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Abstract: The increasing expansion of the use of renewable distributed generation (RDG) technologies in
electrical networks such as solar plants or wind farms and others has changed the nature of the distributed
system and transformed it from the traditional system into an efficient system. This system has led to various
technical effects in the host networks, with regard to voltage, electrical energy losses, fault levels, stability and
electrical energy quality. These effects are not generic to any network; It can be positive, negative or neutral
depending on the structure of the studied network, its operational condition and the various technology of the
distributed generators. This research aims to quantitatively correct the effects of (RDG) in terms of voltage and
electrical energy losses in the host networks. , since efficient distribution systems contain generators of a special
nature and often contain bidirectional flux energy, it was necessary to construct a mathematical model of the
distribution system hosting RDG units, which is fundamentally different from the traditional model of defining
the reference electrical distribution bus bar. In order to achieve the systematic analysis, evaluation criteria and
indicators were determined and mathematical formulas for them were completed. Based on the accomplished
mathematical basis, an algorithm designed in such a way that it can be applied to any multi-voltage distribution
system and to different distributed regenerative generation techniques is proposed. To demonstrate the
algorithm's capabilities, it was tested on typical distribution networks using Factory Power DigSilent software,
which is somewhat similar to MATLAB but more suitable for large capacity systems.

Keywords: energy; distributed generation (DG); protection systems; distribution networks; quantitative effect;
energy losses

1. Introduction

An important part of global sustainable development is the creation of an environmentally
friendly energy sector [1]. In this regard, renewable energy sources (RESs) are widely developed in
the world, the most common types of which are wind power systems (WPSs) and photovoltaic
systems (PVSs) [2,3]. Their total installed capacity in the world reached 1398 GW in 2020
[4] Renewable energy resources allow achieving not only an environmental impact, but also an
economic one in remote settlements, mining, oil and gas enterprises, exploration stations, etc., where
diesel power systems (DPSs) were traditional sources of electricity [5-7] .DG unites and the
continuation of the introduction of these unites into the electric power system, in connection with
which DG units were introduced into this system. However, the installation of calculated generation
units poses a number of technical problems, combined with network voltage, power quality, safety,
power flow, control, and frequency regulation.

2. Definition of distributed generation

There is currently no consensus on an exact definition of distributed generation. The Distributed
Generation Working Group of the International Conference on Large High Voltage Systems (CIGRE)
defines it as 50-100 MW generating units that are usually connected to the distribution network and
are not centrally planned and controlled.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Whereas, IEEE considers distributed generation to be electrical generation by units that are
sufficiently smaller than central generating stations so that they can be connected to any point in the
power system.

In all cases, distributed generation has general agreed-upon features, the most important of
which are:

e The capacity of distributed generation units starts from a few kW to tens of MW

e Without central planning (that is, the electricity institutions do not plan for it): of course, this
feature is not available in vertically complete power systems (for example, those wholly owned
by the state or any single monopoly).

e  Without central coordination and control: It should be noted that some DG units in some
countries have recently been placed under the central control program. Even when distributed
generation is not linked to central control, DG units may be forced to announce their generation
plans a week in advance.

e Often connected to the distribution system.

The most important technologies of the DG are piston engines, micro turbines, gas turbines with
internal combustion, fuel cells, solar systems and electric systems.

3. Power flow in a distribution network that contains distributed generation

3.1. The nature of the distribution system has changed in the era of distributed generation

Modern distribution systems are designed on the basis of receiving electrical power from
network transformers and distributing it to consumers at the average distribution voltage and
through the switching centers to consumers at the low voltage level. Thus, the flow of effective power
P and reactive capacity Q is always from the highest level of tension to the lowest level. Distributed
generation transforms the distribution system from a passive system, as is the case in traditional
electric power systems, to an active distribution system. Since the power injected into the distribution
network can affect its flow pattern, it must be ensured that it will not reduce the power supply
specifications for other network users. With distributed generation in the distribution system, the
flow and tension of the network are determined not only by the loads but also by the generators and
the loads together. It is possible that the direction of the two-way power flow will be reversed in some
branches of the network depending on the size and location of the distributed generation and the size
of the loads, which concluded through the computer tests that conducted and which we will present
later [8].

