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Abstract

The integration of power electronics (PE) interfaced resources
in electrical power systems has been growing continuously. In
future power systems, PE-interfaced devices, including
renewable energy resources (RES) and High Voltage Direct
Current (HVDC) technologies, are going to play a significant
role in providing electrical energy. Therefore, the study of
power system stability in mixed AC/DC networks is of
critical importance. A significant number of wind and HVYDC
technologies will be connected to the Great Britain (GB)
network by 2030, which makes the network an interesting
study into the stability of mixed AC/DC networks with high
numbers of PE-interfaced sources. In this paper, a reduced-
order model of the future GB network is developed and used
as a study case to explore the factors influencing the damping
of an inter-area oscillation. The system variables are
measured and a new measure, the centre of inertia (COI)
electrical distance, is developed based on graph theory
concepts to quantify changes in network topology. Then,
correlation analysis is performed between these indices and
the damping ratios of an inter-area oscillation. The results
show that the new index, COI electrical distance, has a strong
correlation with the damping of inter-area oscillation under
changes in the network topology, which can be used for quick
identification of potentially problematic operational scenarios.

1 Introduction

Non-synchronous sources, such as RES and HVDC systems,
have been connected to power systems in increasing numbers.
The amount of energy provided by RES, particularly wind
generation, is continuously growing. According to statistical
data, the global installed capacity of wind generation
increased 10.78% in 2017, compared to 2016. In the United
Kingdom (UK), the total installed capacity of wind generation
increased 29% over a year in 2017 [1]. Besides a significant
increase in wind generation, HVDC interconnections have
been increasingly integrated into power systems to provide
greater transmission capacity from other systems and increase
market trading. The global installed capacity of HVDC
interconnectors was approximately 270 GW in 2016 and it is
expected to reach 540 GW by 2025 [2]. In the UK, total
installed capacity of HVDC interconnectors and embedded

links will be approximately 24.6 GW by 2030 [3], equal to or
even exceeding the minimum transmission system load.

Due to an increase in a number of PE-interfaced devices
connected to power systems, the stability of mixed AC/DC
grids needs investigation [4]. However, such a study is not
typically conducted on systems with a large humber of both
multi-infeed HVDC and wind generation. As mentioned
previously, the GB network will consist of a high level of
wind generation and HVDC connections by 2030.
Additionally, an inter-area oscillation between Scotland and
England was detected in late 1970s [5]. This oscillation still
exists due to the longitudinal structure of the network.
Therefore, the GB network itself is a strong candidate case
study for researchers exploring the impacts of non-
synchronous sources on power system stability, especially
small-signal stability study. In this paper, a reduced-order
model of the future (2030) GB network is developed in order
to investigate the variables influencing damping of the critical
inter-area oscillation.

Analysis of this study network will be used to identify steady
state network characteristics that can be used as proxy
variables of system stability — providing a reliable indication
of stability without the need to run full stability analysis. The
electrical distance between groups of oscillating generators is
suggested as a potential proxy variable for inter-area
oscillations since it is known that the damping of inter-area
modes vary when the topology changes. Graph theory is
introduced as a tool to quantify the network topology. The
study of graphs and networks has been conducted in many
interdisciplinary applications such as mathematics, computer
science, physics, biology and economics [6]-[8]. In graph
theory, a graph or network is a set of vertices (or nodes, or
points) connected to each other by edges (or lines) [8]. This is
obviously analogous to electrical power systems in which
substations (nodes) are connected through power lines (edges)
to provide power transfer between different areas. In this
study, a selection of system variables is measured. COI
electrical distance is developed and calculated based on one
of the quantitative measures in graph theory. Spearman’s rank
correlation coefficient is calculated in order to identify the
strength of linear relationship between these indices and
damping of the inter-area oscillation. The main contributions
of this research are summarised as follows:
o A reduced-order model of future GB system has been
developed as a study case of a mixed AC/DC network.
e A new measure, the COI electrical distance, has been
developed based on graph theory. Then, system



variables are measured and COI electrical distance is
calculated under various operating scenarios.

e Correlation analysis has been performed between the
measured variables and damping ratios of the inter-
area mode in order to identify proxy identifiers of the
inter-area mode damping.

