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Abstract: The article considers electrical complexes with power plants of
small capacity. The influence of power generation sources on short-circuit
current distribution has been investigated. Reduced sensitivity of back-up
current protection and dependence of current distribution on power plant
capacity are revealed. Recommendations for minimizing false operation of
short-circuit protection in networks with distributed power generation are
proposed. An algorithm for adaptive current protection, which uses graph
theory to determine the stages of selectivity of relay protection based on
finding the shortest Dijkstra path and calculation of equivalent resistance in
networks with multiple sources of power generation, which provides selectivity and sensitivity of current protection when changing the generated
power of generators and the structure of the distribution network is presented. The algorithm uses communication lines with a central control unit
to monitor the distribution network and update the current triggering of the
relay protection in accordance with changes in the structure of the power
grid. The proposed system is designed so that it can respond to dynamic
changes in the structure of the network and the state of operation of power
plants. Simulation modeling in the Matlab/Simulink software package was
performed and the results of the algorithm are presented.

1 Introduction
Various types of small power generation sources, better known as distributed generation,
are now connected to the distribution grid. According to the UES report, power generation
from wind power plants increased 47.3 percent, and solar power plants increased 69.4
percent in 2019 [1]. The positive trend towards a further increase in renewable energy
sources in the Russian energy system is supported by many objective prerequisites that
have emerged at the current stage of energy development [2,3,4]: the need to provide
energy to remote areas; growing shortage of generating and network capacities amid high
wear and tear of power system equipment; reduced efficiency of power system operation;
limited investments allocated for the reconstruction of existing power facilities and the
implementation of new construction. Under the existing conditions, the most promising
scenario for the development of Russia’s energy system is the transition to a combination of
centralized and distributed power supply systems [5,6].
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Conventional medium-voltage distribution networks 6-10 kV typically have a radial
single-ended feeder structure. Power system protection is a universal requirement for
distribution networks, designed to detect faults and other abnormal operating conditions
that could lead to loss of power supply and damage to equipment, which responds quickly
(usually by opening circuit breakers to locate the fault) if such conditions are detected.
When power system protection fails to operate, this can have serious consequences for the
operation of electrical systems [7,8].

2 Problem statement
The integration of distributed generation can negatively affect important functions of the
distribution and transmission network, such as power flow [9], current protection levels,
and faults [10], stability [11], network losses, power quality, etc. In addition to the abovementioned impacts, the introduction of distributed generation can jeopardize the proper
operation of the short-circuit protection system. There are cases of non-triggering, false
triggering of current protection, failure of coordination between relays and reclosing
devices.
The modern concept of improvement of relay protection of electrical complexes and
distribution networks, developed by scientific schools of Russia, is focused mainly on the
development of simple and reliable current protections, as well as solving problems of
detection of complex emergencies and protection of long-range redundancy [12-14]. The
focus is on protection against single-phase earth faults [15], and the trend toward power
generation close to the consumer, which requires consideration of a wider and more
complex range of tasks, is practically ignored [16].
In the literature, there are various proposals for strategies and methods of adaptive
current protection systems in conditions of the relative increase of distributed generation
capacity in the power system. An adaptive protection scheme based on dividing existing
distribution grids into zones and maintaining load balancing using the latest technologies to
update power grid parameters was proposed in [17,18], which requires a large financial
investment. Various authors, such as Baran [19], Mahat [20], Chen [21], and Yazdanpanahi
[22] proposed methods for tuning the adaptive relay to maintain protection coordination. In
[19], the authors proposed an adaptive scheme based on changing the setting of overcurrent
protection operation by estimating the value of short-circuit current using an iterative
method. In the paper [20], the authors proposed an adaptive selection of the appropriate
operating characteristics of relays based on the methodology of assessing the state of
detected faulty sections, as well as determining the magnitude of short-circuit current when
connected to the network and in stand-alone mode. The authors of [22-23] proposed
adaptive protection strategies based on controlling the output current in distributed
generation sources connected to the grid using an inverter to reduce the generator
contribution to the short-circuit current thereby ensuring the correct operation of the
overcurrent protection with preset relay settings. However, when the network topology
changes, the preset relay parameters must be adaptive for the proposed strategy to be
effective.

