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With high penetration of distributed generation (DG) into distribution systems, an unintended bulk DG
tripping as a consequence of severe disturbances such as 3-phase faults in the transmission system is a
concern since it can further cause unintended operation of transmission distance relays. To address this
matter, this paper presents a novel protection scheme based on support vector machine (SVM) approach.
The proposed scheme detects bulk DG tripping following a fault in the power transmission system, and
then makes sure there is no follow on distance relay maloperation. It is also able to detect a fault if it
happens during the blocking period and hence unblock the relay operation correspondingly. Wide-area
(WA) measurements obtained from phasor measurement units (PMUs) are used, in addition to local
measurements, to improve the scheme selectivity. The New-England 39 bus system is used to test the
proposed scheme. Simulation results are discussed and illustrated.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

In today’s modern power systems, DGs are growing rapidly
based on economic and environmental incentives [1]. They are
required to follow standards for connecting to the grid and have
control and protection measures on their interconnections to be
able to disconnect from the distribution grid in case of an inadver-
tent islanding [2-7]. Inadvertent islanding is called to the situation
when DG continues energizing a portion of the system, e.g. the
feeder that it is connected to, while being disconnected from the
main grid [8]. The duration and probability of an inadvertent island
occurrence must be minimized for several reasons such as miti-
gating power quality, maintaining protection settings, addressing
auto reclosing issues, and most importantly ensuring the staff
safety [8]. Several anti-islanding protection schemes which are
mainly categorized into communication based and local measure-
ment based methods have been proposed and developed based on
this necessity [8,9]. Since deploying communication based meth-
ods, known as transfer trip, is not cost effective for widespread
use, the local measurement based methods are commonly used
for anti-islanding protection purposes at the distribution level [8].
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Generally, the local measurement based methods are divided into
active and passive ones for which the set of protection schemes
consist of under and over frequency and voltage relays [8,9].

On the other hand, sensitive protection schemes being in charge
of tripping DGs could act as a threat to the upstream network’s post
disturbance response as the DG penetration grows in the system
[10-14]. This is because of their probable maloperation as a conse-
quence of a severe disturbance happening upstream which could
trigger unintended bulk DG tripping on the distribution side and
impose extra stress on the system. This is one of today’s immedi-
ate concerns of some independent system operators (ISOs) [13,14].
For their network, the DGs are connected to the distribution grid
according to IEEE 1547 [2] which does not allow DG'’s ride-through
during voltage/frequency deviations for the previously mentioned
reasons, especially ensuring the utility personnel’s safety. They are
studying the impacts of such events on their bulk power systems
and trying to alleviate the corresponding consequences [13,14].

One critical consequence of the additional imposed load flow
stress on the upstream network as a result of the unintended bulk
DG tripping is the probable unforeseen interference with the con-
ventional distance protection [15-17] as it will be discussed in more
detail in Section 2. Itis worth pointing out that the above mentioned
concern does not extend to conventional generator tripping in the
system for two main reasons. Firstly, according to the NERC stan-
dard, conventional generators are required to stay connected to the
grid throughout almost all the disturbances to maintain the sys-
tem’s synchronization by their turbine-generator inertia [18,19].
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They participate in load frequency control (LFC) and automatic
governor control (AGC) actions performed by ISOs sending con-
trol signals and set points to the generators in real-time to set their
outputs [20]. Secondly, the dynamic planning studies performed
by ISOs according to the NERC standard [21] already check the
dynamic behavior of the system to be reliable and safe for N-1
contingency cases including each conventional generator tripping.
Before a conventional generator is connected and added to the grid,
it will be verified that its unintended tripping will not lead to any
system instability or cascade event and the required precautions
and corrective actions would be planned [21]. The distance protec-
tion on transmission side is coordinated for these N-1 contingency
cases [22]. However, planning and protection studies for transmis-
sion network are based on the network models that do not contain
DG protection models, and detailed protection information is not
included in the bulk DG planning studies [23,24].

According to what is mentioned thus far, it could be concluded
that it is necessary to make sure the dependability and security
of the protection on the transmission side is not affected by such
unintended events to prevent damage extension from distribution
to the bulk power system. Although the impacts of unintended DG
tripping on transmission protection coordination has been brought
up in the literature [15-17], no protection scheme has been specifi-
cally proposed against undesirable tripping of distance relays under
such circumstances. In this study, a novel SVM-based scheme is
proposed to maintain the transmission protection security and
dependability under unintended bulk DG tripping on the distri-
bution side, which may occur as a result of maloperation of the
deployed anti-islanding schemes.

