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A B S T R A C T   

The increasing penetration of Large-Scale Photovoltaic Power Plants in the power system is raising the concern of 
potential stability issues due to dynamic interactions of power electronics components. In particular, Power Plant 
Controllers are starting to provide a fast dynamic response for specific services, such as fast frequency response, 
which could trigger unexpected unstable interactions with the PV inverters or other grid components. Also, an 
eventual reduction of synchronous generation in the grid could lead to a power system with high penetration of 
power electronics, which presents unexplored stability problems. This paper presents an interaction and stability 
study of a Photovoltaic Power Plant connected to the grid. This study is based on a small-signal analysis 
employing eigenvalues and participation factors to identify potential unstable modes. A linear model of the 
Photovoltaic Power Plant is implemented to apply a small-signal analysis. This linear model is validated with the 
equivalent non-linear model based on time-domain simulations in Matlab Simulink.   

1. Introduction 

Solar photovoltaic (PV) is one of the renewable energies with the 
highest potential due to the massive solar resource available and the 
maturity that PV generation technologies have achieved. The consid-
erable price reduction that PV technologies have experienced during the 
past years [1], have led to a fast and massive deployment of PV power 
plants (PVPP) worldwide. In particular, Large-scale Photovoltaic Power 
Plants (LSPVPP) represent around 66% of the of the PV installations by 
capacity LS-PVPP can have an important impact on the overall power 
system, and they have to fulfil the grid codes to ensure a smooth grid 
integration and system stability. Nowadays, due to the fast growth that 
PV has experienced, the impact that LS-PVPP can have on the grid sta-
bility is a concern for different system operators worldwide. Modern grid 
codes [2,3] include specific requirements considering the special nature 
of renewable power plants, especially solar and wind. The trend is to 
have more demanding grid codes, including additional services and 
requiring faster dynamics for the services provided. This has led to the 
implementation of new grid services, such as Fast Frequency or Support 
(FFR) [4–6], Power Oscillation Damping (POD) [5] and power fluctua-
tion smoothing control [7] or the upgrade of existing ones such as the 

Fault-ride-through (FRT) [8]. 
In addition, the increasing penetration of renewable sources in the 

power system is resulting in the replacement of synchronous generation 
(SG) in favour of power electronics units, especially voltage source 
converters (VSC). This scenario is especially critical for islanded systems 
as presented in Nanou et al. [6], Rosini et al. [9]. Then, power systems 
with high penetration of converters might require alternative control 
design and structures as the system stability can be compromised. For 
example, the damped-SOGI-based Control is presented in Singh et al. 
[10] and the Model Predictive Control is applied for the frequency and 
voltage support in Rosini et al. [9], Armendáriz et al. [11]. 

Also, the stability issues in power systems with high penetration of 
power electronics are mostly related with control interaction between 
different parts of the system [5,6,12,13]. Stability can be analysed based 
on transient analysis as presented in Crăciun et al. [4], Varma and 
Akbari [5], Singh et al. [13] or small-signal analysis as presented in 
Nanou et al. [6], Liu et al. [12]. Small-signal analysis is not valid for 
large disturbances, but provides an analytical stability evaluation with 
different methods, such as the eigenvalues or the participation factors 
analysis. These methods are useful to identify the source of instability 
and design a solution. 
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The PVPP can be controlled with a centralized [4,14] or decentral-
ized structure [9,14]. A centralized Power Plant Controller (PPC) is 
typically considered for LS-LVPP. The frequency control is implemented 
as a centralized option for PVPPs connected to the transmission grid [4, 
5], while the decentralized option is for PVPPs connected to microgrids 
[9,13]. The voltage control is typically analyzed as a decentralized op-
tion for PVPPs connected to microgrids [9,13] or the distribution grid 
[9,11,15]. However, voltage control is also implemented with a 
centralized structure for LS-PVPPs due to the grid code requirements at 
the point of connection. 

