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1 | INTRODUCTION

Abdorasoul Ghasemi’ |

Hermann de Meer!

Abstract

Protection blinding is a challenging issue in renewables-penetrated distribution grids and
refers to a situation where a circuit breaker may not trip due to fault current contribution
from distributed generation. This research addresses how the distributed generation loca-
tion and capacity impact the operation of the circuit breaker in terms of the response time
of the circuit breakers. The relative electrical distances of the faults and distributed gener-
ation to the circuit breakers are considered. The impact of distributed generation capacity
considering the fault location is characterized using a new index called the heterogeneity
index. The electrical distance between distributed generations and circuit breakers and the
electrical distance between fault and circuit breaker is considered by a second new index
called the electrical distance ratio. Data analysis on simulation results shows that these
indices capture the phenomena of protection blinding caused by distributed generation.
Results show that a higher distributed generation penetration and faults that are electri-
cally further away from a circuit breaker show severe cases of protection blinding captured
by the indices. Furthermore, it is demonstrated how these indices can identify the worst
impacted locations in the distribution grid. A key result is that protection blinding does
not necessarily occur solely due to the presence of distributed generation between a circuit
breaker and a fault, but is dependent on factors such as distributed generation location
in the distribution grid, fault level, fault level distribution across the generation units and
fault location.

fault and a protection device. Then, the fault current injected
by the DRES causes the fault current from the external grid to

The fundamental assumption of protection systems in tra-
ditional power distribution grids is that the fault current is
uni-directional [1, 2]. Assuming a radial distribution grid topol-
ogy, the fault current flows from the synchronous generators
in the external grid to the fault. Additionally, the magnitude of
the current is also predictable [3]. Hence, the settings of pro-
tection devices, such as circuit breakers (CBs), have traditionally
been fixed based on known fault current flow and magnitude.
An example system is shown in Figure 1a.

The ongoing integration of Distributed Renewable Energy
Sources (DRESs), such as wind turbines and photovoltaics, is
structurally changing the passive distribution grid to an active
one. DRESs decentralize the fault current source, challeng-
ing the operation of the protection system. This may result in
protection misoperation, for example, protection blinding, Pro-
tection blinding may occur when a DRES is present between a

reduce [1] and prevent the tripping of CB. This phenomenon is
shown in Figure 1b, where the DRES at bus 3 b/inds the primary
protection ¢b,. If there was a CB between bus 3 and 4, the cur-
rent from the DRES would trip that device, hence the blinding
effect would not occur. This is because the DRES is not present
between the primary protection and the fault. Protection blind-
ing could impact the reliable operation of the distribution grid
resulting from the high penetration of DRESs [4—0].
Therefore, the structural change caused by the integration of
DRESs does impact the operation of the distribution grid, espe-
cially the protection system. This change could manifest in the
distribution grid at any location, that is, DRESs could be inte-
grated at any location [7—9]. The location and the fault current
capacity of the DRESs will impact the fault current magnitude
in the distribution grid, consequently impacting the trip time of
a CB. Furthermore, the location of the fault also impacts the
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(a) Traditional protection without DRES: The external grid supplies the fault current yielding cby trip.

FIGURE 1

trip time of a CB, as faults further away from a fault current
source draw lower fault current due to higher electrical distance.
Therefore, the impact of the DRESs on the protection system
should be characterized while considering the relative locations
of DRESs, protection system, and faults. This characterization
can indicate the risk carried by the protection system due to
DRESs, especially with respect to protection misoperation, for
example, blinding.

The main objective of this research is to analyze the impact
of DRESs on the protection system using suitable indices to characterize
protection blinding. Two new indices are defined which consider
the capacity of DRESs, their location, the electrical distance
between a fault and a protection device and the electrical dis-
tance between a DRES and a protection device. These indices
are applied to data obtained from steady-state simulations on a
Power System (PS) model. The blinding time data, where blinding
time is the difference between CB tripping time in PSs with and
without DRESs, is obtained for various DRES locations, DRES
capacities, and fault locations. The indices capture the impact of
DRESs on the protection system, especially identifying the fault
location and DRES capacity distribution for which the blinding
time is high. In particular, the results show the presence of a
DRES between a CB and a fault is necessary but not sufficient
for blinding to occur. However, the indices cannot distinguish
between types of faults. Thus, the proposed indices can be used
to evaluate the impact of DRESs on the protection system in PS
planning. The main contributions of this research are:

* A new index that describes the DRES penetration in the PS
while considering its location, capacity and fault location with
respect to the protection system,

* A new index to capture the proximity of DRES, protection
system and a fault based on the electrical distance,

* A systemic, generalizable approach to identify the instances
when blinding may occur, especially the worst case, for spe-
cific locations of DRESs in a distribution gtid using the two
developed indices.

The rest of the paper is structured as follows: Section 2
presents the relevant related literature and the research gap tack-
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(b) Traditional protection with DRES: the fault current contribution by the external grid is reduced due to DRES
fault current contribution preventing a proper response from cby .

Impact of DRESs and fault location on protection system in terms of blinding time Az.

led by this paper. Section 3 presents the system model used in
this paper. Section 4 demonstrates the problem tackled in this
paper using an example. Section 5 presents the methodology
developed for the two new indices to characterize protection
blinding, Section 7 reports simulation results where the pro-
posed indices are used to study protection blinding. Section 8
concludes the research and highlights potential future work.

