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The analysis of the wind generation impact on the power system
stability

Streszczenie. W artykule zostaty oméwione zagadnienia dotyczace wptywu przytgczania turbin wiatrowych na stabilno$¢ katowg systemu.
Omowiono aktualne plany dotyczace transformacji energetycznej Polski, kwestie klimatyczne, a takze najpopularniejsze rodzaje turbin wiatrowych,
wykorzystywanych na Swiecie. W cze$ci badawczej przeanalizowano wptyw zastepowania tradycyjnych jednostek wytworczych uktadami turbin
wiatrowych przytgczanych przez przeksztattniki na stabilno$¢ katowg modelu testowego systemu New England. (Analiza wplywu generacji
wiatrowej na stabilno$¢ systemu elektroenergetycznego)

Abstract. The article discusses the issues related to the influence of connecting wind turbines on the angular stability of the power system. Current
plans for Poland's energy transition, climate issues, and the most popular types of wind turbines used in the world were discussed. In the study part,
the impact of replacing traditional generating units with wind turbine systems connected by converters on the angular stability of the New England

test model was analysed.

Stowa kluczowe: stabilno$¢ katowa, generacja wiatrowa, inercja systemu elektroenergetycznego, analiza wartosci wiasnych.
Keywords: angular stability, wind generation, power system inertia, eigenvalue analysis.

Introduction

Along with the economically and technologically
developing society, the arises issues will have to be solved
in the next few years. Continuous economic development,
and thus an increase in energy demand, will not be the only
problem that power systems will be facing. The dynamics of
the increase in electricity demand [1], climate change and
excessive carbon dioxide emissions must be considered [2].

One of the solutions to the above problems can be
renewable energy sources. The European Union's climate
and energy policy will, in general, strive for climate
neutrality as early as 2050 [3]. One of the main pillars of this
policy is, among others, changing the energy mix with an
increased share of renewable sources [4].

Increasing number of generating units, connected to the
system by converters may cause problems related to the
stability or decreasing inertia of the power system [5]. The
aim of this article is to present research on replacing
traditional generating units with wind farms, as well as
assessing their impact on the angular stability of the
system.

Climate and energy

The climate and energy policy of the European Union
(EU) has a fundamental impact on the national energy
strategy, including the long-term vision of achieving the
EU's climate neutrality by 2050 [6,7]. Along with the
dynamic economic development that Poland has been
experiencing for 30 years, the demand and generation of
energy is also increasing. In the case of gross domestic
energy consumption, coal plays a central role in Poland - in
2018 it accounted for 46% of the share. Then petroleum
(29%), natural gas (15%) and renewable energy sources
(9%) [8].

At the same time, excessive carbon dioxide emissions in
the electricity sector [1] and climate change around the
world, cause the growth of generation from renewable
energy sources (RES) [9].

Achieving the climate and energy goals by 2030 is
extremely important to accomplish the required low-
emission energy transformation. In December 2020, the
European Council approved targets to reduce net
greenhouse gas emissions to at least 55% compared to
1990 levels [3].
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The Energy Policy of Poland until 2040 (PEP2040)
formulates the scope of the energy transformation in
Poland. It specifies, among others, range of technology
selection aimed at development of a low-emission power
system. The key assumptions of the PEP2040 document
regarding the power industry mention [6]:

e Increase in the share of RES in all sectors and
technologies. In 2030, the share of RES in gross final
energy consumption will be at least 23%, including: no
less than 32% in electricity (mainly wind and PV); 28%
in heating; 14% in transport (with a large contribution of
electromobility).

e The installed capacity of offshore wind energy will be
approx. from 5.9 GW in 2030 to approx. 11 GW in
2040.

