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Abstract

The realization of the European Green Deal, remarkably increasing energy production
from renewable sources, is in full swing. Some European countries have achieved high
energy production performance, especially significant progress in electricity production
from green technologies. A considerable share of renewable power comes from variable
renewable sources, where wind power has a larger share, and fluctuating nature of which

creates instability inside the electrical grid.

For these reasons, this master’s thesis focused on issues of electrical grid stability
caused by wind power penetration and the possibilities of determination of the maximum

amount installed renewable power into a connection point.

The thesis contains the study of the dependence of electrical network stability on the
number of several indices. The field of wind energy was considered in the first two
chapters, represented by investigations of penetration level indexes and short circuit

ratio.

So, an examination of the wind power penetration indexes is provided according to the
main criteria: Rotor angle stability, Voltage stability and Frequency stability, the
boundaries of which are set by system operator regulations. A simplified grid model with
a share of wind power in MATLAB Simulink software for testing is designed with small
and large disturbances. The short-circuit ratio section investigates the influence of
changing short-circuit power and reactance and resistance ratio on grid parameters,
implemented in a model of a grid-connected wind park in Simulink. The last chapter
observes the simultaneity factor significance and influence under different renewable

sources according to literature evidence and data analysis.

As a result, the work contains explanations, real examples and the influence degree of
each coefficient on the grid stability. Also, limitations of installed capacity according to
the index values are investigated. This work is helpful as a look at simplifying the

formation of a commercial proposal based on additional criteria.
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Nomenclature

List of abbreviations:

DGIF — Double-Fid Induction Generator
DSO - Distribution system operator

EN — European Norm

GS - Grid-side

MSWP — Maximum Share of Wind Power
PCC —Point of Common Coupling

PF — Power Factor

RS — Rotor-side

SCP — Short Circuit Power

SCR - Short Circuit Ratio

TRASI — Transient Rotor Angle Severity Index
TSO — Transmission system operator
WCP — Wind Capacity Penetration

WEP — Wind Power Penetration

WPP — Wind Power Plant

WT — Wind Turbine

X/R — Reactance to Resistance ratio
List of symbols:

P, — Installed nominal power

Ppc — Capacity of primary control reserve

Psc — Capacity of secondary control reserve

Prc — Capacity of tertiary control reserve
Vi



D,, — Harmonic interference
E,. — Impedance voltage of the transformer
I,; — No-load current

I-¢f — Turbulence intensity

Lmax — Maximum anticipated load
P;; — Flicker emission
P,;; — No-load losses

P,. — Short-circuit losses
p.u. — per unit

n — Efficiency

C — DC bus capacitors

I — Current

L — inductance

R —resistance

S — Apparent power

V — Voltage

a — Phase shift

v — wind speed

6 — Rotor angle

o — Standard deviation
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1. Introduction

1.1 Literature research

One of the main parts of the European green deal is the clean energy transition, which
is claimed that Europe Union should achieve carbon neutrality by 2050 (European Union,
2018). For this reason, the electricity produced from renewable sources is rapidly

increasing, as shown in Figure 1.
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Figure 1 Electricity production in the Europe Union. Adapted from (IEA, 2022).

Nevertheless, 58% of this electricity is produced by a variable renewable source: solar
and wind. Also, wind energy became more widespread compared to solar, which was
454,2 TWh versus 206,2 TWh, respectively, in 2022 (IEA, 2022). Moreover, this is a

severe challenge for grid stability.

The electricity production from renewable sources fluctuates, but fluctuations in small
capacity quantities are not an issue for system stability (Earnest, 2019). However, the
power increase from the sources leads to colossal variability and unbalance between
supply and demand in a system. There are many kinds of interactions with this problem,
such as increasing requirement reserve power (Impram et al., 2020), development of a
Virtual power plant concept (Liu et al., 2023) and many others. But it is undoubtedly more
convenient to initially determine the maximum limit of the oscillating renewable energy in
the system as a whole or in a particular part of it. In turn, there are also many approaches
to solving this problem. Researchers of this problem allow one to go deep into different
theoretical and practical methods. It can be a definition of the minimum Short Circuit
Ratio (SCR) for a grid (Reginatto and Rocha, 2009) or an investigation of a Voltage
stability margin (Lei et al., 2022). In general, the definition of an index is a convenient
approach for a customer and designer to quickly estimate the amount of renewable

power that can be installed on the grid.



1.2 Scope of the Thesis

So, the research objectives are using indices to determine the degree of stability of the
system, particularly the limits of renewable capacity that can be connected to the network

at connection points.

Mainly, the focus is on wind energy and related indicators, where Germany as a region

was selected for both wind data and technical interconnection regulations.
The indexes are divided into three groups:

¢ Wind Capacity Penetration (WCP),
Wind Energy Penetration (WEP),
Maximum Share of Wind Power (MSWP).
e SCR.
e Simultaneity Factor (SF).

The main goal of the work for the two first groups is implemented by creating a model in
MATLAB Simulink. Additionally, indexes from the first and third groups are investigated
using German electricity market data. Also, the penetration-related indices and the Short-
Circuit index are considered in the context of wind energy, while the last one is studied

for more common renewable energy sources in the selected region.

1.3 Thesis Outline

As was described before, the master's thesis is divided into three main sections, which
are contained in Chapters 3,4 and 5. The initial positions used throughout the work are

shown in the 2nd chapter, and the overall conclusion is in the 6th section.

The 2nd section defines used terms, provisions and data for future modelling. The
chapter begins with discussing the topic of typical grid organization and possible
connection regulations for generators. The next step is to introduce a scheme of grid

connection, and at the end is a description of a wind speed generation program.

The 3rd chapter is about two penetration indexes and a limitation index. Demonstrated
actual values are shown for the selected region and process of creation and testing of a
simplified grid model with a wind power plant under different penetration levels. The final

part contains the processing of obtained data and corresponding conclusions.

The 4th chapter is about the SCR index. Also, the chapter contains an investigation of
the reactance and resistance ratio, which is linked to the SCR. The chapter starts with

initial definitions and a description of a grid-connected wind plant test model. The
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following section is about the stability tests. This chapter ends with results and

conclusions.

The 5th chapter talks about the SF index. It contains a definition and implementation of
the SF index from the supply and production sides. Further is going a demonstration of

the possible impact on the index and its relationship with installed capacity.
Finally, the last chapter consists of the overall conclusion and results of the whole work.

Appendix A contains the grid code by the European Association of Transmission System

Operators.
Appendix B contains the program in R language for wind speed generation data.
Appendix C contains the 1st section indexes calculated in monthly dimensions.

Appendix D demonstrates time-voltage limits from chosen grid code during and after

short-circuit fault.

Appendix E includes the wind turbine's block controlling diagrams, exemplary
parameters, and transformer parameters for the calculation. Also, the accessory load

and transformer, which are related to the wind farm branch, parameters are shown.

Appendix F shows control schemes and parameters for a synchronous generator and its

auxiliary equipment.

Appendix G contains the parameters of load blocks and derivations of equations, which

describes the works principle of custom load block.
Appendix H contains the calculation results of the penetration indexes chapter.

Appendix | shows 3-phase source block parameters and voltage diagram during the fault

for the accepted minimum value of SCR.



2. Initial provisions

The chapter addresses initial definitions, data and methods for modelling and
implementation in further chapters. Initially, a description of a typical network and
example of a grid code are represented. Further, the main points of a WPP connection
are explained. Finally, this chapter contains an explanation and program for generating

Wind speed, which is also used inside the models.

2.1 Network design and existing connection regulations

For the investigation of thesis questions, it is necessary to denote major points of work
mechanism and related constraints of common grids. The simplified scheme of the

electrical grid is shown in Figure 2.

Transmission grid | Distribution grid
Step-up . Step-down Small sized
substation \ substation power plant

@O— ) ©
Large and Medium
sized power plant

Industrial and residential
customers

Factories
G - Generator
C - Custumer

Figure 2 Electrical network diagram. Adapted from (Earnest, 2019).

So, according to the source (Earnest, 2019), a common grid consists of 2 main parts:
Transmission and Distribution parts, and 2 types of participants: Generators and
Consumers. Where Generation and Consumption are commonly separate private
entities, which connect to Transmission or Distribution lines and must comply with codes
for both connection and operation. Connection selection simply depends on profitability
and capacity: the more power to be connected, the higher the voltage level should be

chosen in order not to lose much energy when transmitting or receiving (Earnest, 2019).

Wind power plants are no exception and can be connected to both Transmission and
Distribution lines, that is, to medium or high voltage levels (Earnest, 2019). The
correspondence between the voltage levels and the part of the network is shown in

Figure 3. However, these ranges depend on the country considered. For example, in



Germany, low-voltage level represents a voltage up to 6kV, medium voltage from 6kV to
60kV and high-voltage levels from 60 kV to 220 kV (BMWK, 2023).

400/220 kV
AC line

@

Transmission network
220132 kv
AC line

High voltage level

-

33/11 kV
AC line

Distribution network

-

400V Low voltage level
ACline

Figure 3 Networks voltage levels in the United Kingdom. Adapted from (Earnest, 2019).

Distribution and Transmission networks contain power lines and auxiliary equipment
based on different voltage levels, which belong to various private firms, named operators,
whose main goals are stability maintenance and operation on their parts of the networks
(Earnest, 2019). In particular, Transmission System Operators (TSO) are responsible for
the balance of the entire system. Due to it, TSOs and Distribution System Operators
(DSO) participate in regulation forming. There are many different regulation levels, such
as international, national, regional and other additional commissions, which are also
responsible for recommendations and adoption of standards (Ackermann, 2005). Thus,
despite the similarity in the main points, depending on the region and company, some
issues may differ, for example, the time before disconnection in case of overvoltage
(Ackermann, 2005).

According to the objectives of the work, this chapter considers regulations for grid-
connected generators, named Grid Code, which contains operational rules and possible
limits. An example of a grid code main points for connection in the high voltage level of
transmission lines under authorities of German company ,E.ON Netz” (at the moment,
these transmission lines belong to the ,TanneT” company) and these regulations are

shown in Appendix A.

The requirements related to generators can be divided according to observed
parameters: Active power, Reactive power, Frequency and Voltage (Ackermann, 2005).

Each of them has frames for fluctuation in the stable state, where the value must be
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within 95% of observation time and time to return to the required range in case of exit
from it. Also, each set value applies to different time values. For example, Active power
should be measured as a 1-minute average, and frequency is compared as a 10-minute
average and so on. In addition to boundaries, qualitative values such as flicker,
harmonics and rapid changes are also determined for voltage. Finally, the list of
requirements includes the rules during startups, shutdowns and faults. These statements
above are taken from the source (ENTSO-E, 2013).

So, these requirements commonly represent the finalization of several standards, such
as (IEC, 2001) from the International Electrical Commission, “Requirements for Grid
Connection” by ENTSO-E, which is an association of European Transmission Operators,
and company “E.ON Netz”, which provides these requirements directly to their customers
(Ackermann, 2005).

2.2 Grid connection

As was mentioned below, wind power can be connected to a grid at different voltages
level, so necessary designate the connection scheme and connection point, namely the
Point of Common Coupling (PCC). The PCC is the point of separation between the
network and the wind farm, often located near the measuring device (Clausen, 2013).
The above network requirements apply to the measurements at PCC. The wind park's

connection to a high voltage level of a grid is shown in Figure 4.

Wind farm substation

MV swithgear

il
! .
! MV /HV transformer |J—‘| RV swithgear
1
]
i
—————————————— :I—._A-/ il | Metering
]
. ]
Turbine swithgear }r 1 |
I
I
I
]
I
I
1
|
J

O

PCC

LV /MV transformer

Turbine generator

Figure 4 Schematic representation of general wind farm grid connection. Adapted from
(Clausen, 2013).

According to the source (Clausen, 2013), the standard equipment set for connection

includes:



o Low-voltage level: turbines, low-medium voltage step-up transformers, generally
located at the bases of turbines, and switchgear for each turbine.

e Medium-voltage level: medium voltage cables, connected turbines and the main
farm transformer, switchgear on the wind farm side and medium-high (or
medium—-medium) voltage transformer.

o High-voltage level: switchgear, measuring device and high voltage lines.

