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Abstract: Distribution systems can form islands when faults occur. Each island represents a
subsection with variable boundaries subject to the location of a fault(s) in the system. A subsection
with variable boundaries is referred to as island in this paper. For operation in autonomous mode,
it is imperative to detect the island configurations and stabilize these subsections. This paper
presents a novel scheme for the detection of islanding boundaries and stabilizing the system during
autonomous operation. In the first stage, a boundary detection method is proposed to detect the
configuration of the island. In the second stage a dynamic voltage sensitivity factor (DVSF) is
proposed to assess the dynamic performance of the system. In the third stage, a wide area load
shedding program is adopted based on DVSF to shed the load in weak busbars and stabilize the
system. The proposed scheme is validated and tested on a generic 18-bus system using a
combination of EMTDC/PSCAD and MATLAB softwares.

Keywords: islanding 1; load management 2; power distribution 3; voltage fluctuations 4

1. Introduction

The introduction should briefly place the study in a broad context and highlight why it is
important. It should define the purpose of the work and its significance. The current state of the
research field should be reviewed carefully and key publications cited. Please highlight
controversial and diverging hypotheses when necessary. Finally, briefly mention the main aim of the
work and highlight the principal conclusions. As far as possible, please keep the introduction
comprehensible to scientists outside your particular field of research. References should be
numbered in order of appearance and indicated by a numeral or numerals in square brackets, e.g.,
[1] or [2,3], or [4-6]. See the end of the document for further details on references.

In recent decades, environmental concerns about greenhouse gases and global warming caused
by fossil fuels have attracted many countries to adopt renewable energy sources (RES). RES based
microgrids are new structures in modern electrical distribution networks. Predefined clusters of
dispersed generator (DG) units associated with their vicinity loads provide the opportunity to form
a microgrid (MG), which functions as a subsystem in the distribution network. Two operation
modes can be defined for microgrids: grid connected mode and autonomous mode. In a
grid-connected mode, MGs are able to exchange the energy with the upstream network. For the
autonomous mode, during a grid failure or islanding, MG assures continues power supply to local
loads and increases system reliability.

Electrical connections between unspecified number of busbars and main grid can be lost due to
faults in the electrical distribution system. Hence, provided that at least one DG unit remains in the
separated section, an active island can be formed. Based on IEEE-Standard 1547, islanding should be
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detected and DG units must cease to supply within 2 seconds. Due to the high penetration of RES in
distribution systems, islanded operation mode for DG units are considered by many utility
providers as a suitable approach to maintain continuity and reliability of supply. However, as faults
can occur at any point in a distribution system, the configuration of the active subsections formed is
unpredictable. Hence, a subsection with non-fixed boundaries is referred to as an island. A
schematic diagram of a distribution network with MG and islands is shown in Figure 1. There are
several possibilities to form islands via opening breakers BK1-BK37. The identification of the island
configuration is one of the important requirements for the power system analysis. Moreover, in
order to stabilize the system and to conduct a voltage stability study, it is important to detect new
system configuration(s) immediately after removing the faulty section. Furthermore, the new
topology of the system is vital for triggering the self-healing scenarios such as load shedding and
system reconfiguration.
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Figure 1. Single line diagram of a RES base integrated distribution network include MG and islands.

Once islanding takes place, if the generation does not meet the load demand, load shedding is
unavoidable to prevent voltage collapse. In order to enhance the voltage stability of the island, less
stable busbars can be chosen for load shedding. Thus, different voltage stability indices (VSI) can be
used based on the system characteristics to determine weak busbars in the system. VSIs indicate the
stability status of the busbars and line sections. When islanding takes place in the system, an online
voltage stability index can be utilized based on the new system structure results to determine the
weakest busbars for load shedding.

