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Probabilistic Assessment of the Effect of a Spatially
Distributed Hybrid Renewable Energy Source Plant
on System Transient Stability
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Engineering
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Abstract— Due to the interest in both the environmentally
sustainable development and the flexibility of power system,
hybrid renewable energy source (HRES) plant has become an
attractive research topic. HRES plant represents a mix of
various generation and storage technologies seen as a single
entity from the perspective of system operators. This paper
investigates the impact of a spatially widely distributed HRES
plant on transient stability of transmission network on the basis
of three representative 24-hour operation scenarios.
Probabilistic approach is used for performing transient system
stability analysis. The transient stability index is chosen for
assessing the influence of the HRES plant on transient system
stability. The study is carried out on a large 255-bus
transmission system containing four realistic transmission
networks. The simulations are conducted in Matlab and
DIgSILENT/PowerFactory software environment.

Keywords— hybrid renewable energy
probabilistic modelling, transient stability

source plant,

I. INTRODUCTION

Over the years, there has been a growing interest in
renewable energy sources (RESs) due to the progressive
depletion of traditional fossil fuels and the overall
environmental degradation. RESs, such as wind and solar
energy, are being integrated into power systems all over the
world. For instance, the installation capacity of RES power
plants in the United Kingdom increased from 8 GW in 2009
to about 50 GW at the end of 2020 [1]. However, the
variability and non-dispatchability of these sources makes the
use of an RES technology as a single energy source in a power
plant unreliable from the perspective of power supply [2].
Consequently, hybrid renewable energy source (HRES) plant
has received considerable attention due to its potential to
mitigate the stochasticity of individual RESs while preserving
the environment.

HRES plant refers to any power plant consisting of more
than one type of energy technologies (generation, storage) [3].
Multiple technologies have a single point of interconnection
and the whole HRES plant is seen as a single resource from
the perspective of the operator [4]. The idea of HRES plant
concept is to aggregate different technologies to obtain stable
and controllable power production as in the case of
conventional power plants. As a result, HRES plants can
participate in energy markets and provide ancillary services
traditionally obtained from synchronous generators (SGs). In
addition, HRES plant structure can be more easily adapted to
meet new market requirements compared to single RES
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technology-based plant and this flexibility in plant
configuration is of particular interest to investors. The most
common projects involve combinations of battery energy
storage systems and photovoltaic (PV) plants and/or wind
farms (WFs) [4]. The use of hydro power plants in HRES
plants is receiving a significant attention as well [4]. A
combination of 29 MW solar plant and 50 MW WF was
installed in India in 2018 [5]. HRES plant consisting of a
194 MW WF and a 20 MW battery energy storage system was
put in operation in Australia in 2020. In the United States,
three plants combining PV and biomass generation sources
with the total capacity of 19 MW are in operation [6]. At the
end of 2020, 226 HRES plants were installed in the United
States with the total of 29.4 GW generation and 0.8 GW
storage capacity [6]. It is expected that a significant number of
large grid —connected HRES plants will be integrated into
power systems in the future [7].

Research on HRES plants has been mainly devoted to the
optimal location, design and economic dispatch of HRES
plants [8]. On the other hand, the impact of HRES plants on
system dynamic behaviour has been commonly neglected in
studies. In case of a large number of traditional single RES
technology-based plants and HRES plants in power systems
as well as decommissioned conventional generators, optimal
economic commitment of generation units may result in
power system instability. Under such conditions in power
system, it may be necessary to take into consideration system
dynamic constraints when deciding on the optimal dispatch of
individual plants within the HRES plant as well as the optimal
dispatch of SGs in the rest of the system for a certain time
interval.