SVM performance, when compared to the other conventional
classifiers such as neural networks, fuzzy logic, etc., the perfor-
mance of which might suffer from handling huge feature spaces,
is not significantly affected by classified vectors dimension [25].
Neural-network approaches have been shown to be effective in
many applications; however, their main disadvantage is the need
for significant training burden (data and time) for a reliable perfor-
mance of the approach especially when the operating conditions
vary widely [25]. Furthermore, the great advantage of SVM, which
makes it more powerful than other traditional methods based
on risk minimization is that it deploys various ideas such as the
Vapnik-Chervonenkis theory, statistical learning, maximum mar-
gin optimal hyperplane, kernel functions and so on [25].

SVM has been employed as a supervised learning method
for different power system protection purposes recently [26-30].
Ravikumar et al. [26] have used SVMs for coordination of distance
relays in the transmission system. Samples of apparent impedance
seen by the relay during faults are used as SVM input data. The same
authors have evaluated and compared various methods of imple-
menting multiclass SVMs in studying the coordination of distance
relay settings [27]. Some other studies have used SVM technique for
improving protection of transmission lines compensated by series
capacitors [28,29]. The authors in [28] have proposed a method
in which fault location is identified on the compensated line. In
[29], authors have presented a combined wavelet-SVM technique
which uses three line current samples to detect the faulted zone
on a series compensated transmission line. Seethalekshmi et al.
[30] have deployed SVM technique to improve distance relay power
swing and voltage instability detection.

SVM technique is deployed here to implement a protection
scheme that enables the vulnerable distance relays (target relays),
the backup settings (second or third zones) of which might get
affected under unintended DG tripping events, to distinguish such
events from faults and block/un-block the relay operation corre-
spondingly. A recently proposed and implemented novel setting
coordination check module [31,32] is used to identify the target
relays in the test system. Selective WA measurements obtained

by PMUs in addition to local measurements at the distance relay
location are used to improve the proposed scheme accuracy. The
scheme’s robustness against PMU data loss or unavailability as well
as cost-wise use of WA measurement technology has been taken
into consideration in the proposed method. The SVM is trained such
that it distinguishes the faults from the DG tripping cases and acts
as the supervisory control of the distance backup protection. In the
case of unintended DG tripping interference with the distance relay
setting coordination, the proposed scheme blocks the conventional
trip signal resulting from the distance mho elements’ pickup and
prevents any follow on the distance relay maloperation. Further-
more, unlike conventional blocking schemes, the proposed method
isable not only to block the relay operation due to DG tripping inter-
ference, but also to detect a fault during the blocking period and
unblock the relay correspondingly. The proposed scheme is easily
and quickly trainable for various possible scenarios of system oper-
ation in practice and gives significant selectivity. Furthermore, it
could be considered as another complementary application of SVM
along with previously proposed ones to obtain a comprehensive
supervisory control protection scheme and improve the protection
security and dependability.

The rest of the paper is organized as follows. Section 2 provides
a detailed problem description of how the protection coordination
of the upstream transmission network may be affected by unin-
tended bulk DG tripping on the distribution side. Section 3 presents
abriefintroduction to the SVM technique. The proposed SVM-based
protection scheme and the process of identifying the target relays
in the system are discussed in Section 4. Section 5 presents the
simulation results of implementing the proposed scheme on the
New-England test system. Concluding remarks and the paper main
contributions are summarized in Section 6. References are given at
the end.

2. Problem description

The anti-islanding protection schemes are responsible for
detaching the DGs from the grid in case of an inadvertent island-
ing. The basic idea is sensing the voltage and frequency deviations
and checking them against the threshold values to come up with
the control action. The critical need to prevent islanding occur-
rence, especially in order to guarantee the personnel’s safety, along
with some probable hard-to-detect cases of islanding [17] drives
the anti-islanding protection control and measures to be sensi-
tive enough to detect the islanding cases. On the other hand, these
sensitive protection measures could affect the DG output unneces-
sarily under certain circumstances and aggravate the power system
dynamic behavior during or after disturbances. Under frequency
and voltage sensitivities are two important indicators of such con-
ditions. The former corresponds to a generation-load mismatch
situation which may trigger bulk DG tripping, which deteriorates
the situation further. Such cases of unintended DG tripping could
be mitigated by taking proper immediate load shedding actions,
which is not the focus of this study.

The voltage sag caused by severe disturbances such as 3-phase
faults at the transmission side could propagate to the distribution
level and interfere with DG’s under-voltage protection measures,
which may lead to unintended DG tripping. This might not raise
any significant issue if the existing DG in the system is of small
scale and the system is well-designed to handle that. However, in
case of high penetration of DG in the distribution network, con-
nected to upstream through a point of common coupling (PCC), the
large scale tripping of the DG units puts an extra power flow bur-
den on the transmission lines. As a result, protection coordination
of distance relays’ backup protection zones on transmission side
might get affected. The sudden power flow increase to compensate



260 M. Tasdighi, M. Kezunovic / Electric Power Systems Research 142 (2017) 258-267

@m0

F1

pa—

CC

E~N
~~
N

—

ﬁcm iCBZ

1
1
H

Monitoring '
il
1
1
1

‘ CB3

1
EI
: il :
Monitoring ! | Monitoring i1 [ Monitoring :

Control Control

i Control y Control

v

Feeder 1 Feeder 2 Feeder 3 Feeder 4

Fig. 1. Possible scenario of unintended bulk DG tripping as a consequence of under
voltage trip sensitivity.

the lack of DG in the system which is already under stress from pre-
vious disturbance could initiate distance relay miss-operation and
lead to cascade events. Other disturbances such as major switching
actions (lines or generators tripping) could also lead to significant
voltage deviations which might be potential cause of DG tripping.

