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A B S T R A C T

Power systems are experiencing structural changes induced by the integration of distributed generation units
and the operation of microgrids. This transformation has posed new challenges in well-established power system
practices and especially on the design and coordination of protection systems. At roughly the same time,
technological advancements in protective equipment have constituted the basis for the emergence of digital
overcurrent relays which enable alternative approaches to standard protection schemes. As a consequence, re-
cent studies aimed to provide a reliable protection system capable of responding to the modern power system
conditions by propounding the utilization of non-standard characteristics (N-SCs), as opposed to the standard
characteristics, i.e., characteristics that are not described in the currently used standards. Despite the fact that
the effects of the aforementioned changes on the protection of power systems have been thoroughly analyzed in
the technical literature, the requirements for devising N-SCs have not been discussed in detail so far. To address
this gap, this paper classifies and analyzes the related studies with respect to their potential advantages and
disadvantages. Moreover, based on the literature review, recommendations for further research in this area and a
list of the requirements for devising robust non-standard relay characteristics are presented.

1. Introduction

1.1. Motivation

The evolution of power systems has accelerated in the recent years.
In conventional power systems, planning and operation may be
achieved in a central manner because the bulk amount of power is
generated by central power plants, and is then transferred to consumers
through transmission and distribution system. However, due to several
reasons such as the depletion of fossil fuel reserves, growing concerns
about the climate change, the conventional power systems have been
exposed to the proliferation of distributed generation (DG), which al-
lows power to be generated in small portions and to be injected at
various location in power system [1]. In addition to the increasing
number of DG connections, the recently introduced concept of micro-
grids (MGs) brings about extra challenges, especially when considering
that power systems are on the eve of islanded MG operation [2].

Apart from the challenges induced by the integration of DG, power
systems are likely to be exposed to a more dynamic way of operation.

The constantly decreasing switching costs of circuit breakers will
probably provide an opportunity for more frequent reconfiguration of
power systems in the near future [3]. In addition to that, the growing
importance of engaging individual consumers in electricity market
operations will possibly enforce more dynamic changes in the topology
of the power system with the purpose of loss minimization or producer-
consumer interaction [4].

The aforementioned evidence suggests that the power system of the
future will be more dynamic compared to the current grid structure.
The main features are listed as follows:

• Increased penetration of DG technologies,

• integration of MG with the potential for operating in islanded mode,

• dynamic reconfiguration for operational purposes,

• the significant role of electricity market operations.

These features raise concerns as regards the suitability of the ex-
isting perceptions of protection, stability, power flow management,
etc., which should be evaluated in terms of their ability to reflect and
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accommodate these features.
One of the primordial challenges faced by power systems due to the

changing structure is the protection issue because of the change in load
and fault currents. The conventional approach to power system pro-
tection which is based on both the calculated load and fault currents is
no longer valid under varying topology. Taking into account that the
distribution systems have many branches possibly with different kinds
of protective equipment, and also, that distribution systems are prone to
structural changes such as integration of DG, or MG operation, it may
be deduced that the conventional protection systems are likely to
malfunction in distribution system applications. As a consequence,
questions have been raised about protection systems, especially for
distribution systems [5].

The most common type of protection apparatus used in distribution
systems is the overcurrent relay (OCR). An OCR is a device that mea-
sures the current which passes through it and determines whether or
not to send a signal to open a circuit breaker [6]. There are several
types of relays such as distance relays, directional relays, and, definite
time OCRs. However, inverse-time OCR is the most preferable type of
protection relay in the distribution systems because of the grading time
characteristic that allows some specific loads to draw higher currents
for a short period of time [7]. As the name implies, the operating time
(OT) of the inverse-time OCRs is determined inversely proportional to
the fault current seen by the relay. There are both digital and electro-
mechanical OCRs. Until two decades earlier, the market was dominated
by electromechanical OCRs because they were inexpensive and their
performance was well-known as a result of the many years of applica-
tion. However, digital OCRs are now more likely to replace with the
electromechanical OCRs in the following years due to reasons listed
below [8,9]:

• Economically competitive: their cost is as low as electromechanical
OCRs.

• Increased reliability: they are able to avoid malfunction operation by
detecting and reporting internal problems in the relay itself.

• Smart grid natives: their digitalized nature makes them compatible
with the smart grid concept.

• Multifunctionality: they are able to perform additional tasks such as
measurement voltage and current values along with protection.

The protection of distribution systems was thoroughly achieved by
using standard characteristics until recent structural changes. However,
standard characteristics (SCs) were designed to protect the conven-
tional power systems in which the power flow is unidirectional, and are
therefore prone to threats arising from new concepts such as power
systems including DG, MG operation, and, more dynamic reconfigura-
tion. The main reason that renders SCs obsolete is the bidirectional
power flow when DGs are present. Moreover, in the new generation of
power systems, significant fault characteristic changes may be observed
due to the MG operation. Yet, as a result of inexpensive switching cost,
power system operators may want to increase reconfiguration fre-
quency of the system in order to decrease power system losses or meet
the electricity market demands. These reasons have pushed the re-
searchers to investigate other protection schemes, which are referred to
as non-standard characteristics (N-SCs) in the rest of the paper, as op-
posed to the standard ones [10]. As a consequence, a considerable
amount of effort has been devoted to making protection systems robust
against the aforementioned changes by using N-SCs. Some of the re-
markable attempts aimed to tackle the technical issues raised by new
generation of distribution systems used N-SCs which are now more
likely to realize by the digital relays [11–13] owing to recent devel-
opments. It is quite common to program the digital relays to reflect the
same characteristic with their electromechanical counterparts con-
cerning the coordination with non-programmable downstream devices
such as fuses or reclosers [14]. Nevertheless, this situation might
change in the near future due to the evolving distribution systems,

especially the ones fully equipped with numerical relays [15].

