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Abstract. The article considers the using intelligent controls possibility in 

low-voltage rural electric networks to minimize the unbalance modes 

consequences. The proposed technology includes the digital data 

transmission compilation on the electrical energy parameters with a new 

balancing technical means the electrical network operating mode. Digital 

feedback is provided for changes the balancing device (BD) parameters by 

the unbalancing power consumption changing level. Based on the 

developed methods compilation, software for calculating unbalancing 

modes has been created, which makes it possible to assess the currents and 

voltages unbalancing effect on the power quality and its additional losses 

change. The "green" technology proposed version, which increases the 

economic and the electric energy environmental safety use in the rural 

electric power industry, contains a new constructive solution for the 

balancing device implementation. The proposed technology was tested on 

the measurement data basis in existing electrical networks. Based on the 

MALAB technologies use, changes studied indicators visualization in the 

before and after BD integration in the electrical network was carried out 

and its analysis was makes. Used on the "neural networks" MALAB 

technology, a preventive assessment of the unbalancing power 

consumption events development in the investigated operating electrical 

network is presented, as well as the proposed technology effectiveness 

assessment was carried out.  

1 Introduction 

Ensuring safe and reliable power supply to consumers is an essential requirement for the 

various economic orientation electric power systems. The intelligent networks introduction 

into modern power supply systems makes it possible to saturate them with new technical 

means that, without human intervention, can update these systems structure, increase their 

manageability. Thanks to its ability to control and regulate energy costs, as well as reduce 

the electrical equipment and its failures, smart grid technology makes it possible to improve 

the people's lives quality and thereby move towards a sustainable future. In today's 

deteriorating environmental situation, the automated and safe intellectual devices use in 

electrical networks has been called "green technologies". Their distinctive feature is the 
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digital two-way feedback between the control tool and the processes occurring in the power 

supply system. Such communication is carried out through online software and services. 

Modern rural power supply systems are insufficiently equipped with control tools, they can 

be called "low observability" electric networks. In this regard, such "smart, green 

technologies" development is very relevant and allows us to implement the basic providing 

electricity requirements to consumers: power supply reliability, power quality, as well as 

compliance with economic and environmental safety measures. Let's call such technologies 

"GSG Technology". It has been stated repeatedly in numerous publications about the 

existing operating modes rural 0.38 kV electric networks that the objective these modes 

characteristic is the phase currents and voltages unbalance. At the same time, three-phase 

system unbalance leads to a significant change in quality indicators characterizing the 

unbalance level which values are set by Standards [1-3]. At the same time, the currents load 

unbalance not only reduces the power quality level and its attractiveness as a commodity, 

but also significantly increases its overspending, creating additional losses. Thus, the 

energy economic attributes saving and power transmission environmental requirements are 

violated, since the additional losses allocation creates conditions for the fire’s occurrence 

[4-6]. 

The power quality indicators characterizing the three-phase system unbalance are the 

negative and zero sequences voltage unbalance coefficients, determined by the expressions: 

𝐾2𝑢 =
𝑈2

𝑈1
∙ 100%    and    𝐾0𝑢 =

𝑈0

𝑈1
∙ 100%                                (1) 

In addition, the evaluating criterion slow voltage changes due to the currents unbalance 

load in the phases is also the steady-state voltage deviation, determined by the expression: 

𝛿𝑈 =
𝑈−𝑈𝑛𝑜𝑚.

𝑈𝑛𝑜𝑚.
· 100%                         (2) 

In accordance with the Standard [1], this indicator value at the electricity transmission 

point to the consumer (0.4 kV buses) should not exceed ± 10%. If we are talking about the 

consumers connection point to the general-purpose electrical network (load node), then in 

this case, in the 95% measurement time interval, the indicator value should not exceed ± 

5%. 

At the same time, the symmetrical positive, negative and zero sequences currents 

components cause additional power losses, which can be characterized by a loss coefficient 

determined by the expression [7]: 

𝐾𝑃 = 1 + 𝐾2𝑖
2 + 𝐾0𝑖

2 ∙ (𝑟1 + 3 ∙ 𝑟𝑁)                           (3) 

Where are the coefficients: K2i=I2/I1, K0i=I0/I1 which are determined based on the 

positive, negative and zero sequences currents values. 

