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Abstract: The fault level is used as a simple indicator for scanning the system strength in power
systems. To an extent, this has proven its efficacy in classical power systems based on synchronous
generation (SG). However, power electronics-based renewable energy sources (RESs), due to their
controlled and limited fault current contribution, may affect the impedance, fault level, and system
strength in a non-linear manner. Hence, this raises a question about the validity of using the fault
level as a measure reflecting the system strength in future grids. This paper intends to shed light
on the above question by examining the correlation between the fault level and the system strength
in future grid scenarios. This is achieved in two steps: first, by employing the measure-based
Thevenin impedance for fault level estimation in renewable-rich grids, and second, by comparing
these estimated fault levels with those obtained from steady-state and dynamic simulations. While
the results have demonstrated the suitability of using the fault level for system strength scanning in
scenarios of low penetration of RESs, they revealed that such a tool might be misleading with very
high RES penetrations. The findings have been verified using the adjusted IEEE nine-bus test system
in DIgSILENT PowerFactory.
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1. Introduction

Power systems are moving towards integrating higher penetration of renewable
energy sources (RESs). Simultaneously, this is accompanied by the decommissioning of
large central synchronous generators (SGs). As most RESs are connected to the grid through
power electronic (PE) devices, they have different characteristics and limitations in terms
of inertia and fault level contribution to the grid [1,2]. This in turn would negatively affect
the system from the strength point of view. In other words, the increased penetration of
PE-based RESs may result in weaker future grids. Note that the term ‘system strength” in
this research refers to the system impedance that characterizes the capacity of a system to
maintain the voltage in response to changes in the current (e.g., switching events or load
changes). Thus, lower impedance, i.e., a higher fault level, implies that the power system
is stronger at that point and vice versa. This issue has started to capture the attention of
researchers and system operators (transmission system operators (TSOs) and distribution
network operators (DNOs)) due to its severe impact on the operation and control of the
grids [3-5]. Therefore, continuous monitoring of the system strength, especially in future
system scenarios with high penetration of PE-based RESs, is required. In this regard, the
fault level, being directly related to the system impedance at the faulty point, has been

Appl. Sci. 2023, 13, 142. https:/ /doi.org/10.3390/app13010142

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app13010142
https://doi.org/10.3390/app13010142
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-2145-4936
https://orcid.org/0000-0002-3501-0351
https://orcid.org/0000-0002-5520-1737
https://orcid.org/0000-0003-2427-5829
https://doi.org/10.3390/app13010142
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13010142?type=check_update&version=3

Appl. Sci. 2023,13, 142

20f 15

adopted as a helpful tool to measure the system strength (i.e., the system impedance) locally
around the power grid [6,7]. For instance, a higher fault level point indicates a lower system
impedance and a closer point to the generation centre.

Although system impedance, also referred to as Thevenin impedance, when measured
at steady-state conditions at a certain node may differ from that concerning dynamic
fault conditions, these two values might be almost the same in classical power systems,
specifically at load buses [8]. This is supported by the assumption that the sub-transient
and transient effects of synchronous machines can be neglected. Therefore, estimating the
system impedance, to an extent, is employed to calculate the fault level and vice versa.
Thus, the efficacy of the fault level scanning tool has been proven in classical power systems
dominated by SGs, as the fault level, to an extent, would represent the system impedance.
With the increased penetration of PE-based RESs, such tools may be invalidated in future
grids. This might be attributed to the controlled fault current response from those non-
synchronized RESs opposing the situation of classical SGs that are directly coupled with
the grid. RESs not only have limited fault contribution, but they also have different fault
signatures and characteristics, mainly due to the their converter’s controllers and protection
setup during the faults [9]. Moreover, these RESs cannot be modelled as voltage behind an
impedance, which is the case with SGs. Hence, the increased penetration of RESs when
accompanied by decommissioning of large SGs may lead to the grids being operated under
lower fault level conditions. Regardless of the low fault level contribution, depending on
the technology, the controllers, and the fault-ride through requirements set by grid codes,
RESs may still contribute partially to the system strength in normal operation conditions.
However, this might not be captured by using the fault level scanning tool. This necessitates
the need to better understand the correlation between the fault level and the system strength
represented by the system impedance.

