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Keywords: Abstract: Voltage stability in the electrical distribution network is the ability
Voltage stability; of the electrical network to absorb voltage shocks and return to a state of
Power distribution; equilibrium after voltage variations caused by the equipment in the grid or
Renewable sources; by external factors.

Bifurcation theory;

A distribution system that loses its stability is a system that can no longer
supply users and is consequently a system that will collapse. The collapse of
an electrical energy distribution network occurs as a result of overloads at the
consumption level, as a result of a major fault or insufficient reactive power
inthe system.

Fuzzy

The collapse can occur in a part of the electrical network or in the entire distri-
bution network, depending on the parameters of the network and the nodes
at the time of the unwanted event.

The collapse of the system may begin with slight voltage drops in the network,
but following a voltage variation which are of three kinds: fast, medium or
slow. The voltages in the network nodes may suffer quick voltage drops that
ultimately lead to the collapse of the system, or the system collapse may occur
as aresult of cascading unwanted events.

This article analyses theoretical aspects regarding voltage stability in electrical

networks and practical results of simulating the real parameters and behavior

of anindustrial park near Brasov in various states and power levels. The voltage

stability for the nodes of a distribution network in the industrial park will be
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1. INTRODUCTION

‘ 7 oltage drop in a network is a nonlinear phenomenon and for its study, we will use nonlinear
analysis methods such as the bifurcation method to study voltage collapse and ways to avoid it.

The existing theory of voltage stability analysis uses ideas from mathematics, physics and sys-
tems theory and is presented in more detail in the following documents (Vournas, 2002; Rawat
& Vadhera, 2020).

The bifurcation theory assumes that the network parameters vary slowly and based on this, predic-
tions are made for when the system becomes unstable. The idea is to study the system at the limit
of instability. There are aspects of the bifurcation theory that are used under certain conditions
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and for the study of disturbances. Thus, slow voltage variations can be approximated with the
steady state of the system, and fast voltage variations can be studied with fast and instantaneous
disturbances at the network level. In the case of slow variations, measures can be taken to improve
the network parameters.

There is no single method for the study of voltage stability and for all the possibilities in which the
electrical network can fail. Generally, power flow programs using the Newton-Raphson method
are used to estimate the voltage stability of an electrical network. These programs calculate the
parameters of the electrical network in static mode, ensuring satisfactory results, including for
voltage stability, but the assumptions taken into account do not take into account the dynamic
behavior of the tap-changers associated with generators, power transformers and loads.

2. METHODS FOR VOLTAGE STABILITY ANALYSIS

Bifurcation analysis is performed by modelling the electrical system through mathematical equa-
tions that will contain two types of variables: states and parameters. States have a dynamic change
during the transient regimes of the electrical network. Examples of states are the angles of the
electrical machines, the amplitude of the voltage on the bars, the angle and current in the generator
windings. Parameters are variables that vary slowly and gradually modify the electrical network
equations. Examples of parameters are the active and reactive power requirements of the network
nodes. The choice of variables of the mathematical system, the division of variables into states
and parameters, is important for the modeling of the electrical network.

2.1. Bifurcation Theory

This method is based on the assumption that the variation of the parameters occurs slowly. The
parameters are considered as inputs to the system, neglecting their dynamics. The method is
applicable when the variation of the parameters is small compared to the dynamics of the system.
Thus, even if the parameters vary, within the computer method, they are considered constant with
respect to the dynamics of the system (Vournas, 2002).

Both the states of the system and the parameters of the system are vectors. The graphical rep-
resentation of the state vector of the system is considered a point in the state space, similarly the
graphical representation of the parameter vector is considered a point in the parameter space.

In the analysis of electrical networks, the equations that define the system are dependent on the
bifurcation theory. The equations involved in the process are differential equations, algebraic-dif-
ferential equations or just algebraic equations. Some calculations of the bifurcation theory can be
approximated with algebraic equations.

The bifurcation that occurs at a critical node is the transition from a state of equilibrium to a state
of instability as the parameters vary slowly. In the case of the voltages of an electrical network,
we can understand that the voltages slowly decrease until the moment when the system collapses.