The stability analysis can be focused on the PVPP grid or the PVPP 
connection to a power system. If the analysis is focused on the main 
dynamic interactions within the LS-PVPP, a Thevenin equivalent grid is 
sufficient [6]. However, if interactions with the grid are analyzed a more 
detailed representation must be considered [12]. The PVPP is usually 
represented as a single-PV generator, without providing details of the 
PVPP grid or the PPC [5,6,8,10,12]. 

This paper is oriented to understand the dynamic interactions in a LS- 
PVPP, considering the dynamics of the grid, the PV inverters and the 
PCC. The provision of frequency and voltage support to the main grid is 
considered. The main contributions of the paper are: 

• Implementation of small-signal model for a reduced PVPP consid-
ering the PV inverters, collection grid, transformers and PPC. The 
existing small-signal models presented in the literature consider a 
single-PV generator representation [4,10].  

• Identification of dynamic interactions within a PVPP and with the 
grid, based on eigenvalue and participation factor analysis, which 
provides a better understanding of the interaction phenomenon. In 
particular, interactions due to the frequency and voltage control 
implemented in the PPC are analysed in detail. In the literature, in-
teractions are usually analysed mainly based on transient analysis [5, 
9,13].  

• Evaluation of dynamic interactions for power systems with reduced 
synchronous generation, i.e. high integration of PV generation with 

power electronics components. In the literature, PVPP integration in 
standard IEEE models with SG components is considered [4,5,8,12, 
14], but only in Liu et al. [12] an eventual replacement of the SGs by 
PVPPs is analysed. 

The grid is represented as an aggregated synchronous generator and 
a load, which is sufficient to analyse the essential interactions due to 
voltage and frequency controls of the PPC. A similar approach was 
considered in Collados-Rodriguez et al. [16] to analyse the interactions 
between a VSC and a SG. 

The rest of the paper is organized as follows. The PVPP model is 
presented in Section 2, to better understand the LS-PVPP and to 
comprehend its role in the power system. Such model is linearised and 
expressed in state-space form to perform a dynamic analysis based on 
eigenvalues, to study the stability of the system, and participation fac-
tors, to figure out the interactions existing in the system. Section 3 in-
troduces the interaction and stability analysis, where several scenarios 
are studied. First, an initial case study is presented, where the PPC is 
based on active and reactive control loops. Then, the introduction of the 
grid frequency and voltage support is considered. Finally, an additional 
scenario is studied considering a reduction of synchronous generation, 
which is equivalent to consider a high penetration of PV generation. 

2. Large-scale PV power plant model 

2.1. System description 

A LS-PVPP is formed by a number of PV inverters connected to a 
medium voltage (MV) collection grid that transfers the generated power 
to the high voltage (HV) transmission grid. The PV inverters generate 
power in low voltage (LV) and are connected to MV through a LV/MV 
set-up transformer, while the collection grid is connected to HV through 
an MV/HV set-up transformer. The collection grid can have different 
configurations, but ring topology is selected, since represents a common 
option for LS-PVPP. A PPC is included to ensure that active and reactive 
powers are regulated at the point of connection following the grid code 
power references and other requirements. 

The general scheme of the LS-PVPP model is shown in Fig. 1, while 
the electrical circuit and the modelled blocks are shown in Fig. 2. As the 
main purpose of this study is to analyse the interactions and stability of 
the PPC, an aggregated model of the LS-PVPP is considered with a 
reduced number of PV inverters. In particular, the power plant includes 
two aggregated PV inverters. This representation is supposed to be 
sufficient to represent the collection grid and the PV inverter control 
dynamics. 

2.2. PV power plant 

The PV power plant model includes the PPC, the PV inverters, the 

Fig. 1. General scheme of LS-PVPP scheme with two PV inverters.  

Fig. 2. Electric circuit and modelled blocks of LS-PVPP scheme with two 
PV inverters. 
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collection grid and the transformers. 

