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Abstract: The last decade has seen an immense growth in renewable energy sources such as solar
photovoltaic (PV) plants due to environmental concerns. Due to this rapid growth, solar PV plants are
starting to have a larger influence on power system stability and thus their dynamic behavior cannot
be ignored in stability studies. The lack of well-established models and parameter sets is the primary
reason solar PV plants are not modeled with dynamic characteristics. This paper presents a method
to define a standard parameter set for representing large-scale and aggregated solar PV plants in
stability studies from the perspective of the transmission system operator (TSO). The method takes
into account primarily the conditions provided in the grid connection requirements; for illustrative
purposes, the connection requirements of the Netherlands are used. Additionally, a relationship
defined as short-circuit current (SCC) PV ratio is proposed to estimate the effect of solar PV plants
on transient stability. To illustrate the workings of the proposed ratio, the transmission network of
the TenneT TSO B.V. in the Netherlands is used. The analysis demonstrated that high values of SCC
PV ratio are an indicator that solar PV plants affect the transient stability while low values of SCC
PV ratio showed that solar PV plants have minimal effect on the transient stability. Additionally,
methods to improve the transient stability are provided which include limiting the operation regions
of critical generators, increasing short-circuit ratio by adding a synchronous condenser or static
compensator (STATCOM) and decreasing the reactance between the critical synchronous generator
and faulted bus.

Keywords: solar PV plants; large-scale PV model; DER_A model; rotor-angle stability; transient
stability; SCC PV ratio; SCC

1. Introduction

Over the last couple of years, the temperature of the surface of the earth has increased significantly.
It is projected, if no additional measures are taken, an increase between 1.1 °C and 6.4 °C will take place
of the global mean surface temperature over the coming 100 years [1]. To put this into perspective,
the increase of global temperature from 1880 to 1980 is equivalent to 0.28 °C, while the last 20 years
has seen an increase of 0.42 °C [2,3]. The emission of greenhouse gases (GHGs) is the root cause for
soaring temperatures on the surface of the earth. These earth-damaging gases come from different
sectors such as the energy sector, agriculture sector and waste sector, just to name a few. One of the
biggest causes of emission of GHGs, and consequently climate change, is the energy sector, accounting
for a whopping 82.7% of GHG emissions in 2017 in the Netherlands [4]. Fossil fuels (such as coal and
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natural gas) used for producing electrical energy are accountable for a huge part of GHG emissions in
the energy sector [5].

Consequently, policies are now being introduced to reduce and eventually eliminate these
earth-harming production units. The Paris agreement is a global warming change agreement
implemented in November 2016 involving over 180 countries, striving mainly to limit the global
temperature increase ‘'well below’ 2 °C compared to the pre-industrial time age [6]. To achieve this,
the Netherlands, for example, has introduced a climate agreement which defines a certain set of
measures to reduce the emission of GHGs by nearly half by 2030 compared to 1990 [7]. Due to
establishment of these policies, thermal power plants consisting of synchronous generators (SGs) are
gradually being replaced by mostly inverter-based generation (IBG) such as solar PV plants and wind
systems. Consequently, solar PV plants have seen an immense growth in the last couple of years in the
Netherlands. The installed capacity of solar PV plants over the years in the Netherlands is provided in
Figure 1.
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Figure 1. Installed PV capacity in the Netherlands.

As the growth of PV generation units is constantly on the rise, these systems are starting to have a
larger influence on the power system stability and thus their dynamic behavior cannot be neglected
in stability studies [8,9]. According to [10], approximately 35% of network operators represent IBG
by way of negative load for stability studies hence these systems are not contributing to the dynamic
behavior. In a questionnaire it was revealed that negative load representation is used mainly because
of lack of widely used IBG for specific stability studies, lack of widely accepted IBG models and lack of
accepted range of parameter set for IBG models [9,10]. Furthermore, presently, methods to aggregate
solar PV plants at distribution level and the usage of a standard parameter set for the accumulation of
these systems are not well-defined [9].

Shifting to power system stability, higher penetration levels of IBG show that the transient
stability shall initially improve due to reduced loading of synchronous generators. At a certain point,
as synchronous generators are being phased out; however, the loading of the remaining synchronous
generators will increase and the total reactive current injection during faults will reduce hence causing
a decrease of transient stability [11-13]. Similar results were seen for a smaller network in [14].

This paper proposes a method for the selection of dynamic models for representing large-scale
solar PV plants and aggregated solar PV plants from the point of view of a TSO. Additionally,
development of a standard parameter set is proposed for the selected dynamic models with the
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illustrative example of the grid connection requirements in the Netherlands. Furthermore, the influence
of solar PV plants on the transient stability is investigated and a relationship is proposed to estimate
the impact of solar PV plants on the transient stability. In summary, the main contributions of this
paper are:

e  Proposal of a method for the creation of a standard parameter set for representing a wide array of
large-scale solar PV plants and aggregated solar PV plants from the perspective of the TSO.

e A qualitative assessment of the influence of solar PV plants on transient stability when represented
with different modeling representations.

e  Provision of a relationship to determine the influence of solar PV plants on the transient stability.

The remainder of the paper has the following structure. Section 2 shall provide the discussion
of dynamic models which can represent solar PV plants, a brief discussion of the grid connection
requirements in the Netherlands and the proposal of the standard parameter set to represent solar PV
plants. Section 3 provides the assessment methods used for the transient stability analysis. Additionally,
the simulation results and analysis are discussed. The high voltage network of the TSO of the
Netherlands, TenneT TSO B.V.,, is analyzed based on transient stability by evaluating areas of interest.
Lastly, Section 4 shall provide the concluding remarks of this paper.

2. Methodology

2.1. Generic Modeling of Solar PV Plants

As discussed in Section 1, approximately 35% of network operators currently represent IBG
as negative load and thus such systems are not providing a dynamic response in stability studies.
Proper representation of IBG is becoming more important than ever because of the rapid growth of these
energy sources. Consequently, IBG such as solar PV plants can no longer be ignored and must be modeled
adequately when carrying out dynamic studies. Conventional generation sources such as synchronous
generators have well-defined models to perform stability studies [15]. This, however, is not the case
(yet) for IBG, since the development is still ongoing for generic models and typical parametrization [15].
Instead manufactures have the task of creating detailed and specific models for their solar PV plants.
In recent times, a lot of energy and resources have gone towards the development of generic IBG models.
In other words, research is being done on developing generic models to represent a broad spectrum of
IBG models. Generic models for wind power plants are currently more widely accepted compared to
generic models for solar PV plants [16,17]. However, in recent years, several generic PV models have
been proposed, especially by the Western Electricity Coordinating Council (WECC), alongside extensive
validation studies [18-22].