2.1.1. The Active Power - Voltage Diagram (P-U)

We choose the active power absorbed by the installation (P), as a slowly varying parameter. The
state vector is the phasor representing the load. The graph of the voltage variation with the power
transmitted through the installation is shown in Figure 1.
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Figure 1. Active power-voltage diagram
Source: Rawat & Vadhera (2020)

For low load, there are two solutions: one at high voltage and low current, and the second is at
low voltage and high current. As the load increases, the solutions move on the graph until the
point Pmax, which is also called the critical point. If the load exceeds the value Pmax, which is a
bifurcation point, there are no more equilibrium solutions.

In practice, of the two solutions, only the solution at high voltage and low current is viable, which is also
the stable solution (the upper part of the curve). The solution at low voltage and high current is unstable.

Following the variation of the stable solution, we understand that the equilibrium state is main-
tained from load 0 until the load reaches the critical point Pmax.

2.1.2. The Reactive Power - Voltage Diagram (Q-U)

The Q-U curve of each network node represents the variation between the bus voltage and the injected
reactive power. To generate the reactive power - voltage curve in a given node, a fictitious generator
is connected to the respective node. Having the variation of the node voltage that we can measure,
the variation of the generator’s reactive power is calculated to maintain the reference voltage at the
network node. The Q-U graph is shown in Figure 2. The abscissa represents the variation of the
node voltage, and the ordinate represents the reactive power generated by the fictitious generator.
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Figure 2. Diagram for earth-fault detection in distribution networks treated with resistance
Source: Rawat & Vadhera (2020)
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There are 3 reactive power - voltage curves represented on the graph.

Graph 1 represents the system operating at nominal load, and the difference between the minimum
point of the graph and the reactive power point 0 outlines the reactive power reserve of the system
that it can give up until the stability limit is reached.

Graph 2 represents the system operating at the stability limit, so that the lack of reactive power
reserve can be observed on the graph - the minimum of the graph is next to the zero value of the
reactive power.

Graph 3 represents the system operating with a reactive power deficit, and the difference between
the minimum point of the graph and the zero value of the reactive power outlines the minimum
reactive power reserve necessary to be injected through active network elements for the system
to reach the stability limit.

3. CASESTUDY IN VOLTAGE STABILITY FOR AN INDUSTRIAL PARK

The network chosen for this case study is an electrical distribution network in the Brasov area in
an industrial park. It is composed of 10 pcs 20/0.4 kV transformer stations with powers between
1000 and 1600 kVA according to Figure 3. The power supply of the power network is carried out
through a looped network with radial operation from two 110/20 kV power stations.

The distribution operator, who manages this network, is obliged by the energy law no. 123/2012
to grant access to users (producers or consumers) to the distribution network. It is important to
know the network characteristics and its distribution capacity, as well as the stability of the network
voltage, in order to condition users whose operation can bring the network to collapse.
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Figure 3. The diagram for the analysed distribution network

Source: Own processing

The calculations for the power flow and for the stability were performed in the NEPLAN pro-
gram, taking into account 6 eigenvalues of the system matrix for reactive power. Depending on
the 6 eigenvalues of the system matrix, the participation factors of the transformer stations in
the reactive power regulation and the sensitivity of the transformer stations to the reactive power
variation in the system were calculated.
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We propose to analyze two scenarios: the scenario in which the consumption demand is maximum,
and the second in which we have demand for maximum production as a result of the installation
of renewable energy sources.

3.1. Voltage Stability Analysis Under Maximum Consumption Conditions

This scenario corresponds to a hypothetical situation of the network when the consumption in the
substations will be maximum. The loads on the transformer substations are shown in Table 1 below.

Table 1. The maximum consumption scenario

Nr. Bus U u Uangle |PCons. [QCons. [P Gen. Q Gen.
crt. Name kV % ° MW MVar MW MVar
1 PS 20 kV 21 100 0 0 0 8,136 3,906
2 PT1 20,47 97,48 -0,3 0,928 0,477 0 0

3 PT2 20,679 98,47 -0,2 0,928 0,477 0 0

4 PT3 = 20,552 97,87 -0,3 0,896 0,46 0 0

5 PT4 we— 20,476 97,51 -0,3 0,896 0,46 0 0

6 PT5 20,467 97,46 -0,3 0,896 0,46 0 0

7 PTO | 2(),487 97,56 -0,3 0,704 0,362 0 0

8 PT7 = 20,634 98,26 -0,3 0,512 0,263 0 0

9 PTS8 20,612 98,15 -0,3 1,024 0,526 0 0

10 PTO = |20,514 97,69 -0,3 0,544 0,279 0 0

11 PT1( = 20,54 97,81 -0,3 0,64 0,329 0 0

Source: Own calculations

The sensitivity analysis of the transformer substation bars to the variation of the reactive power
in the electrical network was performed. The results are represented in the graph in Figure 4.

