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Abstract: With diminishing fossil fuel resources and increasing environmental concerns, large-
scale deployment of Renewable Energy Sources (RES) has accelerated the transition towards clean
energy systems, leading to significant RES generation share in power systems worldwide. Among
different RES, solar PV is receiving major focus as it is most abundant in nature compared to
others, complimented by falling prices of PV technology. However, variable, intermittent and non-
synchronous nature of PV power generation technology introduces several technical challenges,
ranging from short-term issues, such as low inertia, frequency stability, voltage stability and small
signal stability, to long-term issues, such as unit commitment and scheduling issues. Therefore,
such technical issues often limit the amount of non-synchronous instantaneous power that can be
securely accommodated by a grid. In this backdrop, this research work proposes a tool to estimate
maximum PV penetration level that a given power system can securely accommodate for a given
unit commitment interval. The proposed tool will consider voltage and frequency while estimating
maximum PV power penetration of a system. The tool will be useful to a system operator in assessing
grid stability and security under a given generation mix, network topology and PV penetration level.
Besides estimating maximum PV penetration, the proposed tool provides useful inputs to the system
operator which will allow the operator to take necessary actions to handle high PV penetration in a
secure and stable manner.

Keywords: frequency stability; maximum penetration level; renewable energy sources; solar PV;
voltage stability

1. Introduction

The requirement of an environmentally friendly and sustainable energy generation to
meet the ever-growing global energy needs has directed focus on renewable energy sources
(RES), particularly solar PV and wind which are commercially well established and are
proven technologies for clean power generation. The global statistics of RES addition in
2020 alone shows unprecedented momentum in transition of power sector with a total
capacity addition of 260 GW of RES (127 GW solar and 111 GW of wind) despite the
COVID-19 pandemic impact [1,2]. Solar PV generation is gaining immense popularity
among all other RE power sources mainly due to its abundant availability, green nature
and smooth noiseless operation, along with advancements in PV panel manufacturing
and their falling cost. Moreover, various advantages of solar PV technology such as ease
of installation, absence of moving mechanical parts, comparably less maintenance and
operation requirements, etc., have paved the way for its tremendous growth [3].

The operation of power system worldwide is moving closer ever to their security
level, primarily due to RES-driven displacement of conventional power plants. Several
techniques such as maximum power point tracking algorithms, advanced tracking tech-
niques using artificial neural networks, controllers based on adaptive neuro fuzzy interface

Energies 2021, 14, 0. https://doi.org/10.3390/en14240000 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-4232-1008
https://www.mdpi.com/article/10.3390/en14240000?type=check_update&version=1
https://doi.org/10.3390/en14240000
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14240000
https://www.mdpi.com/journal/energies


Energies 2021, 14, 0 2 of 21

systems, etc., have been developed for increasing power generation from solar PV power
plants [4]. However, increasing solar PV penetration into the existing power grid will
result in several challenges to its stable and reliable operation such as oscillatory instability
and small signal stability issues [5–9]. Higher PV penetration levels in distribution net-
works directly affect equipment like load tap changers, line voltage regulators and voltage
controlled capacitor banks as they operate to maintain system voltages within the limits [7].

Solar PV penetration level in an existing power grid cannot be increased arbitrarily
due to a number of technical issues. One such major issue in a highly solar PV penetrated
power system is the diminished inertia of the system due to limited number of committed
synchronous generators. Another issue is lack of sufficient generation reserve margin that
can impact frequency stability of the power system [9]. The South Australian blackout
occurred in Sept 2016, which recorded a high Rate of Change of Frequency (RoCoF) of 6
Hz/s, proving that synchronous inertia adequacy is a serious concern for power systems
with higher RE penetration having limited synchronous generators. The instantaneous
penetration level of solar PV and wind combined was more than 50% before the blackout
which occurred because of the lighter South Australian power system, with only three
online thermal power plants [10].

Thus, it is essential to identify the maximum possible instantaneous RE penetration
level under the existing grid infrastructure which can ensure safe, secure and reliable
operation even during severe contingencies. The regulatory authorities should tackle such
issues through adequate grid code regulations [11] and market arrangements, incorpo-
rating alternate sources of ancillary/flexibility services coupled with grid infrastructure
upgradation wherever inevitable [12,13]. The authors of [14] discuss a model for wind
and solar photovoltaic energy integration in Romania from the promoting scheme point
of view, which gives an indication for WPP and PV installed power in the near future.
Such mechanism of RES promoting scheme consists of mandatory quotas which energy
suppliers should acquire, estimation of electricity consumption and annual operating time
at maximum capacity of each RES type.

A number of studies have been carried out to identify maximum allowable wind
penetration level in an existing power grid [15–21]. H. Ahmedi et al. [15] determined the
maximum admissible wind energy penetration level based on evaluation of frequency
security constraints and transient stability limits, whereas voltage stability-based analysis
using system capacity calculations are utilized for evaluating maximum wind penetration
level in [16,17]. A Particle Swarm Optimization-based control algorithm is proposed in [18]
for maximizing wind energy penetration level and [19] presents a method for effective
wind farm sizing in a weak power grid using modal analysis. To assess maximum wind
penetration level using available information of the corresponding power generation
system, an integrated numerical algorithm is developed and presented in [20]. With
the help of a computational algorithm based on frequency response of power system,
proposed approach in [21] evaluates maximum wind energy penetration level. A new tool
is proposed in [22] to estimate highest margin of instantaneous wind power level in the
system with respect to frequency response adequacy of the grid. This tool uses inertia
and headroom information as input to provide the maximum wind power level. Using
this tool, a Transmission System Operator (TSO) could evaluate a secure wind penetration
threshold that can be integrated at a particular load level as soon as system generation
profile is known.