When modeling solar PV plants, two distinct types of solar PV plants shall be taken into
accounti.e.,

e Large-scale solar PV plants
e (Aggregation of) Distributed solar PV plants

Large-scale solar PV plants refer to single large solar PV parks which are usually connected at
transmission level. The large-scale solar PV plants are modeled in power system stability studies by
the large-scale PV model as this has been the standard for modeling large-scale solar PV plants in
recent years. An alternative is the IEC 61400-27-1 which is used to represent wind turbines; however,
this model has not been officially released at the time of writing and the models are not present in
current software, thus it will not be taken into account.

Distributed solar PV plants are solar PV parks which are connected at distribution level, usually
implying smaller capacity ranges. In this paper, the aggregation of distributed solar PV plants shall
be evaluated, which offers an approximate representation of the accumulated behavior of smaller
distribution-connected PV units that are modeled at a transmission bus [23]. The representation
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of aggregated distribution-connected solar PV plants will be achieved with the use of the DER_A
model (Distributed energy resource model version A), as this model is the latest published model
for representing aggregation of distributed solar PV plants with ample flexibility to take into grid
connection requirements and potential changes [24]. Since this model represents the aggregation of
multiple distributed solar PV plants, validation with measured data is not possible; however, in [25]
validation has been conducted based on the expected knowledge of the dynamic behavior.

From the perspective of a TSO, large-scale solar PV plants are defined by solar PV plants which
are connected to the transmission domain, while distributed solar PV plants are defined as solar PV
plants connected to lower voltage levels. To this end, solar PV plants connected at transmission domain
are represented by the large-scale PV model, while solar PV plants connected at distribution domain
are represented by the DER_A model.

2.2. Large-Scale PV Model

The Large-scale PV model (also referred to as the Central Station PV Plant Model or Western
Electricity Coordinating Council (WECC) Generic PV Model) is a positive-sequence model that
represents the important dynamic behavior of large-scale solar PV plants with a single connection
point at transmission level. This model has been developed by the WECC Renewable Energy Modeling
Task Force (REMTF) and has been largely based on the Type 4 Wind Turbine Model (also developed
by the WECC REMTF) due to the characteristic that both types are connected to the grid by a power
electronics interface [26]. The large-scale PV model consists of 3 modules i.e., [26],

o REGC_A—Renewable Energy Generator/Converter Module
e REEC_B—Renewable Energy Electrical Control Module
e REPC_A—Renewable Electrical Plant Level Control Module

The interconnection between the 3 modules is provided in Figure 2.
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Figure 2. Interconnection of large-scale PV modules.

The Plant Level Control (REPC_A), which is an optional module, uses the values provided by the
network solution to generate active- and reactive power references for the electrical control module.
If the plant level controller is excluded, the active- and reactive power references are provided directly
by the network solution [27]. The electrical control module receives the power references from the
plant level controller and converts these into current commands for the generator /converter module.
The produced current commands are received by the generator/converter module. This module is
ultimately responsible for the injection of currents [26].
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2.3. DER_A Model

Besides the rapid increase of inverter-based generation at transmission level, solar PV plants
connected at distribution level have also seen an immense growth [28]. The requirements that these
solar PV plants should adhere to, depends where they fall in the classification of power-generating
modules (PGMs) shown in Table 1. To represent distributed solar PV plants in dynamic case studies,
distributed PV models are used. Additionally, these models are also used to represent the aggregation
of distributed solar PV plants by using aggregation techniques and modeling the aggregated system at
transmission level to obtain an acceptable representation of the gross distributed solar PV plants [9].
In the last decade, several distributed PV models have been proposed such as the PVD1 model and
the DER_A model. The DER_A model is the latest iteration of the distributed PV model and is the
successor to the PVD1 model [28]. The DER_A model stands for the Distributed Energy Resource
Model Version A, and is a model used for modeling the positive-sequence dynamic behavior of
aggregated distributed solar PV plants. This aggregation provides a representation of all the small-
and medium solar PV plants scattered at lower- to medium voltage levels [28]. This model is derived
from the large-scale PV model, discussed previously, which includes the models REPC_A, REEC_B
and REGC_A [24]. The large-scale PV model contains 121 parameters and 16 states, thus is too complex
for representation of aggregated solar PV plants. Moreover, this model was developed to depict the
behavior of a single large renewable plant and thus may not be easily adaptable to incorporate the
aggregation of distributed generators [28]. Therefore, the DER_A model was developed to provide
a straightforward approach to modeling the aggregation of distributed solar PV plants, and also a
reduction in parameters and states was established without diminishing the core functionalities to
adequately represent the dynamic behavior.

Table 1. Definition of generator types.

Generator Type Voltage Level Operator  Capacity Range

Type 0 <110 kV and 0-0.0008 MW
Type A <110kV and 0.0008 MW-1 MW
Type B <110kV and 1 MW-50 MW
Type C <110 kV and 50 MW-60 MW
Type D1 <110kV and >60 MW
Type D2 >110kV and all

2.4. Grid Connection Requirements

The grid connection requirements (GCR) play an important role in the behavior of solar PV plants.
The important grid connection requirements of the Netherlands shall be discussed in this section
relating to transient stability. The grid connection requirements are a set of technical regulations which
provide specific conditions for grid connected PGMs in order to maintain and preserve power system
security, to smoothen the transition to renewable energy sources and to provide equitable conditions
for competition on the electricity market [29,30].

In [30,31], a distinction is made between power-generating modules based on their voltage level
and capacity range. The distinction consists of five types i.e., type 0, A, B, C and D. The classification
of these different types is provided in Table 1.

In Table 1, the different types of generators are shown based on their voltage level and capacity
range. The type 0 power-generating modules will not be considered in this paper and will not be
discussed further, as their capacity is negligible and there are no requirements for these type of
power-generating modules to provide support in case of contingencies [31]. An important note
to highlight is that the classification provided in Table 1 has made a distinction between type D
power-generating modules below 110 kV (type D1) and higher than or equal to 110 kV (type D2) since
certain requirements provide different conditions for type D1 and type D2. When referring to type
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D units in the remainder of the text, this includes both type D1 and D2. The important requirements
regarding transient stability are presented in Table 2.

Table 2. Relevant grid connection requirements.