Traditionally, using the Thevenin impedance has been employed for steady-state fault
calculations by most standards, such as IEEE and IEC standards [10,11]. This is not only
due to its simplicity, but also due to the accuracy achieved in estimating the fault currents.
This is because of the direct and linear (inversely) relationship between the impedance
and the fault current flowing at the point of study. Such relationship is attributed to the
physical behaviour of the classical SGs during faulty conditions. These SGs provide a
time-decaying fault current which is inversely related to their impedance seen during the
fault. SGs’ fault currents are usually of very high values which go multiple times above its
rating (e.g., up to six p.u.). Nevertheless, the Thevenin equivalent method may not provide
the same accuracy when the fault current comes to the systems from RESs with different
characteristics and limited fault current contributions when compared with SGs (e.g., up to
1.4 p.u.) [9]. Hence, these Thevenin-based methods attempted to modify their approach
to better include the impact of such RESs in fault calculation methods. For instance, IEC
60909 standards suggested that the PE-based RESs should be modelled as a current source
with infinite impedance.

Aside from fault calculation standards, many studies have attempted to map the
system strength and the fault level in power systems. These studies can be categorized into
two main classes:

(1) Those that studied the application of measurement-based methods for Thevenin
impedance and fault level estimation [12-16]. Although such studies provided a
valuable insight, they were mostly analysing the system impedance and the fault level
in classical/existing power systems without considering the impact of very high RES
penetration.

(2) Those focused on employing of the fault level and the short circuit ratio (SCR) for
evaluating the system strength for PE-based RES integration purposes [17-22]. Such
studies assess the strength of the AC/DC connection when integrating RESs. Some
of these studies have suggested modified SCR-based metrics for better scanning of
the system strength. However, they were restricted to the point of common coupling
(PCC) and did not consider the fault current contribution from RESs. Moreover, they
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have not clearly pointed to the impact of the fault contribution from PE-based RESs
on those suggested metrics.

In recent literature, researchers have started to raise questions on the accuracy of
employing the fault level for reflecting the traditional concept of Thevenin impedance and
the system strength in future renewable-rich scenarios [23,24]. For instance, researchers
in [23] have concluded that the classical definitions of grid strength based on short-circuit
power and Thevenin impedance are inadequate as they may fail to describe the system
behaviour. The work in [24] argues that a fault level may not be a valid measure of
the equivalent system impedance, i.e., the system strength in systems with large-scale
integration of PE-based RESs.

In this paper, we aim to examine the effectiveness of using a fault level-based approach
as a system strength scanning tool that reflects the Thevenin impedance in future grid
scenarios with high penetration of RESs. (i.e., PE-based generators). Our analysis focuses
on achieving a better understanding of the correlation between the fault level and the
system strength in such scenarios. The work in this paper is divided into two steps: first,
estimation of the fault level in renewable-rich grids by utilizing the measure-based Thevenin
impedance, and second, comparison between these estimated fault levels with those
obtained from stead-state and dynamic simulations. Then, depending on the matching
degree of those two categories of results, the fault level will be reassessed as a system
strength scanning tool in future power grids with high penetration of RESs.

The rest of the paper is structured as follows: Section 2 introduces the difference
between the typical characteristics of fault currents from SGs and PE-based RESs. Section 3
presents the concept of a measurement-based estimation of the power system impedance
based on load change and capacitor switching methods. Section 4 revises the up-to-date
fault calculation in renewable-rich grids according to IEC 60909 standards. Section 5
discusses the simulation results and validates the accuracy of the utilized methods against
the dynamic simulations, and finally, Section 6 concludes the paper.

2. Typical Characteristics of Fault Current of SGs versus PE-Based RESs

The SGs are considered as the main source feeding the fault level in conventional
power systems. Due to their physical behavior, the fault currents fed from SGs are time-
decaying currents with a very high initial contribution (i.e., sub-transient current). The
initial fault contribution is followed by a lower level of transient contribution before
reaching the lowest level of fault current components represented by the steady-state
component. Figure 1 shows the typical fault current signature of SG and RESs (i.e., type-
four wind). In order to mimic the behavior, SG is usually modelled as a voltage behind
and impedance for fault calculations. The impedance, which is mainly characterized
by the reactance of the generator, has three different values that vary to represent the
above-mentioned components.
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Figure 1. Typical fault current signature of a 50 MVA generation unit. (a) SG (b) type-four wind [2].
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This behavior is due to the PE interface utilized in their converters. Generally, RESs
may have a fast transient that is followed by a limited steady-state fault component in
response to the faults and voltage dip conditions [2]. Note that these RESs are usually
accompanied by protection schemes that prevent high fault currents from passing through
the converter to avoid stressing of the PE switches. In fact, it is not only the protection that
affects the fault current contribution of RESs, but also the control strategy, the severity of
the fault, and the fault-ride-through (FRT) requirements according to the grid code that is
set by the grid operator.