2 | RELATED WORK

Protection systems have been studied from different perspec-
tives in literature. This section presents the relevant literature
about protection systems in the presence of DRESs.
Protection blinding has been studied in literature [10, 11].
Gkavanoudis et al. introduced a protection philosophy to tackle
the challenges introduced by DRESs [1]. They considered the
reaction of each DRES to a fault based on fault location
but did not consider DRES location, fault level, and distance
between the fault and protection device. Coffele et al. con-
sidered the impact of various DRES fault levels on primary
and secondary protection device pairs, especially considering
blinding [2]. However, they did not consider various DRES or
fault locations, focusing on the worst case. Maki et al. indicated
the impact of DRES on protection, specifically blinding [12].
They calculated the impact of the impedance ratio between the
feeding network, feed point, DRES unit, and fault. They men-
tioned that the effects of planned DRES units should be studied
in advance, especially with respect to protection blinding, but
did not elaborate on how this can be achieved. Mandal et al.
proposed an optimization method to determine the optimal
location and size of DRESs to minimize line losses and prevent
loss of protection coordination without explicitly considering
protection blinding [13]. Haron et al. investigated the impact of
DRESs on protection, especially protection blinding, for vari-
ous fault locations and for grid-connected and islanded modes
of operation [14]. Howevet, they did not consider vatious DRES
locations and capacities. Jennett et al. investigated the impact of
fault location, DRES location, and fault level on the protection
system [15]. They found that these parameters directly cause
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TABLE 1  Research gap in existing literature on protection blinding.

Mutual electrical distances

Protection DRES fault DRES fault level DRES Fault Fault Fault between DRES, protection
Reference device location level distribution location  location  impedance type and fault
[1] v v X X X X X X
2] v 4 X 4 X 4 4 X
[4] v X X X v v v v (between fault and protection
only)
[6] v 4 X X X v X X
[7] v v v 4 v X X X
[8] v 4 X 4 4 X 4 X
[9] v X X 4 4 X X X
[12] 4 X X X 4 v/ v/ X
[13] 4 4 X v X X X X
[14] 4 X X v v X X X
[15] v v X v 4 v X X
This research v/ v v v v v v v
sympathetic tripping. However, they found these parameters 3 | SYSTEM MODEL

have no significant impact in terms of protection blinding in the
scenarios investigated, even though the operating time of over-
current protection devices increased. The fault current required
to clear faults is supplied from these DRESs. The fault current
contribution of each DRES can be calculated using the IEC
60909 [3]. However, the impact of DRES location is vital, as it
could blind the upstream CB. Table 1 compares different related
research articles to the proposed research. Each column refers
to a parameter that may impact the protection system. While
some research articles consider a subset of the relevant parame-
ters in their modeling, they do not investigate their impact. This
table shows which research articles have considered the parame-
ters in the modeling and, importantly, in the analysis indicated by
v/, while parametets not considered ate indicated by X. It can be
seen that only the proposed research methodology in this paper
considers all the parameters pertaining to blinding compared
to other research. Importantly, DRES fault level distribution
and the electrical distances between DRES and protection and
the electrical distance between fault and protection have not
been considered at all. Therefore, the main contribution of this
research are two new indices to assess the impact of DRESs
on the protection system which consider all of the parameters
mentioned in Table 1.

In this research, the impact of DRESs, especially their capac-
ity and location with respect to the fault location, is used to
formulate a heterogeneity index. Furthermore, the electrical dis-
tance between the fault and protection device and the electrical
distance between the DRES and the protection device is used
to formulate the electrical distance ratio. These two new indices
are used to determine the impact of DRESs on protection sys-
tems, that is, protection blinding. The main research question
can be formulated as: How can the inpact of the DRIESs on protection
systenss be analyzed while considering the DRES location, fault level and
Sfaunlt location?

For this research, a DRES-penetrated PS is considered. An
example system is described in this section. The PS consists of
m buses, that is, {4, ..., b,} € B, where B is the set of buses
and # lines, that is, {4, 5,...,/,} € L, where is L is the set
of lines that connect the buses. The PS has a radial topol-
ogy with £ distribution feeders. Faults may occur at lines or
buses and are typically isolated and cleared using protection
devices such as CBs. These CBs operate when sufficient fault
current flows through them. Traditionally, the external grid has
provided the fault current. The fault level is defined as the poten-
tial maximum fault current that will flow when a fault occurs,
denoted by § with units zza [106]. This fault level of the external
grid and the distribution grid will change due to the decom-
missioning of synchronous generators and the integration of
DRESs.

3.1 | Fault current from DRESs: IEC 60909

In DRES penetrated energy systems, both external grid and
DRESs contribute to the fault current. The precise fault current
contribution is determined based on IEC 60909 defining how
much fault current will flow from centralized synchronous gen-
erators, that is, the external grid [17]. An extended version of
this standard, which considers fault current contribution from
DRESs, is used in this research. The fault current injection
Ly max Of 2 single DRES is given by Equation (1) [3].

S, dres

Vi,

where S, is the fault level of the DRES and #, is the net-
work voltage. The total fault current injection 7, from all

Ly max = , for each bus 7, D
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DRESs is given by Equation (2). Further details on the mag-
nitude of fault current and DRES contribution can be found in
reference [3].

n

Z m * mmax> for a fault at bus 7,

m=1

1

o/

)

Ures =

where z;; is the impedance of bus ; and g, is the impedance
between buses j and 7. Equation (2) assumes that a fault occurs
at a bus. In this case, g, = g, || 37, where g, is the fault
impedance. If a fault occurs at a line, the value g;; is equiva-
lent to fault impedance g. The contribution from the external
grid 7, is given by Equation (3) [3].