1.2. Relevant literature

Several studies which highlight the recent challenging develop-
ments on protection issue have been presented in the literature. The
review study presented in [16] investigated fault characteristics of both
AC and DC distribution systems. The DG effect on protection along with
possible protection techniques as the solution were also reported.
However, it was not intended to present a review about N-SCs. Man-
ditereza et al. [17] presented an accurate synopsis of DG effects on
protection coordination. The study argued that conventional protection
systems suffer from DG connection while offering the use of different
characteristics instead of standard ones. Nonetheless, the research
tended to focus on listing the general solutions rather than on the de-
velopment of N-SCs. Another comprehensive review which presented
the protection coordination techniques both in systems with and
without penetration of DG, was carried out in [18]. The study covered
the protection methods for radial distribution network as well as sub-
transmission systems while addressing the arising protection issues
when DG units are connected to the system. Nevertheless, giving details
about the construction of a new protection characteristic was out of the
scope of this paper. Apart from these studies, several attempts have
been made to address the MG protection issue. The general principles of
MG protection along with the impact of DG was reviewed in [19,20].
Yet, another study addressed the challenges in the coordination be-
tween different protective equipment in MGs including DG [21]. Also,
methods dealing with the challenges in coordination strategies of MGs
were summarized in [22]. Last but not least, the fault protection solu-
tions were thoroughly assessed particularly for ungrounded AC MGs in
[23] and for uni-grounded AC MGs in [24]. These studies addressed the
protection issues caused by MG operation, nevertheless, none of these
studies aimed to cover N-SC specifically.

1.3. Contributions and organization of the paper

The aforementioned studies provide evidence that there are a
growing urgency and interest in the topic of the coordination of pro-
tection in distribution systems that are undergoing transformations. The
focus of these studies was on capturing the current picture of the pro-
tection systems and suggest solutions. However, the utilization of N-SCs
as a remedy to these challenges has not received much attention. As a
result, there is a gap in the literature regarding the key elements of
devising a N-SC which is within the scope of this study. More specifi-
cally, the contribution of this study is threefold:

• It summarizes the recent research that is aiming to explore oppor-
tunities that have emerged because of the advancement of digital
OCRs in conjunction with the development of N-SCs.

• It identifies gaps in the technical literature and proposes future re-
search directions.

• It compiles the basic features that constitute a robust characteristic
and should be taken into account by researchers who would like to
deal with the protection problem.

The remainder of the paper is organized as follows: Section 2 pro-
vides basic knowledge of conventional protection philosophy while
addressing the recent impacts on it. Section 3 introduces standard relay
characteristics published by the IEC and the IEEE. Section 4 summarizes
the studies which aimed to use N-SCs for power system protection. It is
then presented in Section 5 that the recommendations for future stu-
dies. Finally, conclusions and final remarks are presented in Section 6.
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2. Conventional power system protection in distribution systems
and recent changes

Power system protection is defined as detecting abnormal operating
conditions in a power system and preventing further threats such as
instability or equipment damages, by clearing the faulted part as soon
as possible [8]. Thus, the protective equipment should be able to
measure the system parameters and distinguish unusual conditions
immediately. This feature is defined as sensitivity [25]. Additionally, the
protection system is designed to clear faults in such a way that causes
the disconnection of the least possible parts of the system, which is
referred to as selectivity [26]. For example, in Fig. 1a, fault F1 can be
cleared either by relay R1 or relay R2. However, the protection system
should select R1 in order not to interrupt the load at bus B. In general
protection terminology, the term primary refers to the first protective
equipment that has to operate in order to clear a fault, while the term
backup refers to the second relay that is assigned for the same fault [27].
Besides, the increase in security level of the protection system can be
provided by assigning a backup protective equipment for every primary
one [28]. By doing so, the protection system can still operate even in
case of a primary protective equipment failure. It is also crucial to
operate the protection system in harmony. For this reason, the backup
protective equipment has to wait for a certain time, which is called
coordination time interval (CTI), before taking an action against a fault in
its secondary zone. So far, the CTI value is generally chosen in the range
of 0.2–0.5 s [29].

The protection scheme of distribution systems is typically composed
of various devices such as OCRs, reclosers, fuses, and sectionalizers
[30]. Having an inverse time-current characteristic (TCC) makes the
OCRs one of the most commonly used protective equipment in dis-
tribution systems while allows the coordination with other equipment
[31]. For the sake of illustration, a simple radial line with two OCRs is
depicted in Fig. 1a. In this case, R1 and R2 are assigned as the primary
and backup relays against F1, respectively. As seen in Fig. 1a, the in-
verse TCC curves of relays are coordinated for the downstream faults
that can be seen by the relays. In the conventional protection philo-
sophy, coordination is achieved by adjusting time dial setting (TDS) and
the pickup current setting (Ip) variables that appear in standard equa-
tions as it will be explained in Section 3 [32]. The changes in the
characteristic curves due to different TDS values can be seen in Fig. 1b.
It should be noted that lower TDS values cause lower OTs, however, at
the same time, the curve tends to lose its flexibility for lower fault
currents. In the recent years, an effort has been devoted to the use of
optimization techniques in place of other methods such as analytical
methods and graph theory to coordinate protective devices [33]. In
other words, relay coordination can be cast as a constrained

optimization problem with TDS and Ip as optimization variables and
having as constraints their range, along with the desired CTI to be
ensured between relay pairs [34].

The conventional protection philosophy is completely built on
priorly known current direction and magnitude [35]. Considering the
effect of DG on power systems, the current magnitude or direction is
altered because of the increase in bus short-circuit power due to the DG
connection [36]. Due to the fact that the exact fault current magnitude
is a prerequisite in coordination studies, protection of distribution
systems should be re-evaluated in case of DG connections. In addition to
that, all the elements of the protection equipment are coordinated
based on the assumption that distribution systems are operated in a
radial mode in which power flows only in one direction [37]. Other
major impacts of the penetration of DG with respect to protection in-
clude blinding, false tripping, nuisance (sympathetic) tripping recloser
malfunctions and undesired islanding [38]. Consider again the same
simple radial line, and assume a DG connected to bus B as illustrated in
Fig. 2. In this case, the current seen by R1 during the fault F1 increases
while the current seen by R2 does not change or decreases depending
on fault type [39], which means that the coordination between relay
pairs deteriorates. Moreover, the contribution of a DG unit to a fault
current depends strongly on its type. There are two commonly used DG
types: synchronous based DGs and inverter based DGs, which have fault
current contribution levels of 6–7 p.u. [40] and 1.5–2 p.u., respectively
[41]. It is noteworthy that more complicated power flow situations that
pose threats to protection may be observed in mesh grid operation
modes.