This paper investigates the influence of a spatially widely
distributed HRES plant on transient stability of a large
interconnected transmission network. This is a departure from
conventional approach of defining HRES plant as a group of
different RES technologies connected to the same point of
common coupling. Instead, the paper considers that one
owner, e.g., independent generation or RES generation
aggregator, may have several RES power plants of the same
or different technologies spread across the network and that
they may provide their services of stable and controllable
power production to transmission system operator, though it
may not be delivered at the same “point of entry” in the
network. The considered HRES plant consists of wind and
solar technologies. The study is performed using three
representative system operating scenarios in a large, 255-bus,
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interconnected transmission system comprising four
individual realistic transmission networks with 42 equivalent
SGs. Each operating scenario involves a 24-hour transient
system stability assessment in a probabilistic manner
(probabilistic modelling of power outputs of individual RES
technologies within the HRES plant and probabilistic
representation of the global transient system stability results).
Transient stability index (TSI) is used for describing the
overall transient system stability status. The correlation
between the distribution of RES power production across the
test transmission system (that is, HRES plant spatial
composition) and the transient system stability performance is
analyzed. All simulations were carried out in a mixed Matlab
and DIgSILENT/PowerFactory environment.

Il. METHODOLOGY

The methodology for assessing the influence of the
distributed HRES plant on the transient stability of the system
relies on the probabilistic modelling of power outputs of RESs
and probabilistic representation of the transient stability
results (i.e., TSI values). Adequate probability distribution
functions (PDFs) are used for random sampling of production
of individual RES power plants within the HRES plant for the
considered system operating points. The most probable TSI
for the particular operating condition is determined according
to the PDF obtained on the basis of TSI values for a large
number of system disturbances, and then used for assessing
the impact of the HRES plant spatial composition on the
overall transient stability performance of the system. The flow
chart of the methodology is shown in Fig. 1. The procedure
comprises three parts. Part |1 and Part I1l, which are mainly
focused on data analysis, are performed in Matlab R2020a [9],
while Part 1l (system stability analysis) is run in
DIgSILENT/PowerFactory 2020 environment [10].

Firstly, a test scenario (TS) corresponding to a 24-hour
transient system stability assessment is chosen from a pre-
defined set of TSs (block {1} in Fig. 1). Each TS is associated
with a particular daily system loading profile (block {2} in
Fig. 1). For each hour in the chosen TS, the power outputs of
RES plants within the HRES plants are defined in a
probabilistic manner (block {3} in Fig. 1) by sampling the
RES power output from the predefined probabilistic
distributions. In the case of WFs, it is assumed that the wind
speed follows a Weibull distribution with a shape parameter
of 2.2 and scale parameter of 11.1 [11]. The power production
for the sampled wind speed is obtained from a typical wind
turbine power curve [12]. When it comes to PV plants, the
production levels are generated assuming that the sun
irradiation follows a Beta distribution [13] with the following
parameters: ¢=13.7 and b=1.3 [14].

Pre-disturbance power outputs of SGs in the network are
obtained from the results of the optimal power flow (OPF)
performed in Part 1l of the methodology (block {5} in Fig. 1).
In order to take into consideration the reduction in the total
system inertia level due to HRES plant integration, it is
assumed that each SG in the test network is an equivalent
generator of a power plant having the maximum four identical
units in operation. For a specific plant power output (obtained
from the OPF calculation), the maximum number of units in
the plant that can be disconnected is determined according to
the minimum required operating capacity of the plant (1) [15]:

MV Asg, yin= i
SGyMin (1-SCapsg;)'Npfsq;’

)

where MVAgg, yin is the minimum required operating
capacity of the plant for a given plant production, Psg; is the
dispatch of the i-th SG in MW, SCapsgi is the spare reserve of
the i-th SG in p.u. and Npfsgi is the rated power factor of the i-
th SG. A fixed spare capacity of 15% and a rated power factor
of 0.85 are adopted [15].

The OPF is performed in DIgSILENT/PowerFactory
environment using the detailed system model. The interior
point method (the algorithm for AC OPF in
DIgSILENT/PowerFactory) is used for solving the
optimization problem. The OPF is conducted twice. In the first
OPF, all SGs in the test system are in service and have the
maximum rated capacity (i.e., it is assumed that all four units
in the plant are in service). The results of the first OPF, which
depend on the actual output of RESs in the system, are then
used to identify which SGs should be disconnected (if
calculated generator output is below the minimum allowed
power level, the generator is disconnected from the system).
The second OPF recalculates the power outputs of SGs after
disconnecting certain generators according to the results of the
first OPF. In both OPF calculations, the objective is to
minimize the total generation cost while satisfying the
specified total system load and considering the constraints in
terms of real and reactive power outputs of SGs, bus voltage
magnitude, line and transformer loadings.