L, for a fault at bus ;.
3%y

©)

ext —

Similar to Equation (2), the value g;; is equivalent to fault
impedance 3z, for a line fault. As part of the ongoing integra-
tion of renewables into the distribution grid, the fault level of
the external grid is reduced to depict the decommissioning of
the large synchronous generators at higher voltage levels. This
fault level is consequently compensated at the lower voltage
levels through the DRESs. Therefore, an increase in DRES pen-
etration would increase the fault level of the distribution grid.
DRESs are modeled at buses to depict the integration of these
energy sources. A DRES is integrated into each feeder, that
is, # DRESs are present. Consequently, these DRESs impact
the operation of the protection devices. In this research, wind
power plants are used as DRESs. Other DRES types may be
used, for example, photovoltaics. However, since steady-state
simulations are used, the impact of different types of DRES is
reduced to the magnitude of the fault current based on IEC
60909. If transient analysis were used, the type of DRES may
play a role, for example, in transient and subtransient peri-
ods due to varying fault current magnitude. In future work,

IEEE 33 bus system with distributed generation and protection devices.

photovoltaics or combined heating and power system or a
combination may be used as DRESs.

3.2 | Protection device operation: IEC 60255

A protection device, for example, CB, is placed at lines as shown
in Figure 2. A CB is denoted by ¢/ € C, where C is the set of
all CBs. Each CB is assumed to possess standard inverse char-
acteristics defined by the IEC 60255 standard [18]. Each CB is
initialized with pickup current settings corresponding to fault
current magnitude when only the external grid contributes fault
current. These CBs begin to operate when a certain current
threshold is exceeded. The time the CB requires to open is called
trip time and is denoted by #, given by Equation (4a). The time
the CB requires to close is called the resez #ime and is denoted by
t. given by Equation (4b).

1, = tms %

=T )
B,

T (4b)

b = tms *
The value M is the current multiple defined by M =i/ /i,
where 7 is the fault current flowing through the CB and 7, is
the pickup current setting, The constants @, 8, &, and 3, define
the protection characteristics [19]. These protection character-
istics are visualised in Figure 3. The time multiplier setting is
denoted by #ws, which determines the factor by which the trip
time is scaled. In the rest of this research, the impact of a fault on
only its respective primary CB is considered. This assumption is
necessary to isolate the smallest part of the network with respect
to a fault. On the other hand, protection relays such as distance
relays may not detect faults due to the infeed effect of DRESs,
that is, due to the impedance introduced by the DRESs [20].
However, this differs from the definition of blinding adopted in
this research. Therefore, in this research, only overcurrent relays
in the context of protection blinding are considered.
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3.3 | Power system fault modeling

A fault may be induced at a line in the PS. The fault is modeled
as a shortcut to the ground at a line with impedance g/, thatis, a
phase-to-ground fault (see Figures 1a and 1b). Other fault types,
such as two phase-to-ground faults can also be modeled and are
considered in the evaluation section. The fault impedance typ-
ically has a low magnitude relative to either bus impedance or
PS line impedance, creating a short circuit to the ground and
a high current. If this current exceeds a pre-defined threshold,
the closest upstream CB will operate based on its initial settings.
This fault impedance 5, may be adapted to consider different
fault impedance. The impact of fault impedance g is consid-
ered in the evaluation in the research. Overcurrent relays are
commonly used in distribution grids as protection devices. It is
assumed that the fault is detectable. A fault can occur at any
line in the PS. A fault is cleared from the PS when the relevant
primary ot backup CB opens and disconnects the faulty part of
the system.

4 | ILLUSTRATIVE EXAMPLE FOR
PROTECTION BLINDING

This section describes the blinding phenomenon with an exam-
ple. Blinding is described by considering two cases in the context
of the system described in Section 3: (i) Protection systems
where only the external grid is considered as the source of
fault current and (ii) Protection systems where DRESs are also
considered as a source of fault current.

4.1 | Protection system without DRESs

Traditionally, fault current has been supplied by the external grid
only. Therefore, the fault current would flow in one direction,
that is, from the external grid to the fault location. This is shown
in Figure 1a. For a fault on the line between bus 3 and bus 4,

the external grid provides the fault current 7,. The fault current
flows towards the fault through the protection device, ¢b,. The
CB trips due to this fault current. Fault current similarly flows
to any fault location in a PS. Consequently, the settings (pickup
current Z,,) of the CBs have been fixed under these assumptions
as the current flow remained unidirectional while the magnitude
remained largely unchanged.

4.2 | Protection system with DRESs

Consider a fault in a system at bus 4 shown in Figure 1b. A
DRES has been integrated at bus 3. A fault on the line between
bus 3 and bus 4 draws fault current 7, from the DRES and the
external grid. The fault may be isolated if the protection device
¢y trips due to sufficient fault current. However, the DRES at
bus 3 may supply fault current. This will cause the voltage to
increase at bus 3, accompanied by a voltage decrease at bus 0.
As a result, the fault current magnitude from the external grid
is reduced. Hence, the current multiple M reduces, leading to a
larger value of trip time #. This phenomenon is called protec-
tion blinding. Hence, the CB will take longer to trip or will not
trip. This impact of DRESs is demonstrated in Section 4.3 with
preliminary simulations on the IEEE 33 bus system.

