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Abstract: The development of power electronics, including high-efficiency power supply systems,
changes the structure of perception of the types of electrical energy receivers connected to the power
grid at each supply voltage level. In the past, the dominant type of receivers were constant impedance
devices. Currently, more and more devices have power supplies, which are most often constant
power receivers. The construction and technological diversity of receivers allows mixed receivers,
which are a combination of constant power and constant impedance receivers, to be distinguished.
Therefore, there is a need to determine the impact of the type of electrical energy receivers on the
power grid, both in the context of the operation of a single receiver and in the case of a branched
power grid with a high penetration of distributed generation. This article will discuss the impact of
the type of electrical energy receivers on the operation of the power grid, with particular emphasis
on the issue of electrical energy losses at changing voltages. To determine the impact of receivers,
simulation studies were performed based on two case stages: the first is a fragment of a low-voltage
power grid in a household that supplies a heating device, which is analyzed as a different type of
receiver; the second is a fragment of a low-voltage power grid with various types of consumers
and photovoltaic installations. The research was carried out on the basis of the mathematical model
of the low-voltage power network developed by the authors using the electric multipole method
and Newton’s method. The obtained results show that the type of receiver may have an impact on
electrical energy losses.

Keywords: electrical energy losses; constant impedance load; constant power load; mathematical
modeling; low-voltage power grid; electric power system; distributed generation

1. Introduction

The problem of electrical energy losses in power grids has existed since the beginning
of electricity use and results from physical phenomena occurring in devices and elements
that make up the power system. There are two basic types of receivers: constant impedance
and constant power. Currently, energy losses are also significantly influenced by the
increase in the share of electricity production from renewable energy sources and the
location of generation units in the grid.

In low-voltage power grids, there are three main causes of voltage changes:

The switching processes of receivers (transient states);
Voltage regulation in the MV power grid;
The connection of distributed generation (both in MV and LV power grid).

In many different publications [1-30], the authors deal with the analysis of power
losses in power grids, at each voltage level, in various configurations of the power
grid operation.

The author in [1] presents the results of calculations of the impact of the connection
point and the size of the source on power and energy losses in the medium voltage power
distribution network, focusing mainly on the analysis of power losses. However, the
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influence of changes in the supply voltage on the tested part of the network and the type of
receiver were not taken into account, assuming a certain, constant value of the load.

In turn, in [2], the author analyzes active power losses in a low-voltage power grid
with distributed generation and on-load voltage regulation, assuming the symmetry of
phase loads. In this case, only constant impedance receivers were considered.

The authors of [3] investigate the impact of the level of distributed generation (DG)
penetration on power losses and the voltage profile of radial distribution networks (RDN).
In order to determine the impact of distributed generation on power losses and the voltage
profile, the load on the substation rails was gradually increased. To evaluate the results, a
new voltage stability index (NVSI) and active and reactive power voltage indexes (EPVSI
and EQSVI) were proposed. The simulation tests performed in MATLAB showed that, with
the level of DG penetration, the active and reactive power losses form a square curve with
a minimum, and the losses are reduced at low penetration levels. After exceeding a certain
level of DG penetration, power losses start to increase.

The authors in [4] also dealt with the influence of distributed generation (asynchronous,
synchronous, and induction generators) on power losses and the voltage profile in the
sub-transmission network, proposing various approaches and indicators, including the
so-called global performance index. The authors concluded that DG technologies generally
reduce power losses; however, they differ depending on the type of DG technology.

In [5], the authors also studied the impact of distributed generation on the operation
of HV and MV distribution networks. In the case of MV networks, they considered various
cases of source location, taking into account the network. In the case of the HV network,
the authors analyzed the issues related to the impact of the source operation on the voltage
levels in the vicinity of the connection point, losses, and active and reactive power flows
between the LV and HV networks. The authors came to the conclusion that the location
of distributed generation (wind power plants) significantly reduces power losses in the
MYV network, and these losses strongly depend on reactive power from wind generation.
Changing the location of the source connection causes a change in the power flow in the
lines and, consequently, a change in power losses. In the field of LV/HV grids, power
losses strongly depend on the voltage regulation in LV /110 kV substations, and even small
changes in wind generation between individual-system power plants strongly affect the
load on the substation and the distribution of power and power losses.

Issues related to the minimization of power losses are often associated with the use
of optimization methods and issues, which are described in detail in the review provided
in [6]. In many papers [7-19], researchers use various optimization methods, in which one
of the objective functions is reducing power losses.

The authors in [7] dealt with the optimal location of distributed generation and electric
vehicle charging stations (EVCS) in the distribution network in order to reduce power losses
and improve the voltage profile. Modeling with the use of the probability distribution
function (PDF) was used to model changes related to distributed generation, and the
location of sources and their power is determined by the voltage stability index (VSI)
and the political optimization algorithm (POA), while the strategies for charging electric
vehicles (EV) were considered using the conventional charging method (CCM) and the
optimized charging method (OCM).