The article purpose is to develop a smart grid technology for assessing and minimizing 

the unbalancing consequences modes in rural electric networks. To achieve this goal, a 

tasks number have been formulated: 

- based on the developed methods to create an algorithm and software "GSG Technology"; 

- to consider the using possibility a special balancing device with digital feedback; 

- to test the proposed technology to assess the current unbalance mode operation level in the 

0.38 kV electrical network; 

- to analyze the unbalancing modes and prove the proposed model balancing device 

effectiveness; 

- to carry out the results statistical processing obtained and to prognosis the development 

unbalancing power consumption events in the existing electrical network. 
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2 Materials and Methods 

With unbalancing power consumption, the positive, negative and zero sequences voltages 

and currents components can be determined in accordance with the modular calculation 

method [7]: 

𝑈1 =  
1

6
∙ {[2𝑈𝐴 + √3 ∙ (𝑠 + 𝑟) − (𝑝 + 𝑔)] + 𝑗 ∙ [(𝑠 − 𝑟) + √3 ∙ (𝑝 − 𝑔)]}; 

𝑈2 =
1

6
∙ {[2UA − √3 ∙ (s + r) − (p + g)] + j ∙ [(s − r) − √3 ∙ (p − g)]}; 

 U0 =
1

3
∙ [𝑈𝐴 + (𝑝 + 𝑔) − 𝑗 ∙ (𝑠 − 𝑟)]. 

𝐼1 = (
1

6 ∙ 𝐼𝐴
) ∙ {[3 ∙ 𝐼𝐴

2 − 𝐼𝐴 ∙ (𝑑 + √3 ∙ 𝑔) + 2 ∙ √3 ∙ 𝑔] + 𝑗

∙ [√3 ∙ 𝐼𝐴
2 − 𝐼𝐴 ∙ (√3 ∙ 𝑑 − 𝑒) − 2 ∙ √3 ∙ ℎ]}; 

𝐼2 = (
1

6∙𝐼𝐴
) ∙ {[3 ∙ 𝐼𝐴

2 − 𝐼𝐴 ∙ (√3 ∙ 𝑒 − 𝑑) − 2 ∙ √3 ∙ 𝑔] − 𝑗 ∙ [√3 ∙ 𝐼𝐴
2 − 𝐼𝐴 ∙ (√3 ∙ 𝑑 + 𝑒) − 2 ∙ √3 ∙

ℎ]}; 

𝐼0 =
1

3
∙ (𝑑 − 𝑗 ∙ 𝑒). 

(4) 

 

In these expressions: 𝑝 =
𝑈𝐴

2
+

𝑈𝐵
2

2𝑈𝐴
−  

𝑈𝐴𝐵
2

2𝑈𝐴
; 𝑔 =

𝑈𝐴

2
+

𝑈𝐶
2

2𝑈𝐴
−

𝑈𝐶𝐴
2

2𝑈𝐴
; 𝑠 = √𝑈𝐵

2 − 𝑝2; 𝑟 =

√𝑈𝐶
2 − 𝑔2; 𝑔 = 𝑏1 ∙ 𝑐1 + 𝑏2 ∙ 𝑐1; ℎ = 𝑏1 ∙ 𝑏2 − 𝑐1 ∙ 𝑐2;    𝑐1 = √𝐼𝐴

2 − 𝑏1
2;  𝑐2 = √𝐼𝐵

2 − 𝑏1
2   ; 

𝑒 = √𝐼𝑁
2 − 𝑑. 

The loss coefficient value (3), which is the energy losses ratio in the unbalancing mode 

to the corresponding losses caused by the positive sequence currents flow, allows to 

determine how much energy losses in the real unbalancing mode exceed those losses that 

can be obtained by taking appropriate measures to minimize the negative and zero 

sequences currents: 

 𝐾𝑃 =  
∆𝑊𝑈𝑁𝐵.

∆𝑊1
= 𝜏 ∙ (𝐼1

2 ∙ 𝑟1 + 𝐼2
2 ∙ 𝑟2 ∙ 𝐼0

2 ∙ 𝑟0)/𝐼1
2 ∙ 𝑟1 ∙ 𝜏,                             (5) 

Where r1, r2, r0 – active resistances of the positive, negative and zero sequences studied 

power line, respectively. 

Thus, in order to evaluate the electrical network unbalance operation mode, it is 

necessary to know five currents: IA, IB, IC, IN, IBC and six voltages: UA, UB, UC, UAB, UBC, 

UCA. 