Another problem arises when MGs are integrated into the dis-
tribution system [42]. Generally, various DG types such as combined
heat and power, photovoltaics, wind, and energy storage units exist in
MGs for supplying energy to local consumers. Moreover, MGs are able
to operate both in grid-connected and islanded mode [43]. In the latter
case, due to the limited available sources, especially when DG units are
interfaced via an inverter, a decrease in the fault currents is observed in
comparison with the grid-connected mode [44]. Evidently, the protec-
tive equipment has to be capable of sensing and reacting to these fault
current levels. In addition to that, when a fault occurs at the utility side

Fig. 1. (a) A simple radial line and curves of protective equipment, (b) Effect of TDS on the IEC NI standard characteristic.

Fig. 2. A simple radial line with DG connection.

H.C. Kiliçkiran et al. Electric Power Systems Research 164 (2018) 89–102

91



in the grid-connected mode, the MG should be able to switch to is-
landed mode without losing healthy DG units that are found inside the
island. Similarly, it is expected from the protection systems that in these
of inner MG faults only the faulted part should be de-energized in a
selective manner [45]. Regarding these operational changes in power
systems, classical protection design philosophy should be revised in
order to adapt new characteristic of power systems.

3. Standard characteristics

This section is devoted to presenting background information about
generally accepted and commonly used standard relay characteristics,
i.e., the IEC standard characteristics and the IEEE standard character-
istics.

Even though the history of electromechanical relays dates back to
the years that power systems emerged, they still act as an active part of
protection systems. The emergence of the microprocessor (computer)
based relays in the 1960s motivated a number of studies which aimed to
express relay characteristics in terms of mathematical formulas. The
objective of these studies was to ensure that the protection system
operated properly by providing an accurate representation of the relay
characteristic in order to coordinate new equipment with their elec-
tromechanical ancestors, reclosers, and fuses within the protection
system. The studies prior to the standards aiming to reflect the oper-
ating characteristics of the electromechanical relays were mainly based
on the data obtained from the manufacturer or by laboratory experi-
ments. These data were then processed in an analytical way to ensure
proper coordination with the aid of equations or graphs. This, in turn,
prevented a universal method and led to a customized characteristic
depending on the particular protective device. The standards published
by the IEC in 1989 [46] and by the IEEE in 1996 [47], established a
global approach to reflect the electromechanical relay characteristics
using microprocessor-based relays by providing SCs.

3.1. The IEC standard characteristic

As indicated in the IEC 60255-3 Standard [46], the relationship
between OT and a characteristic quantity affecting this time may be
shown using a characteristic curve. Deciding the shape of this curve
may be realized by using either an equation or a graphical method.
Although common practice is more likely to use only the input current
value, it was stated in the IEC standard that input current value, input
voltage value, DC transient component in an AC magnitude, or etc. may
be used as input values in (1). In this equation, the constants A and B
are selected from the values given in Table 1 to obtain a normal inverse
(NI) characteristic, a very inverse (VI) characteristic, or an extremely
inverse (EI) characteristic. The pickup current, Ip, is a design parameter,
while If denotes the fault current which is sensed by the relay during
the fault. Graphical representations of the IEC standard characteristics
for different fault current magnitudes are illustrated in Fig. 3a.

=
−

t A
I I( / ) 1

·TDS
f p

B (1)

3.2. The IEEE standard characteristic

Another widely accepted SC targeting to establish an accurate re-
presentation of the output characteristics of electromechanical relays

was presented in the IEEE C37.112-1996 Standard [47]. The re-
commended characteristic is given by (2). The point that this char-
acteristic differs from the characteristic specified in the IEC standards is
the addition of an extra C parameter. The non-linear relationship be-
tween the input current and the flux in the core of the electro-
mechanical relay was the reason for adding an extra parameter. For this
reason, the equation of the IEEE standard characteristics contains a C
parameter in order to reflect the fixed tripping time caused by the in-
ductance saturation which occurs when the input current value is
greater than a threshold. For practical protection applications, the IEEE
committee defined three different characteristics which were similar to
the IEC standard characteristics. Table 2 summarizes the required A, B,
and C values in order to obtain the different IEEE standard relay
characteristics. The visual depiction of the responses given by the three
IEEE standard characteristics to the different fault current magnitudes
can be seen in Fig. 3b.

= ⎡
⎣
⎢ −

+ ⎤
⎦
⎥t A

I I
C

( / ) 1
· TDS

f p
B (2)

4. Non-standard characteristics

This section is devoted to giving details about the studies which
aimed to construct N-SCs in order to achieve protection coordination in
power systems. These unconventional approaches are categorized as
four groups: (1) approaches that include electrical magnitudes, (2)
approaches that use different coefficients apart from the SCs, (3)
mathematical approaches, (4) other approaches.

4.1. Non-standard characteristics including electrical magnitudes

In the past, the relays that were used to detect and clear a fault
depended only on the fault current value. However, today, the voltage
value can also be used to diagnose the faulty part of the power system
due to the fact that directional overcurrent relays (DOCRs) have gen-
erally become more accessible and are able to measure both current and
voltage values on the line which they are connected to via current and
voltage transformers. The previous research showed that this feature of
the DOCRs creates an opportunity for the application of N-SCs which
are formed not only by taking into account the current but also the
voltage value [48–50,10]. Some researchers have suggested making use
of voltage measurements by adding a voltage parameter to the SCs in
order to mitigate the effects caused by DG connection, MG concept, etc.,
while others have suggested using admittance based characteristics
provided that the inverse time characteristic is preserved. In this sec-
tion, the research related to achieving relay coordination in terms of
using various combinations of measured current and voltage values is
further reviewed.

4.1.1. Current based characteristics
It is still possible to generate N-SCs based merely on the current

measurement, even though the current is readily used in the SCs.
Studies used current in a different way apart from the SCs are sum-
marized in this subsection.

Industrial power systems constitute a very rich environment in
terms of protective devices. Most types of protective devices such as
digital relays, electromechanical relays and fuses can be observed in the
same industrial power system. However, in such a highly diverse en-
vironment, coordinating different types of protective devices such as
relay-fuse is a challenging task when using standard approaches. In
order to deal with quite complex coordination problems in an industrial
power system, a N-SC was suggested in [51]. In this characteristic, it
was considered that the A value changes dynamically with the mea-
sured current value instead of being constant. The characteristic
equations used in [51] are given in (3) and (4). However, it is necessary

Table 1
Coefficients indicated in the IEC 60255-3 standard [46].