It is evident from the literatures that the increase in wind penetration level in a
conventional grid influences frequency stability, voltage stability and transient stability of
the grid, hence these stability parameters have been used individually as suitable attributes
for assessing maximum margin of wind power level that can be integrated into the system.
However, none of the studies has considered all these criteria together or combination
of them in estimation of maximum allowable wind penetration in a power system. It
is also equally important to assess the maximum permissible solar PV penetration level
that can be integrated into an existing grid. In this backdrop, this work aims to present a
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tool/framework to estimate maximum permissible solar PV penetration level (PVmax%) in a
power system without changing its existing infrastructure. In this study, the various aspects
of transient stability, voltage stability and frequency stability were considered and assessed
for a power system under different large-scale solar PV penetration levels. The proposed
methodology considers both frequency stability as well as voltage stability aspects for
evaluating PVmax% which can be a useful tool for the transmission system operators.

The rest of the paper is organized as follows. In Section 2, the overview of the study
system modeling is described. Section 3 illustrates the methodology and stability analysis
followed by details of the proposed tool in Section 4. The simulation results are discussed
and validated in Section 5 and the study is concluded in Section 6.

2. System Modeling

In this work, the studied power system is developed considering detailed dynamic
models of conventional synchronous generators and large-scale solar PV power plants.
The generic PV system models provided by Western Electricity Coordinating Council
(WECC) Renewable Energy Modeling Task Force (REMTF) and the International Electro-
technical Commission (IEC) Technical Committee (TC) 88, Working Group (WG) 27 are
adopted, which present a guideline for representation of transmission-connected large-
scale PV plants for bulk system load flow simulations [23,24]. In order to develop time-
domain simulation model for bulk power system studies, the central station PV plants are
recommended to be represented by a single equivalent PV generator connected at Point of
Interconnection. The overall model structure of the implemented large-scale PV plant is
shown in Figure 1.
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Figure 1. Block diagram for central station PV system model. Adapted from Ref. [24].

The Renewable Energy Generator/Converter module (REGC_A) is simply a high
bandwidth current regulator. This part of the model injects the real and reactive compo-
nents of the inverter currents into external network during the network solution in response
to real and reactive current commands from electrical control model. The Renewable En-
ergy Electrical Control module (REEC_B) consists of a local active power control and a
local reactive power control. It generates the active and reactive current command signals
which will then be given to generator converter model which injects real and reactive
currents into the external network. As per the LVRT regulation requirements, the value of
a user-specified flag denoted by PQ flag can be set, thus choosing between active power
priority and reactive power priority. Renewable Energy Plant Control module (REPC_A) is
an optional model depending on whether a plant level control is implemented or not. In
the study presented here, this block is not implemented.

The WECC generic solar PV plant model is implemented in the DIgSILENT Power-
Factory software and the studies have been carried out on a modified IEEE 39 bus system
(IEEE TF, 2013). The 39 bus New England System is a simplified model of the high voltage
transmission system in the north-east of the USA (New England area) which consists of
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10 generators, 19 loads, 34 lines and 12 transformers. The generator, G 01, connected at
bus number 39 represents the rest of the interconnected system in USA and Canada. All
the generators in this standard system are modeled as 6th order synchronous machines
equipped with standard IEEE models of automatic voltage regulators, excitation systems,
governor systems and power system stabilizers.

In this research work, to realize different solar PV penetration levels, the New England
System is modified by replacing some of the synchronous generators with grid code
compliant WECC large-scale PV system models. The generators numbered 3, 4, 6, 8 and
9 had been displaced by adding ten PV models at bus numbers 33, 23, 2, 20, 35, 19, 21,
37, 38 and 8, respectively, by increasing penetration level up to 60% in steps of 10%. The
placement of solar PV systems was based on voltage sensitivity analysis and existing
transmission line constraints. These buses are identified by applying three-phase faults
at each of the buses and observing corresponding voltage heat map. From the heat map,
the buses which resulted in higher voltage dips at the remaining nodes of the system due
to the applied fault are considered as weak buses and are used for placing PV systems.
The single line diagram of modified solar PV integrated 50 Hz study system is shown in
Figure 2.
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Figure 2. Modified solar PV integrated New England system.

3. Methodology and Stability Analysis

This section presents in detail the methodology adopted for developing the tool to
estimate PVmax% for a given power system. In this study, large-scale solar PV penetration
level has been calculated based on total PV power integrated to the system by replacing
the synchronous machines with respect to the total system demand. In order to determine
maximum possible penetration level of solar PV that can be accommodated in the existing
infrastructure, the impact of increased penetration on various factors such as rotor angle,
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voltage and frequency of the network are investigated. Various case studies are carried
out to analyze stability and security of the power system following different contingencies
under significant PV levels thereby to identify most relevant attributes or criteria which
can be used to assess limiting PV levels to be integrated to the power system under all
operating conditions. The following stability analysis has been considered in estimation of
PVmax%:

(a) Transient rotor angle stability;
(b) Dynamic voltage security/severity;
(c) Frequency stability.