% 0,250
>

S 0,200
o 0,150
>

£ 0,100
= 0,050
| o

& 0,000

PT5 PT1 PT4 PT6 PTO PTI0 PT3 PT8 PT7 PT2
Bus

Figure 4. The buses’ sensitivity to reactive power variation

Source: Own calculations

The factors involved in the regulation of reactive power and voltage in the system are represented
in Table 2 below.

Table 2. The participation factors - max consumption scenario

Nr. Bus participation factors in reactive power set

Crt M =0,618 A2=9,451 A3 =32,742 ha=83,786 As=113,232 e =150,062

1 PT5 0,128 |PT2 0,196 |PT10 10,227 |PT6 0,276 |PT2 0,440 |PT9 0,496
2 PT1 0,127 |PT7 0,191 |PT3 0,178 |PTS5 0,263 |PT8 0,302 |PT4 0,142
3 PT4 0,124 |PT8 0,164 |PT2 0,171 |PT3 0,113 |PT7 0,094 |PT3 0,129
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4 PT6 0,120 |PT5 0,139 |PT9 0,156 |PT9 0,109 PT5 0,125
5 PT9 0,110 |PT1 0,116 |PTS5 0,104 |PT2 0,086

6 PT10 10,100 |PT4 0,086 |PT7 0,075 |PT4 0,063

7 PT3 0,095 |PT6 0,045 |PT1 0,052

8 PT8 0,074 |PT3 0,042

9 PT7 0,068

10 PT2 0,055

Source: Own calculations

The voltage - reactive power (U-Q) diagrams and the active power - voltage (P-U) diagram for
the minimum driven power scenario are represented in Figure 5 below.
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Figure 5. The diagram U-Q(a) and P-U(b) in maximum consumption scenario

3.2. Voltage Stability Analysis Under Maximum Generation Conditions

This scenario corresponds to a hypothetical situation of the network when renewable energy
producers will be installed and the production from the substations will be maximum. The loads
on the transformer substations are shown in Table 3 below.

Table 3. The maximum production scenario

Nr. Bus U u Uangle |PCons. |[QCons. [P Gen. Q Gen.
crt. Name kV % ° MW MVar MW MVar
1 PS 20 kV 21 100 0 7,229 1,854 0 0

2 PTI 21,413 101,96 0,5 0,928 0,477 1,4 0,46

3 PT2 21,242 101,15 0,3 0,576 0,296 1,4 0,46

4 PT3 e | 21,344 101,64 0,4 0,64 0,329 1,4 0,46

5 PT4 e— 21,408 101,94 0,5 0,256 0,131 1,4 0,46

6 PT5 21,417 101,98 0,5 0,256 0,131 1.4 0,46

7 PT6 e | 21,399 101,9 0,5 0,32 0,164 1 0,329
8 PT7 e— 21,277 101,32 0,4 0,288 0,148 0,9 0,296
9 PTS8 21,294 101,4 0,4 0,384 0,197 0,9 0,296
10 PTO = | 21,376 101,79 0,5 0,32 0,164 0,9 0,296
11 PTI10 mmm | 21,354 101,69 0,4 0,384 0,197 1 0,329

Source: Own calculations

The sensitivity analysis of the transformer substation bars to the variation of the reactive power
in the electrical network was performed. The results are represented in the graph in Figure 6.
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Figure 6. The buses’ sensitivity to reactive power variation

Source: Own calculations

The factors involved in the regulation of reactive power and voltage in the system are represented
in Table 4 below.