In general, onshore WPPs are connected to the Distribution level because most wind
plants are in rural areas and offshore to the Transmission network due to their power
size (Earnest, 2019).

The process of choosing the connection type is complicated enough and depends on
several factors. First of all, the connection type depends on the grid parameters, such as
Short Circuit Power (SCP), which demonstrates the overall strength of the grid. This
parameter is discussed further. Also, serious effects are going from the length of
necessary connection cables and, as said, installed power of the plant (Clausen, 2013).
For example, Direct Current (DC) is preferable for long-distance transmission to
Alternating Current (AC) because DC lines have lower losses than AC lines, and PF
correction should be used for AC lines due to the cable's capacitance (Clausen, 2013).
However, using DC is more expensive. Additionally, if higher voltage, the losses are

lower, but the cost of such cables is more costly (Clausen, 2013).

So, there are several common types of offshore wind plant connection (Clausen, 2013):
High Voltage Direct Current (HVDC), Medium Voltage Alternating Current (MVAC) and
High Voltage Alternating Current (HVAC). The application is shown in Figure 5.
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- 600 |
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=0 THVAG o] | T,
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Figure 5 Used connection types (Clausen, 2013).



Where VSC is the voltage source converter, and LCC is the commutated line converter.

Furthermore, the most popular onshore is MVAC (Earnest, 2019). As shown below, to
simplify as much as possible, the wind farm interconnection consists of a turbine and

one generator, which combines the functions of the two presented above.

2.3 Wind speed generation

The initial provisions are necessary for understanding the problem that have been
described in the previous subchapters. This section is also devoted to one of the
important starting parts of this paper - wind speed modelling. Generated wind speed has

used in the Simulink models.

The variable nature of wind speed is the main the issue of grid stability. So, the main
factor of wind speed fluctuation is turbulence, defined as “wind fluctuations with periods
less than the averaging period” (DNV GL, n.d.). According to the standard (IEC, 2005),
the wind speed follows the Weibull distribution. Also, the standard provides a formula for
relationships between mean wind speed and standard deviation coefficients as shown in

Equation 1.
0= le*(0,75%v + 5,6) (1)

Where ¢ is a 10 min. wind speed standard deviation, I,..; is turbulence intensity, and v

is 10 min. mean wind speed (IEC, 2005). The value 5,6 chosen as a constant for rotors
bigger than 50 m in diameter (Hannesdottir et al., 2018). The turbulence intensity value

depends on turbulence classes, this correspondence is shown in Table 1.

Table 1 Turbulence classes and turbulence intensities (IEC, 2005).

Turbulence I
classes ref
A 0,16
B 0,14
C 0,12

Nevertheless, providing data for each second for correct simulation is necessary. For this

reason, was created a program in RStudio, with the following central ideas:



1. Creating 10 min. data of mean wind speed based on the first artificially accepted
mean wind speed value and standard deviation parameters for Weibull
distribution.

2. Development another Weibull distribution, for 1-sec wind speed data, is located

"inside" the previous.

These data are calculated as a Weibull distribution function with the following

parameters:

e Mean wind speed value corresponding to the given interval.
e Furthermore, standard deviation values should be evaluated by Formula 1 for 10-

minute values and assumed fixed value for 1-sec values for simplification.

The result is fluctuating wind speed data for each second and Weibull distributed. The

program is attached in Appendix B, and its mechanism is described further.

So, the mean wind speed equals 6,77 m/s, as an average wind speed at 100m high in
Germany for 2022 (Global Wind Atlas 3.0, 2023), and Turbulence classes A, as the case
of most significant fluctuations, both are accepted as initial data. Further, a cycle for the
generation of the wind turbine speed was created for the necessary duration (1200
seconds in this case) with the possibility of setting mean wind speed for 10-minute

intervals:

1. Calculation of standard deviation, taking the German average wind speed as the
initial value for mean wind speed, according to Formula 1

2. Conversion of the values of the normal distribution and the average speed to the
shape and scale by specific function for generating 1st Weibull distributed value
of mean wind speed (this is 10 minutes average values create first array)

3. Adoption of another standard deviation, in particular for the seconds' values (it
was taken as the square root of 4,5 because, after calculation, this value is
slightly more than the maximum standard deviation calculated for 10-minute
series)

4. Repeating step 2 by taking the last calculated mean wind speed and standard
deviation from step 3 and generating 600 values (data for inner second array)

5. Accepting the 601st value as the new initial average speed (next value from the

first massive) and repetitions according to the required total duration

Additionally, it is possible to set unrelated average 10-minute values if 600 seconds is
enough to test a particular state, and it is necessary to try several different conditions.

The result shows distribution of generated values is shown in Figure 6.
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Figure 6 Wind speed density.

An example of the program is placed in Appendix B. The generated value for each

second is shown in Figure 7.
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Figure 7 Generated wind speed values.

It is necessary to emphasize that, in general, the shape parameter is correlated with the
wind climate of the location and should preferably be defined in another way (Navarro,
2021b). But this is one of the simplifications, and it is necessary to choose the mean

wind speed directly.
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3. Penetration level indices

This chapter is dedicated to observing indexes related to wind penetration into a grid and
one restrictive index. Definitions and evaluation methods of the indexes are presented
at the start of this chapter. Examples of indices calculated based on the German energy
market are also given. In the end, this chapter explains the research model, obtained

results and conclusions based on considered questions.

3.1 Object of study

The influence size from wind power to a grid operation depends on the network
parameters, such as generation mix, the grid size and strength, and the wind power
penetration (Earnest, 2019). The grid size can be represented as off-grid systems or
regional or national networks, and the less energy is produced and consumed, the easier
and less it is necessary to control the grid. The grid strength evaluates operational
conditions and the possibility of the system staying stable following a disturbance
(Golieva, 2015). The Generation mix in a power system combines different fossil and
renewable electricity generation sources. Each of these parameters defines and
influences stability, thereby determining the possible value of the connection of variable
energy sources (in the PCC or the entire network) from the side of the network itself
(Ackermann, 2005). So, this chapter highlights the problem from the side of introducing
wind energy. Hence the chapter focuses on the research of penetration and limitation

indices.
Following considered indices, represented in the source (Earnest, 2019):

The Wind Capacity Penetration (WCP) is an instantaneous value expressed as a
percentage that equals the Installed wind power capacity divided by the peak load in MW
units. The WCP evaluates the amount of peak load that can be theoretically covered by

wind power in a particular region over time. This index is demonstrated in Equation 2.

Installed wind power capacity (MW)
Peak load (MW)

WCP (%) = *100 (2)

Since it is an instantaneous value, it is more related to the stability in the short-term
value, such as during a fault and Transient stability, which is discussed below. This index
is enough convenient value for using as limitation criteria of wind capacity installation

because it considers capacities directly calculated or indicated in technical data sheets.

The next index is Wind Energy Penetration (WEP) equals the relation between the

Annual production of wind energy and Gross annual electricity demand, both in TWh,

11



expressed in percentage and a region for commonly a yearly period. The index is

presented in Equation 3.

Annual production of wind energy (TWh)

WEP (%) = 100 (3)

%
Gross annual electricity demand (TWh)
The criterion demonstrates the amount of energy demand covered by wind energy, in
particular a supply and demand balance for a long-term period. This means that it refers
closer to small disturbances stability testing. So, the index is easy to estimate and can
act as a limiter for establishing wind power at the system connection point based on

annual data. Examples of existing values of the WEP index are represented in Table 2.

Table 2 WEP indices examples. Adopted from (Ackermann, 2005).

Region WEP (%)

Navarra (Spain) 50

Schleswig Holstein (Germany) 28
Crete (Greek) 10

The last observed in this chapter index is the Maximum Share of Wind Power (MSWP),
which represents the upper limit of possible wind-generated power. MSWP is the
percentage value, represented as the Maximum generated wind power in MW, divided
by the sum of minimum load and power exchange capacity with other regions in MW.

The index is shown in Equation 4.

Maximum wind power generated (MW)

MSWP (%) = «100 (4)

Minimum load (MW) + Power exchange capacity (MW)
This auxiliary index also allows one to determine the maximum possible penetration
level. The minimum load, particularly a base level, can constantly compensate for wind
power production. Also, the exchange capacity consumes some amount of electricity.
So, this index is based on the supply-demand balance and demonstrates the limit after
which electricity from wind energy have to be wasted to save the stability regime of a
grid. Thus, the index indicates the balance in a system when remaining below 100%. If
MSWP approaches or exceeds 100%, it signals the need to reduce wind power
production in the region or increase transfer capacity. This criterion correlates with
network bandwidth and reveals problematic areas, which may introduce an imbalance
due to electricity excess. Also, it is highly dependent on chosen area scale and time
frames because instantaneous values are used. All these criteria are discussed in this

chapter.
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3.2 Existing values

For the indexes evaluation and other related parameters on a real example used, open
data of the German electricity market was provided by (SMARD, 2023). The data with a
time resolution of 15 min and 1 hour, depending on data type, and with a time frame from
01.01.2015 to 31.08.2022 for entire Germany was observed. The following data types

were considered:

e Actual generation. This data consists of the electricity produced in MWh for each
15-minute. The represented source types: Nuclear, Biomass, Wind onshore,
Photovoltaics, Lignite, Hard coal, Fossil gas, Hydro pumped storage,
Hydropower, Other renewable, Other conventional, and Wind offshore.

e Installed generated capacity. This is the installed capacity in MW for each type of
power source listed previously. The data is represented for each hour. However,
in reality, they are updated annually at year start.

e Actual consumption. These are the average value of the sum grid load for 15-
minute intervals in MWh.

e Exchanges. This data type represents the amount of electricity in cross-border
flows between countries. Net export and net import for Germany in units of MWh
are included. The time resolution is at 15-minute intervals.

e Balancing energy. Balancing energy, used to maintain stability in the region, is
divided into electricity volumes in times of shortage and surplus electricity. Both

categories are in MWh and have a 15-minute resolution.

According to the data, it is possible to evaluate the indexes for year and month
dimensions. 15-minute resolution is used because it allows one to assess instantaneous
or limitation values more accurately. The calculation of WEP, WCP and MSWP are made
according to Formulas 3,4 and 5, respectively, annually and monthly. Table 3

demonstrates the yearly values.

Table 3 Indices yearly values.

Year 2015 2016 2017 2018 2019 2020 2021 2022

WEP, % 15,43 | 15,39 | 20,29 | 21,28 | 24,99 | 26,78 | 22,48 | 25,91

WCP, % 49,92 | 56,06 | 64,44 | 7091 | 76,96 | 77,40 | 76,81 | 80,17

MSWP, % | 53,31 | 57,34 | 63,70 | 71,14 | 79,38 | 80,74 | 70,71 | 76,96

As mentioned earlier, 2022 is considered until August 31 inclusive. Instantaneous values,
such as peak loads for WCP, minimum load and maximum generated wind power for
13



MSWP, were accepted according to the data with 15-minute resolution. That is, the
smallest or the most considerable 15-minute average value for the corresponding period.
Also, the exchange capacity is accepted as the value used in cross-border flows, which
is a smaller value compared to the power exchange capacity and, as a result, artificially

increases the value of the index. An overview of a transfer capacity structure is shown in

Figure 8.
TRM
_____ -
me | 00 T | ATC
NTC
AAC
0 MW : .
Planing capacity | Allocated capacity

Figure 8 Transfer capacity structure. Adopted from (European Transmission System
Operators, 2001).

So, the Total Transfer Capacity (TTC) includes the Transfer Reliability Margin (TRM) and
Net Transfer Capacity (NTC), which is the limit for the subsequent transmission of
electricity (European Transmission System Operators, 2001). These values are
calculated iteratively by the regulator based on previous data (Amprion GmbH, 2015).
So, the required value for power exchange capacity equals NTC. However, this data type
is incomplete and contains many missing values (ENTSO-E, 2023). Therefore, it was

decided to use data from transboundary flows, which tend to the NTC value.

