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Abstract—Hybrid power plants consisting of renewable 

generation and storage technologies have been seen as a solution 

for providing stable power output from renewable energy 

sources. Given the installation capacity of renewable generation 

and storage units, their impact on power system operation can 

no longer be neglected. The paper analyzes the influence of a 

hybrid renewable energy source plant on small disturbance, 

transient and voltage transmission system stability on the basis 

of a representative set of power production profiles of the plant. 

The patterns in the behavior of the whole plant in the considered 

system stability studies are identified, which is a first step in 

developing dynamic equivalent models of the hybrid power 

plant for those types of system stability. 

Keywords—hybrid renewable energy source plant, small 

signal stability, transient stability, voltage stability 

I. INTRODUCTION 

Over the past several decades renewable energy sources 
(RESs) have attracted attention due to the growing concerns 
for environmental protection and sustainable development. 
However, the increase in the installation capacity of RES and 
storage technologies has caused significant alterations in 
electric power systems’ structure and operation. These new 
sources are usually connected to distribution network voltage 
levels and characterized by small installation capacity and 
power electronic interface, which makes them considerably 
different from conventional power plants [1], [2]. Reversible 
power flows, lower mechanical inertia levels, changes in the 
profiles of line losses, voltage drops along lines and 
short-circuit fault currents are only some of the consequences 
of connecting RES and storage units to power systems [3], [4]. 
Therefore, the influence of RES and storage technologies on 
the overall power system performance can no longer be 
neglected. 

As stochastic production and weather dependence are 
among the main issues associated with RES integration, 
hybrid power plants consisting of a mix of generation and 
storage technologies have been recognized as potential 
solutions for ensuring more flexible and secure power output. 
Most of the papers in the area of hybrid energy systems are 
focused on defining the optimal plant configuration taking 
into account annual costs and reliability of power supply [5]. 

Geographical spread, a large number of RES and storage units 
and the diversity of technologies have made it difficult to 
analyze their aggregate contribution to various aspects of 
power system operation. The research on the influence of 
individual technologies on power system performance has 
been well established, but few studies about the impact of 
hybrid power plants on power system dynamics have been 
reported [6]. Modelling each of the units in RES and storage 
plants individually in system stability studies is becoming 
impractical due to high computational complexity and lack of 
detailed dynamic data. As a result, equivalent dynamic 
representation of RES and storage plants is gaining popularity 
[7]. Dynamic equivalents can provide quick assessment of 
power system stability, with satisfactory accuracy of the 
results [7]. 

The paper investigates the aggregate contribution of 
several non-dispatchable and dispatchable renewable 
generation and storage technologies to transmission system 
operation. The considered technologies are integrated into a 
hybrid renewable energy source (HRES) plant with a single 
point of common coupling (PCC). The assessment of the 
influence of the HRES plant on transmission network stability 
is based on a set of representative HRES plant compositions. 
The focus of system stability studies is on angular (small and 
large disturbance) and voltage stability. For each of the 
analyzed types of system stability, power production profiles 
that result in similar behavior of the HRES plant at the PCC 
are identified. 

II. METHODOLOGY 

The main objective of the study is to analyze the impact of 
different HRES plant compositions on small signal, transient 
and voltage stability of a transmission system. The analysis 
represents an initial step towards developing equivalent 
dynamic models of the whole HRES plant suitable for the 
considered types of system stability studies. 

The flow chart of the methodology is illustrated in Fig. 1. 
Firstly, the HRES plant structure is chosen and HRES plant 
model is developed in DIgSILENT PowerFactory software 
(blocks (1) and (2) in Fig. 1, respectively). Following this, a 
set of case studies (CSs) is defined in order to investigate the 
impact of different HRES plant operating conditions on 
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transmission system stability (block (3) in Fig. 1). The total 
active power output of the HRES plant is the same in all CSs, 
while the contribution of individual technologies to the total 
plant production is varied. Prior to carrying out simulations, 
the convergence of load flow calculation is checked for each 
CS (block (5) in Fig. 1). 