The IN and IBC values can be determined based on the corresponding vector diagrams 

construction as the currents projections geometric sum on the "X" and "Y" axes: 

𝐼𝑁 = √(𝐼𝑛𝑥)2 + (𝐼𝑛𝑦)
2
; 𝐼𝑛𝑥 =  𝐼𝑎𝑥 + 𝐼𝑏𝑥 + 𝐼𝑐𝑥; 𝐼𝑛𝑦 = 𝐼𝑎𝑦 + 𝐼𝑏𝑦 + 𝐼𝑐𝑦; 𝐼𝑎𝑥 = 0; 𝐼𝑎𝑦 = 𝐼𝐴; 

𝐼𝑏𝑥 = 𝐼𝐵 ∗ 0.866025; 𝐼𝑏𝑦 = −0.5 ∗ 𝐼𝐵; 𝐼𝑐𝑥 = −0.866025 ∗ 𝐼𝐶 ; 𝐼𝑐𝑦 =  −0.5 ∗ 𝐼𝐶 ; 𝐼𝐵𝐶 =

√(𝐼𝐵𝐶𝑋)2 + (𝐼𝐵𝐶𝑌)2; 𝐼𝐵𝐶𝑋 = 𝐼𝑏𝑥 + 𝐼𝑐𝑥;   𝐼𝐵𝐶𝑌 = 𝐼𝑏𝑦 + 𝐼𝑐𝑦 . 

(6) 

In addition to these values, to evaluate the unbalanced mode, it is necessary to know the 

high voltage line parameters, supplying power to the 10/0.4 kV power transformer – the 

positive (negative) sequence complex resistance; the power transformer parameters – it’s 

the positive (negative) and zero sequence complex resistance, as well as the 0.38 kV line 

parameters - the positive (negative) and zero sequence complex resistance. The studied 
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indicators determination, characterizing the power quality and its additional losses with 

special balancing device inclusion into the electrical network is carried out in accordance 

with the method, described in detail in [8, 9]. 

The conducted studies devoted to the low-voltage electrical networks operating modes 

[11-18] have established that the most effective balancing means the 038 kV network 

operating mode is the special balancing devices use with zero-sequence currents minimal 

resistance. This device type is used mainly in electrical networks that electricity suppliers 

the utility load consumers (urban and rural). 

Balancing devices described in [19, 20] can be used as such the BD example.  

In this article, we propose to use a balancing device similar in its parameters to the 

devices [8, 9], but differing in that it is a compilation of the digital block and the electrical 

part block. 

The International Electrotechnical Commission (IEC) published the IEC 61850 

Standard "Networks and Communication Systems at substations" to solve the constructing 

problems the digital substations configuration for standardization purposes [21]. In 

accordance with this Standard, we propose a certain "GSG Technology" type, which 

functional scheme is shown in Figure 1. Figure 1 shows: 1. Combined optical current and 

voltage transformer. 2. Computer. 3. Software. 4. A balancing device. 5. The balancing 

device connection node. 

Let's consider the above scheme in more detail. 

 

Fig. 1. The "GSG Technology" implementation functional scheme to assess and minimize the 

unbalancing mode consequences. 

1 - Optical current (voltage) transformer. Their use in modern power supply systems is 

due to the fact that it is quite problematic to integrate analog TC and TV into a single 

monitoring and control network and the measurement accuracy no longer meets modern 

standards and requirements, since, according to our country general development the entire 

power system strategy, all substations should be digital format reconstructed pretty soon. At 

the same time, such devices advantages are obvious: no resonance, high linearity, no 

influence of the secondary circuits load, and most importantly - a very wide frequency 

range and increased safety. The such operation principal converters are based on the 

Faraday effect use, according to which, during the linearly polarized light propagation 

located in a magnetic field, the light polarization is plane observed rotation, that is, 

depending on the beam deflection angle, the electronics calculates the flowing current 

taking into account all existing errors. The optical sensor, located perpendicular to the 

current-flow tire, does not contact with it, and the signal is transmitted digitally via the 

shared bus to the electronics module personal computer – 2. 

4
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Thus, in accordance with IEC [21] the currents and voltages instantaneous values 

transfer occurs 80 times in the industrial frequency each period in digital form. At the 

receiving end (2 – computer), this information is collected and processed (filtering, digital 

processing, etc.) - it is supposed to collect 96 points for a period and transmit 2 

measurements in one package.  

3 – The  calculation methods software implementation is based on the methods 

compilation [7-10]. The “Modulomethod" program algorithm is shown in Figure 2. 