4.3 | Preliminary numerical results

A line fault is induced to observe the impact of protection
blinding under changing fault levels (denoted by AS). The
DRES at bus 2 is between the protection device CB 1 and
the fault (see Figure 2). Figure 4 shows the results of this
study. Table 2 shows the details of the example in Figure 4a.
Specifically, Table 2 shows the current flowing through the CB,
the electrical distance between fault and CB, and the electrical
distance between DRES and CB. The blinding time Az, that
is, the difference between trip time with DRESs and trip
time without DRESs, determines the impact of the DRESs
and is shown in Figure 4 along with the relevant DRES fault
levels. Figure 4a indicates that for faults further away from the
protection device and a random distribution of DRES fault
level, the impact of the DRES between the protection device
and the fault grows stronger. This is because a lower fault
current is drawn due to higher impedance between the fault
and fault current sources. This extends the CB trip time. A
higher fault level of the DRESs further increases the trip time.
Hence, the blinding time Az also increases. A larger distance
between the fault and protection device could lead to very high
blinding times for distribution grids with fewer overcurrent
protection devices in a single feeder. Figure 4b shows results
for a different DRES location (bus 19), fault locations and a
random distribution of DRES fault levels. However, the CB
is not blinded; hence Az is negative (see y-axis). This indicates
that the DRES location is an important factor in protection
blinding. When all the DRES fault level is allocated to bus 19,
the impact is prominent, as shown in Figure 4c. In this case,
the CB did not trip in the presence of DRESs. Hence, the A# is
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TABLE 2 Scenario parameters for illustrative example in Figure 4a. | e bR Gt e e e e e, Al |
Current values are for 25% DRES penetration.
Fault Without With
Insert n DRESs at random buses {b;, b, ... b} € B
location Parameter DRES DRES | ne s at random buses {by b, n} |
2 CB ent (kA 0.810491 0.796416
current (kA) e | Select a random fault location L € L |
Fault to CB distance (Ohm) 0.86 0.86 *
DRES to CB distance (Ohm) - 01035 | Assign random distribution of DRES capacities {yq,¥2, ..., Yn} =T |
3 CB current (kA) 0.784902 0.762495 |
Fault to CB distance (Ohm) 1.28 1.28 | Calculate short circuit current for a fault at line L |
DRES to CB distance (Ohm) - 0.1035 :
| Identify tripped devices cb, calculate and store trip times t,
4 CB current (kA) 0.737172 0.699326
Fault to CB distance (Ohm) 2.04 2.04 ifr=9
DRES to CB distance (Ohm) - 0.1035 L0
IfB20Q

arbitrarily high. This implies that the distribution of DRES fault
level reflects another important characteristic that should be
considered. These results demonstrate that DRES fault level,
DRES location, DRES fault level distribution, the distance
between fault and CB, and the distance between DRES and
CB are all important characteristics with respect to protection
blinding. In the following section, appropriate indices are
designed to capture the impact of these characteristics.

5 | METHODOLOGY

In this section, the impact of DRESs on the protection system
is systematically investigated. Figure 5 shows an overview of the
method. Appropriate protection settings are required to utilize
protection devices. Section 5.1 describes a method to determine
these settings.

5.1 | Determine protection settings

A prerequisite for this analysis is a system topology, including
protection devices and their settings. The protection device set-
tings are obtained based on the method shown in Figure 6.
First, a PS model with topology and protection devices is

FIGURE 5 Opverview of the approach to generate protection blinding

scenarios.

utilized. This model does not contain DRESs to represent tra-
ditional PSs. Therefore, the fault current is provided by only the
external grid. Consequently, protection settings used under #7a-
ditional protection scenario are obtained. A fault is induced at
a uniformly selected random location in the PS. The short cir-
cuit current is calculated for this fault. The protection devices
¢b € C which trip for this fault, that is, primary and secondary
CBs, are recorded. Additionally, the fault current for each ¢b is
recorded. This process is repeated for faults at all lines in the
PS. The minimum fault current for which a CB trips is allocated
as its pickup current setting. These settings are referred to as
baseline settings. These settings are designed so that the relevant
primary CB operates for each fault.

5.2 | Generate protection blinding scenarios

As described in Section 4.2, the presence of DRESs does impact

-

the operation of the CBs. Figure 5 shows the steps in the
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I
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IfL2Q

Method to determine baseline protection device settings.

FIGURE 6

analysis used in this research. First, a PS model, as shown in
Figure 2, is initialized with protection devices and baseline set-
tings, determined based on the method desctibed in Section 5.1.
The behaviour of the protection system in the presence of
DRESs is studied by observing its operation in different sce-
narios. Therefore, to generate scenarios, parameters such as
the location of DRESs, DRES capacities, and the location of
faults are varied. The scenario generation follows a nested layer
structure based on Monte Carlo scenario generation, as shown in
Figure 5 [21]. In a standard Monte Catlo approach, first, a sys-
tem topology with fixed locations of DRESs is selected. A set
of fault locations and a set of DRES capacity distribution are
selected based on the uniform distribution. Then, a short cit-
cuit calculation is performed for each fault location and DRES
capacity distribution. Finally, the results are aggregated.

52.1 | Layer 1: DRES location

The first layer involves the placement of DRESs across a PS.
As described in Section 3, these energy sources are placed in
low-voltage distribution grids due to the decommissioning of
synchronous generators. The DRESs are placed at different
locations, that is, buses &; € B across the PS. As radial distribu-
tion grids are assumed, a bus is selected uniformly and randomly
in each feeder as the DRES location. Therefore, a set of buses
B ={b, by,..., 0} C B is selected as the location of DRESs
for £ feeders.