Small signal stability analysis involves computing all 
system eigenvalues and identifying system stability (block (7) 
in Fig. 1). The classical QR transformation method is used for 
the calculation of the eigenvalues [8]. The contribution of 
different plant compositions to small signal stability of 
transmission network is assessed on the basis of parameters of 
electromechanical oscillation modes. Only electromechanical 
modes are taken into consideration in further analysis as these 
modes are the ones that persist longest and thus determine the 
overall system dynamic behavior [8]. 

The analysis of the influence of HRES plant compositions 
on transient system stability requires conducting 
electromechanical simulations (block (9) in Fig. 1). Three 
phase self-clearing fault is selected as an external system 
disturbance as it usually results in the most severe operating 
conditions in power system (block (6) in Fig. 1). The fault 
location and duration are the same in all CSs. Active and 
reactive power dynamic responses at the PCC are recorded for 
the analyzed HRES plant operating points. 

Voltage stability studies are performed by computing P-V 
curves at the selected buses (block (8) in Fig. 1). Voltage 
stability limit is determined by increasing the selected system 
loads gradually until the load flow calculation stops 
converging. The critical load level (the load level at which 
voltage collapse occurs) and the voltage of the bus that 
collapses first are used to analyze the impact of the HRES 
plant on voltage stability. 

III. TEST SYSTEM 

As already mentioned in Section II, the test system used in 
this paper (presented in Fig. 2) is modelled in DIgSILENT 
PowerFactory software package [9]. The HRES plant consists 
of 7 technologies: 2 dispatchable renewable generation plants 
(a pumped-storage hydro and biomass power plant), 2 
non-dispatchable renewable generation plants (a photovoltaic 
(PV) plant and wind farm (WF)) and 3 storage systems (a 
battery (BESS), flywheel (FESS) and compressed air (CAES) 
energy storage system). All the considered technologies are 
connected to a common 110 kV bus, i.e., the PCC (Bus 18 in 
Fig. 2). The distance of the analyzed technologies from the 
PCC is equal to 0.5 km. The HRES plant is connected to a 
230 kV external transmission network through a transformer 
and two parallel lines. System load (connected to Bus 18 in 
Fig. 2) is represented by static exponential constant power 
load model, without taking into account load dependency on 
system frequency. 

 

Fig. 1. The flow chart of the methodology. 

 

Fig. 2. The schematic diagram of the test system (G: generation technology; 

S: storage technology). 

The nominal power of all individual plants in the HRES 
plant is the same, 210 MVA. Unlike synchronous machine 
(SM)-based systems, the PV plant, WF, BESS and FESS are 
represented by a number of individual, identical, units 
connected in parallel (the nominal capacities of individual 
units are given in Table I). In the case of the PV plant and WF, 
the number of parallel units in operation is determined by the 
PV and WF power output, as it is assumed that units in service 
always operate at rated power output. On the other hand, the 
number of parallel units in operation in the BESS and FESS is 
constant but their power output depends on the operating point 
of the storage system (all units have the same power output). 

As the WF consists of doubly-fed induction generators 
(DFIGs), a generic type 3 model, suitable for large system 
stability studies, is used for modelling WF individual units. 
The structure of the model is in line with the recommendations 
given by WECC [10] and IEC [11] and is available in 
DIgSILENT PowerFactory [9]. Similarly, a type 4 wind 
generator model, suitable for converter-connected 
technologies, is used to represent PV individual units. Both 
PV plants and type 4 wind generators are connected to the grid 
through a full-connected converter. As converter can be 
considered to decouple dynamics of the source on the DC part 
from the rest of the power system, both technologies can be 
represented by the same model in system stability studies [12]. 
This is also suggested by the WECC Renewable Energy 
Modeling Task Force [13], which develops a PV model by 
slightly modifying the type 4 wind generator model. The PV 
dynamic model used in the paper has a similar structure to 
[10], [11] and is also available in DIgSILENT PowerFactory 
[9]. The hydro generator is represented by the standard fifth 
order SM model, whereas the sixth order model is used for the 
biomass power plant and the CAES [8]. The control systems 
of the SMs consist of the standard IEEE DC1A exciter and 
IEEEG1 governor. 