3.2. Mathematical model for analyzing the power flow of a distribution system containing distributed
generation

It is known that the study of the power flow is not conducted for the entire electrical power
system at once. Most studies and references focus on the power flow of transmission systems with
the central generating stations associated with it (which would call the traditional flow). These
references provide mathematical models and algorithms that have proven their effectiveness for
these systems. But we will show that the flow in the distribution network that includes distributed
generation is very different from the traditional flow in terms of the physical properties of the vehicles
of the efficient transmission and distribution systems, especially the generators (large traditional in
the central transmission and generation system and distributed with different technologies in the
efficient distribution system) and the resulting difference in models Compilation bars representing
different running states. Some of these algorithms (such as Fast Decoupled Load Flow FDLF)[ ] take
advantage of the small impedance/reactance (R/X = 0.3) ratio of the transmission system lines to
force the [N] and []J] partial matrices of the "Yacobi" matrix to be zero[ ], This means that the reactive
power transmission on the transmission line is most responsible for the change in the value of the
voltage across a transmission line or part of the power transmission system, while the phase shift
between the voltages results mostly from the actual power transmission. This conclusion is correct
for transmission lines, but it is completely wrong for the distribution system, where the ratio of
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resistance/reactance for cables is greater than one and for overhead lines the ratio is slightly less than
one, due to the small dimensions of the phases that make the reactance large. Therefore, the FDLF
method will not converge if we use it to solve the effective distribution load-flow equations. The other
thing is the reference bus "slack bus". In the transmission system, we usually choose the bus with a
large generating unit as the reference bus. As for the distribution network, we usually choose the bus
connecting the distribution network under test with the highest tension level as the reference
collecting bus Therefore; important modifications must be made to the mathematical model and the
traditional algorithm in order to achieve compatibility with the new guest on the distribution system.
The mathematical model of the power flow in the effective distribution system (radial or meshed)
depends on its new structure and on the principle of equilibrium of the actual and reactive powers
related to a collection bus, which requires that the power be balanced at each bus in the system. That
is the sum of the generated and consumed powers. in a bus and the potentials transmitted to and
from other nearby collecting buss through lines, cables or transformers must be equal to zero. Figure
1 shows the concept of net effective power Pk and net response Qk injected into a bus k.

Eﬂ_ll Nowing possers to adjacent rods
Bus k
b the rods that conmescied ——
directly to (i rads
The nat papssa ijected
P
nr.:.l-.'an:.k+ +F|_u Qi

Dis bt ad
Figure 1. Power balance on the collector bus k.

Since the actual and reactive powers are equilibrated separately from each other, we have a
distribution system consisting of N collector buses, and with bus 1 as the reference bus Where the
sum includes all the i-bus adjacent to the k-bus (i.e. the bus connected directly to the k-bus via a
line, cable, or transformer) as shown in Figure 2.

Py = R, (Sp) = R, 79 (1)

Qni = Im (Sp) = Iy (IthI;{) 2)

Bus i

Bus k

Figure 2. The notation used to calculate the flow in the "Ki".