Fig. 1 helps to illustrate the problem under consideration. Anti-
islanding protection scheme makes sure that the DG connected to
a feeder (Feeder 1-Feeder 4) would trip if the feeder’s source-side
circuit breaker (CB1-CB4) opens, usually as a result of a fault on the
feeder. A short-circuit happens on the line 9-6 and it is tripped to
clear the fault. The voltage drop and deviations as a result of fault
occurrence and clearing event propagates to the distribution side.
Assuming the DGs are tripped mistakenly by their anti-islanding
protection systems, a sudden power flow increase is imposed on the
lines 5-4 and 4-6 to compensate for the lack of DGs while the sys-
tem is still under the stress of the previous disturbance. This might
cause an interference with setting coordination of distance relays
on these lines (marked by red arrows) as a result of unexpected
dynamic change of the impedance trajectory and trigger their miss-
operation, isolation of buses 4 and 6, and lead to the total system
collapse consequently. It should be noted that, this is just a sim-
ple graphical example to help picturing the problem tentatively;
of course, various parameters including the dynamic behavior of
the system, impedances of the lines, the settings of the distance
relays, the capacity and instant of the tripped DG, loadability of
the lines, etc. are important in determining whether it would cause
the distance relays missoperation or not. A real demonstration of
this scenario on New-England 39-bus system will be presented in
Section 5.

The problem described above highlights the necessity to man-
age the protection on transmission side to be able to come into the
action and act quickly in case of an unintended operation by anti-
islanding schemes on the distribution side to save the upstream
network. It should be able to distinguish such cases from faults and
block/unblock tripping signals of vulnerable relays’ backup protec-
tive zones accordingly.

3. Support vector machine (SVM) technique
3.1. Brief overview

SVM is a relatively new and promising machine learning tech-
nique to be deployed as a pattern recognition and classification
tool. It is based on the statistical learning theory for ‘distribution-
free learning from data’ proposed by Vapnik [33]. In this method,
first, the input data is mapped into feature space which is a high-
dimensional dot product space and then it is classified through a
hyper-plane. Using optimization theory, the maximum separation
is obtained by the optimal hyper-plane.

Suppose x; € R" and i € {1, ..., [} is the input data including I
data points which could be classified into two classes, class I and
class II, with the labels of y; = 1, and y; = —1. The goal of SVM linear
separation is to identify the optimal hyper-plane which creates the
maximum separation between the data points in regards to their
classes. For the above mentioned classes, such a separating hyper-
plane could be achieved by finding out proper values for w, vector
of weights, and b, biased scalar, in the following equation:

fx)=wix+b=0 (1)
For a separating hyper-plane:
fxi) =1
flx) = -1

if yi= -1

Therefore, y;f(x;) =y; (Wx;+b) > 1 for i=1,...,l. From the
geometry, it is found that: m = 2|w|~! in which m represents the
separation margin. So, maximizing m which means better general-
ization capability of SVM requires to minimize |w|. Hence, finding
the optimal hyper-plane could be formulated as the following con-
vex optimization problem:

.1 7
min -w'w
2 (3)
s.t. yiwTx;+b)>1 Vi

There exist no hyper-plane if it is not possible to separate data
linearly; i.e., the constraints in (2) cannot be satisfied all together.
In such cases, a penalty factor C and slack variables &; are deployed
to introduce a soft margin. The optimization problem then changes
to:

I
.1
min inw-i-CZéj,-
i=1
sit. yiwlxi+b)=1-§& for i=1,..,1
g>0for i=1,..,I

(4)

In (2), ; are non-negative variables which bring training errors
into the scene. The penalty factor C, also called regularization factor,
is always positive. In case it is small, the separating hyper-plane is
more focused on maximizing the margin (m) while the number
of misclassified points is minimized for larger C values. Support
vectors which include the points closest to the optimal hyper-plane
maintaining maximum margin, satisfying (2) with equality sign, are
required to obtain the separating hyper-plane.