3. Fault Level Estimation Using Measurement-Based Thevenin Impedance

The fault level is a quantity defined to represent the MVA associated with a three-phase
symmetrical bolted short circuit current flowing at a faulty node. Once the short circuit
current is known, then the fault level can be calculated according to Equation (1):

Fault Level (MVA) = /3 Vy Ir (1)

where Vy is the pre-fault line-line voltage of the point N in (kV) and I is the value of the
three-phase symmetrical bolted short circuit current in (kA).

Note that this calculation process requires conducting a short circuit analysis to de-
termine the value of the short circuit current at the node of interest. Alternatively, the
fault level can be also captured by employing the Thevenin equivalent of the network seen
from the node of interest as shown in Figure 2. Hence, the fault level can be expressed in
Equation (2):

Vi
Fault Level (MVA) = —~-
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: I zth - IF I
@1

| | R
L Eth Faulty Point

Thevenin Equivalent

Figure 2. Thevenin equivalent of the system.

As mentioned earlier, some methods in the literature employ measurements for online
estimation of the Thevenin impedance. This is undertaken mainly by measuring the voltage
and current variations in response to active and reactive power (P and Q) variations due to
a perturbation [8]. Depending on the source of the perturbation, the Thevenin impedance
estimation methods can be categorized into two main groups: passive and active. The
latter method can be also divided into two sub-categories: transient and steady-state,
depending on the type of the event that caused the perturbation. Regardless of those
categories, Thevenin impedance requires at least two consecutive measurements to be
captured [25,26].

In this paper, to capture the Thevenin impedance that represents the system in steady-
state conditions, two methods have been adopted to create the voltage/current varia-
tions for estimating the steady-state impedance of the system [8,27,28]. The estimated
Thevenin impedance is then employed for fault level calculations These include: (1)
Thevenin impedance measurement using step load change, and (2) Thevenin impedance
measurement using switching events (e.g., capacitor bank switching). Note that these two
measurement-based methods are supposed to be providing similar results when applied
to the load buses. However, the capacitor bank switching method can be applied to any
bus in the system, more specifically unloaded buses. While these might be converging
into the same results in the conventional systems based on SGs only, they might lead to



Appl. Sci. 2023,13, 142

50f 15

different results with the presence of a high share of RESs. Hence, the assessment of these
two methods is one of the expected findings of this paper.

3.1. Thevenin Impedance Measurement Using Step Load Change

Load side variations can be utilized to estimate the Thevenin impedance at the load
nodes [29-31]. Note Figure 2 which shows the equivalent system at the load bus where
the system side equivalent is kept unchanged. Any step change in the load side would be
followed by a change in the voltage. By recording consecutive measurements of both the
currents and the voltage before and after the load variations, the equivalent impedance at
the load bus can be calculated as expressed in Equation (3):

Eg = Vii+Zy x Iy, (©)

Note that the variables in the above equation (voltages and currents) represent the
actual RMS values measured in the positive sequence. While both Ey, and Zy;, are kept
constant, any change in the current I; ; would be accompanied by a change in the voltage
W Hence, two consecutive measurements of two loading conditions (i.e., i = 1, 2) would
lead to two different equations, as follows:

Ei = Vii+Za X Tis "
Ew = Voo +Zy x 112

By solving these two equations, the value of the Thevenin impedance can be calculated

as follows: -
Vin—Vip

Ly = | ===
Ip1—1Ip

©)

It is worth noting that the outcome of this method might be limited to cases where
the system side is assumed unchanged during the measurements. In this regard, some
literature can be found to account for source side variations [8], which is beyond the scope
of this paper. However, it would be satisfied for the purpose of a steady-state Thevenin
impedance estimation where variations are considered insignificant. In this work, a large
step change in the voltage at the load bus is guaranteed for the purpose of improving the
accuracy of this method. This voltage change is obtained by a large step change in the load
that might be enough to neglect the continuous steady-state small variations in the source
side. More specifically, the changes (5%, 10%, and 15%) are used and averaged to improve
the accuracy of this method. This will be further discussed in the results section.