3 Research methodology
Assessment of the impact of distributed generation on the current protections of power grids is the first step in developing algorithms for adaptive protection, which allows us to fill
gaps in this area and expand the existing concept of protection of electrical complexes and
power grids (Concept of development of relay protection and automation of electric grid
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complex to PAO ROSSETI’s 2015), focusing on the communication approach as the most
reliable. These methods should form the basis for developing fast, selective, and reliable
protection schemes that can solve the aforementioned problems in the presence of distributed power generation sources on the grid.
The applied types of relay protection in distribution networks are analyzed: differential
protection will not work adequately if an additional power supply appears in the protected
zone; distance protection is negatively affected by transient processes that are inevitable in
distributed generation; protection relays based on voltage monitoring have reduced sensitivity when working together with the power system. Therefore, the overcurrent protection is
chosen to implement adaptability. This provides primary and backup relay protection, applies to all network topologies, depends on one parameter and has a simple way of calculating the pickup setpoint.
A number of restrictions and assumptions were made in the research: three-phase short
current is considered; interphase capacitances are not considered; line length 50км, studies
have also been conducted for shorter lengths; the generator's own protection is not considered; the considered range of rated power of distributed generation is 1-9 MW.
3.1 Decreased sensitivity of protection
A typical fragment of a grid section with a power plant connected to substation B-2 is
shown in Figure 1a.

a)

b)

Fig. 1. General view of distributed generation wiring diagram: a) reduced sensitivity of current protection; b) false tripping of current protection.

To analyze the influence of the distributed generation source on the magnitude of the fault
current in the feed. er, a common feeder from substation B-1 to B-3 is taken to calculate the
base value, where the distributed generation source is located at distance L and a threephase short-circuit is simulated near substation B-3. After the transformations presented in
(Smirnov 2020), the three-phase short-circuit current is defined by equation (1)
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(1)
where D is the parameter of the generator removal relative to the total feeder length Lo
from the substation B-1; U0 is the reduced system voltage; Z is the total impedance of the
central power system, line, and power plant. Equation (2) describes the contribution of the
central power system (Figure 1a) to the total short-circuit current.
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(2)
The contribution of the central power system to the short-circuit current will be determined by the total resistance of the feeder, the local short-circuit capacity, the capacity of
the local power source, and its location.
The effect of distributed generation on short-circuit currents depends on the type of generator and how it is connected to the power grid (directly or initially converted using an
inverter [24,25]. In the case of rotating generators directly connected to the grid (3), the generator impedance Zdg = R + jX in short-circuit mode can be determined as follows [26,27]:
 For synchronous generators, active resistance will be R=0.15X.
 For asynchronous generators, R=0.1X.

X

xd U n2

100 S n

(3)

where xd” is the sub transient reactance; Un is the rated output voltage; Sn is the generator
rated full power. It should be noted that it is necessary to consider the connection point of
the power generators in power plants designing in order to minimize the influence of distributed generation on relay protection. Also, the internal resistance of distributed generation units changes because this is a complex of many generating devices connected to one
bus, which can turn off due to breakdown or lack of consumption, as well as generate varying power due to climatic conditions, etc.
3.2 False tripping of the protection
False tripping of the protection, which disconnects the serviceable feeder, occurs due to the
contribution of the distributed generation to the short-circuit current in the adjacent feeder
connected to the same substation (Figure 1b). In this case, the short-circuit current contribution of the distributed generation unit is directed against the power flow to the short-circuit
point. The contribution of the distributed generation to the short-circuit current can exceed
the overcurrent relay trip current and cause the faulty feeder to trip before the actual shortcircuit is cleared. This phenomenon is known as false or sympathetic tripping of the protection and belongs to the category of problems that selective protections have. To investigate
false tripping of the protection, another feeder is added to the developed simulation model
in which a short circuit occurs, Figure 1b. The short-circuit location of the added feeder iteratively varies in the range from 1 to 50 km in 5 km steps. For each iteration, the relative
position of the generator block in the feeder is reduced by 5 km from half the full length of
the identical feeder. The feeder short-circuit contribution is recorded for four different distributed generation capacities of 1, 3, 6, and 9 MW.
3.3 Algorithm for determining the structure of the distribution network
Selectivity is an essential requirement in protection systems to isolate the faulty section
with the nearest circuit breaker so that the other sections of the distribution network
continue to operate. Figure 2a shows a general diagram of a distribution network with
power plants and loads that are connected to different bus bars. Through the combination of
circuit breakers R5 and R6, various alternative distribution network structures can be
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formed. Figure 2b shows a similar distribution network structure in the form of a graph,
where the vertices are the circuit breakers, power plants, and loads, and the power lines are
the edges of the graph.

a)

b)

Fig. 2. Schematic diagram of the investigated power network: a) Structure of the distribution network;
b) Distribution network graph.