The classification problems in practice are usually not linear.
To implement SVMs for such cases, so called kernel functions are
deployed for mapping training data by the use of nonlinear trans-
form function ¢(x):

B(x;) = ($1(X1), ... dm(x;)), where m > n (5)

The equation which could define a kernel function is: K(x;, x;) =
¢(x,-)T¢(xj). Having done such a mapping, the goal is to be able to
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implement the linear classification of the original input data x in the
higher-dimensional space by the use of linear SVM formulations.

Although SVMs are designed to be deployed for the binary classi-
fications, they could be used for multiclass classification purposes
too. Generally, there are three approaches to implement a mul-
ticlass SVM: one-against-one (OAO), one-against-all (OAA), and
one-step methods. The first two approaches are based on com-
bining several binary SVMs; however, in the one-step method the
SVM is designed in a way to include all the classes at once during
the learning algorithm and solve only one optimization problem
[33-35]. The performance comparison between these three meth-
ods has shown that the one-step approach gives better accuracy
in addition to be faster than the others [27]. Hence, this method is
chosen here.

In one-step method, the idea is to create p two-class rules which
are separated by p decision functions. For example, the vectors
of class k are separated from the other vectors by the k" func-
tion wlfti)(x) + b. However, all the decision functions are obtained
by solving one problem as follows:

p 1
. 1
min §§ w,fwk+CE E Efwy ¢ (x)
k=1 i1 ky;
T !
+by; = W (%) + bm +2 - &F (6)

s.t. 2‘30f0r i=1,...,1&k e {1,...,p}\y;

And the decision function is:

argmaxi_i___p (W (x) + bm)

3.2. Kernel function selection

Various kernel functions have been proposed by researchers
such as linear, polynomial, radial basis function (RBF), and
sigmoid kernel functions. In this study, RBF kernel F(x;,x;)=
exp (—y||x,- — xjnz) fory > 0 is considered as a reasonable first
choice because of several reasons. Deploying RBF kernel provides
non-linear mapping of input data sets and is able to deal with the
non-linear correlation of the class labels and features so it over-
weighs the linear kernel [35]. Besides, a linear kernel is considered
as a subset of RBF because for a definite penalty factor, C', it could be
represented as the RBF kernel having specific parameters (C, ) [36].
Sigmoid kernel also performs like RBF for certain parameters [37].
Moreover, there are some parameters for which the sigmoid kernel
is not the dot product of two vectors so it is not valid [33]. Poly-
nomial kernel has more unknown parameters to be determined
compared to RBF kernel and this makes the model selection for
polynomial kernel more complex. Furthermore, polynomial kernel
values might be not properly bounded. Last but not least, numerical
difficulties for the RBF kernel are fewer than the others [35].

3.3. Parameter selection

C and y are two unknown parameters which should be deter-
mined when using RBF kernel. Proper parameter search must be
conducted on the grid of data to find the best of these values for a
given problem. The focusis on finding (C, y) values for SVM classifier
to be able to predict the unknown data, i.e. testing data set, accu-
rately. A common approach is to provide two sets of data which
are called training and testing or known and unknown data sets
respectively. The SVM performance is better evaluated by predic-
tion accuracy obtained from classifying the unknown independent
data set. This process is called cross-validation in its advanced form.

In this study, C and vy are obtained by conducting a grid-search
using cross-validation. To implement n-fold cross-validation, the
training data set is divided equally into n subsets of data. Then, to
test each subset, the SVM is trained on the remaining ones (n-1 sub-
sets) so each training instance is tested once and training accuracy
represents the number of subsets which were classified correctly.
This technique is useful in preventing the over-fitting problem [35].

4. Proposed scheme
4.1. Identifying the vulnerable relays

To implement the proposed protection scheme, first, the relays
which settings coordination might get affected due to unintended
DG tripping should be identified according to the network topology.
In [31,32], an automatic distance setting coordination check mod-
ule is proposed and implemented, and its performance is verified
by comparison with a commercial package (CAPE) [22]. The module
has been run on the real-sized networks as well as New-England
39-bus system. The module is able to identify the affected relay set-
tings coordinationissues following a network topology change such
as generation trip, line switching, etc. In such studies, usually the
relay settings are calculated based on the line ohms only. In practice
as well as in the developed module, the short-circuit calculations
and apparent impedances are deployed in calculating the backup
protective zones (zones 2 and 3) settings of the relay. The network
operating conditions such as power flow are also considered in the
setting coordination check process.

The relays are assumed being set in forward direction and the
backup zones settings are time-delayed, i.e. 20 and 60 cycles for
zones 2 and 3 operation respectively [22]. With the use of the pro-
posed setting coordination check module in [31,32], a list of relays
vulnerable to unintended DG tripping based on the network topol-
ogy and DG placement is determined. The relays with a change
beyond 5% in their zone 2 or 3 settings are identified as critical relays
and sorted correspondingly [31,32]. Then, the proposed protection
scheme could be implemented to those critical relays.