Normal inverse Very inverse Extremely inverse

A 0.14 13.5 80
B 0.02 1 2

H.C. Kiliçkiran et al. Electric Power Systems Research 164 (2018) 89–102

92



to observe that the determination of the A I( )f function depends on the
particular protection problem. The impact of changing fault current on
N-SC characteristic which is given by (3) and (4), is illustrated in
Fig. 4a.

= −A I A e( ) ·f
I C/f (3)

= ⎡
⎣
⎢ −

⎤
⎦
⎥t

A I
I I

( )
( / ) 1

· TDSf

f p
B (4)

The A value in (3) was defined as a constant but it was not required
anymore to strictly obey the standards while selecting the value of A.
The same procedure was valid for the constant C which meant it may be
also freely selected. Additionally, the type of function of the (3) was
decided by a curve fitting method based on the set parameters of the
system. The presented results showed that a dramatic decrease in OTs
of the relays can be obtained by introducing the aforementioned N-SC

in the industrial power systems. However, it should be underlined that
the new constants are needed to be adjusted for each particular case,
and that generalization of the solution needs to be further researched by
providing a formula in order to deal with protection challenges in other
types of power systems.

Other studies aimed to obtain N-SCs based on the current mea-
surement were presented in [52,53], which combined the adaptive
relay concept and non-standard approaches. The pickup current was
considered as a function of the load current in these studies (I I( )p L ).
However, instead of using an explicit equation, the curve fitting ap-
proach based on a polynomial equation that was presented in [54], was
utilized by a software which was particularly developed for relay co-
ordination applications. Although a very complex structure was given
as an output equation by the software, not requiring setting parameters
and automatic coordination is the superior features of this method.

4.1.2. Voltage based characteristics
The main idea behind utilizing the voltage value that is seen by the

relay is to provide reliable relay coordination under high penetration of
DG. Since the DG contributes to the fault current, the bus voltages in the
system are indirectly affected by the varying fault current. One of the
earliest studies that used the measured voltage value was [10]. Khaled
et al. proposed (5) in which the voltage value was inserted into the
equation of the IEC standard characteristic as a multiplier which de-
creased the relay OT in each possible fault condition. Also, it was

Fig. 3. (a) Inverse time overcurrent relay characteristics determined by the IEC 60255-3 Standard (TDS = 1) [46], (b) Inverse time overcurrent relay characteristics
determined by the IEEE C37.112-1996 Standard (TDS = 1) [47].

Table 2
Coefficients indicated in the IEEE C37.112-1996 standard [47].

Moderately inverse Very inverse Extremely inverse

A 0.0515 19.61 28.2
B 0.02 2 2
C 0.1140 0.491 0.1217

Fig. 4. (a) Impact of current change on the N-SC constructed by (3) and (4) considering A = 14.5, B = 0.5, and C= 6.5, TDS = 1, (b) Impact of voltage change on
the N-SC constructed by (5) considering A = 0.14, B = 0.02, k = 1.5 and TDS = 0.1.
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considered that the relay OT takes a minimal value when the measured
voltage value is zero, which means that a fault occurs at the contact
point of the relay. It should be underlined that the per unit value of the
measured voltage (Vf ) is used in this equation while a new constant k is
utilized to adjust the contribution of the voltage. It is also noteworthy
that any unique way to calculate the constant k was not presented in
[10] and therefore it still needs to be addressed by further research.
Moreover, the voltage effect on the N-SC proposed in [10] is depicted in
Fig. 4b.

= ⎛
⎝

⎞
⎠ −−t

e
A

I I
1

( / ) 1
·TDSV

k

f p
B(1 )f (5)

The proposed N-SC in [10] was also used in [49] for a transmission
system including wind power plants (WPP). Based on the relation be-
tween voltage value at the point of common coupling and fault-ride
through behaviour of wind turbines, the study aimed to operate the
WPP by adjusting properly the relay settings. Normally, the WPP con-
nection status in case of any fault is determined by a critical voltage and
duration of the observed voltage which is defined in the grid codes.
Accordingly, in [49] this maximum allowed duration was regarded as
an upper limit for the backup relays which use (5). By operating the
feeder protection relays before the low voltage protection of the wind
turbine generator trips, the possibility of maintaining the generators
connected was increased. Another significant feature of this study was
that it constituted an example of the application of a non-standard
approach regarding protection requirements at the transmission level,
in contrast with the majority of the studies that have focused merely on
distribution systems. Eq. (5) was also tested under changing network
topologies following power system outages in [50].

⎜ ⎟=
−

⎛
⎝

⎞
⎠

t A
I I

V
e( / ) 1

·TDS
f p

B
f

k V· f (6)

Leveraging the benefits of a SC while devising a new characteristic
was followed in [55], in which the voltage parameter was used for
improving fuse-relay coordination in the presence of DG. The char-
acteristic equation that was developed in [55] is given by (6). Similar to
(5) the proposed characteristic equation also included the per-unit
voltage value (Vf ) and a constant k. The relationship between voltage
change and the N-SC characteristic proposed is visualized in Fig. 5a.
Additionally, a detailed presentation of the calculation of k value was
given in [55] where it was stated that a monotonically decreasing
characteristic may be achieved only for values of k that are less than 2.
It is worth noticing that the process is carried out without considering
DG integration and two different equations are used to calculate k for
three phase-to-ground faults, or single phase-to-ground and two phase-

to-ground faults. The capability of ensuring protection coordination
without any communication infrastructure is an advantage of the ap-
proach that was propounded in [55].
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A similar approach in terms of using voltage magnitudes was presented
in [56], which brought a new perspective using a logarithmic function
in the denominator. One can consider the presented characteristic in
[56] as a combined approach because it includes both an “unconven-
tional” mathematical expression and electrical magnitudes, as given in
(7). It can be seen from (7), when the voltage measured by the relay is
zero, OT of the relay depends only on the constant D. Also, the reason
for using the natural logarithm was to restrict the high variations in
current and voltage. Finally, the proposed equation was designed for
communication-free protection schemes, nonetheless, the complex
structure of the characteristic equation might seem challenging for
users.

= −A V V·(1 )f f (8)

= ⎡

⎣
⎢ −

+ ⎤

⎦
⎥−( )

t A
I I e

· 28.2
( / ) 1/

0.1217 · TDS
f p

V2 (1 ) 2f (9)

Another form of voltage based characteristic presented in [57] is given
by (8) and (9). The N-SC was constructed to improve recloser-fuse co-
ordination in a distribution system including DG units. The presented
approach has similar advantages and drawbacks with [56]. It should be
underlined that when the voltage is zero, the tripping signal is gener-
ated at =t 0 without waiting for sub-transient fault current to decrease
so as to protect the circuit breaker. It is illustrated that the changes in
the proposed characteristic due to voltage variation in Fig. 5b.