The allocation of transfer capacity is equal to NTC and consists of Available Transmission
Capacity (ATC) and Already Allocated Capacity (AAC) (European Transmission System
Operators, 2001). AAC is known in advance and fully included in the accepted value.
ATS is the remaining capacity after allocation and commonly particularly counts in the
taking value of cross-border flows (European Transmission System Operators, 2001).

Thus, the calculated values of MSWP are not very accurate.

Thus, Figure 9 and Figure 10 show the calculated indexes for annual and monthly

periods, respectively, to consider the influence of the chosen time scale.
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Figure 9 Indices annual values.
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Figure 10 Indices monthly values.

It is seen that the monthly calculated indexes are subject to fluctuations due to the
season. For MSWP, the reduction of the observation scale is unacceptable, since the
task of evaluating a critical case, according to observations, occurs in the winter seasons,
and limiting values are contained with yearly scale figures. The same negative effect is
on the WCP, where a yearly graph display only the minimum annual values of the monthly
chart. For WEP, a larger time scale smoothes the picture, which on the one hand, yearly
data is helpful due to deleting the influence from the seasons. On the other hand, the
monthly index displays the situation in more detail. This correlates with base definitions
that MSWP and WCP are instantaneous values. Hence, a downscale of time resolution

is necessary for them, but for WEP, it works conversely.

Since solar energy is also developed in Germany and is warm energy, it is possible to
evaluate these indices of all variable renewable energy and compare them with the

situation in the region. These parameters are represented in Figure 11.
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Figure 11 Variable energy sources indices monthly values.

This graph additionally contains linear trend lines. Also, previous comments remained.

For completeness, the picture in Figure 12 shows additional parameters such as overall
produced electricity from variable sources, total consumption, and usable transfer
capacity for a rough estimate of the situation in the region. Figure 13 contains the amount

of average balancing energy in one h. The yearly data are represented in Appendix C.
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—\/ar. Renewable production [GWh]

Figure 12 Additional characterizing parameters.

The left axis represents values for consumption and production, and the right axis

represents figures for balancing. The graphs contain linear trend lines.
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Figure 13 Usage of balancing energy.

It should be noted that, during the observation period, electricity consumption has tiny
decreased, and the share of variable energy has increased. All this corresponds to the
motion of WCP* and WEP* indexes. Also, the value of the transferred capacity is
approximately constant, and the MSWP* index grows slightly throughout the observed
period. However, the overall trend in the use of balancing energy remained at the same
level, except for excesses due to the start of covid restrictions in 2019 and Europe's
energy crisis in the first quarter of 2022. While the amount of usage balancing energy is
one of the indicators of grid stability (SMARD, 2021). So, despite the increase in the
penetration level of variable renewable sources into the network, the parameter
associated with the system's strength remains constant. Unfortunately, this observation
does not allow for the making of any conclusions because there are vast amounts of
different factors that cannot be taken into account within the available data and affect the
usage of balancing energy. For a more detailed and justified conclusion, it is necessary

to provide a more thorough analysis based on modelling and deep into stability issues.

3.3 Stability issues

The system stability analysis is divided into the following categories: frequency, voltage,
and rotor angle, which also are divided depending on the size and duration of the
disturbances (Yadav and Saravanan, 2022). Large disturbances are commonly caused
by short-circuit faults (IEEE, 2020). Small disturbances are typically set using ramp
signals since for a small signal the parameters of the system change almost linearly, and
linearization of the equations around the equilibrium point is possible (IEEE, 2020). So,
for the system is possible to use consumption changes in a ramp form to implement
small disturbances (Swe, 2020) or sharp changes in power production, which simulates
possible temporary wind plant shutdowns (Sajadi et al., 2019). Three of these signals
are implemented in this work. The structure of stability analysis is demonstrated in Figure

14.
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Figure 14 Power system stability classification. Adapted from (Yadav and Saravanan,
2022).

In the beginning, the rotor angle stability is considered. It is known that there is a large
amount of generation equipment in a system, for instance, diesel generators, which use
a synchronous machine for electricity generation. System synchronisation problems,
mainly expressed by rotor angle issues, can be observed by large and small short-term

disturbances (Toma et al., 2021).

The angle between a stator and rotor magnetic fields of a synchronous machine, named
internal angle or rotor angle, defines electrical power output, stability region and mode
of operation (Earnest, 2019). So, the part of the Generator mode is up to 180 degrees,

and the stable condition is up to 90 degrees (Lackovic, 2023). These points are shown

in Figure 15.
P
Fmact-=~— ! Generator mode
. -~ \180 360 &
90
Motor mode

Figure 15 Load angle curve. Adapted from (Lackovic, 2023).

In systems containing several synchronous machines where stationary mode is violated,
the angles of the rotors of the machines differ. This difference is named relative rotor

angle and demonstrates the link between rotor angle and system stability (Lackovic,
18



2023). Thus, the rotor angle should be less than 90 degrees for small system

disturbances.

During the large disturbance (transient stability), the rotor angle can go far beyond the
boundaries of stability defined earlier but, at the same time, return to a stable state, and,
in this case, the stable limit of the rotor angle is 180 degrees (Lackovic, 2023). It is also
significant to emphasize that achievement and excess of stability limit do not guarantee
that a machine becomes unstable (Lackovic, 2023). The generators tend to become

unstable, and seriously exceeding the limit increases the chances of becoming unstable.

For a more accurate definition of a system stability level, according to rotor angle criteria,
is used a Transient Rotor Angle Severity Index (TRASI) described in the source
(Meegahapola and Flynn, 2010). Where TRASI closer to 1 indicates a stable system,

and closer to 0 is an unstable system.

The TRASI index is shown in Equation 5.

360 — max (675
TRASI = x( ’;‘ﬁ;‘) (5)
360 — max (6

max

Where 67°F is a maximum value of rotor angle after disturbance and 625, — before
disturbance, the 360 degrees is used as a more significant value than the 180 degrees
limit of a stable state and as the ,maximum” possible angle which can be reached in an
unstable state (Meegahapola and Flynn, 2010). A comparison between rotor angle
values can be provided in small disturbances by evaluating the maximum angle during

the observation period.

The next object for observation is Frequency stability. The main regulation frames define
the upper and lower values of the regular operation regime. The main reason for
instability in frequency is an imbalance between supply and demand. Also, it occurs due

to fluctuations of wind and load in a network with wind energy penetration.

Differences between this parameter's long-term and short-term stability depend on the
possible response, particularly on the volume of reserves and the speed of their
application. There are three different levels of reserve powers for balancing a system
(Milligan et al., 2010):

e Primary control reserves,
e Secondary control reserves,

e Tertiary control reserves.
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Each stage provides the particular duration for maintaining the balance of supply and
demand. According to chosen region, the recommended reserves capacities for a

system are defined in equations 7 — 9 respectively (Milligan et al., 2010):

Ppc = 0,02 * Pn (7)

Psc = \/(a * Limax + b% —b (8)

Prc = Largestinstalled generation capacity — Psc (9)

Where P, — installed nominal power, L, - maximum anticipated load for the control
area [MW], a and b — constants, which equal 10 MW and 150 MW accordingly. Also, for

the reserve, various sources of electricity are necessarily used (Milligan et al., 2010).

The last part of the stability analysis is Voltage stability. Commonly, voltage instability
occurs due to the inability of the system to satisfy the demand for reactive power in
different parts (Earnest, 2019). So, the source (Londero et al., 2015) considers several
types of wind turbine control with the implementation of additional equipment to
investigate this issue. However, looking ahead, a simplification approach used in this
paper does not allow deep into this question. Thus, reactive power regulation nearby
wind parks can be achieved using PF restrictions, as described in Chapter 2. Also, there
are two main categories of voltage regulations: limiting ranges and voltage quality
(Londero et al., 2015). Due to the specific work and complexity of voltage quality
evaluation, in particular flicker and harmonics values, in the model, the required
operational ranges have been used as the primary regulation with the outer limits
according to the duration for minor disturbances. Also, of course, the reactive power

regulations are considered.

For this case, the most common voltage problems in electrical networks, such as short-
term large voltage disturbance, represented by the short-circuit fault, and long-term small
voltage disturbance caused by gradual load changing (Hatziargyriou et al., 2021), are
considered. Additionally, the scheme contains short-term small voltage disturbance,
which is implemented by wind power fluctuation and is a widespread problem (Chouket
and Krichen, 2015). The Long-term large voltage disturbance is not included in the tests
because a common cause is the shutdown of equipment, which is not possible for the

accepted model, which is shown later (Hatziargyriou et al., 2021).

To avoid complicating the scheme, the model contains a connection of wind power on
the medium voltage level. So, the regulations for the interconnection are different

compared to high voltage connection, described in Chapter 2. In this case, a grid code

20



has chosen according to a German Association of Energy and Water Industries ,BDEW”,
described in the sources (BDEW, 2008). So, Table 4 summarises the requirements the

model must comply with and the research methods for each point of stability tests.

Table 4 Stability criteria summary. Adopted from the source (BDEW, 2008).

Case of stability

; Frames and additional observed indexes
analysis

Rotor angle stability:

Small disturbance Rotor angle < 90.

Rotor angle stability:

Transient stability Rotor angle < 180, TRASI < 1.

Frequency normal fluctuations range from 47,5 Hz ... 51,5
Frequency stability Hz. In case of leaving from range, the source should be
disconnected after 100 ms.

Voltage general time limited fluctuations limits: 80% ... 108%
of nominal voltage with disconnection time 1,5 and 60
seconds respectively;

Voltage stability:

. o . o . .
Small disturbance Exceeding 115% and dropping below 40% requires a trip of

after 100ms and 300ms, respectively;

Reactive power regulation:
Power factor < 0,95.

Voltage limits during and after the fault for directly
connected synchronous generators and other equipment
are demonstrated in Appendix D.

Voltage stability:
Large disturbance

It should be mentioned that the normal lower limit of voltage values is 90% of the nominal
value. It can also be seen from voltage requirements during and after the fault, where
the minimum voltage recovery level is precisely 90% (Ackermann, 2005). However,
according to the chosen regulations, protection device settings do not include trip time
for values less than 90%.

Thus, these stability conditions can provide the limits for installation at a particular grid
point and be observed from the penetration index side. Based on them, stability analysis

is carried out, and the limitations are mapped to indexes in a model.
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3.4 Model

The model for testing stability is created in Simulink MATLAB software and represents a

simplified 3-phas

Wind turb
Synchron
producer

Load, whi

e electrical network with three main blocks:

ine, simplistically representing wind power plant, connected to a grid.
ous generator, performing the functions of conventional electricity
in a grid and cross-border transfer flow from a neighborhood network.

ch consists of several blocks and provides the system variable load and

outgoing stream.

Also, these bloc

functional loads,

the model's processes and possibly short-circuit block. Additionally, the scheme contains

additional elements, such as blocks for results computation. The overall system is shown

in Figure 16.

ks contain 2-wing transformers with solidly grounded neutral, non-

which are necessary according to MATLAB demand and do not affect
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Figure 16 Model Diagram 1.

The following sections contain explanations of scheme blocks, where, for clarification, in
addition to the methods for calculating the block values, examples and accepted

provisions are also given. It is worth noting that the calculation is iterative. It also

highlights which

blocks.

represented parameters are demonstrative and which are used in
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3.5 Wind power plant branch

The main idea of the simulation is to test the effects of a rising share of wind power on
grid stability. A Double-Fid Induction Generator (DGIF) wind turbine, represented as one
block from the Simulink library, was chosen because it is the most popular type (Okedu,
2022). According to the source (The MathWorks Inc., 2023i), the block contains several
inputs: 3 terminals for 3-phases current, trip, which is a logical input, and wind speed.
The model's output is different conditions of the turbine, represented as a vector. The
wind turbine model consists of 4 main sections: Generator, Turbine, Converter and
Controller. So, the stator is directly connected to the network, and the rotor is connected
to a grid through an AC/DC/AC converter and a coupling inductor. The parameters data

are shown in Appendix E. The scheme of a wind turbine is shown in Figure 17.