The digital data currents and voltages reception in from optical current transformers is 

supplemented by data on the electrical network parameters entered into the program:  the 

high and low voltage lines full complex resistances and power transformer full complex 

resistances. In addition, it is possible to integrate data on three-phase symmetrical load into 

the program (asynchronous motors - if they are available in the power consumption 

system). The studied power quality indicators and its loss changes time diagrams 

visualization, in accordance with the calculation algorithm, is carried out on a computer 

monitor and its hard disk and can be showered at any required time. At the same time, the 

electrical network operation options are taken into account, both without balancing means, 

and when a balancing device is included in the any consumers concentration load studied 

node, as well as on the power transformer buses. 

 

Fig. 2. The implementing calculations algorithm in the software "GSG Technology" using the 

program "Modulomethod". 

4 – A balancing device. The traditional balancing means use is limited by their 

unregulated parameters constancy. This leads to additional losses in the device itself and 

significantly increases costs. 

Therefore, the most optimal are BD, which change their power as the current unbalance 

changing level function. The proposed model prototype is an electromagnetic device 

described in [22]. The following an electromagnetic device model is proposed, which 

windings are connected according to the counter zigzag scheme, and are located on rigid 

fixed bases (frames) 7. Movable anchors 5, acting as a magnetic circuit, are fixed rigidly on 

one side on a spring bundle 2 (Figure 3). 
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The proposed device operation principle is based on the electromagnetism laws and is 

as follows. Before the device starts working, the steel cores (armature) 5, due to their own 

weight, enter the cylindrical windings 3 and 4, connected according to the counter zigzag 

scheme in each phase, at a 𝑑𝑙1 distance. At the same time, the all three cores gravity 

(𝐹𝑐𝑜𝑟𝑒) will be balanced by the three sprin tensile force 2: Fcore=Fspring. Since the windings 

connection according to the counter zigzag scheme reduces the windings resistance to zero-

sequence currents by more than two magnitude orders, the total zero-sequence current is 

closed in the area between the device connection point and the unbalanced load. When the 

current passes through the coil, a magnetic field arises in it, which is uniform inside the 

cylindrical coil and is expressed by the: 𝐵 =
𝜇0 ∙𝐼∙𝑊

𝑙к
. The armature 5 will be affected by the 

electromagnetic force Fem, which at some point in time is balanced by the spring tensile 

force: 𝐹𝑠𝑝𝑟𝑖𝑛𝑔 = 𝐹𝑐𝑜𝑟𝑒 + 𝐹𝑒𝑚. Since the current at each time moment in the three windings 

each is unchanged, the zero-sequence current also expends energy to increase the flow 

coupling in the 𝑖𝑑Ψ amount, which is half the magnetic field energy. The other half is spent 

on covering the mechanical work 𝐹𝑒𝑚 ∙ 𝑑𝑙 in moving the core inside each phase winding. 

With an increase in the unbalanced power consumption, the zero sequence current 

increases, thereby increasing the electromagnetic field energy, cause an increase in the coil 

inductance. The cores 5 are drawn into each frame 7 and occupy the position 𝑑𝑙2. In this 

case, the magnetic field energy in each winding changes by the valued:  𝑑𝑊н = 1/2 ∙ 𝑖𝑑Ψ. 

When the zero sequence current decreases, the magnetic energy decreases, thereby reducing 

the inductance, i.e., the inductance self-regulates due to the force’s equilibrium  𝐹𝑠𝑝𝑟𝑖𝑛𝑔 =

𝐹𝑐𝑜𝑟𝑒 + 𝐹𝑒𝑚. It should be noted that in this case, the third-party forces energy is not used, 

and the work is carried out due to the zero-sequence current. It should be noted that in this 

case, the third-party energy forces is not used, and the work is carried out due to the zero 

sequence current. That is, as the flow coupling dΨ increases (decreases) in each winding, 

the inductance dL=dΨ/i increases (decreases) depending on the zero-sequence current 

magnitude. Thus, the cores movement inside the windings each will be determined by each 

phase zero sequence current magnitude. In other words, each phase inductors regulate their 

inductance depending on the current magnitude passing through them, therefore, their 

reactive conductivity 𝑌𝐿 is a zero-sequence current function𝑌𝐿(𝐼0). 

 

 

a)  b) 

Fig. 3. Electromagnetic balancing device: a) - design, b) - electrical circuit. 