For the relay hierarchy to be dynamic and updated, an algorithm should be used that
defines the structure of the distribution network whenever the states of the breakers
affecting it change. Once the structure of the distribution network and its relay hierarchy
have been defined, it is not difficult to determine suitable time delays.
For automatic determination of the hierarchy, it is proposed to use the Dijkstra
algorithm, which determines the shortest path between two vertices. Power sources are
taken as initial vertices, and loads are taken as final vertices. A detailed description of the
algorithm is presented in the article [28]. It should be noted that the proposed method can
also be used for power flow planning, load sharing, and generation.
3.4 Algorithm for determining the mutual resistance
To calculate short-circuit currents in power grids with distributed energy sources under
conditions of changing power grid topology, it is necessary to use basic techniques of
equivalent transformations known from the theory of linear circuits [29]. The main purpose
of the equivalent transformations is to determine the mutual resistances between the power
sources and the short-circuit location.
The algorithm developed [29] presents the distribution network in the form of a graph,
taking as edges the elements whose resistance must be taken into account when calculating
the equivalent resistance, and as vertices - the points of their connection. This allows taking
into account the different resistances of overhead lines and cable lines in all parts of the
distribution network.
The main advantage of the developed algorithm is the possibility of a different
interpretation of the data array for different calculation conditions, for example, it is
possible to specify forward, reverse, and zero sequence resistances as an array assignment
or to calculate separately the active and inductive components of impedance. Since the
algorithm is designed similarly to the previous algorithm based on graph theory, it can use a
similar array assignment of the network structure and calculate short-circuit currents.
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3.5 Adaptive current protection algorithm
In the developed system of adaptive protection, the short-circuit current passing through the
relay (4) takes into account the current from each source and the influence coefficients of
the distributed generation and is calculated based on the current superposition method:

Ir 
(4)

m

 PP
i 1

dg ( i )

 k r (i )  I shartdg (i )  I short _ ps  PPps

where m is the total number of distributed generation sources; PP is the state of the
power system and generators (on or off); Ishort_dg is the contribution to the short-circuit
current from a distributed generation source. k(i)r is the contributing factor to the shortcircuit current from each source.
The contribution coefficient of the source of distributed generation can be expressed as
the ratio of short-circuit current from the power system without distributed generation to the
short-circuit current with distributed generation, where the short-circuit currents are
determined using the developed algorithm [30].
The developed algorithms make it possible to accurately determine the distribution
network structure and set two key settings for protective devices, which are crucial for the
safe and reliable operation of the electrical complex, namely the overcurrent protection
relay triggering current value and the tripping delay time to ensure proper selectivity. The
developed algorithms can be combined and implemented in the central controller of the
distribution network automation system.

4 Simulation results
4.1

Decreased sensitivity of protection

To investigate the sensitivity reduction of current protection, a simulation model similar to
Figure 1a in the Matlab/Simulink software environment is developed. A induction generator is connected to the main feeder in substation B-2. The cable line was modeled as conventional aluminum cable conductors with a cross-section of 240 mm2. Then the connection
point of the power plant was changed in relation to the total feeder length of 50 km, to determine the point at which there is a maximum reduction in the sensitivity of the current
protection [31]. The influence of the power plant capacity on the contribution to the shortcircuit current from the central power system was determined figure 3. In the test model,
the parameters of cable lines are set so that the influence of distributed generation on the
short-circuit current was maximum and simulation was performed with increasing power
plant capacity in increments of 1 MW.
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a)

b)

Fig. 3. a) Dependence of the contribution to the short-circuit current from the power system on the
connection point of the DG; b) Dependence of the measured current of relay R3 (Fig.1a) on the power
plant power during short-circuit.