The authors of [8-11] dealt with the minimization of power losses and the improve-
ment of the voltage stability factor (VSI) in the distribution network by network reconfigura-
tion and DR deployment. In [9], optimization was performed using the innovative adaptive
shuffled frogs leaping algorithm (ASFLA). Similar issues were considered by the authors
of [10], who used a hybrid optimization algorithm (a combination of the generic algorithm
(GA) and the improved particle floating optimization algorithm) to minimize power losses
and improve the voltage profile by system reconfiguration, the DG location, and swarm
optimization (IPSO). Meanwhile, in [11], to solve the same problems, the authors used a
hybrid algorithm based on the metaheuristics of the gray wolf optimizer (GWO) and the
particle swarm optimizer (PSO) algorithms.
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In [12], the peafowl] optimization algorithm (POA) was used, in which as many as five
objective functions were defined, including the minimization of active power losses. In [13],
the gray wolf optimization algorithm (GWO) was used to reduce active power losses. The
authors state that the use of GWO to control the network operation, depending on the
configuration, can reduce power losses by 12% to 65.5%.

The authors in [14] researched the optimal location and size of the PV installation in
order to reduce active power losses with high PV penetration and the improvement of
the voltage profile simultaneously. To achieve the assumed goals, they used the modified
JAYA algorithm, which they tested on the IEEE-33 bus test system in the MATPOWER and
OCTAVE programs. The applied method allowed for a 56.9% reduction in power losses
and an improvement of voltages within the permissible limits in all busbars.

The optimal location of the distributed generation in the distribution system, taking
into account the variability of the active power load in the context of minimizing active
power losses and improving the voltage profile, was also researched by the authors in [15],
in which a method involving the optimal allocation of DG units in a radial network
was proposed.

In order to reduce power losses and increase the level of DG penetration in radial
distribution networks, the authors of [16] used hybrid optimization consisting of an analyt-
ical approach and particle swarm optimization (PSO). In each of the analyzed cases, the
power losses were reduced by over 80%, while the DG penetration was also increased by
over 80% in each of the variants. The authors of [17] dealt with a similar issue using the
particle swarm optimization algorithm (PSO) and differential evolution (DE). The results
indicate that the DE algorithm effectively reduces power losses and improves the voltage
profile. The particle swarm optimization algorithm for reducing power losses using a static
synchronous compensator (STATCOM) was studied in [18]. In turn, in [19], the authors
used the improved ant colony optimization (ACO) algorithm for optimal power flow and
the minimization of power losses in power grids due to the fact that the analyzed problem
was non-linear, non-convex, complex, and strongly limited.

Other solutions related to the use of various optimization algorithms to reduce power
losses in power grids include the following:

Calculation method optimization and the self-organizing migration algorithm (SOMA) [20];
The power flow allocation algorithm (PFA) [21];

Multi-criteria optimization methods (non-dominated sorting genetic algorithm II
(NSGA-II), multiobjective particle swarm optimization (MPSO), and the biased ran-
dom keys genetic algorithm (BRKGA) [22];

The Pathfinder algorithm (PFA) [23];

The stochastic fractal search optimization algorithm (SFSOA) [24].

To analyze power losses in power grids with wind generation, the authors of [25] used
the Weibull distribution.

The increase in the number of photovoltaic installations in distribution grids prompted
the authors of [26] to research the reduction in power losses in the medium voltage dis-
tribution grid by means of photovoltaic inverters. The authors found that an increase in
the total system load increases system savings when reactive power is generated by PV
inverters (in the case of high power factor operation) and that losses are then reduced.

In [27], the authors studied the impact of the number of photovoltaic panels on power
losses in the distribution network and the voltage profile. Assuming a constant value of
the supply voltage, the number of photovoltaic panels was increased. On the basis of
simulation studies in MATLAB, it was found that a larger number of panels improves the
voltage profile and reduces power losses, but there is a certain limit at which an increase in
the number of panels causes an increase in power losses.

In order to reduce losses, e.g., in island microgrids that operate independently of
the main grid, the authors of [28] propose real-time primary control based on optimized
statism coefficients. The model is controlled online using an acquisition, communication,
and human-machine interface (HMI) system. The implementation of the objective func-
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tion (the minimization of system power losses) was solved based on glowworm swarm
optimization (GSO). Tests carried out on three test systems based on hardware-in-the-loop
(HIL) indicate benefits in terms of reducing power losses: operational losses were reduced
by 16.15% compared to the base variant.

The issue of active power losses in the distribution network was examined in terms
of the impact of electrical energy quality indicators in [29]. Based on the test model of the
22 kV distribution network, the authors examined the impact of changes in power factor
(PF), load asymmetry, and higher current harmonics in the context of minimizing active
power losses. To reduce losses, it was proposed to distribute the load evenly and to use
compensating devices and passive and active filters.

In [30], the author discusses issues related to the management of the operation of a
low-voltage power microsystem due to the development of power distribution networks
(smart grids), mainly in the context of power losses, although he also raises the issue of
energy losses. According to the author, from the global point of view, the optimization of
power losses will not always bring the expected results in terms of energy losses. He also
adds that the work and demand for power cannot be predicted in principle, so minimizing
power losses turns out to be a rational solution, bearing in mind that the transparency of
the rules applied in financial settlements is the most important thing anyway.

Based on the analysis of the literature on the subject, the authors state that there are
few works in which researchers would deal with, firstly, electrical energy losses, which
is the most important issue from the recipient’s point of view, and, secondly, the type of
receiver and its correlation with the aforementioned electrical energy losses with changing
supply voltages.