These analyses are carried out for all possible operating conditions considering various
combinations of generation mix of solar PV penetration and Conventional Power Plant
(CPP) generation. The security of the system is evaluated for each operating condition and
are then classified into secure/insecure cases. Table 1 provides a summary of the different
combinations of study cases used for conducting stability/security analysis. The step by
step procedure of the evaluation of secure/insecure cases is as follows:

i. Define different operating conditions of test system by varying the generation mix of
solar PV (0–60%) and CPP (40–100%).

ii. Under each operating condition, apply 3-phase short circuit fault according to condi-
tions mentioned in Table 1.

iii. Calculate various stability/security indices as explained in Sections 3.1–3.3. Based on
the thresholds defined for these indices, classify the operating conditions as secure or
insecure case.

iv. Calculate percentage of secure/stable cases for each operating condition using
Equation (1)

Secure Cases% =
Total number of secure cases
Total number of study cases

× 100 (1)

Table 1. Summary of the various fault conditions used for the stability/security analysis.

Fault Settings Conditions

Fault Type 3-phase short circuit
Fault Location All 39 buses

Retained Fault Voltages 0 pu, 0.3 pu, 0.5 pu, 0.7 pu
Fault Durations 150 ms, 600 ms, 900 ms, 1200 ms

3.1. Transient Rotor Angle Stability

The first case study is carried out to investigate the impact of higher penetration of
solar PV in the system on transient rotor angle stability. There are a number of studies
addressing the issue of rotor angle stability with increased PV generation [25–27], however,
the reported studies have analyzed each stability issue instead of taking a holistic approach
for all the stabilities. The transient instability occurs when generator rotor angle exceeds
the critical value, and this is usually investigated in time duration of 3–5 s following any
fault or disturbance.

In order to evaluate the transient stability of a network, rotor angle of synchronous
generator measured with respect to synchronously rotating reference frame is considered.
During severe transient events, such as severe 3-phase faults, generator rotor angle oscil-
lates between 180◦ to −180◦ with respect to rotor angle of reference machine in the system.
Since the evaluation of all individual rotor angles is a cumbersome process, a method based
on maximum rotor angle difference proposed in [28] is used to carry out the study. In
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this method, an index is defined in terms of maximum rotor angle separation in degrees
between any two machines in the system and is given by the following formula:

TSI =
(360− ∆δmax)

(360 + ∆δmax)
× 100% (2)

where TSI represents Transient Stability Index whose value varies between (0–100) percent
and ∆δmax is maximum angle separation of any two rotor angles.

As mentioned in Section 3, a vast range of operating conditions are created by varying
PV penetration levels from 0 to 40% and by applying 3-phase faults at all the 39 buses of
the test system by varying voltage dips and fault durations. For a given contingency, if the
value of calculated TSI is less than 10%, network is considered transiently unstable. A total
of 312 fault cases are simulated for a single generation mix of the test system and number
of stable and unstable cases identified using TSI is expressed as a percentage of total fault
cases. The summary of obtained results is shown in Figure 3. It can be clearly observed
from the chart that number of stable cases is reduced with rise in PV penetration level, i.e.,
when solar PV penetration in the system increases, transient stability is worsened.
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It is a well-known fact that transient stability is highly dependent on fault proximity
and severity [28]. To observe this dependency, some random sample cases are considered
by applying 3-phase fault for a duration of 300 ms and a retained voltage of 0.3 pu at various
buses in the test system. The TSI values are calculated using Equation (2) for all simulated
fault cases and the obtained values are given in Table 2. According to TSI values listed in
the table, a clear reduction of transient stability is observed with the increase of solar PV
penetration for a fault at any of the critical locations of the network. On the contrary, for a
fault at less critical location, transient stability has improved. So, it can be concluded that
integration of PV plants shows both adverse and beneficial effects on transient stability
performance of system depending on fault proximity, severity and duration of fault.

Table 2. TSI values for different solar PV penetration levels.

TSI

Retained Fault Voltage = 0.3 pu; Fault Duration 300 ms
Fault Location 0% PV 10% PV 20% PV 30% PV

Bus 01 62.7 61.5 64.7 59.1
Bus 12 65.46 62.64 62.35 61.38
Bus 20 40.87 47.66 50.38 56.56
Bus 33 50.22 63.8 65.69 67.84
Bus 39 63.54 62.9 63.02 58.4
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3.2. Dynamic Voltage Severity/Security

The operation of power systems worldwide is subjected to increased stress levels due
to several reasons, such as increase in demand, integration of renewables, reduction of
conventional power plants, etc. Along with these operating and infrastructure changes,
severe contingencies and their effects lead power grid to further stressed levels, sometimes
to the extent of collapse. The system may undergo severe voltage sags, under and over
voltages, voltage instability or sometimes complete voltage collapse during various con-
tingencies or transient events such as system faults. Owing to the increased penetration
of renewables into existing grid infrastructure, more and more voltage instability related
issues are experienced by power systems all over the world.

For static and dynamic voltage stability assessment, a number of methods are reported
in literature [29–31]. Abnormal state of a power system is reflected by its voltage deviation
during a contingency, and for severe dynamic conditions, criteria defined by NERC for
assessment of transient voltage dip following a contingency is considered. In this study, an
index is used to quantify system voltage limit violations which is derived from observed
transient response of all system bus voltages. The voltage severity index (VSI) is defined
as follows:

VSI =
{
|V0 −Vdev|/V0 if |V0 −Vdev|/V0 ≥ 0.25

0 otherwise
(3)

As per NERC (N− 1) contingency criteria, buses with a VSI greater than 0.25 during
transient period following a fault are considered as severe buses. In this analysis, various
fault conditions as given in Table 1 for various system operating conditions are simulated
and based on the value of VSI calculated using Equation (3); secure buses are identified in
order to assess dynamic security of the test system. For each PV penetration level varying
from 0–60% and for each retained fault voltage conditions (0–0.7 pu), the number of secure
cases are expressed as a percentage of the total cases studied. Results obtained are indicated
in Figure 4. The chart clearly shows how number of secure cases reduced with increase in
PV penetration level for various retained fault voltages.
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Figure 4. Percentage of secure cases for various PV penetration levels based on VSI.