Wind Energy in Poland

At the end of 2020, the installed capacity of onshore
wind was 6347 MW [10]. Also in 2020, the act on supporting
offshore wind farms was passed [7]. Subsequently, the
European Commission approved the rules of public aid, and
all the effort was dedicated on implementing regulations. It
was all for the purpose of ensuring that electricity from
offshore farms in the Baltic Sea will flow to customers by
the end of 2025. The Fig. 1 shows the location of the
offshore wind farms in the Polish part of the Baltic Sea,
where the most important projects are marked with dark
gray color [11].
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Fig. 1 Offshore wind farms locations on Polish Part of the Baltic
Sea [11]
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According to the PEP2040, two scenarios for wind farms
in Poland have been proposed — base and ambitious
scenario. The base scenario assumes that 10 GW of
installed onshore and 5.9 GW of offshore capacity will be
achieved by 2030, and 10 GW of onshore and 11 GW of
offshore capacity by 2040. The ambitious scenario assumes
18 GW of installed capacity onshore and 5.9 GW at sea will
be achieved by 2030, and 25 GW by 2040 on land and 14-
15 GW at sea. The wind energy for 2020 is as follows:
6.35 GW of installed capacity on land, 16 TWh of electricity
production and 1239 installations [8,12].

Wind turbine types

The types of wind turbines that are used in currently
operating wind farms are shown in Fig. 2. Variable speed
wind turbines are equipped with DFIG (Doubly-fed Induction
Generator) or full converter generators with PMSG
(Permanent Magnet Synchronous Generator). This is due to
the better control properties, compared with constant speed
wind turbine generators (induction generators). In the case
of DFIG generators, their advantage is that only 30% of the
power flows through the circuit with the converter. In the
case of a synchronous generator (PMSG), the converter
must be sized for the full power of the generator.
Synchronous generators are more efficient and have a
simpler structure, but their cost is higher. In the case of
DFIG generators, it is necessary to use additional protection
systems against current surge in the event of damage.
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Fig. 2. Types of generators used in wind turbines: a) doubly-fed
induction generator (DFIG), b) permanent magnet synchronous
generator (PMSG).

Influence of wind farms on the dynamics of the power
system

High penetration of a power-electronic connected
generators, and therefore decommissioning of generation
units with rotating masses, can decrease the system inertia.
Traditional generation is based on large turbo or hydro
generation units. These units make a significant amount of
inertia in the system which is very important for maintaining
power system stability. After a power loss, the resulting
system frequency drop is delayed by rotating inertia of such
generation units [5].

Renewable generation, such as Photo-voltaic systems
and wind turbines, are connected through the power
electronic devices. This way of connecting generation
results in no additional inertia in the power system.

There is a concern that the rate of change of frequency
(RoCoF) will increase, and the system stability will be
endangered. On Fig 3, there are four elements with high
impact on electrical power systems such as: extension of
grids (which can affect inter-area oscillations), weather
phenomena, large power flows and the market effects.

Then another factors must be considered such as load
behaviour (e.g., inverters) and load control. These
elements, together with decreasing inertia, can affect
frequency behaviour and the value of the inter-area
oscillations damping.
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Fig. 3 Map of interaction [5]

Model of the New England power system

The analysis for this article was performed based on the
39 Bus New England System network model (Fig. 4). It is a
simplified model of the high voltage network of the
Northeast United States [13]. It consists of 39 nodes, 10
synchronous generators, 19 loads, 34 lines and 12
transformers. It uses a rated frequency of 60 Hz, and the
highest voltage level is 345 kV. There are also voltages
such as 230 kV, 138 kV and 16.5 kV. The G10 generator
represents the interconnection of US and Canadian
systems. The remaining generators are connected via
transformers to the network.
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Fig. 4. New England power system [14,15]

For the purposes of the research, in the field of inter-
area oscillations, the length of four lines in the model was
increased by changing the basic parameters - resistance,
reactance and susceptance. The following lines were
extended: L2 connecting nodes B1 and B30, L5 - nodes B3
and B4, L20 - nodes B15 and B31 and L21 - nodes B16 and
B17. The new parameters of the lines are presented in
Table 1.