2.2.1. PPC 
The PPC is based on a central control structure, which ensures that 

grid code requirements from the TSO are accomplished at the point of 
connection of the PV plant. The control structure is based on a cascaded 
control that includes active and reactive power controls as inner loops 
and voltage and frequency controls as outer loops (see Fig. 3). The PPC 
power controls are implemented as Proportional-Integral (PI) control-
lers and provide the power references for the PV inverters. In particular, 
the same power references are sent to all the inverters. The frequency 
and voltage controls are implemented as proportional controllers, which 
is usually defined in the grid codes. The frequency is measured with a 
PLL, while the voltage is measured as an RMS value. The control gains of 
the frequency and voltage support are defined with the following 
expressions: 

kf =
Sn

fnRf
; kv =

Sn

fnRv
(1)  

where Sn is the nominal power of the plant and Rf and Rv are the droop 
percentages. 

The PPC response also depends on the communications with the PV 
inverters, the measurements and the sampling process. Therefore, the 
effect of communications, measurement and PPC sampling delays is 
modeled using a first order Padé approximation, which is a sufficient 
representation if high frequencies are not analyzed. Then, all delays are 
expressed as follows: 

Ti =
− τi/2⋅s + 1
τi/2⋅s + 1

(2)  

where τi is the delay time for each i-component. 

2.2.2. PV inverter 
The PV inverters are represented with average models of 2-level 

Voltage Source Converters (VSC). The VSCs are responsible for con-
trolling the active and reactive power references sent by the PPC. In 
particular, the VSCs regulate the DC voltage, such that the PV panels can 
provide the required active power. However, the dynamic response of 
the PV panels can be considered to be decoupled from the AC grid. 
Therefore, the DC side of the VSCs is not modelled and the DC voltage 
control is replaced by an active power control. 

The VSC control structure is shown in Fig. 4. The control is imple-
mented in a qd0 frame and is based on a typical cascaded structure, with 
an inner current loop and an outer power control. Both the current and 
the power controls are implemented as PI controllers. A Phase-locked 
Loop (PLL) is required to track the grid angle and ensure that currents 
and voltages are represented in a qd0 frame. In addition, an application 
delay is included to represent the effect of sampling and modulation at 
the voltage applied by the VSC. This delay is modelled as a first order 
Pade approximation in (2). 

2.2.3. Collection grid and transformers 
The collection grid and transformers are represented as impedances 

interconnected at the same voltage level as shown in Fig. 2. In particular, 
the whole LS-PVPP is represented at the MV level. The MV cables of the 
collection grid are modeled as RL circuits, which is a sufficient repre-
sentation since they have a short length, usually less than 1 km. The 
transformers are also represented as RL circuits, assuming that the core 
model is neglected. 

2.3. Main grid 

The main transmission grid is modelled as a SG with a load, which 
enables the analysis of frequency and voltage support implemented in 
the PPC. 

The SG model considers the electrical circuits of the generator, the 
turbine and the exciter and governor systems, as shown in Fig. 2. The 
electrical circuits are represented in qd0 frame, assuming a round rotor 
and including the following elements: stator windings, field windings 
and three damper windings. Also, the turbine dynamics of a thermal 
generation plant are represented, which consider the generator’s inertia, 
the high and low pressures turbines and a reheater. The exciter system is 
used to control the AC grid voltage. This control is based on a propor-
tional controller, where the output is an excitation voltage applied in the 
field windings. The exciter system implemented in the model is the IEEE 
type AC4A [17]. The governor system is used to provide frequency 
support. This control is also implemented as a proportional controller, 
where the output is the active power variation required to regulate the 
frequency. More details about this SG model can be found in 
Collados-Rodriguez et al. [16]. 

The electric load is represented as a resistance that consumes a 

Fig. 3. Structure of PPC with inner active and reactive power control and outer 
frequency and voltage controls. 

Fig. 4. PV inverter control structure.  
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specific active power at nominal voltage. The load is connected at the 
same bus as the synchronous generator and the LS-PVPP as seen in 
Fig. 2. 

2.4. Linear model 

2.4.1. Model definition 
A linear model of the LS-PVPP is implemented to analyse interactions 

and stability due to small-signal variations. The linear model is imple-
mented in a qd0 frame, enabling a simple formulation of the electrical 
equations. The model is divided in different qd0 frames depending on 
the angle where the Park transformation is applied. Considering the 
model with two inverters in Fig. 2, three reference frames are defined:  

• SG-Reference Frame (SG-RF): this frame is aligned to the SG angle 
and includes the following components: the SG, the load, the 
collection grid, the transformers and the VSC filters.  

