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Abstract

Hybrid renewable energy source (HRES) plants have been recognized as a promising option for obtaining stable power
production from renewable energy sources. The research on HRES plants has been mostly focused on the economic benefits
of this concept. Much less attention has been paid to the influence of economic dispatch of HRES plants on system dynamic
performance. This paper illustrates the necessity of defining the optimal technology mix in the HRES plant for certain system
conditions from the perspective of both economy and system dynamic behaviour. In this study, the focus is on transient
system stability. Furthermore, the methodology for developing dynamic equivalent of the whole HRES plant for transient
stability studies in the form of a low-order transfer function model is presented. Illustrative results are obtained using an

HRES plant consisting of several non-dispatchable renewable generation technologies.

1 Introduction

Unlike conventional power plants, renewable energy
source (RES) plants are characterized by intermittent
power output due to weather dependence. Hybrid
renewable energy source (HRES) plants, comprising
various renewable generation and storage technologies,
have been seen as a promising solution to this issue.
Namely, the HRES plant concept utilises the
complementary properties of different technologies to
compensate their deficiencies to a certain extent, and thus
increases reliability of meeting operator requirements in
terms of plant power production [1].

So far, the focus of the research on HRES plants has been
on the optimal design and dispatch of HRES plants’
individual components with the objective of minimizing
total plant costs while satisfying the specified power
production profile [1]. Much less attention has been paid to
the influence of optimally dispatched HRES plant on
power system dynamic performance and stability. In future
power systems with a considerable number of integrated
RES plants and decommissioned conventional power
plants, optimal economic dispatch of HRES plants may
violate system dynamic limits. In other words, system
dynamic stability may become a determining constraint
when deciding on HRES plant’s technology mix (i.e.,
HRES plant composition) for a particular time period.
Under such conditions, it might be necessary to make a
shift from the traditional economic carbon reduction-
driven dispatch of generation units only to the dispatch

additionally governed by
analysis.

Analysing the impact of HRES plants on the system
stability requires their adequate dynamic representation.
Full-scale dynamic modelling of each unit in HRES plants
is impractical as it results in high-order mathematical
model and requires, often unavailable, detailed data. As a
result, dynamic equivalent models (DEMs) of large RES
plants, i.e., the simplified versions of the full-scale
dynamic models, have been recommended for modelling
these plants in system stability studies [2].

This paper investigates the need for taking into account the
dynamic characteristics of the HRES plant when deciding
on the optimal HRES plant composition for a particular
time period. The focus of the study is on transient system
stability. In addition, the procedure for developing low-
order transfer function (TF)-based DEM of HRES plant for
transient stability analysis is presented. Unlike the reported
equivalent modelling methodologies aimed at highly
accurate modelling of dynamic responses of the plant [2],
[3], the objective of this research was on developing
DEMs that will not compromise the accuracy of the global
transient system stability assessment. The focus was on the
accuracy of the overall transient stability results as HRES
plant power responses having different shape in time may
result in similar transient stability behaviour. The test
system involves an HRES plant containing three RES
technologies.

system dynamics/stability
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2. Methodology

2.1 Analysing the Impact of HRES Plant Composition on
Transient System Stability Status

The analysis on the influence of the technology mix in the
HRES plant on the overall transient stability is based on a
set of representative system loading conditions and HRES
plant compositions. For the analysed loading level, the
study identifies critical HRES plant penetration level (the
minimum share of the HRES plant in covering the total
system load) for taking into account the dynamic
performance of the HRES plant, when defining the optimal
plant composition. HRES plant penetration level is
defined:

HRES, o (%) = 100 x “HEES, (1)

PLoﬂrI

where Pugres is the total HRES plant power output and
PLoag is the total system load.

For the chosen loading level, the analysis starts with
selecting initial value of HRESiewe, generating a set of
random HRES plant compositions with the plant output
calculated from (1), and assessing system stability for each
plant composition in case of a number of self-clearing
three-phase faults in the network. Three-phase faults are
chosen as they usually result in the most severe conditions
in the system. If the system is transiently unstable for a
single fault simulation, the considered HRES penetration
level is the critical HRES level for the analysed loading
condition; otherwise HRES evel is increased and the above-
described steps are repeated.

2.2 Methodology for Dynamic Equivalent Modelling of
HRES Plants in Transient System Stability Studies

The flow chart of the methodology for equivalent
modelling of HRES plants for transient stability studies is
shown in Fig. 1 (inputs and outputs of the stages are
marked by dashed rectangles). (Note: The text describing
features of equivalent modelling methodology is
paraphrased from [4] as both papers rely on the same
methodology) The methodology is based on historical
HRES plant production data, statistics about short-circuit
faults in the network and unsupervised clustering methods.
The proposed procedure is applicable to plants connected
to distribution/transmission network level at a single point
of common coupling (PCC). A DEM is developed for each
group of HRES plant power responses resulting in similar
transient system stability performance, regardless of
dissimilarities in their shape.