Following the OPF, the pre-disturbance operating
condition of the whole network is identified. The next step
involves performing system stability simulations in
DIgSILENT/PowerFactory  software. Transient system
stability is assessed through electromechanical simulations
(block {6} in Fig. 1). Three-phase self-clearing short-circuit
faults at the middle of all transmission lines are considered as
representative system disturbances for transient stability
assessment. The adopted fault duration is 100 ms. Only three-
phase faults are considered as they usually result in the most
severe system conditions. For each transient system stability
simulation, TSI value is calculated according to the following
expression (2) (block {8} in Fig. 1):

360—8max

TSE100- ,
360+8max

2

where Jmax represents the maximum rotor angle deviation
between any two SGs in the network at the same moment after
a disturbance. Negative TSI values indicate transient system
instability.

EP“"t I Select the test scenario {1 ;|
: I l
Daily loading Define RES {3}
profile {2} oduction per hou

‘ Adjust parameters of RES plants |}

and loads in the test system {4} ------m--mm--mmomoem o '
I Y '4'; : Part 111

TSI calculation g1
|

! | Statistical analysis of TSI

Two-step OPF calculation {5 :.|

I i

Transient system stability
simulations {6}

| i

Record rotor angle responses of | i !
synchronous generators 7y

Part 11

values 19}
|
Representative TSI value

for each hour {10}

Fig. 1. The flow chart of the methodology.
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Part 11l involves statistical analysis of the obtained TSI
values. Given that a large number of three-phase short-circuit
faults are simulated per hour in the TS, the most probable TSI
value is defined for each hour, and then used as a
representative TSI value for the given hour in the further
analysis. For each hour in the TS, the non-parametric Kernel
PDF is estimated on the basis of the relevant TSI values (block
{9} in Fig. 1) [16]:

faGo=-3m, K (52), 3)

where f,,(x) is the Kernel density estimation of the unknown
PDF f, x is a random variable, n is the number of samples in
the dataset, K is the non-negative Kernel function with the
integral equal to one, and h is the bandwidth.

The normal distribution with zero mean and standard
variance of one is used as a Kernel function as it is the most
widely applied [16]. When it comes to the bandwidth, the
optimal value of the parameter h is defined using the solve-
the-equation plug-in method as it has shown the best
performance among many other bandwidth estimation
techniques [17]. TSI value corresponding to the maximum
value of the estimated PDF is selected as the representative
TSI value for the analysed operating point/hour in the TS
(block {10} in Fig. 1).

Ill. TEST SYSTEM

A. Modelling of the Test Network

The test system is a simplified, realistic representation of
a 255-bus equivalent of four interconnected real transmission
networks in Europe comprising 42 SGs and 178 loads. The
network structure, as shown in Fig. 2, is divided into four areas
connected by 17 tie-lines (TLs). Due to confidentiality
reasons, the detailed single line diagram of the network cannot
be shown in the paper. The HRES plant in the test system
consists of RESs (WFs and PV plants) that are spatially widely
distributed in four areas. RES plants are marked in Fig. 2 as
“RESx”, where x is a number from 1 to 21 and from 1 to 32 in
the case of the Current and Future RES state, respectively (a
detailed explanation of the Current and Future RES state is
provided in the following Section I11 B).

The test system is developed in
DIgSILENT/PowerFactory  software environment. The
standard sixth- and fifth-order SG model is used for modelling
thermal and hydro power plants, respectively. The control
systems of SGs include excitation systems and governors.
Given that the focus of the analysis is on electromechanical
oscillations (with frequency between 0.2 Hz and 2 Hz), it is
assumed that the whole drive system is made up of a single
mass, and thus can be represented by a single inertia [18]. The
inertia of the SG model includes the inertia of the turbine and
generator rotor. Wind turbines and PV units are represented
by Double Fed Induction Generators (DFIGs) and Full
Converter Connected (FCC) units, respectively. RES power
plants contain a number of identical units connected in
parallel. The rated power output of individual units in WFs
and PV plants is 2 MW. It is assumed that units in service
operate at the rated power output, so the number of units in
operation is defined by the total power production of the RES
power plant. PV plants do not have reactive power capability,
while a wind generator produces 0.25 Mvar. The structures of
dynamic controllers of WFs and PV plants are in line with

guidelines given in [19-21] and suitable for large system
stability studies. Detailed description of the dynamic models
of RES power plants can be found in [15]. System loads are
modelled using a constant power load model.
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Fig. 2. The schematic diagram of the test system (circles indicate RES
plants in the Current RES state; dot and square symbols indicate RES plants
installed in the Future RES state).