2 Modelling of future Great Britain network

This section presents the process of modelling the future GB
system for both steady state and dynamic simulation. The
assumptions made during the design process are discussed.

2.1 Steady state model of the future GB network

The steady state model of the future GB system, used in this
research, has been developed based on 29-bus GB system
originally created by the University of Strathclyde (UoS) [9].
The boundaries of 29 areas are drawn based on two
assumptions:

1. Firstly, each boundary is selected based on transmission
system boundaries provided in Electricity Ten Year
Statement (ETYS) [10].

2. Secondly, the transmission lines lying across the
boundaries are compared with the transmission line data
in the UoS model. The boundary is selected if it has
similar transmission line data. If the transmission lines in
the previous model cannot be identified, a boundary lying
in the middle between two nodes in the right figure of
Figure 1 is selected.

The resulting boundaries for the 29 areas used in this research
are illustrated in Figure 1.
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Figure 1: Boundaries for 29-bus GB network (left) and 29-bus
model of future GB network (right)
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Generating units and loads, provided in ETYS, are aggregated
into 29 groups based on the areas in Figure 1 (left). The
generating data is obtained from existing contracts that
generators hold with National Grid and the demand data is
forecasted and submitted by Distribution Network Operators
(DNOs) [11]. Shunt devices operating at 132 kV and above
are selected in Scotland while the shunt elements operating at
only 400 kV are chosen in England. This assumption has been
made because the lowest voltage level represented in the
model in Scotland is 132 kV and in England is 400 kV (based
on the UoS model).

The operating conditions of the system are calculated by
using Optimal Power Flow (OPF) and Power Flow (PF)
analysis. The System Non-Synchronous Penetration (SNSP)
ratio is employed to determine the amount of non-
synchronous sources in the system. The calculation of SNSP
is expressed as (1).

SNSP = 2?:1 Pwind + Z;ﬂil PHVDC,import

Pload + Zle PHVDC,export (1)
In (1), Pying is the active power generated from wind power
plants. Pyype impore N Pyype expore @re imported and exported
active power through HVDC interconnections, P,,,4 is the
total system active power load, and n, m and p are the
number of wind power plants, imported-power HVDC, and
exported-power HVDC sites respectively. The process of
calculating the operating condition is described below. The
flow chart of this process is in the Appendix.

e The amount of power dispatched by wind generation
and the system demand are specified. The total power
from HVDC connections is calculated in order to meet
the desired SNSP.

e The OPF is performed using MATPOWER [12]

e The power flowing through embedded HVDC links is
set to two-thirds of parallel AC lines. This applies to
tie lines for Western and Eastern links (between
Scotland and England) and AC lines between nodes 1
and 2 for the Caithness Moray HVDC line.

e The OPF is run once more to identify which generators
should be shut down. The generators that operate
under 30% of their ratings will be considered as
uneconomic and shut down for this operational
scenario.

e The power flow is simulated to identify the power
factor of which generators need to be improved. The
acceptable range of power factor can be found in [13].
Local shunt devices are adjusted in order to improve
the power factor of synchronous generators.

e The power flow is simulated once again and the result
is exported in order to set the operating condition of
the system in PowerFactory.

It should be noted that the power generated from synchronous
generations is dispatched based on merit order dispatch in
OPF. The merit order dispatch from the cheapest to the most
expensive is nuclear, hydro, CCGT, coal and OCGT
respectively [14].

2.2 Dynamic model of the future GB network

After obtaining the steady state model, the dynamic models of
electrical devices in the network are developed for studies of
small-signal and transient stability. The transient dynamic
models of generating units are selected from [13]. The control
systems of synchronous generators are selected based on
IEEE recommendations [15], [16]. The excitation systems
used in this study are DC1A and ST1A. The ST1A excitation
system is employed in nuclear power plants while the DC1A
excitation system is installed in the remaining synchronous
generators in the system.