A battery device is represented as a static voltage source 
equipped with the adequate control system [14], [15]. The 
voltage source model takes into account the battery state of 
charge and battery internal losses. The battery control system 
contains a frequency controller, active power-voltage 
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controller, charge controller and relevant protection 
mechanisms [16]. When it comes to the modelling of the 
FESS, a DFIG is chosen for connecting the flywheel to power 
system and the flywheel is represented as an additional inertia 
coupled to the DFIG rotor [17]. The control system of the 
FESS is modelled as suggested in [17]. It consists of a 
reference active power controller, a machine side converter 
control which enables independent control of active and 
reactive power, and relevant protection mechanisms.  

TABLE I.  NOMINAL CAPACITIES OF INDIVIDUAL UNITS 

Technology PV WF BESS FESS 

Nominal capacity 

(MVA) 

2 2 26.25 4 

IV. RESULTS AND DISCUSSION 

The list of 24 representative CSs used in the analysis is 
given in Table II. The values in Table II represent 
contributions of individual technologies to the total HRES 
plant active power output and are given in percentages. All the 
cases were designed in such a way that the total HRES plant 
active power production was equal to 210 MW at steady state. 
The analyzed operating conditions can be divided into 3 
groups on the basis of the share of generation and storage 
technologies in the HRES plant power output: 

 Cases 1-6: generation technologies provide the total 
HRES plant active power production. 

 Cases 7-11: equal contribution of generation and 
storage technologies to the total HRES plant active 
power production. 

 Cases 12-24: generation technologies produce a 50% 
surplus in the HRES plant active power production 
(with respect to the desired 210 MW), and the excess 
is absorbed by storage technologies. 

Zero percentage in Table II has different meaning for 
generation and storage devices. Namely, if the contribution of 
a generation technology to the HRES plant power output is 
0%, the technology has to be disconnected from the grid. On 
the other hand, in the case of a storage system, its power output 
at steady state is set at 0 MW and the technology remains 
connected to the network. 

A. Small Signal Stability 

As afore-mentioned, only electromechanical oscillation 
modes are used for the analysis of the impact of the HRES 
plant on small disturbance system stability. They were 
identified on the basis of mode frequency and participation 
factors [8]. The damping (σ) and frequency (f) of all 
electromechanical modes are given in Table III. As the CAES 
is always in service (even with zero power output at steady 
state), and the external network (see Fig. 2) is modelled as a 
large SM, the minimum number of electromechanical modes 
per CS is equal to one.  

All 24 analyzed HRES plant compositions can be divided 
into 3 groups based on small signal stability results (the groups 
are marked by appropriate colors and letters in Table III), 
meaning that only 3 models are required for representing these 
operating points in small signal stability studies. Each group 
consists of CSs characterized by the same number of 
electromechanical modes (i.e., the same number of SMs in 
service) and similar damping and frequency of the 
electromechanical modes. Group A consists of the CSs with 

one electromechanical mode, i.e., the cases with a single SM 
in operation (the CAES). The second group, group B, includes 
the HRES plant compositions with 2 SMs in service, the hydro 
generator and the CAES. Finally, the third group contains the 
CSs with all 3 SMs in operation. As can be seen from Table 
III, the damping and frequency of electromechanical modes 
associated with the CAES operation are the highest (on 
average, -1.17 and 1.33 Hz, respectively), while the hydro 
power plant produces the least damped and the slowest 
electromechanical modes (on average, -0.67 and 1.07 Hz, 
respectively). The frequency of all electromechanical modes 
is within the range of interplant mode oscillations [8].  

