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Abstract—With the integration of distributed generation (DG) to
meshed distribution systems, the operating time of the protective
system becomes a major concern in order to avoid nuisance DG
tripping. This paper proposes a new time–current–voltage tripping
characteristic for directional overcurrent relays (DOCRs) that can
achieve a higher possible reduction of overall relays operating time
in meshed distribution networks. The proposed tripping characteristic is described in detail. Moreover, the protection coordination problem is formulated as a constrained nonlinear programming problem to determine the optimal relay settings. The proposed characteristic is tested on the power distribution system of
the IEEE 14 bus and IEEE 30 bus with inverter-based and synchronous-based DG units. The outcome of this study reveals that
the new tripping characteristic for DOCRs achieves notable reduction in total relays’ operating time over the conventional characteristic.
Index Terms—Directional overcurrent relay (DOCR), distributed generation (DG), protection coordination, tripping
characteristic.

I. INTRODUCTION

P

ROTECTION coordination is a process of determining
the primary protective devices responsible for clearing the
fault as quickly as possible for each fault location, taking into account that in the event that any of the devices fail, each should be
backed up by another protective device [1]. The introduction of
distributed generation (DG) to the distribution network and the
recent drive toward smart grids is expected to transform the distribution networks into a meshed structure resembling interconnected subtransmission systems [2]. The occurrence of faults on
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such meshed systems will cause bidirectional flow of short-circuit currents. Moreover, the presence of DG will affect the magnitudes and directions of the short-circuit currents resulting in a
possible failure of the coordination between overcurrent relays
[3]. Hence, protection schemes based on directional overcurrent
relays (DOCRs) are proposed for such systems [4]–[7].
One of the most popular solutions proposed in the literature to solve the protection coordination problem of interconnected systems is the use of optimization methods [4]–[17].
The main objective is to achieve minimum possible tripping
times by obtaining the optimal settings of each DOCR. In [9],
an MINLP formulation for the protection coordination problem
is proposed. Yet, in [10]–[13], the problem is linearized and
formulated as a linear-programming (LP) problem. More recently, heuristic techniques, such as particle swarm optimization
(PSO), genetic algorithm (GA), and evolutionary methods have
been proposed to solve the complex and nonconvex DOCRs
protection coordination problem [14]–[17]. Finally, in [5]–[7]
and [18], the protection coordination problem is relaxed and formulated as nonlinear programing (NLP) problem.
Usually, DOCRs operate based on the conventional inverse
time–current characteristic. According to [19], further reduction of overall tripping time is possible by investigating the
tripping time characteristic equation. Since in today’s technology OCRs/DOCRs are microprocessor based, the tripping
time characteristic equation can be changed by reprogramming
the relay. In [19], a new tripping characteristic equation was
proposed for OCR based on the logarithmic function. The
proposed logarithmic characteristic replaces the conventional
inverse time–current characteristic equation of OCRs. The
results indicate that the use of the new characteristic equation
leads to a noticeable reduction of the tripping time with respect
to the conventional characteristic for radial systems using OCR
and, more specifically, with inverter-based DG [19]. In this
paper, both inverter-based and synchronous-based DG units are
considered. Synchronous generator-based DG units are taken
into account due to the fact that their fault current contribution
is much higher than inverter-based DG units and, thus, they
have a much more profound effect on protection coordination
[20]. On the other hand, although inverter-based DG units fault
current contribution is only in the range of 1.5-2 p.u, they are
more dominant than synchronous-based DG units especially
with increased renewable energy integration [20].
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This paper proposes a new nonstandard relay characteristic
that depends not only on current magnitude but also on voltage
magnitude for determining the relay operating time. The proposed characteristic, which will be denoted as the time–current-voltage characteristic, can be implemented in microprocessor-based DOCRs. The proposed relay characteristic should
achieve minimum overall tripping time in the protection coordination problem of meshed distribution networks equipped
with directly connected synchronous generator-based DG units
as well as inverter-based DG units. In order to test and verify the
effectiveness of the proposed approach, the power distribution
system of the IEEE 14-bus and IEEE 30-bus standard test systems are modeled with the introduction of DG units at various
locations. Moreover, the problem with the proposed characteristic is formulated as a constrained NLP problem to determine
the optimal relay settings for each system. A comparative study
is presented that highlights the advantages of the proposed nonstandard characteristic over the conventional time–current relay
characteristics.
II. PROPOSED RELAY CHARACTERISTIC
Protection schemes based on DOCRs should provide protection against interphase faults as well as single-line-to-ground
(SLG) faults. Thus, in this paper, it is assumed that all of the systems under study are equipped with three-phase DOCRs that are
capable of providing protection against SLG, line-to-line (LL),
double-line-to-ground (DLG), and three phase faults [21]. Protection schemes involving both phase and ground relays (based
on zero- and negative-sequence currents), have not been considered in this paper.
Most of the conventional DOCRs used up till today utilize
a time–current characteristic where the time changes inversely
with current magnitude. The characteristic equation varies
slightly depending on the type of DOCR used and the standard,
which the relay manufacturer follows. In this study, the IEC
255-3 standard inverse characteristic is followed [22]. Since
microprocessor-based DOCRs provide an opportunity to develop user-defined characteristics for the DOCR’s overcurrent
unit [23], [24], this paper proposes a new nonstandard characteristic for the DOCRs.
The proposed DOCR algorithm involves directional sensing
and tripping time computation. Usually, DOCR determines
the direction of the fault using the phase relationship of the
voltage and current. DOCRs are equipped with three voltage
transformers (VTs) for three-phase operation in addition to the
three existing current transformers (CTs) to measure voltage
and current, espectively [25]. Based on the measured quantities,
the respective voltages and currents magnitudes and phases are
computed. The algorithm used to determine the fault direction
varies among different relay manufacturers in terms of how
the angular relationships are sensed [25]. The 90 quadrature
method is typically used for direction detection. This method
involves comparing each current’s phase angle with a polarizing quantity which is the line-to-line voltage between the
other two phases shifted by an angle commonly referred to as
the relay characteristic angle (RCA) for digital and numerical
relays [25]–[29].