B. Test Scenarios

Three TSs involving different loading and RES states are
defined to reflect realistic system operation and shown in
Table I. The maximum and minimum loading corresponds to
a system operating condition in winter and summer of 2017,
respectively [22], and the corresponding system loading
curves are illustrated in Fig. 3. Both RES states from Table |
are designed according to the values reported by the respective
transmission system operators and their more detailed
description is given in Table Il. RES state at present, i.e., the
Current RES state in Table I and Table II, includes 17 WFs
(no PV plants among the installed RESs). The total installed
WEF capacity at present is 1190 MW (Area 1: 168 MW, Area
2: 86 MW, Area 3: 374 MW, Area 4: 562 MW), which is 9.4%
of the installed SG capacity. Considering future network
development, the installation capacity of the existing WFs will
increase, WFs at new locations will be installed, and there will
be further PV plants connected to the system. Therefore, the
Future RES state, as referred to in this paper, will include 21
WFs and 11 PV plants, with the total installed capacity of
7908 MW (62.4% of the installed SG capacity). The WF
installation capacity in the Future RES state per area is:
Area 1: 1112 MW, Area 2: 86 MW, Area 3: 5192 MW, Area
4:1048 MW. When it comes to PV plants, nine out of eleven
PV plants are to be installed in Area 4 with the total capacity
of 300 MW, while Area 1 and Area 3 are going to contain a
100 MW and a 70 MW PV plant. RES plants included in the
Current RES state are marked by circles in Fig. 2, while WFs
and PV plants planned to be installed in the future are
represented by black dots and squares in Fig. 2, respectively.

TABLE I. TEST SCENARIOS
Scenario Number Loading level RES state
TS1 Maximum loading Current RES
TS 2 Maximum loading Future RES
TS3 Minimum loading Future RES

RES penetration level at each hour of the TS is defined as
follows:

RES e (%)= 2255 10, (4)

PLoadl-



This is accepted version of the paper published in PMAPS 2022

where Pyggs; and Ppoqq, is the total HRES plant production
and the total system load at the i-th hour, respectively. RES
penetration levels at each hour of the analysed TSs are shown
in Fig. 4. As can be seen, the average RES penetration levels
for the three test TSs are about 10%, 30%, and 60%,

respectively.
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Fig. 3. Maximum (blue solid) and minimum (orange dashed) system
loading curves.

TABLE I1. RES STATES
RES state Number of | Total WF Number of Total PV
WFs Capacity PV plants Capacity
Current 17 1190 MW 0 0 MW
Future 21 7438 MW 11 470 MW
(1“4-\ ) s *'\‘ [N "\\ 1
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Fig. 4. RES penetration levels for each hour in TS 1 (blue), TS 2 (green)
and TS 3 (red).

IV. RESULTS AND DISCUSSION

As described in Section Il, 24 hour-transient system
stability assessment is performed for each of the three TSs.
The Kernel PDF is estimated using the simulated TSls and the
most probable TSI value is defined for each hour in the TSs.
In the case of TS 1, the PDF of the obtained TSI values for
each hour can be represented by the Weibull distribution as
well. The values of the scale parameter are between 68 and 74
for all hours. The shape parameter of the Weibull distributions
is within the range [70-120] for hours 01:00 — 07:00 and
24:00, while it is about 58 for the remaining hours during the
day. None of the standard, well-known PDFs can be used for
representing the PDF of TSIs for most of the hours during the
day in TS 2 (TSI values for few hours follow the Weibull or
normal distribution) as well as any hour in TS 3, and the
Kernel distribution is the only PDF that provides satisfactory
results for these operating conditions.