5.2.2 | Layer 2: Fault location selection

In the second layer, a fault location is assigned. A line / from
the set of all lines 2 is uniformly and randomly selected as
the fault location. A necessary condition is checked for each
fault. The condition is that a DRES lies between a CB and
the fault location (see Figure 5). Alternately, a parallel feeder
with a DRES could branch out between a CB and the fault.
Each fault’s electrical distance to the primary protection device
is calculated [22]. The electrical distance is the magnitude of the

equivalent impedance between two points. This research consid-
ers the distance |2 ;/’l between a fault and its primary protection
device. The electrical distance is an important measure since a
larger distance makes the detection of a fault by a protection
device harder by protection systems based on overcutrrent and
distance protection [23]. A fault location is selected at the end
of each iteration of this layer. This fault’s short circuit current
flow is calculated in the next step.

5.2.3 | Layer 3: DRES capacity

Once the DRESs are placed across the feeders of a radial net-
work, and a fault location is selected, each DRES is assigned
a fault level. As the external grid’s fault level § »wa is reduced
to 8" muva, the difference between the fault levels, that is, AS =
S =8 mra is distributed randomly to the DRESs placed in
the PS.

Therefore, AS'is the net fault level change of the external grid.
This is also the fault level of the distribution grid. The fault level
of each DRES is allocated based on the support of the Dirichlet
distribution. This is defined by Equation (5):

k£
T ={y1,m, ¥ihwhere, 7, € 0,1 and, D 7, =1,  (5)

=1

whete ¥; denotes the share of the fault level for DRES 7/
with respect to AS. Hence, I' represents the normalized fault
level distribution over the DRESs in the system. After allotting
DRES fault levels, a fault is induced at the location selected in
the previous layer. The fault level in each scenario is defined as
a DRES penetration percentage, which is the ratio of the distri-
bution grid’s fault level to the external grid’s fault level before
DRESs were integrated. In other words, it describes the relative
amount of external grid fault level moved to the distribution
grid. This is formally described in Equation (6).

AS
DRES penetration percentage = 5 X 100. 6)

Each DRES fault level distribution is simulated with a fault
level, constituting a scenario. In each scenatio, the impact of
the fault and DRESs is captured. Data regarding the DRES
location, DRES fault level, primary CB trip time, and backup
CB trip time, if the primary CB did not trip, is collected and
stored for each scenatio. If both primary and backup protec-
tion do not trip, an arbitrarily high trip time value is assigned.
This arbitrarily high value indicates cases where CBs did not
trip in the numerical analysis. Note that an increasing AS implies
an increasing fault level of the distribution grid. The impact of
each capacity distribution of DRESs on the protection system
is assessed when a fault occurs. The trip times 7 of all tripped
CBs are recorded. This process iterates until all DRES fault level
distributions are simulated.

All three layers can be used to generate blinding scenar-
ios based on which statistics about the system can be derived.
However, the values obtained from the protection blinding
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TABLE 3  Relevant parameters for the scenario indices required for
protection blinding analysis.
Parameter Symbol
DRES i fault level Vi
DRES fault level distribution r
i DRES location B’ ={b,,...,b;}
Fault location F'
Electrical distance between DRES and primary CB |Z§ly’e | EDR
Electrical distance between fault and primary CB ‘Z;Zunl
Fault level change due to DRESs AS
Blinding time At
Number of feeders k

simulation must be discussed relative to trip times from tradi-
tional protection without DRESs. Therefore, the third layer is
repeated for the same system and faults without the DRESs.
Then the blinding time A# is calculated by Equation (7):

At = Z‘//J/iﬂd _ l‘;mrma/’ (7)

blind normal is

where " is the trip time of a CB during blinding and 7
the trip time of a CB without DRESs, that is, no blinding. The
value Az determines the extent of protection blinding, that is, a
higher value indicates a severe case of blinding;

53 |

Determine indices for each scenario

For each scenario, an index is defined to desctibe the spread of
the DRES fault level and its impact on the protection system.
An overview of the parameters required for the indices can be
found in Table 3. A homageneons distribution of the fault level
is defined when the fault level is uniformly distributed across
the DRESs, that is, for &= 4, I’ = (0.25,0.25,0.25, 0.25).
Here, T"” is a vector indicating the fault level of DRESs uni-
formly distributed in each feeder. Therefore, all ¥; are identical
in this case, that is, in addition to Equation (5), the requirement
{x | x=r¢c€0,1]}is satisfied. For a heterageneons distribution
of DRES fault level, this requirement is not satisfied. Therefore,
for heterogencous cases, I = (y1,¥2,¥3,¥4), where at least
two ¥; have different values. Here, I is a vector indicating the
fault level of DRESs randomly distributed in each feeder (see
Equation (5)). Based on these descriptions of DRES fault level
distributions, the relative difference I'V between the two DRES
distributions is computed by Equation (8):

‘= { |yf/07// _ J/ZM| | yfrow c I*/’Jaﬂ/’yl/_lcl c F/M}. (8)

However, a simple difference between two distributions may
not distinguish between a feeder with a fault and a feeder with-
out a fault in a radial network. Formally, if Fi’” = (x,0,0,0)
and I‘g” = (0,x,0,0), an index defined by the sum of the ele-
ments of I'/ would be identical. However, only one or neither
case may lead to protection blinding. Therefore, the fault feeder
must be considered. Consider a vector I = (0,0, 0, 0), where
0 indicates there is no fault in any of the £ feeders (4 in this
example). Now, an indicator function is defined in Equation (9)

to identify the fault feeder:

if fault in feeder i

1
;= s 9
J {O otherwise ©)

where f; € F indicates the i#h element in F. After identifying
the fault feeder, say in the first feeder, the vector /7 is updated
to F' = (1,0,0,0). Note that the number of elements in 7/, T
and T'? depends on £. With the above information, a hezerogeneity
index H can be defined as in Equation (10):

H=T9.F, (10)

where /A indicates the spread of the DRES fault level and
the DRES fault level considering the fault location. Therefore,
considering the extreme cases of I for & = 4, that is, I’ =
(0.25,0.25,0.25,0.25), that is, the capacity is uniformly dis-
tributed, and T’ = (1,0, 0, 0), that is, all the capacity is in one
location, and £ = (1,0,0,0), the A value may lie in [0, 0.75].
Generally, the /7 value will lie in [0, 1 — %] Note that this range
is applicable for £ feeders of a radial network.