Fig. 1. Proposed relay time–current–voltage characteristic with
0.1.

2 and

Since DOCRs have VTs already installed, this paper proposes
a modified DOCR characteristic for the tripping time computation that utilizes, in addition to the current, the fault voltage
magnitude at the DOCR. The proposed time–current-voltage
DOCR characteristic can be expressed as follows:
(1)
where
is the tripping time (in seconds) of relay due to a
fault type occurrence at location .
is the per-unit equivalent of the phase fault voltage magnitude measured at relay
for a fault type at location , while is a constant parameter.
It is worth noting that the fault voltage magnitude used in the
proposed characteristic should not be used for direction comparisons.
is the multiple of pickup currents which is equal
to
.
is the short-circuit current measured at the
secondary winding of the current transformer of relay for a
fault type at location while the pickup current
is the minimum value of current above which the relay starts to operate.
is the time dial setting of relay . The constants and
are set to 0.14 and 0.02, respectively. Fig. 1 illustrates the characteristic curve for a relay with
and
set to 2 and 0.1,
respectively.
The proposed characteristic integrates the fault voltage magnitude
as a third dimension to the conventional time–current characteristic which allows for additional possible conventional tripping characteristics with only three settings to set and
optimize. The proposed DOCR characteristic consists of two
cascaded parts. The first part is the conventional standard inverse DOCR operating characteristic equation. This part ensures
maintaining the inverse time–current characteristic properties
with the common relay settings (
and ). The second part
of the proposed characteristic is the fault voltage magnitude exponential function with being the third setting. An exponential function has been chosen such that the following conditions
are fulfilled:
a) The proposed characteristic relies on the
measurement.
varies depending on the fault location with respect to the DOCR’s location at which it is measured. This
measurement can reach zero for a bolted fault occurring
at the DOCR’s VT terminal. Since the typical operation
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and ) is calculated using (1), and the fastest element will
determine the overall operating time of the relay. This applies
to primary and backup relays. Thus, the results reported in this
paper present the fastest operating element.
III. PROTECTION COORDINATION PROBLEM FORMULATION

Fig. 2. Effect of the setting
1.5 and
0.1.