In order to simplify the representation of the results, TSI
values presented in Fig. 5 are the most probable TSI values
(according to the estimated Kernel PDFs) for each hour in the
TSs. Fig. 5 shows the change of TSI during the day for three
TSs in order to show the overall transient system behaviour.
According to Fig. 5, the TSI calculated under TS land TS 2
always keeps a high value during the day (over 70 most of the
time), while TSI exhibits greater variations in TS 3 with the
largest drop in TSI value observed at hours 4:00, 19:00 and
21:00 (at these hours RES energy injected into the system

from Area 3 is at least seven times larger than RES production
in Area 1 and RES13 in Area 3 has the largest power output).

In TS 1 the change in TSI over a day follows, to a great
extent, the trend of system daily loading profile. The number
of SGs in service is higher in this scenario than in TS 2 and
TS 3 due to higher loading and lower RES penetration level,
which in turn provides very stable transient behaviour of the
system during the whole day. By comparing TSI in TS 1 and
TS 2 in Fig. 5, where the system loading is the same but RES
penetration is different, it can be observed that TSI values in
TS 2 (the Future RES state) have a higher magnitude during
the low load periods of the day. This suggests that the HRES
plant with larger installed capacity could contribute to system
transient stability during the periods of low system demand as
more of the SGs in the system would operate with higher spare
capacity. This though is not a straightforward conclusion to
make as the future locations, not only installed capacity, of
individual generation technologies within the HRES plant,
may be different from the ones in the existing RES state and
hence result in different generation dispatch and different
power flows in the system. The consistency in improved TSI
values during the low load period though suggests that the
available RES capacity (and consequential de-loading of SGs)
might have the dominant effect.

Focusing on TS 2 and TS 3, where the integrated RES
capacity is the same (the Future RES state) but the loading
level is different, it can be seen that the TSI value in TS 2 (the
Maximum loading) is generally higher (system is more stable)
than in TS 3 (the Minimum loading). System operation at the
minimum loading level implies that the participation of SGs
is small. Lower number of traditional generators in service
results in the lower total system inertia level, which results in
the deterioration of transient system stability performance.
Further inspection of TS 3 revealed that the high values of TSI
in TS 3 (70 and above) are related to SG23 in Area 3. In the
case of these operating conditions (hours 10, 11, 13, 15, 17,
18, 20, 22 and 24), the committed capacity of SG23 is larger
than 410 MVA (i.e., three or four units in the plant are in
operation). The only exception is hour 18:00 characterized by
SG23 out of service, but associated with the highest system
inertia level among all hours during the day (the total system
inertia constant at 18:00 h is 4 seconds compared to the value
of about 3 seconds for the remaining hours during the day).
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Fig. 5. Representative TSI values for each hour in the TSs.

In order to further analyze the impact of economic
dispatch of generation units on transient system stability
performance, in each TS additional analysis is carried out for
hours with similar total HRES plant production and total
system demand to investigate the correlation between RES
power distribution across the network (i.e., HRES plant spatial
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composition) and the most probable TSI value for the
considered operating condition. Similarity in HRES plant
production and system load is necessary in order to decouple
the impact of HRES plant power output and HRES plant
spatial composition on TSI. The share of RES production in
Area 2 in the total HRES plant power output is significantly
smaller compared to the other three areas in both RES states
and thus not taken into account in this analysis.

In the case of TS 1, there are four groups of operating
points characterized by similar total HRES plant power output
and system demand and they are given in Table 111 (Note: In
Table 1l - V, “Share_x" represents the participation of RES
production in Area x in the total HRES plant power output,
while the TSI values correspond to the most probable TSI
values for the chosen hours). As seen in Table Ill, the most
probable TSI values for hours within the same group are
almost identical. In the case of Groups 1 and 2, the maximum
difference between the shares of individual areas’ RES
production in the total HRES plant output for the operating
conditions in the group is below 5%. As for the remaining two
groups, larger differences between HRES plant spatial
compositions for the hours in the same group can be observed.
For instance, the amount of RES power produced in Area 3 is
around 5 times larger than in Area 1 at 22:00 h (Group 3),
while this ratio is equal to 1.7 at 15:00 h (Group 3). Similarly,
RES power output in Area 3 and Area 4 is about 3 and 5,
respectively, times larger than RES production in Area 1 for
the operating point at 18:00 h (Group 4), while similar amount
of RES power is produced in Areas 1 and 3 at 17:00 h (Group
4) and is equal to a half of RES production in Area 4 at the
same hour. Given that RES penetration level (calculated
according to Eq. (4)) is around 10% for the selected hours
from TS 1, change in RES power distribution across the
system has almost no effect on the optimal economic dispatch
of SGs. The average difference between SG power outputs for
the hours within the same group is less than 2.5 MW.