Substituting the current in terms of the buses voltage k and i, and the branch impedance Ki,
therefore

{Pki = Y Vi# cos(=8y;) — YiiVieV; cos(6y — 6; — 8ii)

. . 3
Qi = Vi VEsin(=04) — YeViVy sin(y — 6,— ) )
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It should be noted that due to the losses that occur in the resistance and reactance of the branch,
the measured abilities at the two ends of the branch are not equal, that is:

Pp # Py, Qni # Qin (4)
From equations 1,2 and 3, is found
Py = Ppon— Pk = Yien [Yn1Vii c0s(=6p1) — Y1 ViVy c0s(8,6,611)] (5)

Qn= Qpcn— Quk = Tieny[Yn1V¥ sin(=8p1) — Yn1VyV; sin(6,6,6,1)] (6)
For K=1,2,...,N

Equations (5,6) are nonlinear power-flow equations that are mathematically similar to the
power-flow equations for transmission systems (conventional flow), and they relate the actual and
net reactive power injected into a bus k with the value of the voltage and its angle in the k-bus itself
and in adjacent bus bars .

Since similar equations can be written for each bus of the system N and we have 2N equation
but 4N unknown variable

e Nreal power injected Pk

¢ Ninjected reactive capacity Qk
e N voltage value Vk

¢ N oltage angle 0k

The four variables 0k, Vk, Qk, Pk represent a unique electrical representation.

For equations (5,6) to be solvable, two of these four variables must be known to each bus.
Conventional flux uses 3 forms to group the known and unknown variables and thus 3 forms to
model all the buses. These assemblies are of course related to the physical properties of the assembly
buses. Here emerges the radical difference between the power flow of transmission systems and the
power flow in effective distribution systems. Instead of 3 models that were enough to model the
transmission and generation system collecting buses, 6 models are required for the distribution flow
and most of them are related to the modeling of the distributed generation assembly buses.

3.3. modeling of the distributed regenerative generation assembly bars for the analysis of the power flow of the
distribution network

The conventional power flow is combined with the distributed flow by adopting the PQ bus
model to represent the load collecting bus where the actual power and net response injected into the
bus are known, while the value of the voltage and its angle are unknown. They also partly share the
use of the VO collecting bus model for modeling the reference assembly bus, where the parameters
are the voltage and angle value and the unknowns are the actual and reactive powers injected; with
the difference inherent in determining which collector bus is suitable as a reference collecting bus, as
previously explained, the main difference is in how the generating assembly buses are modeled. The
role of distributed generation technologies depends on the structure of existing energy supply
systems, electricity prices, and the characteristics of energy supply markets. The distributed
generation aggregation buses in the algorithm are designed in different models depending on the
type of distributed generator, its interface connection, and its operation method. They can be
classified according to the following categories [9,10].

The first category: includes the PV generator and the D type induction or synchronous wind
generator, all of which share a power converter as a link interface with the network. Since it is the
switch that determines the behavior of these generators from the network point of view, this class in
the software system used by the power factory in the DG unit is the static generator. The static
distributed generator has three operating modes and accordingly 3 models to model the collector
rods for the power flow [11].

1-Constant power factor operation

It activates the power factor control. The model used to represent this case is the PQ collecting
rod model. This case is limited by two conditions Figure 3, the first condition prohibits exceeding the
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nominal apparent power VA of the converter, and the second condition is that the power factor must
be kept constant.
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Figure 3. Constant power factor mode of operation of a Class 1 DG unit.

2-Variable power factor operation
Where it activates stress control. The model used to represent this situation is the PV collector
bus model. This mode of operation allows a distributed generator to supply voltage to the grid by
injecting reactive power. Figure 5 shows an example of this case
3- the mode of operation for the purpose of regulating the voltage of a specific Droop,
Regulation by definition is
Ny
Droop% = g~ X100  (7)
Qn

-
Pgﬂ P

Figure 4. Variable power factor operating mode of Class 1 DG unit.

In this case the tension is controlled according to a specific regulating characteristic (e.g. D=2%)
and a specific tension. This case is modeled by a DV Assembly bus model.

The second category: includes the classic induction generators of type A and B, connected
directly to the network. This type provides real power but consumes reactive power. This distributed
generator can be represented by the following two models [5]:

1- PQ rail Model: Similar to the Load Rail Model and is an approximate representation.