In order to detect islanding, three islanding detection methods (IDMs) have been developed;
Active Detection Method (ADM), Passive Detection Method (PDM) and Remote Detection Method
(RDM). The philosophy of the PDM is to measure the variables at PCC and compare with the
reference values to detect the islanding. The advantages of these methods include simplicity and low
cost to implement as they use conventional metering and protection devices to detect islanding. The
characteristic of some PDMs are presented and compared in Table (1).
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Table (1): Comparison between the passive islanding detection methods.
Feature of each method
Method Run-on Error Power Advantage & disadvantages Reference
Time NDZ rate quality
Over/UnderVoltage Within L Low No Easy to implement but speed is [1-9]
And Frequency 2s arge impact  unpredictable.
ROCOF 24 ms Small High No Even in balance condition, any [10, 11]
impact  disturbance can result in
mis-detection of islanding. Hard
to choose threshold. Sensitive to
load switching and fluctuation.
ROCOF Over Power 100ms  Smaller Low  No It can detect islanding effectively ~ [11]
impact ~ when power imbalance is small.
ROCOP 24-26 Small High No Its detection speed is not affected  [10, 11]
ms impact ~ when the power mismatch
between DG and load is small. It
is able to quickly detect
unsynchronized reclosing of the
utility.
Phase Jump 1020 Large Low No Difficult to implement and select ~ [5,11] [17]
Detection ms impact  threshold. Uses PLL to control.

The performance of ADM is based on perturbation and observation concept. A DG parameter is
chosen to be distorted by injecting perturbation. In stiff grid, the amplitude of the variations at DG
unit terminal are negligible since the grid parameters are dominant. However, injecting disturbance
into the terminal result in significant variation on DG parameters during the islanding phenomenon.
Table (2) presents the characteristics of different ADMs.

Table (2): Comparison between Active Detection Methods.

Feature of each method

DG

Method Time  NDZ Error Pow?r Type Advantage & disadvantages Reference
rate quality
Impedance 0.77s  Very Low Degrade SG Low performance in presence of [12, 13]
Measurement -0.95 Small multiple DG units. Introduce [10, 14, 15]
s harmonic. Hard to adjust the
thresholds. Injection of
sub-harmonics into inverter output.
Active Frequency  <2s Large High  Degrade @ VSC  NDZis decreased as well as error [16, 17]
Drift (AFD) for high ratio. Low performance in presence [1, 10, 18]
Qf of multiple dg. Sensitive to the load.
Unable to detect for unity PF.
Frequency Jump 75ms  Small Low Slightly VSC  Low performance in presence of [10]
(F)) (Less degrade multiple DG units.
than
AFD)
Negative 60 Non Degrade  VSC  High performance in presence of [15,19-21]
Sequence Voltage  ms- multiple DG unit
Injection 120
ms
Negative 60ms  Non Low Degrade  VSC  Not sensitive to load change. The [10, 11,
Sequence Current accuracy is higher than detecting 20-22]
Injection Method positive-sequence voltage. High

performance in presence of multiple
DG unit.

Remote detection methods are developed to overcome the problems faced by existing methods.
The RDMs employ a communication pattern between DG unit and main grid to alert and disconnect
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the DG units once unintentional islanding occurred. Remote Detection Methods are applicable to the
systems with multiple DG units which includes both inverter based sources and synchronous
generators. The Remote Detection Methods are presented in Table (3).

In [23-29], different load shedding methods have been developed for microgrids. Measurement
of the system parameters such as voltages, frequency and rate of change of frequency reveals the
imbalance between generation and load demand. Hence, the load shedding method would assure
the stable operation. However, not all these methods are able to do the load shedding for the islands
since the busbars for load shedding cannot be predefined.

Table (3): Comparison between Remote Detection Methods.

Feature of each method

Method . Error Power  Advantage & Disadvantages Ref.

Time NDZ .

rate quality

Supervisory Depend None None No This method provides more [10,
control and data on the impact  control signal to control DG 16, 30,
acquisition system units. Detection speed depend 31]
(SCADA) on the system characteristics.
Power Line 200 ms None None Very PLCS is applicable for both DG [10,
Carrier Small types. Uses existing electrical 32-34]
Signaling Impact  network as a path for signaling.
(PLCS) Suitable for large networks with

high penetration of DG units
since it is costly.

Signal 100ms-  None None No Needs large investment to [10,
Produced By 300 ms impact  establish a communication 15, 35]
Disconnect network.

(SPD)

Since these IDMs monitor voltage, current etc. at the point of common coupling (PCC), they can
detect the islanding of DG Units. However, these methods are not capable of identifying the
boundary of the island. The proposed method here is able to detect the boundary of the island and
determine the available generation and load in each island. Moreover, the proposed method can be
applied on meshed network. As well as the proposed method is applicable for the systems with
non-consecutive busbar numbering.