3-phase grid

Turbi
e g Coupling
I .
[ | AC/DC/AC converter inductor
| |
‘ |
Drivetrain } Rotor |~
| |
!
| | M Vs ™ Vs
L Stator J : :
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} Pitch angle | :
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B Control | |

Figure 17 Schematic representation of a wind turbine. Adapted from (The MathWorks
Inc., 2023i).

The turbine and generator tabs' parameters were taken from the source (Perelmuter,
2017) for 2MW nominal power wind turbine. The generator rating equals the nominal
power divided by 0,95. This difference is necessary to get a turbine's maximum power

(Simpson and Loth, 2022). Turbine power characteristics are shown in Figure 18.
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Figure 18 Wind turbine characteristic curve.

It should be emphasized that the wind turbine contains parameters in the "p.u." units,
that is, a relative unit calculated as a parameter value divided by a chosen base value

with the same unit.

The maximum converter power for the grid and rotor sides, contained in the converter
tab, was chosen as a standard value of 0,3 p.u. of the nominal power (Perelmuter, 2017).
The parameters of gride side inductor, in particular coupling inductance resistance and
initial currents condition, and nominal bus voltage are assumed according to the source
(Leila et al., 2017). Moreover, the last block's argument as DC bus capacitors is

calculated according to Formula 10 from the source (The MathWorks Inc., 2023i).

S*2x*t
CH) =—p— 10
dc

Where V,. is nominal bus voltage, S is generator rating and t is a constant equal to 3-4
ms. (The MathWorks Inc., 2023i).

A detailed description of control systems is given in reference (The MathWorks Inc.,
2023i). So, the wind turbine model includes pinch angle control, grid-side converter
control and rotor-side converter control. All control schemes are represented in Appendix
E. The rotor-side control provides power control, the tracking characteristic shown in
Figure 18 by the red line, and voltage or reactive power control, which maintains the
reference voltage value or amount of reactive power in a point of wind turbine connection.

Grid-side control maintains the requirement voltage at the capacitor in the DC part of the

24



converter. Furthermore, pitch angle control regulates the attack angle of blades for

adjusting a maximum power output (Earnest, 2019).

While setting the block, it is necessary to accept voltage or reactive power control. During
the simulation, the first step is taking a voltage control regime with a reference voltage
equal to 1 p.u. However, this regime does not limit the amount of produced reactive
power, so if the power factor will not fit into the range from the grid code, the reactive
power control regime with acceptance of the maximum possible produced reactive power
is accepted. Evaluation of the acceptable value is going iteratively. The other values for

the control tab are taken according to the source (Leila et al., 2017).

The wind turbine's nominal power is iteratively changed to evaluate the stability
parameters with different penetration levels. So, as part of simplification, the generator
rating, nominal power and DC bus capacitor are proportionally changed according to the

required value analogous to the source (The MathWorks Inc., 2023h).

The wind speed is accepted as two ranges for 600 seconds each. The mean value of the
first range equals 6,77 m/s, and the second is 12 m/s. These values are calculated
separately according to the program, shown in Chapter 2.3. The first range allows
checking the model during average wind conditions of the selected region (Global Wind
Atlas 3.0, 2023). The second range tests for an upper production limit because,
according to Figure 18, 12 m/s speed corresponds with the start of the maximum power

output. The lower limit is not tested because:

e The MSWP indicates network problems at maximum wind energy load.
o The lower limit is restricted only by an ability to cover electricity shortage.

e One of the chapter's ideas is defining the penetration upper limit.

The mean value of 12 m/s is taken because it is a tiny more than the rated speed for the
wind turbine. Also, it is evident that if the wind speed is higher, there will be fewer
fluctuations and, therefore, less impact on disturbances. Looking ahead, the stability of
large disturbances is tested at full load. At a lower wind speed, the number of periods
when the turbine operates at full power is decreased, which also affects because the
load of the entire system is variable. Thus, the value of 12 is chosen as an average

compromise value. The wind speed is shown in Figure 19.
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Figure 19 Wind speed test data.

Also, it is necessary to connect a small load, which has a negligible effect, in parallel with
the wind turbine, only because of the Simulink logic. The load has an active power of

1kW. The block parameters are attached in Appendix E.

As was shown before, the current after the wind turbine typically faces two transformers,
one at the turbine’s base for transmission of electricity inside a wind farm and another
for connection of the wind plant to the grid (Earnest, 2019). However, to simplify, two
transformers in the scheme have been replaced by one. So, was chosen a step-up 2-
wing transformer with solidly grounded neutral. The connection type of the transformer
is Y-Y, which is a cheap transformer type (Tikhomirov, 1986). Also, a solidly grounded
neutral of low-voltage wing is chosen as the most widespread grounding type (Shipp and
Angelini, 1988). Also, the low voltage is known according to the wind turbine, and the
upper voltage is in the medium voltage level range, and it equals 33kV, due to chosen
transformer model series, which is discussed further (Earnest, 2019). The next
necessary point is nominal power for the transformer. The equation for nominal power

calculation is shown in Equation 11.

Ppr = — (11)

Where n is transformer efficiency, P,y and P, are transformer and generator nominal

powers respectively.

So, should be transformed the maximum power produced by the wind turbine. The
nominal power value of a transformer is calculated as the turbine's generator power
divided by transformer efficiency. According to the source (Tikhomirov, 1986)f, the
transformer's efficiency is assumed to be 95% on average. Thus, when nominal power

and both voltages are known, it is possible to accept a manufacturer or standard series
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for a transformer. Based on the manufacturer 's data and after clarification of the power
value, commonly applying the upper value and high voltage, extracted the following data
(Perelmuter, 2017):

e The impedance of the transformer,
e No-load current,
e No-load losses,

e Short-circuit losses.

In this case, a series of transformers were chosen from the source (Tikhomirov, 1986).
The received parameters are shown in Appendix E. Based on these parameters and
according to the calculation method from the source (Perelmuter, 2017), the transformer
parameters required by Simulink can be evaluated. The calculation method steps are

represented in Equations 12 - 15.

0,5*E,,
Leakage inductance of 1st and 2nd widings, [pu] : L; = L, = ST (12)
. R 0’5 * PSC
Resistance of 1st and 2nd widings, [pu] : R, = R, = 5 (13)
nT
Magnetization resistance, [pu] : R,, = PLT (14)
nl
100
R * (77)
Magnetization inductance, [pu] : L,, = 1"00 (15)
Rp® + (7 )°

Where E,. is impedance voltage of the transformer in %, P, is short-circuit losses in W,

P, is no-load losses in W and I,;; is no-load current in % (Perelmuter, 2017).

Calculated values and all blocks’ parameters are represented in Appendix E. They are
recalculated depending on the change in the rated power of the turbine during all tests,
except for the efficiency of the selected transformer and series during the work. Hence,
this work implements the calculation scheme with constant efficiency and chosen

transformer series for all transformers calculated.

3.6 Synchronous generator

Synchronous generators are widespread in a network as a part of diesel generators,

hydro turbines, and others because they produce reactive power and have a regulative
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power factor (Christiaan Zuur, n.d.). So, the scheme contains a synchronous generator,

but its nominal power combines synchronous generators and exchange capacities.

According to the source (The MathWorks Inc., 2023e) main block of the synchronous
generator is represented by the Simulink block "Synchronous Machine pu Standard".
This model is designed according to the standard (IEEE, 2020) and consists of an
electrical and mechanical part, explained in Appendix F. The block contains inside
prepared models of different synchronous generators, sorted by power and frequency. It
allows using an example of a 50 Hz and 2 MVA rated power generator as a turnkey
solution. The synchronous generator's nominal power value is changed by analogy with
the wind turbine. Also, the block should be connected with 3-phase wires and has inputs
of field voltage, mechanical power and output of multiple parameters describing the
generator state (The MathWorks Inc., 2023e).

The field voltage input is taken as feedback based on "q" and "d" voltages values and
transformed by the Excitation System block (The MathWorks Inc., 2023b). This block
was created especially for the synchronous machine model as a modified "DC2A" exciter
and included in the Simulink Simscape library block (IEEE, 1992). The main design

differences of the exciter, compare to the standard, are:

e The Simulink system does not have exciter saturation,
e The Simulink exciter system has an input for additional oscillation stabilization,
e The terminal voltage transducer and load compensator work are based on "d"

and "g" voltages compared to the Simulink model, where the device input

includes current and voltage parameters.

Also, some parameters of transfer functions have changed compared to the standard.
So, this block consists of the default values for the Simulink excitation system, produces
direct current to the windings, and maintains a stable terminal voltage (The MathWorks

Inc., 2023b). These two principal schemes are attached in Appendix F.

The mechanical power input is regulated by a governor block, which is not included in
the Simulink library. This block is based on rotor speed reference value, expressed in
p.u. units and produces mechanical power at the output. The block is a simplified
governor block of a diesel generator, which can be implemented for the synchronous
machine. This block taken from the source (Perelmuter, 2017). Its structure is shown in
Figure 20.
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Figure 20 Governor block. Adapted from (Perelmuter, 2017).

The source (Perelmuter, 2017) describes the working principle of this block. So, the
control block represents the second-order transfer function. Although an accurate diesel
control model has a more significant transfer function order, this block approximates it
well enough. An integrator block represents a servo motor, which allows for setting an
initial value and saturation limits. A couple of these two blocks evaluate the torque of the
generator. The last part of the system modulates a time delay for the whole block.
Moreover, the system output is a multiplication between the torque and the speed, which
equals mechanical power. So, the governor maintains a stable value of the rotor speed
and, changing the torque, allows the production of the demanded power. The whole

block’s values are demonstrated in Appendix F.

At the exit of the branch, the synchronous machine is connected to a transformer. The
transformer parameters' evaluation method and initial positions are calculated similarly

to what was discussed above with the same chosen manufacturing series.

3.7 Loads and additional equipment

The load branch consists of 3 main parts: Dynamic load, Transfer capacity and Variable
load. The dynamic load is a Three-Phase Dynamic Load block placed in the Simscape
library of Simulink library and described in the source (The MathWorks Inc., 2023f). The
main idea of this block is that active and reactive load power can vary according to
equations 15 and 16, respectively, in case the voltage exceeds a set limit. Also, the
impedance is constant if the voltage is lower than the range voltage. Equations 15 and

16, according to the source (The MathWorks Inc., 2023f), are represented below.

\Y
P=R () (15

\'
P=F () (16)
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Where P is an active power, V, is an initial voltage, and P, is an initial voltage (The
MathWorks Inc., 2023f). Equation 15 describes a situation when voltage exceeds the set
limit. In this case, the current is constant. Equation 16 is for problems when voltage is
below the limit voltage value. In this case, impedance is kept constant. For reactive
power, the equations are the same. This block is necessary for the scheme because it
helps to connect variable electricity production and consumption more smoothly. The
Dynamic block requires entering initial active and reactive powers, a frequency, an initial
voltage, the limit voltage, and equations parameters (The MathWorks Inc., 2023f). The

block is shown in Appendix G.

Transfer capacity, which absorbs electricity for balancing purposes, represents by a
series RLC load block with a three-phase breaker, which connects it at a suitable time.
The load block is connected at 601st second when the generation from the wind turbine
will be excessive due to increased wind speed. The RLC load constantly consumes

active power from this time, which equals the calculated transfer capacity.

The final part of the load blocks is a block with a time variable load. The block was
designed according to the source (The MathWorks Inc., 2023a). It is not included in the
standard Simulink library. The load consists of the electrical scheme and the evaluation
part. The electrical part creates a current in a 3-phase balanced system based on two
current sources: A and B phase components, two voltage measurement blocks, which
measure lines voltage for the feedback in a calculation scheme, and two resistors. The

scheme is shown in Figure 21.
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Figure 21 Electrical part of variable load. Adopted from (The MathWorks Inc., 2023a).
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The inputs are A and B phase peak currents, and the output is AB and BC peak line-line
voltages, all in complex form. The peak values are necessary for the source blocks,
which require initial states, such as the current's phase, amplitude, and frequency. The
resistors' resistance is set equal to 1 million Ohms for phase separation. According to
the initial assumption that the system is balanced, and vectors are in positive sequence
form, these parameters are sufficient to create a 3-phase current. The calculation

scheme is based on the following equation (The MathWorks Inc., 2023a):

3 (VI
¢ _3rxD)

5 (17)

This is a standard equation of the Complex power with peak current and voltage values,
where |" is a conjugate of a complex current (Chapman, 2011). So, this formula links
input current and output voltage. Figure 22 demonstrates the block diagram of the whole

calculation circuit.
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Figure 22 Calculation scheme of variable load. Adopted from (The MathWorks Inc.,
2023a).