In addition to the heferogeneity index, the location of the fault
will impact the protection system. A high impedance between
a fault and a DRES will draw a low fault current (see Sec-
tion 4). Hence, primary protection devices downstream from
feeder protection tend to have a high sensitivity. The electrical
distance characterizes this impedance between two points in a
PS [22]. Furthermore, a high electrical distance |ZJ‘}['| between a
fault and CB may result in a long fault detection time, which is
a key drawback in distance protection [24]. An increased electri-
cal distance |.Z%| would increase the electrical distance between
the fault and fault current soutce in a PS without DRESs. This
would cause the fault current to reduce and hence increase the
trip time #. Hence, this parameter is considered in this research.

The presence of a DRES between the CB and the fault should
be considered. A DRES may be placed at an electrical distance
of |Z? | downstream of a CB. A high |z

dres dres
impact on the CB. This is because the voltage increase due to

| implies a lower

fault current injection at the DRES bus is compensated over
a larger distance |Z[;fw|. Therefore, a high |Z;f€_r| will result in
a diminished impact on the CB. Hence, this parameter is also
considered due to its impact on the protection system. Both
parameters are considered by formulating a new index called the
Electrical Distance Ratio (ZDR) as described in Equation (11):

122,

EDR = —/—, (11)
b

1271
The EDR is a dimensionless quantity that determines the
impact of the relative magnitude of the impedance of relevant
elements on the protection system. The ZDR range is [0,1] if
the CB, DRES and fault are in the same feeder. This is because
the DRES lies in between the CB and fault (see Figure 1b).
Therefore, |Z/[f’| > |z7

dres
Alow EDR implies either the | Z{'| is high or | 2§ | is low. Both

these cases imply the scenarios where the trip time # tends to be

| is always true under this assumption.
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high. The proposed indices rely on the availability of informa-
tion about the system. In uncertain cases, the indices may not
be sufficiently determined. This represents a drawback of the
proposed indices. For example, if line parameters are unavail-
able, it may not be possible to determine the electrical distances
between a fault and the protection device or between a DRES
and the protection device. Consequently, the electrical distance
ratio may be inaccurate or impossible to compute. Similarly, if
source parameters are not available, then the beferogeneity index
may be inaccurate, for example, if the fault level of one of the
DRES is not available. In these cases, the indices may be mis-
leading. If multiple DRESs contribute fault current to a single
fault, the mean of the electrical distances |2 ijl between each

DRES and the CB is calculated as shown in Equation (12).

A £ b
129 | , X 1250
EDR = lZ—"’;;JI,where, 129 | = 17 (12)
7

where |Z;fw’z.| is the electrical distance between the #) of £
DRESs. In this case, the £ZDR may exceed 1 as the mean
depends on the electrical distances of CBs to DRESs, which
could be placed at any location in a parallel feeder. Therefore,
when the Equation (12) formulation for ZDR is considered,
the ZDR value may exceed 1 even if the CB, DRES and fault
are in the same feeder (as opposed to Equation (11)). Further-
more, if the fault is close to the CB, that is, |Z;,/’| is low, the
EDR increases. These indices can help capture the impact of
DRESs, their location, and capacity (which indicates the fault
level). The £DR also captures the fault location and can be
used to assess its impact on the protection system. All these
parameters may influence the severity of protection blinding, for
example, a larger DRES penetration could worsen the blinding
time. This impact is studied in the following sections.

6 | SIMULATION SETUP

The methodology described in this research is evaluated using
the system described in Section 3 is implemented in python
using the pandapower package [25]. The pandapower package pro-
vides an open-source platform to model and analyse PSs using
steady-state simulations. The proposed method can be used
with transient simulation as well, where the relevant trip times
from the transient and subtransient phases, for example, using
the current waveform and system parameters, need to be col-
lected. Short-circuit calculations considering DRESs ate based
on IEC 60909 (see Section 3.1). The protection devices ate
modeled using the protection module based on IEC 60255
(see Section 3.2). By simulations using the methodology, 1000
samples are collected. Each sample consists of DRES loca-
tion, DRES fault level, primary CB location, primary CB trip
time without DRESs, primary trip time with DRESs, backup
CB location, backup CB trip time without DRESs, backup CB
trip time with DRESs, location of actual tripped CB if different
from primary or backup CB, and its trip time with and without
DRESs. Using this data, the blinding time difference of Az, the

1 I AS =0.25
: mm AS =0.33
= 7 AS =0.42
L mmE AS =05
10241k
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At Blinding time of protection device (seconds)
FIGURE 7 Case study I: Histogram of blinding time A7 for varying fault

level change AS mva of the distribution grid.

H index and the ZDR are calculated based on the descriptions
in Section 5.

7 | EVALUATION

In this section, a numerical analysis of the protection blinding
data obtained using the approach outlined in Section 5 is pet-
formed. The influence of each layer on protection blinding is
evaluated using a sensitivity analysis. Table 4 shows an overview
of the evaluation studies.

7.1 | Case study I: Impact of fault level

For this study, the net fault level change, that is, AS, is varied.
This implies that more DRES capacity is integrated into the dis-
tribution grid. The blinding time A# is recorded for each case.
These values are plotted in Figure 7. From Figure 7, it can be
deduced that a rising fault level increases the occurrences of
protection blinding. This is due to the DRESs injecting a higher

TABLE 4  Evaluation studies and their objectives.