on the proposed relay tripping time with

time of the DOCR is about 16–20 ms [30], the exponential function is used to ensure that the operation time does
not become zero when the fault voltage magnitude is zero.
b) The DOCR operating time is designed to be proportional
to the drop in voltage due to the fault. A large drop in
voltage signifies that the fault is closer to the relay and,
thus, fast operation is needed and vice-versa. Thus, the
reciprocal of the exponential is considered with the exponential superscript being
.
c) The effect of
is cancelled by setting
to zero and
the conventional time–current characteristic is obtained
which makes the proposed approach quite flexible.
d) The exponential part has been chosen such that it does not
alter the effect of
and on the relay characteristic.
The rate of change in tripping time with respect to change in
is controlled by varying
(Fig. 2). Thus, in the proposed
method,
is considered as an additional setting for the relay
and is added to the coordination problem as an optimization
variable with the intention of attaining optimal settings for each
DOCR that solves the coordination problem. The parameter
can be either fixed (the same for all relays in a given system)
or could be designed to have a different value for each DOCR.
Both cases are considered while formulating and solving the
coordination problem.
For a three-phase DOCR, three tripping times are computed
that correspond to each phase, respectively. This means that
the tripping time corresponding to phase will be calculated
based on phase voltage and current magnitudes (
for the
element). In a similar manner, the tripping times for phases
and are computed using the corresponding phase currents
and voltages (i.e.,
for the
element, and
for the
element).
In traditional relays, the element with the greatest current
magnitude operates since the relay characteristic is dependent
on the fault current magnitude only. This will not necessarily
be the same for the proposed characteristic since it depends on
voltage and current. The voltage magnitude setting, and current magnitude will all simultaneously decide on the fastest operating element. For any fault type, the algorithm will measure
the magnitude of each phase voltage and current. The operating
time for each pair of phase quantities (
and ,
and ,

The protection coordination problem is developed for each
system in order to find the optimal settings of each DOCR
for three cases considered in this study. Case 1 is basically
formulating and solving the problem using DOCRs with a
conventional standard inverse time–current characteristic,
while cases 2 and 3 use DOCRs equipped with the proposed
time–current–voltage characteristic. Case 2 is solved considering that all DOCRs will have the same value for
while in
case 3, the optimization is designed such that each DOCR can
have a different value for the setting. In each case, all relays
were assumed to be identical where they are equipped with the
same tripping characteristic.
The main objective of the protection coordination optimization (PCO) model is to minimize the sum of DOCRs operating
time ( ) (including the operating times of DOCRs due to SLG,
LL, DLG, and three phase faults occurring at near end, mid, and
far end on each line of a system) subject to protection coordination, relay setting, and relay operating time constraints. Therefore, the objective function can be represented as follows:
Minimize

(2)

where is the total number of relays with being the relay identifier,
is the total number of fault types studied with being
the fault type identifier, and is the total number of fault locations investigated with being the fault-location identifier. The
superscript represents primary relays, while
represents the
backup relay with being the total number of backup relays
for each primary relay. The backup relay is dependent on the
primary relay for a fault type that occurred at location . The
and
refer to the primary and backup relay
variables
operating time for a fault of type at location , respectively.
The main optimization decision variables are the relay settings which depend on the case considered. The pickup current
settings
are predetermined based on the values given in [31]
and [32]. Thus, these values are considered as given parameters
in the PCO model. On the other hand,
for DOCRs are
the variables of the PCO model in case 1. For case 2, the variables are
and one additional variable . As for case 3,
the variables are
, and
for DOCRs. Therefore, case
1 is an LP problem since the conventional characteristic is linearized (fixed
settings). However, cases 2 and 3 are an NLP
problem due to the nonlinearity of the proposed DOCR tripping
characteristic. Yet, both types of formulations have the same objective function and set of constraints.
The PCO model involves satisfying the protection coordination constraints. Each primary DOCR in a system requires a
backup DOCR to operate in the event of failing to isolate the
fault in its zone. Thus, the coordination time interval (CTI) is
the minimum gap in time between the operation of the primary
and backup DOCRs that must be maintained. In this paper, CTI
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TABLE I
DESCRIPTION OF SYSTEM SCENARIOS

Fig. 3. Power distribution system of the IEEE 14-bus system under study.