The index VSI will give estimation of how severely the power system is affected with
voltage dip resulted from various fault conditions, while another criterion is used in this
study to identify whether system is secure or not under a given fault/contingency based
on magnitude and duration of the voltage deviation. For any bus, if the voltage is outside
the limits of 0.8 pu and 1.1 pu for more than 0.5 sec, the system is considered to be insecure
under that contingency.

Figure 5 is a plot of voltage profile of a number of buses under a sample study case
to illustrate how the dynamic voltage security has been evaluated for the analysis part.
As indicated in figure, for a fault applied at bus 2, the duration of voltages at bus 35 and
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36 staying at a value more than 1.1 pu is almost 1 sec and hence, system is considered to
be insecure for this particular fault scenario. Based on this criterion, the study cases are
divided into secure and insecure cases considering duration of dynamic voltage deviations
after fault clearance, and the summary of this analysis is represented in Figure 6. For
various PV penetration levels, the number of secure cases are expressed as a percentage of
total simulated cases, based on post fault voltage deviations and its duration as mentioned
above. It is evident from the figure that the number of secure cases significantly decreased
with increasing PV levels.

Energies 2021, 14, x FOR PEER REVIEW 8 of 21 
 

 

 

Figure 4. Percentage of secure cases for various PV penetration levels based on VSI. 

The index VSI will give estimation of how severely the power system is affected with 

voltage dip resulted from various fault conditions, while another criterion is used in this 

study to identify whether system is secure or not under a given fault/contingency based 

on magnitude and duration of the voltage deviation. For any bus, if the voltage is outside 

the limits of 0.8 pu and 1.1 pu for more than 0.5 sec, the system is considered to be insecure 

under that contingency. 

Figure 5 is a plot of voltage profile of a number of buses under a sample study case 

to illustrate how the dynamic voltage security has been evaluated for the analysis part. As 

indicated in figure, for a fault applied at bus 2, the duration of voltages at bus 35 and 36 

staying at a value more than 1.1 pu is almost 1 sec and hence, system is considered to be 

insecure for this particular fault scenario. Based on this criterion, the study cases are di-

vided into secure and insecure cases considering duration of dynamic voltage deviations 

after fault clearance, and the summary of this analysis is represented in Figure 6. For var-

ious PV penetration levels, the number of secure cases are expressed as a percentage of 

total simulated cases, based on post fault voltage deviations and its duration as mentioned 

above. It is evident from the figure that the number of secure cases significantly decreased 

with increasing PV levels. 

 

Figure 5. Voltage profiles of various buses during a 3-phase fault at bus 2. Figure 5. Voltage profiles of various buses during a 3-phase fault at bus 2.
Energies 2021, 14, x FOR PEER REVIEW 9 of 21 
 

 

 

Figure 6. Summary of dynamic voltage security analysis for different PV penetration levels. 

3.3. Frequency Stability 

As installed capacity of variable generation increases with solar PV-driven displace-

ment of synchronous machines in power grid, total rotational inertia and primary fre-

quency reserves (PFR) which are essential to stabilize grid frequency reduces. This reduc-

tion in system inertia and PFR could lead to significant instability issues in large grids 

with high levels of PV generation or low-inertia grids such as islands like Hawaii [32], 

Puerto Rico [33], etc. In this study case, potential risk of frequency instability is analyzed 

in a large-scale solar PV integrated network by carrying out a number of different fault 

scenarios as outlined in Table 1. The parameters used for analyzing the frequency stability 

of the system are Rate of Change of Frequency (RoCoF), frequency nadir/zenith and time 

taken to reach nadir/zenith points following a fault occurred in the system. Cases where 

maximum RoCoF exceeds +/− 0.5 Hz/s or frequency nadir/zenith points exceeds thresh-

olds set by grid codes are considered as insecure cases. These secure/insecure cases are 

then expressed as a percentage of total simulated cases which is represented in Figure 7. 

This figure shows that frequency stability is also affected by increase in PV penetration 

level as number of secure cases decreases with increasing PV levels in the system mainly 

due to reduction in inertial support. 

 

Figure 7. Summary of frequency stability analysis for different PV penetration levels. 

  

Figure 6. Summary of dynamic voltage security analysis for different PV penetration levels.

3.3. Frequency Stability

As installed capacity of variable generation increases with solar PV-driven displace-
ment of synchronous machines in power grid, total rotational inertia and primary frequency
reserves (PFR) which are essential to stabilize grid frequency reduces. This reduction in sys-
tem inertia and PFR could lead to significant instability issues in large grids with high levels
of PV generation or low-inertia grids such as islands like Hawaii [32], Puerto Rico [33], etc.
In this study case, potential risk of frequency instability is analyzed in a large-scale solar
PV integrated network by carrying out a number of different fault scenarios as outlined
in Table 1. The parameters used for analyzing the frequency stability of the system are
Rate of Change of Frequency (RoCoF), frequency nadir/zenith and time taken to reach
nadir/zenith points following a fault occurred in the system. Cases where maximum
RoCoF exceeds +/− 0.5 Hz/s or frequency nadir/zenith points exceeds thresholds set by
grid codes are considered as insecure cases. These secure/insecure cases are then expressed
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as a percentage of total simulated cases which is represented in Figure 7. This figure shows
that frequency stability is also affected by increase in PV penetration level as number of
secure cases decreases with increasing PV levels in the system mainly due to reduction in
inertial support.
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4. Proposed Tool to Estimate PVmax%