Three types of governor control systems are installed at the
synchronous generators, including GAST, HYGOV and
TGOV1. The governor control is selected based on the
turbine of the synchronous generators. Therefore, GAST is
used in CCGT and OCGT power plants. HYGOV is installed
in hydro power plants and TGOV1 is installed in nuclear and
coal power plants. The summary of generator control, both
excitation and governor systems, is presented in the
Appendix.

Two types of wind turbines are implemented in this study,
double-fed induction generator (DFIG) and fully rated
converter. The Western Electricity Coordinating Council
(WECC) generic models for both types of wind generation
are used in this research to represent the dynamic models of
wind generation [17]. An assumption has been made that
wind generation installed in the GB network before 2016 is
considered as DFIG while any wind generation that is
installed after 2016 is considered as fully rated converter.
This assumption has been made because significant amount of
off-shore wind generation is expected to be connected to the
grid through fully rated converter wind turbines [18]. The
dynamic model of HVDC has been neglected in this study
though this is a priority for future model development. Thus,
all HVDC connections are modelled as static (and possibly
negative) loads.

3 Quantitative measure for network topology

It has been observed that changes in network topology have a
significant impact on the damping of inter-area oscillations
[19]. However, there is no standard numerical index used in
power systems research that can be used to quantify such
variations (e.g. line outages). Graph theory can provide
several candidate measures, such as degree distribution,
characteristic path length, clustering coefficient and
centrality. In this research, the 29-bus GB network is
considered as a graph. A new measure, the COI electrical
distance (dco;), is developed based on characteristic path
length (CPL). The calculation of this measure is the
summation of shortest path, existing between existing nodes
in an entire system as shown in (2).

1
CPL= - D z;g 4y 2

In (2), d;; is the shortest distance between nodes i and j and n
is the number of nodes in the graph [20]. Since an inter-area
oscillation is a main focus in developing of the COI electrical
distance, the GB network is separated into two areas,
Scotland and England (with generators grouped following
modal participation analysis). The COIl electrical distance is
developed based on the following assumptions:
e The node pairs are the combination between nodes 1-
10 in Scotland and nodes 11-29 in England, as
illustrated in the right figure of Figure 1.
e An electrical distance between each node pair is
calculated, as in [21]. The distance in (2) is replaced
by the electrical distance in COI electrical distance.

e Since it is known that the damping of inter-area modes
is also affected by the system inertia, each node pair is
weighted by the inertia and rating of synchronous
generators connected at the nodes.

e The denominator is neglected as the number of nodes
in the system remains unchanged.

Based on the assumption above, d.,; can be calculated by
using (3). H; and H; are the inertia constants of the
synchronous generators connected to nodes i and j
respectively. S; and S; are the ratings of the synchronous
generators connected to nodes i and j. n; and n; are the number
of synchronous generators connected to nodes i and j. Z;; is
the electrical distance, as defined in [21], between nodes i and
j. Finally, G, and G, represent sets of synchronous generators
oscillating against each other, Scotland and England in this
study.

d _ Zieau,jecb HiniSiHjanfZU (3)
cort ZieGa,jEGb Hyn;S;Hin;S;

The COIl electrical distance is calculated and additional
system variables — SNSP ratio, total system load and total
power from wind generation — are recorded in order to
determine the strength of the relationships between these
indices and the damping of the inter-area oscillation.

4 Statistical dependence between two variables

Statistical dependence determines the strength of the
relationship between two random variables. Two variables are
statistically independent when changing the value of one of
the variables has no impact on the variation of the other
variable. On the other hand, two variables are dependent if the
changing value of one variable leads to variations of the other
[22]. Methods for correlation analysis, such as Pearson’s and
Spearman’s correlations, have been widely used in order to
numerically determine the dependency between variables.