is considered to be 0.3 s. This constraint can be expressed as
follows:
(3)
Additional constraints are imposed on TDS settings and relay
operating time. These constraints can be expressed as
(4)
(5)
The lower and upper limits on the DOCR’s TDS (
and
) are set to 0.05 and 1, respectively. Finally, the
operating time of each primary and backup DOCR for all fault
types and locations is constrained by a lower limit set to 20 ms
[30].
IV. SYSTEM DETAILS AND SIMULATION SETUP
This section describes the test systems under study. The main
study consists of a total of 16 possible system scenarios that are
generated based on IEEE 14-bus and IEEE 30-bus standard distribution networks by varying the DG location. The single-line
diagram of the IEEE 14-bus test system is shown in Fig. 3 [33].
This meshed distribution network is fed through two 60-MVA
132-kV/33-kV utility transformers with 10% transient reactance
connected at buses 1 and 2. The system is equipped with 16
DOCRs. Fig. 3 shows nodes (F8–F15) where each one represents a set of faults on each line. For instance, F8 consists of a
set of bolted SLG, LL, DLG, and three-phase faults occurring at
near-end, midpoint, and far-end locations that are investigated
on the line between buses 1 and 4.
Based on this system, six scenarios were created where the
first is the base scenario with no DG units installed, and the remaining five scenarios are developed by adding DG units to the
system each time. As shown in Table I, the DG units utilized in
this study are each rated at 2MVA, synchronous type with 9.67%
transient reactance, and are connected to the system through a
480-V/33-kV stepup transformer with 5% transient reactance.
Each fault is associated with two primary DOCRs, one from
each side that are each backed up by other DOCRs. For example,
if a bolted three phase near-end (close to R1) fault occurs at node
, R1 and R2 are the two primary DOCRs. R1 is backed
up by R4 and R6 while R2 is backed up by R11. Thus, for each

Fig. 4. Power distribution system of the IEEE 30-bus system under study.

fault location, primary and backup DOCRs are defined and accordingly implemented in the PCO models.
Similarly, an additional nine system scenarios are generated
based on the IEEE 30-bus distribution network [33]. The standard single-line diagram of the system is shown in Fig. 4. The
base selected for all the systems under study is 100 MVA and 33
kV. A summary of the system scenarios investigated is given in
Table I.
The optimization model developed for each system scenario
for cases 2 and 3 is solved by using the MATLAB minimum-constrained nonlinear multivariable function [34]. This
built-in MATLAB function relies on the reduced gradient approach (first-order optimality) for solving constrained nonlinear
optimization problems. There are several algorithms available
for solving a constrained nonlinear programming problem.
The sequential quadratic programming (SQP) algorithm is
chosen to solve the PCO models [18], [35]. A full description
of the MATLAB SQP algorithm is provided in [34]. On the
other hand, the PCO model that has been developed for each
scenario, for case 1, is solved using the Simplex technique.
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TABLE III
OPTIMAL PRIMARY AND BACKUP RELAY OPERATING TIMES OF SCENARIO 6
- CASE 1/CASE 3 DUE TO THREE-PHASE FAULTS

TABLE IV
OPTIMAL PRIMARY AND BACKUP RELAY OPERATING TIMES OF SCENARIO 6 CASE 1/CASE 3 DUE TO LL FAULTS

V. OPTIMAL RELAY SETTINGS USING THE PROPOSED
TIME–CURRENT–VOLTAGE CHARACTERISTIC
The protection coordination problem presented in Section III
is solved by considering the conventional DOCR time–current
characteristic and the proposed DOCR time–current–voltage
characteristic. The optimal DOCR settings as well as operating
times are determined for all of the presented 16 system scenarios. Comprehensive analysis of the results obtained for all
of the investigated system scenarios is presented.
A. Simulation Results of the IEEE 14-bus System With 5 DGs
In this subsection, the simulation results obtained for system
scenario 6 (refer to Table I), which consists of five synchronousbased DG units connected at buses 3– 7 on the IEEE 14-bus
power distribution network, are analyzed. The optimal values of
and
as well as the objective function values considering the conventional characteristic (case 1) and the proposed
relay characteristic (cases 2 and 3) are presented in Table II.
As can be seen from the results, the relay
setting is fixed
for all cases while the TDS values have changed when considering the proposed characteristic. The optimal DOCR settings
achieved in each case ensure proper coordination of the DOCRs
under SLG, DLG, LL, or three-phase faults that can occur at the
near-end, mid, or far-end location on each line of the system.
Moreover, the total relay operating time is reduced by 28.4%
in case 2 (considering the same
setting for all relays) with
respect to case 1 (conventional characteristic). Further reduction in
(38.7% compared to case 1) is achieved in case 3
where the optimal value of
is determined for each DOCR.
As can be seen, the new proposed time–current–voltage characteristic is capable of achieving better overall relay operating
time compared to the conventional time–current characteristic.
For brevity, a breakdown of the DOCR operation times due to
three-phase, LL, DLG, and SLG faults at the midpoint on each
line are given in Tables III–VI considering the conventional case
and the case where can vary for each relay (case 3), respectively. The operating time of each primary and backup DOCR