Table 4. The participation factors - max production scenario

Nr. Bus participation factors in reactive power set

Crt A1=0,659 22=9,826 A3 =34,011 A4=87,338 As=116,893 A =164,763

1 PT5 0,127 |PT2 0,197 |PT10 0,228 |PT6 0,273 |PT2 0,435 |PT9 0,498
2 PT1 0,126 |PT7 0,191 |PT3 0,179 |PT5 0,260 |[PTS8 0,300 |PT4 0,143
3 PT4 0,123 [PT8 0,163 |[PT2 0,171 |PT9 0,112 |PT7 0,095 |[PT3 0,128
4 PT6 0,120 |[PT5 0,139 |PT9 0,155 |PT3 0,112 PT5 0,126
5 PT9 0,110 |PTI 0,116 |PT5 0,104 |PT2 0,091

6 PTI0O |0,100 |PT4 0,087 |[PT7 0,074 |PT4 0,061

7 PT3 0,095 |[PT6 0,046 |[PT1 0,052

8 PT8 0,075 |[PT3 0,041

9 PT7 0,069

10 PT2 0,056

Source: Own calculations

The voltage-reactive power (U-Q) diagrams and the active power-voltage (P-U) diagram for the
minimum driven power scenario are represented in Figure 7 below.
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Figure 7. The diagram U-Q(a) and P-U(b) in maximum production scenario

Source: Own calculations
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4. DESIGNINGA VOLTAGE REGULATOR USING THE FUZZY LOGIC

The voltage regulator will use fuzzy logic in order to maintain the voltage value at a certain value
(setpoint) based on the measured values of the energetic system. The inputs for the system will be
the active power, the reactive power, and the voltage.

In the fuzzy system, the variables can take values between 0 and 1, and using the rules, we can
detect the outputs using approximate values for inputs according (Zadeh, 1989).

For each input, we set 3 levels: “L” — Low; “N”- Normal and “H”-High for approximation and
building of the logical rules in the table below.

Table 5. The Inputs and Outputs of The Fuzzy System

Output Variables
Rules P 0 U State
1 N N N Normal functioning
2 H L L Inject Q (capacitive)
3 L H H Reduce Q (inductive)
4 L L L Inject P
5 H H H Reduce P

Source: Own research

The simulation of this system was done using the program Matlab/Simulink. The defining of the
membership function for input variables is done with the Mamdani Method, each input will be
defined on a certain interval: L — Low —[-0,5 0 0,5], N — Normal — [0 0,5 1], H—High—[0,5 1 1,5]
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Figure 8. The membership functions for inputs
Source: Own research

Also, we define the membership for output variables:

n
(cap)  (ind)
1 Qinc Qdec Pinc P dec
05
<
-0.125 0 +0,125 +0,25 +0,375 +0,5 e, Ae

Figure 9. The membership functions for outputs
Source: Own research
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5. CONCLUSION

Voltage stability in electrical networks is a very important factor for the security of supply to
consumers. The effective values of the voltage averaged over 10 minutes must be within the range
of +5%/-10% of the nominal voltage for 95% of the values and within the range of +10%/-15% of
the nominal voltage for all effective voltage values according to the performance standard in the
field of electricity distribution.

Simulations were carried out in specialized programs starting from the current consumption
records, but taking into account both development scenarios of the industrial park, namely: pre-
dominantly consumer by developing the production hall system and adding new consumers until
reaching maximum consumption, or predominantly producer of electricity by adding generators
from renewable sources of electricity, especially photovoltaic panels.

The simulations revealed that the variation of voltages in the nodes, regardless of the simulated
scenario, oscillates in the range of +2%/-3%, so that the values are within the parameters required
by the standard of permeability in the field of electricity distribution. Considering the power of
the generators supporting the energy system in the industrial park area, much higher than the
power of renewable generators that could be installed in the area, the impact on the distribution
network is minimal. The weakest node is the useful transformer station in the open distribution
loop, namely PTS5, it is most affected by voltage variations, but the percentage is around 20%, which
is acceptable. The simulations showed that the 20 kV network is prepared for both a maximum
consumption of about 8 MW and a maximum production of about 7 MW. When determining these
values, the installed power in the transformers and the distribution capacity of the connecting
cables between the transformer stations through which the 20 kV internal distribution is made
were taken into account.

The fuzzy system for voltage regulation can be successfully used in power grids, it doesn’t need
accurate measurements because the output is related to some logic rules and is calculated based
on the same percentage of uncertainty as the inputs have. This research could be used for further
development in using the smart-grid concept.
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