5 Spearman’s rank correlation coefficient

Pearson’s and Spearman’s correlations coefficients have been
commonly used to determine the strength of statistical
dependency [23]. Unlike Pearson’s correlation coefficient,
there are no underlying assumptions, such as normal
distribution of variables, that need to be made when
calculating Spearman’s  correlation  coefficients [23].
Therefore, Spearman’s correlation is selected as the measure
of statistical dependence employed throughout this research.
Spearman’s correlation coefficient or Spearman’s rho (r5) is
defined in (4).

. 63D}
= nn?—-1)

In (4), D; is the difference between the ranks of sample value-
pairs and n is the number of data sample value-pairs. The
correlation coefficient is in the range from —1 to 1. The
closer the value of 7, to these extreme values, the stronger the
dependency and the relationship.

(4)



6 ldentification of potential proxy variables for
inter-area oscillations

Before identifying influencing variables on damping of an
inter-area oscillation, the operating conditions of the network
are varied in order to generate hundreds of cases with
different operating scenarios and damping ratios of the inter-
area oscillation. The SNSP is set at 30% for base case
scenario. Power generated from wind generation is set at 35%
of total installed capacity of wind generation and the system
load is set at maximum total demand for the base case. Then,
different cases with variations in the detailed system
parameters, as shown in Table 1, have been investigated.

Case  SNSP  Puina  Poad N-1
1 v
2 v
3 v
4 v
5 v v v
6 v v v v

Table 1: Case studies with different variations

In Table 1, each column represents the variation of that
particular parameter from base case. SNSP column shows a
variation in SNSP from base case scenario. P,;,q iS a
variation in power generated from wind generations. P,q4 IS
a variation in the system load and N-1 represents tripping of
one transmission line at a time. One-dimensional variations
are represented in cases 1 to 4 while multi-dimensional
variations are investigated in cases 5 and 6.

6.1 Case 1: SNSP variations

In the first case, SNSP ratios are uniformly randomly selected
in the range of +10% from base case. Although the power
generated from wind generation and system load are fixed at
the same values as they are set in the base case, the power
from  both  synchronous generators and HVDC
interconnections can still change in order to meet the desired
SNSP. The plot between damping ratios of the inter-area
oscillation and the SNSP ratios is illustrated in Figure 2.
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Figure 2: Variations in damping ratio of the inter-area
oscillation when the SNSP varies.

The Spearman’s rho is equal to —0.98. It means there is a
very strong negative correlation between damping of the
inter-area oscillation and the SNSP ratio. It can be explained
by the fact that when the SNSP reduces, the total electrical
power generated by synchronous generators increases,
resulting in an increase in the number of generators online.
However, the average loading of each synchronous generator

reduces, and the damping torque provided from synchronous
generators, therefore, increases.

6.2 Case 2: Wind variations

In the second case, the power generated by wind sources is
randomly varied. The power generated from each wind
generation is uniformly randomly dispatched in the range of
+10% from base case while the power dispatched from
synchronous generators and HVDC connections are adjusted
in order to maintain the SNSP at the desired value and meet
the system load. The plot of damping ratios of the inter-area
oscillation and variations in total power generated from wind
generation is shown as Figure 3.
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Figure 3: Variations in damping ratio of the inter-area
oscillation when the power generated from wind farms varies.

The plot above shows that there is a relatively weak negative
correlation between damping ratios of the inter-area
oscillation and the total wind power. The Spearman’s rho
between these two variables is —0.26. The weak correlation
can be explained by the fact that the location of injected
power from wind generation affects the damping of the inter-
area mode. If the power from wind generation is injected at
locations that have a large load, the number of synchronous
generators will decrease as they are displaced by the wind
sources. On the other hand, if the power from wind generation
is injected at locations that already have very low load, the
power will be exported from HVDC systems.

6.3 Case 3: System load variations

In the third case, the load values at each connection point
(both active and reactive), are uniformly randomly chosen in
the range of +£10% from base case. Both SNSP ratio and
power generated from wind power plants are fixed at their
base case values. Similar to the previous cases, the power
dispatched from synchronous generators and HVDC
connections are adjustable according to the dispatch model.
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Figure 4: Variations in damping ratio of the inter-area
oscillation when the system load varies.