So, the main idea of the circuit is that the Complex power, divided by the voltage and
coefficient according to formula 17, is equal to the current. However, it is necessary to
add some transformation for getting a phase current from the line voltages. Initially, line-
line voltages should be recalculated according to equation 18. Equations 17 and 18 are
represented below (The MathWorks Inc., 2023a).

— (Vab - az * Vbc)
3

v, (18)

, 24T

a?=e77"3 (19
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Where V, — is A phase voltage, V,;, and V,. are line-line voltages, a? is phase shift to

minus120 degrees. The derivation of this equation is attached in Appendix G.

So, a phase voltage is obtained. After that, the A phase current is calculated as follows:
The complex power, which is discussed below, is divided by the voltage and the ratio,
and for the resulting value, the conjugate is also performed. Also, before injecting the
current values into a system, it is necessary to solve an issue of an algebraic loop, which
is done by implementing two state-space blocks with a damping effect for both imaginary
and real parts of complex input signals (The MathWorks Inc., 2023a). These block values
are shown in Appendix G. Finally, the B phase current is calculated as the A phase

current with a shift of -120 degrees.

The complex power is set according to active and reactive power and united in 1 complex

value at the end. The diagram of the setting assuming active and reactive power is shown

in Figure 23.
Lookup table
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Q
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Figure 23 Power evaluation scheme of variable load. Adopted from (The MathWorks Inc.,
2023a).

Nominal active and reactive powers are configuring parameters. The reactive power
consumption by the load is set to 0 for simplicity. The reactive power inside the scheme
can be used for active power transmission and, sometimes, for wind turbine
consumption. The lookup table block contains a 1-minute consumption profile
downloaded to Simulink from outer, which are transferred to 1-second values by linear
extrapolation. For evaluation of possible consumption, the shape was chosen the dataset
with a 1-minute resolution according to the source (Open Power System Data, 2020),
which provides household data from business, public and residual buildings in Konstanz.
According to the simulation duration and purpose, a typical working day was chosen to

investigate possible electricity fluctuation during a day and evaluate a base load level. A

32



dimensionless consumption curve was obtained based on it. The curve is shown in

Figure 24.
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Figure 24 Day load profile.

According to the data, the base load is evaluated as 0,27 p.u., used in the Dynamic load
block. Also, the maximum change in 1 minute is 0,18 p.u., and the maximum value is
one p.u. For correlation with the wind speed data, the consumption profile is adjusted
and divided into two parts for average and high-speed data, but in reverse order with
respect to wind speed for testing the limit cases. So, the central part of the load curve,
where the consumption is maximum, is used for the initial 600 seconds, and the initial
part of the curve is used for the other 600 seconds. Additionally, both ranges include top
changes. The resulting consumption profile consists of 20 values for 1 minute, which are
two ranges of real data, 9:43 to 9:52 and 3:28 to 3:36. The 10th and 11th values are
manually calculated for connections between the ranges and represent the maximum
changing periods. These values are used in the lookup table block. The result

consumption data is shown in Figure 25.
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Figure 25 Consumption curve.
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The additional necessary equipment consists of short-circuit blocks and a ,Powergui”
block. Short-circuit blocks are added for tests. They have connected nearby the
synchronous generator for large disturbance voltage and transient stabilities checking
and around the wind turbine for large disturbance voltage stability investigation.
According to the regulations, the short circuit duration equals 150 ms. The short circuit
should be made when the equipment is under the maximum load (Meegahapola and
Flynn, 2010). Also, the scheme contains the essential “Powergui” block, which provides
calculation processes. The calculation regime was chosen ,Phasor® because it is
demanded by wind turbine block. Finally, when all equipment is described, it is possible

to start a simulation and obtain results.

3.8 Simulation and results

The simulation investigates the wind capacity, which can be connected to a system
respecting the grid stability criteria. Thus, according to the sources (Shi et al., 2011), the
plan is initially to create stable systems with only conventional power according to the
stability criteria and inject wind power with implemented variable wind speed into the

network.
The following data are necessary for the start of the simulation:

e Wind speed data,

e Load capacity,

e Transfer capacity,

e Turbine nominal power,

e Synchronous generator power.

The fluctuated wind speed data is generated before and shown in Figure 19. The
maximum load capacity is 10 MW, where 2,7 MW is a base load inside the Dynamic Load
block and the rest is the variable load. The consumption curve, shown in Figure 25,
remains the same according to the previous subchapter. The value of 10 MW was chosen
because when working with a smaller load, problems arise with the program calculation
of the short circuit. The export capacity is entered into the model when the nominal power
of the wind turbine exceeds the base load and equals to their difference, which is the
MSWP index of 100%. Before this moment, the exchange capacity equals 0. The values
of the turbine and the generator power are the key figures which define the indexes, and
they are assumed by the iterative method. All steps of iterative methods are made by

taking into attention the regulations, which are mentioned in Chapter 3.3.
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The following disturbance signals are used in this model, when possible:

e The load profile in the form of ramp signals and the step wind change, which
cause turbines power output change, are used as the small disturbances
according to the sources (Toma et al., 2021) and (Chouket and Krichen, 2015),
respectively. Additionally, the variable wind speed is implemented in the model.

e The Large disturbance is implemented by the short circuit block, which is placed
between the generator and the following transformer. The short circuit duration is
150 ms. (BDEW, 2008).

The first step is defining a stabilized system with 0 levels of wind energy penetration. For
this reason, the load is set as the maximum value of 10 MW, the turbine branch is
disconnected from the scheme and the synchronous generator is investigated. The 10
MVA synchronous generator model is initially applied, and the rated power is increased
until consumption is satisfied. The load curve is attached in Appendix H. The whole test
lasts 60 seconds, where the growth ends at 20th seconds, and the short circuit fault
happens at 40th seconds. These intervals are sufficient for the system to stabilize after
disturbances. The short circuit block implements a symmetrical fault, mainly a 3-phase
short circuit fault to ground. The location of the fault is the closest to the tested
equipment, which is fully loaded. According to the sources (Meegahapola and Flynn,
2010) and (Kumairri et al., 2016), all these conditions realize the worst case. The same
short circuit type is applied to the wind turbine. The observation goes by the buses "BL",
"BG", and "BC" for the identification of the worst cases. The bus "BL" also obeys the
same regulation, although it is the load bus. Because, German technical-scientific
associations VDE provide the same grid code for demand and supply connections, which

is taken as a simplification in this work (VDE, 2018).

The 10 MVA is enough to be within limits during the small disturbance cases. However,
the 10.18 MVA capacity precisely compensates for all losses and produces enough
reactive power to operate on exactly 50 Hz. Nevertheless, during the short circuit, these
power values do not meet the short-circuit requirements of time and voltage for a directly
connected synchronous generator, attached in Appendix D. Thus, the first accepted
value, which meets all requirements, is 11,5 MVA. Also, it should be noted that the
generator is loaded up to 99.8% of its capacity during the test. The result of the fault test

is shown in Figure 26.
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Figure 26 Initial evaluation, large disturbance test.

Also, it should be emphasized that the maximum power factor of the generator is 1, which
means that the generator's capacity can be equal to its nominal power. So, in terms of

the generator, it is possible to convert MVA to MW for the generator directly.

The following steps are the investigation of wind penetration level, which can be

implemented in 2 ways (Meegahapola and Flynn, 2010):

1. Increasing the wind turbine's power while maintaining the generator's power
unchanged. So, the total capacity is increased, and the load on the generator is
reduced.

2. Rising of the wind turbine capacities with simultaneous reduction of generator

power. The overall capacity is constant.

Initially was observed the method with total capacity increasing. The first step is
calculating the turbine power limit regarding stability criteria. As a result, the 5,3 MW
power for the turbine is the maximum possible value in terms of stability for small signal
cases. For the rest of the tested parameters, this power is not critical. The maximum
reached frequency is 51,52 Hz, but the excess duration is less than 100 ms., so it does
not lead to disconnection (BDEW, 2008). Further increasing of turbine nominal power

will shut down the wind turbine. The frequency values fluctuation is shown in Figure 27.
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Figure 27 Frequency fluctuations in the limiting case.

Also, according to the stability requirements and due to the absence of severe losses in
the scheme, the nearest critical limits for frequency and voltage fluctuations with small
disturbances are the upper limits. So, they are shown in resulting tables. The maximum
reached voltage value is 1,054 p.u. This graph is attached in Appendix H. The load angle
was not close to the critical value, and its most significant value equals 64 degrees. The

load angle values are demonstrated in the graph, which is also attached in Appendix H.

The tests with large disturbances were made with maximum load by analogy with the
preliminary test explained above but with two variants of 3-phase faults: in turbine and
generator lines. The maximum consumption is increased to 15 MW to meet the complete

loading condition because the turbine can produce up to 5,3 MW due to the PF.

As aresult, after the transient stability test, the maximum load angle was 177,54 degrees,
and the minimum TRASI index was equal to 0,598 at the short circuit on the line of the

synchronous generator. These values also are not critical.

The time-voltage restrictions are also respected. But, the short-circuit in the turbine lines
had the most negative impact than the fault in the generator line for large voltage
disturbance tests. So, the maximum output duration to a value of 0.9 of the rated voltage
is 0,7 seconds after the short-circuit fault starts, but the curve lies between two border
lines in the case of the turbine line, which is not a good result. For the fault on the
generator line case, the time characteristics are good, and the break-off point lies at 0.8+
p.u., demonstrating a margin. The load angle curve and time-voltage graphs are attached
in Appendix H. For comparison, corresponding test values of several wind power

penetration levels are shown in Table 5.
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Table 5 Addition method.

Wind turbine nominal power, MW 2 3 4 53

Small signal cases

Max. voltage, p.u. 1,01 1,01 1,03 1,05
Max. Frequency, Hz 50,45 50,63 50,89 51,49
Max. load angle, degrees 53 55 57 57

Large signal cases

TRASI 0,577 0,573 0,563 0,554
Max. load angle, degrees 178,3 177,7 178,7 177,8
Initial voltage (worst case), p.u. 0,85 0,83 0,84 0,8
Time (worst case), seconds 0,78 0,78 0,77 0,70
Indexes
WEP, % 19,03 28,89 38,84 51,76
WCP, % 20 30 40 53
MSWP, % 74 100 100 100

The Initial voltage is a voltage recovery value after the fault, and time is the voltage input
time in the 0.9 p.u. range. The Transfer capacities for MSWP value are calculated

according to the previously described logic.

The next step is the implementation of the replacement method. So, the total nominal
power remains constant, and an increase in the turbine capacity equals a decrease in
the generator capacity. The maximum consumption equals 10MW for all tests. The

results are demonstrated in Table 6.
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Table 6 Substitution method.

Wind turbine nominal power, MW 0,5 1 1,5
Synchronous generator nominal power, MW 11,0 10,5 10,0
Small signal cases
Max. voltage, p.u. 1,01 1,02 1,02
Max. Frequency, Hz 50,12 50,25 50,38
Max. load angle, degrees 52 54 56
Large signal cases
TRASI 0,583 0,586 0,585
Max. load angle, degrees 179,8 178,4 179,2
Initial voltage (worst case), p.u. 0,59 0,52 0,30
Time (worst case), seconds 0,18 0,19 0,52
Indexes
WEP, % 4,42 4,64 4,71
WCP, % 5 10 15
MSWP, % 18,5 37,0 55,6

Afeature of this method is that the generator works in all 3 cases at a load close to 100%,
in the first 600 seconds and during the tests with the fault. Also, the maximum frequency
and voltage fluctuation values were reached in the second time interval, particularly from
600 to 1200 seconds. However, applying the substitution method is impossible based on
the requirements due to the voltage's low received recovery values. As was shown in the
defining of the initial generator value and additionally tested in this case, the value of

voltage recovery after the fault reaches 0,7+ p.u. only when the synchronous generator

rating equals 11,5+ MVA.
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So, according to the table data, increasing the wind penetration level affects the system
stability negatively under small disturbances, which agrees with the conclusion given in
the sources (Meegahapola and Flynn, 2010) and (Edrisian et al., 2014). The ranges of
the voltage and frequency fluctuations and the maximum load angle of the synchronous
generator are increased during the growth of the wind energy penetration level. All of
them are consequences of output power fluctuations from the wind turbine and the

generator's response to stabilize the system.