Requirement Type A Type B Type C TypeD
Fault-ride-through capability of generators connected below 110 kV X X X D1
Fault-ride-through capability of generators connected at 110 kV or above X X X D2
Provision of fast fault current (for IBG) X X X X

Fault-ride-through capability of generators connected below 110 kV: Fault-ride-through (FRT) is
the ability of power-generating modules to remain connected (should the voltage of the generation
unit remain above the given profile) to the network during voltage deviations due to occurrence of
a fault. The FRT capability of power-generating modules connected below 110 kV is a requirement
for type B, C and D1 power-generating modules. A voltage-against-time-profile is specified by Dutch
Netcode at the point of connection for contingencies. The FRT profile applicable to type B, C and D1
units is provided in Figure 3.
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Figure 3. FRT curve for type B, C and D1 PGMs.

Fault-ride-through capability of generators connected at 110 kV or above: The FRT capability
of power-generating modules connected at 110 kV or above is a requirement for type D2 generators.
The FRT profile applicable to type D2 units is provided in Figure 4.

Provision of fast fault current (for IBG): This requirement states that power park modules of type
B, C and D should be able to provide fast fault current when a symmetric (three-phase) or asymmetric
fault occurs. For this requirement (Article 3.19 point 10), the latest proposal of Netbeheer Nederland
has been used (this proposal still awaits approval and thus this requirement has not been officially
adopted yet) since this proposal provides a clearly defined additional reactive current gain value
for power park modules (PPMs) depending on their voltage level [32]. Fast fault current should be
provided at the connection point under the following conditions,

e Additional reactive current is provided when the voltage deviation at the terminals of the
individual power-generating modules is either larger than 10% of the effective value or when
a sudden change in the instantaneous voltage occurs of at least 5% of the peak value of the
nominal voltage.
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e  The additional injected reactive current Alb is the difference of the reactive current during the fault
and the reactive current before the fault and is proportional to the voltage deviation as indicated in
Equation (1). A graphical representation of Equation (1) for the values 2 and 5 of k is shown in Figure 5.
When the voltage deviation is within the limits of the deadband, no additional reactive current is
injected by the solar PV plants; the assigned deadband values will be discussed subsequently.

Alb:MxIka 1)
Un
where
Alb = additional reactive current injection
U _ AU = relative voltage deviation in pu
Uy
u = voltage during fault
Uy = voltage before the fault
Uy = nominal voltage
Iy = nominal current
k = slope for additional reactive current injection

o The range of k or Kqu (additional reactive current gain) shall be between 2 and 6, where the value
of 2 is assigned for power park modules connected to a network with a nominal voltage lower
than 66 kV and the value of 5 is assigned for power park modules connected to a network with a
nominal voltage of 66 kV and higher.
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204,
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Figure 4. FRT curve for type D2 PGMs.
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Figure 5. Additional reactive current injection and voltage deviation relationship.

2.5. Generic Model Parameters

For PV generic models, the parameter set is essential to (satisfactorily) represent the dynamic
behavior of specific solar PV plants. For models which represent specific solar PV plants, a very detailed
parameter set can be assigned based on most significantly the converter/inverter specifications [15].
However, when developing a PV generic model with a parameter set to portray a wide array of solar
PV plants, the goal is to capture important behavior of these systems and not necessarily the minute
details. The assignment of values to the parameter set is shown in Figure 6.

Parameter
assignment

Parameters
do not
affect simulation
results

Parameters
are highly
manufacture
dependent

Parameters
n accordance with
requirements
in GCR

Remaining
parameters

PV models present in the

Dutch grid

\/
Determined by available
values

‘ Sensitivity study

Determined by GCR J { Determined by typical J

Figure 6. Flowchart assignment parameters of proposed parameter set.

Parameters in accordance with GCR: The parameters which coincide with the grid connection
requirements are assigned values stated in the specific requirements. The important parameters
for transient stability relating to the reactive current injection of the solar PV plants are shown in
Table 3—the parameters with an asterisk (*) exist only for the large-scale PV model. It should be
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mentioned that the GCR states that for a sudden change in voltage, the deadband for voltage control
should be in the range of +5%. However, this value was assigned to the parameter set but yielded
convergence problems for large networks hence the deadband for voltage control has been set to +10%.
Additionally, the assignment of the parameter Kquv is dependent on the type of solar PV plants which
are represented. For solar PV plants of type B, C and D1 (connected < 110 kV), the assigned value is 2,
while for type D2 solar PV plants (connected > 110 kV), the assigned value is 5.

Table 3. Reactive current injection parameters.

Parameter Description Value
Vdip*(pu) Low voltage condition trigger voltage 0.9
Vup* (pu) High voltage condition trigger voltage 1.1
dbdl (pu)  Overvoltage deadband for reactive current injection —0.1
dbd2 (pu) Undervoltage deadband for reactive current injection 0.1
Kqv Reactive current injection gain [2 5]
Ighl (pu) Maximum reactive current injection 1
Iqll (pu) Minimum reactive current injection -1

Parameters highly dependent on manufacturer: Certain parameters such as the proportional
integral (PI) gains in the dynamic models determine how assertive a PV system responds to a particular
fault. Such parameters have been taken from the parameter set of current existing solar PV plants in
the Dutch high voltage network.

Parameters which do not affect simulations results: The large-scale PV model and DER_A model
consist of several modules and logic’s which are not of importance as the grid connection requirements
do not define such obligations [23,24]. An example of such a module is the high voltage reactive
current management module present in the large-scale PV model, which functions to decrease the
reactive current injection of the PV system if the voltage at the terminals of the PV system exceeds
a certain threshold. As there are no such requirements in the grid connection requirements of the
Netherlands, this module has been turned off and hence the surrounding parameters of this module,
which will not influence the behavior, have been assigned typical values [23,25].

Remaining parameters: The remaining parameters have been assigned values based on a parametric
sensitivity analysis and literature research. The parametric sensitivity analysis is conducted by changing
one parameter within the range of typical values while all other parameters remain fixed. An example
of an important remaining parameter is the active power ramp-up rate Rrpwr. The parameter Rrpwr
provides an upper limitation for the active current ramp-up rate after fault clearance, essentially limiting
the increase of active power per time unit. The behavior of different values of Rrpwr is provided in Figure 7.