In order to determine the system voltage stability status, various indices have been developed
[36-38]. Voltage stability analysis can be categorized as dynamic analysis and static analysis uses
static voltage stability indices (SVSI). Pre-islanding information or microgrid information is used to
assess the voltage stability of the system using SVSIs. Hence, SVSIs do not reflect the dynamic
operation of the power system during contingencies. However, dynamic analysis identifies the
system parameters during transient and steady state conditions. Thus, an index is required to
identify dynamic performance and system stability.

Modified graph theory is utilized to detect the boundary of each island. In the second step, in
order to perform a wide area load shedding, a dynamic voltage sensitivity factor (DVSF) is proposed
to specify the weak busbars in the system. The proposed DVSF shows the relevancy of reactive
power and voltage at each busbar. Thus, the most sensitive busbars based on new configuration of
the system are chosen for load shedding.

This paper is organized as follows: Section (2) explains the methodology of the proposed
algorithm. Section (3) presents the boundary detection method for islands. Section (4) elaborates the
calculation of dynamic sensitivity factor for the islands. In section (5), a practical test network is


http://dx.doi.org/10.20944/preprints201705.0082.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2017 d0i:10.20944/preprints201705.0082.v1

50f19

utilized to validate the proposed scheme. Simulation results are investigated in section (6) and the
conclusion is presented in section (7).

2. Proposed Scheme to Stabilize the System

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation as well as the experimental conclusions
that can be drawn. The proposed scheme assumes that voltage and current measurements are
available at each busbar. When islanding occurs in the system, the number of islands is identified
using the proposed detection method. The proposed algorithm also specifies the busbars belonging
to each island. The main idea of this method is to determine the configuration of the islands and
maintain system stability. When island configuration is determined, the amount of available
generation and load demand are disclosed. Load shedding in the weakest busbar prevents voltage
collapse in the system. Weak busbars are chosen based on the dynamic voltage sensitivity factor. In
order to conform to IEEE-1547 standard, after the first round of load shedding, if the system
frequency division exceeds the +1% of its rating, further load shedding will be done at the next weak
busbar based on the new DVSF. This procedure is repeated until a stable operation point for all
Islands is gained. A flowchart of the proposed algorithm is depicted in Figure 2.
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Figure 2. Flowchart of the proposed scheme to stabilize a system after islanding

3. Boundary Detection Using Graph Model

The focus of existing detection methods is to detect the islanding at PCC. However, in this
paper, a boundary detection algorithm based on modified graph theory is proposed to identify the
islands topology once they are formed. A simplified graph theory is utilized for different purposes
such as microgrid reconfiguration [39] and load flow calculation [40].

3.1. Node Integration Matrix

In this section, mathematical model of the proposed boundary detection method is presented.
For this purpose, a graph consisting of 10 edges and 8 vertices with three subsections is considered.
The graph is shown in Figure 3. As a first step, all the vertices should be numbered. Numbering of
the vertices is random and each vertex should get a number. In the second step, connections between


http://dx.doi.org/10.20944/preprints201705.0082.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2017 d0i:10.20944/preprints201705.0082.v1

6 of 19

each vertex were investigated. In order to determine all connections in this graph, a node integration
matrix [NIM]»» where n represents the number of vertices is defined as follows:

NIMI- =1 If there %s a connecthn between i e'md Ji '
-/ If there is no connection between 7 and j

NIM, ;=0

NIM,, =1

If there is a connection between two vertices, the related elements will be unity. The value 0
indicates no connection between two vertices. Moreover, in this matrix, the diagonal elements are
assumed to be 1, since the proposed search algorithm will use these particular numbers and copies
them in [TMC] matrix. Equation (1) represents the [NIM] for the graph of Figure 3.

Vi \'S V9 V10 V3
A% V4 \/
V2 V6

Figure 3. A graph consisting of 10 edges and 8 vertices with non-consecutive numbering.

This matrix represents the existence of edges between vertices of the graph. However, the
topology of the subsections still should be extracted from this matrix.