In the first stage (block {2} in Fig. 1) the fuzzy c-means
clustering method is applied to historical technology mixes
in the HRES plant to identify characteristic plant
compositions (block {3} in Fig. 1) during the year.
Analysing only characteristic instead of all possible plant
compositions  provides  computationally  efficient
procedure. Characteristic plant compositions correspond to
cluster centroids defined by the fuzzy c-means algorithm.
The optimal number of clusters in the historical data set,

i.e., the number of typical plant compositions, is defined as
the median of the numbers of clusters suggested by three
widely applied clustering indicators - mean square error,
clustering dispersion index, and mean index adequacy [5].

Case studies (CSs) reflecting the most probable annual
HRES plant dynamic performance in transient stability
studies are used for DEM development. The CSs are
defined through a Monte Carlo (MC) procedure (block (5)
in Fig. 1) based on typical plant compositions and network
short-circuit fault statistics. In each MC simulation,
uncertainties in the production and location of individual
plants within the HRES plant are taken into account, while
fault type, location and impedance are selected following
the methodology presented in [6] and [7]. MC CSs are
conducted in DIgSILENT/PowerFactory using the detailed
HRES plant and network dynamic model (block {7} in
Fig. 1). The simulated HRES plant power responses are
analysed on the basis of their contribution to the transient
system stability performance described by transient
stability index (TSI) (block {9} in Fig. 1) [7]. Clusters of
TSI values are defined using the Kernel Density
Estimation (KDE) technique [8] (block {10} in Fig. 1),
and CSs resulting in TSI values allocated to the same
cluster are represented by a common DEM.

Assessment of the HRES plant impact on
tem ()

pryTEa)|

rall DEM structure (12

Validation of DEM {14]

Fig. 1 The flow chart of the equivalent modelling
methodology (adopted from [4])

Following this, HRES plant power responses are z-
normalized as total HRES plant production varies across
MC simulations and clusters of normalized responses
(block {11} in Fig. 1) are formed knowing the allocation
of MC CSs to TSI clusters. For each cluster, a
representative CS is defined as the CS producing a
representative response that corresponds to a cluster
medoid (the response that is the most similar to the
average of cluster responses). DEM structure is shown in
Fig. 2. The real and reactive power responses of the HRES
plant are produced by separate parts of the DEM but they
have the identical structure given by (2):

0, t<trgu

ZEQ.I'(t) = 4 ZFauiryr tfau[r =t= totear, (23.)
ZTF.I'(t)r t= tc!ear

Yeo(t) = Yo + Zpgp(t) X SD;7F, (2b)

where zgqy(t) is the z-normalized power response of the
model, trur i the moment of fault occurrence, teear is the
moment of fault clearing, Zrauy is the value of z-
normalized power response of the model during the fault,
zreyv(t) is the z-normalized power response of the model
after the fault clearance, Yeo(t) is the power response at the
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PCC in absolute units (after inverse z-transformation), Yss
is the total power output of the plant before the
disturbance, SDvrp is the standard deviation of the
representative power response in absolute units.
Simulation of z-normalized power responses using (2a) is
represented by blue solid rectangles in Fig. 2. A TF is used
for simulating plant response after fault clearing. Voltage
and real and reactive power at the PCC are TF input and
output signals, respectively. TF parameters are estimated
through an iterative optimization procedure using voltage
and z-normalized power response at the PCC obtained in
the representative CS as TF input and output, respectively.
Transformation of normalized into power responses in
absolute units (blue dashed rectangles in Fig. 2) is
performed according to (2b). Equation (2b) uses HRES
plant production in steady state for a given plant
composition and the standard deviation of the
representative power response in absolute units in inverse
normalization instead of the average and standard
deviation of power response in absolute units, respectively,
([9]) as this information cannot be known in advance for
an arbitrary operating condition and short-circuit fault.