As shown in Figure 7, the speed of the active current injection after fault clearance is strongly
determined by the parameter Rrpwr. Additionally, it can also be seen that the ramp rate limit does
not apply to instantaneous and very sudden changes—this explains the behavior right after the
occurrence of the fault and the sudden increase in active current injection the moment the fault is
cleared. According to [15], higher ramp rates increase the speed of voltage recovery. Using low values
for Rrpwr instigates slow voltage recovery and could result into decrease of voltage beyond FRT profile
as illustrated in [15]. In contrast, too high of a value for Rrpwr could potentially result in frequency
problems due to high frequency sensitivity [15]. Another important aspect which the value Rrpwr
influences is the critical clearing time (CCT), larger values of Rrpwr increase the CCT [15,33]. In [15,23],
the value of 10 pu/s is used for Rrpwr, this is seen as a typical value to represent solar PV plants.
Additionally, the Netcode proposal handed in by Netbeheer Nederland states that the maximum
permissible recovery of active power should be between 0.5 and 10 s, translating to a minimum
value for Rrpwr between 2 pu/s and 0.1 pu/s [32]. However, this does not provide the whole picture,
since this wide range takes into account all PPMs including wind turbines not fully connected via
power electronics, which need additional time to provide active current recovery. To this end, the value
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of 10 pu/s shall be assigned to Rrpwr as this is consistent with literature and falls well within the limits

set by the proposed requirements.
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Figure 7. Active current injection of solar PV plant for varying values of Rrpwr.

As presented in Table 2, type A PPMs are not required to provide reactive current injection during
a fault, while type B, C and D PPMs are. To this end, two parameter sets are proposed for representing
aggregated PV system with the DER_A model, where one represents type A PPMs while the other
represents type B, C and D1 PPMs. The difference between these two parameter sets is that for type
A PPMs the additional reactive current gain (Kqv) should be set to 0 while for type B, C and D1
PPMs this value should be 2 or 5 depending on the voltage levels of the solar PV plants—since all
aggregated solar PV plants are of type B, C and D1 (connected < 110 kV), the assigned value to Kqv
is 2. Additionally, the flags VtripFlag and FtripFlag in the DER_A model should be set to “1” for the
type A parameter set as this corresponds to the provided requirements.

Lastly, the provided FRT profiles presented in Section 2.4, cannot be assigned to the different
models as neither the large-scale PV model nor the DER_A model have a logic for this purpose.

The full proposed parameter set for the large-scale PV model and DER_A model is provided in

Appendix A.
3. Simulation Results

3.1. Tools Used

The software tools to carry out the simulations are Power System Simulator for Engineering
abbreviated as PSS/E version 34.7 aided by Python 2.7. The specifications of the computer used to
carry out the simulations are Windows 10 64-bit operating system, Intel Core i5-7200U @2.50 Ghz CPU

and 8 GB of installed RAM.

3.2. TenneT Network Case Study

To evaluate the transient stability, a synthetic model of the Netherlands (TenneT network) is
taken as a case study. Due to confidentiality concerns only the areas of interest shall be shown.
For the analysis, a scenario of the future is taken which contains a high penetration of solar PV plants
in the network with reference year 2030. For this scenario, several snapshots are evaluated with
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their main difference being variance in dispatch, demand and the in-service synchronous generators.
Different snapshots are evaluated to see the impact of various short-circuit levels on the transient
stability. Consequently, the snapshots with most synchronous generators connected possess the highest
short-circuit levels while low short-circuit levels are present in the snapshots with fewer synchronous
generators connected. Four cases are selected and can be divided in (the synchronous generators refer
to those in the Netherlands at transmission domain):

e Case 1—100% of SGs connected
e  Case 2—64% of SGs connected
e  Case 3—59% of SGs connected
e  Case 4—17% of SGs connected

The percentage of connected SGs has been determined based on the capacity of the synchronous
generators. The above-discussed cases shall be evaluated subsequently.

3.3. Assessment Method and Definitions

The critical clearing time shall be used to assess the transient stability. The method of determining
the critical clearing time with Python 2.7 is shown in the flowchart provided in Figure 8.

f tmin ;' tmax

to=(tmin+tmax)/2

o Apply fault
atbus N

No Yes

Unstable generators

Y

tha=(tmax+tn)/2 tosr=(tmin+tn)/2
tmin=tn tmax=tn

No

Ithe1- tol < 3ms

Figure 8. Flowchart for obtaining critical clearing time.
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As shown in Figure 8, there are two inputs for the critical clearing time scripti.e., t;;ax and f,.
These two inputs indicate the time interval in which the simulation will search for the critical clearing
time. The first clearing time (f() of the fault is calculated as shown in Equation (2).

t Ei
ty = M (n=0) )
Following this, the fault is applied at a particular bus for ¢y seconds and then the fault is cleared
and the simulation continues to run till 5 s. The rotor angles of all synchronous generation units are
then scanned to evaluate if the rotor angle exceeds a certain threshold. If there are unstable generators
present then the fault clearing time (FCT) is decreased as shown in Equations (3) and (4).

toi t
thy1 = %"‘n 3)
tmax == tn (4)

If no unstable generators are present then the fault clearing time is increased as shown in
Equations (5) and (6).

t t
by = 2T 5)
toin = tn (6)

This iterative process is repeated until Equation (7) holds, yielding the critical clearing time as
provided in Equation (8).
b1 — o] < 3ms @)

‘Critical clearing time = ¢, (8)

Additionally, for the analysis it is important to define the various methods of PV representation
which will be used subsequently. This distinction is made to clearly identify the factors in play
which influence the impact of PV penetration on transient stability. The four different modeling
representations which shall be studied are:

e  Representation of all solar PV plants with their respective dynamic models. This representation
shall be referred to as All dynamic models.

e  Representation of all solar PV plants with negative load. This representation shall be referred to
as All negative load.

e  Representation of the solar PV plants connected at the faulted bus with dynamic models while
all others are represented by negative load. This representation shall be referred to as Dynamic
local 1. A further elaboration of this representation is shown in Figure 9 (The underlying elements
of the PV system have been omitted in the figure for simplicity purposes).

e  Representation of solar PV plants connected to at the faulted bus and solar PV plants connected at
a bus directly connected to the faulted bus are represented with dynamic models. All other solar
PV plants are represented with negative load. This representation shall be referred to as Dynamic
local 2. A further elaboration of this representation is provided in Figure 10.

Furthermore, in the figures which shall be discussed, the following abbreviations will be used:

e SG —  Synchronous generator

o A-PVIypeA — Aggregated solar PV plants of type A

o A-PVType BCD1 — Aggregated solar PV plants of type B, C, D1
e L-PV — Large-scale PV system

e A-Wind — Aggregated wind systems
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Figure 9. Dynamic local 1 representation.
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Figure 10. Dynamic local 2 representation.