[NIM | = M

-0 O = O O O = O O
- o O = O O = O O O
S = = O O = O O O =
S O = O O = O O O O

S O O O O = O O O =
S O O O = O O O = O
S O O O = O O O = O
S O O = O O = = O O
S = O O O = O O O O
_ o O O O O = = O O

3.2. Topology Connection Matrix

Once the node integration matrix is calculated, the topology Connection Matrix [TCM]n» is
carried out. The topology connection matrix represents the subsections and the vertices in each
subsection. Similar to the node integration matrix, [TCM] is a square matrix and the number of rows
and columns depends on the number of vertices. The [NIM] is utilized to determine all routes in the
system. The steps of determining the subsection is as follow:
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a) As a first step, vertex V1 is chosen and the route starting from this vertex to other vertices is
determined. for this purpose, existence of any edge between V2 and V1 is investigated. If
any connection is found between V2 and V1, then connection between V3 and V2 will be
checked and this will continue for the next vertex. Using this method, the route starts from
V1 can be determined.

b) In the second step, since there is a possibility of more than one edge connected to V1, the
connection between other unchecked vertices and V1 should be investigated. This step is
repeated to find a link between all other vertices and V1.

The same steps are applied to the rest of the vertices to determine all the subsections. In Figure

4, the flowchart for calculating the [TCM] is depicted. According to this flowchart, the following are
the steps to determine the island’s boundary:

1) For a graph with n vertices, an identity square matrix is formed.

2) Start to build the ith row.

3) If NIMj=1, there is a connection between jth vertex and upstream kth vertices. Then, set the

TCMij= TCMir.
4) Repeat the procedure from step (2) to build the next row of [TCM] for all the vertices.
1 0
TCM= [ S }
0 - 1
A 4
i=k=j=0

Y
~.

I
_I_
—
_|_
—

k=k+1 |e

Y

Vj connected
to Vi?

TCM,;;= TCM,

Figure 4. [TCM] calculation flowchart
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Since the connection between one vertex to other vertices is checked just once by this algorithm, time
will be saved. Moreover, since all the routes are determined using the above procedures, this
algorithm can be applied on graphs with loops as well. Equation (2) represents the [TCM] matrix for
the graph of Figure 3. When a consecutive numbering for vertices is used, The [TMC] can be
calculated using Equation (2).

1000100110
0100010000
0011001001
0011001001
)
1000100110
[TCM]=
0100010000
0011001001
1000100110
1000100110
001 100100 1]

3.3. Boundary Detection Matrix

In the previous section, the topology connection matrix is formed and the subsections are
marked. In this step, vertices in each subsection are extracted and Boundary Detection Matrix

[BDM], ,, is formed. In this matrix, ns represents the number of subsections and . represents the
number of vertices in the largest subsection. The maximum #:s is equal to n when all the vertices are
separated and no edge in the graph. In contrast, the maximum value for n. is obtained for integrated
graphs without any subsection. As shown in Equation (2), each row indicates one subsection.

The steps for extracting the vertices and determining the boundary of each subsection are as
follow:

a) First, in the first row of [TCM], the column numbers of those elements that are equal to 1 are
taken to the [BDM].

b) Second, when column numbers (for example: column 1 and column 2) has been taken to
[BDM)], all the elements in the in the [TCM] rows with same number (row 1 and row2) have
been changed to 0.

¢) Third, the next row with non-zero elements is checked with the same procedure that
explained in (a).

When the entire rows of the [TCM] are checked, the [BDM] matrix will be completed. The
flowchart to identify the subsections and vertices in each section is depicted in Figure 5. The
following are the steps to calculate [BDM]:

1) Start with m™ row of [TMC] to find if there is 1 in this row.

2) Set the BDMi; to m (i this based on number of subsections).

3) Setentire m* row of [TMC] to zero and go to step 1.

Equation (3) shows the [BDM] matrix calculated using the procedures mentioned previously.
Three different subsections including the number of vertices in each section are shown using
Equation (3). One important advantage of the proposed method is the ability to detect the
boundaries in meshed networks with various loops and non-consecutive busbar numbering.