This balancing device advantage is that the inductors conductivity, and, consequently, 

the device power, is self-regulated by the zero-sequence current passing through it and, 

with a minimum (threshold) unbalancing power consumption level value, can be 

disconnected from the electrical network by a switching device means. Based on the above, 

the device parameters are adjusted precisely from the positive and zero sequence currents. 
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Based on the methods use described in [8-9], the balancing device parameters can be 

determined by the expressions: 

 

𝑌𝐵𝐷1 = 𝑌𝐵𝐷2 =
1

(2∗
𝑈1
𝐼1

)∗7.0714
; 𝑌𝐵𝐷0 = 2 ∗ (

3∗𝐼0

𝑈0
)                         ( ) 7

 
Were U1, U0, I1, I0 – the symmetrizing components of voltages and currents positive and 

zero sequences, determined, respectively, by expressions (4).  

3 Results and discussion 

3.1 Unbalancing operation modes investigation 

To test the proposed technology, measurements were used in the current 0.38 kV network 

made in accordance with the CJSC IRMET Protocol (Electrical energy test report dated 

02.27.2020). The tests were carried out by the JSC Irkutsk Electric Grid Company order 

(665709, Irkutsk region, Bratsk-9, s/b 786). The tests duration is 24 hours, the measurement 

interval is 1 minute. The measurements were carried out by a certified RESURS UF2M 

device (factory No. 2337) at the electricity transmission point to consumers on the TMG-

250-10/0.4 power transformer 0.4 kV tires, which receives electricity via a 10 kV power 

transmission line made by AC70 wire, 1.259 km long. The device was installed on an 

outgoing 0.38 kV line, made with an insulated SIP-2A 3x25+1x35mm2 wire with a 0.270 

km. length. Utility consumers (individual residential houses) with electric energy three-

phase input are connected to the line. The electrical network under study has the following 

parameters. 

The 10 kV line positive (negative) sequence total complexes resistances: 

ZLH1=ZLH2=0,579+j0,346 Ohms. The power transformer positive (negative) and zero 

sequence total complexes resistances are equal, respectively: ZТ1=ZТ2=0,0094+j0,0272 

Ohms, ZТ0=0,096+j0,2349 Ohms. Similarly, for the low voltage lines: 

ZLL1=ZLL2=0,324+j0,022358 Ohms; ZLL0=0,3076 +j0,0219 Ohms. 

Power transformer data: idling power Pid = 580 W; short circuit power Psh,circ.= 4200 W; 

idling current Iid.= 1.2%; short circuit voltage ush.circ. = 4.7%. 

Based on the measurements made and the “Modulomethod” software use, changes time 

diagrams in currents and voltages in the studied electrical network were obtained (Figure 

4). This figure analysis showed the following. As can be seen, the currents in the phases 

(Fig. 2, a) take different values. At the same time, phase "A" is the most loaded. The 

average current value in this phase during the measurement period was 45.28982 A. In the 

other two phases (B and C), the difference in current changes is not so clear, their values 

are on average 14.91498 and 17.7505 A, respectively. At the same time, the phase and 

phase-to-phase voltages averages values for the measurement period (Fig. 4) are, 

respectively: UA=232.6257 V, UB=235.7242 V, UС=234.1277 V, UAB=404.6016 V, 

UBC=407.0769 V, UCA=405.0429 V. As can be seen, three-phase power supply voltage 

system unbalance is not as clearly represented as it is typical for currents in phases. 
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Fig. 4. The changes time diagrams in phase currents, phase and phase-to-phase voltages in the line 

under study. 

To analyze the indicators determined by the expressions (1), (2) and (3) and the "GSG 

Technology" use presented in Figure 1, their calculation was performed and, based on the 

MATLAB graphics editor technologies use, the changes time diagrams in these indicators 

were constructed (Fig. 5-10). These diagrams clearly show the balancing device effect, 

which parameters, in accordance with Fig. 1, automatically change in accordance with the 

change in the unbalanced load power. The change in the negative sequence voltage 

unbalance coefficient is not considered in this article, since its value in the networks 

feeding the utility consumers load is minimal, and the balancing effect according to this 

coefficient is either weakly expressed or the opposite, is absent. It is since the balancing 

device parameters are calculated from the positive and zero sequences currents and voltages 

unbalancing indicators only. 

 

a)  b) 

Fig. 5. Changing time diagrams the zero-sequence voltage unbalance coefficient in the load node (a) 

and on the power transformer buses (b). 

Figure 5 shows changes diagrams in the zero-sequence voltage unbalance coefficient in 

the power take-off node (at the 0.27 km distance from the power transformer 0.4 kV tires), 

as well as directly on the 0.4 kV tires. The changes analysis in these indicators showed the 

following. The power quality level according to the K0U indicator meets the Standards 

requirements [1-3]. So, the average for the measurement period, this indicator value in the 

load node (Fig. 5, a) was 0.44%, on the transformer tires (Fig. 5, b) - 0.63%. The balancing 
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device effect when it is connected is manifested in a significant decrease in K0U - in the 

node to 0.087% (the balancing effect was 80.3%), on the tires - to 0.0377% (the balancing 

effect is 94%). 