3.2. Thevenin Impedance Measurement Using Capacitor Bank Switching

Capacitor banks are usually utilized for steady-state voltage support at both transmis-
sion and distribution levels (often close to the large load center). By switching them on,
capacitor banks can change the voltage level by injecting a reactive current at the bus where
they are connected. Although this switching might be accompanied immediately by a
transient inrush current, the steady-state voltage would be enhanced remarkably [32]. Both
the transient current and resulting steady-state voltage step change are influenced by the
system’s strength, which is indicated by the Thevenin impedance (i.e., the fault level) at the
connection point. For the purpose of this paper, which accounts only for steady-state condi-
tions, the transient inrush current is not considered and the whole transient state is ignored.
Note that less voltage changes result from capacitor banks switching at stronger buses (i.e.,
low equivalent impedance). Hence, similar to the load change method described earlier,
capacitor banks switching events can be employed to estimate the Thevenin impedance at
the node of connection. As depicted in Figure 3, the node at which the capacitor bank is
connected can be represented by its Thevenin equivalent. Hence, by acquiring two sets of
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measurements of the voltage and current before and after the capacitor switching event,
we can simply calculate the Thevenin impedance as expressed in Equation (4):

Via—Vip
Iii—1Ip

AVy

Ic

(6)

where I¢ is the rated value of the capacitor current.

Note that the perturbation caused by the injected reactive current I should not result
in a voltage beyond the steady-state voltage limits defined by the grid operator (e.g., £5%
of the nominal voltage). It is worth highlighting the applicability of this method for the
estimation of the Thevenin impedance, not only at load buses but also at other unloaded
buses at both transmission and distribution levels. By doing so, the obtained Thevenin
impedance at the node of interest can then be employed to calculate the fault level MVA at
the node of interest as previously expressed in Equation (2).

;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;
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Load —

Figure 3. Thevenin equivalent of the system seen at the capacitor bank.

4. Fault Level Contribution of PE-Based RESs According to IEC 60909 Standards

The SC current contributions of PE-based RESs are limited and of different characteris-
tics compared with those that can be observed from SGs. Due to the fast control response
of the PE interfaces utilized in such RESs, they are modeled as current sources with fixed
contribution according to the latest version of the IEC 60909 standards [10]. At first, the
traditional Thevenin equivalent method is used in the fault calculation to determine the
SC current without taking RESs into account. Then, the SC current contribution of the
RESs is added to those calculated values using superposition. In other words, the SC
contribution of PE-based RESs is not accounted for with the impedance model utilized for
the SC current calculations. To account for their SC currents, PE-based RESs are modelled
as current sources in the positive sequence with infinite impedances. It should be noted
that the positive-sequence infinite impedance Zgs is presumed to be shuntly connected; as
a result, it is ignored and has no impact on the RESs fault contribution to the faulty bus.
The value of the current source is typically inductive and it is usually provided by the
manufacturer. Note that this value depends on several parameters, such as the converter
overrating capability during the fault, the control strategy, and the FRT requirement. It
is common to presume that the highest current injected by the PE-based RES, IRES 4y, is
limited to approximately 1-1.4 p.u. of the converter’s rated current [9]. However, the SC
contribution of the RESs at the faulty bus depends on both the transfer impedance between
the RES source and the faulty bus, and the Thevenin equivalent impedance at the faulty
bus, as expressed in Equation (7):

1/
IRESsc = ka Z Zi]' X IRESqx @)
j=1

where,

- Mis the number of connected PV systems.
- IRES ;ax is the maximum current source of the RES system connected to the jth bus.
- IRESg( is the total SC current contribution of all connected RESs.
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Zj; is the transfer impedance between the bus j and the faulty bus i.
- Zyis the equivalent impedance at the faulty bus k.

5. Results and Discussion

This section analyses the aforementioned methods for fault level calculations based on
the Thevenin impedance estimation with those obtained from both the steady-state fault
simulation (i.e., IEC 60909 standards) and dynamic simulations (i.e., RMS simulation) at
different penetration of PE-based RESs. The outcome of this comparison would contribute
to a better understanding of the impact of the increased penetration of RESs on the validity
of using the fault level as a scanning tool reflecting the steady-state system strength rep-
resented by the Thevenin impedance. In other words, we intend to identify the extent to
which the fault level results of the measure-based Thevenin impedance methods match
with those obtained from the simulations. If they match, the results would indicate that the
fault level at high penetration of RESs can still be employed as a reliable tool to scan the
system strength, otherwise, the fault level-based approach may fail to do so. The adjusted
IEEE nine-bus test system [33] was modelled in DIgSILENT PowerFactory. To consider
multiple scenarios of penetration of RESs, a capacity-based metric for representing the
percentage of the installed RESs in the system is defined, as given in Equation (8):

o RESs o
pY% = SCs 1 RESs © 100% 8
where p% is the penetration level percentage. SGs and RESs are the MVA ratings of the
installed SGs and RESs, respectively.