satisfies the relay operating time constraint. It is also observed
that all primary-backup relays are correctly coordinated with a
minimum value of 300 ms for CTI. Also, it can be seen that
for all fault types, the relay tripping times obtained from the
proposed relay characteristic are always faster than the times
attained from the conventional relay characteristic. Similar observations have been noticed for other scenarios.
B. Comprehensive Analysis
In order to test the performance of the proposed DOCR
characteristic, the problem formulation presented in Section III
is applied to the 16 scenarios given in Table I with each relay
equipped with the proposed time–current–voltage characteristic. The overall minimum operating time
for the three
cases that are implemented on the 16 system scenarios is
summarized in Table VII. In general, it can be seen that the
proposed time–current–voltage characteristic (both cases 2
and 3) achieves a better overall minimum operating time in
all scenarios. For the cases where no DG units are present in
the system (system scenario 1 for the IEEE 14-bus system
and 7 for the IEEE 30-bus system), in comparison to case 1, a
reduction in of 23.2% and 11% was achieved in case 2 while
33% and 21.5% were achieved in case 3, respectively. Thus,
the proposed relay characteristic outperforms the conventional
characteristic in cases where no DG is present. In addition,
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TABLE VII
TOTAL RELAYS OPERATING TIME FOR ALL CASES AND SCENARIOS

OPTIMAL

TABLE VIII
CASE 2–ALL SCENARIOS

FOR

TABLE VI
OPTIMAL PRIMARY AND BACKUP RELAY OPERATING TIMES OF SCENARIO 6 CASE 1/CASE 3 DUE TO SLG FAULTS

TABLE IX
PERCENTAGE REDUCTION IN TIME WITH RESPECT
TO CASE 1 FOR DIFFERENT SYSTEM SCENARIOS

irrespective of the number of DG units, in the system size
as well as DG location, the proposed relay characteristic can
achieve significantly better DOCR operating time. For the
IEEE 14-bus system, the percentage reduction in varies from
21.3% to 33.6% in case 2 whereas it is 28.7% to 48% in case
3. On the other hand, percentage reductions in range from
4.69% to 11.4% in case 2 while 20.7% to 27.6% in case 3 were
obtained for the IEEE 30-bus system. The amount of reduction
in is dependent on the number of DGs as well as location.
Table VIII shows the optimal
value obtained in case 2
(considering the same
for all relays) when solving the PCO
model for each system scenario. The optimal
value for the
IEEE 14-bus system (system 1 up to 6) roughly varies around
the value of 1 while for the IEEE 30-bus system, it is limited to
a small value around zero. As can be seen, the setting varies
depending on the system scenario and can be optimally set using
the proposed model. Small values limit the fault voltage magnitude effect and, thus, limit the amount of reduction achieved
with respect to case 1. Allowing each relay to have its own optimal
can achieve higher reduction in . It is worth noting
that setting a fixed value of for all relays versus allowing the
value of to be different for each relay will depend on the protection engineer designer preference.