2- A special model called the AS collector bus model: the user determines only the actual power
of the generator, and calculates the corresponding slip and reactive power from the model's steady-
state equations. This model is the most accurate representation, and it must be adopted when
analyzing the power flow as an introduction to the study of transient cases.
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The third category: includes the DFIG induction generator (Type C),

Which is an induction generator equipped with a converter-PWM connected to slip rings. The
commentator controls the value of the circuit voltage and angle, and then the actual and feedback
power of the generator. The DFIG model consists of two parts: the induction generator model and
the commentator model; Therefore, the complete model contains two terminals, one AC and one DC.

In order to analyze the power flow in a semi-containing generator, it is necessary to determine
the actual power, the reactive power, and the static slip for it. Therefore, the representative model of
the DFIG generator assembly rod is a special model that we call the PQS assembly bus model. The
rest of the variables, including the corresponding modulation index, are calculated in the context of
the repetitions of the power flow [12]. Usually this generator is connected to the network via a three-
coil transformer (e.g. 5.6 MV A, 30/3.3/0.96 kV).

4. Criteria (indicators) for the quantitative evaluation of the effect of the distributed generator on
the tension and loss of power in the distribution network

A methodology based on the following criteria and indicators can be adopted:

4.1. Penetration Index (PI) or Penetration Level (PL):

Tlhe Penetration Index (PI %) is the ratio of the total distributed generation (Poc) to the
maximum load of the host distribution network (Pioad) :

PI% = 225 x 100 (8)

PLoad

This indicator does not mean the percentage of the system's loads, but rather the loads of the
host distribution network. If the electrical system contains central generation only, the penetration
index is 0%, and the indicator 100% indicates that all loads of the host distribution network are
covered by distributed generation. An indicator less than 20% to 30% reflects the presence of obstacles
and a lack of incentives for the private sector to exploit renewable energy, while an indicator of 50%
indicates the existence of a good market for the electricity sector with an incentive tariff-in. Indicators
greater than 100% may in certain cases be achievable, such as the case of Germany, for example, at
the time of the implementation of the first project to encourage the use of the PV system for residential
buildings (100,000 surface project) 1990-1995, where the state bore about 70% of the cost of the system
(approximately 4-5 kW) . Electricity companies were legally obligated to buy the energy produced
from PV at a price that exceeds 4 times the price of conventional energy [13,14].

4.2. Dispersion Index (DI)

Distribution Index (DI %) is the ratio of the number of DG collecting rods to the number of total
collecting bus bars

DI% = Z26PWes 100 (9)

#Load buses

This indicator focuses on the geographical distribution of the distributed generators and not
their capacity. Through modeling some computer tests, it was concluded that the larger indicator
reflects positively on voltage and losses according to the RDG technique [15]. Also, the numbers 20%,
30%, 50%, and 100% are indicators of the state of the electricity market and the incentives or obstacles
issued by the state with regard to the exploitation of renewable energy.

4.3. Voltage rise index (VRI)

The Voltage rise index of a collector bus (VRI%) is the ratio of the difference between its voltage
in the presence of DG in the distribution network (V + DG) and its voltage without DG (V-DG), to the
voltage without DG

VRI% = T8 x 100 (10)

-DG
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Some codes, such as the German VDEW, do not allow to exceed VRI% = 2%, but this number is
suitable for strong networks, that is, those that have a normal voltage profile, but for weak networks,
this indicator remains useful only as an indication [16,17]. Over the support of the distributed
generation of voltage. As for the permissible limit for the voltage height, I think it is necessary to
compare V+DG with the nominal network voltage while not allowing it to exceed +5% (i.e. in the
range pu 0.95-1.05).