4.2. SVM-based scheme

In this paper a SVM based protection scheme which enables the
distance relay to distinguish between a fault and a DG tripping sce-
nario when interfering with the protection coordination of distance
backup protective zones is proposed. The detection is based on the
DG tripping impact on the system dynamic behavior. As shown in
Fig. 2, two multiclass SVMs are deployed, one is trained based on
local data only (SVM-1) and the other one is provided with WA data
as well (SVM-2). Based on whether the PMU data is being received
at the relay location or not, the method could switch between
the employed SVMs outputs through the multiplexer shown in
Fig. 2. This is for maintaining the scheme’s robustness under prob-
able PMU data unavailability or loss; however, the accuracy may
decrease to some extent when using local data only as will be dis-
cussed in Section 5. SVM-1 and SVM-2 are trained to classify fault,
DG tripping, and other cases as “1”, “0”, and “-1” respectively. The
outputs of these SVMs are filtered by a comparator as class label —1
is not of interest. The logical AND of the backup protective zones
pickup signal and the output of the comparator, as shown in Fig. 2,
determines the trip/block signal value, i.e. 1 or 0.

A proper modeling of the DG units is important to get a fair
observation of their impact on the dynamic behavior of the net-
work following a disturbance. In this study, the focus is on PVs in
the distribution level (residential PVs) which are modeled as con-
stant current loads corresponding to the negative power injections,
which is used in other studies of this type [16,19,38]. The equiva-
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lent of DG units aggregated based on their generation type from the
transmission perspective could be represented as shown in Fig. 3
[16,19]. For studies of this type, the downstream distribution net-
work, regardless of its connections, is modeled as the aggregated
load and distributed generation imposed on the upstream network
from the transmission point of view [16,19]. This accepted type of
modeling is especially appropriate when the distribution grid is
connected to a well interconnected and stable upstream network,
asis the case in this study. The cluster of PVs is modeled as an equiv-
alent power output equal to the sum of individual outputs of each
one of the units [16,19]. It is worth to note that DGs are usually
operated in constant power/power factor control mode [17]. From
the transmission point of view, different types of DG would not
be experienced significantly different from each other. Under spe-
cific cases of DG operation, if the majority of the DGs are facilitated
with voltage regulation or speed controls based on their type, they
should be modeled correspondingly [16]. We have focused on PVs
because of their modeling simplicity. They are considered as the
most promising type of DGs growing fast in the distribution level
because of their economic and environmental incentives [19].
Local measurements and calculations based on them at the relay
point are the required elements of almost all of the protection
schemes. Features selected from the local measurements as inputs
for the SVM-1 and SVM-2 are: Vs, ljine|Piine» and Qjine representing
the bus voltage phasor, line current phasor magnitude, line active
and reactive power flow respectively. Thanks to the PMU technol-
ogy, WA measurements from various points of the system could be

provided in today’s power system operation. When employing WA
measurements technology, implementation cost must be consid-
ered for the method to be economically justifiable. In other words,
the more PMUs are deployed; the significantly higher implementa-
tion cost would be experienced although a better system behavior
observation may be obtained. It is assumed that phasor measure-
ments from PCC and target relay bus in regards to the reference
bus are available and by PCC, as shown in Fig. 1, only the distri-
bution to upstream connection bus is meant rather than all of the
DG units’ interconnections individually. Therefore, implementing
the proposed method would be economically practical. Net active
(Ppg) and reactive (Qpg) power injections from the PCC into the
transmission grid calculated from the PCC's PMU measurements
are two good features to be utilized to improve the SVM-2 pattern
recognition and classification accuracy. The other proper feature
is the voltage phasor at the PCC on the grid side (Vpg). Deploying
these measurements and calculations is specifically beneficial to
improve the SVM’s performance accuracy when classifying under
more complicated scenarios such as detecting a second fault when
the systemis already under the stress of a post fault and subsequent
DG tripping events. As it will be shown in Section 5, the proposed
scheme is able to detect such cases and unblock the trip signal so
the protection security and dependability is well maintained.