The stages associated with proposed PVmax% estimation framework are sequentially
presented in this section. From the observations of stability case studies explained in
Sections 3.1–3.3, it is evident that among transient rotor angle stability, dynamic voltage
security and frequency stability, the former parameter cannot be used as a deciding factor
to accurately estimate PVmax% as it has both positive and negative impacts with higher
dependency on other factors such as location, duration, etc., of the contingencies. Thus, the
proposed estimation method is comprised of two stages where both voltage security and
frequency stability are considered as driving factors to assess PVmax%. In stage 1 of the tool,
the highest PV penetration level is determined by ensuring sufficient frequency response
which will keep the frequency nadir at its defined limits for any load conditions in the grid
whereas stage 2 evaluates a secure and safe PV penetration limit that the grid can handle at
any load conditions by maintaining its dynamic voltage security.

4.1. Stage 1: Frequency Nadir-Based PVmax% Estimation

In a power system, an imbalance between total power generation and total load
demand due to system disturbances such as load changes, faults, or generator trips, may
aggravate frequency excursions and lead to significant load shedding issues. In order
to maintain a satisfactory frequency quality and to make sure system operates in a safe
manner, frequency deviations should be retained within specified limits. In modern power
systems with increased installation of inverter interfaced devices, the inertia is significantly
reduced, increasing the probability of a higher frequency nadir following serious system
disturbances. The ability of a power system to arrest such rapid frequency changes and
stabilize the grid following serious system events are known as frequency response [34]
and is dependent on two major factors: (i) the amount of stored kinetic energy (KE) that
the committed synchronous generators can release into the system during a frequency
event, also known as inertial response and (ii) the available power reserve (PR) from the
committed online synchronous generators which is the difference between its rated power
output and actual power output. The frequency nadir (Fn) of a power system relies on the
total power imbalance resulted due to the disturbance as well as KE and PR of the network
as all these measures jointly control the frequency response of the grid. Hence it is rational
to conclude that the PV penetration level can also be correlated to frequency nadir of the
grid, thereby connecting it to KE and PR of system thus making it a major element that
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can be used to estimate the maximum permissible PV penetration level, PVmax% for an
existing grid.

The step by step procedure to assess PVmax% of a power grid using the frequency
nadir is presented here. The detailed algorithm explaining stage 1 estimation is given in
Figure 8.

Step 1: A number of different load scenarios are created by varying the load and
generation profiles for the test system developed in DIgSILENT PowerFactory (Version
2019, DIgSILENT GmbH, Gomaringen, Germany). The maximum and minimum demand
of the studied system is around 6097 MW and 4627 MW, respectively. The total load of
the studied system is calculated as a net aggregation of its local loads and interconnection
power flows. The power dispatch from conventional generators and integrated solar
PV/wind sources are adjusted to generate different load cases for the analysis purpose.
For each load case, the KE and PR values are computed using the following equations:

KE =
n

∑
i=1

(Si ×Hi) (4)

PR =
ng

∑
i=1

(
Prated,i − Pgen,i

)
(5)

where Si is the rated power in MVA and Hi is inertia constant in seconds of ith synchronous
generator, n is the total number of online committed synchronous generators at a particular
load scenario. Similarly, Prated,i and Pgen,i are the rated power output and actual generated
power output in MW of the respective ith generator in the system. ng denotes number of
synchronous generators with enabled governor control or primary frequncy control. The
following assumptions are made while calculating KE and PR for each load case:

i. For a particular load case, the number of committed synchronous generators remains
constant thereby keeping KE constant.

ii. Under a specific load case, the PV penetration level is increased by only changing the
dispatch power of committed synchronous generator. Thus, the PR values change
with change in PV penetration level.

iii. Rate of Change of Frequency (RoCoF) is considered to be more dependent on the KE
of the system and not PR. Hence for a specific load scenario, RoCoF changes are not
considered as significant as changes in Frequency Nadir.

Under every load case considered, a system disturbance is simulated by disconnecting
the largest generator and corresponding frequency nadir is measured. A multi-variable
regression model is developed by using these measured frequency nadir values (Fn),
calculated KE and PR values and corresponding power outage values (Po) as shown
in Equation (6) where f1 denotes a functional relation and is termed as model 1 in this
paper. The Centre of Inertia Frequency (CoIF) defined in [35] is used for measuring system
frequency nadir values in order to eliminate the effect of small signal oscillations.

Fn = f1( Po, KE, PR) (6)

Step 2: As a next step, a mathematical relation is developed between solar PV pene-
tration level and PR of the system under each load case. The solar PV penetration level is
calculated as a ratio of total installed capacity of PV power in the system to the total load
demand of the system given by Equation (7) as follows:

PV% =
Total installed capacity of PV power (MW)

Total demand (MW)
× 100 (7)

The maximum PV penetration level (PVmax%) is defined as the highest value of instan-
taneous PV power that can be integrated into a power system while maintaining system
frequency or rate of change of frequency within its tolerable limits during and after a
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disturbance. In this study, frequency nadir limits are considered for estimating secure
PVmax% for the test system. For determining PVmax% at a specific load scenario, two sepa-
rate mathematical relations are formed between PV% and Fn and PR and Fn by simulating
largest generator outage cases under different PV penetration levels. It is important to
note that the PV penetration level is incremented only by changing power dispatch from
committed synchronous generators under a specific load case thereby maintaining the
value of KE constant and PR varying. The mathematical relations are formed and indicated
by Equations (8) and (9) as follows:

Fn = f2(PR) (8)

Fn = f3(PV%) (9)

where f2 and f3 represents a functional relation obtained using linear regression model.
Step 3: Using Equations (8) and (9), and by equating Fn to a lower limit of permissible

system frequency nadir value, the minimum PR required (PRmin) and maximum PV
penetration level (PVmax%) that can be added to the system which will ensure secure
frequency response under the specified load scenario is calculated. Now, as a final step,
another mathematical relation denoted by f 4 (Model 2) is developed between obtained
PRmin and PVmax% corresponding to each of the load cases simulated as indicated in
Equation (10) below:

PVmax% = f4(PRmin ) (10)

Step 4: The last step involves prediction of maximum PV penetration level at any load
level of the system under consideration. Through market bidding, the system operator
will be able to obtain available KE value from unit commitment and economic dispatch
schedule at any load levels. Moreover, by considering a worst case scenario of largest
generator outage of the system, the power imbalance Po is determined. At first, model 1
(Equation (6)) is used and the value of PR is calculated considering under frequency load
shedding (UFLS) limit for Fn. Then this value of PR is used as input in model 2 to generate
PVmax% as output. Figure 9 indicates an input-output diagram of this approach.

This entire procedure will give the value of maximum permissible PV penetration level
that can be integrated instantaneously to the power system by ensuring secure frequency
response of the system under the specified load scenario.
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4.2. Stage 2: Voltage Severity Index-Based PVmax% Estimation

In the second stage of PVmax% estimation method, voltage severity index (VSI) defined
in Section 3.2 is used as deterministic factor. The calculated values of VSI for over a number
of load scenarios created by varying the generation mix in the system are used to derive a
security boundary for the test system. The steps of assessment of the VSI based security
boundary is as follows:

• Step 1: Create a number of operating scenarios by varying the generation mix in the
test system. For obtaining various combinations, CPP is varied from 0–100%. HVDC
sources are considered in the test system with a variation of 0–30% with both import
and export conditions. The solar PV additions were varied between 0–60%. All the
HVDC and PV penetration mix are calculated with respect to total system demand
under respective load scenarios whereas CPP levels are calculated based on their total
installed capacity.

• Step 2: The values of VSI are calculated using Equation (3) explained in Section 3.2.
Various fault cases as listed in Table 1 were considered to calculate VSI values under
all generation combinations with various operating conditions.

• Step 3: Using the calculated VSI values and generation mix of the system, a security
boundary is derived for the studied test system. This boundary can be used to predict
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PVmax% which ensures voltage security of the test system corresponding to the chosen
operating condition/load scanario.
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4.3. Combined Utilization of Stage 1 and Stage 2 for PVmax% Estimation

Stage 1 and stage 2 of the proposed PVmax% estimation tool are decoupled since they
both depend on two different deterministic parameters such as Fn and VSI. Figure 10
represents the flowchart of the combined estimation process which uses both the strategies
together to compute maximum PV penetration level in the power grid that ensures both
frequency and voltage security of the system.
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The transmission system operators are free to use either one of the stages to estimate
PVmax% depending on their requirement of maintaining a frequency secure system or a
voltage secure system or both by following respective methodology.

5. Results and Discussion

The proposed tool is applied to IEEE 39 bus test system constructed considering
detailed dynamic models of all components in DIgSILENT PowerFactory simulation
platform. Extensive number of dynamic simulations are performed under various case
studies and python scripts are used to automate the simulation processes. The total
installed capacity of the system is 14,535 MW and peak demand is 6097 MW (IEEE TF,
2013). The loads are modeled as 100% constant power model for active power and 100%
constant impedance model for reactive power for the stage 1 analysis of the proposed tool.
Various load scenarios are created to obtain different values of KE and PR combinations by
committing and dispatching the synchronous generators present in the test system. HVDC
connections are also considered while creating various load scenarios, but their variations
were not considered significant for stage 1 estimation since they do not participate in active
power changes during frequency events whereas they were used as one of the important
parameters for stage 2 of the proposed estimation approach. Moreover, it is important
to note that the PV systems added to the test system for increasing the PV levels are not
equipped with virtual inertia control or any other active power control capabilities unless
mentioned otherwise.

5.1. Stage 1: Frequency Nadir-Based PVmax% Estimation

The simulation results for stage 1 of the PVmax% estimation framework is presented
in this subsection. Eight different load scenarios are created for analysis purposes which
varies from a minimum load of 4627 MW to a maximum load of 6097 MW with various
HVDC imports and exports level. As a first step, frequency nadir (Fn) values are calculated
for each load case by considering largest generator outage in the system and the obtained
results are tabulated as follows (Table 3):

From the values of Table 3, model 1, the mathematical relation between Fn with respect
to P0, KE and PR is obtained using multi-variable regression analysis with 95% confidence
level and is expressed using Equation (11) as follows:

Fn= −0.007 (Po) + 0.00071 (KE) + 0.00082 (PR) (11)

The adjusted R-square which is an indicator of goodness of fit was obtained as 93%
for the obtained regression relation, hence the coefficients obtained from the multi-variable
regression analysis is acceptable and Equation (11) can be used for further analysis of stage
1 of the proposed estimation tool.

Table 3. Summary of P0, KE, PR and Fn values for various load scenarios.