Tt g
il {=aund
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Fig. 2 The schematic diagram of DEM (adopted from [4])

Finally, DEM is connected to the network model in
DIgSILENT/PowerFactory at the PCC (block {13} in Fig.
1). DEM accuracy is evaluated by comparing TSI values
produced by the system with the detailed and equivalent
plant model for a range of system conditions (block {14}
in Fig. 1) as follows:

TSlg,, (%) = 100 x 08 —Teel, 3)

ORG

where TSlore and TSlgq are TSI values obtained using the

detailed and equivalent HRES plant model, respectively.
3 Test System

The test system (modelled in DIgSILENT/PowerFactory
[10]) is shown in Fig 3. (Note: The following text is
paraphrased from [4] as both papers use this test system)
The HRES plant contains a wind farm (WF), a
photovoltaic (PV) plant and a run-of-river hydro power
plant (HPP), and is connected to one of the load busses in
the standard IEEE 9-bus model [11]. Models of individual
plants in the HRES plant contain the dynamic model of a
generation technology and its control system. All
individual plants have the same capacity (210 MVA) to
prevent any single technology dominating HRES plant
dynamics. The HPP is represented by the standard fifth-
order synchronous generator (SG) model, while IEEE
DC1A exciter and IEEEG3 are used for modelling its
governor and excitation system, respectively [12]. The PV
plant and WF are represented by corresponding aggregate
models obtained by scaling up the models of individual

units [10]. In both plants, the number of individual units in
service is defined by the total plant production as it is
assumed that units in operation produce rated power output
of 2 MW. Detailed description of PV plant and WF
dynamic modelling is available in [7]. The total system
load is represented by three loads in the transmission
network (TN). Load A and B correspond to the 35% of the
total load each and have a unity power factor, whereas the
power factor of Load C is 0.95 (inductive).

Fig. 3 The schematic diagram of the test system (adapted
from [4])

4 Results and Discussion

4.1 Identifying Critical HRES Plant Penetration Levels

For this study, the values of inertia and reactances in d-
and g-axis of the generator G1 in the TN (see Fig. 3) are
set to new values: 3.55 s, 1.64 p.u., and 1.24 p.u.,
respectively, as the transient system stability status with
the standard values given in [11] is insensitive to changes
in HRES plant operating conditions. The analysis is
carried out for five characteristic values of the total system
load corresponding to the 10™, 25" 50™ 75" and 90™
percentile of the average annual loading profile of Central-
Northern Italy for the period 2015-2018 [13] (the
considered operating points are given in Table 1). Prior to
the analysis, the data were scaled so that the maximum
load level corresponds to the sum of rated active powers of
SGs in the TN and the maximum HRES plant production.
For the considered (fixed) loading level, HRES plant
penetration level is gradually increased and a set of 200
random HRES plant compositions (a half of the
compositions contains converter-connected technologies
only, i.e., the PV plant and WF, as they are more prone to
system instability) is generated for each analysed
penetration level. In case of high value of HRES evel, the
number of random plant compositions can be lower than
200 due to small number of compositions capable of
producing the required HRES plant production. Three-
phase faults are simulated at the end and middle of TN
lines. The power outputs of SGs in the TN are obtained
from the optimal power flow with the objective of
minimizing total power production costs. In order to take
into account reduction in the total system inertia due to
HRES plant production, each SG is assumed to represent
an equivalent generator of a plant having the maximum
four identical units in service at the same time. The
minimum operating capacity of the plant for producing the
specified power output is calculated as follows [7]:

MV Agg. yin = — ) 4
: (1-5Capse )X Npfss;
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where 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 [7]. The
capacity calculated by (4) determines the maximum
number of units in the plant that can be disconnected.

Table 1 also provides critical HRES plant penetration
levels for the analysed loading conditions. Transient
system instability that can occur for some HRES plant
compositions at these penetration levels is characterized by
undamped  electromechanical oscillations.  Dynamic
characteristics of plant composition become relevant for
transient system stability for high values of HRESievel -
(64-69)%. In the case of high participation of the HRES
plant in the total system production, large number of units
in the conventional power plants can be disconnected,
which in turn results in small system inertia level. The
unstable cases occur when the technology mix in the
HRES plant consists of converter-connected generators
only. In the case of low loading conditions 1 and 2, the
system is unstable for some fault locations (mostly the
ones close to G3 in Fig. 3) when the share of the PV plant
in the HRES plant output is between 25% and 60%, due to
the interaction between the controllers of the PV plant and
WEF. In the case of the remaining loading levels, the system
is unstable for all compositions without the HPP. Thus, for
any loading level in the system, there is an HRES evel
threshold above which different compositions with the
same power output can result in different transient stability
status, while the actual number of unstable cases depends
on the presence of the HPP in the HRES plant, rotational
reserve available in the rest of the system, and parameters
of controllers of individual plants in the HRES plant.