Currently, there is no one type of receiver, and it is necessary to pay attention to how
the given receivers affect the network with the change of the supply voltage—in the case of
constant impedance receivers, a higher voltage causes a greater current flow (Z = const)
and consequently higher power consumption, and in the case of constant power receivers,
a higher voltage value causes a smaller current flow because P = const. However, and most
often in installations and networks, these are receivers of various types, so you should also
take into account the aspects of combining both groups of receivers and know the effects
of their impact on the network in terms of power losses and, consequently, energy losses.
Table 1 below presents a list of the most frequently used electrical devices in households
with three proposed types of receivers.

Table 1. List of electrical devices most often used in households, broken down by receiver type.

Type of Receiver Examples of Electric Devices
Constant impedance receiver Electric kettle, oven, washing machine, dryer,
Z = const incandescent light sources, and vacuum cleaner
Constant power receiver Induction cooker, LED light sources, computer, laptop, TV,
P = const monitor, and
Mixed receiver heat pumps

On the basis of the above issues, there are several questions involving topics related to
electrical energy losses: What impact does the type of receiver have on electrical energy
losses? What is the impact of changing the mains voltage on electrical energy losses?

In the era of energy transformation, about which more can be found in [31], research
was undertaken to examine the impact of the type of electrical energy receivers on electrical
energy losses in the power grid at different voltages supplying these receivers.

This article consists of four chapters. This first chapter contains an introduction to the
subject of the work, a review of the literature, a justification for addressing the issue in the
work, relevant questions, and the purpose and scope of the work.

The second chapter deals with the materials and methods of analysis. Issues related
to the mathematical modeling of the types of receivers present in power grids with the
use of the electric multipole method based on RL, ERL, J, and JRL branches are described
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here. The basics of solving the model using Newton's algorithm are also presented here. In
addition, this chapter presents a description of the research methodology, the purpose of
the research, the research objects, a description and diagrams of the tested systems, and a
description of the simulated work variants. The third chapter contains the obtained results
and their discussion. The last chapter is a summary.

2. Materials and Methods

The authors performed simulation experiments in order to answer the following
questions: what influence does the type of receiver have on energy losses, and what is the
impact of changing the mains voltage on energy losses? However, before proceeding with
the selection of the simulation environment, the requirements for the software were defined,
which should enable, among other things, the modeling of constant power, constant
impedance, and mixed receivers; the possibility of asymmetric operation (a different load
in each phase of the receiver); and the implementation of load profiles and generation from
renewable energy source (RES) installations.

In order to meet these requirements, the authors decided to use a mathematical model-
ing method based on a combination of the electric multipole method with Newton’s method.

Figure 1 shows the modeled system in the form of electrically connected n multipoles
(ESn structural elements).

The proposed method of mathematical description is described in [32-35]. It consists of
determining the correction vector Ax’, which will enable the determination of the physical
quantities sought in the i-th iteration (e.g., the vector of the external potentials of each

_>
multipole V g, and the vector of the currents of the external branches [ gg;). Therefore,
each structural element can be described using Kirchhoff’s laws and Newton’s method.
The so-called outer multipolar equation is

A_} i+ A Skiil-A_g/ i_._; Skiil =0 1)
—ESk E —ESk E

. - .
where Aggi'—square matrix of size ¢ X ¢ in the i-th iteration; B ggi'—G-element column
_)

i

matrix in the i-th iteration; AV o —approximation of the potential vector of external nodes
—E

— .

of the ES element; AI Skl—approximation of the current vector of the external branches of
—FE

the ES element.

—0—] -o— Y o —O—]
v,
V=0 +—0— —0— =L crr —O—
ES1 K\U ESn
+——0O— —O—--- e —O—
L/lESk L/ZESI\ M\ESI\ L/EESI\

T e el e

Figure 1. Diagram of the electrical system as a multipole connection [33].

Analyzing the scheme of the system shown in Figure 1, it can be observed that the
outer branches of each multipole connect at { + 1 nodes of the analyzed system. It can be
seen that one of the nodes has a potential equal to zero, so, for the remaining nodes, we can
write a vector of approximations of the potentials of the system:

— . . . T
i _ AV PAV P AV BLLLAV Y
AV P= [AV, AV Feav AV @)
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A <
Obtaining the above approximation vector Al and using the incident matrix BT,

one can determine the mathematical relationship with the approximation vector of the
external node potentials of a given ES element AV ki:
—ES

— . < T — .
AV '=P AV ! (©)]
—ESk —U
Details on the definition of the incidence matrix l5kT can be found in [32-35].
For independent approximations of the nodes of the system, according to Kirchhoff’s
first law, the following equation can be written:

noo—=
P-AI '=0 4
Llealy @

Substituting Equations (1) and (3) into Dependence (4) and performing basic mathe-
matical transformations, the equation of the approximation of potential nodes of the system
is obtained:

i1 s i
Asm AV T BT =0 ®)
where
Y i n XX i—1 % X i n ~ i—
Ag ™t =Y PeApsd BT and Bg'Th =} ) P Brgy ! (6)

The elements of the matrixes AESki’l and BESkiil are determined by the parameters
associated with a given structural element (ES). The algorithm of the mathematical model-
ing of electrical systems with the method presented in the paper has been presented and
discussed in [33].