Load Scenarios P0
(MW)

KE
(MWs)

PR
(MW)

Fn
(Hz)

Load Case 1 1000 78,269.5 894.2 46.602
Load Case 2 660 75,669.7 1143.6 48.788
Load Case 3 630 74,819.5 991.4 49.14
Load Case 4 800 74,789.5 1490.4 48.56
Load Case 5 900 75,839.8 807.9 47.046
Load Case 6 550 78,260.5 1302.8 49.362
Load Case 7 650 75,629.8 1136.4 49.134
Load Case 8 508 74,689.5 287.3 48.804

As the next step, the solar PV penetration level is increased in steps for each load case and
the penetration levels are calculated using Equation (7) as explained in Section 4.1. In every step,
CoI frequency nadir values are measured by applying largest generator outage cases in order to
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obtain a relation between PV penetration level and frequency nadir as well as PR and frequency
nadir for individual load cases. The lower limit of allowable frequency nadir is kept as 49.2
Hz, based on similar practices for small-scale power systems. It is important to note that the
generator G 01 in test system which indicate the rest of the interconnected system in the USA
and Canada do not provide any governor action for frequency support to the system. Now,
setting the value of Fn = 49.2 Hz, using Equation (8)–(9), the mathematical formula is derived
for each load case to calculate PRmin and PVmax%. The results are summarized in Tables 4 and 5.

Table 4. Summary of calculated PRmin values for various load scenarios.

Load Scenarios Mathematical Relation
between Fn and PR

PRmin
(MW)

Load Case 1 Fn = −0.000102 (PR) + 49.32 1176.4
Load Case 2 Fn = −0.000181 (PR) + 49.42 1222.22
Load Case 3 Fn = −0.000074 (PR) + 49.31 1486.48
Load Case 4 Fn = −0.000044 (PR) + 49.29 2045.45
Load Case 5 Fn = −0.000091 (PR) + 49.28 879.12
Load Case 6 Fn = −0.000058(PR) + 49.35 2586.2
Load Case 7 Fn = −0.000057 (PR) + 49.3 1818.18
Load Case 8 Fn = 0.000067 (PR) + 49.19 597.01

Table 5. Summary of calculated PVmax% values for various load scenarios.

Load Scenarios Mathematical Relation
between Fn and PV%

PVmax%
(%)

Load Case 1 Fn = −0.0608 (PV%) + 48.73 12
Load Case 2 Fn = −0.0701 (PV%) + 49.16 14.74
Load Case 3 Fn = −0.0340 (PV%) + 49.37 22.37
Load Case 4 Fn = −0.0171 (PV%) + 48.95 40.61
Load Case 5 Fn = −0.0615 (PV%) + 48.64 10.4
Load Case 6 Fn = −0.0203 (PV%) + 49.23 42.85
Load Case 7 Fn = −0.0314 (PV%) + 49.49 33.82
Load Case 8 Fn = −0.1632 (PV%) + 49.42 8.7

In order to obtain the mathematical relation between PRmin and PVmax%, a linear
regression model is developed using the values from Tables 4 and 5. The relation obtained
is given in Equation (12) as follows:

PVmax% = 0.02071 (PRmin)− 7.391 (12)

The regression model gave a fit of 92.8%, hence proving that minimum PR and
maximum PV penetration level in a system are highly correlated with each other. Figure 11
depicts a plot between PRmin and PVmax% showing the dependency of both parameters
with each other.
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5.2. Stage 2: VSI-Based PVmax% Estimation

This case study mainly aimed at providing a deep insight of how to assess the least
possible presence of conventional power plants under high penetration of solar PV energy.
The test system is further modified by introducing cross-border power exchange through
HVDC links in order to provide various combinations of generation mix. As mentioned in
Section 2, the phasing out of CPPs are done by adding PV into the system where the PV
penetration level goes up to 60% (calculated with respect to the total system demand) above
which the system becomes highly unstable due to the significant reduction of primary
ancillary services from CPPs such as reactive power reserve, active power reserve, etc.
Moreover, the power exchange through HVDC interconnections is quantified in terms of
total system load and both the import and export scenarios are considered for the studies.

A vast range of operating conditions involving a generation mix of CPP, PV and
HVDC and various fault cases as listed in Table 1 were considered to predict the security
margin of the test system. The dynamic voltage security criterion explained in Section 3.2
is used to obtain the security boundary shown in Figure 12 which illustrates the influence
of CPPs on voltage security of the system for various fault conditions by dividing the
entire operating conditions in upper zone of insecure cases and lower secure zone. In the
figure, the x and y axes represent the power share from PV and HVDC calculated with
respect to the total system demand, respectively, whereas the z axis represents the power
generation share from CPP in MW with respect to the total installed capacity of all CPPs
present in the system. As expected, the test system is secure with more CPPs at lower PV
share characterized by higher security margin.