The power quality according on the voltage steady-state deviation does not meet the 

Standard’s requirements. The δU indicator value at the electric energy transmission point 

(on transformer buses) should not exceed 10%. At the same time, at the general connection 

point consumers to the electrical network, this indicator value in the 95% measurement 

time interval should not exceed ± 5%. Figure 6 shows changes time diagrams in steady-

state voltage deviations in the load node (the common connection point) when the absence 

and balancing device inclusion.  

The Figure 6 analysis showed the following. In the BD absence, the average voltage 

deviation (δU) value during the measurement period was 6.73%, and the output beyond the 

established norm (5%) was observed in the 93.2% measurement interval time. Thus, the 

power quality according to the established voltage deviation does not meet the Standard's 

requirements. When BD was turned on in the load node, the average δU value decreased to 

0.252% (balancing effect was 96.3%). 

 

Fig. 6. Changes time diagrams the phase-to-phase and phase steady-state voltage deviations in the 

absence and BD inclusion.  

 

Fig. 7. The power loss coefficient time diagrams changing in the studied electrical network 
when the BD absence and its inclusion. 
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a)  b) 

Fig. 8. The BD symmetrizing effect visualization when power losses change in the electrical network 

elements: a) BD absence; b) BD is turned in the load node. 

Let's consider how the power loss coefficient changes, which characterizes the increase 

in the unbalanced mode losses. 

Figure 7 shows the change time diagrams in the power loss coefficient when the 

absence and BD inclusion in the load node. 

Based on the Figure 7 analysis, it was found that in the BD absence, the power loss 

coefficient when it changes during the measurement time interval takes different values 

from the minimum (1.22) to the maximum (4.79). Its average measurement period value 

was 2.54. This means that the electrical energy losses caused by unbalancing power 

consumption are more than 2.5 times higher than those losses that could be caused by the 

only one positive sequence currents flow, that is, losses in a conditionally symmetric 

(balanced) mode. 

When the balancing device is turned on, a significant balancing effect is observed in the 

load node. The average loss coefficient value during the measurement period was 1.12. 

That is, the balancing effect is 56%. 

Let's analyze how the real electrical energy losses in the network under study change 

before the BD is turned on and integrated into the load node. Figure 8 shows the power 

losses change characteristics in the electrical network elements before and after BD 

switching on. As can be seen from Figure 8, in the BD absence in the 0.38 kV network 

under study, the active losses in the line during the measurement interval change every 

minute from 1.3 to 13.2 kW. The average these losses value during the measurement period 

is 4.377951 kW per minute. The line reactive power losses, varying from 0.09 to 0.9 kvar, 

averaged 0.3 kvar per minute. The line average full power losses are 4.388413 kVA. In a 

power transformer, active losses averaged 1.531783 kW over the period, reactive power – 

9.771732 kvar, full power - 9.89115 kVA. When the balancing device was switched on, the 

line active, reactive and full power losses were, respectively: 1.924977 kW, 0.00079 kvar 

and 1.924977 kVA. Thus, the line active power loss balancing effect amounted to almost 

66%, reactive power loss - almost 100%, and more than 56% of the total power loss. In the 

power transformer, the BD inclusion led to a reduction in active power losses by 65%, 

reactive power by 92.2%, and full power by 90.5%.  

The change in total full power losses is shown in Figure 9. 
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Fig. 9. The symmetrizing efficiency when changing the total full power in the electrical network 

elements. 

The Figure 9 analysis showed the following. In the balancing device absence in the 

studied network, the average full power total loss per minute is 14.27956 kVA. The active 

power accounts share 5.909734 kW these losses, the reactive power share – 10.07459 kvar 

per minute. The balancing device inclusion leads to the average full total losses decrease on 

the 2.863912 kVA value. There are 2.46311 kW is the active power accounts of these full 

loses and 0.765389 kvar is for the reactive power. Thus, judging by the active power losses, 

the balancing device allows use us to save 3.53423 kW every minute. Under the 

investigated electrical network functioning condition without disconnections for one year, 

the electric energy savings will amount to 1857591.288 kWh. With the electric energy cost 

in the rural Irkutsk region areas equal to 0.861 rubles per 1 kWh [22], the saved losses cost 

will amount to 1599.386,098968 rubles. Considering that the creating cost technology in 

question is about 25-30% [16], the real using "GSG Technology" annual economic effect 

for the studied electrical network may amount to 479815.83 rubles. or 6771.32$. It should 

be noted that in this case, the improving power quality economic effect is not taken into 

account. 