Note that any RES penetration here is associated with SGs displacements (i.e., SGs
decommissioning), hence the total installed generation capacity in the system is kept
unchanged. The fault level is monitored at all load nodes (bus five, six, and eight), which
represent three levels of system strength and Thevenin impedance seen from those nodes.
Figure 4 shows the adjusted IEEE nine-bus test system which is modelled considering three
different scenarios as follows:

(i) Scenario 1: base scenario with a total of 0% penetration of RESs.

(ii) Scenario 2: low penetration scenario with a total of 22% penetration of RESs (displac-
ing SG-3 with PV system).

(iii) Scenario 3: high penetration scenario with a total of 56% penetration of RESs (displac-
ing SGs-2 with type-four wind and SG-3 with PV system).

8 8

Load C 9 3 » Load C 9 3
I @ @ | | & &
(O r 3 G2 ,75:';7, ',‘:,',: | G3

2 7 él
5 6 5 6
%
, v Il —
“ Load A Load B Load A Load B o
4 4 »
5 71 - L L "
Typ;'4 Wind I1(-) PV System T1) PV System
arm 1 T 1
: Gl Gl
(a) (b)

Figure 4. Modified IEEE nine-bus test system with RESs: (a) 22% RES penetration scenario (b) 56%
RES penetration scenario.

Note that the total installed generation capacity equals to 567.5 MVA. The biggest
generation unit at the G1, at slack bus one, is 247.5 MVA. The rest of the generation capacity
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is divided into two values of 192 MVA and 128 MVA for G2 and G3, respectively. On the
other hand, the system has three loads with a total of 315 MW and 115 MVAr located at a
transmission network of 230 kV, as shown in Table 1.

Table 1. Load distribution in IEEE nine-bus test system.

Load Bus P [MW] Q [MVAr]
Load A Bus 5 125 50
Load B Bus 6 90 30
Load C Bus 8 100 35

5.1. Fault Level Results from the Load Change-Based Thevenin Impedance

This section calculates the fault level at the nodes of interest in the IEEE nine-bus test
system using the estimated Thevenin impedance from using the load step change method
described in Section 3.1. This has been achieved by scaling the loads at three different
levels up to 105%, 110%, and 115% of their original values simultaneously. It is worth
noting that both the active (P) and the reactive (Q) power of the loads have been changed
correspondingly. Two sets of measurements for both the current and the voltage at each
node of interest have been collected before and after the load change at a steady state,
neglecting the transient. Three values of the Thevenin impedance are obtained using (5).
The corresponding values of the fault level are calculated using (2), and are then averaged.
Note that this has been repeated for each scenario of penetration of RESs as listed in Table 2.

It can be seen from Table 2 that the fault level results are marginally affected by the
value of the load step change as they are almost converging to the same values for all buses,
more specifically in scenarios one and two. However, the impact of the load step change
might be more tangible in the third scenario where the penetration of RESs is the highest.
This can be observed at bus eight, which is closer to the displaced SGs at G2 and G3. In
other words, the sensitivity of the application of load change method for estimating the
Thevenin impedance, and in turn the fault level, is location-dependent and it might be
notably affected by the scenario of the penetration of RESs. As expected, a remarkable
decrease in the fault level, and in turn the increased Thevenin impedance, can be observed
by increasing the penetration level of RESs. For instance, the fault level at bus five has
witnessed a decline from its original value of 934 MVA in scenario one (i.e., p = 0%), down
to 717 MVA and 334 MVA in scenario two (i.e., p = 22%), and scenario three (i.e., p = 56%),
respectively.

Table 2. Fault Level MVA obtained from the Load Change-based Thevenin Impedance.