The MATLAB R2022b program was selected as a simulation tool that enables the
implementation of the above method. Before conducting the simulation experiment, sim-
ulation models of elements of a low-voltage power grid were first developed, including
constant impedance, constant power, mixed load, real voltage sources, power line, and
distributed generation. Mathematical models of individual elements of the power system
are presented in [33].

Three types of models can be distinguished here: the ERL-type model, which can be
used to simulate a real voltage source; the RL-type model, which can simulate constant
impedance receivers or power lines; the J-type model, which can simulate constant power
receivers (and power generation, e.g., by photovoltaic installations); and a JRL-type model,
which can simulate mixed loads. Figure 2 shows the diagrams of the models used to create
the tested power systems. In Figure 2, the numerals indicate the number of the multi-pole
node, V1, V5, external potentials of the element, V1, - voltage (potential difference).

Each structural element (ES) in the diagrams (Figures 3-7) has been represented by an
appropriate mathematical model. First, tests were carried out to determine the impact of
the type of receiver and changes in the supply voltage on the amount of electrical energy
losses in low-voltage lines. In the first experiment, a fragment of a low-voltage power
grid supplying one household receiver was taken into account. The electrical system
consisted of three structural elements (ESk) and a number of independent nodes, i.e.,
¢ =5. ES1 is an ERL-type model describing the power system, ES2 is an RL-type model
describing the internal power line (YKY 5 x 10 mm? with unit parameters r; = 1.83 (2 /km,
x1 = 0.107 3/km and an internal power supply line length of / = 60 m). ES3 is a receiver
model—a heating device with a storage capacity of V = 120 dm?, in which water was
heated from the initial temperature T}, = 20 °C to the final temperature Ty = 50 °C. The

following parameters were adopted for the study:
e  Specific heat of water ¢,y = 4.1899 kg—]K ;

. k
e  Water density pw = 0.9982 d—ﬂ%;
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e  Total efficiency 77, = 94.8%.

= ' =R +j
Z=R+jX 1 5 Z ]‘ 1
12 v \%! Vi, v
= >
(a) (b)
2 I 1
Z=R+jX

)% V > 21
Y

(0) (d)

Figure 2. Diagrams of the models used to create the tested power systems: (a) ERL-type branch model
(real voltage source); (b) RL-type branch model (constant impedance receiver Z = const or power
line); (c) J-type branch model (constant power load P = const or distributed generation); (d) JRL-type
branch model (mixed receiver).

For the above parameters, a constant amount of energy was calculated that must be
supplied to perform the heating process:

AT 120-0.9982-4.1
0, — M ;w _ 1200 %9348 89 _ 15882 k] = 4.41 kWh )
- .

where m,,—mass of water in kg; my, = V - py,; AT—temperature difference in K; AT = Ty—T)p.

A heating device with a rated power of 2000 W was considered first as a constant
impedance receiver (such as an electric boiler or heater); second, as a constant power
receiver (such as an induction water heater); and, in the third case, as a mixed load (constant
power and constant impedance with different proportions of the share of constant power
and constant impedance, but the total rated power was 2000 W). The experiment examined
the impact of various types of receivers representing an electric boiler and changes in the
supply voltage of a given type of receiver on energy losses. The scheme of the tested system
is shown in Figure 3.

The second part of the simulation experiment was aimed at determining electrical
energy losses in a fragment of a low-voltage rural power grid, depending on the type and
nature of the receiver and the value of the supply voltage. Changes in the supply voltage
may result from a large number of generation sources connected to the medium voltage
grid. The tested part of the power grid is powered from an MV /LV transformer with a
capacity of 250 kVA and a constant voltage ratio of 15.75/0.42 kV /kV, without on-load
voltage regulation. In addition, the impact of distributed generation and its location in
the tested part of the low-voltage network on electrical energy losses in power lines and
transformers was analyzed. A fragment of the tested network with structural elements
marked is shown in Figures 5-7. These fragments were used to develop a mathematical
model. A detailed procedure for creating mathematical models and an algorithm for
solving equations using this method is presented in [33]. In the analyzed system, the
following structural elements are distinguished: a real equivalent voltage source, consisting
of an ideal voltage source and equivalent impedance, which consists of the impedance
of the power system Zg determined from the short-circuit power of 4.21 MVA for the



Energies 2023, 16, 5660

8 of 22

voltage of 0.4 kV and the impedance of the Zt transformer; a working earthing resistance,
which, in this analysis, is assumed to be 1.5 () or 5.5 (2; power lines; loads; and distributed
generation. The power line model consists of four branches. Each branch was modeled as a
series connection of resistance and inductance, known as an RL model. Their parameters
were determined on the basis of unit parameters and the length of a given section. Unit
parameters that have been adopted: AsXSn 4 x 70 mm? r; = 0.641 Q/km x; = 0.398 Q/km;
YAKY 4 x 120 mm? 7, = 0.253 Q/km x| = 0.273 QO/km. Depending on the considered type of
electrical energy receiver, the constant impedance model (RL model—Figure 4a), constant
power model (J] model—Figure 4b), and the mixed model (JRL model—Figure 4c) were
used in the simulation studies.