In addition, the balancing device costs described in [8] imply BD with the unregulated 

parameters use when its installed capacity is constantly used. In the regulated devise 

parameters use case described above, the BD power used and losses in it will be determined 

only by the current unbalance level, so the specified effect can be increased. 

3.2 The studied indicators predictive evaluation mechanism 

Common forecasting methods include statistical methods and Data Mining methods. 

Statistical methods include probability theory and mathematical statistics, regression 

analysis, maximum likelihood, time series extrapolation methods. Probability distribution 

laws are used to estimate many randomly varying parameters, among which we distinguish 

normal, gamma, Weibull, Pearson type III, three-parameter power law, etc. [24, 25]. One of 

the constructing conditions the probability distribution law is an autocorrelation 

relationship absence between the parameter under study values. To identify the relationship 

between the sample values or to refute this hypothesis, an autocorrelation coefficient 

calculated by the formula is used: 

𝑅𝜏 =
∑ (𝑥𝑖−𝑥𝑖)⋅(𝑥𝑖+𝜏−𝑥𝑖+𝜏)𝑛−𝜏

𝑖=1

𝜎𝑖𝜎𝑖+𝜏(𝑛−𝜏−1)
(8) 

Where n – is the sample size; 𝜏 – the shift order, varying from 0 to m ( 𝜏 = 0, 1, 2, ..., 

m); xi – the series values from x1 to xn-τ; and σi – the average value and standard for the 
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sample part from 1 to 𝑛 − 𝜏 ; 𝑥𝑖+𝜏 – the series values from 𝑥1+𝜏 to 𝑥𝑛; 𝑥𝑖+𝜏 and 𝜎𝑖+𝜏 – the

average value and standard for a sample size from 1 + 𝜏 to n. 

The studied series parameters autocorrelation coefficients calculation showed that in 

most cases the intra-row connection is strong and significant (R1>0.8). In this regard, the 

probabilistic laws construction is not possible. At the same time, autoregressive 

dependencies can be used to predict the studied indicator values in the short term, according 

to which the subsequent series values depends on the previous one. In other words, if the 

parameter value in question increased in the previous period (month, year), it will increase 

in the next, if there is a direct relationship between the values. In the case when the 

relationship is reversed (the autocorrelation coefficient is a negative value), the future value 

will decrease with an increase in the previous one. 

The Fischer criterion was used to check the autoregressive model’s quality shown in 

Table 1. The equations coefficients significance is estimated using the Student's criterion. 

Table 1. The autoregressive models studied indicators constructed by minutes. 

Indicator Equation Determination coefficient 

without a balancing device 

The zero-sequence voltage 

unbalance coefficient 
yt = 0,88 yt-1 + 0,054 0,77 

Power loss factor yt = 0,94 yt-1 + 0,15 0,86 

Total losses yt = 0,90 yt-1 + 1,40 0,81 

with a balancing device 

The zero-sequence voltage 

unbalance coefficient 
yt = 0,83 yt-1 + 0,015 0,68 

Power loss factor yt = 0,90 yt-1 + 0,12 0,81 

Total losses yt = 0,97 yt-1 + 0,081 0,94 

The obtained equations can be used to predict the studied indicators in the short term. 

Among the Data Mining methods, neural networks, decision trees, a genetic algorithm, 

the support vector method, and others are distinguished. We have adopted the neural 

network method as the basis, as the most commonly used in the preventive events 

assessment in electric power systems, the MATLAB modeling environment has been 

chosen as a creating means a neural network, since it is easy to use and has a high operation 

speed. In addition, there are a large methodological number materials on its use, which is 

very potential users valuable [26-28]. At the first stage, using autocorrelation coefficients, 

the analyzed indicators intra-row relationship was estimated, according to which there is a 

strong significant autocorrelation relationship in all variables, which makes it possible to 

use autoregressive forecasting models. To create a neural network, one of the design and 

neural networks training main MATLAB tools, Neural Time Series, was used. 

A nonlinear regression is used as a tool (Fig. 10), which implements the simplest direct 

propagation network and allows predicting the effective feature value taking into account 

previous values with a different shift d. Let's consider the power loss coefficient Kp, like 

one of the three analyzed indicators. 