⎜ ⎟= ⎛
⎝ −

⎞
⎠ −

t
V

A
I I

1
1 (log ) ( / ) 1f

C

k

f p
B (10)

A different voltage based N-SC, which is given in (10), was presented in
[58,59]. The characteristic equation was similar to (5), although loga-
rithmic function was used for utilization of the voltage. Herein, the
measured voltage value was added to the characteristic equation using
its per unit value and voltage contribution can be controlled using the k
parameter. The response of the N-SC which was proposed in [58,59] to
voltage variation is depicted in Fig. 6a.

Fig. 5. (a) Impact of voltage change on the N-SC characteristic constructed by (6) considering A = 80, B= 2, k = 1.71, and TDS = 1, (b) impact of voltage change
on the N-SC characteristic constructed by (8) and (9) considering TDS = 0.5.
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=
+

−
+t

V A
M

C
log( )

1
f

B (11)

Another approach using voltage measurement with a logarithmic
function was proposed in [60]. The characteristic equation is given in
(11). The characteristic equation does not include TDS setting, and
therefore, it eliminates inheritance of the drawback of increasing OT
towards the source. Moreover, the coordination is ensured by adjusting
A, B, and C in the equation. The proposed characteristic minimizes the
DG effect and provides relatively low OTs, however, further in-
vestigations considering the large dimensional power network are still
needed due to the increasing number of variables to optimize.

4.1.3. Admittance based characteristics
Another solution for mitigating the effects of new generation power

system features on protection coordination was suggested in [61],
which utilized the measured admittance value. The proposed char-
acteristic equation is given by (12) and is visualized in Fig. 6b.

=
−

+t A
Y

C
1r

B (12)

The structure of the characteristic was very similar to standard equa-
tions, except for some changes such as I I/f p value was replace with Yr
and the equation did not include any TDS settings. In (12), Yr was the
normalized admittance value calculated according to the (13). Ad-
ditionally, instead of using current and time settings, it was re-
commended to use Yt and the constants A, B, and C in order to co-
ordinate protection relays.

= | |Y Y
Yr

m

t (13)

Here Ym denotes the measured admittance during the fault and Yt is the
set admittance value for the relay. It can be concluded from the equa-
tions that the relay generates tripping signal only when >Y Y| | | |m t .
According to the Yt value, the protected line was divided into zones as if
it was a distance relay and then an inverse time characteristic was as-
signed for every zone. The idea is that avoiding the TDS values provides
an opportunity to prevent high OTs for relays which are close to the
source. However, setting additional zones with unique values of A, B,
and C for every relay could be a challenging task for users. In addition
to that, measurement and calculation of the admittance value should be
also carefully considered because distribution systems have shorter
lines than transmission systems. Moreover, identifying the location of a
highly resistive fault which is close to end of the defined zone can be a
non-trivial task in this method. Last but not the least, changing in CTI

value due to the decreasing fault current can be avoided by dividing
protection line into more zones, however, it could cause extra compu-
tational burden. It is worth adding that communication infrastructure is
not needed to implement the suggested N-SC.

The proposed admittance based N-SC was evaluated in [62,63] for
MG applications which contained inverter based DGs with limited fault
currents. It was stated that admittance based N-SC was able to isolate
faulty part of the system and the rest of the system could continue to
operate in islanded mode. It was also stated that the MG protection was
provided by using the admittance based N-SC even after disconnection
from grid. Also, the suggested N-SC was tested for distribution networks
in [48,64]. It was well demonstrated that the inverse time characteristic
can be provided independent of the changes in source impedance by
using admittance based N-SC. However, it is still a limitation that the
downstream relay always operates after the upstream relay due the
interaction between fault currents supplied from grid and DGs.

4.2. Non-standard characteristics generated by manipulating standard
characteristics

This section gives detailed information about construction of N-SC
by manipulating readily available SCs. This section is further divided in
two subsections: First, the studies that aimed to obtain N-SCs by
changing only constant parameters in the equation of SCs without
making any additional changing are reviewed. Then, studies that ob-
tained N-SC by combining two separate SCs are discussed.

4.2.1. Non-standard characteristics generated by applying different
constant values

Changing the constant values independently from the ones that are
given in the standard definitions is another way to construct N-SCs, or
in other words, more flexible SCs. Keeping the general mathematical
expression as it helps to adhere to the expected general shape of relay
characteristic. As a consequence, a considerable amount of literature on
protection paid particular attention to this type of N-SCs. The general
approach is to consider the constants as variables that are to be opti-
mized similar to Ip and TDS values. For illustrative purposes, the
changes in SCs according to changes in relevant coefficients are de-
picted in Fig. 7.

Using the standard IEEE characteristic, a dual characteristic which
means only one DOCR is able to detect and clean a backward fault as
well as a forward one was obtained in [65]. Also, it should be em-
phasized that the constants A, B, and C for each relay were optimized
for both forward and backward operation. The results showed that

