

№ Type IL, A КЗ РФ, kW tg φФ QФ, kVar Qopt, kVar 

1 ВА180М2 52.9 0.73 23.8 0.61 14.54 7.1 

2 ВА132М2 20.2 0.8 9.74 0.62 6.00 1.7 

3 ВА200L2 77.3 0.86 41.3 0.53 21.74 13.4 

4 ВАС07К-37-14 76.3 0.7 28.16 1.01 28.45 21.2 

Table 3. Technical characteristics of asynchronous motors. 

№ Type IL, A КЗ РФ, kW tg φФ QФ, kVar Qopt, kVar 

1 ВА180М2 52.9 0.73 23.80 0.61 14.54 9.5 

2 ВА132М2 20.2 0.8 9.74 0.62 6.00 2.9 

3 ВА200L2 77.3 0.3 14.93 1.19 17.84 15.3 

4 ВАС07К-37-14 76.3 0.7 28.16 1.01 28.45 23.6 

Table 4. Technic al characteristics of asynchronous motors. 

№ Type IL, A КЗ РФ, kW tg φФ QФ, kVar Qopt, kVar 

1 ВА180М2 52.9 0.73 23.80 0.61 14.54 7.6 

2 ВА132М2 20.2 0.35 4.34 1.18 5.10 1.9 

3 ВА200L2 77.3 0.86 41.31 0.53 21.74 13.9 

4 ВАС07К-37-14 76.3 0.7 28.16 1.01 28.45 21.6 
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program according to the criterion of the minimum 

energy losses in the distributed cable lines of the factory 

power supply [15-17]. 

4 Conclusions  

The practical significance of the research results lies in 

minimizing active power losses from the flow of reactive 

power and, as a consequence, minimizing active losses 

in 0.4 kV lines, power transformers and upstream power 

lines in general. Currently, the authors are developing an 

automated electrical complex for a group of 

asynchronous electric motors with an optimal power 

distribution of compensating devices. In order to 

increase the speed of the control system when the load of 

asynchronous motors changes, the calculation algorithm 

uses the Gauss method to determine the optimal power 

values of the compensating devices. 
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