A slightly different tendency is demonstrated in large disturbance voltage stability tests.
The voltage starting values rise with decreasing in the turbine capacity. The situation is
reversed with the time values, where increasing the wind power improves the time
characteristics. Although, these values are much less than the critical value compared to
the voltage values that define the limit. Finally, based on the 2 cases studied and the
source (Meegahapola and Littler, 2015), it was demonstrated that wind power

penetration is not the only determining factor for this problem, although it is important.

Nevertheless, the transient stability tests show other results. Although the demonstrated
cases satisfy the reliability requirements, the TRASI index signalizes a minor increase in
system reliability with the growth of wind penetration. But, according to the source
(Meegahapola and Flynn, 2010), wind penetration intensify the system's behaviour
during transient stability rather than determining its direction. Moreover, it seems an

objective conclusion considering two investigated cases and a minority of changes.

So, the WEP and WCP indexes calculated for each case can be used as the criteria of
limitation of the possible wind penetration level in terms of stability, but with necessary
additions. As was shown before, these indexes can define the limits under criteria of
frequency and small disturbance rotor angle and voltage stabilities, but not to the large
disturbance stability, which only depends a little on the indexes. Finally, if the transient
stability issue is delegated to other criteria, in that case, operating the WEP and WCP
indexes as limiting factors in terms of stability with an assumed error level is possible.
Also, careful network modelling is needed. The MSWP index, based on the reasonable
assumption of avoiding the loss of generated electricity, definitely makes it easier to
model networks and allows one to limit the possible installed variable renewable capacity

but not in terms of the stability analysis.
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4. SCR

The chapter discusses the "Grid strength" and SCR index. In particular, research was
done on the relationship between the index and network stability by analysing stability
and creating a Simulink model. The influence of the reactance-to-resistance ratio on the
grid is also considered. As a result, the influence on the network stability and possibility
of wind-installed power in valuation in a connection point were demonstrated based on

the data obtained.

4.1 Grid strength

The grid strength is the characterization of the network in a point and represents the
overall power of the short circuit (Golieva, 2015). This parameter is described based on
the network and the equipment's capacity. So, the grid strength definition means
interaction between the grid and the source or load connected to the network (Xu et al.,
2023).

The numerical determination of this parameter requires several steps. Initially, for the
connection of a wind power plant and situation assessments, using Thevenin's theorem,
it is necessary to calculate the Short-Circuit Power at a PCC (Golieva, 2015). The SCP
equals the ratio between the squared voltage at the PCC point and the equivalent
impedance (Clausen, 2013). This is shown in Formula 20.

SCP == (20)

NI <

Where V — is a voltage in PCC and Z — is equivalent impedance. The SCP is measured
in VA (Clausen, 2013).

The final stage includes a Short-Circuit Ration index calculation based on the plant's
SCP value and nominal production power. This index allows one to conclude the grid
strength. The SCR equals the ratio between a grid Short-Circuit Power in the numerator
and the nominal power of grid-connected equipment in the denominator. This equation

is shown in Formula 21.

SCP
SCR = (21)

Where P, — is nominal power. Additionally, as mentioned earlier, the voltage at the PCC

is selected for reasons unrelated to this index.
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Thus, by defining the SCR ratio, it is possible to determine the weakness or strength of

the grid. According to the source (Earnest, 2019), there are three main ranges :

e SCR = 20. This value of SCR indicates that it is the “Strong” grid case, and the
power system can be easily connected to the network.

e 10 =< SCR = 20. If the index fits into this range, the connected wind plant should
participate in grid control.

e SCR = 10. This is a sign of the ,Weak” network, and the chosen capacity of the

wind plant is not recommended for installation.

So, the SCR index is a ,grid side“ parameter which defines recommendations for the
planned grid-connected electricity producer, which can also be interpreted as an upper

limit for the power connected to the network.

Another important parameter is the ratio between reactance and resistance, called the
impedance phase angle. This parameter affects the deviation of the voltage value at the
connection point (Tande, 2000). Also, the minimum allowable value of SCR in any
particular case varies on a network's X/R ratio (Reginatto and Rocha, 2009). So,
according to these articles, the SCR value is considered together with the X/R ratio.

Hence, the ratio is observed in this chapter.

A Simulink model of a grid-connected wind turbine was created to investigate the
relationship between the indexes and the stability of the network and the possibility of
determining the maximum value of grid-connected power in a particular case. The model

explored changing of the frequency and voltage parameters.

4.2 Model

The model represents a 3-phase grid-connected wind power plant. This model is a
modification of the previous scheme shown in Chapter 3. So, the turbine line, which
includes the wind turbine, additional load and the transformer, remains the same, but the
turbine's nominal power of 2 MW as in its original form. The remaining scheme part, in
particular the generator and the consumer parts, were replaced by the source block,

which implements the grid as a whole unit. The model is demonstrated in Figure 28.

The source block, explained in the reference (The MathWorks Inc., 2023g), is a 3-phase
voltage source with internal impedance. This block allows setting the short circuit power
and X/R ratio in a point after the source, which is a PCC point according to the scheme
(The MathWorks Inc., 2023g). Also, according to the previous system, this block contains
voltage and frequency parameters, particularly 50 Hz and 33kV. Also, an initial phase

angle is set to 0 for simplification. The source parameters are attached in Appendix I.
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4.3 Simulation and results
The research is divided into two main parts:

o Research of general influence from SCR and X/R indexes. In this subchapter, the
wind speed is constant and equals 12. Research is being carried out by changing
the SCP and X/R parameters of the source block with a constant power of the
wind turbine.

e Finding the maximum possible connected wind power according to the stability
requirements. The SCP and X/R values of the source are fixed. The regulation
limits are the same as in Chapter 3, but with a focus on the voltage ranges for
large and small disturbances and the frequency fluctuation limits. The large
disturbance source is taken according to the previous chapter, which is the 3-
phase short circuit. The abrupt change in the turbine power output due to the
change of mean wind speed, and the general variable wind speed nature with
maximum turbulence, are considered small disturbances (Chouket and Krichen,
2015).

4.4 General influence

For the first part, as mentioned before, 2 MW of the nominal turbine power is assumed,
the SCP equals 40 MVA as the minimum SCR value of a strong grid, and the X/R ratio
equals 10 as a default. So, the X/R value is fixed, and the SCR value decreases gradually
until parameters are out of the allowable range. The observed SCP and corresponding

SCR ratios are demonstrated in Table 7.

43



Table 7 SCR testing levels.

SCP, MVA | 40 20 10

SCR 20 10 5

Represented value demonstrates the transition from a strong grid to a weak grid. The
comparison of the influence is shown in the following parameters, according to the

source (Golieva, 2015):

e \oltage value at PCC, which demonstrates the transfer capability of the active
power.

e Reactive power production from the wind turbine. It also affects the voltage level
at PCC.

Additionally, two regimes of wind turbine controls, such as voltage and reactive power
controls, are considered. These two regimes are described in Chapter 3. The voltage
changes at PCC are shown in Figure 29. The graph starts at 10 seconds to discard some

of the fluctuation caused by initialization.
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Figure 29 Variable SCR, voltage values.

It is seen that the reduction of SCR decreases the voltage level at PCC and, as a result,
the transmitted active power is decline (Golieva, 2015). Also, there are distinctions
caused by the regulation types. Nevertheless, the voltage value generally differs from 1
p.u. in the case of the strong grid due to the inner losses, calculation errors and, if

applicable, voltage regulation, which is focused on the point after the wind turbine.
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The next test cases observe the supply of reactive power by the wind turbine, which also
affects the voltage level at PCC. Everything is evident for the case with chosen reactive
power regulation - the reactive power production is zero. An increase in reactive power
production is observed for the voltage regulation regime. So, when the grid is strong, the
reactive power consumption allows maintaining the voltage at a level close to 1 p.u.
However, reducing the SCR value requires reducing reactive power usage for wind
turbines. Furthermore, the turbine must produce reactive power with a further decrease

in the index. These observations are represented in Figure 30.
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Figure 30 Variable SCR, reactive power production.

Also, it was found that the minimum SCR value depends on the regulatory regime. On
the one hand, the voltage regulation regime has a 2,25 minimum value for the SCR
because further decreasing causes considerable fluctuations in the system during the
attempt to maintain voltage. On the other hand, the reactive power regulation has a
minimum value of SCR equal to 2 because the continuation of the SCR value decline
leads to a prolonged drop voltage at PCC below 0.8 p.u., which is not allowed by the
regulator. Thus, considering both observations, it can be concluded that decreasing SCR

value negatively affects the maximum transferred active capacity.

In the same way, the influence of the X/R ratio is tested. Each SCR level, tested before,
was calculated voltage levels at PCC with different X/R ratios. Also, were tested both

control regimes of the wind turbine. The calculated values are shown in Table 8.
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Table 8 X/R calculated values.

SCR =20 SCR=10 SCR=5
X/Rratio | V control | Q control | V control | Q control | V control | Q control
1 1,021 1,042 1,026 1,080 1,026 1,142
5 1,001 1,005 1,001 1,007 0,999 1,005
10 0,999 1,000 0,997 0,998 0,995 0,985
20 0,997 0,998 0,996 0,993 0,992 0,975
50 0,996 0,996 0,995 0,990 0,991 0,968

So, according to the results, it is clearly seen that increasing the X/R ratio worsens the
voltage value and hence decreases the maximum transferable active power. Also, the
X/R ratio enhances the trend, in particular, X/R values have a more significant influence
on a weak grid than a strong one (Golieva, 2015). For example, the voltage of the weak
grid is more powerful than the voltage of the strong grid, where the X/R ratio equals 1 for
both of them. All of it is relevant for both control regimes. So, that means that the X/R

ratio should be considered with the SCR ratio for the grid parameters investigation.

4.5 Searching for the limit

In this case, the stability analyses are conducted to test the SCR factor with a known X/R
ratio as a limiting factor for installing maximum grid-connected power in a specific region.
The grid, represented by the source block, has the SCP equals to 1000 MVA, which
approximately correlates with the connection's voltage level (Navarro, 2021a). The X/R
index equals 10 as the common value for this voltage level (Vilmann et al., 2023). The
increase in wind turbine capacity occurs in the same way as in the previous chapter.
Also, the zero-production wind turbine reactive power control mode is chosen to meet

the power factor requirements.

The small disturbance test shows that the maximum possible turbine power is 465 MW.
So, the reason for the limitation, in this case, was the voltage value at PCC. During the
time interval of the maximum turbine production and, consequently, at a lower SCR
value, the voltage dropped below 0.8 p.u., but its duration was less than 2,7 s, so the

wind turbine has not disconnected. However, further increasing of wind turbine power
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will lead to turbine disconnection. As a result, the conclusion of the first part was
confirmed. Also, the difference in stability between a weak and strong network was
demonstrated. So, power fluctuations create more significant voltage fluctuations in the
grid with lower SCR than in the network with a higher SCR value. All of it emphasizes
the importance of the SCR parameter. The voltage behaviour at PCC during the wind

fluctuations is shown in Figure 31.
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Figure 31 Maximum power value for small-signal case.

However, the wind turbine capacity value does not fit the voltage requirements after and
during a fault because the recovered voltage value is smaller than 0.9 p.u. The result of
the large disturbance test for the 465 MW turbine is attached in Appendix |. So, after
several iteration steps, the maximum power, which satisfies all restrictions, is 381,9 MW,
which is on average equal to 2,62 SCR. The voltage values during and after the fault are

shown in Figure 32.
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Figure 32 Short-circuit test of turbine maximum power.
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The corresponding to this case voltage fluctuations at PCC during the small signal tests

are shown in Appendix I.