ES3 LOAD
RN
ES1 ES2 LINE o J
Power YKY 5 x 10 mm? P =const
[=60m ES3 o
:_"Z_“ﬂ: o 20 Z i1
1§% 3 1 2A 1 1 Vi 2 [LOAD! 1 [:i:> S
| | S| ] i j | ______ ]
| G T Z = const
2 Vs 4 1IN D 2 Vs
O—8—0— ———>0 . 5 B
——————— O : @ :
.-M
Mixed

Figure 3. Equivalent diagram of the tested power system for the first part of the experiment.

ES LOAD

Figure 4. Electrical multipole representing an electrical receiver of the type: (a) constant power,
model J; (b) constant impedance, model RL; (¢) mixed, model JRL.

Depending on the receiver type, the following data should be entered into the applica-
tion: impedance profiles (resistance and reactance) should be entered into the RL model,
active and reactive power profiles should be entered into the ] model, and both active and
reactive power profiles and impedance profiles should be entered into the JRL model. The
distributed generation model consists of three branches, each of which uses a branch with
a current source, model J. Thanks to this action, it is possible to introduce a real generation
profile in each phase to the developed application. Data on load profiles (power profiles,
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ES1
Power system

ES27

1
—
|
Equivalent load of llA b
a transformer station ! __|__

impedance profiles, and PV power generation profiles) were obtained from real technical
objects, which were presented in [33]. The simulation studies were carried out for a period
of one day.

In order to determine the impact of the receiver type and the supply voltage on
electrical energy losses, three variants of the system operation were considered:

1.  No distributed generation (basic variant, Figure 5);

2. A three-phase photovoltaic installation with a rated power of 5 kW is connected to
consumer 3 and 4, while consumer 5 is connected to a 10 kW photovoltaic installation
(Figure 6);

3. Three photovoltaic installations (2 x 5 kW and 10 kW) were connected to a free line
bay in the low-voltage switchgear, which is powered by the MV /LV transformer
(Figure 7).

As part of the considered variants of the operation of the analyzed fragment of the
power grid operation with distributed generation, the receiver type was changed in order to
determine the energy losses in the grid. For each of the variants, it was first considered that
we are dealing with constant-impedance receivers, followed by constant-power receivers,
and, in the final case, with mixed receivers. Each mixed load was modeled as a parallel
connection of a constant power and constant impedance load in the proportion of 50% of
the rated power for each type of load.

In addition to distributed generation, its location, and the type of receiver, our research
also examined the impact of changing the voltage supplying the power grid on energy
losses in the network. Three variants of the supply voltage were considered: nominal
(400 V), increased (420 V), and reduced (380 V).

In order to determine the impact of the type of load, distributed generation and its
location as well as changes in the supply voltage on electrical energy losses in overhead
lines, cable lines, and the transformer, 27 variants of the system operation were considered.
The assessment measures are as follows: daily active energy losses, taking into account
energy losses on all sections of the overhead and cable lines and in the transformer; daily
electrical energy consumption; the percentage share of active energy losses related to the
daily electrical energy consumption; the value of the voltage supplying the receivers at the
end of the analyzed part of the power grid.

ES3 ES7 ES11 ES15 ES21

Line AsXSn Line AsXSn Line YAKXS Line YAKXS Line YAKXS
4 x50 mm? 4 x50 mm? 4% 120 mm? 4% 120 mm? 4% 120 mm?
1=350m 1=250m 1=300m [=80m 1=50m
i H 1 H | i H i
502t 50 Za 0 g Vs 50 280 1 U 50280 g Va 50280 1 Uy
3o e 3t Voo ———— 31 31+o S S +—o—t
] ' | ! | ! ] i ] '
v 6! 28| o, Vs 6! 28 o Vi 6 Zv Vs 6! Zv | o Vs 6 | Zn | o v
= - = > e
i ! i 1 i H i
Vi ;0 Zc i 3 Vo ;0 Zc i3 Vac 71 Zc i3 Vas ;0 Zc i3 Ve 71 Zci o3 Vio
i | i ! | ! | ! 1 !
Vs 8 | ZN | 4 Vio g ! ZN | 4 Vorg ! 2N | 4 Voo g | IN | 4 Vi g | ZN | 4 Vit
R St 3t S St
[
10 20 30 4 1o 20 30 4 1020 30 4 1 ‘ 14 26 30 4
ES4 | || . ES8 || | | ES12 ||| |, L E Rt Rt ES22 O I S S O
Line YAKXS ' | Line YAKXS! ! Line YAKXS! i Line YAKXSiz | Line YAKXS! :
iz ] z[ ] 2c[] Z Za[] z] ] 2¢[] Z : . | ; ' : 1zt
4X12(1mm2;_l\ Zo| | Ze| 2] | 4*120mm2rA Zs| | Zc| | 2N i 4x120mm2:ZA Zs| |Zc| |Zn i 4x120 mm2|_ g 4Xl20mm2'ZA Zs| | Zc| | 2N |

T 1=15m 1=15m

I=15m

5 60 7 8
Visp Vi V17
1 29 3

ES9| LOAD

Figure 5. Diagram of the analyzed network as a combination of electric multipoles for the second
part of the experiment—a system without distributed generation.
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Figure 6. Diagram of the analyzed network as a connection of electric multipoles for the second part
of the experiment—system with distributed generation at recipient no. 3, 4, and 5.
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Figure 7. Diagram of the analyzed network as a connection of electric multipoles for the second part of
the experiment—a system with distributed generation installed at the beginning of the analyzed line.