• VSC1 and VSC2-Reference Frames (VSC1 and VSC2-RF): these 
frames are aligned to the PLL angle of each VSC and include the 
inverter controls. 

The subsystems expressed in different reference frames are inter-
connected employing rotation transformations to current and voltage 
variables. In particular, these transformations are always between VSC 
and SG frames. Then, the rotation transformation is linearised as fol-
lows: 
[
Δxqci,Δxdci]T

= Tc
[
Δxqg,Δxdg,Δθgci]T (3)  

Tgc =

[
cosθgci

0 − sinθgci
0 − xqg

0 sinθgci
0 − xdg

0 cosθgci
0

sinθgci
0 cosθgci

0 xqg
0 cosθgci

0 − xdg
0 sinθgci

0

]

(4)  

where xqci and xdci are the variables expressed in each VSCi-RF, xqg and 
xdg are the variables expressed in the SG-RF and θgci is the angle differ-
ence between SG-RF and each VSCi-RF. The subindex 0 is referred to 
initial values for the variables. 

Fig. 5 shows a representation of the complete linear model for the LS- 
PVPP with two inverters, which is formed by subsystems that represent 
different linear state-space blocks interconnected among them. As a 
result, the complete model can be represented in the following state- 
space structure: 

ẋT =AT⋅x+BT⋅uT; yT = CT⋅x + DT⋅uT; (5)  

where xT is the vector of all state variables, uT is the vector of all inputs 
and yT is the vector of all outputs. 

The total number of state variables for a PV plant with two inverters 
is equal to 48. These states can be divided in different groups that will be 
used in the interaction analysis to identify the elements that participate 
on each mode. In particular the following groups are defined:  

• Collection grid (14 states): currents (iqc1, idc1, i
q
c2, idc2, i

q
12, id12, i

q
g , idg ) and 

voltages (vq
z1,vd

z1,v
q
z2,vd

z2,v
q
g ,vd

g ).  
• VSC control (12 states): current loop (Seiq1, Seid1, Seiq2, Seid2), power 

loop (SeP1,SeP2,SeQ1,SeQ2) and PLL (ωpll1,ωpll2,θgc1,θgc2)  
• PPC (3 states): power control (SePPC,SeQPPC) and PLL (ωpllPPC)  
• Delays (9 states): VSC application (vq

ap1,vd
ap1,v

q
ap2,vd

ap2), measurements 
(Pdel

ppc,Qdel
ppc,Vdel

ppc) and communications + PPC sampling (P∗del
c ,Q∗del

c )  
• SG (10 states): governor (STm), exciter (S1

ex,S2
ex) and electrical circuits 

(iqs , ids , idf , i
d
k, i

q
k1, i

q
k2,ωg) 

In addition, the input vector uT is defined with the following groups:  

• Resistive load (Rload)  
• PPC references from TSO (PTSO,QTSO,VTSO,ωTSO)  
• Reference frequency of governor (ω∗

g) 

2.4.2. Model validation 
The linear model is validated against the non-linear model applying 

an input variation of 1%, which is a typical value used to excite the 
modes in a small-signal range. In particular, a load step Rload is applied at 

Fig. 5. Complete block diagram for state-space representation of the LS-PVPP with two inverters.  
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Fig. 6. Time-domain simulations to validate the linear model against the non-linear model for a Rload variation.  
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50.1 s, which results in the dynamic responses shown in Fig. 6 for 
different variables of the VSC1 (currents, voltages and powers), the SG 
(currents and grid frequency) and the PPC (powers). Since VSC1 and 
VSC2 have the same parameters, the results are identical and only VSC1 
results are shown. It is clear that the linear and non-linear models have 
an adequate matching and the linear model is able to capture the dy-
namic oscillations from the non-linear model. Therefore, the linear 
model is valid for the small-signal analysis presented in the following 
Section. 