Overall, this chapter has demonstrated the influence of the SCR ratio on a network and,
considering the discussed example, the ability of the SCR index to be the criteria for
limitation of the installed power in terms of stability, but with calculation for each particular

case and with necessary consideration of the X/R ratio.

48



5. Simultaneity factor

This chapter contains definitions and application descriptions of a simultaneity factor for
renewable energy sources, mainly electricity production from biomass, wind and solar
power. Also, this chapter includes a study of relationships between the total installed

capacity in a region and the simultaneity factor with its limits.

5.1 General concepts

The simultaneity factor is an index evaluated in a system for both the consumption and
production sides. This phenomenon is called differently depending on the source and
application: the factor of simultaneity, coincidence or diversity (Resch et al., 2017).
Despite the diversity factor being defined as inverse to the simultaneity factor, the
simultaneity factor is often called the diversity factor. The general formula is shown in

Equation 22, according to the source (Resch et al., 2017).

Total actual capacity

Simultainity factor = Total installed capacity (22)
The simultaneous factor evaluates how much available production or consumer capacity
is loaded. Also, this value can be predictive and used in a system design. For example,
there are French standard NFC14-100 for apartment houses without electrical heating,
which sets the diversity factor depending on the number of planned consumers. So,
according to the estimated consumption value for the apartment, it is possible to
calculate the actual maximum demand for the house (Electrical Installation Wiki, n.d.).

The French standard NFC14-100 is demonstrated in Table 9.

Table 9 French standard NFC14-100 (NFC, 2008)

Number of consumers 1-4 5-10 10-14 15-19 20-24

Simultaneity factor 1 0,78 0,63 0,53 0,49

Number of consumers 25-29 30-34 35-39 40 - 49 50+

Simultaneity factor 0,46 0,44 0,42 0,41 0,38
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However, according to the chapter's aim, the simultaneity factor should be explored for
the supply side. Especially, the factor is important for areas where variable renewable
sources have implemented, because the maximum actual power significantly affects
installed production power or auxiliary equipment rating in a system's nodes in regions
(DNV GL, n.d.). For investigation of actual power production in a grid with renewable
energy penetration, the most popular renewable sources in Germany were taken, such
as wind, PV and biomass, which are the top 3 of installed capacity by the data from
Chapter 3.

To demonstrate the real values of the simultaneity factor, the data are taken from the
source (SMARD, 2023) and represent the sum of electricity produced from these 3
sources for each 15-minute interval for the entire 2017 year in the whole of Germany.

These values are shown in Table 10.

Table 10 Simultaneity factor values in Germany.

Simultaneity factor | Biomass | PV Wind | Total

Min 0,43 0,00 0,00 0,13
Average 0,54 0,10 0,21 0,25
Max 0,59 0,68 0,75 0,38

However, these values are calculated for a large region with huge total production
capacities. Therefore, it is necessary to research the influence of scale on the production

power and simultaneity factor.

5.2 Influence on actual power

Initially, the possible dependence between the simultaneity factor and the generated
electricity on the selected region with a particular generation mix should be researched.
So, calculations of correlation can estimate this. For this reason, the correlations

between and within the selected sources are investigated below.

In general, there are three trends of correlation, each of which has its explanation
described in the source (Widen, 2011). When correlation tends to 1, it enhances the
overall electricity production growth, which is especially problematic during production

peaks. The negative correlation, which tends to be -1, means that overall electricity
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production is decreasing. The value of correlation about 0 demonstrates a lack of

relationship.

The correlation data are shown in Table 11 and include values for small areas with low
summarized installed capacity and large-scale areas with high total power. The small-
scale values are represented by the area 100 square kilometers and 10 generators for
each source type with a sum capacity of up to 17 MW (Nykamp, 2013). The large areas
data is represented by the national scale regions, such as Germany and Sweden. Also,
some values are calculated on the mentioned above data in RStudio software, and

others are taken from the literature.

Table 11 Correlation values.

Correlation pairs | Small area Source Large are Source
PV - Biomass -0,050 (Nykamp, 2013) 0,033 Calculated
Calculated;
PV ’- Wind -0,050 (Nykamp, 2013) | 0,192; -0,2

(Widen, 2011)

Wind - Biomass -0,020 (Nykamp, 2013) 0,076 Calculated
Wind - Wind 0,850 (Nykamp, 2013) 0,150 (Widen, 2011)
PV - PV 0,950 (Nykamp, 2013) 0,800 (Widen, 2011)
Biomass - Biomass 0 (Nykamp, 2013) - -

Generally, electricity production from biomass sources only depends on inner
parameters, such as productivity fluctuation and installed capacity (Nykamp, 2013). This
conclusion is supported by the values from the table, where the correlation between
biomass generators and the correlation between biomass and other sources for both

observed scales are small and tend to be 0.

For PV and wind sources, the situation is more complicated. So, for the small-scale,
correlations within the source types are high and tend to 1. However, the correlation
between the PV and wind is approximately 0. This demonstrates that the electricity

production from the Wind and PV power plants is almost summarized within each source,
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but generally, the technologies are not dependent. Also, the lack of correlation between
the sources allows them to simultaneously produce or not produce electricity, increasing
the maximum possible value and reducing the minimum possible value of the actual

power (Widen, 2011). Similarly, the range of the simultaneity factor values is expanded.

For large scale, the situation is different. The correlation within the photovoltaic source
slightly decreased, compared to small-scale, while the correlation between wind
generators dropped sharply. There is also a correlation between technologies of about
0.2, but the sign of the correlation differs depending on the source under consideration.
So, adding PV capacity in a large region with just PV power will significantly increase
simultaneous electricity producing or non-producing, while increasing wind power in
analogical conditions will not have such a strong simultaneity effect. The correlation
between the sources is small and indicates the coincidence or vice versa of the
difference, depending on the source for the value, between the weather conditions for
the periods under consideration (Widen, 2011). In general, this indicates that the
simultaneity of the operation of sources over significant areas increases, which increases
the overall average value and reduces the range of possible values of the actual power

and, consequently, the average simultaneity factor.

So, as shown in the French standard example, the most exciting values for the
simultaneity factor are its maximum values, which determine the installed power in a
region under consideration. The edge values of the simultaneity factor for the Wind, PV
and Biomass in the small-scale area are shown in more detail in the source (Resch et

al., 2017). The values are shown in Table 12.

Table 12 Various limit values of the simultaneity factor (Resch et al., 2017).

Biomass PV Wind

The maximum value of Simultaneity factor 1; 0,98 0,89; 0,95 1; 0,95

The minimum value of Simultaneity factor 0,6 0 0

The above conclusions about the simultaneity factor changes in dependence of the

chosen area are confirmed, according to the values in Table 11 and Table 12.

It is also necessary to note the dependence of the maximum simultaneity factor on the
number of considered generators. The source (Nykamp, 2013) contains a graph which
shows the dependency of generators number by the sources on maximum produced
power, which is the same as the maximum simultaneity factor. This graph is shown in
Figure 33.
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Figure 33 Diversity factor for different number of generators (Nykamp, 2013).

As can be seen from the Figure 33, increasing the observed number of production
systems, in particular total installed capacity, decreases the maximum simultaneous

actual power, and therefore decreases the maximum simultaneity factor (Nykamp, 2013).

5.3 Results

As was demonstrated in this chapter, the simultaneity factor is the forecasted value for
planning and the calculated value for situation assessment. Ignoring the factor leads to
unjustified expenses in scheme operation and construction because capacity installation
planning and system stability tests are performed, considering limiting cases determined

by the simultaneity factor (Electrical Installation Wiki, n.d.).

The main idea of the simultaneity factor is evaluating possible limits of actual production
or consumption, which, in turn, defines the required installed power. Thus, the
simultaneity factor is inextricably linked with the concept of installed power, and its
calculation allows one to assess the situation in a region and adjust the installed power
in the right direction. Besides this, based on the simultaneity factor, it is also possible to
adjust the parts of a system, for example, in the case of evaluated overloading of the
system nodes. This chapter showed how the type of renewable energy source, the scale
of the area under consideration, and the total installed capacity within it affect the
simultaneity factor. Also, as an example, the point of considering this factor was
demonstrated in system stability tests in Chapters 3 and 4. In those cases, the
simultaneity factor was assumed as 1, expressed in the choice of wind speed

corresponding to the maximum turbine performance.
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6. Overall conclusion

During the work, the main questions were successfully investigated. The penetration
indices, namely the wind capacity penetration and wind energy penetration indices, have
shown themselves as possible limiting criteria for installed capacity in a chosen region in
terms of stability. This conclusion was made thanks to creating a simplified 3-phase
electrical network model, including the variable load, the wind farm and the diesel
generator, which unites conventional generation capacities and the exchange of
electricity with other countries. Additionally, load variability is reached through the
specially modelled block, and each main branch of the model contains the calculated
transformer. As a result of tests, which are implemented according to the selected grid
code, it was found that penetration indices are associated with system stability, and this
allows them to be one of the limiting factors for installed power in the context of stability.
Evaluation of the maximum share of the wind power index is also undoubtedly essential
for the system because it allows one to limit the ratio of installed renewable energy in the
region and prevents the system from wasting electricity, which does not allow

unnecessary costs.

The short circuit ratio has been demonstrated as an important parameter of the network
to which a wind farm is connected or planned to be connected. The index allows us to
evaluate a system's stability and designate the maximum possible capacity, which can
be connected to the network at a particular point of common coupling. The grid-
connected wind farm model was developed and investigated to obtain this conclusion.
This system consists of a wind farm line from the previous model and a current source
with adjustable short-circuit power. As a result, the influence of different short-circuit ratio
levels on grid stability and the index ability to estimate the maximum possible installed
wind capacity were demonstrated. So, evaluating and considering the short-circuit ratio
values is necessary because non-compliance with the recommendations would lead to
disconnection from the network due to violations of the network operator's rules. Also,
this section shows and tests the accompanying factor of the reactance to resistance ratio,
which is also important and should also be considered with the investigation of short-

circuit ratio values when connecting to the network.

The last item reviewed in this paper was the simultaneity factor considered for Germany's
most popular renewable electricity sources, such as wind, solar and biomass plants. The
existing values based on the available data and the influence exerted on this factor
through the choice of region, particularly the generation mix, the total installed capacity
or the number of generators, were shown for each type of generation source mentioned
above. This index showed that it is inextricably linked to the installed capacity. Based on
this factor and evaluation of related conditions, it is possible to set or adjust the maximum
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value of installed capacity in a designed or operated system in a region under

consideration.

During the study of the indices, in-depth work was also done to represent of existing

examples and approximate the test conditions to real ones. So additional work includes:

¢ Creation of the wind speed generation program.

¢ Analysis of the different data, such as various parameters of the electrical market
in Germany and the existing consumption profile.

e Investigation of the various standards and requirements to choosing the most

optimal ones.

Of course, it is possible to go deeper into this topic by many parameters, such as more
detailed modelling and analysis of more extensive and fresh data. However, the selected

level allows one to get answers to the questions under study.

In conclusion, this work shown the possibility of using indices as a convenient tool to
assess the stability degree and decide on the possible amount of installed capacity in

terms of stability.
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8. Appendices

Appendix A

Table - Technical Interconnection Regulations (ENTSO-E, 2013) and (Ackermann,
2005).

Active power

Value characteristic: | Power in any time < Registered capacity

1 min. average Power reduction = 10% of registered capacity

Power increase < 10% of registered capacity

Startup and Shutdown

According with requirements regarding active power change and voltage quality

Frequency

Value characteristic: | Normal operation conditions: 50Hz + 1%
10 min. average o |If frequency exceed 51,5 Hz or below 47,5 Hz, the

generator should be disconnected immediately.

¢ If the generator frequency is between 50,5 Hz and
51,5 Hz, power should be decreased by 4% per 0.1
Hz of excess.

e If the generator frequency is between 47,5 Hz and
49,5 Hz, power should be reduced by 1% per 0.1 Hz

of excess.