3.4. Transient Stability Analysis

The first bus which will be examined is the bus at Geertruidenberg with a voltage level of 150 kV
also referred to as GT150-B. This bus was chosen since there are solar PV plants and a synchronous
generator in close proximity. Additionally, the distinction between the short-circuit current (SCC) at
this bus can be clearly seen between the various cases. An overview of the relevant connections at this
bus is shown in Figure 11. An aggregated wind system was also connected to this bus, but has been
put out of service to solely evaluate the impact of solar PV plants.

To isolate the behavior of short-circuit current on the transient stability, the synchronous generator
near the bus of interest (in the case of GT150-B the synchronous generator at bus 87000) has been
given a fixed operating point across all cases and the generator bus voltage has been brought within
a range of 0.01 pu across all cases. This modification has been made for all the buses which are
evaluated. Moreover, the impact of the total system inertia on the transient stability for the different
cases is neglected as the network is widely interconnected to European countries and thus the
disconnection of certain SGs within the Netherlands has an insignificant influence on the total system
inertia. After making the necessary changes as described above in all cases, a fault has been introduced
at GT150-B bus 83036 and the critical clearing time for all cases is evaluated and shown in Table 4.
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Figure 11. Connections at GT150-B bus.

Table 4. CCTs for fault at bus GT150-B.

Representation CCT Case1 (ms) CCT Case2(ms) CCT Case3(ms) CCT Case 4 (ms)

All dynamic models 279 274 274 272
All negative load 268 256 256 237
Dynamic local 1 270 256 261 242
Dynamic local 2 274 261 265 247

When first comparing the representation All dynamic models for the different cases provided in
Table 4, it is shown that the critical clearing time is nearly identical for all cases. The minor difference
witnessed in case 1 is due to the increased short-circuit current at the faulted bus. Additionally,
the difference witnessed in case 4 is due to the reduction of short-circuit current at the faulted bus as
several synchronous generators are put out of service for this case. The short-circuit current (calculated
with the IEC 60909 method in PSS/E) of the different cases is shown in Table 5. The equation used to
calculate SCC PV ratio in Table 5 is provided in Equation (9) and shows the percentage of short-circuit
contribution of all the solar PV plants in the network relative to the total short-circuit contribution at
the faulted bus.

SCC provided by all solar PV plants at faulted bus

SCC PV ratio = x 100% 9
rato Total SCC at faulted bus ° ©)
Table 5. Short-circuit current at bus GT150-B.
Case SCC Case1(kA) SCCCase2(kA) SCCCase3(kA) SCC Case4 (kA)
Total SCC 59.64 57.26 57.32 54.25
Total SCC PV 9.09 9.38 9.46 9.97
SCC PV ratio 15.25% 16.37% 16.50% 18.37%

As shown in Table 5, the short-circuit current for case 1 is the highest. For this case it is also seen
that the SCC PV ratio is the lowest. Hence for the four cases presented, the solar PV plants contribute
the least for case 1 relative to the total short-circuit current. This is also reflected when looking at
the critical clearing time of case 1 when comparing the representations All dynamic models and All
negative load, as the lowest decrease is seen for this case. In other words, the solar PV plants have the
smallest effect on the transient stability due to the lowest SCC PV ratio in case 1. Additionally, for cases
2 and 3, similar results are witnessed for the different representations as for these cases the SCC PV
ratio is approximately identical. For case 4, a notable decrease in transient stability is seen when
comparing the representations All dynamic models and All negative load—the rotor-angle response
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is provided in Figure 12, where it is shown that the amplitude of the rotor angle swings for the All
negative load case is higher compared to the All dynamic models case. This increased difference stems
from the fact that the short-circuit current in this case has decreased (due to out of service of certain
synchronous generators) and thus the contribution of the solar PV plants to the total short-circuit
current is more prevalent, as indicated by the SCC PV ratio for this case.
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Figure 12. Rotor angle of SG at bus 87000 (FCT = 150 ms).

From the results provided in Table 4, it is shown that the solar PV plants do have an effect on the
transient stability for this particular bus as the transient stability reduces when removing the dynamic
behavior of the solar PV plants. Additionally, it is shown that the impact of the solar PV plants increase
when their short-circuit current contribution increases with respect to the total short-circuit current at
the faulted bus—this is expressed by an increasing SCC PV ratio.

Furthermore, when comparing the critical clearing time of the various representations, it is shown
that the solar PV plants located at the faulted bus and to another bus nearby, do provide a significant
contribution to the transient stability, but not a predominant one. As the remaining solar PV plants
also aid the transient stability. This distinction between the contribution of local solar PV plants and
solar PV plants located electrically further away from the fault is highly dependent on the capacity
and the distribution of the solar PV plants in the two different areas.

The second bus of interest is Eerbeek abbreviated by EBK150-A. This bus has an aggregated
PV system connected and a synchronous generator connected to it but no large-scale PV system.
The relevant connections of bus EBK150-A are provided in Figure 13. Similar to the case study of
GT150-B, the synchronous generator close to EBK150-A has been provided with a fixed operating
point across all cases and the generator bus voltage has been brought within a range of 0.01 pu across
all cases. The critical clearing times for the various cases at this bus are shown in Table 6.

Table 6. CCTs for fault at bus EBK150-A.

Representation CCT Case1(ms) CCT Case2(ms) CCT Case3 (ms) CCT Case 4 (ms)

All dynamic models 272 268 270 270
All Negative load 272 268 268 268
Dynamic local 1 272 268 268 268

Dynamic local 2 272 268 268 268
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Figure 13. Connections at EBK150-A bus.

The results provided in Table 6 are contrastingly different compared to the results presented
for GT150-B. In Table 6, it is seen that the critical clearing time changes slightly or not at all for the
different representations and different cases presented. To obtain better insight as to why this is the
case, the short-circuit current at the faulted bus is presented in Table 7.

Table 7. Short-circuit current at bus EBK150-A.