Table 1. Parameters of the modified line sections

Line From To R[] X[Q] B[uS]
L2 B1 B30 8.80 120.00 703.90
L5 B3 B4 14.00 160.00 875.00
L20 B15 B31 9.00 96.00 520.60
L21 B16 B17 8.80 113.60 570.60
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Method and plan of the analysis

This article presents the results of the local angular
stability analysis of the power system. The research was
carried out in the PowerFactory software. For this purpose,
the modal analysis module was used to determine the
eigenvalues, the oscillation frequencies, and the damping
coefficients.

For small perturbations, the system can be expressed in
linearized form as follows [16]:

Ax(t) = AAX(t)+BAu(t)

(1) .

Ay (t) = CAXx(t)+DAu(t)
where: Ais the prefix which denotes a small deviation,
A is the state or plant matrix, B is the control input matrix,
C is the output matrix, D is the matrix, which defines the
proportion of input which appears directly in the output.

The eigenvalues of the state matrix A determine the
time domain response of the system to small disturbances.
From state matrix A we can calculate the eigenvalues
which can determine the stability of the system. For a
complex pair of eigenvalues 1 =0+ jw, the real component
gives the information about damping and the negative
values represents a damped oscillations. The frequency
oscillations f in Hz is given by:

[
2 f=—
(2) o
and the damping ratio & is given by:
—O
3)

: Jo? + o’

The research program was divided into the following cases:

e Case 1 - the basic model of the system with extended
lines L2, L5, L20 and L21.

e Case 2 - in the basic model, the traditional G03, GO7
and GO09 generation units were replaced with wind
generation units of the full-converter type.

e Case 3 - in the basic model, traditional generation units
located in area C were replaced, i.e., G04, G05, G06
and GO7 (Area C becomes non-inertia).

Additionally, the model from Case 3 investigated the effect

of installing additional synchronous units along wind

turbines.

The results of the analysis
a) Case 1

The research starts with the analysis of the basic case 1
i.e., identification of electromechanical oscillations. As part
of this study, the eigenvalues related to local and inter-area
oscillations were distinguished, as well as the oscillation
frequencies and damping coefficients. The results for the
Case 1 are presented in Table 2.

In the Case 1, eigenvalues related to inter-area
oscillations were distinguished — 50, 51 and 54, 55. The
generators G02 (50, 51) and G09 (54, 55) had a dominant
share in these specific eigenvalues.

b) Case 2

In the Case 2, the synchronous generators G03, GO7
and GO09 were replaced by the wind generators. Compared
to the Case 1, the Case 2 had eigenvalues related to inter-
area oscillations — 37, 38. In those eigenvalues, the inter-
area oscillations are dominated by the G10 generator, with
the oscillation frequency slightly increased (from 0.807 to
0.894), and the damping factor decreased (from 0.030 to
0.010). The results for the Case 2 are presented in Table 3.

Table 2. The results for the Case 1

No. A=0o tjo f [Hz] & Type
/136’37 -0.689+9.370 1.491 0.073 local
g3 -0.71749.250 1.472 0.077 local
Ago.a1 -0.634+8.855 1.409 0.071 local
/7«42,43 -0.446+7.420 1.181 0.060 local
Agass -0.375£7.293 1.161 0.051 local
Aasar -0.24516.840 1.089 0.036 local
/150,5] -0.2254+5.776 0.919 0.039 inter-area
/7«54‘55 -0.155+5.070 0.807 0.030 inter-area

Table 3. The results for the Case 2

No. A=0o tjo f [Hz] & Type
3«26,27 -0.71049.252 1.473 0.077 local
g 20 -0.642+8.697 1.384 0.074 local
Ao -0.491+7.598 1.209 0.064 local
Ass.36 -0.241+6.244 0.994 0.039 local
/157)38 -0.054+5.617 0.894 0.010 inter-area

c) Case 3

In Case 3, synchronous generators that were located in
the C sector of the New England system were replaced by
the wind turbines. In the Case 3, there are four eigenvalues
related to inter-area oscillations — 29, 30 and 33, 34. As in
the Case 1, the dominant generators in these eigenvalues
are the generators G02 (29, 30) and GO09 (33, 34),
respectively. Compared to Case 1, the oscillation frequency
related to the GO2 generator remained practically the same
(from 0.919 to 0.922) and for generator G09, the frequency
oscillation decreased (from 0.807 to 0.683). The damping
factor for generator GO2 remained practically unchanged
(0.039 to 0.041), while for GQ9, the damping factor
increased (0.030 to 0.069). The results for the W3 variant
are presented in Table 4.

