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ABSTRACT As the installed capacity of renewable generation continues to increase nowadays to satisfy
both emissions and economic requirements, the nature of intermittent generation results in a need to
further increase transmission capacity. Dynamic thermal line rating may be used to increase the capacity of
transmission lines without upgrading infrastructure. However, existing transmission line protection devices
may mal-operate due to the increased capacity. So, it is required to evaluate the performance of existing
protection devices. This paper proposes an algorithm that enhances the performance of existing conventional
relays such as distance and overcurrent relays. The proposed algorithm is based on a combination of dynamic
thermal rating, current ratio of negative and positive sequences and voltage criterion to detect faults whether
symmetrical or asymmetrical and unsafe overload. In addition, it aims at restraining the existing relays
during safe overloads. A model of a system under investigation is simulated, with studies performed in a
MATLAB/Simulink environment. The results demonstrate the ability of the proposed scheme to detect all
types of faults and unsafe overload dependably and restrain the conventional relays securely during safe
overloads.

INDEX TERMS Dynamic line rating, ampacity, transmission lines, distance protection, overcurrent
protection, faults, overloads.

I. INTRODUCTION
With the increasing demand of electrical power, power
systems are becoming more complex. Thus, power system
operators are facing many challenges due to that complexity.
Fulfilling this demand requires a large increase of generation
capacity. Consequently, the infrastructure of transmission
system requires high-cost upgrading. Dynamic thermal line
rating (DTLR) is considered one of the alternative solutions to
increase the capacity of existing overhead transmission lines
(TLs). The thermal rating of TL is basically determined for
different seasons based on the worst weather conditions. This
rating is kept constant for the entire season and called as static
line rating (SLR). Unlike SLR, DTLR is based on real-time
measurements of environmental conditions such as ambient
temperature, wind speed and wind direction to update the
rating. Transmission line ratings whether static or dynamic
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are calculated based on the heat balance equation in IEEE
Standards 738 [1]. During favorable weather conditions, the
system operators can use the full benefits of TL by increasing
its capacity according to DTLR calculations. Furthermore,
using DTLR can reduce conductor sag and consequently
prevent early aging of TL owing to increased conductor
temperature.

It is reported that DTLR might increase the ampacity of
TL located in windy areas up to 200% of SLR [2], [3].
Avoiding replacement of other elements in the system, the
increased ampacity may be limited to 25% [4]. However,
there is still significant concern in industry about the ability
to integrate DTLR with overload protection with the existing
conventional relays infrastructure. Thus, the amount of
increased capacity may be seen by TL conventional relays
as fault. So, the performance of existing protection devices
could be affected and could mal-operate due to overloading
from DTLR.
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The most common protection devices with TL are distance
and overcurrent (OC) relays [5], [6]. Usually, OC is used as a
back-up protection for distance relay [6], [7]. Therefore, it is
required to evaluate TL conventional protections with DTLR.
Several studies have been performed on detecting fault con-
ditions such as pilot protection schemes [8]–[10], differen-
tial protection approaches [11], [12], travelling-wave-based
methods [13]–[15], wavelet-based algorithms [16]–[18],
and sequence components algorithms [19]–[22]. These
approaches focused on discrimination between normal and
fault conditions whether internal or external. Moreover,
the overloading conditions have not been investigated and
differentiated from fault conditions.

Studies reported in the literature for TL protection with
DTLR are very limited [23]–[30]. A probabilistic overload
protection scheme has been used in [23] and [24] to detect
unsafe overload conditions based on the probability distribu-
tion of conductor temperature. During overload conditions
between 1.2 – 1.5 of nominal current, the classical relays
failed to detect 48% of unsafe overload cases, while a
probabilistic scheme failed to detect 39% of these cases.
Thus, the probabilistic scheme does not add a significant
improvement and lacks dependability. DTLR algorithm has
been proposed in the UK transmission system to enable
a larger penetration of wind generation [25]–[27]. The
algorithm is used as a back-up protection to the control
system. The protection scheme sends a trip signal to isolate
the wind farm after a time delay when the measured current is
higher than a certain percentage of the permissible ampacity.
However, there are no studies for unsafe overload cases
which evaluate the performance of the protection algorithm.
In [28] and [29], DTLR has been integrated into an existing
operational tripping scheme to enhance its performance
to reduce the unnecessary tripping of generation because
of violating thermal rating of the line. Dynamic thermal
rating has been used in [30] to enhance OC relay to
detect symmetrical fault conditions and unsafe overload, and
restrain the relay during safe overload and power swing.
In [31], the same algorithm used in [30], has been augmented
with distance relay to restrain the relay during overloading
and power swing conditions in Zone 3. Both algorithms
used the fact that the current value during fault conditions
has a high dynamic compared to overloading conditions.
Unlike overloading conditions, the rate of change of the
current during fault conditionswill be larger than a predefined
limit. However, there is no information about detecting
asymmetrical faults despite they are the most common
faults compared to symmetrical faults [32]. In addition,
the performance of the proposed algorithm during fault
conditions, especially at the far-end of Zone 3, has not been
evaluated. Indeed, if the fault condition, whether symmetrical
or asymmetrical, has taken place at the far-end of Zone 3, the
relaymight mal-operate. In this case, the relay will not be able
to differentiate between safe overloading and fault conditions.