1 2
[BDM]=|6 7
10 11 12

3 45
8 9 0 €))
0 0
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4. Dynamic Voltage Sensitivity

In this paper, a novel dynamic voltage sensitivity factor is proposed to provide useful
information about the system’s dynamic performance during islanding. Online calculation of
instantaneous static voltage stability provides a pattern of points, which can be used as a dynamic
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Figure 5. Procedure to extract subsections and busbars

index to determine the system voltage stability for each busbar. The DVSF reflects the influence of
changes in system parameters on each busbar’s stability status and determines the weak busbar
before and after islanding. Conventional load flow Jacobian matrix is used to determine the DVSE. In
order to calculate the DVSF, busbar admittance matrix [Yws] and Jacobian matrix is re-calculated
based on the system configuration. A three-dimension [Yus] is defined according to the new
configuration of the system. Figure 6 demonstrates the [Yuus] for a system with s islands. The size of
the new [Yous] is (110,110,15). In this matrix, m! layer represents the calculated elements for m island.
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Figure 6. Three-dimensional admittance matrix

Similarly, a new Jacobian matrix according to the new system configuration is calculated. The

dimensions of the new Jacobian matrix are (21, %2m,xn,). Equations (4-8) represents the m layer of
the Jacobian matrix calculated for the m*island in the system.
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Accordingly, Equation (9) represents the relation between reactive power and the voltage for all the
busbars in islands when active power exchange is assumed to be zero (AP = 0).

[AQ]nv,l,ns = [JR ]nv,nv,ns [AV]nv,l,ns (9)
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Equation (10) represents the reduced matrix calculated for the m® island in the system. In this
Equation, [Jr]" is known as a reduced Jacobian matrix of the m island in the system.

(m) _ |5 (m) (m) p-10m) (M)J
[‘]R] —[J4 —Jy 0, (10)
Change in voltage with regards to the injected reactive power for the m island can be defined by
Equation (11).
(m) _ | p-1 [ (m)
[ar}” =7 1" [ag] an

Diagonal values of the [Jz1]t), represents the voltage sensitivity for each busbar of the m! island
in the system. DVSF is defined individually for each busbar. Positive and small values for DVSF
indicate stable operation. On the contrary, high values for sensitivity factor are obtained when the
system is near its stability margins. Negative values represent unstable operation and very small
negative values represent very unstable operation. Since the relation between voltage and reactive
power is nonlinear, the magnitude of the sensitivity factor in different operating conditions does not
provide the degree of the stability [41].

5. Generic Test Distribution System

A modified 11 kV, 50 Hz generic network from a Malaysian electrical distribution utility was
modeled using EMTDC/PSCAD in order to investigate the proposed boundary detection method
and dynamic voltage sensitivity factor. The single line diagram of this network is presented in
Figure 7. The network has 18 busbars and 17 overhead lines. Both transformers in the main
substation are 132/11 kV, A-Yg, rated at 30 MV A and impedance 10%. Fault level at 132 kV busbar is
14 kA and at 11 kV is 17.8 kA. Three 2 MVA synchronous generators were used as DG units as
shown in Figure 7. The DG units are equipped with droop control to adjust the voltage and
frequency after islanding. Each generator is connected to the distribution network via 0.4/11 kV, 3
MVA  Y;-Yg transformer with 5% impedance. Simulation results are discussed in detail in the next

section.
Busl
Bus2 Bus3 Bus4 Bus5 Bus6
A-Yg Feeder 1
y = — 0
Ygy -
_GD_ 3.3 km 7km 5.8 km 2.65 km 285km [0 omva
30MVA
132/11 kV Bus7 Bus8 Bus9 Bus10 Busl1 Busl2 Bus13
Feeder 2 I I
L6 L7 L8 L9 L10 Lil I L12 I
i Yg-Yg DG-2
Main Ay 12.07 km 2.5 km 0.55 km 1.1 km 1 km 2.3 km 1.8 km 11/0.4 KV 2MVA
Grid ¢
—GD_ Bus14 Busl5 Busl6 Busl7 Bus18
Feeder 3
30MVA 2
132/11 kV Li3 L14 L15 L16 L17
2.03 km 1 km 1.2 km 1 km 1 km Yg-Yg DG-3
; ; 11/0.4 KV 2MVA
Main Substation