Case SCC Case1(kA) SCCCase2(kA) SCCcCase3(kA) SCC Case4 (kA)
Total SCC 25.35 25.34 25.28 25.06
Total SCC PV 2.46 2.48 2.51 2.61
SCC PV Ratio 9.70% 9.80% 9.94% 10.41%

First, it is seen that the short-circuit current presented in Table 7 for the different cases does
not vary significantly. From this it can be concluded that the synchronous generators which are
out of service for the varying cases do not provide any significant contribution to the faulted bus.
Moreover, in Table 6, it is shown that the critical clearing times vary slightly or not at all for the
presented representations and cases. This is due to the fact that the short-circuit contribution of the
solar PV plants at this bus is low—this is expressed in the low percentages of the SCC PV ratio. In other
words, this area is not populated densely by solar PV plants in close vicinity hence leading to a small
contribution to the short-circuit current by the solar PV plants which in consequence leads to the solar
PV plants having a limited role in the transient stability for this faulted bus.

The third case which will be analyzed is the bus at Hengelo Boldershoek at a voltage level of
110 kV, this bus is also referred to as HGLB110-B. An overview of the important connections at this bus
is provided in Figure 14.

The critical clearing times for the four cases are provided in Table 8. At this bus the representation
Dynamic local 1 is equivalent to Dynamic local 2 as no solar PV plants are connected to neighboring
buses of bus HNGL110-B.

Table 8. CCTs for fault at bus HNGL110-B.

Representation CCT Case1 (ms) CCT Case2(ms) CCT Case3(ms) CCT Case 4 (ms)

All dynamic models 322 320 320 322
All negative load 320 315 317 317
Dynamic local 1 320 315 317 317
Dynamic local 2 320 315 317 317

The results provided in Table 8 are in line with the results provided for EBK150-A as the critical
clearing time contains very minor changes for the various representations. This can explained, again,
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by looking at the amount of short-circuit current provided in different cases and the amount provided
by the solar PV plants as shown in Table 9.

Table 9. Short-circuit current at bus HNGL110-B.

Case SCC Case1(kA) SCCcCase2(kA) SCCcCase3(kA) SCC Case4(kA)
Total SCC 32.23 32.14 32.04 32.14
Total SCC PV 2.53 2.59 2.63 2.70
SCC PV Ratio 7.86% 8.05% 8.20% 8.41%

HGLB110-B
34532
Other connections
at bus
1
37507
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Figure 14. Connections at HGLB110-B bus.

Similarly as the results provided for EBK150-A, it is shown for a fault at bus HGLB110-B, the critical
clearing time is impacted barely by the presence of solar PV plants. For this bus, however, the short-circuit
current contribution is higher compared to that seen in EBK150-A. Relative to the total short-circuit
current, the average contribution of solar PV plants is slightly less—as expressed by the SCC PV ratios.
In similar fashion, the solar PV plants have a limited say in the transient stability at this bus due to the
small short-circuit contribution by the solar PV plants.

In the analysis, certain variables which influence the transient stability (e.g., voltage at generator
bus, operating point of synchronous generator) were set to fixed values or within a certain range to
try and isolate the behavior of solar PV plants on the transient stability. From the analysis it was
shown that solar PV plants play an important role in one of the variables affecting transient stability
i.e., the short-circuit current at the faulted bus. Two main distinctions in terms of the relation between
the total short-circuit current and short-circuit current contribution by the solar PV plants can be made,
these are:

e  High SCC PV ratio—The first distinction which can be made is for a faulted bus which possesses
a high SCC PV ratio, this entails that the amount of short-circuit contribution of solar PV plants is
high relative to the total short-circuit current at the faulted bus. Such an example was presented
when evaluating the bus at GT150-B. In this studied case, the solar PV plants affected the transient
stability notably. Additionally, for higher SCC PV ratios as case 4, it was shown that the transient
stability was affected the most for this case when removing the dynamic behavior of the solar PV
plants as the SCC PV ratio was the highest.

e Low SCC PV ratio—The second distinction which can be made is for an area or faulted bus which
possesses a low SCC PV ratio, meaning that the amount of short-circuit contribution of solar PV
plants is low compared to the total short-circuit current at the faulted bus. Examples of cases
with low SCC PV ratios are EBK150-A and HGLB110-B. For these cases it was shown that the low
contribution to the total short-circuit current by the solar PV plants led to them having little to no
influence on the transient stability.
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Looking into the future, power system networks shall continue to phase out synchronous
generators and add renewable energy sources such as solar PV plants. Consequently, the short-circuit
current in the various regions shall decline as synchronous generators provide significantly more
short-circuit current compared to renewable energy sources. This overall decline in short-circuit current
and increase of short-circuit current contribution by solar PV plants shall progress a lot of areas towards
higher SCC PV ratios and thus solar PV plants (and other RES) shall have a continuingly increasing
influence on the transient stability.

The remarks above state the impact which solar PV plants have on the transient stability. It is
also important to highlight when significant decrease in transient stability is witnessed. If the total
short-circuit current at a faulted bus is highly contributed by synchronous generation units, then for
certain situations in which synchronous generation units are put out of service, the short-circuit current
at such a bus might decrease significantly henceforth potentially leading to harmful effects for the
transient stability. Also, if a fault occurs at a bus near a synchronous generation unit which contains a
low short-circuit current, transient stability problems might arise when such a synchronous generation
unit is operating at a high operating point (close to its active power limit and under-excited).

3.5. Improving Transient Stability

In this section, methods to improve transient stability shall be proposed. The methods which will
be discussed are:

e Limiting operation region of synchronous generator
e Addition of reactive compensation devices
o  Decreasing reactance between synchronous generator and faulted bus

Operating point of synchronous generator: The operating point of the synchronous generator
plays an important role in the transient stability. To illustrate this point, GT150-B shall be evaluated
(connections at this bus are shown in Figure 11) and the operating point of the synchronous generator
nearby will be varied. To examine the impact of operating point of the synchronous generator on the
transient stability, case 2 has been used. The maximum active power output (Pmax) and the MVA
base of the generator at bus 87000 near GT150-B are equal to 650 MW and 812.50 MVA, respectively.
The different operating points and the respective critical clearing times are provided in Table 10.

Table 10. Operating points of synchronous generator at bus 87000.