Fig. 6. (a) Impact of voltage change on the N-SC characteristic constructed by (10) considering A = 80, B = 1.4, C = 1, and k = 5, (b) The voltage effect on
admittance based N-SC characteristic constructed by (12) considering A = 0.0047, B = 0.08, and C= 0.
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adjusting the constants as variables provides a decrease in relay OT of
the mesh distribution system including DG connection. Nevertheless,
the proposed characteristic can further be evaluated against fault cur-
rent changes due to the DG integration. It was assumed that a com-
munication infrastructure is readily available for coordinating DOCRs
with a dual characteristic in [65], however, in some cases, the cost of
this approach might be a limiting factor. Decreasing the total OT of
relays was also achieved in [66,67] by applying the same approach for
only one direction. Additionally, a comparison between ranges of
constants in [67] showed that defining wider ranges for these new
variables gave better results. It is worth devoting some effort on further
researching relations between DG, ranges of constant, and OTs of the
relays. The A, B, and C constants are optimized individually in [68]
considering several power networks dimensions ranging from relativity
small to large. In addition, the study pointed out that increasing the
limits of constants decreases the solution quality. The constants A, B,
and C in the IEC standard characteristic were considered as variables in
[69–77]. The studies achieved a decrease in OTs of the relays while
addressing the effect of DG. Considering the three fault points in a
protection zone so as to improve relay coordination was a valuable
contribution of [69,70]. Also, a significant comparison which con-
cluded a small improvement may be achieved in terms of decreasing the
total OT by choosing particular constants for each relay instead of
choosing a global constant pair for all relays, was presented in [71]. The
same approach was used in [72] in order to assign OCRs as backup
relays for distance relays used in transmission system, by doing so, a
reliable protection even when DG units are connected to the grid was
ensured. Similarly, separate optimal A, B, and C values were used to
improve the backup performance of DOCRs for transmission system
faults in [73]. Individually optimized A, B, and C values for both two
directions were assigned to DOCRs in [74] to provide relaxation on the
standard curves and total OT was reduced. Coping with the effect of DG
connection was achieved using different optimal A, B, and C values for
each relay in [75]. As a solution to mis-coordination between relay
pairs [76] suggested to assign the same optimized A, B, and C values to
both relays. Moreover, the study presented in [77] suggested to opti-
mize A, B, and C parameters in order to deal with protection co-
ordination problems that arise in MGs due to islanded and grid-con-
nected operation modes. Last but not least, a relay which is able to
accommodate different values for the A, B, and C parameters was de-
signed and implemented in [78].

Increasing the number of adjustable constants and using wider
ranges has given better results in these type of approaches. However,
this brings a significant calculation burden and even sometimes may
cause lack of convergence in large dimensional networks. Especially,
this could be an issue in large networks which include DG units and
which are exposed to relatively more dynamic reconfiguration.
Establishing a constant CTI for the total fault current range should be

carefully evaluated because assigning different values to the constants
A, B, and C leads to different characteristics between relay pairs.

Instead of considering all the constants as optimization variables,
some researchers aimed to combine various SCs for protection pur-
poses. The common principle in these studies was to allow one relay to
use a SC, e.g. NI, while also allowing the other relay to use another type
of SC, e.g. VI. General application in this type of studies was to use an
extra variable which denotes the type of characteristic while for-
mulating the optimization problem. The related variable set was de-
fined utilizing the SCs. For example, set of characteristic variables was
defined as it consisted of only the IEC SCs in [79–84] while optimiza-
tion algorithm was able to choose a characteristic from eight different
SCs for a relay in [85,86]. Similarly, only the IEC and the IEEE standard
characteristics pool was used in [87] while this pool was extended by
adding IAC and U.S. curves in [88]. It should be noted that although a
decrease in total OT of the relays was possible, keeping CTI as constant
was almost impossible between the relay pairs with different char-
acteristics. However, the approach could be useful in N-SC applications
in which the power system is divided into different zones and the same
N-SC is applied within one zone. Apparently, by doing so, the CTI
variance throughout the whole fault current range could be minimized
but never be completely avoided.

4.2.2. Non-standard characteristics generated by combining standard
characteristics

N-SCs can be devised by using two or more standard curves. This
approach was implemented in [89] in order to achieve coordination
between a relay, which is used for protection against ground faults, and
a fuse. Basically, it is usually desired to use primarily the relay for lower
fault currents in order to avoid unnecessary blows of fuses in case of
temporary high currents and to use primarily the fuse for higher fault
currents. However, there is a significantly wide range of currents for
which both protective devices may operate non-selectively. Minimizing
this current range to operate relay-fuse pairs in a selective manner, a
non-traditional SC was utilized in [89] by mixing two IEC standard
equations and applying a completely N-SC defined by the user. Deciding
which SC should be used by relay was made according to a comparison
of measured and previously defined current values. The paper provided
a solid solution for the coordination of ground OCRs and fuses by nearly
eliminating the simultaneous operation using N-SCs. Based on these
results, the approach could further be expanded to implement other
types of characteristics in order to detect the ground fault. However, the
particular specifications of ground overcurrent faults, such as extremely
low pick-up currents should be taken into account while defining a new
N-SCs. In addition, the proposed N-SC should keep its inverse char-
acteristic even for the higher I I/f p ratios. A different aspect which needs
to be evaluated could be the dynamic behaviour of the characteristic.
Thus, the suggested characteristics need to be carefully evaluated in

Fig. 7. Effect of different coefficients on SCs (a) changes in the IEC SC for different A values with B = 0.02, (b) changes in the IEC SC for different B values with
A = 0.14, (c) changes in the IEEE SC for different C values with A = 0.0515 and B = 0.02.
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terms of dynamic response especially for the fault currents which are
nearly at the junctions of the characteristics. Two different IEC SCs
were utilized jointly in [90] regarding the critical fault clearance time
DG units to ensure stable operation in islanded part of the system after
disconnection. The study provides the necessary formulation in terms of
combining protection and stability, nevertheless, the effect on DG units
may be further researched by utilizing different N-SCs.

Another idea to implement different characteristics rather than SCs
was to combine a readily available SC with a definite time character-
istic. It was demonstrated in [91] that in case the relay coordination
was lost due to the DG connection, using a combined characteristic by
only setting a definite time characteristic may be a low-cost option to
ensure relay coordination again. The improved version of this approach
was implemented in [92,93] by adding extra definite time steps. The
resulting curve was a combination of one inverse time characteristic
and two or three definite time curves. It should be noted that a practical
and flexible coordination concept was achieved using these methods,
however, providing constant CTI and increase in OT towards the source
needs to be further researched.

The study that aimed to divide the fault current range into two
equal sections in order to decrease OTs of the relays while ensuring
protection coordination even when multiple fault locations are con-
sidered was presented in [94]. In this paper, the equation of the IEC
standard NI characteristic was used. Dividing the fault current range
increased the number of set variables per relay. So, in the paper, two
pairs of TDS and Ip settings for each relay were optimized and lower
OTs were obtained while considering multiple fault locations. Never-
theless, it was noted that dividing the fault current range into more
sections brings calculation burden together. Thus, as long as the trade-
off between increasing the pairs to be optimized by slicing the fault
current range and decreasing the OTs of the relays is managed, the
approach will be useful for further investigations.

4.3. Mathematical approaches for constructing non-standard characteristics

This section reviews the studies that aimed to construct N-SCs using
mathematical expression differently from the standard ones. Even
though every non-standard approach can be considered as “mathema-
tically different”, the approaches that used a backbone apart from ex-
ponential form are discussed in this section.