3. Results

Table 2 presents the results of the first part of the tests, in which water was heated in
the boiler (a constant amount of electrical energy, Q. = 4.42 kWh, was supplied).

Table 2. Results of the first part of the research on determining energy losses when heating water in
the heating device.

Type of a Receiver Vsupply (V) theat (min) AE; (Wh)
207 164 36.6
Constant impedance receiver

230 132 36.6

Z = const (PN = 2 kW)
253 110 36.6
207 132 45.2

Constant power receiver

P = const (P = 2 kW) 230 132 36.6
253 132 30.2
Mixed receiver 207 152 38.9
(Z = const + P = const) 230 132 36.6

(PN =1KkW +1kW) 253 124 31.8
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On the basis of the simulation results obtained from the first part of the research,
which are presented in Table 2, it can be seen that, in order to supply the same amount
of energy to the system, the value of the supply voltage for constant impedance receivers
has no effect on the amount of electrical energy losses (they are constant). If the receiver is
supplied with a higher voltage, it will consume more power, which will heat the water in a
shorter time. Similarly, with a lower voltage, the receiver will consume less power, which
will heat the water in a longer time. A lower current in a longer time will cause the same
amount of heat to be released in the resistance of the power cable as a higher current in a
shorter time.

In the case of constant power receivers, where the heating time is constant (P = const),
depending on the supply voltage, the losses change—a higher value of the supply voltage
causes a lower value of the electric current, and a smaller electric current, according to the
Joule-Lenz law (Q = I2R¢), causes lower energy losses, while a lower voltage causes a
higher current, which results in higher losses. In the case of a mixed receiver in which the
ratio of rated power of the receivers is 1:1, the value of the supply voltage is important: the
higher the voltage, the lower the active energy losses, which results from the influence of
the constant power receiver part, while the lower the voltage, the lower the losses, which
results from the influence of the part of the constant impedance receiver. For increased
voltage, energy losses for a mixed receiver are lower than for a constant impedance receiver
by about 13%, while these losses are higher than for a constant power receiver by about
5.2%. For a lowered voltage, energy losses for a mixed load are higher than for a constant
impedance load by about 6.3%, and these losses are lower than in the case of a constant
power load by about 14%.

Table 2 shows the active energy losses for a mixed load in the case of 50% of the rated
power (1 kW + 1 kW). In further studies aimed at presenting the influence of the supply
voltage on energy losses for a mixed load, simulations were carried out by changing the
percentage of the share of the low-power receiver in relation to the share of the fixed-
impedance receiver. The share percentage changed from 100% to 0%, which means that
with 100% share we have a constant power receiver, and with 0% share, we have a constant
impedance receiver. The results of the simulation are presented in Figure 8 in the form of a
graph of electrical energy losses depending on changes in the supply voltage and changes
in the proportion of the share of the receiver type (for Qe = const)

Based on the above graph, it can be seen that, for the rated voltage, it does not matter
whether it is a constant power, constant impedance, or mixed receiver (assuming their
equal power at the rated voltage): the losses of electrical energy are constant. It is also
confirmed that when the load is dominated by constant power receivers, the energy losses
are greater for a lower voltage value and smaller for a higher voltage value. The percentage
increase in the share of constant impedance receivers causes the decrease in the steepness
of the losses as a function of voltage changes until they are completely equalized for the
constant impedance receivers.

Table 3 presents the results of the research on the second part of the experiment related
to the determination of active energy losses in the model of a rural low-voltage power
grid performed in accordance with the description and methodology contained in the
previous chapter.

Based on the obtained results, it can be seen that, for the variants without distributed
generation, when supplied with a rated voltage of 400 V, as expected, the energy consump-
tion by various types of consumers and active energy losses are the same, and they account
for 0.23% of the total energy consumption. Changing the supply voltage causes, in the
case of constant-impedance receivers, the daily energy consumption and energy losses to
change (when the voltage is increased, electrical energy consumption and energy losses
will increase; when the voltage is reduced, energy consumption and energy losses will
decrease), but the percentage share of energy losses remains unchanged. On the other hand,
in the case of constant power receivers, increasing the supply voltage in the absence of
distributed generation causes a decrease in energy losses (lower current flow) at constant



Energies 2023, 16, 5660

12 of 22

.
$7}
/

W
=
/

35 |

Electrical energy losses [Wh]

power and, consequently, constant energy consumption, which also reduces the percentage
of active energy losses, while reducing the supply voltage increases energy loss. In the
case of mixed receivers, energy losses increase with increasing voltage (however, they
are lower than in the case of constant-impedance receivers and higher than in the case of
constant-power receivers), and with the voltage decrease, these losses decrease (however,
they are lower than in the case of constant-power receivers and higher than in the case
of constant-power receivers). For mixed receivers, it turned out that although the daily
consumption of active electrical energy changed with the change in the supply voltage, the
daily losses of active energy remained at the same level (a small difference of 0.006 kWh).
For the considered fragment of the network, a change in the supply voltage and using
different types of receivers without distributed generation has an insignificant effect on
energy losses. The biggest difference is about 0.08 kWh.

240

Supply voltage [V] 260 100

Percentage of constant power receivers [%]

Figure 8. Graph of changes in electrical energy losses as a function of changes in the supply voltage
and changes in the proportion of the share of the type of receiver.