Figure 7. A single line diagram for a practical 18-busbar distribution network

6. Results and Discussion

A case study with three islands was investigated to verify the performance of the proposed
methods. In order to model the system, PSCAD/EMTDC and MATLAB were utilized. The network
was modeled in PSCAD and the proposed algorithms were analyzed in MATLAB. A user defined
block was used as an interface to exchange the data between the softwares and to send the wide area
load shedding commands from MATLAB to PSCAD. Synchronous generator ‘start event’ was
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simulated via releasing the rotor at 2 sec. Intentional islanding was initiated in the system after 15
seconds via opening the line sections L1, L9 and L13 as in Figure 7. The opening of three line sections
split the network to four subsystems. In the first step, results for the island boundary detection
method were investigated. In the second step, DVSFs were shown for one island. In the third step,
the wide area load shedding results based on dynamic voltage sensitivity factor were presented.

6.1. Island Boundary Detection Results

The equivalent graph for the given test system is shown in Figure 8. It was assumed that the
voltage and current measurements were available in each busbar. After the tie line breakers opened,
current would be reduced to zero in that line section. Hence, all downstream busbars were
considered as an island, provided that a source existed. As explained in section (II), the node
integration matrix [NIM]is«1s was calculated as follows:

Bus2 Bus3 Bus4 Bus5 Bus6
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4
4

Feeder 1 »°
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Figure 8. Equivalent graph for the test system with four subsections
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In order to form the node integration matrix [NIM], the system topology was monitored using
current measurements. The line section with none zero current was considered as a closed line.
Using the procedure explained in section (2), the calculated [TCM]is-1s is shown in Equation (13) for
the test distribution network. To extract the number of busbars and corresponding Islands, the
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procedure, which is depicted in Figure 5, was applied on the calculated topology connection matrix.

The calculated

(1 0000011 10000O0O0TO0TO0 0]
01 111100000000O0O00O00
00111100000000O0O00O00O0
00011 1000000000000
0000110000000O0O0O0O0O
0000010000O0O0O0O0OO0O0O
00000011 100000O000O00
00000001 10000O0GO0O0O00O

[TCM]=000000001000000000
00000000011 1100000
0000000O0O0O0T1T1T100000
0000000O0O0O0O0T1T10000O00O0
0000000O0O0O0OO0OTIO0O0O0O00O
0000000O0O0O0O0O0OO0OT1T1T1T1]1
0000000O0O0O0O0OO0OO0T1T1 11
0000000O0O0OOOOOOT1 11 (13)
0000000O0OO0OO0OOO0O0GO0T1 1
00 00000000O0O0O0O0O0O0O 1]

topology matrix [TCM] for the test network is shown in Equation (13). The boundary detection
matrix [BDM] shows that the system is divided into four subsystems. The system with busbar (1) is
not considered as an island as it is connected to the main grid.

1 7 8 9 0
2 3 4 5 6 (14)
10 11 12 13 0
14 15 16 17 18

As shown in the results, the proposed method is capable of detecting the configuration of Islands in
the distribution network. Moreover, the proposed method is capable of tracking any changes in the
island configuration. If the island’s configuration changed due to any reason such as faults in the
system or self-healing strategies, the proposed method can detect the new configuration without
applying any further modification.

[BDM ] =

6.2. Dynamic Voltage Sensitivity Factor

When intentional islanding event is initiated via opening the line sections L1, L9 and L13, the
stable operation of each island should be assured. The remaining generation and load in each island
should be balanced to avoid voltage collapse. A proposed dynamic voltage sensitivity factor is used
to identify weak busbars in each island. In Island-2, total available generation is 2 MVA while Table
(4) shows the load demand in Island-2 busbars.

Table 4: Load demand in island-2

Busbar Active Power (MW) Reactive Power (MVar)
Bus10 1.055 0.2842
busl1 0.5916 0.2615
Bus12 0.9267 0.2255
Busl3 0.9268 0.2278

Since Island-2 is not stable due to lack of generation, Island-2 was used to validate the proposed
DVSE. The busbar voltages for Island-2 are shown in Figure 9. As shown, the busbar voltages
collapsed after islanding. Similarly, generator angular velocity and system frequency as shown in
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Figure 10(a) and 10(b) also collapses. Hence, it is vital to identify the unstable busbars to perform the
wide area load shedding.