Table 4. The results for the Case 3

No. A=ctjo f [Hz] & Type
3«21‘22 -0.632+8.836 1.406 0.071 local
124’25 -0.388+7.567 1.204 0.051 local
/127,23 -0.23946.798 1.082 0.035 local
2«29,30 -0.235+5.790 0.922 0.041 inter-area
/133)34 -0.295+4.290 0.683 0.069 inter-area

d) Additional analysis for Case 3

In the next part, the Case 3 was extended by four
additional cases 3 (G4), 3 (G5), 3 (G6), and 3 (G7). In each
of them, in the place of the synchronous generator replaced
by the wind turbine, an additional inertia was introduced i.e.,
a synchronous source that would contribute to the system
inertia.
The results of the Case 3 with additional inertia at the
location of the generator G4 are presented in Table 5. Table
6 presents the results for the Case 3 with additional inertia
at the location of the generator G5. Table 7 presents the
results for the Case 3 with additional inertia at the location
of the generator G6. Table 8 presents the results for the
Case 3 with additional inertia at the location of the
generator G7.
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Table 5. The results for the Case 3 (G4)

A=ctjw f [Hz] &
-0.635+8.843 1.407 0.072
-0.24616.817 1.085 0.036
-0.390+7.569 1.205 0.051
-0.243+5.780 0.920 0.042
-0.308+4.229 0.673 0.073
-17.310+6.964 1.108 0.928
-2.23846.825 1.086 0.312

Table 6. The results for the Case 3 (G5)

A=ctjo f [Hz] &
-0.6354+8.444 1.408 0.072
-0.246+6.816 1.085 0.036
-0.389+7.570 1.205 0.051
-0.243+5.778 0.920 0.042
-0.29814.231 0.673 0.070
-40.464+1.355 0.216 0.999
-2.003+6.841 1.089 0.281

Table 7. The results for the Case 3 (G6)

A=0ctjw f [Hz] &
-0.634+8.844 1.408 0.071
-0.247+6.819 1.085 0.036
-0.390+7.569 1.205 0.051
-0.243+5.780 0.920 0.042
-0.325+4.213 0.671 0.077
-17.764+7.588 1.208 0.920
-2.12616.825 1.086 0.297

Table 8. The results for the Case 3 (G7)

A=ocxjw f [Hz] &
-0.633+8.844 1.408 0.071
-0.247+6.819 1.085 0.036
-0.390+7.570 1.205 0.051
-0.244+5.780 0.920 0.042
-0.330+4.208 0.670 0.078
-17.850£7.622 1.213 0.920
-2.008+6.764 1.076 0.285

Compared to Case 3. the number of eigenvalues in the
field of electromechanical oscillations increased by 4, while
the effect of connecting an additional inertia had little impact
on the eigenvalues of the system. However, a change can
be seen in the case of eigenvalues related to the added
inertia (last two rows). In the Case 3 (G5), a reduction in the
oscillation frequency from approx. 1 Hz to 0.216 Hz can be
noticed. The damping factors did not change much.

Summary

The article presents current issues related to renewable
energy sources - energy transition, Poland's energy policy
until 2050, and the current state of wind energy. The issue
of integration of renewable energy units connected to the
system by converters was discussed.

The results of the local angular stability studies for
various cases of replacing conventional sources with wind
sources were presented. The tests were carried out on a
model of the New England power system. The base model
was modified, the length of four lines was increased. Then,
three cases of research were proposed, in which traditional
generating units were replaced by wind turbines. An
analysis of connecting additional inertia at the wind farm
location was also performed.

The obtained research results confirm that the
transformation of the generation sector of the power system
has an impact on the dynamics of the power system.
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