Depending on the application of the PMU, the role of com-
munication requirements and latencies could get highlighted. The
delay related to PMU deployment is caused from three main pro-
cesses: phasor creation, transmission of data through the available
communication link, and merging of data streams in phasor data
concentrators (PDCs) [39]. The PMUs use fast mathematical algo-
rithms, such as discrete furrier transform (DFT) and calculate the
voltage and current phasors from RMS measurements obtained by
voltage and current instrument transformers [39]. Then the pha-
sor measurements are transmitted according to IEEE C37.118 [40]
data format to PDCs via available communication link and the
delay depends on the link’s data transfer capability, the size of
the PMU data output, as well as physical distance between PMU
and PDC. The PDC delay, at the target substation in this study,
corresponds to implementing time tag on the data and preparing
a system-wide measurement [41]. There are various communica-
tion options available for wide area measurement system (WAMS)
including telephone lines, fiber-optic cables, satellites, power lines,
and microwave links [39]. Studies show that the average com-
bined delay caused by the above mentioned reasons over even long
transmitting distances (in the order of 1000 miles) when using a
communication media with a band-width of 56 Kbps (data rate in
telephone lines) is around 5-7 cycles of a 60 Hz system [41]. There-
fore, deploying wide area measurements in the proposed method
is a proper fit with regards to the method’s application for the
purpose of improving distance relay back-up protection which, as
mentioned before, operates with a time delay (20 and 60 cycles for
zones 2 and 3 respectively). Deploying advanced communication
media such as fiber-optic cable by utilities provides a data transfer
speed up to 2Mbps and significantly reduces the delay by removing
the delay corresponding to the PMU data size [39].

The SVMs training scenarios includes different DG tripped
capacities following 3-phase faults on the transmission side at var-
ious points in the vicinity of the DG placement in order to have
realistic scenarios of the severe disturbance impact propagation
from transmission to distribution level. The possible DG tripping
instant following the disturbance varies in a range assumed accord-
ing to the standards for anti-islanding protection schemes. Having
prepared the training data set the SVMs go through the learning
process and their performances are verified on the testing data set
as will be discussed in the following Section.

Employing SVM technique to approach the problem under con-
sideration from the distribution side, when using local data only,
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Vulnerable relays to DG tripping.

Rank Critical Relay

1 Ra5-26

2 Ra9-26

3 Ri6-17

may not be a proper fit. To maintain its operation accuracy under
the probable upstream disturbances might be challenging. After all,
the primary issue was raised when deviations propagating from
transmission to the distribution side are close to and almost not
differentiable from those caused by islanding situation which is
a probable thread to any anti-islanding protection scheme. Under
such circumstances, the accuracy of SVM may be affected if only
relying on local measurements because training the SVM to differ-
entiate between such cases actually means training it for instances
with similar features yet different labels which lowers the clas-
sification accuracy. The unintended DG tripping risk still remains
unless remote measurements are provided for each DG unit’s inter-
connection relay which is the same as the costly method of transfer
trip.

5. Case study

The simulations have been conducted on the New-England 39-
bus test system [42], Fig. 4. Having conducted a sensitivity analysis
on the test system using the setting coordination check module
from [31,32], the buses for clustered DG location with higher impact
on the network distance relay settings and their corresponding list
of critical relays (target relays) are identified. It was concluded that
clustered PVs on bus 27, as shown in Fig. 4, is one of the locations
with highest impact on distance relay settings for unintended PV
tripping cases and the corresponding list of critical relays to this
location is brought in Table 1.

Maximum PV penetration in the system is assumed to be a con-
siderable amount of 500 MW all of which has been tripped to sort

the vulnerable relays in the system as the worst case scenario. The
penetration level could be defined in various ways based on the
system’s total generation, system’s peak load, or amount of energy
served [19]. For example, considering the system’s total generation,
the penetration level is obtained from the following equation:

Total DG generation (MW)
Total generation (MW)

DG Penetration(%) = (7)

That is around%10 in this study.

For the purpose of this study, the amount of the DG tripped
capacity, the instant of the tripping following the disturbance on
transmission side, current distance relay settings, etc., which play
the key role in the protection coordination interference as it would
be illustrated in Section 5.1., are more important than the total level
of penetration.

The proposed method is implemented for the most critical relay
(R25.26), which is considered as the target relay. As mentioned
before, the PMUs are assumed to be located on the reference bus
(bus 39), the target relay bus (bus 25) and DG PCC as shown by stars
in Fig. 4. The SVMs are trained for the unintended DG tripping sce-
narios seen by the target relay. Simulations have been performed
by PSS/E software on a PC with an Intel Xeon W3530C 2.8 GHz CPU.
LIBSVM is used to train and test the SVMs [34,43].

5.1. Observation of system dynamic behavior

As mentioned before, the frequency deviation is not a concernin
this study and the system frequency has been observed to be robust
to the DG tripping events as the frequency deviations have not been
significant in an absolute value, typically less than 0.0002pu. This
is because the majority of power loss is compensated by the rest of
the generators in the system and the strong interconnection with
the rest of the US/Canada network, represented by the generator at
bus 39.