As illustrated in Figure 4, the Spearman’s rho between the
variations in system loads and damping of inter-area mode is
only 0.44. It can be interpreted that there is only a moderate
correlation between the damping of the inter-area mode and
variations in total system load.



6.4 Case 4: N—1 variations

For the forth case, influencing variables on damping of an
inter-area oscillation under changing in network structure is
investigated. The operating condition of the system is set to
the same value as in the base case. However, each
transmission line in the network is set to out of service one at
a time, resulting in variations in the network topology. In this
case, dgo; is plotted against the damping of the inter-area
mode as in Figure 5.
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Figure 5: Variations in damping ratio of the inter-area
oscillation when a transmission line is tripped one by one.

There is a very strong negative correlation between COI
electrical distance and damping of the inter-area oscillation,
with the correlation coefficient at —0.86, as shown in Figure
5. The mode shape of the inter-area oscillation has been
investigated. It has been found that when the COI electrical
distance becomes larger, the speed of hydro generators in
Scotland deviates from the group of generators in Scotland
and the damping of inter-area mode decreases.

6.5 Case 5: SNSP, wind and load variations

In real power systems, it is uncommon to have only one
variation in the whole system. Therefore, in this case, all
variations from cases 1 to 3 are applied to the system
simultaneously without any change in network topology. The
plots representing the correlation between damping ratios of
the inter-area mode and SNSP as well as damping of the
inter-area mode and COI electrical distance are illustrated in
Figure 6 and 7 respectively.
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Figure 6: Variations in SNSP against damping ratios of the
inter-area mode for case 4.
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Figure 7: Variations in COIl electrical distance against
damping ratios of the inter-area mode for case 4.

By comparing between Figure 2 and Figure 6, it is apparent
that the correlation between SNSP and damping of the inter-

area mode decreases significantly. When all variations are
applied to the system, the correlation coefficient between
SNSP and damping of the inter-area mode is only —0.38,
representing moderate negative correlation. The correlation
between COlI electrical distance and the damping of the inter-
area mode is calculated from the data in Figure 7, with only
—0.42 in Spearman’s rho. As explained in case 1, when the
SNSP reduces, the number of synchronous generators
increases, resulting in an increase in damping torque in the
system. However, with all variations included, a reduction in
SNSP may correspond to an increase in the power from
synchronous generators, a reduction in the amount of wind
generation, or even an increase in the load. As a consequence,
the correlation with the damping of the inter-area mode is
significantly reduced.

6.6 Case 6: SNSP, wind, load and N-1 variations

In the last case, the variations, including SNSP, power
generated from wind generations and the system load, are
applied all at once. Additionally, one transmission line in the
system is randomly selected as being out of service in each
simulation, representing changes in network topology.
Therefore, in this case, the potential proxy variables are
investigated under the variations in both system parameters
and network topology.
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Figure 8: Variations in COI electrical distance against
damping ratios of the inter-area mode for case 5.

As shown in Figures 6 and 7, the correlation coefficient
reduces obviously when all variations are imposed to the
system simultaneously. However, by comparing the plots in
Figures 5, 7 and 8, the COI electrical distance is able to
maintain a stronger correlation with damping of the inter-area
mode when there are changes in network structure. Although
the correlation coefficient decreases when all variations are
applied to the system, the COI electrical distance still shows a
moderate correlation with the damping of the inter-area mode,
with —0.57 of Spearman’s rho as shown in Figure 8. By
comparing to case 5, it is apparent that the variations in
network topology have a large impact on the damping of the
inter-area mode. Furthermore, COI electrical distance shows
the strongest relationship when network variations are
included.