The simulation results, shown in Figure 3b, show that the change in short-circuit current
depending on the capacity of the local power plant at constant system parameters has a
hyperbolic character. It is important to note that the greatest influence on the distribution of
currents in the studied network has a change in generation capacity in the range up to 10
MW. In this range, it is necessary to monitor the change in power of distributed generation,
to ensure the correct operation of current protection.
The sensitivity coefficient for different power of the main (Table 2) and standby protection (Table 1) was calculated numerically. According to Table 1, there is a significant decrease in the coefficient of sensitivity of the standby protection when changing power and
an increase for the main protection.
Table 1. Standby current protection sensitivity coefficient

line length, km

P = 0 MW

50
40
30
20
10
5

1,280
1,617
1,987
2,248
2,683
3,138

P = 1 MW
т
0,425
0,610
1,005
1,414
1,790
2,138

P = 3 MW
0,345
0,394
0,655
0,986
1,376
1,748

P=6
MW
0,252
0,307
0,535
0,752
1,012
1,335

P=9
MW
0,214
0,280
0,495
0,620
0,868
1,030

Table 2. Main current protection sensitivity coefficient

line length, km

P = 0 MW

P = 1 MW

P = 3 MW

50
40
30
20
10
5

1,508
1,789
1,906
2,173
2,392
2,702

1,895
2,109
2,265
2,493
2,702
3,019

2,109
2,357
2,559
2,679
2,953
3,221

7

P=6
MW
2,196
2,462
2,687
2,807
3,089
3,376

P=9
MW
2,230
2,523
2,739
2,895
3,179
3,436
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As a result of the simulation, the obtained values of sensitivity coefficients correspond
to the minimum requirements for the main current protection kf ≥ 1.5. At the same time,
with the increase of power of distributed generation, the sensitivity of the main current protection increases significantly. When connecting distributed generation and increasing its
power, a similar dependence of the change in the sensitivity factor for different line lengths
is observed.
For the standby current protection, the sensitivity coefficient initially corresponds to the
minimum requirements for the standby protection kf ≥ 1,2. However, for the simulation, we
registered a decrease in the sensitivity factor of the standby current protection when changing the power of distribution from 1 MW to 3 MW by 43% for a total length of the line of
50 km, when changing the power from 3 MW to 6 MW, the sensitivity of the standby current protection decreased additional by 27%. When reducing the total length of the feeder,
the decrease in sensitivity between the ranges of power changes has approximately the
same dependence.
4.2 False tripping of the protection
Figure 4a and figure 4b show the results of the short-circuit current variation in the serviceable feeder depending on the distance of the distributed generation and the short-circuit location in the damaged feeder. In accordance with the calculation of the magnitude of the
current of operation of protection in the direction of power for the serviceable feeder, the
surface of the graph is divided into a zone of false operation of current protection (blue) and
the zone of no operation of current protection.

a)

Fig. 4. False tripping of current protection at distributed generation capacity:
a) 1 MW; b) 9 MW.

b)

At the power of a distributed generation of 1 MW, false tripping of the protection occurs
when short-circuiting occurs at the beginning of the damaged feeder, and the value of shortcircuit current significantly exceeds the current cutoff of relay protection, which operates
without time delay, which prevents the occurrence of false operation, provided time delay
in the reverse direction of current protection of the serviceable feeder.
False tripping of the protection at the power of a distributed generation of 6 and 9 MW
similar to the power of 3 MW and occurs at short-circuiting in the zone up to 10%, but
when the distributed generation is removed to 12.5% from the beginning of the line, the
short-circuit zone increases to 60%, at which the dependent characteristic of the maximum
current protection will have some time delay and a false operation in the intact feeder will
occur.
Thus, the simulation results show that the most serious influence of the distributed generation on false alarms occurs when its distance from the common busbar is less than 10%
of the common line, provided that the lines have the same characteristics. Besides, it can be
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concluded that such a situation is most likely when the short-circuit location is near the
substation. Based on the simulation results, to minimize false trippings, it is necessary to
make the matching of the time delay of operation of protection with parallel sections in the
reverse direction of the power flow; it is necessary to ensure an even distribution of the load
between the feeders to balance the power flows before the short circuit; the location of distributed generation from a common substation with a parallel feeder should be more than
50%, subject to the same parameters of the lines, Zone 2 on Figure 3a. It allows to control
the decrease in sensitivity and reducing the likelihood of false tripping.
4.3 Adaptive current protection
In the simulated distribution network shown in Figure 5, short-circuit currents can flow in
both directions and the necessary condition for selective protection is to determine the power flow. Besides, a periodic interrogation of all devices is necessary to detect changes in
their state in advance.
Particular attention is paid to circuit breakers Relay_1 and Relay_2, as these circuit
breakers determine whether the distribution network operates autonomously or in parallel
with the central power system and whether the current protection selectivity stages need to
be redistributed.
The operation of the proposed protection scheme is tested on the simulated distribution
network, shown in Fig. 6, which operates according to a predetermined scenario. The simulated distribution network simulation includes a diesel and a wind turbine generator, which
is connected to a 6 kV grid with an isolated neutral point through a step-up transformer and
a solar power plant connected through a frequency converter (Vasilev and Tung 2019). Distributed generation sources operate with load shedding control and shut down when power
consumption decreases significantly.
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Fig. 5. Power grid simulation model with multiple DG sources in Matlab/Simulink.