Table 1 Analysed loading conditions, critical HRES plant
penetration levels and the number of unstable cases

plant ~ compositions.  Characteristic HRES  plant
compositions correspond to cluster centroids and are given
in Table 2. Also, nine clusters of total TN load (and
consequently nine typical loading levels) are defined
according to time instance of historical load and
production data samples. The MC procedure involves
1,000 MC simulations per typical HRES plant
composition. In each set of 1,000 simulations, the
production of each individual plant is uniformly varied in
the range of 5% around the typical HRES plant
composition, while the lengths of lines connecting
individual plants to the PCC are sampled uniformly
between 0.5 km and 5 km. TN short-circuit fault data are
adopted from [14] and [15]. Uniform probability
distribution function is also used for selecting fault
location along a line and sampling fault impedance from
the range (0-20)Q2 [16]. The plant responses are simulated
for 10 s with the sampling rate of 1 ms and with a fault
occurring at 1 s (fault duration was 100 ms in all MC CSs).

Table 2 Characteristic annual HRES plant compositions

Composition PV (MW) _ WF (MW) _ HPP (MW)

1 7 27 141
2 4 17 45
3 6 19 90
4 63 22 71
5 91 17 40
6 5 84 34
7 9 94 138
8 2 16 0

9 8 93 81

Loading condition 1 2 3 4 5
Total system load 330 373 457 564 623
(MW)

Critical HRES plant 66 64 67 69 65
penetration level (%)
Number of unstable
cases (%)

4.2 6 50" 50" 50

*HRES plant compositions without the HPP

4.2 Development of DEMs of the HRES Plant

The production data used in this analysis correspond to the
total production of run-of-river HPPs, PV plants and WFs
in Central-Northern Italy for the period 2015-2018 [13].
Prior to the analysis, the data were scaled down so that the
maximum power output of each individual technology in
the HRES plant during the analysed period corresponds to
its rated power. The system load data correspond to the
ones used in the previous study.

The application of the fuzzy c-means algorithm to the
historical production data results in nine clusters of HRES

TSI values, calculated for each MC simulation, can be
grouped into two clusters according to the KDE approach,
meaning two DEMSs are required for representing the
whole HRES plant in transient stability studies during the
year. TSI clusters are shown in Fig. 4 (a) in the form of
boxplots (outliers are marked by red asterisks, whereas
whiskers cover 99.3% of data in the case of normal
distribution). Almost all MC CSs generated on the basis of
the typical annual HRES plant compositions 6, 7 and 9
(characterized by the WF loading of about 50%) belong to
TSI cluster 2, i.e., they can be represented by DEM 2,
while the remaining characteristic plant compositions can
be modelled by DEM 1. Thus, the choice of DEM at any
time during the year depends on plant composition only.
The expected time of use of the DEMs during the year can
be defined based on time instance of historical production
data samples. DEM 1 could be used for modelling the
HRES plant in transient stability studies during the whole
year, except during the period January-March when both
DEMs are adequate models for approximately the same
number of days per month. Both DEMs contain 11 states,
which represents a considerable model simplification as
the detailed HRES plant model contains 44 differential
equations. DEM accuracy is tested on both the trained data
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(i.e., the data used for DEM development) and the test data
for the analysed region for the year of 2020. Results of
model evaluation are shown in Fig. 4 (b) in the form of
cumulative distribution functions (cdfs). For the trained
data set, the median TSlg, indicator is 0.14%, while 90%
of the CSs is characterized by TSI error lower than 0.4%.
When it comes to the test data, model accuracy is slightly
lower than in the case of trained CSs. Still, the 50" and
90" percentile of the cdf of TSlg. indicator are 0.34% and
1.7%, respectively, which demonstrates high accuracy of
the developed DEMs.

——Trained data)
- = “Test data

TSI cluster "'""rl:-"m N .
Fig. 4 (a) TSI clusters (adopted from [4]), (b) cdf of the
error in TSI value for the trained (blue solid line) and test

(red dashed line) data
5 Conclusion

The paper has illustrated the need for taking into account
the dynamic behaviour of the HRES plant when deciding
on the optimal technology mix in the plant for certain
system conditions. When the HRES plant production
exceeds its threshold, HRES plant composition cannot be
defined on the basis of economy only. Reduction in the
total system inertia (coupled with the consequential change
in network electric parameters) and parameters of HRES
plant controllers are the main factors determining the value
of the critical HRES plant power output. Furthermore, the
paper has presented the methodology for developing
DEMs of HRES plants suitable for transient system
stability assessment using TSI value. The proposed DEM
is in the form of TF with voltage and real and reactive
power at the PCC as input and output signals, respectively.
DEMs developed for the test plant are characterized by
high accuracy (the median TSI error is lower than 2%).
Given that the order of DEMs is significantly lower than
the full-scale plant model order, they can provide quick
transient system stability assessment. In addition, the
choice of the adequate DEM at any time during the year
depends on the plant composition only, which also makes
the presented procedure suitable for practical applications.
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