To mathematically express the operational characteristics of fuses,
logarithmic functions are widely used. Inspiring from this fundamental
power system protection characteristic, a new relay characteristic was
offered in [95]. The suggested characteristic equation is given in (14).
Moreover, the graphical illustration of the N-SC for the different B
coefficients can be seen in Fig. 8a. In contrast with the standard

equations of characteristics, A, B, and C were not considered as con-
stants and values of both were calculated to coordinated the relays.

= +t A I Blog( )f (14)

Eq. (15) which was roughly similar to the logarithmic approach in (14),
was suggested in [96] considering protection challenges in MGs. Even
though the proposed characteristic equation was able to detect low
level fault currents, concerning application at higher current levels such
as distribution systems or transmission systems could be achieved by
improving or re-establishing the equation. Fig. 8b depicts changes in
the N-SC devised in [96] according to the TDS variations.

=t
I

TDS 3
log( )f (15)

In order to extend the operating temperature range of the relay and
benefit from the less maintenance advantage of the microprocessor
based relays an OCR was developed in [97]. The characteristic equation
of the proposed relay is given in (16). Although the general form of the
characteristic was very similar to the standard ones, it can be seen from
the (16) that constants were defined as they were dependent to time at
ten times of operating current, t10. Three different characteristics were
obtained in the paper which utilized the (16) with different A, B, and C
pairs. It should be noted that the details of the so complex empirical
calculations of the constants are not given here for the sake of clarity.
Nevertheless, as stated in [97], there was no a unique perfect char-
acteristic that was valid for all protection cases, which also meant that
it might be meaningful to use the constants depended on desired pro-
tection requirements in some cases.

=
−

+t A t
I I

B t( )
( / ) 1

( )
f p

10
10

(16)

Preserving the general form of SCs, a shifting principle was im-
plemented in [98,99]. A similar backbone to the SCs is used considering
the present constants A and B as variables. The proposed characteristic
equation is given in (17). It should be noted that the constant C was
taken as zero in [98]. Eq. (17) allowed the user to assign desired values
to D so as to shift the curve along the time axis while preserving original
the shape. In theory, since the variable part of the equation is zero when
C is zero (as in [98]) and the fault current is infinite, the desired OT for
a relatively high fault current may be taken as a lower bound for D. The
same equation was used in [99]. with the purpose of developing a
software model capable of not only simulate the electromechanical
relay characteristics but also custom characteristics. Four different
constants were used to adjust the N-SC, however, it is noteworthy that
computational burden could increase especially in large dimensional
coordination problems. Furthermore, response of N-SC proposed in

Fig. 8. (a) The N-SC characteristic constructed by (14) considering = −A 1.05, (b) The N-SC characteristic constructed by ((15).
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[98] to the different C values is visualized in Fig. 9a. While response of
N-SC proposed in [99] to the different D values is sketched in Fig. 9b.

= ⎡
⎣
⎢ −

+ ⎤
⎦
⎥ +t A

I I B
C D

( / ) 1
. TDS

f p (17)

4.4. Other non-standard characteristics

In this section, studies that either proposed an unconventional
method for the construction of N-SCs or methods that are not backed by
a sufficient number of literature studies in order to be separately clas-
sified are presented.

It was suggested in [100] to adjust the relay characteristic according
to the maximum allowed temperature value of the conductor by using
specific current and time values regarding the temperature limit of the
conductor. In this study, an inverse time characteristic was obtained by
using the transient thermal conductor curves. Moreover, parameters
that might affect the conductor temperature such as wind speed, cur-
rent, solar gain potential of the conductor, and emissivity were eval-
uated.

In a radial feeder that includes a number of relays with SCs, an
increase in the OT of the relays closer to the distribution transformer is
noticed because of the CTI. Furthermore, since the inverse TCCs are
close to each other for low fault currents, providing a sufficient CTI
could be an issue. As a remedy to this challenge of the SCs, a non-
standard approach using a look-up table containing data related to
operating times and fault currents was proposed in [101]. In this non-
standard approach, the main idea was to construct a table for each relay
using its near-end and far-end fault currents as well as their operating
times. In order to form the look-up table, it was assumed that each relay
should be operated at the lowest possible time, i.e., 0.1 s for a near-end
fault in their main protection zone. Afterwards, the operation time for
far-end faults was calculated by adding the CTI to the primary opera-
tion time. By doing so, the points necessary for the main protection
zone of each relay were obtained. Then, in order to calculate data for
the secondary operation zone of each relay, the operation time for the
far-end fault of the other relay that is used as the backup, was used. The
calculation was made by adding again the CTI value to the operation
time for far-end fault in main protection zone of the primary relay.
Once entering the primary and backup operating information into each
relay, the rest of characteristics were calculated utilizing internal linear
interpolating feature of the relays. Loads with high starting currents,
e.g. electrical machines, etc. were also taken into account while con-
structing the TCCs. As a consequence, the characteristics were modified

so as to allow temporary overcurrents for the relatively short starting
periods of the special loads. This idea is characterized by its simple but
solid structure. Nevertheless, some improvements could be achieved
using nonlinear curves that are expected to decrease the total OT.
Moreover, testing the proposed approach in a mesh structure is needed.
Additionally, the approach should be applied to power systems in-
cluding DG units in order to observe the proposed characteristic under
changing fault currents. A possible increase in OTs due to changes in
the fault current could be prevented by using a tabular form that also
includes another electrical parameter except for currents.

In order to account for the probabilistic nature of the fault current
magnitudes, a stochastic mixed integer linear programming model of
relay coordination was developed in [102]. It was assumed that the
fault current space has a discretized form. Then, based on the solution
of the formulated problem the TCC was constructed using obtained
optimal OTs for each fault current interval.

4.5. Experimental studies on non-standard characteristics

Along with the theoretical efforts to construct N-SC, a limited
number of experimental results related to N-SC has been reported in the
literature. Dewadasa et al. [48] tested the admittance based char-
acteristic which is given in (12). The experiments that aimed to test the
performance of the proposed characteristic, were carried out using an
experimental setup operated under 230V. Single phase-to-ground faults
were created in order to evaluate the response of proposed character-
istic taking into account different fault locations and source im-
pedances. The relay performance was also investigated considering
cases in which the experimental setup included a DG unit. The results
proved that the theoretically constructed admittance based character-
istic can be applicable to an actual protection system. However, the
experimental research could be extended by evaluating different types
of faults, higher voltage levels, or different penetration levels and types
of DG units. Another experimental study was presented by Park et al. in
[78]. In this study, three types of faults, namely single phase-to-ground,
two phase-to-ground, and three phase-to-ground were considered in
order to test the proposed non-standard approach, which comprised a
SC with different coefficients. The tests were conducted using an ex-
perimental setup which included a CORDIC processor as the relay and a
software named Electromagnetic Test Program (EMTP) to simulate the
power system. The designed relay was tested using a model of two
75km-transmission lines which were operated at 154 kV, 60Hz. The
results showed that an increase in the coefficient B led to a decrease in
OT of the relay.