Fig. 5 shows the apparent impedance trajectory seen by the tar-
getrelay (Rys.26) when a 3-phase fault happens in the middle of the
line 26-29, which clears after 0.2 s by tripping the line 26-29 out,
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Fig. 5. The apparent impedance trajectory for a DG tripping scenario following a
short circuit in the system.

and then 0.27 s later 150 MW PV is tripped. As Fig. 5 shows, the DG
tripping has caused the impedance trajectory after the fault clear-
ing to be shifted into the third zone of the relay, which can initiate
a false trip as a result. According to measurements from the sim-
ulation, the target relay sees the impedance trajectory in its third
zone for about 60 cycles which is critically close to issuing a trip
signal. Obviously, based on the DG tripped capacity and the instant
of DG tripping, the zone interference increases or decreases.
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5.2. Creating the training and testing data sets

The SVM training data set consists of different cases (84 cases
in total) including: 3 DG tripped capacities (100 MW, 250 MW, and
500 MW), faults on transmission system at different distances in
the vicinity of the DG placement, which also includes some points
along the lines in the third zone of the target relay, and multiple
DG tripping instants following the disturbance. According to the
IEEE standard, the anti-islanding schemes should be able to detect
all possible islanding conditions and trip DGs within 0.16 to 2s
depending on the level of voltage and frequency variations [8]. The
reporting rate of the PMUs is considered 60 phasor per second in
a 60 Hz system according to the standard [40]. It should be noted
that this is different from the PMU sampling rate on the input signal.
The sampling rate might be up to 512 samples per cycle [40]; how-
ever, one phasor per cycle is computed and reported by the PMU.
Each instance of training includes 2 cycles of data. As mentioned
before, the local measurements include Vi, ljinelPjine» and Qyipe at
the target relay location. Deploying the PMU technology, Vpg, Ppc,
and Qp¢ at the DG PCC are also available. Note that the voltage
phasors measurements include both magnitude and angle. There-
fore, considering 1 phasor per cycle reporting rate and length of
each instance (2 cycles), the input vector for each instance of train-
ing consists of 10 (5 x 2) features from local measurements and 8
(4 x 2) from those of WA. Hence, the input vectors for SVM-1 and
SVM-2 consist of 10 and 18 features respectively. Considering all
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Fig. 6. Interactive grid search using cross-validation for selecting SVMs parameter values; (a)-(b) loos and fine searches on training data-set for SVM-1; (c)-(d) loos and fine

search on training data-set for SVM-2.



M. Tasdighi, M. Kezunovic / Electric Power Systems Research 142 (2017) 258-267 265

Table 2

SVMs specifications.
SVM No. SVM-1 SVM-2
C 8192 1024
Y 4 0.5
No. of Iterations 2112058 98096
No. of SVs 772 753
Testing Accuracy (%) 93.8 97.6
Training Time (s) 39.67 8.76
Testing Time (s) 0.147 0.19

the simulated training cases, i.e. 84 cases of one-and-half seconds
system operation time, the training set consists of 3780 instances.
The same procedure is taken to create the testing data set. The con-
ditions including DG tripped capacity, fault location and instant of
DG tripping, are chosen intentionally different from the training
set to assess the performance of the SVMs for unseen scenarios.
In total, there are 1692 instances in the testing data set. Different
types of DGs and their modeling might cause a change in the mea-
surement values of the selected features and the SVMs should be
trained based on the updated values correspondingly.

5.3. SVM parameters selection, training, and testing

The next step is to select SVMs parameters efficiently. It can
get time consuming to choose the best parameters in case proper
selection cannot be drawn from the available knowledge on the
problem and a systematic approach is not taken. An interactive grid
search approach has been taken here to evaluate the training gen-
eralized accuracy. A five-fold cross validation is implemented by
dividing the training data set into 5 subsets of data. It is found that
an effective approach to obtain proper values for the pairs of (C, y)
is to try growing their sequence of values exponentially. In order to
avoid a complete grid search which is time consuming, first, a bigger
incremental step is chosen for the sequence of values, e.g. C=2">,
273,..., 21 and y=2-13, 2713 23, which is called a loos grid
search to find a proper region on the grid of data. When the proper
parameter values are found, another search with smaller incremen-
tal step is conducted around the values, which is called fine grid
search, to find any better value for the parameters. The graphical
presentation of generalization contours for the SVMs after a five-
fold cross-validation is shown in Fig. 6 in which (a) and(b) and (c)
and (d) corresponds to SVM-1 and SVM-2 for loos and fine searches
on training grid of data respectively. Although the accuracies for
the cases seen in Fig. 6 are not significantly different, it should be
noted that this is training accuracy which does not replicate the
SVM performance fairly as the class labels are known. To verify the
SVM actual performance, it should be evaluated on a data set with
unknown labels to observe the testing accuracy. As it could be seen
from Fig. 6, proper values for the pairs of (C, ) for SVM-1 and SVM-
2 are determined to be (8192,4) and (1024,0.5) respectively. The
parameter selection process has been accomplished in less than
10 min.