Reactive power

o Power Factor (PF) 2 0,925 in generating reactive power mode.
e PF 20,95 in absorbing reactive power mode.

e This regulation is presented in a table Reactive power requirements below

Voltage quality

Value for variations:
Voltage magnitude variation: £10% for 95% of week

per 10 min.
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Value for variations: _ o
. Voltage magnitude variation: £10% for 95% of week
per 10 min.

Value for voltage
changes: max. Rapid voltage changes: < 2% of nominal voltage

value per 1 min.

Value for flicker:
weighted average Voltage flicker: P;; < 0,46

value for 2 hours

Harmonic critical values [A/MVA], Harmonic critical values [A/MVA],
n < 26 and n is odd: n is even or n > 26:
e D, <0,01-0,115, 10 kV e D, <0,06/n, 10 kV
e D, <0,005-0,058, 20 kV e D, <0,03/n, 20 kV

Voltage frames during and after the fault:
o |If the voltage drops below 20% of the nominal, the generator will be
disconnected after 0,7 s.
o |If the voltage drops below 80% of the nominal, the generator will be

disconnected after 3 s.

Voltage operational frames:
o |If the voltage drops below 90% of the nominal, the generator will be
disconnected after 60 s.
o |If the voltage drops below 80% of the nominal, the generator will be
disconnected after 3 - 5 s.
¢ |Ifthe voltage exceeds 120% of the nominal, the generator will be disconnected
after 0,2 s.

Voltage normal range:
90% <=V <110%

Where rapid voltage changes is a single rapid change (increase/decrease) of voltage
(RMS), Py, is the weighted average flicker emission, and D,, is the harmonic interference

of each harmonic wave n, which is an positive integer (Ackermann, 2005).
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Figure. Reactive power requirements (Ackermann, 2005).
Table. Time-voltage requirements during and after fault (ENTSO-E, 2013).
Voltage parameters, p.u. Time parameters, s
V ret 0,05-0,3 T clear 0,14 -0,25
V clear 0,7-0,9 T rect T clear
V reci V clear Trec?2 Trecl1-0,7
V rec2 0,85-0,9and =2V clear Trec3 Trec2-1,5
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Figure. Time-voltage requirements during and after fault. Adopted from (ENTSO-E,
2013).
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Appendix B

Wind speed generation code in R language, written in RStudio software

library ("mixdist"™)

library("stats")

#Average wind speed for 2022 in Germany at high 150m and 100m at 100% area
# According to the site "globalwindatlas"

V.avel:0 = 7,82

V.avelQ0 = 6.77

#Turbulent Classes at 15m/s

I1. = 0.12
I2 = 0.14
I3 = 0.1le

MVdata <-V.avel00 #lst accepted value and setting array for 10 min. values
data = c() #2nd empty array for 1 sec. wvalues
sdI <— (4.5)"(0.5) #Standard deviation for 1ls time frame

#Generation body
for(i in 1:2) {

#Evaluation of standard deviation according to the TIEC 61400-1 standard,
#5,6 is constant for assumed rotor diameter, which is bigger than 50 m.
sd <- I1*(0.75*MVdatal[i]+5.6)

#Finding the Weibull distribution parameters (lst array), in particular
#shape and scale, based on calculated standard deviation

fand mean wind speed (previous 10min wvalue)

ParMV <- mixdist::weibullpar (MvVdatal[i], sd)

#Evaluation of the next wvalue in the 10 min array
MVdata[i+l] <- rweibull(l, ParMvV$shape,ParMvV$scale)

#Finding the Weibull distribution parameters (2nd array),in particular
#shape and scale, based on calculated standard deviation and mean
#wind speed (10 min value corresponded for this interval)

Par <-— mixdist::weibullpar (MVdatali], sdI)

# Generating array of each 1 second values
data <- append(data, rweibull (600, Par$shape,Par$scale))
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Appendix C

Table. Annual data of additional parameters.

Calc before

2015

2016

2017

2018

2019

2020

2021

2022

Average
provided
balancing
energy MWh in
1h

358,89

368,52

356,16

386,99

416,72

360,64

342,27

399,94

Sum Renewable
production TWh

112,06

111,91

138,49

149,57

166,18

175,81

160,03

180,60

Sum
Consumption
TWh

500,22

503,09

505,67

509,16

497,29

485,29

504,52

483,66

Avg. Transfer
energy MWh

358,80

368,31

356,17

386,96

416,94

360,86

342,27

401,26
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Appendix D

Grenzkurve Spannungsverlauf

unterer Wert des

U, Spannungsbandes
100% (=== b l
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150/0 N IFVSR VHUI PRSI L ............................ . e e
i |
0150 700 1.500 3.000 Zeitin ms
A

|
Zeitpunkt eines Stdrungseintritts

Figure. Time-voltage limits for directly connected synchronous generators (BDEW,
2008).

Grenzkurven Spannungsverlauf
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E . ]
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45% E 7 / des Verbleibens am Netz.
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T T T >
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r

Zeitpunkt eines Stérungseintritis

Figure. Time-Voltage limits for other type connections. (BDEW, 2008)

Below the blue curve there are no requirements for staying connected.
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Appendix E

Table. Wind turbine data.

Generator

Generator rating, MVA 2,1
L-L voltage, V (RMS) 575
Frequency, Hz 50
Stator resistance, in p.u. of the generator rating 0,005
Leakage inductance, in p.u. of the generator rating 0,13
Rotor resistance, p.u. of the generator rating 0,004
Rotor leakage inductance, p.u. of the generator rating 0,17
Magnetizing inductance, p.u. of the generator rating 7,02
Inertia constant, s 1
Viscous friction factor, p.u. of the generator rating 0
Number of pole pairs 3
Initial conditions 0
Turbine
Nominal mechanical power, MW 2
Tracking characteristic speeds in p.u. of synchronous speed 0.65; $3619 1.2
Power at point C, p.u./mechanical power 0,8
Wind speed at point C, m/s 11
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Pitch angle controller gain

15

Maximum pitch angle, degrees 30
Maximum rate of change of pitch angle, deg/s 5
Converter
Converter maximum power, p.u. of nominal power 0,3
GS. inductive coupling, p.u. of generator rating 0,6
GS. resistance, p.u. of generator rating 0,1
Initial positive p_hasor current of coupled inductor in form of 0: 90
magnitude and phase, p.u. and degrees
Nominal DC bus voltage, V 1150
DC bus capacitor, F 1e-2

Control

Regulation mode

Voltage regulation

Reference voltage, p.u. of nominal voltage

Reference reactive current of GS. converter, p.u. 0
Grid voltage regulator gains 1,25; 300
Droop reactance, p.u./nominal power 0,02
Power regulator gains 1; 100
DC bus voltage regulator gains 0,002; 0,05
GS. converter current of controller gains 1; 100

72




RS. converter current of controller gains 0,3; 8

Max. change rate of grid voltage 100
Max. change rate of power 1
Max. change rate of converter currents 200

Figure. RS. converter control scheme (The MathWorks Inc., 2023i).
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Table. Manufacturer's transformer data (Tikhomirov, 1986).

Parameter Value
Nominal power, kVA 2500
Voltage rating Up to 35kV
The impedance of the transformer, % 6,5
No-load current, % 1,0
No-load losses, W 3900
Short-circuit losses, W 26000
Table. Parameters of additional load block.
Configuration Y-grounded
P-P voltage, V (RMS) 575
Frequency, Hz 50
Active power, W 1e3
Inductive reactive power, VAr 0
Capacitive reactive power, VAr 0
Load type Z constant
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Table. Wind turbine branch transformer.

Configuration
Connections Y-Y
Core type 3 single phase
Parameters
Units p.u.
Nominal power and frequency, VA and Hz 2500; 50

Winding 1: Voltage, Resistance and Inductance; (V in
ph-ph RMS), p.u. and p.u.

575; 0,0104; 0,0325

Winding 2: Voltage, Resistance and Inductance; (V in
ph-ph RMS), p.u. and p.u.

33e3; 0,0104; 0,0325

Magnetization resistance, p.u.

641

Magnetization inductance, p.u.

98,8
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Appendix F

According to the source (The MathWorks Inc., 2023e), the generator is represented by
state-space of 6th order. This block includes modelling the stator, field, and damper
windings. Stator winding is Y connection to a neutral. Rotor parameters are defined
based on the stator values.

Figure. The electrical scheme of synchronous generator (The MathWorks Inc., 2023e).

Where L is leakage inductance, L,, is magnetizing inductance, f is number of field

windings, k is number of damped windings.

Figure. The mechanical scheme of synchronous generator (The MathWorks Inc., 2023c)

Tm (pu] —|+ 1—7

At w (pu.]

Te (pul - E» s
2 main equations describing mechanical part of the transformer according to the source
(The MathWorks Inc., 2023c)

[{(Tm = Te) — Kdaw(t)dt

Aw(t) = v (@)

w(t) = Aw(t) + w, (b)

Where Aw - Speed difference, H — inertia constant, Aw - mechanical torque, T, -
electromagnetic torque, w — rotor speed, w, - working speed, K,; - damping coefficient
(The MathWorks Inc., 2023e)
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Figure. Standard excitation system (IEEE, 1992).
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Figure. Simulink excitation system (The MathWorks Inc., 2023b).
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Table. Governor block data (Perelmuter, 2017).
Controller block Servomotor block
T3 5 Initial value 0,5
To 0,02 Upper limit 1
( 0,3 Lover limit 0
K 20 Delay block
- Time delay 0.1
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Appendix G

Figure. Dynamic load block parameters.

L-L nominal voltage, kV 33
Frequency, Hz 50
Initial voltage represented in magnitude and phase, p.u. 0,8;0

Active and reactive power corresponding to initial voltage, MW and VAr | 2,7; 0

Coefficients of the described equations, np, nq 1,1

Time constants of the described equations 0;0;0;0
Min. voltage, p.u. 0,8
Filtering time constant 1e-4

Derivation of main equations used for defining the consumption:

_ (Vab - a2 * Vbc)
3

v, (18)

22T
a?=e77"3 (19
So, a is a phase angle between 2 phases, which equal to 120 degrees. Thus,
Multiplication of value on "a“ shift to 120 degrees and on "a?" shift to -120 degrees. The
equation of "a“ is shown below.
2T
a=e’"3 (a)
Thus a? * V. should be equal to V. Derivation of it is shown below, taking into account
equations from the sources (Chapman, 2011) and (Donohoe, 2013) and that balanced
system in positive sequence order.
V3

. 2xTC 1
az = e_]*T = COS(IZO) _] * Sln(lZO) = _E _] *7
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V3 1 i3 —V3+j
aZ*VbC: \/§*]/;ms*<—2*j*7>*<_§_-*7>:3*]/;ms*< > ])

The next step is deviation of the overall equation, in particular that w equals to

V,.

(Vab_Vca): V;‘ms* 2\/§+] _ _2\/§+j :Vrms* 23*2
3 3 2 2 3 2

Thus, according to the formula obtained, the voltage of phase A is evaluated. Then,
according to the scheme and block of the controlled current source, is induced a linear
voltage converting into a phase current. (According to measurement blocks, peak values
should be input)

Table. State-space block values.

A -10
B 1

C 10
D 0
Initial condition: 0

The equations form of the state-space blocks (The MathWorks Inc., 2023d):
x = Ax + Bu (b)
y = Cx+ Du (c)
Xt=t, = X0 (d)

Where A, B, C, D, are constant, x is a state vector, u is input, y is output and x, is an
initial value of the state vector (The MathWorks Inc., 2023d).
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Appendix H

Figure. Load curve for large disturbance tests and minimum generator power definition.
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Figure. Load angle in the case with maximum wind power.
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Figure. Large voltage disturbance on the generators line.
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Figure. Large voltage disturbance on the turbine line.
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Appendix |

Table. 3-phase source block parameters.

Configuration Internally grounded neutral
P-P voltage, kV (RMS) 33
Phase angle, degrees 0
Frequency, Hz 50
X/R ratio 10
1
09
0.8 F
0.7
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g | |
15 15.5 _— 16 16.5
Figure. Fault test of 465 MW wind turbine capacity.
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Figure. Voltage during wind fluctuations at PCC of 381,9 MW wind turbine capacity.
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