Table 3. Results of the second part of the experiment.

Distributed Generation Vsupply V) Load E. (kWh) AE. (kWh) %AE; (%)
Z = const 278 0.645 0.23
400 P = const 278 0.645 0.23
P = const + Z = const 278 0.645 0.23
Z = const 309 0.714 0.23
None 420 P = const 278 0.591 0.21
P = const + Z = const 293 0.651 0.22
Z = const 253 0.584 0.23
380 P = const 278 0.724 0.26

P = const + Z = const 265 0.651 0.25
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Table 3. Cont.

Distributed Generation Vsupply (V) Load E. (kWh) AE. (kWh) %AE, (%)
Z = const 283 6.39 2.21
400 P = const 278 6.58 2.30
P = const + Z = const 280 6.47 2.25
PV located Z = const 311 5.75 1.81
deep in the grid 420 P = const 278 5.98 211
P = const + Z = const 295 5.90 1.95
Z = const 255 7.14 2.72
380 P = const 278 7.18 2.52
P = const + Z = const 267 7.16 2.61
Z = const 280 0.533 0.19
400 P = const 278 0.538 0.19
P = const + Z = const 279 0.536 0.19
PV at the MV/LV Z = const 309 0.584 0.19
transformer station 420 P = const 278 0483 0.17
P = const + Z = const 294 0.535 0.18
Z = const 253 0.488 0.19
380 P = const 278 0.597 0.21
P = const + Z = const 266 0.540 0.20

Table 4 presents electrical energy losses in each of the analyzed cases, broken down
into electrical energy losses in the transformer and electrical energy losses in power lines.

Analyzing the presented results, it can be observed that the location of the photovoltaic
installation is very important for electrical energy losses. In the case when photovoltaic
installations are connected in the depth of the network, electrical energy losses in the lines
are about 7.00 kWh, while in the case of connecting them to the main LV switchgear next to
the transformer, the losses are 0.38 kWh. The analysis showed that, for the considered case,
electrical energy losses are lower by more than 18 times compared to the case when PV
installations are connected in the depth of the grid. The location of the PV at the MV /LV
transformer station causes the losses in the power lines to be almost identical to those
in the basic variant, in which there is no PV. This is due to the fact that the surplus of
electrical energy does not have to be transferred from the PV installation through lines to
the transformer station but can go directly to the transformer. The electrical energy losses
in the transformer when the PV is located deep in the grid or when the PV is located at the
MV/LV transformer station are almost identical. The analysis of the results shows that,
for the considered fragment of the network, the change in the supply voltage and using
different types of receivers with distributed generation significantly affects energy losses.
The biggest difference is about 0.7 kWh. Distributed generation connected deep into the
network for the considered case study also causes a number of voltage problems—it may
turn out that in certain areas of the network, and in some parts of the network, the voltage
may exceed the permissible values resulting from the PN-EN 50160 standard. Figures 9-11
show the waveforms of changes in the phase voltage V; at the end of the line (ES23) for the
variants depending on the distributed generation and the value of the supply voltage.
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Table 4. Results on electrical energy losses for the second part of the research, divided into losses in
the transformer and power lines.

Distribu.ted Voot (V) Load 'Electrical Energy Losses E.lectrical En.ergy Losses
Generation SUPPly in the Transformer (kWh) in Power Lines (kWh)
Z = const 0.28 0.38
400 P = const 0.28 0.38
P = const + Z = const 0.28 0.38
Z = const 0.30 0.41
None 420 P = const 0.25 0.34
P = const + Z = const 0.27 0.38
Z = const 0.25 0.34
380 P = const 0.30 0.42
P = const + Z = const 0.27 0.38
Z = const 0.16 6.24
400 P = const 0.15 6.38
P = const + Z = const 0.15 6.31
PV located Z = const 0.17 5.58
deep in the grid 420 P = const 0.14 5.84
P = const + Z = const 0.15 5.71
Z = const 0.14 7.00
380 P = const 0.17 7.01
P = const + Z = const 0.16 7.00
Z = const 0.16 0.37
400 P = const 0.16 0.38
P = const + Z = const 0.16 0.38
Z = const 0.17 0.41
PV at the MV/LV
transformer station 420 P = const 0.14 0.34
P = const + Z = const 0.16 0.38
Z = const 0.15 0.34
380 P = const 0.18 0.42
P = const + Z = const 0.16 0.38

As shown in Figure 10, the distributed generation located deep in the network (es-
pecially in the case of networks with a relatively high impedance, such as the one under
analysis) may experience a large increase in voltage above the normative value. Such a volt-
age value may cause damage to receivers supplied from this phase. In a real system, such
a voltage increase resulting from power generation from PV should not happen because
the overvoltage protection in PV inverters should turn off such a generating unit, which
reduces energy efficiency and the investor’s losses due to unproduced electrical energy. It
can also be noticed by analyzing the waveforms shown in Figures 9-11 that the type of
receiver has no significant impact on the course of changes in the supply voltage.