C. Performance of the Proposed Characteristic in the
Presence of the Inverter-Based DG
The impact of inverter-based and synchronous-based DG
units on the amount of percentage reduction that can be
achieved using the proposed characteristic is investigated in
this subsection. Four system scenarios were implemented considering to be fixed for all relays (case 2) and variable (case
3). Each system scenario has either inverter-based DG units or a
combination of inverter-based and synchronous-based DG units
connected to the IEEE 30-bus network. The synchronous-based
DG units are rated at 2 MVA with the specifications mentioned
previously. On the other hand, the inverter-based DG units are
rated at 2 MVA and are controlled in the constant current mode.
Thus, they are modeled as ideal current sources injecting 2
p.u. of the DG-rated capacity during fault conditions. Table IX
shows the four system scenarios and the corresponding resulting percentage reduction in total relays operating time
with respect to case 1.
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such as network reconfigurations, maintenance activities, and
isolation of faulted sections [8]. In such occasions, some of the
primary/backup DOCR pairs for specific faults may not be coordinated correctly. According to [8], [9], [13], and [31], proper
coordination can be achieved by modifying the PCO model to
include additional sets of coordination constraints that consider
all network topologies due to single-line outage contingencies
in a system. This will result in optimal DOCR settings that are
different from the optimal DOCR settings achieved under the
assumption of fixed network topology. In addition to the above
concern, the fault current direction might change with changes
in the network topology. This issue was not addressed in previous work focusing on protection coordination. In this paper,
the effect of dynamic changes in the network topology has not
been considered.
VI. CONCLUSION

The resulting percentage reduction in
confirms that regardless of type of DG unit connected to a network, the proposed relay characteristic (case 2 and 3) will achieve significant improvement with respect to the conventional characteristic. Moreover, the amount of percentage reduction is affected
by the type of DG installed.
D. Impact of DG Capacity and Location
Since the synchronous-based DG unit has a more profound
impact on short-circuit current, this subsection analyzes the impact of the synchronous-based DG unit’s capacity and location
on the amount of percentage reduction that can be achieved
using the proposed relay characteristic. Multiple simulations
were performed considering to be fixed for all relays (case2)
and variable (case3). For each simulation, the DG is installed
at a specific location while varying its capacity. For brevity, for
each system, three locations are investigated for DG capacities
of 2 MVA, 5 MVA, and 9 MVA. Table X demonstrates the 18
simulation setups and the corresponding resulting percentage
reduction in total relays operating time with respect to case 1.
From the results, three main observations can be deduced.
First, case 3 achieves a higher percentage reduction in with
respect to case 1 than case 2 in all simulation setups. Second,
it is clear that the amount of percentage reduction depends on
the network (IEEE 14 bus or IEEE 30 bus) to which the new
proposed DOCRs are connected. Finally, it is observed that depending on the location and capacity of DG in the network, the
amount of percentage reduction experiences slight variation in
cases 2 and 3. Although there is no general trend to the amount
of reduction with respect to an increase in DG capacity at a given
location, the proposed relay characteristic always outperforms
the conventional time–current characteristic and, thus, can reduce the overall relay’s operating time for all cases.
It is worth noting that the analysis performed in this paper is
based on a fixed network topology. Power systems may experience changes in the network topology due to various reasons,

This paper proposes a new time–current–voltage relay characteristic that can be utilized by DOCRs in a meshed distribution network in the presence of DG units. The proposed characteristic relies on utilizing the fault voltage magnitude in addition to the current to determine the operating time of DOCRs.
In addition to the commonly used relays settings, a third relay
setting , responsible for tuning the effect of voltage on relay
operating time, was introduced. This setting can either have a
fixed common value for all DOCRs or each DOCR can have
its own optimal
setting value. The protection coordination
problem is formulated and solved considering the conventional
and proposed relay characteristic. The optimal settings attained
by solving the PCO model for cases with either a conventional
or proposed DOCR characteristic ensure proper coordination of
all DCORs under SLG, DLG, LL, and three-phase faults that
might occur at near-end, mid, and far-end locations on each line
of a system. The results show that the utilization of the proposed
time–current–voltage characteristic for each DOCR in a meshed
distribution network can achieve a significant reduction in the
total relay operating time in the absence and presence of synchronous-based and inverter-based DG. The amount of reduction will depend on the system structure, type, number, and capacity as well as the location of DG units. In addition, by setting
each relay with its optimal settings (as opposed to having the
same value of for all relays), further reduction in the overall
relays’ operating time can be achieved.
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