Scenario 1 (p = 0%)

Scenario 2 (p = 22%) Scenario 3 (p = 56%)

Bus 105% 110% 115% 105% 110% 115% 105% 110% 115%

Num. Load- Load- Load-  Average Load- Load- Load-  Average  Load- Load- Load-  Average
ing ing ing ing ing ing ing ing ing

Bus 5 937 934 930 934 719 717 713 717 334 335 334 334

Bus 6 736 727 725 729 480 479 476 478 244 244 244 244

Bus 8 804 811 804 806 483 483 480 482 126 179 126 143

Similarly, the fault level at the other buses show a remarkable decline with more
severity. For example, the fault level at bus six has decreased from 729 MVA in scenario
one down to 478 MVA and 244 MVA in scenarios two and three, respectively. On the other
hand, the highest decline in fault level was registered at bus eight, where the fault level
decreased from 806 MVA in the base scenario (i.e., scenario one, p = 0%), down to 482 MVA
and 143 MVA in scenarios two and three, correspondingly. This variable sensitivity of the
fault level in different buses can be attributed to the fact that these nodes are located at
different locations meaning that they have distinct electrical distances from the generation
centers, which is also affected by the RES penetration scenario.
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5.2. Fault Level Results from the Capacitor Switching-Based Thevenin Impedance

This part utilizes the capacitor switching events to collect required sets of measure-
ments for estimating the Thevenin impedance of the system seen at three different buses
(five, six, and eight). This is achieved by registering the steady-state voltages before and af-
ter switching on the capacitor bank at the studied nodes as detailed in Section 3.2. By using
both the voltages with the reactive current injected by the capacitor bank, the Thevenin
impedance can be calculated as previously described in (6). To do so, a 50 MVAr capacitor
bank is switched on at each of the studied buses where the system strength represented
by the Thevenin impedance is estimated. A voltage step change occurs, and the RMS
positive sequence voltage is monitored without considering the impact of the transient and
the inrush current. Table 3 lists the values of the calculated fault level at those buses by
employing the estimated Thevenin impedances using (2). As shown in Table 3, it can be
noted that the calculated values of the fault level are different from those calculated using
the load change-based Thevenin impedance given in Table 2.

Table 3. Fault level MVA obtained from the capacitor bank switching-based Thevenin impedance.

Bus Scenario 1 (p = 0%) Scenario 2 (p =22%)  Scenario 3 (p = 56%)
Num.
Bus 5 979 924 794
Bus 6 914 794 742
Bus 8 958 779 395

This difference is not significant in scenario one (p = 0%) but it is getting larger with
the increased penetration of RESs in scenarios two and three. For instance, the fault level
at bus five witnessed a decline from its original value of 934 MVA in scenario one (i.e.,
p = 0%), down to 924 MVA and 794 MVA in scenario two (i.e., p = 22%), and scenario three
(i.e., p = 56%), respectively. Similarly, the fault level at bus six has decreased from 914 MVA
in scenario one down to 794 MVA and 742 MVA in scenarios two and three, respectively.
Unlike the load change-based method, the calculated fault level at bus six does not show
the same sensitivity to the high penetration of RESs, and those results in scenario two and
scenario three are almost the same. On the other hand, the calculated fault level at bus
eight has shown the highest sensitivity to the RES penetration scenario with the highest
level of decline severity.

Taken together, these results show that the application of capacitor bank switching for
estimating the Thevenin impedance, hence the fault level, is not only more sensitive to the
location of the bus, but also to the RES penetration scenario. This might be attributed to
the different sensitivity of the bus voltage to the local reactive current change other than
the case of load change-based method, where both the active and reactive current are both
changed for all loads simultaneously.

Generally, it can be noted that these two methods can estimate different values of
Thevenin impedance and the fault level, hence, different system strength. To an extent, the
difference might be marginal at the base scenario (i.e., scenario one, p = 0%), but this might
be significant otherwise. For better evaluation and to provide a more accurate conclusion,
the fault levels obtained from these methods are compared with the values obtained from
the IEC 60909 standards and the dynamic simulations (i.e., RMS simulations), which is
expected to be the most accurate one, in the next section.

5.3. Comparison Study Using the Adjusted IEEE Nine-Bus Test System

This section provides a comparison between the fault level results obtained from the
previous methods that utilized measurement-based Thevenin impedance estimation for
fault calculation, and those obtained from the steady-state and the dynamic simulations.
To simplify the comparison process, the different fault level calculation approaches used in
this study are abbreviated in Table 4.
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Table 4. Abbreviations of fault level calculation methods.
Acronym Method
LCTI Load change-based Thevenin impedance
CSTI Capacitor switching-based Thevenin impedance
IEC Steady-state simulation based on IEC 60909
Simulation Dynamic simulation based on RMS