SG at Bus 87000 P (MW) Q (Mvar) CCT (ms)

Operating Point 1 620 90.00 274
Operating Point 2 620 0.00 256
Operating Point 3 620 —45.00 242
Operating Point 4 450 30.00 387
Operating Point 5 450 —30.00 359
Operating Point 6 250 0 >400

In Table 10, it is seen that the critical clearing time for operating point 1 till 3 yields the lowest
critical clearing times compared to the other cases. For these operating points only the reactive power
output of the synchronous generator has been varied, while the active power output is close to its
limit. These operating points yield the lowest critical clearing times because the rotor angle is at a
higher operating point yielding less margin for transient stability. In these cases, it is due to the high
amount of active power being generated relative to the Pmax of the generator. Additionally, it is
also seen that the critical clearing time for operating point 3 is the worst. Thus, the synchronous
generator is at its most critical when a combination of high amount of active power generation and
an under-excited generator is present. Similar conclusions can be drawn when looking at operating
point 4 and 5, where it is seen that the under-excited generator decreases the critical clearing time
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significantly. On the other hand, it is seen that the active power generation is not as high compared to
operating points 1 till 3 and hence the critical clearing time is not as low. Concludingly; it is illustrated
that the transient stability is highly dependent on the operating point of the synchronous generator.
Furthermore, the operating point of the generator has the most significant effect on the transient
stability when the active power generation is close to its limits and the generator is under-excited.
Consequently, for critical areas where synchronous generators are in danger of losing synchronism,
limitations can be set on the synchronous generators near such relevant areas regarding the active
power production and reactive power output to improve the transient stability.

Addition of reactive compensation device: As shown in the analysis, the short-circuit current at
the faulted bus has a significant say in the transient stability. To illustrate this phenomenon, case 2 at
the bus of EBK150-A is looked at without and with the addition of a reactive compensation device.
The reactive compensation device has been added to the high voltage bus, in this case bus EBK150-A.
The added reactive compensation device has a rating of 500 MVA. The critical clearing time of these
two cases is shown in Table 11.

Table 11. CCT with and without synchronous condenser.

Case CCT (ms)
Without SC 268
With SC 293

As shown in Table 11, the critical clearing time for the case with reactive compensation device has
increased compared to the case without. This is due to the added short-circuit current contribution of
the added device. An example of such devices are synchronous condensers or static compensators
(STATCOM). Conclusively, it was shown that by adding a reactive compensation device such as a
synchronous condenser or STATCOM, the total short-circuit current at the faulted bus increases hence
improving the transient stability. Additionally, such devices also contribute to the voltage support.

Decrease reactance: Another method to improve the transient stability, albeit a very cost intensive
one, is decreasing the reactance of the lines/cables or transformer in between the critical synchronous
generator and the faulted bus. To demonstrate this point, bus GT150-B and case 2 has been looked
at. A modification has been made by decreasing the reactance of the line between the synchronous
generator at bus 87000 and the faulted bus GT150-B. The initial and modified reactance and the
obtained critical clearing times for the two cases is provided in Table 12.

Table 12. Modified reactance and CCT of studied cases.

Case X (pu) CCT (ms)
Initial reactance 0.001430 274
Modified reactance 0.0004 279

As shown in Table 12, by decreasing the reactance between the synchronous generator and the
faulted bus, the critical clearing time increases. This can be explained by looking at the power flow
transfer equation shown in Equations (10) and (11).

V, x Vs

V
Q= Yr(vs -c0sd — V) (11)

As shown in Equations (10) and (11), the reactance is inversely proportional to the amount of
active and reactive power transferred. Hence, when decreasing the reactance of the line from the

synchronous generator to the faulted bus, less losses occur in terms of reactive power when the
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reactance is decreased, hence leading to a higher short-circuit contribution at the faulted bus and thus
improving the transient stability. Realistically, this can be achieved by two methods,

e By replacing the line/cable from the synchronous generator to the faulted bus with a line/cable
with lower reactance. This alternative is very costly and does not provide any direct benefits other
than an improved robustness and transfer capacity of added line. However, since the line will be
completely replaced, the replacing line/cable can yield a low reactance.

e By adding a parallel line from synchronous generator to the faulted such that the equivalent
reactance is hence decreased. This alternative offers redundancy and the ability to spread the
transfer over two lines. However, as the equivalent reactance is also a function of the existing
line/cable, this poses a limitation for the decrease in equivalent reactance.

4. Conclusions

This paper proposes a method for obtaining a standard parameter set for representing large-scale
and aggregated solar PV plants to address the research gap concerned with a lack of accepted
parameters sets for representation of solar PV plants.

The selection of dynamic models for representing the generic behavior of large-scale PV and
aggregated solar PV plants has been appointed to the large-scale PV model and DER_A model,
respectively. The parameters of the models which align with the grid connection requirements were
determined by the specified requirements—such important parameters are the reactive current gain
and the reactive current injection deadband. Parameters which are manufacturer dependent were
assigned values of existing solar PV plants in the Dutch grid. Furthermore, certain parameters did
not have influence on the dynamic behavior of the PV system, these were assigned by typical values.
Finally, for the remaining parameters, a parametric sensitivity study and literature research were
combined to assign these values. With the above-mentioned steps a full parameter set was attained for
the large-scale PV model and DER_A model. It is worth noting that the parameter sensitivity analysis
can be done in a more intricate manner, by way of optimization-based tuning; such a method can be
carried out as an extension of this research.

The analysis of the transient stability was conducted in such a manner as to isolate the behavior of
the short-circuit current on the transient stability. This was achieved by evaluating a certain bus and
setting the synchronous generator near that bus to a fixed operating point across all cases. Additionally,
the voltage of this generator bus was brought within a range of 0.01 pu across the cases. These changes
have been made to solely evaluate the impact of short-circuit current at the faulted bus on the transient
stability. The analysis concluded that the impact of solar PV plants (at a bus near a synchronous
generator) on the transient stability is predominantly determined by the SCC PV ratio equation defined.
This relationship defined the amount of short-circuit contribution by the solar PV plants relative to the
total short-circuit current at the faulted bus. As this ratio became higher, the solar PV plants started
to have a bigger impact on the transient stability. On the other hand, when the SCC PV ratio was
low, it was shown that solar PV plants had minimal impact on the transient stability. As solar PV
plants are being added to power systems and synchronous generation units are being decommissioned,
more areas will tend towards high SCC PV ratios hence the impact of the solar PV plants on the transient
stability will only increase.

Moreover, proposed methods to improve the transient stability are limiting the operating region
of critical synchronous generators, increasing the short-circuit current at a certain bus or region by
adding a synchronous condenser or STATCOM and decreasing the reactance between the critical
synchronous generator and the faulted bus.
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Appendix A

The proposed parameter set for the large-scale PV model is shown below in Tables A1-A3.

Table Al. Parameters of REGC_A module of large-scale PV model.