Fig. 9. (a) The N-SC characteristic constructed by (17) considering considering A = 0.14, B= 0.02, C= 0, and TDS = 1, (b) The N-SC characteristic constructed by
(17) considering A = 0.0515, B= 0.02, and C= 0.114, and TDS = 1.
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Singh et al. [73] validated the relay operation with N-SC that con-
structed by applying different constants to the IEC SC. The tests were
conducted using a real-time digital simulator, which was used to si-
mulate the power system, and Micom P442 digital relays. The presented
hardware-in-the-loop simulation results cover different fault resistances
in the range of 0 to 50 as well as a combination of phase and ground
faults. In addition, several fault locations such that 2%, 20%, 90%, and
98% were also considered and an impairment in the relay performance
was observed at endpoints of the line. The outcome of the experiments
was consistent with the simulation results. The study evaluated the N-
SC application from many aspects of protection, nevertheless, assess-
ment of the real-time performance of the considered N-SC under DG
penetration in a larger network could be an interest of future research.

5. Recommendations for future studies

Based on the literature studies that were presented in this paper, the
necessity of re-assessing protection systems in terms of utilizing N-SCs
due to changes in power networks such as DG integration, MG opera-
tion, and, dynamic reconfiguration, is rendered evident. In this section,
gaps in the literature are identified and directions for future studies are
recommended. The main topics related to N-SC based protection that
should receive more attention in future studies include:

• Using the electrical parameters in the characteristic equations in a
different manner from the standard ones is a promising solution to
adapt the protection systems to the requirements of modern power
systems. Nevertheless, almost all of the propounded approaches are
case-depended and therefore need the calculation of custom para-
meters. Thus, further research that aims to define a global char-
acteristic is still required.

• Dealing with the challenges of protection systems in modern power
systems by using the same characteristics as in standards with slight
differences such as utilizing different coefficients or combining more
than one standard characteristics, is well reported in the literature.
However, defining a range for each coefficient so as to eliminate the
risk of not achieving convergence, especially in large networks
which are exposed to heavy DG penetration and dynamic re-
configuration is worth researching. Besides, the proposed char-
acteristic in this category should demonstrate constant CTI when
different coefficients are assigned to the characteristics. Moreover,
dynamic response of characteristic that is an outcome of a combi-
nation of characteristic should be validated around the junction
point(s).

• The application of mathematically innovative structures is always
valuable in constructing N-SC. Yet, it is able to bring a new per-
spective via devising a N-SC approach that includes both un-
conventional electrical parameters and a novel mathematical
structure.

• It should be underlined that minimizing the effect of CTI on the
relay OT in its main protection zone towards the distribution
transformer could be achieved using a strategy as in [61] or in
[101]. Nonetheless, the approach in [61] requires a detailed co-
ordination process that might be improved while the approach in
[101] should be verified for applications of power systems including
DG units by using a tabular form that also includes another electrical
parameter except for the measured current.

• It is also worth emphasizing that protection studies that scope N-SC
utilization in industrial power systems have not been well estab-
lished. As a consequence, devising N-SCs taking into account the
peculiarities of industrial power systems, e.g. cold-load-inrush cur-
rents, is still an open topic.

• Given the limited number of experimental results in the literature, it
is worth devoting effort to conducting research which specifically
focusses on the application of N-SC while addressing the special
requirements of modern power systems.

6. Conclusion

This paper reviewed the non-standard characteristics (N-SCs) which
were used in protection coordination studies. The limitations and op-
portunities of these studies were also evaluated. Because of the recent
evolutions in power systems such as the proliferation of distributed
generation (DG), microgrid (MG) operation, dynamic reconfiguration,
and, operational characteristics of the power systems have changed. In
the power systems of the future, it is expected to observe bi-directional
power flows which cause changes in both current direction and mag-
nitudes. Thus, it is important to revise conventional protection schemes
which are based only on current measurements in order to make the
protection systems compatible with these new features of power sys-
tems. Moreover, the digital overcurrent relays (OCRs) are now a rea-
sonable option to implement the N-SCs and therefore they can be
considered as a decent solution for different kinds of power system
applications. It should be highlighted that a widely acceptable N-SC has
not been presented in the literature so far. It is quite interesting that the
current situation is very similar to the situation before the publication
of standard characteristic (SCs). In this paper, studies aiming to devise
N-SCs for protection systems were examined also in terms of criteria
and methods that were used. The features that a robust relay char-
acteristic should satisfy are listed as the outcome of this review study:

• Asymptotic behaviour at the set point(s) of the control parameter(s).

• High sensitivity even for topologies with low fault currents.

• Ensuring relatively high operating time (OT) for far end faults and
low OT for near end faults.

• Monotonously decreasing characteristic between the OTmin and
OTmax according to change in control parameter.

• Easy coordination considering primary and backup operations.

• No increase in primary relay OT for a fault in the main zone due to
the coordination with other relays.

• Providing the constant coordination time interval (CTI) as much as
possible over the entire fault current range between I fmin and I fmax ,
or any other control parameter range.

• Tolerating the temporary high currents such as starting currents of
motors and cold-load pickup currents.

• To be compatible with other protective equipment such as reclosers
and fuses.

• Robust against all possible topology changes, e.g. DG connection,
reconfiguration, or islanded operation.

• Low OTs for all fault types as much as possible.

• Compatible with the communication-free operation.

It should also be indicated that constructing a characteristic that
satisfies all the aforementioned requirements might be an extremely
difficult task that may be characterized as impossible. Nevertheless, for
further research, a reasonable compromise might be determined such as
to provide a characteristic that reflects the listed requirements as much
as possible. Table 3 encapsulates remarks on the N-SCs which were
discussed in this paper, by presenting advantages and disadvantages of
each approach.
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