TABLE IIl. SELECTED OPERATING POINTSFROM TS 1

PHRES PLoad Share_l Share_3 Share_4

Group | Hour | TSI Mw) | (Mw) (%) (%) (%)
1 9:00 | 735| 976 8776 8.4 34 53
10:00 | 735 | 948 8797 12.9 32 55

5 11:00 | 73.1 | 610 8792 19 37 42
12:00 | 73.1 | 570 8712 19.7 32 39

14:00 | 73.7 | 792 8518 13.6 33 44

3 15:00 | 73.6 | 814 8530 16.5 29 53
22:00 | 73.7 ] 832 8556 79 37 43

4 17:00 | 72.4 | 676 9266 21.9 24 41
18:00 | 72.4 | 686 9197 9.6 27 51

Three groups of two hours with similar HRES plant power
production and system load level are identified in TS 2 (see
Table IV). Similar to TS 1, operating conditions within the
group result in similar transient system stability performance
(the maximum difference between the most probable TSI
values for the hours in the same group is 2) regardless of RES
power distribution across the test system. The participation of
individual areas in the HRES plant production is similar for
the pair of hours in Group 1. When it comes to Groups 2 and
3, the main difference is in RES power distribution across
Areas 1 and 3. Namely, in the case of operating point at 11:00
h (17:00 h) from Group 2 (3) similar amount of RES power is
produced in Areas 1 and 3, while RES power in Area 1
corresponds to about 20% of RES power in Area 3 at 12:00 h
(18:00 h) from the same group. Unlike in TS 1, the number
and rated capacity of SGs in operation is not the same for

operating points in the same group. However, the differences
are not significant and do not influence the overall system
dynamic performance.

TABLE IV. SELECTED OPERATING POINTS FROM TS 2
Pures | Proad | Share 1 | Share 3 [Share 4|

Group | Hour | TSI W) | (Mw) (%) (%) (%)
1 9:00 | 71 2448 8776 10 60 25
16:00 | 72.7 | 2472 8759 15 69 15

) 11:00 | 69 2832 8792 34 40 23
12:00 | 71 2868 8712 11 50 36

3 17:00 | 69.5 | 2516 9266 32 47 19
18:00 | 70.5 | 2598 9197 14 60 23

Finally, three groups with three time samples can be used
for analyzing the influence of HRES plant composition on the
global transient system stability status in TS 3 and are given
in Table V. Hours from Group 1 (10:00, 15:00, and 20:00)
result in similar TSI. On the other hand, the most probable TSI
values for operating conditions from other two groups depend
on HRES plant spatial composition. Different RES shares of
Areas 1 and 3 for the hours within the same group represent a
major cause of their different transient system stability
statuses. Namely, operating points with similar HRES plant
power output and system demand result in similar TSI values
if differences between their RES shares of Area 1 and Area 3
are about 10% (operating points from Group 1, 12:00 h and
21:00 h from Group 2, 16:00 h and 19:00 h from Group 3).
RES power provided by Area 1 and Area 3 is very similar at
11:00 h (Group 2) and 17:00 h (Group 3), while RES
production in Area 3 is at least 4.5 times larger than in Area 1
in the case of other operating points from Groups 2 and 3.
Hours 11:00 and 17:00 are associated with higher TSI value
(744 and 725 for 11:00 h and 17:00 h, respectively)
compared to other hours within their respective groups (TSI
value for these operating conditions is about 60).