4.4. Total Loss Index (TLI)

This indicator can be defined as the ratio of the total lost power (Actual or reactive) in the host
distribution network with DG to that one without DG
TLI (P or Q) = —2%D6_ 100 (11)
G

P or Qloss_p

This indicator actually shows the improvement or deterioration that occurs in the loss, but it
does not give a direct idea of the ratio of the loss to the generated energy (that is, the sum of the
energy extracted from the high-voltage network and the energy from the distributed generation) [18].
So another, simpler indicator that applies to the network with or without DG can be given:

P loss

TLL, = Ploss% = — X 100 (12)
L

Q loss

TLI, = Q Loss % = x100  (13)

where Pi is the sum of the actual power that the host network draws from the infinite network and
the actual power that the RDG injects into the host network; Qi The reactive power injected into the
host network by the infinite network and distributed generation (if any) minus the reactive power
consumed by the specifically distributed generation; In other words, Qi is the reactive power that is
rented by all the loads of the host network [19,20].

4.5. Index Overloading (OVI):

Loss Index This indicator is for network branches. Fatigue indicator is necessary to detect the
effect of DG in loading lines and transformers. The load for a branch is the ratio of the current in
branch I to its nominal rating current:

1

Loading% = ; X 100 (14)

rating

Loading%pg

ovVIY% = x 100 (15)

Loading%_pg

5. Proposed Algorithm

Based on the mathematical foundations that were accomplished in the previous paragraphs, The
algorithm used, which is summarized by the flowchart shown in Figure 5a, with its parts A and B,
The algorithm is designed in such a way that it can be applied to any multi-level distribution system
Voltage and for different renewable distributed generation technologies [21,22]. The algorithm was
tested and implemented by computer in a typical distribution network operator in the Power Factory
DigSilent which is somewhat similar to MATLAB but more suitable for the big power systems.
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Figure 5. (a) Quantitative evaluation algorithm for the effect of distributed generation on voltage and

power losses in Host Network (Part A). (b) Quantitative evaluation algorithm for the effect of
distributed generation on voltage and power losses in Host Network (Part B).

6. Study Case

6.1. Test distribution network

The approved distribution network consists of 18 busbars and 11 cable lines Distributed load
and 5 loads concentrated in the collector bars and 3 dual adapters and triple files. The original grid
assembly bars (the grid without RDG) are 12 in addition, the necessary assembly bars are added to
connect the generators distributed to the 20 kW network the feed source is a 20 kV tension network
that is assumed as an infinite network and connected It has a 4.0/20 kV conversion center with a
nominal capacity of 250 kVA. The network includes circuit breakers. For lines, loads, transformers
and distributed generators, which achieve great flexibility for modeling any modification to the
network, as it can be separated and connected according to the desired test the network hosts a
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number of distributed generators deployed in it, which belong to the three categories It is equipped
with modular circuit breakers that operate in both off-on states. Generators connected to a 20 kV
network usually need a double coil transformer; except for the generator the DFIG wind power
supply needs a PWM changer and a three-coil transformer [23,24].

=
20 kV network ==

+~20[0.4 kv

Bus 1 2

WIG 0.4 kV

20/0.4 kV &

Load A
e Bus 10
Bus 2

Line 9.10
Line 2.3 : -O—O
Bus3 ¢ Line 3.9 u‘";’uno 10.11
3 Bus 11 —
DB Q Line 34 . 1_4 DG 1

e
ol i P 3 Load D
L—‘ { Line 6.7 l Line 56 Line 43 =
I ®Bus 5 ~
Load E Bus 6 Line 56 Bus 12

l

Bus 8
Load B

DG3 Load C DG 4 DG2

Figure 6. Single line diagram of the test distribution network [25].