TABLE II.  LIST OF CASE STUDIES 

CS PV WF Hydro Biomass BESS FESS CAES 

1 25 25 25 25 0 0 0 

2 50 50 0 0 0 0 0 

3 0 0 50 50 0 0 0 

4 70 10 10 10 0 0 0 

5 10 70 10 10 0 0 0 

6 10 10 10 70 0 0 0 

7 0 0 25 25 35 0 15 

8 0 0 25 25 15 0 35 

9 0 40 5 5 35 0 15 

10 0 40 5 5 15 0 35 

11 5 5 20 20 15 0 35 

12 50 50 50 0 -40 -5 -5 

13 50 50 50 0 -5 -40 -5 

14 100 25 25 0 -40 -5 -5 

15 100 25 25 0 -5 -40 -5 

16 25 100 25 0 -40 -5 -5 

17 25 100 25 0 -5 -40 -5 

18 75 75 0 0 -40 -5 -5 

19 75 75 0 0 -5 -40 -5 

20 0 75 75 0 -40 -5 -5 

21 0 75 75 0 -5 -40 -5 

22 75 0 75 0 -40 -5 -5 

23 75 0 75 0 -5 -40 -5 

24 15 100 15 20 -5 -40 -5 

B. Transient Stability 

Three-phase self-clearing fault at Bus 19 (see Fig. 2) was 
selected as an external system disturbance. The fault occurs at 
1 s and lasts for 100 ms. Active and reactive power responses 
at the PCC were recorded for a period of 9 seconds after the 
fault clearing with a sampling rate of 10 ms. Power responses 
are divided into groups according to similarity in shape; active 
and reactive power responses are observed separately. 

Taking into account the frequency, damping and the first 
overshoot of the responses after the fault clearing, 24 active 
power transient responses can be divided into 4 groups, which 
are presented in Fig. 3 and Fig. 4. Grouping is mainly 
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determined by the total power output of SMs and their 
individual production levels. 

TABLE III.  LIST OF ELECTROMECHANICAL MODES 

CS 
σ1 

(1/s) 

f1 

(Hz) 

σ2 

(1/s) 

f2 

(Hz) 

σ3 

(1/s) 

f3 

(Hz) 
Group 

1 -0.84 1.14 -0.67 1.05 -1.20 1.32 C 

2 - - - - -1.15 1.32 A 

3 -0.84 1.27 -0.66 1.09 -1.17 1.33 C 

4 -0.83 1.08 -0.68 1.03 -1.20 1.32 C 

5 -0.83 1.08 -0.68 1.03 -1.19 1.32 C 

6 -0.88 1.35 -0.67 1.03 -1.09 1.31 C 

7 -0.84 1.14 -0.68 1.04 -1.18 1.33 C 

8 -0.84 1.14 -0.67 1.04 -1.06 1.36 C 

9 -0.82 1.07 -0.68 1.02 -1.18 1.33 C 

10 -0.82 1.07 -0.68 1.02 -1.06 1.36 C 

11 -0.84 1.12 -0.68 1.04 -1.06 1.36 C 

12 - - -0.66 1.10 -1.21 1.32 B 

13 - - -0.66 1.10 -1.21 1.32 B 

14 - - -0.67 1.06 -1.21 1.32 B 

15 - - -0.67 1.06 -1.21 1.32 B 

16 - - -0.67 1.06 -1.20 1.32 B 

17 - - -0.67 1.07 -1.20 1.32 B 

18 - - - - -1.18 1.32 A 

19 - - - - -1.17 1.32 A 

20 - - -0.63 1.14 -1.20 1.32 B 

21 - - -0.63 1.14 -1.20 1.32 B 

22 - - -0.63 1.14 -1.21 1.32 B 

23 - - -0.63 1.14 -1.21 1.32 B 

24 -0.83 1.12 -0.67 1.04 -1.22 1.32 C 

 

The first group includes CSs dominated by 
converter-connected technologies (CSs: 2, 4, 5, 9, 10, 14-19, 
24). Their active power responses are characterized by short 
settling time and insignificant oscillatory behavior. The 
system stabilizes within approximately 3 seconds after the 
fault occurrence. The aggregated contribution of SMs to the 
HRES plant active power production in pre-fault state, as well 
as their individual production, is below or equal to 30%. The 
only exception is CS 10 in which SMs produce about a half of 
the total plant output, but their individual production is low 
(see Table II). Group 2 (CSs: 1, 7, 8, 11-13) contains operating 
conditions characterized by SMs providing (45-85) % of the 
total HRES plant active power output. The maximum SM 
production per case is between 25% and 50% of the nominal 
capacity. The frequency of the responses is around 1.1 Hz, 
while it takes about 5 seconds for the responses to stabilize.  