As intended, this comparison aims to examine the extent to which the actual fault
level can reflect the Thevenin impedance, hence the system strength in scenarios of high
penetration of RESs. Figures 5-7, show the results obtained from measurement methods
in comparison with the dynamic simulation in different penetration scenarios for bus
five, six, and eight, respectively. Note that the steady-state simulation is based on IEC
60909 standards in which the fault current contribution of the PE-based RESs (i.e., PV and
type-four wind) is accounted for as a current source. This contribution is added to the fault
current of traditional SGs that is calculated based on the Thevenin equivalent method. The
maximum values of the fault currents contribution to the PV system and the type-four
wind generators are kept bounded by the maximum overrating capability of the converters
(i-e., ImMax) around the rating current. In this study, a maximum fault current contribution
of both installed RESs in the considered scenarios is set to 1.2 p.u. accordingly. It is worth
mentioning that the actual fault current of the PE-based RESs during the faults may show
different levels of contribution according to the severity of the fault and the measured
voltage during the fault at the entry point connecting the RES to the grid. This also might be
sensitive to the FRT and control strategy during the fault. In this research, for the dynamic
simulation (RMS) purposes, the RESs are modelled and controlled in such a way to remain

connected during the fault and to inject a reactive current proportional to the voltage dip
seen by the RESs.

NN LCT! [ csT! IEMIEC 60909 [N Simulation |
1000 —

900 -
800 -
700
600 -
500
400
300
200
100 |-

Fault Level (MVA)

scenario 1 scenario 2 scenario 3
RESs Penetration Scenario

Figure 5. Bus five fault level in different penetration scenarios.
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Figure 6. Bus six fault level in different penetration scenarios.
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Figure 7. Bus eight fault level in different penetration scenarios.

Similar to the measurement-based fault calculation methods (i.e., LCTI and CSTI), both
steady-state and dynamic simulations have shown the declining trends of the fault level
with the increased penetration of RESs. While all the methods converge to the dynamic
simulation results with a marginal difference in scenario one (i.e., no RES), a big mismatch
can be observed in scenario two and scenario three. This can be seen more in bus eight,
which is located between the G2 and G3 where the RESs are introduced.

Considering Figure 5, which presents the results obtained in bus five, both CSTI and
IEC 60909 methods can lead to the same values of fault level which are matched with the
dynamic simulations. However, the LCTI method has shown lower values of the fault level
in scenarios one and two, hence a lower system strength. This means that the LCTI method
does not account for the impact of the fault current contribution of the RESs. Likewise,
the results obtained at bus six show that LCTI and IEC 60909 methods can converge with
the dynamic simulation results opposing the LCTI method which underestimates the fault
levels at high penetration of RESs (i.e., scenarios two and three) as shown in Figure 6. Based
on that, it can be concluded that the LCTI may fail to represent the system strength at
network buses.

As shown in Figure 7, the fault level obtained from LCTI at bus eight provided
underestimated values compared with the dynamic simulations. Unlike the results of bus
five and six, a different behavior can be observed at bus eight. For instance, although the
fault level obtained by CSTI matched those obtained from dynamic simulation in scenarios
one and two, it failed to do so in scenario three, with 56% penetration of RESs. Note that
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both LCTT and CSTI methods fail to match the dynamic simulation results in scenario three
with a larger gap for the results of LCTI.

The results of bus eight show that the measurement-based approaches assessed (LCTI
and CSTI) reflect inaccurate system strength with high penetration of PE-based renewables.
More specifically, they have shown lower system strength (i.e., higher Thevenin impedance)
in comparison with what might be indicated from using the fault level results of the
dynamic simulation. This also means that the CSTI method for fault level calculation is more
sensitive to the location of the bus and the scenario of penetration of RESs. The closer the
node to the RESs, the higher the mismatch between system strength indicated by the CSTI
and the dynamic simulation. On the other hand, the steady-state simulation based on the
IEC 60909 standards have shown the most accurate estimation of the dynamic simulation
results regardless the scenario or the bus location. However, they might overestimate the
actual fault level and the system strength at high penetration scenarios (scenarios two and
three) depending on the location of the bus as shown in Figures 6 and 7.

In order to provide a better insight, the fault level results obtained from all utilized
methods have been validated against the dynamic simulations. In this regard, the absolute
error percentages corresponding to each method have been calculated for scenarios one,
two, and three, and are listed in Tables 5-7, respectively. As depicted in Table 4, both CSTI
and IEC 60909 methods have registered marginal errors with an average of 1.03% and
3.53%, respectively. On the other hand, the LCTI has a big error gap, with an average of
33.86%. Note that the maximum error associated with LCTI method is 57.8% at bus eight.

Table 5. Fault level MVA obtained in scenario one.