Three distributed generators of the type of static generator were connected to the network, i.e.
the scattering index is 60% in busbars 7, 10 and 12 . These generators can be of type D type
synchronous induction wind generator or PV station (according to the operating mode with constant
power factor ( pf=1 ). Was selected the total generating capacities so that penetration indicators of
100% and 150% are achieved, respectively. The modeling gives this test conducted a quantitative
evaluation of the effect of the assumed distributed generation on the bus voltage and losses [26,27].
Figure 8 shows a graphical representation of the modeling results with respect to the bus voltage.
The voltage in all bars increased as the PI and the voltage increased the busbars reached by the
generators, bars 7, 10, and 12 are higher than their voltage other bars regardless of the level of
penetration, so that the voltage in the bus 12 PI = 150% has exceeded the maximum allowed
penetration [28].
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Figure 7. Voltages of the test grid assembly bars with and without static distributor generation for
indications different penetration.

Because one of the dangers of static distributed generation is the possibility overvoltage
allowable, showed in Figure 8 the VRI values for all bars to order Penetration of 100% [29]. That the
three generators have caused an increase in the voltage index in proportions ranging from 2% to 9%,
the voltages of the bars are all within the normal limits (0.95-1.05pu). (The reason for the high voltage
is clearly the injection of actual power into distributed generator bars (tested distributed generators
operate at a power factor of 1 do not inject reactive power) and its flow on the lines in the opposite
direction of the original. And it could the following approximation also provides a mathematical
explanation for the tension rise V (A) in units due to distributed generator

Ay= w (16)

Where P is the effective output power of the distributed generator, Q is the reactive output power of
the generator, the distributor, R is the resistance of the circuit, X is the inductive reactance of the
circuit, V is the nominal voltage of the circuit [30,31]. Power losses were calculated for reentrance
indicators from 0%  below DG up to 160%. Figure 8 shows that both the actual loss percentage and
the reactive loss percentage decrease with the increase of the distributed generation only to a certain
extent, after which the loss increases due to the increase in the values of the power fluxes in network
branches. Also, the minimum actual loss percentage occurs before the minimum retaliatory loss
percentage by approximately 20% penetration. The reason for this is that the resistance values of the
branches are greater than its reactors [32].

12-Bus Test LV-Network
Voltage rise % for 3 PV plants at buses 7, 10, and 12
Pl =100%

Buses

Figure 8. Voltage surge index values for 100% penetration of static distributed generation.

12.00 1125

P& Qloss %

182 1.1/ 118

0o 1€ 30 59 70 100 130 150 160

DG Penetration %

Figure 9. the effective and reactive power loss indices are subordinated to the DG penetration index
of the test network.

Calculated the loss index Q, P (TLI) Figure 10. It was noted that the two curves are almost
identical for penetrations up to 50%, that is, the actual loss and the reactive loss relative to the loss
without DG decrease equally, and for penetrations greater than 50%, P (TLI) takes values greater than
Q (TLI). Starting from a penetration of about 130%, the actual loss with DG becomes greater than the
actual loss without DG, while the reactive loss with DG is delayed to exceed the value of the basic
loss until the penetration of about 150%. The reason is that X > R for cable distribution lines [33,34].
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Figure 10. Power Loss Index (Q,P) (TLI) as a function of the penetration index for static distributed
generation.

7. Conclusion

Increasing the scattering index for conventional static and wind distributed generation for a
penetration index a constant that enhances the improvement of the stress change curve is directly
proportional to the first and indeterminate to the second. But Caution must be exercised against the
risk of voltage raising above the permissible limit in the generating assembly bars the static of strong
distribution networks when the penetration index exceeds a certain threshold. For networks weak
distributions this threshold is higher depending on its original stress change curve. From where
power is lost, a higher scattering index for a constant penetration index leads to the actual and
reciprocal losses of static distributed generation are progressively decreasing while causing Initial
increase in losses in the range 0-20% scattering for conventional wind generation, followed by a
decrease in subsequent scattering areas.

8. Future work

Conducting a wide range of performance tests of the algorithms of protection systems for
distributed networks with distributed generation

9. Data Availability

The results and data reached in this scientific paper are available to the public - the research can
be published as an open source to ensure the possibility of replicating the work and reusability or
analysis and discussion of the results to increase the reliability and impact of the scientific paper.
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