3. Interaction and stability analysis 

3.1. General methodology and case studies 

In this section, the stability and interaction analysis of the system is 
presented, which is based on a small-signal analysis employing the 
linear model presented in Section 2.4. Small-signal analysis can be used 
for small disturbances in the system derived from the normal evolution 
and operation of the system, such as load or generation variation and 
modifications in the grid configuration. Non-linear models can be also 
use to identify small disturbance interactions from time-domain simu-
lations, but the computation time is higher than in linear-models, 
especially for complex dynamic models. When transient events, such 
as faults or large generator and load disconnections, are considered 
linear models are not valid and only non-linear models can capture the 
dynamic interactions employing standard approaches as parametric 
time-domain simulations. 

As part of the small-signal analysis, the eigenvalues and participation 
factors (PFs) are mathematical tools that can be derived from the state- 
space linear models and provide detailed information about the dynamic 
interactions. In this section, the dynamic analysis of the system is pre-
sented, which is based on an interaction and stability analysis with ei-
genvalues and participation factors (PFs). 

The eigenvalues are extracted from the AT matrix of the complete 
small-signal model in (5). The eigenvalues provide information about 
stability and the dynamics modes of the system, with special interest to 
the oscillatory modes, which are related to complex eigenvalues. In 
particular, the frequency and the damping ratio of the oscillation modes 
λi are obtained as fi = ℑ(λi)/(2π) and ξi = − ℜ(λi)/|λi|. Unstable ei-
genvalues are related to a negative damping, while positive values close 
to zero are identified as potential modes to be destabilized in case of 
different operation conditions or control parameters. 

The PFs measure the relative contribution that a state variable has on 
a mode. Therefore, if the state variables are grouped as explained in 
Section 2.4.1, interactions can be identified between different parts of 

the system according to the PFs of the state variables from each group. 
The PFs has been normalized between 0 (no participation) and 1 
(maximum participation) for each mode. Then, it is assumed that a 
variable has a significant effect on a mode when the associated PF is 
greater than 0.3 [16]. 

The dynamic analysis is focused on the impact that the PPC has on 
the interactions and stability of a LS-PVPP. This analysis represents a 
first step before an adequate control design of the PPC. Therefore, 
different scenarios are defined considering variations in the PPC pa-
rameters, which includes the active and reactive power controls and the 
frequency and voltage support. Also, the scenarios should consider the 
reduction of synchronous generation in the grid, i.e. a power system 
with high penetration of power electronics. As a result, the following 
case studies are defined:  

• Initial case: The first case study is focused on the PPC analysis 
considering only active and reactive power controls.  

• Analysis of frequency and voltage support: This second case study 
considers the impact that frequency and voltage droop gains has on 
the system dynamics.  

• Analysis of SG reduction: This last case study considers an eventual 
reduction of SG that is compensated with an increase of PV 
generation. 

It should be noted that different operating conditions are not 
considered in this analysis for simplicity. This is because the main pur-
pose of this study is to identify and understand the origin of the main 
interactions in a LS-PVPP due to the PPC parameters. 

The general parameters of the case study are detailed in Appendix A. 

3.2. Initial case 

This initial case study considers an scenario with a 2 MVA LS-PVPP 
and a 5 MVA SG that are supplying power to a 5 MW resistive load, 
such that the LS-PVPP provides 70% and the SG 30% of the total load. A 
general presentation of all the LS-PVPP modes is provided to identify 
potential unstable interactions when the PPC is implemented only with 
active and reactive power controls. Fig. 7 shows the details of each pole, 
indicating: frequency and damping ratio (only for oscillatory modes), 
real part and PF contribution (marked with grey groups of variables with 
PFs higher than 0.3). The state variables are aggregated depending on 
the group where they belong, according to the definitions in Section 
2.4.1, and following the colour representation from Fig. 5. 

It is observed that the high frequency modes are related to the grid 
states, while the low frequency modes are related to the control systems, 

Fig. 7. List of LS-PVPP modes and significant PF contribution for the initial case study when only active and reactive power control are analyzed.  
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Fig. 8. Relevant modes and associated PFs of the initial case scenario when the PPC control gains are increased.  