TABLE V. SELECTED OPERATING POINTS FROM TS 3
Phres PlLoad | Share_1 | Share_3 [Share 4

Group | Hour | TSI W) | (mw) (%) (%) (%)
10:00 | 73.3 | 2594 | 4496 31 49 20

1 15:00 | 72.7 | 2608 | 4469 26 46 27
20:00 | 70.7 | 2620 | 4504 26 56 18

11:00 | 74.4 | 2832 | 4684 34 40 23

2 12:00 | 63.4 | 2868 | 4750 11 50 36
21:00 | 60.4 | 2858 | 4745 7 63 28

16:00 | 62.7 | 2472 | 4359 15 69 15

3 17:00 | 72.5 | 2516 | 4319 32 47 19
19:00 | 59 | 2508 | 4363 9 68 19

HRES plant spatial compositions for characteristic hours
(i.e., a pair of hours characterized by different representative
TSI values) from Groups 2 and 3 are illustrated in Fig. 6 (a)
and Fig. 6 (b), respectively, using dots of different colours and
sizes. The sizes of the dots in Fig. 6 reflect the RES share of
individual areas in the total HRES plant production.
Furthermore, RES power plant with the highest power
production (RES1) is located in Area 1 at 11:00 h and 17:00
h, whereas the highest individual RES power plant output
comes from Area 3 in the case of the remaining hours from
Groups 2 and 3 (the relevant plants are RES11, RES13,
RES14 and RES15, all of them located in a geographically
small region). When it comes to the operating points from
Group 1, RES power plant with the highest generation is in
Area 1 for hours 10:00 and 20:00 (RES18 and RESI,



This is accepted version of the paper published in PMAPS 2022

respectively, which are geographically close to each other),
while it is located in Area 4 at 15:00 h. However, the second
largest RES power plant output at 15:00 h is produced in Area
1 (RES18), and the difference between the top two RES power
plant outputs for this hour is only 38 MW.

(b) Area 4

TL 12

=220kV
=400 kV

Fig. 6. Illustration of HRES plant spatial composition for characteristic
hours from TS 3: (a): Group 2: hour 11:00 (red) and hour 21:00 (blue); (b):
Group 3: hour 17:00 (red) and hour 19:00 (blue).

The previous analysis demonstrated that: i) the
configuration of SGs in service at hours characterized by
similar TSI values is very similar, if not identical; ii) the
difference between SG economic dispatches for hours with
different TSI values is considerably larger. Therefore, it can
be concluded that the location and number of SGs in
operation, influenced by the location and output of RESs (i.e.,
HRES plant spatial composition) and total system demand,
affect the transient stability of the power system with a high
RES penetration level.

V. CONCLUSION

This paper presented the investigation of the impact of the
geographically distributed HRES plant on transient stability of
a large interconnected transmission network. Three
representative operation scenarios involving different
combinations of loading and RES states are simulated over a
24-hour time period. Though, at the first site the analysis
performed may look very similar to conventional study of the
effect of large penetration of RESs on system performance,
there is one marked difference which is the assumption of
coordinated deployment of RESs across the system. The
coordinated deployment aims to maximise the offset of
generation from SGs (to reduce cost and environmental
effects) while deploying the optimal composition of
individual RES technologies within the HRES plant
(geographically spread across the system) to insure desired
system stability performance.

It is demonstrated that both, the system loading level and
the HRES plant spatial configuration affect the system
stability. Larger system loading, hence smaller relative
participation of RESs, generally has a positive impact on
transient system stability, while the future RES configuration
could lead to either better or worse transient stability. The
spatial configuration of HRES does not influence system
transient stability in the case of low RES penetration levels
(below 30% in analysed cases), however, in the case of higher
penetration level of about 60% this influence becomes much
more prominent. The location and output of individual RESs
in the HRES plant affect the location and number of SGs in
operation, and consequently their rotor angle responses to
system disturbances. Therefore, the deployment of individual
RES plants within spatially distributed HRES plant, in cases
of higher penetration levels of RESs in the system, should be
decided after assessing overall system transient (and other)
stability performance. The conventional economic dispatch in

these cases may lead to inadequate system dynamic
performance.
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