15 -
——Busl10 ——Busl1
10 -w\ Vi —Busl2  ——Busl3
E 5 Start Event Intentional Yoltage Collapse
& 0 ‘ | Islanding Event ! : ‘ —
s
S 5
0 5 10 15 ime (secgo 25 30 35

Figure 9. Voltage collapse in the island-2 after intentional islanding event.
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Figurel0. System parameters (a) synchronous generator angular velocity, (b) island-2
frequency.

The full window of the calculated conventional voltage sensitivity index using pre-islanding
data is shown in Figure 11(a) and the expanded window during the islanding is demonstrated in
Figure 11(b). With reference to the results, the most stable busbar is Busll, since it has the lowest
sensitivity index and the most sensitive busbar is Bus13. Hence, according to results calculated using
conventional method, load-shedding program should start with Busl13 by virtue of being the
weakest busbar and proceed to Bus10, 12 and 11. However, in the proposed scheme, once islanding
occurs, the new system topology is used to calculate the DVSF. The calculated DVSF for Island-2 is
illustrated in Figure 12. The results in Figure 12 show that the Busl13 is still the weakest busbar
followed by Bus 10, Bus 11 and Bus12.
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Figure 12. Voltage sensitivity indices using proposed boundary detection method.

6.3. Wide Area Load Shedding

In this section, Island-2 was used to verify the robustness of the proposed wide area load
shedding to improve the voltage profile of the microgrid. Once the weak busbars were identified,
the load shedding was performed to prevent voltage collapse. The amount of load shedding is
related to the system frequency. Moreover, the DG unit should be able to work +10% of its rated
value for 20-30 minutes [32].

In order to control the voltage of the system, the power factor of the DG unit was varied
between 0.85 lagging to 0.9 leading. According to the IEEE-Standard 1547, the system should be
capable of operating for 300 sec when frequency deviation was less than 5% of the rated value.

Based on Table (4), there are 1.82 MW excess load in island-2. Thus, according to the previous
section, Busl3 as the weakest busbar and Busl0 as the second weakest busbar were chosen to
perform the load shedding. The obtained results for the system parameters are shown in Figure 12
and 13. All the voltages of the busbars are illustrated in Figure 12. By comparing Figure 9 and Figure
13, it confirms that the proposed load shedding prevented voltage collapse in the system. As shown,
all
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Figure 13. Voltage profile in island-2 recovers after load shedding.

the voltages are in the acceptable range. Synchronous generator speed and frequency of the system
are shown in Figure 14.
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Figurel4. System parameters (a) synchronous generator angular velocity, (b) island-2
frequency.

The speed of the generator was recovered after load shedding to 1 pu. Similarly, system
frequency recovers to 50 Hz after the wide area load shedding. A full window of the dynamic
voltage sensitivity factor is shown in Figure 15(a). An expanded window during ‘intentional
islanding event’ and ‘load shedding’ is shown in Figure 15(b). As illustrated in Figure 15, the DVSF
for all busbars remained near zero, which confirms the voltage stability in the Island-2.

It can be concluded from the results of this section, that the proposed load shedding
represented a vast improvement to voltage stability by considering the dynamic performance of the
system during the islanding operation for Island-2. Hence, the proposed boundary detection method
and the corresponding load shedding have the ability to reconfigure the islands and improve the
profile of the voltages in all busbars.
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Figure 15. Dynamic voltage sensitivity factor (a) full window of DVSF for busbars in the
island-2, (b) Expanded window for DVSF during “intentional islanding event” and ‘load shedding’

7. Conclusions

This paper presents a novel scheme to detect the configuration of islands in distribution
systems. Moreover, the proposed scheme assures the stable operation of islands using wide area
load shedding during autonomous mode. The results have shown that the proposed boundary
detection method is capable of accurately identifying the system topology. Furthermore, the
proposed dynamic sensitivity factor is calculated for all busbars of an island and the obtained results
proved that using the DVSF reflects the system’s dynamic performance and can be used to detect the
weakest busbar in the system. Wide area load shedding was performed on weak busbars and the
results confirmed the IEEE-1547 standard in terms of voltage and frequency of the island.
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