Case study Objective

1 Impact of grid fault level

II Validation of indices by studying the impact of fault and
DRES capacity on feeder protection of only one feeder with
one fixed DRES location

111 Impact of varying fault location and varying DRES
capacities on feeder protection of all feeders

v Impact of varying fault location and varying DRES
capacities on a// CBs of all feeders

A% Impact of varying fault impedance on a// CBs of all feeders

VI Impact of 2-phase faults and varying DRES capacities on

all CBs of all feeders
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magnitude of fault current in the distribution grid. This causes
the external grid fault current to reduce to a greater extent
when compared to lower AS, blinding the protection device.
This result suggests that the potential for protection blind-
ing increases with increased DRES capacity at the distribution
grid level.

7.2 | Case study II: Validation of indices

This case study is designed to demonstrate the validity of
the indices and the simulation setup. Based on discussions in
Sections 4 and 5, validity can be confirmed by observing the
following: (i) For faults further away (low ZDR), the blinding
time A should be higher, and (ii) As /7 index increases, the
blinding time A# should increase. The 33 bus system is modified
by integrating a DRES only at bus 2. The impact of this DRES
on only the feeder protection, that is, CB 1 in Figure 2 is
studied. Faults are induced downstream of this DRES along the
main feeder (between buses 2 and 18). The results are shown
as heatmaps of normalized blinding times Az in Figure 8. The
fault level increases in each simulation scenario from Figures 8a
to 8d. It can be noted that since the CB, DRES, and fault are
all in the main feeder, the £DR value lies between 0 and 1. A
low EDR value indicates that the fault is further away from
the CB. The /7 index lies between 0 and 0.75 even though
the DRES is only in the main feeder, as the remaining three
feeders are allotted 0 DRES capacity. Therefore, in this case
study, an increasing /7 index indicates an increasing DRES
capacity at bus 2. The results indicate that a low ZDR captures
the worst performance scenarios with respect to protection

blinding, This is because the fault is furthest away from the
CB. Hence, the fault current at the CB is low. Furthermore,
the DRES fault current contribution b/inds the CB. In contrast,
if the fault is closer to the CB (high £ZDR), the blinding time
is insignificant as the fault current does not reduce drastically.
Hence, the fault current is sufficient to trip the CB. As the
index increases, the instances of blinding also increase. This is
due to the higher capacity of DRES, causing a high fault current
injection. This, in turn, causes the external grid fault current
contribution to reduce further, leading to protection blinding;
This impact intensifies as the fault level increases due to the rise
in maximum fault current injected by the DRES. This result
demonstrates the impact of DRESs and fault location on the
protection system. The proposed indices adequately capture
these phenomena, indicating their validity.

7.3 | Case study III: Impact of varying fault
location and DRES fault level on feeder
protection

In this case study, the impact of faults anywhere in the sys-
tem with a random distribution of DRES capacity across buses
2,21,25 and 30 on the respective feeder protection is analyzed.
The results are shown as heatmaps of normalized blinding times
At of the feeder protection for the respective fault location in
Figure 9. The fault level increases in each simulation scenario
from Figures 9a to 9d. Note that the ZDR exceeds 1 in this
study as DRESs from parallel feeders may blind the CB as the
Equation (12) formulation is considered due to the presence of
multiple DRESs. Hence, the mean electrical distance between
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each DRES and the respective feeder protection |2 j//; .| and
electrical distance between the fault and the respective feeder
protection |Z/‘?| is used. The patterns observed in Figure 9 devi-
ate from those in Figure 8 due to faults occurring at any location
in the system instead of one single feeder with those electti-
cal distances of faults to the respective feeder protection being
considered. In other words, faults in parallel feeders with simi-
lar ZDR to those faults in the main feeder may have less of an
impact on the respective primary CB of the feeder. Therefore,
this case study does not observe the increasing blinding time
At seen in Figure 8. The faults occurring at any location in the
system and DRES capacities being randomly distributed repre-
sent a more realistic scenario than case study II, where faults
were limited to one feeder and all DRES capacity was in one
location. However, the impact on the protection system is less
discernible in case study III, demonstrating the challenge faced
by protection systems due to the integration of DRESs. The
severe blinding cases occur when the ZDR is low, similar to
case study II. These ZDR values indicate instances where the
fault, DRES and CB are in the same feeder. Another takeaway
from this result is that using ZDR, the location of the DRES
with respect to the CB can be deduced. Furthermore, DRESs
in parallel feeders tend to have a lower impact on protection
than those in the same feeder as the fault. An important result
is that blinding does 70f occur even though a DRES is present
between a fault and CB in some instances. This is shown for the
case with ZDR of 0.6272 and a low /7 index in Figure 9a—d. In
this case, the fault is on line 20, with CB 2 as primary protection
and DRES at bus 21. This shows that the blinding phenomenon
depends on parameters such as DRES location and capacity,
that is, the presence of a DRES between a fault and a protection device

is necessary but not sufficient. This result also confirms the findings from
the preliminary results in Section 4.3. Therefore, it is possible to quantify
the impact of DRES location using these indices, especially in power system
planning, on the protection system.