The electrical resistance of the simulated line R=0.051 Ohm/km and inductive resistance
L=0.083 Ohm/km is selected for all sections of the simulation model, which correspond to a
single-core copper cable with a cross-section of 500mm2 and a continuous allowable current load 1025A; Loads Н1 = 7,3 MVA, Н2 = 3,7 MVA, Н3 = 2,2 MVA, Н4 = 1,7 MVA;
generator parameters: wind = 6 MW, solar = 2.5 MW and Diesel Generator = 4 MW.
A specially defined scenario is used to demonstrate various aspects of current protection:
1. The distribution grid starts operating at full load, all sources are switched on, and the
grid operates in connection with the central power grid.
2. At t = 0.2s, a three-phase short circuit occurs at load H1 and the current protection
Relay_6 is triggered and disconnects the load. Because of the lower power consumption in
the system, the wind turbine is switched off.
3. At t = 0.5s, the central power system is shut down due to maintenance, and the
distribution network operates in stand-alone mode.
4. At t = 0.65s, when the network is operating in stand-alone mode, a short-circuit
occurs at the load H4 and the Relay_14 protection is triggered.
5. At t = 0.9, the parallel operation with the central power system is restored.
6. At t = 1s, the short circuits at loads H1 and H4 are eliminated and due to the increased
power consumption in the network, the wind turbine starts operating.
The developed model can take different structures depending on the state of Relay_7
and Relay_8. In the simulated operation scenario, Relay_7 is open and loads H2 are connected to the upstream network via Relay_8. Therefore, the distribution network has two
parallel branches in its structure. The results of the current changes are shown in Figure 7.

a)

b)

c)

d)
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e)

f)

Fig. 6. Results of current measurements during a given scenario: a) Central power system; b) Solar
power plant; c) Diesel generator; d) Relay_6 short-circuit trip on load H1; e) Relay_14 short-circuit
trip on load H4; f) Relay 6 and Relay 14 operating current.

The obtained graphs of the distributed generation sources show the change in the currents flowing in different parts of the power grid when changing the mode of operation,
which directly affects the sensitivity of the current protection. Ensuring the short-circuit
currents trip due to the developed algorithms of adaptive current protection when changing
the generated power is shown in Figure 6b and Figure 6d.
The operation current of the overcurrent protection in Figure 7e at short-circuiting at
loads H1 and H4 are approximately the same due to the small difference in the line parameters, and hence the mutual impedance. Nevertheless, a noticeable 0.2s decrease in tripping
current can be seen as a result of wind generator tripping, which would reduce the sensitivity of the current protection by about 18% for the simulation model under study. Adaptive
modification of the protection triggering current allowed to take into account the decrease
in sensitivity and to ensure correct operation.

5 Conclusion
Based on the study of the impact of distributed generation sources on the current protection
of power grids, the following results were achieved:
1. The dependence of the contribution to the short-circuit current on the change in the
power of distributed generation arising due to the dynamic mode of operation of renewable
energy sources is obtained. Based on modeling it is proved that the sensitivity of the current
protection of the long-range redundancy can decrease up to 70%.
2. Conditions of false alarms and recommendations to minimize their occurrence are
defined.
Algorithms have been developed that determine the network structure, calculate and assign the parameters of directional current protection before an emergency occurs. The developed adaptive current protection system can monitor the dynamic changes occurring in
the distribution network, adapt to the addition of new devices and adjust the necessary settings.
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