Fig. 9. List of LS-PVPP modes and significant PF contribution for the initial case study when frequency and voltage support are analyzed.  

Fig. 10. Relevant modes of initial case scenario when frequency and voltage droop percentages are modified.  
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delays and SG. Also, interactions can be identified for modes with 
participation of at least two different groups. In particular, the following 
interactions are observed:  

• SG and VSCs: interaction at 24 Hz (poles 17, 18, 19 and 20)  
• SG and the collection grid: interaction at 8 Hz (poles 21 and 22).  
• VSC, PPC and SG: interaction at 0.06 Hz (poles 35 and 36).  
• SG and PPC: interaction in a non-oscillatory mode (pole 44). 

Once the initial poles are identified, an increase of active and reac-

tive power controller gains is applied for representing a future scenario 
with a faster PPC response. The initial PPC controller gains are designed 
to achieve the reference value with a settling time of 2 s (τ = 0.5 s). 
Then, the gains are multiplied by a constant kes until the system is 
unstable. 

Fig. 8 a shows the relevant modes (P1 and P2 indicated in Fig. 7) that 
are shifted closer to the imaginary axis, i.e. the stability limit. In 
particular, P1 is the first to cause instability when kes = 16.6. Fig. 8b 
shows the PFs of P1 and P2 for different values of kes. It clear that for low 
values of kes P1 has relevant participation from the VSC power controls, 

Fig. 11. List of LS-PVPP modes and significant PF contribution for the modified case study (with a 2 MW load) when frequency and voltage support are analyzed.  

Fig. 12. Relevant modes for modified case scenario when SG nominal power is reduced.  

Fig. 13. PFs of relevant modes for modified case scenario when SG nominal power is reduced.  
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the PPC and the SG, while P2 has relevant participation from the mea-
surement and communication delays. Then, when kes increases and is 
closed to the instability region, P1 also has relevant participation of the 
measurement and communication delays, while P2 also has participa-
tion from the VSC power control and the SG. As a conclusion, when the 
PPC control gains are increased an instability is originated due to the 
interaction of the VSC, PPC, system delays and SG. 

3.3. Analysis of frequency and voltage support 

The introduction of the frequency and voltage support results in the 
modes shown in Fig. 9. In this case the droop percentages are defined as 
Rf = 5% and Rv = 3%. It is observed that two additional modes (poles 
42 and 48) are introduced. Pole 42 is mainly related with the mea-
surement delay of the voltage at the PCC, while pole 48 is mainly related 
to the PLL of the PPC used to calculate the grid frequency. Compared to 
the modes of the Initial case, an additional interaction between the SG 

and the system delays is introduced (poles 31 and 32). 
Then, the impact that different frequency and voltage droops has on 

the stability is analysed. The frequency droop percentage is reduced 
from 100%, which is equivalent to a case without frequency support, to 
3%. Fig. 10a shows the most relevant modes (F1–F4 in Fig. 9) according 
to their mobility towards the unstable region. The voltage droop per-
centage is also reduced from 100%, which is equivalent to a case without 
voltage support, to 1.5%. Fig. 10b shows the associated relevant modes 
(V1–V4 in Fig. 9). It is clear that the mode mobility is limited, which 
does not affect stability for a large range of frequency or voltage droop 
percentages. Also, it is observed that F2&V4 and F1&V3 represent the 
same modes. 

In addition, the PFs of these modes can be analysed. In particular, the 
PFs for high values of Rf and Rv are equivalent to the Initial case (results 
in Fig. 7), while the PFs for low values of droop percentages are 
approximately equal to the results in Fig. 9. It is observed that the 
relevant modes are related to the SG (F2&V4, V1, F3 and V2) and to 

Fig. 14. Relevant modes for modified case scenario when PPC gains are increased and different values of SG nominal power are considered.  

Fig. 15. PFs of relevant modes for modified case scenario when PPC gains are increased and different values of SG nominal power are considered.  
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interactions of the SG with the PPC (F1&V3 and F4). 
Therefore, the frequency and voltage support do not have a signifi-

cant impact in the stability for the load and generation scenario defined 
in the Initial case. However, some relevant modes represent interactions 
between SG and PPC, which must be considered for different load and 
generation scenarios. 