Bus Dynamic LCTI CSTI IEC 60909
imulati

Num. Sn(nl\:ll‘;l:)on MVA Error% MVA Error% MVA Error%
Bus 5 960 934 2.7 979 2.0 898 6.5
Bus 6 917 540 41.1 924 0.8 880 4.0
Bus 8 792 334 57.8 794 0.3 791 0.1
Bus 6 917 482 474 779 15.0 796 13.2
Bus 8 792 143 81.9 395 50.1 646 18.4

Table 6. Fault level MVA obtained in scenario two.

Bus Dynamic LCTI CSTI 1EC 60909

Num. Simulation o o o
(MVA) MVA Error% MVA Error% MVA Error%
Bus 5 960 729 24.1 914 4.8 855 10.9
Bus 6 917 461 49.7 842 8.2 857 6.5
Bus 8 792 244 69.2 742 6.3 768 3.0
Table 7. Fault level MVA obtained in scenario three.

Bus Dynamic LCTI CSTI IEC 60909

Num. Simulation Y Y Y
(MVA) MVA Error% MVA Error% MVA Error%

Bus 5 960 806 16.0 958 0.2 978 1.9
Bus 6 917 482 474 779 15.0 796 13.2
Bus 8 792 143 81.9 395 50.1 646 18.4

Table 5 shows that the error between the IEC 60909 method and the dynamic simula-
tion is increasing, and that the maximum error at bus eight has increased from (6.5%, in
scenario one) to (10.9%, in scenario two). Table 6 has revealed that all methods have in-
creased error in scenario three when compared with the dynamic simulations. For example,
very large errors have been registered at all the studied buses when using LCTI and CSTI
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methods with an average of 48.33% and 21.76%, respectively. Nevertheless, the results of
the IEC 609 standards method have still the closest results to the dynamic simulations with
less error, and the average error is limited to 11.16%.

6. Conclusions

In this paper, the relationship between the fault level and the system strength in
future grid scenarios of high penetration of PE-based RESs is examined. Our assessment
has included comparison of the measurement-based methods proposed by the up-to-date
literature for estimation of the Thevenin impedance at different nodes with the IEC 60909
methods and dynamic simulations using the adjusted IEEE nine-bus test system modelled
in DIgSILENT PowerFactory. The measurement-based methods have been utilized for
calculating the fault level, hence scanning the system strength. This has been achieved
by creating a perturbation caused by load change and capacitor switching for generating
measurement sets that are required for estimating the Thevenin impedance at different
nodes in the system. The fault level was calculated using steady-state simulations based
on IEC 60909 standards which employ the Thevenin equivalent and account for the fault
current contributions from PE-based RESs. The fault level calculated using load change-
based Thevenin impedance (LCTI), capacitor switching-based Thevenin impedance (CSTI),
and IEC 60909 methods have been compared with the actual fault level results obtained
from the dynamic simulations considering three different scenarios of RES penetrations
(p = 0%, p = 22% and p = 56%). This comparison has aimed to investigate the extent to
which these methods can represent the Thevenin impedance correctly, hence a valid system
strength estimation in future scenarios with high penetration of RESs.

The results have shown that the system strength, either indicated by the steady-state
Thevenin impedance or the fault level in faulty conditions, has been affected significantly
by the increased penetration of RESs and the displacement of SGs. It has also been shown
that the concept of fault level and system strength can still be interchangeably used to
represent each other in scenarios of low penetration of RESs. However, this might not be
valid when increasing the penetration of RESs and displacing large central SGs. In other
words, although the PE-based RESs might contribute to the system strength at steady-
state conditions, their different behaviour during faulty conditions might not reflect this
contribution properly. Hence, the fault level in scenarios of high penetration of RESs might
not be an accurate measure of the system strength and vice versa.

Furthermore, the results obtained have shown that the fault level calculated based on
the measurement-based methods (i.e., LCTI and CSTI) cannot lead to the same conclusion
about the system strength. Regardless of the difference between the results of LCTI and
CSTI methods in representing the system strength, they have shown very low values of
fault level, hence system strength, when compared with dynamic simulations at high
penetration scenarios of RESs. It can be concluded that the steady-state system strength, if
indicated by the actual fault level obtained from the dynamic simulations, is overestimated,
which necessitates the need to differentiate between these two concepts in future scenarios.

In terms of the fault level calculated using the steady-state simulations based on the
IEC 60909 standards, it can be concluded that the accuracy of the results might not be
satisfactory when considering scenarios of high penetration of RESs, but still can provide a
much better insight about the fault level in faulty conditions.
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