Having found the proper parameters values, the SVM-1 and
SVM-2 are trained and tested for their corresponding sets of data.
Table 2 shows the SVMs specifications and classification accuracy
obtained in both cases of using local measurements only (SVM-
1), and including WA measurements as well (SVM-2). As it could
be seen, the classification accuracy has been increased to a very
desirable level when employing WA measurements; however, an
acceptable accuracy is still achieved while using local measure-
ments only. This assures the robustness of the method against
PMU data unavailability. In addition, the insignificant training and
testing time for SVMs as shown in Table 2, infers the easy imple-
mentation and practicality of the proposed method.
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Fig. 7. SVMs output comparison under the DG tripping scenario.
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Fig. 8. SVMs output comparison for a fault during the DG tripping scenario.

Fig. 7 compares the outputs of SVM-1 and SVM-2 for a testing
DG tripping scenario. The testing scenario is that a 3-phase fault
happens on x=0.3 of the line 26-29 at t=1s, and cleared at t=1.2 s
by tripping this line out. As a consequence of miss-detection of PV
interconnection relays on the distribution side, att=1.65s,250 MW
PV is tripped unintentionally. The signal values of “1”, “0”, and “—1"
represent the fault, DG tripping, and other status respectively. As
it could be seen both SVMs have classified the instances well. The
temporary spikes seen in SVM-1 output (at t=1.35s or t=1.65s)
are as a result of miss-classification; however, they do not affect
the relay operation since they are not persistent.

As mentioned before, employing the PMU measurements from
PCC improves the accuracy of the SVM especially under more
complicated scenarios of classification. To verify this, the above
mentioned scenario has been complicated by the occurrence of a
second fault on x=0.4 of the line 26-28 at t=2.5s when the sys-
tem is already experiencing the stress caused by previous fault
and subsequent DG tripping. The SVMs’ performance under this
scenario is illustrated in Fig. 8. As it could be seen, SVM-2 has clas-
sified the instances with a better accuracy compared to SVM-1, i.e.
lower number of misclassifications, especially during the second
fault detection. Fig. 9 compares the proposed method output, i.e.
trip/block signal in Fig. 2, with the conventional relay pickup on
the above mentioned testing scenario. As it could be seen, following
DG tripping, the distance element of the target relay backup zone
(zone 3) has picked up from t=1.8's to the end while the proposed
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Fig. 9. Comparison of the proposed method output with the conventional distance
pickup.

Table 3

SVMs performance comparison.
Type of Instance Fault DG Tripping Others
Actual No. of Instances 263 897 532
No. of Detected SVM-1 284 913 495
Instances SVM-2 270 891 531
No. of Correctly SVM-1 240 860 488
Detected Instances SVM-2 251 874 527
No. of Incorrectly SVM-1 44 53 7
Detected Instances SVM-2 19 17 4
Accuracy (%) SVM-1 913 95.9 91.7

SVM-2 95.4 97.4 99.1

method blocks the relay operation during DG tripping interference
and unblocks it at t=2.5s when the second fault happens.

Table 3 summarizes and compares the performance of the SVMs
in classifying the instances. As it could be seen from Table 3, the
numbers of correctly detected cases of faults, DG tripping, and
others are higher when deploying SVM-2. In other words, the
protection dependability and security has been better maintained
when using WA measurements. The accuracy in Table 3 is the ratio
of the number of correctly detected instances of a type (e.g. fault) to
the actual number of instances of that type. As mentioned before,
the fault instances include complicated fault scenarios, i.e. a sec-
ond fault happening on transmission side following DG tripping
event, to test the dependability of the proposed method in addi-
tion to the security. To have an estimate on the proposed method’s
dependability for normal fault situations on the transmission side,
i.e., faults which are not following the DG tripping event, a total
117 of such fault cases were run and SVM-1 and SVM-2 performed
detection with 99.1% and 100% accuracy respectively.

6. Conclusion
The main contributions of this paper are as follows:

e ASVM-based protection scheme which prevents maloperation of
distance relays in unintended DG tripping scenarios is proposed.

e WA measurements have been used in addition to local measure-
ments to increase the SVM’s classification accuracy and that of the
protection scheme consequently. The proposed scheme is robust
against PMU data loss or unavailability.

¢ Unlike conventional blocking schemes, the proposed protection
scheme not only blocks the relay following the interference of a

DG tripping scenario with distance coordination but also detects
a fault if it happens during the blocking period and unblocks the
relay to operate properly.

e Since the proposed scheme is easily and quickly trainable, it is
applicable to various possible practical system operation scenar-
ios and gives significant selectivity.

In summary, deploying the WA measurements infrastructure
not only improves the scheme accuracy but also makes it indepen-
dent of the aggregated DG location in the system. The proposed
scheme could be implemented in combination with other protec-
tion schemes such as power swing blocking to help maintaining
power system protection dependability and security.

As future steps of this work, we will study the probable DG
tripping on multiple PCCs in a network and how to upgrade the
proposed method for such a case by proper SVM training and WA
measurement deployment.
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