3.4. Analysis of SG reduction 

The main purpose is to identify the stability limits of a power system 
with high penetration of PV generation with power electronics. It is 
expected that renewable generation will replace conventional fossil-fuel 
options, i.e. a scenario with a decrease of SG nominal power is employed 
to represent an eventual disconnection of SG units from the grid. Such 
decreased of SG results in a reduction of inertia and grid strength. Also, 
the dynamics interactions are analysed for scenarios with reduced SG 
considering an increase of active and reactive power controller gains, as 
in the previous subsection. In this direction the SG nominal power is 
gradually decreased to represent a reduction of synchronous generation 
in the grid. 

Considering the generation and load distribution of the Initial case, a 
significant reduction of SG nominal power is not possible. Therefore, the 
power flow is modified such that, the load is reduced from 5 MW to 2 
MW and is equally supplied by the LS-PVPP and the SG, i.e. each element 
provides 50% of the total load. This new power flow distribution allows 
an SG nominal power reduction down to 1 MVA keeping an equal power 
supply from the SG and the LS-PVPP, which will be sufficient to analyse 
the effect that SG nominal power reduction has on the stability. 

Fig. 11 shows the modified modes of the system, where the poles and 
related PFs are slightly different compared to the previous results in 
Fig. 9. Therefore, it is validated that the new power flow distribution 
between the LS-PVPP and the SG does not significantly affect the results 
from the previous sections. In addition, it should be mentioned that 
variations of load and SG nominal power are not equivalent since the 
load modification does not affect both the inertia and grid strength. 

Once the modified scenario is validated, the SG nominal power is 
reduced from 5 MVA to 1 MVA (from 5 MVA to 2 MVA with a reduction 
of 1 MVA, from 2 MVA to 1.2 MVA with a reduction of 0.2 MVA, 1.1 
MVA and 1 MVA). Fig. 12 shows the relevant modes (S1–S3 in Fig. 11) 
and Fig. 13 the related PFs. Instability is detected due to the mode S2 for 
low SG nominal powers (between 1.2 and 1.1 MVA) and the participa-
tion is mainly from SG variables. 

The PPC controller gains are also modified as in the Initial case for 
different SG nominal powers. In particular, the controller gains are 
multiplied by a constant kes with values from 1 to 20, while the SG 
nominal power is reduced from 5 to 2 MVA. Fig. 14 shows the mobility 
of the relevant modes (PS1 and PS2), which are the same modes iden-
tified in the Initial case (P1 and P2). In particular, PS2 is causing the 
system instability for any SG nominal power. In addition, it is observed 
that for reduced SGs the instability occurs for lower values of kes. 
Therefore, the PPC time response is more limited for a reduced size of 
SG. 

The PFs of the relevant modes in Fig. 15 when kes = 8 show that the 
participation of PS2 is mainly from the SG variables independently of the 
SG size, while P2 in the Initial case had participation from VSC, SG and 
delays. Then, the effect that PPC time response has on the pole mobility 
is similar to the Initial case, but the PFs are significantly different. 

The frequency and voltage support have introduced an additional 
coupling between the PPC and the SG that lead to different PFs for the 
relevant mode P2–PS2. However, the PFs of that mode do not show an 
interaction as significant participation of multiple components. It can be 
observed that frequency and voltage support are based on proportional 
controls that do not represent state variables. Therefore, interactions 
between PPC and SG might not be identified from the PFs, because state 
variables are not related to the frequency and voltage controls. 

4. Conclusions 

This paper has presented a small-signal model of a Large Scale 
Photovoltaic Power Plant connected to the grid in order to analyse po-
tential dynamic interactions that could lead to instability. A sensibility 
analysis based on eigenvalues and participation factors was used to 
identify the problematic modes and the contribution of grid compo-
nents. Two future scenarios where explored: Power Plant Controllers 
(PPC) with fast dynamic response and a high penetration of power 
electronics from a reduction of existing Synchronous Generation (SG). 