The third group (CSs: 3, 20-23) includes cases with the 
total contribution from SMs of 70% and above and the 
dominant production from the hydro power plant. Generation 
level of the hydro generator is 75% of the nominal capacity, 
expect in case 3 characterized by the hydro and biomass power 

plants having equal generation of 50% of the nominal 
capacity. In addition, CS 3 is the only case in this group with 
the biomass generator in service. The frequency of the 
responses is slightly higher than in the case of group 2 – 
1.2 Hz, and the responses stabilize around 4 seconds after fault 
occurrence. Finally, group 4 contains a single HRES plant 
composition, CS 6, which is described by the 80% of the total 
plant power output coming from the hydro and biomass 
generators. Unlike the compositions assigned to group 3, the 
biomass generator has the largest share in HRES plant 
production in this CS. Biomass power plant response is 
characterized by the largest frequency among the responses of 
all considered SMs – around 1.5 Hz. Damping of this response 
is similar to the damping of the responses from group 3. 

When it comes to reactive power responses, three levels of 
reactive power at steady state can be defined. The levels are 
determined by the number of SMs in service as they are the 
main providers of reactive power. The only exception is case 
24 (all 3 SMs in operation) which results in reactive power 
level more similar to the cases with 2 SMs in service. The 
reason for this is a large number of connected DFIG units - the 
WF generates 210 MW in this operating scenario. As seen in 
Fig. 5, all reactive power responses are characterized by 
identical shape, meaning that the individual production levels 
of SMs have smaller impact on the characteristics of reactive 
power responses compared to active power responses. 

C. Voltage Stability 

The system presented in Fig. 2 is not suitable for carrying 
out voltage stability studies due to low system loading and 
large external network capacity. Thus, in order to obtain more 
realistic results, the system was slightly modified by 
connecting additional loads to Bus 19 (370 MW) and Bus 20 
(250 MW) and extending the length of the line that connects 
the external grid to the HRES plant from 1 km to 70 km. 
Voltage stability analysis was performed by increasing only 
the load connected to Bus 18 (see Fig. 2) which consumes 
21 MW at initial steady state. 

Three distinct patterns, in terms of load margin and critical 
bus voltage magnitude, are identified in voltage stability 
studies for the analyzed operating points. As in the case of 
small signal stability and reactive power transient responses, 
the number of SMs in service defines the grouping. Individual 
generation levels of SMs do not influence voltage stability 
grouping. The load margin and critical bus voltage magnitude 
are shown in Fig. 6 for the considered operating scenarios. As 
expected, the lowest load margin (around 20 MW) occurs in 
the cases dominated by converter-connected technologies, 
while technology mixes with all SMs in service can withstand 
the largest increase in the system load (load margin is about 
180 MW). 

 

Fig. 3. Active power transient responses: Group 1(left) and Group 2 (right). 
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Fig. 4. Active power transient responses: Group 3(left) and Group 4 (right). 

 

Fig. 5. Grouping of reactive power transient responses. 

 

Fig. 6. Voltage stability grouping. 

V. CONCLUSION 

The paper has presented the analysis of the impact of the 
HRES plant on small signal, transient and voltage 
transmission system stability. The test power plant consists of 
non-dispatchable and dispatchable RES technologies along 
with storage systems, all connected to a single PCC.  

The HRES plant responses in all three types of system 
stability studies are mainly determined by the number of SMs 
in service and their individual production. It has been shown 
that the same three groups of HRES plant compositions are 
characterized by similar HRES plant behavior in the case of 
small disturbance and voltage stability and reactive power 
transient responses. On the other hand, four distinct patterns 
are identified in active power transient responses at the PCC. 
Grouping of HRES plant compositions in this case is less 
influenced by the number of SMs in service compared to the 
remaining stability analyses.  

Results obtained with the test system have demonstrated 
that the behavior of the whole HRES plant can be represented 
by few models in any of the considered system stability 
studies, and thus, have laid a foundation for developing small 

number of dynamic equivalents of the HRES plant that can be 
used throughout the year in system dynamic studies. This 
would result in more efficient dynamic simulations and 
significantly reduced modelling effort as these models could 
be developed once and stored in dedicated software library 
and then used throughout the year depending on relevant 
HRES plant composition. 
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