7.4 | Case study IV: Impact of varying fault
location and DRES fault level on all protection
devices

In this case study, the impact of faults anywhere in the sys-
tem with a random distribution of DRES capacity across buses
at 8,19,24 and 26 are analyzed. For this study, the CBs are
placed on lines as shown in Figure 2. The results are shown
in Figure 10. The fault level increases in each simulation sce-
nario from Figures 10a to 10d. Compared to case study III,
the impact on the protection is limited to a set of CBs. This
is because only the relevant primary and backup CBs with respect
to the fault along the feeder are considered, reducing the space
of possible fault locations with respect to DRES and CB loca-
tions that cause protection blinding. In particular, the CB at an
EDR of 0.5978 is severely blinded when the A index is 0.5.
This fault occurs at line 27 with primary protection as CB 5 (see
Figure 2). The impact of a fault at this location worsens as the
DRES penetration increases. Therefore, for this particular dis-
tribution of DRES locations, the blinding time is most severe at
line 27. The blinding time is also sevete at other locations, such
as at an DR of 0.4285, which gradually worsens as the DRES
penetration increases. Therefore, using the proposed methodol-
ogy and indices, the impact of DRES penetration on protection
systems, that is, protection blinding, can be quantified.
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penetration and DRESs at buses 8, 19, 24 and 26 with 25% DRES penetration.

7.5 | Case study V: Impact of varying fault
impedance on all protection devices

In this case study, the system is setup as in Subsection 7.4. The
results are shown in Figure 11. The fault level is kept constant

Case study V: Impact of increasing fault impedance g, DRES heterogeneity
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and varying fault location on protection system with fixed DRES

with 25% DRES penetration while fault impedance g increases
in each simulation scenatio from Figures 11a to 11d. Note that
the Figure 10a shows the same scenario with fault impedance
0 Q. The scenario in Figure10a is evaluated with increasing fault
impedance. It can be noted that as fault impedance increases,
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8,19, 24 and 26 for a 2-phase fault.

the blinding time Az and instances of blinding increase. This is
because lower fault current is drawn from fault current sources
due to higher fault impedance (see Equation (2)). Consequently,
the trip time of CBs increases. It is important to note that
the blinding time As does not increase steadily as the fault
impedance increases. Scenarios with ZDR in the range 0.4285
to 0.5978 and A index in the range 0.1 to 0.75 show a pro-
gressively worsening blinding impact. While blinding impact for
scenarios with ZZDR in the range 0.656 to 3.9013 and /7 index
in the entire range shows an abrupt increase in blinding time
At with fault impedance 7 Q onward. Therefore, the blinding
impact is severe for faults with high impedance across the power
network. For faults with low impedance, the blinding impact is
severe only in a few locations.

7.6 | Case study VI: Impact of two
phase-to-ground faults and varying DRES
capacities on all protection devices

In this case study, the system is set up as in Section 7.4. The
case study IV is repeated for a 2-phase fault. The results are
shown in Figure 12. Comparing Figures 10 and 12, the blinding
impact is similar for single phase-to-ground and two phase-to-
ground faults. The main reason is that the faults are evaluated
in terms of the fault current produced. Therefore, the blinding
time Az is severe in similar fault locations as the fault current
produced due to these faults is similar in the steady-state simu-
lations. This behaviour may deviate if transient simulations are
used for different types of faults. Furthermore, the proposed
indices do not differentiate between the type of faults, as they

rely on properties of a distribution grid (i.e. electrical distances)
and DRES fault level. Therefore, while the indices are useful to
study the structural aspects of a distribution grid in the pres-
ence of DRESs, a limitation is that they do not capture the
impact of different types of faults. It can be noted that even
though the fault type has changed, similar fault locations cause
severe blinding in the same network. Therefore, these particu-
lar locations atre susceptible to protection misoperation. These
locations should be the focus of reinforcement to prevent long
trip times of protection devices.

8 | CONCLUSION AND FUTURE WORK

The main contribution of this research is the formulation of
two new indices suitable to assess the impact of DRESs on the
protection system in terms of protection blinding in a systemic
and generalizable approach. The characteristics of the DRESs
with respect to the protection system, such as fault level and
location, are considered in the formulation of a heterogencity
index. Furthermore, the ZDR considers the electrical distance
between a fault and the protection device and the electrical
distance between a DRES and the protection device. As the e
erggeneity index depends on the number of feeders, it captures the
structural “breadth” of the system, while the electrical distance
ratio captures the structural “depth” of the system. Protection
blinding data, such as the trip-time difference between a radial
distribution grid with and without DRESs, atre collected using
Monte Catlo scenatio generation. This data is evaluated using
the defined indices. Results show that an increasing fault level
causes more instances of protection blinding. Furthermore,
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results indicate that as the DRES fault level is increasingly
heterogeneously distributed, that is, a non-uniform fault level
distribution, the blinding time increases as the ZZDR decreases,
that is, faults are further away from the protection device. For
faults anywhere in the system and DRESs randomly distributed
across the system, the blinding time in the main feeder is severe
for faults further away from the protection device. In parallel
feeders, this impact is weaker at lower DRES heterogeneity.
An important result is that the presence of a DRES between a
fault and a protection device is necessary but not sufficient for
protection blinding to occur. Therefore, blinding depends on
DRES location in the distribution grid and fault level. Results
also indicate that for a specific selection of DRES locations,
the fault location for which the blinding time is the worst is
identified. Therefore, these indices can be used to determine the
influence of DRESs on the system while also identifying the vul-
nerable locations. However, the simulation model requires that
the topology, fault current source parametets, line parameters
and protection system parameters are known. In future work,
communication-based adaptive protection will be considered.
Communication can be used to resolve protection blinding.
However, the impact of communication failure should be con-
sidered. The proposed indices will be extended considering the
impact of communication systems. Furthermore, the indices
will be extended to consider multiple simultaneous faults.
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