7 Conclusion

A reduced-order model of the future 2030 GB system has
been developed in this study in order to represent a mixed
AC/DC network with a significant number of PE-interfaced
sources such as wind generations and HVDC connections.
Different variations have been applied to the network in order



to identify the variables influencing damping of inter-area
oscillations. In the case of one-dimensional variation without
any change in network topology (cases 1 to 3) it is evident
that the SNSP shows very strong negative correlations with
damping of the inter-area oscillation. This is explained by the
fact that when the SNSP is decreases, the number of
synchronous generators increases as the total electrical power
generated by synchronous generators increases. However, the
average loading of each synchronous generator decreases,
leading to an increase in damping torque in the system
provided from synchronous generators. Consequently, the
damping of the inter-area mode increases. Regarding
variations in wind generation, the location of wind generation
has a large impact on the correlation with the damping of the
inter-area mode. The number of synchronous generators
reduces if the power from wind generation is injected to the
area with a large load. However, the power will be exported
from HVDC connections if the power from wind generation
is injected to area with low amount of active power load,
changing the oscillation damping.

The COI electrical distance is developed based on CPL to
numerically quantify topology changes. By comparing the
study cases including topology changes, it is obvious that
there is a strong relationship between the damping of an inter-
area mode and COI electrical distance. As a result, this index
can be a potential candidate for predicting the changes in
damping of inter-area oscillations when there is a variation in
network topology. In the future work, the impact of dynamic
model of HVDC systems on inter-area oscillations will be
investigated in more detail. Furthermore, different statistical
and machine learning approaches will be investigated to build
a prediction model for the damping of inter-area modes in
uncertain conditions.
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Appendix

The process of steady state modelling is illustrated in the
Figure A.1. The procedure is explained in detail in section
2.1.
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Figure A.1: Flow chart showing the calculation of steady state
operating condition
Bus No. Geq_e;r;\;ion AVR Type  Governor Type I?rs]tgggg ?'SR?S)W Bus No. Ge[lre;:élon AVR Type  Governor Type I?;tgggg ?&’gﬂ){y
1 Hydro DCI1A HYGOV 2053 16 CCGT DC1A GAST 9941
Wind 4673 Wind 4657
CCGT DCI1A GAST 400 17 Coal DC1A TGOV1 1988
2 Wind 1404 18 Nuclear ST1A TGOV1 2800
3 Hydro DCI1A HYGOV 956 19 CCGT DC1A GAST 3980
Wind 3665 Wind 1721
5 Nuclear ST1A TGOV1 947 CCGT DC1A GAST 405
Wind 606 Nuclear ST1A TGOV1 4556
6 Wind 3937 2 OCGT DC1A GAST 299
CCGT DC1A GAST 205 Wind 8850
7 Nuclear ST1A TGOV1 1216 22 CCGT DC1A GAST 740
Wind 1131 CCGT DC1A GAST 6238
8 Wind 254 2 Hydro DC1A HYGOV 320
9 Wind 747 OCGT DC1A GAST 299
CCGT DC1A GAST 426 Wind 228
10 Nuclear ST1A TGOV1 1208 24 CCGT DC1A GAST 1550
Wind 4000 25 CCGT DC1A GAST 3208
CCGT DCI1A GAST 155 OCGT DC1A GAST 144
11 Nuclear ST1A TGOV1 5793 2% CCGT DC1A GAST 3790
Wind 1646 Nuclear ST1A TGOV1 1670
CCGT DCI1A GAST 1380 27 Nuclear ST1A TGOV1 1080
1 Hydro DC1A HYGOV 2083 Wind 930
Nuclear ST1A TGOV1 2800 CCGT DC1A GAST 1478
Wind 1574 28 OCGT DC1A GAST 100
13 CCGT DCI1A GAST 3882 Wind 400
Wind 254 CCGT DC1A GAST 905
14 CCGT DCI1A GAST 1280 29 Nuclear ST1A TGOV1 4252
15 CCGT DC1A GAST 3405 OCGT DC1A GAST 140
Coal DCI1A TGOV1 1926

Table A.2: Total installed generation capacity and types of
AVR and Governor for generators in the GB system