The impact of HVDC power exchange on dynamic voltage security is another obser-
vation that can be made from Figure 12. In the case of HVDC import (shown as negative in
Figure 12), since there is more power generation available, the power share from CPPs can
be less compared to the export case. Additionally, reactive power consumption is higher
due to higher reactive power losses in transmission system during fault in case of import
thereby affecting the voltage security of the system. Hence, security level is relatively less
in case of HVDC import in comparison with the export case and is clearly seen in Figure 12.
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5.3. Validation of Proposed PVmax% Estimation Tool

To validate the proposed estimation tool, a number of sample load scenarios are
considered for two different power systems: IEEE 39 bus system and Gujarat state power
grid of India. Gujarat, with a total installed capacity of 34 GW, is one of the RE rich
states in India with 29% of total installed capacity derived from renewables. As of now,
Gujarat grid has 7% solar PV penetration and the system was modified to accommodate
higher PV penetration levels to indicate future scenarios for simulation purposes. In the
first step of validation, model 1 and model 2 are determined for both the test systems
and PVmax% is obtained using the estimation approach as explained in Section 4. In the
second step of the validation, dynamic time-domain simulations are carried out by creating
same contingencies under same load scenarios as used for first step, and evaluated the
maximum possible PV penetration level that the systems can handle without disturbing its
frequency/voltage stability. As the final step, the difference between output using proposed
tool and dynamic simulation is calculated with the help of the following Equation (13):

Deviation% =
PVmax%,tool − PVmax%,sim

PVmax%,sim
× 100% (13)

where PVmax%,tool and PVmax%,sim represents the maximum PV penetration level obtained
from the proposed tool as explained in Section 4 and time-domain simulation, respectively.
Table 6 shows a comparison between the obtained results. From the results, it is observed
that the deviations between PVmax% obtained using the tool and the dynamic simulation
are less than 5% for all evaluated load scenarios of both test systems. Thus it can be inferred
that the proposed tool can successfully predict maximum instantaneous PV penetration
level that a system can securly handle for any operating conditions.

Table 6. Validation results for studied power systems.

Load Case PVmax%
(Using Tool)

PVmax%
(Using Simulation)

Deviation
(%)

IEEE 39 bus system
Load Case 1 41.5 43 3.4
Load Case 2 14.42 15 3.86
Load Case 3 26.7 28 4.6

Gujarat State Grid
Load Case 1 45.1 47 4.31
Load Case 2 28.9 30 3.66
Load Case 3 50.8 53 4.15
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5.4. Validation of Proposed PVmax% Estimation Approach in Presence of Emulated PV Inertia

In this section, the validation results are presented for the proposed tool applied to
IEEE 39 bus system considering emulated inertial suupport from PV power plants. For
inertia emulation, 20% of PV curtailment is considered and the available amount of PV
power for frequency support is added to the total PR of the system during the calculation
procedure of PVmax%. Model 1 and model 2 are obtained using the method explained in
Section 4.1 and PVmax% is estimated considering only frequency-based approach (stage 1).
The obtained PVmax% values for two diffrenet load cases are compared with the respective
time-domain simulation-based results and the difference in output is calculated. The
comparison is given in Table 7 below.

Table 7. Validation results for test system with emulated PV inertia.

Load Case PVmax%
(Using Tool)

PVmax%
(Using Simulation)

Deviation
(%)

IEEE 39 bus system
Load Case 1 33.1 35 5.4
Load Case 2 18.7 20 6.5

6. Conclusions

The research work presented in this paper proposes a new tool to estimate maximum
permissible solar PV penetration level that can be integrated to a given power system. In
this study, the impact of increased penetration of solar PV on transient stability, dynamic
voltage stability/security and frequency stability of a power system are studied by consid-
ering a vast number of various fault conditions. From the results, the transient stability of
the test system is found to be highly dependent on the fault proximity and fault duration
and has both adverse and beneficial effects with higher PV levels. From dynamic voltage
security analysis and frequency stability analysis, it is observed that the system security
was severely affected by the PV-driven displacement of CPP at higher PV penetration levels.
Thus, the developed PVmax% estimation tool can use both voltage and frequency behavior
of the system individually or together depending on the requirement as mandated by the
system operators.

In the first stage of the proposed tool, frequency nadir characteristics of the power
system along with power reserve (PR) and kinetic energy (KE) are used to assess secure
PV penetration threshold, provided the generation profile of the system is available from
economic dispatch/unit commitment. Regression models are developed relating KE, PR, Fn
and PV% which can be used to evaluate PVmax% for any load scenarios without performing
complete dynamic simulations of the system. Similarly, in the voltage-based PVmax%
estimation stage, the results of the voltage security assessment of the power system are
used to draw a voltage security boundary in terms of the generation mix which then can
be used to find out secure and insecure operating conditions of the grid under various
contingencies. The decoupled nature of the proposed tool makes it more flexible towards
its applications in a system operator’s point of view. The proposed tool is successfully
validated using a number of operating load scenarios considered in two different power
system models: IEEE 39 bus system and Gujarat state power grid in India. Additionally,
the tool is validated considering virtual inertial support and governor-like response from
integrated solar PV plants in the power system. The validation results demonstrate that the
proposed PVmax% estimation tool can be implemented in any power grid. A transmission
system operator may use these predicted PVmax% values to correct unit commitment and
economic dispatch schedule if there is a possible risk in either frequency response/voltage
security or both.
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Nomenclature
The following abbreviations and nomenclatures are used in this manuscript:
Fn frequency nadir
Hi inertia constant
PRmin minimum power reserve
PV% PV penetration level
PVmax% maximum PV penetration level
Pgen,i generator actual power output
Prated,i generator rated power output
Si generator MVA rating
n number of online generators
ng number of generators with governors
∆δmax maximum rotor angle deviation
CPP conventional power plant
KE kinetic energy
PFR primary frequency reserves
Po power outage
PR power reserve
PV photovoltaic
REEC_B renewable energy electrical control module
REGC_A renewable energy generator/converter module
REMTF renewable energy modeling task force
REPC_A renewable energy plant control module
RES renewable energy sources
RoCoF rate of change of frequency
TSI transient stability index
TSO transmission system operator
UFLS under frequency load shedding
VSI voltage severity index
WECC Western Electricity Coordinating Council
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