The solution to the problem of increased energy losses resulting from giving excess
power to the grid, shown in the case of locating photovoltaic installations in the “deep”
part of the grid at consumers, is to connect these installations directly at the MV /LV
transformer station. As can be seen from Table 4, the losses in such cases are even lower
than in the case of the base variants without distributed generation. For the considered
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case, this results from the reduction in energy losses in the transformer, while electrical
energy losses in overhead and cable lines are at a similar level to that of the variant without
generation. This results in a lower percentage of electrical energy losses in relation to total
consumption than in the previous cases. Changing the supply voltage of the tested section
of the line depending on the type of receiver affects the level of energy losses in the same
way as described for the first experiment. For the considered fragment of the network,
the change in the supply voltage and with different types of receivers with distributed
generation located at the transformer station insignificantly affects energy losses. The
biggest difference is about 0.07 kWh.
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Figure 9. Waveforms of changes in the phase voltage V' at the end of the line (ES23) for variants
without distributed generation: (a) for supply voltage V =400 V; (b) for supply voltage V =420 V; (c)
for supply voltage V =380 V.
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Figure 10. Waveforms of changes in the phase voltage V; at the end of the line (ES23) for variants
with distributed generation at consumers no. 3, 4, and 5 (ES13, ES16, and ES23): (a) for supply voltage
V' =400 V; (b) for supply voltage V =420 V; (c) for supply voltage V =380 V.

Additionally, when analyzing the course of changes in the phase voltage at the end
user, it can be seen that these courses are almost identical to those for variants without
distributed generation, and there are no voltages exceeding the norm, even for an increased

supply voltage of Vypp1y =420 V.
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Figure 11. Waveforms of changes in the phase voltage V; at the end of the line (ES23) for variants
with distributed generation at the MV /LV transformer station: (a) for supply voltage V =400 V; (b)
for supply voltage V =420 V; (c) for supply voltage V = 380 V.

4. Conclusions

This article presents the impact of the type of receivers on the operation of the low-
voltage power grid, which was simulated in the authors” model developed on the basis
of the electric multipole method and Newton’s method. The proposed method makes it
possible to simulate different variants of the network operation, with different types of
receivers, taking into account the asymmetry, the method of earthing the neutral point, and
distributed generation without the use of specialized programs for flow calculations. An
approach to a comprehensive analysis related to the issue of energy losses due to changes
in the supply voltage for various types of receivers may prove valuable and crucial in the
context of energy management in households and energy billing in future locally balanced
energy systems, which should take into account the co-creation of the energy market based
on all participants (users) of the network.

The tests carried out on two objects allow for the formulation of a number of conclu-
sions. From the analysis of the results obtained for the first part of the network, we can
conclude the following:

e In the case of constant impedance receivers, while supplying the same amount of
energy to the system, the value of the supply voltage does not affect the level of energy
losses (they are constant).

e In the case of constant power receivers, while supplying the same amount of energy
to the system, an increase in the supply voltage reduces energy losses, and a decrease
in voltage increases energy losses.

e In the case of mixed receivers, while supplying the same amount of energy to the
system, the greater the share of constant power receivers, the greater the impact the
value of the supply voltage has on the level of energy losses.

From the analysis of the results obtained for the second part of the network, we can
conclude the following:
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e  Depending on the type of receiver connected to the low-voltage power grid and the sup-
ply voltage without distributed generation, the level of energy losses in the grid changes;
however, for the considered cases, the impact is negligible (imperceptible)—about 0.03%.

e  The location of distributed generation has a significant impact on electrical energy
losses in the considered power grid—the analysis showed that connecting generation
in the depth of the network will increase energy losses by 20% compared to without it.
This is due to the lack of the self-consumption of power generated from photovoltaic
installations by the recipient. Therefore, part of the power is returned to the grid,
and the direction of electric power transmission changes. The consequence is that
the value of the supply voltage of the consumers connected to this network increases
in the network, as well as the loss of electrical energy. The increase in the voltage in
the grid will also contribute to a longer payback period for the prosumer installation
because each PV inverter should disconnect from the grid in the event of exceeding
the normative values as a result of the activation of the overvoltage protections in
it. For the considered case, it can be seen that the type of receiver connected to the
grid and the supply voltage of the system have a greater impact on energy losses (the
difference is up to 0.5%) than in the system without generation.

e Energy losses in low-voltage power grids can be reduced by locating distributed
generation at MV /LV transformer stations. This can be achieved because the energy
produced by the source is sent via lines to consumers, and the surplus energy is
transformed into the medium-voltage grid. Connecting the distributed generation
to the LV switchgear of the MV /LV transformer station also contributes to the im-
provement of the voltage conditions in the network, thanks to which the value of the
supply voltage in the entire section of the line is within the range of £10% VN—rated
voltage, in accordance with the PN-EN 50160 standard. This will result in a lack of
the disconnection of the PV installation due to the activation of the protections in
the inverter.

In the context of future directions of scientific activities, the authors plan research
related to the management and control of the operation of a low-voltage power grid with
a large penetration of distributed generation. The tests carried out for the purposes of
this article allowed for the identification of features, conditions, and factors that affect the
operation of the power grid in terms of electrical energy losses and changes in the voltage
profile. This will allow for the development and validation of adaptive algorithms for
controlling the operation of the power grid with distributed generation by all participants
of the electricity market, taking into account not only the nature of the recipient (resistive,
capacitive, or inductive) but also the type of recipient (constant power, constant impedance,
or mixed). In the future, it will also allow for the development of mechanisms enabling
billing for energy within the analyzed system.
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