Parameter Description Unit Value
Tg Converter time constant s 0.005
Rrpwr Low Voltage Power Logic (LVPL) ramp rate limit pu 10.0
Brkpt LVPL characteristic voltage 2 pu 0.70
Zerox LVPL characteristic voltage 1 pu 0.10
Lvpll LVPL gain pu 0
Volim Voltage limit for high voltage reactive current management pu 2
Lvpntl High voltage point for low voltage active current management pu 0.8
Lvpnt0 Low voltage point for low voltage active current management pu 0
Toli Current limit for high voltage reactive current management
olim i” . pu -1.1
(specified as a negative value)

Tiltr Voltage filter time constant for low voltage active current management s 0.01
Khv Overvoltage compensation gain used in the high voltage reactive current - 0
Igrmax Upper limit on rate of change for reactive current pu 99.0
Igrmin Lower limit on rate of change for reactive current pu 99.0
Accel acceleration factor (0 < Accel < 1) - 1
Table A2. Parameters of REEC_B module of large-scale PV model.

Parameter Description Unit  Value
Vdip Low voltage condition trigger voltage pu 0.90

Vup High voltage condition trigger voltage pu 1.10
Trv Voltage filter time constant s 0.01
dbd1 Overvoltage deadband for reactive current injection pu —0.1
dbd2 Undervoltage deadband for reactive current injection pu 0.1
Kqv Reactive current injection gain pu 5
Ighl Maximum reactive current injection pu 1
Iql1 Minimum reactive current injection pu -1

User defined reference (if 0, model initialises it to initial
Vref0 . pu 0
terminal voltage)

Tp Filter time constant for electrical power s 0.01
QMax limit for reactive power regulator pu 0.6
QMin limit for reactive power regulator pu —0.6
VMAX Max. limit for voltage control pu 1.1
VMIN Min. limit for voltage control pu 0.9

Kqp Reactive power regulator proportional gain pu 10
Kqi Reactive power regulator integral gain pu 0.1
Kvp Voltage regulator proportional gain pu 0.1

Kvi Voltage regulator integral gain pu 0

Tiq Reactive current regulator time constant S 0.01
dPmax (>0) Power reference max. ramp rate pu/s 10
dPmin (<0) Power reference min. ramp rate pu/s —10
PMAX Max. power limit pu 1
PMIN Min. power limit pu 0
Imax Maximum limit on total converter current pu 1.1
Tpord Power filter time constant s 0.01
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Table A3. Parameters of REPC_A module of large-scale PV model.

83

Parameter Description Unit  Value
Tfltr Voltage or reactive power measurement filter time constant s 0.01
Kp Reactive power PI control proportional gain pu 0.1
Ki Reactive power PI control integral gain pu 0.15
Tft Lead time constant s 0.05
Ttv Lag time constant s 0
Virz Voltage below which State s2 is frozen pu 0
Rc Line drop compensation resistance pu 0
Xc Line drop compensation reactance pu 0
Kc Reactive current compensation gain pu 0.33
emax upper limit on deadband output pu 1
emin lower limit on deadband output pu -1
dbd1 lower threshold for reactive power control deadband (<0) pu  —0.005
dbd2 upper threshold for reactive power control deadband (>0) pu 0.005
Qmax Upper limit on output of V/Q-control pu 0.4
Qmin Lower limit on output of V/Q-control pu —04
Kpg Proportional gain for power control pu 0.04
Kig Proportional gain for power control pu 0.08
Tp Real power measurement filter time constant s 0.05
fdbd1 Deadband for frequency control, lower threshold (<0) Hz 0
fdbd2 Deadband for frequency control, upper threshold (>0) Hz 0
femax frequency error upper limit pu 1
femin frequency error lower limit pu -1
Pmax upper limit on power reference pu 1
Pmin lower limit on power reference pu 0
Tg Power Controller lag time constant s 0.1
Ddn droop for over-frequency conditions pu 20
Dup droop for under-frequency conditions pu 0
The proposed parameter set for the DER_A model is shown below in Table A4.
Table A4. Parameter set DER_A model.
Parameter Description Unit Value
Trv voltage measurement transducer time constant S 0.01
Trf frequency measurement transducer time constant s 0.01
dbd1 lower voltage deadband (<0) pu —0.1
dbd2 upper voltage deadband (>) pu 0.1
Kqv proportional voltage control gain pu [025]
Vref0 user specified voltage set-point pu 0
Tp power measurement transducer time constant S 0.01
Tiq Q-control time constant s 0.01
Ddn reciprocal of droop for over-frequency conditions (<0) pu 20
Dup reciprocal of droop for under-frequency conditions (>0)  pu 0
fdbd1 deadband for frequency control, lower threshold Hz 0
fdbd2 deadband for frequency control, upper threshold Hz 0
femax frequency error upper limit Hz 1
femin frequency error lower limit Hz -1
PMAX Maximum power limit pu 1
PMIN Minimum power limit pu 0
dPmax Power reference maximum ramp rate (>0) pu/s 99
dPmin Power reference minimum ramp rate (<0) pu/s =99
Tpord Power filter time constant s 0.01
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Table A4. Cont.

Parameter Description Unit Value
Kpg PI controller proportional gain pu 0.1
Kig PI controller integral gain pu 10

Imax Maximum converter current pu 11
v10 inverter voltage break-point for low voltage cut-out pu 0.7
vll inverter voltage break-point for low voltage cut-out (vl1 > v10) pu 0.7
vhO inverter voltage break-point for high voltage cut-out pu 1.1
vhl inverter voltage break-point for high voltage cut-out (vh1 < vh0) pu 1.1
tvl0 low voltage cut-out timer corresponding to voltage v10 s 0.2
tvll low voltage cut-out timer corresponding to voltage v11 s 0.2
tvho high voltage cut-out timer corresponding to voltage vh0 s 2
tvhl high voltage cut-out timer corresponding to voltage vhl s 2

Vifrac fraction of device that recovers after voltage comes back to within B 1
vll <V <vhl (0 < Vrfrac < 1)
fl inverter frequency break-point for low frequency cut-out Hz 47.5
th inverter frequency break-point for high frequency cut-out Hz 515
tfl low frequency cut-out timer corresponding to frequency fl 2
tth high frequency cut-out timer corresponding to frequency fh s 2
T current control time constant (to represent behavior of inner
g s 0.005
control loops) (>0)

ITpWr ramp rate for real power increase following a fault pu/s 10
Tv time constant on the output of the multiplier s 0.01
Vpr voltage below which frequency tripping is disabled pu 0.3
Ighl upper limit on reactive current injection pu 1
Iqll lower limit on reactive current injection pu -1
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