An eventual increase of the PPC response without considering the 
frequency and voltage support resulted in an instability caused by the 
interaction of the PV inverters, the PPC and delay effects. This interac-
tion was identified for a low frequency range (below 10 Hz). The 
introduction of frequency and voltage support introduced an additional 
coupling between the PPC and the SG. The variation of droop percent-
ages did not impact the stability for the power flow distribution that has 
been analysed, but interactions between PPC and SG where identified at 
very low frequencies (below 1 Hz). Also, these additional control loops 
modified the instability characterization when the PPC response in-
creases, but the interaction was still around the same frequency (below 
10 Hz). In particular, the participation factors show a significant 
contribution of the SG, i.e. interaction between the PPC and the SG is not 
identified. Also, the reduction of SG resulted in another instability at 
very low frequency (below 1 Hz) again with significant participation of 
the SG. 

According to the participation factors, these two instabilities are not 
related to interactions between the SG and PPC. However, it is clear that 
the introduction of frequency and voltage controls have modified the 
system dynamics. Therefore, in this case the participation factors might 
not capture the interactions between the SG and the PPC. Other analysis 
tools should be used for further insights in these instabilities. 
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Table A1 
LS-PVPP model parameters.  

Parameter Value 

PV inverters  
Nominal power, Sn  1 MVA 
Nominal AC and DC voltages, VAC− n and VDC− n  400 V and 800 V 
AC filter (expressed at MV), Rc, Lc and Cf  20 Ω, 0.127 H and 420 µF  
PLL time constant, τpll  0.025 s 
Current control time constant, τCL  0.01 s 
Power control time constant, τDC  0.1 s 
Application delay time constant, τapp  10 µs 
Collector grid and delays  
Nominal medium voltage, VMV

n  20 kV 

Nominal high voltage, VHV
n  200 kV 

LV-MV transformer impedance, zLV− MV
tr  4× 10− 4 + j0.1 pu  

Collector cable impedance, zcoll
cb  0.0034+ j0.0014 pu/km  

Collector cable length, lcab  0.5 km 

MV-HV transformer impedance, zMV− HV
tr  5× 10− 4 + j0.0015 pu  

Communication delay time constant, τcom  20 ms 
Measurement delay time constant, τmeas  20 ms 
PPC samping delay time constant, τPPC  20 ms  
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Appendix A. Case study parameters 

The LS-PVPP parameters are in Table A.1, while the SG parameters 
are from Collados-Rodriguez et al. [16]. 
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[4] B.-I. Crăciun, T. Kerekes, D. Séra, R. Teodorescu, Frequency support functions in 
large PV power plants with active power reserves, IEEE J. Emerg. Sel. Top. Power 
Electron. 2 (4) (2014) 849–858. 

[5] R.K. Varma, M. Akbari, Simultaneous fast frequency control and power oscillation 
damping by utilizing PV solar system as PV-STATCOM, IEEE Trans. Sustain. Energy 
11 (1) (2020) 415–425. 

[6] S.I. Nanou, A.G. Papakonstantinou, S.A. Papathanassiou, A generic model of two- 
stage grid-connected PVsystems with primary frequency response and inertia 
emulation, Electr. Power Syst. Res. 127 (2015) 186–196. 

[7] A. Ryu, H. Ishii, Y. Hayashi, Battery smoothing control for photovoltaic system 
using short-term forecast with total sky images, Electr. Power Syst. Res. 190 (2021) 
106645. 

[8] H.M. Hasanien, An adaptive control strategy for low voltage ride through 
capability enhancement of grid-connected photovoltaic power plants, IEEE Trans. 
Power Syst. 31 (4) (2016) 3230–3237. 

[9] A. Rosini, D. Mestriner, A. Labella, A. Bonfiglio, R. Procopio, A decentralized 
approach for frequency and voltage regulation in islanded PV-storage microgrids, 
Electr. Power Syst. Res. 193 (2021) 106974. 

[10] B. Singh, S. Kumar, C. Jain, Damped-SOGI-based control algorithm for solar 
PVpower generating system, IEEE Trans. Ind. Appl. 53 (3) (2017) 1780–1788. 
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