To check and test data from 1440 this indicator values (the value corresponding to the 

minute measurement time interval), a 80:10:10 ratio percent was randomly selected, 

corresponding to the separation: network training - 80% (1152 target time intervals), 

approval - 10% (144 intervals) and testing - 10% (144 intervals) (Fig. 11). 
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Fig. 10. Nonlinear autoregressive neural network model. 

The creation and network training are carried out in an open form cycle, since training 

with an open loop (one-step prediction) is more efficient than with a closed loop (multi-

stage prediction), and it allows us to provide the network with the correct feedback inputs, 

even when we train it to get the correct feedback outputs. After training, the network can be 

transformed into a closed loop form or into any other form required by the application. In 

this regard, the following architecture was adopted by random iteration: the hidden neurons 

number is 70, the delays number is 2 (Fig. 12). When working with the created neural 

network architecture (Fig. 12), its indicators were obtained (Fig. 13, 14), characterizing the 

using this model possibility to carry out the change’s states preventive assessment in 

additional energy losses due to phase current unbalance. 

Fig. 11. Validation and Test Data. 

The reference vectors values are laid out in the dotted line form, these corresponding 

parameters individual values are indicated by the "circle" type markers, the line shows all 

the studied model values correlation. The overall R score exceeds 0.8, which indicates a 

sufficiently high accuracy and constructed model adequacy. 

a) b) 

Fig. 12. Building a neural network architecture: a) the neurons and delays number selection; b) the 

neural network configuration. 
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Fig. 13. Diagram of the neural network data general distribution. 

Figure 14 shows the neural network training result, according to which the error during 

training has an insignificant value with some values exception "falling out" from the time 

series. 

A selective retrospective the studied indicators forecast using a neural network showed 

that the actual values deviation from the forecast does not exceed 3%. 

In addition, the loss coefficient retrospective prediction results comparison for the 

autoregressive equation and the neural network showed that the forecasts average deviation 

from the actual values is 1.9%, and for the neural network - 2.6% (Fig. 15). Thus, it can be 

concluded that linear autoregression describes the original series more accurately than the 

nonlinear one. 

Fig. 14. Time series response in neural network training. 

Retrospective forecast, obtained by autoregressive equations and neural networks 

showed that the actual values deviation from the forecast has a satisfactory value and does 

not exceed 10% (Table 2). It should be noted that the neural network gives a more accurate 

forecast. However, training and testing the network using various input indicators requires 

more time than calculating the autoregressive model parameters. 

The graph comparing the initial data and the loss coefficient retrospective prediction 

data without a balancing device using the autoregressive equation and a neural network 

(Fig. 15) shows that the predicted values have practically no deviations from the actual 

ones. 
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Table 2. The average the power quality indicators forecast values deviation from the actual data in 

absolute value, %. 

Indicator 

The forecast value average deviation from the actual 

value in absolute value, % 

according to the 

autoregressive model 
by neural network 

without a balancing device 

The zero-sequence voltage 

unbalance coefficient 
7,96 7,71 

Power loss factor 7,56 7,45 

Total losses 9,67 9,44 

with a balancing device 

The zero-sequence voltage 

unbalance coefficient 
9,01 9,01 

Power loss factor 1,43 1,41 

Total losses 6,31 6,17 

Fig. 15. Actual values and a retrospective forecast result based on an autoregressive model and a 

neural network. 

4 Conclusions 

Based on the conducted research, the following was established 

• 0.38 kV voltage rural electric networks are characterized by the phase currents and

voltages unbalance. At the same time, changes in the currents and voltages unbalance are 

always different on different the three-phase electrical network sections, which is due to the 

unbalancing power consumption probabilistic nature. 

• A digital technology based on the measuring, calculation and decreas of the

unbalancing indicators, characterizing the power quality and its loss minimization is 

proposed to evaluate the 0.38 kV electrical networks unbalancing modes operation. 

• Developed: calculation software and a balancing device to minimize the power

quality indicators and its losses caused by the currents and voltages unbalance. 

• The proposed technology approbation was carried out on the currents and voltages

measurements basis in the 0.38 kV electrical network. At the same time, the power quality 

and its additional losses analysis showed that the using efficiency a balancing device to 

reduce the power quality established indicators was more than 90%, and to reduce energy 

losses - close to 60%. The annual reducing energy losses economic effect for the studied 

electrical network amounted to 479816 rubles. 
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• Comparison of the studied indicators preventive assessment methods allowed to

establish that the linear autoregression methods use is the most effective for the 

unbalancing regimes evaluation creating forecasts and minimizing them. 
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