In this paper, DTLRwith the aid of current ratio of negative
and positive sequences (I−/I+), and voltage criterion are

augmented with the existing conventional protection devices,
namely distance and overcurrent relays to enhance their
performance during fault and overload conditions. This
paper represents the mathematical equations of DTLR in
Section II and the basic principles of distance protection
and overcurrent relay in Section III. Section IV performs
the proposed methodology of the algorithm. The results of
some fault and overloading cases are discussed in Section V.
Finally, Section VII gives a conclusion on this work.

II. DTLR MATHEMATICAL MODEL
The dynamic rating of the TL is based on the heat-balance
equation from IEEE Standard 738 [1]. The steady-state heat
balance equation is defined as:

I2R(Tc) = qc(Tc)+ qr (Tc)− qs (1)

I =

√
qc(Tc)+ qr (Tc)− qs

R(Tc)
(2)

where qc is the convection cooling due to air movement, qr
is the heat removed by radiation, qs is solar radiation heat
gained from the sun and I2R(Tc) is the joule heating gained by
current flow in the conductor. Tc is the conductor temperature.
The convention cooling is given by three different equa-

tions qcn, qc1 and qc2 for zero wind speed (natural convec-
tion), low wind speed and high wind speed, respectively.

qcn= 3.645ρ0.5f D0.75(Tc − Ta)1.25 (3)

qc1=Kangle

[
1.01+ 1.35

(
DVwρf
µf

)0.52
]
kf (Tc−Ta) (4)

qc2=Kangle

[
0.0119

(
DVwρf
µf

)0.6
]
kf (Tc−Ta) (5)

The convection cooling is chosen based on the largest value
of (3), (4) and (5).

qc = max (qcn, qc1, qc2) (6)

where ρf is air density, D is the conductor outer diameter, Ta
is the ambient temperature, Kangle is the direction factor of
wind, Vw is the wind speed, µf is the dynamic velocity and
kf is the thermal conductivity. The formulas of ρf , Kangle, µf
and kf are given in details in [1].

The heat removed by radiation is calculated as follow:

qr = 0.0178Dε

[(
Tc + 273

100

)4

−

(
Ta + 273

100

)4
]

(7)

where ε is the emissivity.
The heat gained from the sun is defined as follow:

qs = αQSE sin (θ)A′ (8)

where α is the absorptivity of solar, QSE is the total solar and
sky radiated heat flux corrected for elevation, θ is effective
angle of incidence of sun rays and A′ is the projected area of
conductor per unit length.
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TABLE 1. Measured impedance based on fault type.

The dynamic line rating is calculated based on the real-
time measurements of weather conditions and the current.
This requires the transient heat balance formula of IEEE
Standard 738 to be taken into consideration. The transient
formula is defined as:

I2R(Tc)= qc(Tc)+ qr (Tc)+ mCp
dTc
dt
− qs (9)

dTc=
1

mCp

[
I2R (Tc)−qc(Tc)− qr (Tc)+qs

]
dt (10)

where mCp is the heat capacity of the conductor.
At each time step, the change in conductor temperature

(dTc) is calculated using eq. (10) based on the real-time
weather conditions and the actual current in the system. After
that, the conductor temperature (Tc) is determined based
on the change in conductor temperature and the conductor
temperature of the previous step. Then, the maximum
permissible ampacity can be calculated using eq. (2).

III. CONVENTIONAL TL PROTECTION
There are many conventional relays used with TL. Distance
and overcurrent relays are the most widely conventional
relays used in TL protection.

A. DISTANCE PROTECTION
Distance relay is based on the measurement of apparent
impedance using voltage, V , and current, I , phasors at the
relay location. The apparent impedance is calculated as
follow:

ZM =
V
I

(11)

Depending on the fault type, the measured impedance can
vary as illustrated in Table 1 [33]. If the measured impedance
is less than the reach point impedance, the relay declares the
case as fault and sends a trip signal to the circuit breaker
(CB). As the apparent impedance is dependent on the voltage

and current phasors ratio, it may be plotted on an R-X
diagram and can be compared with loci of the protected
zone impedance. The most popular characteristic that can
be used with distance relay is Mho relay. The reach point
impedance depends on the zone that the relay protects. The
relay has a three forward zones, mainly Zone 1, Zone 2,
and Zone 3. It is important to coordinate between the three
zones by using time delays. Zone 1 is set as 80 – 85% of the
impedance of the protected line to overcome over-reaching
problem and it trips instantaneously. Additionally, the setting
of Zone 2 is 120 – 150% of the protected line impedance or
equal to the protected line impedance plus 50% of the shorted
adjacent line [34], [35]. This zone is considered as a back-up
protection for Zone 1. So, a time delay of 0.25 – 0.4 s is
used with Zone 2 [36]. Zone 3 is called a remote back-up for
Zones 1 and 2. Furthermore, the setting of Zone 3 reach point
is 220 – 240% of the protected line impedance. The delay
setting of Zone 3 is 0.6 – 1 s [34]. In this paper, the zones
settings are selected as 80%, 150% and 240% of the protected
line impedance for Zone 1, Zone 2 and Zone 3, respectively.
In addition, the time delay of Zone 2 and Zone 3 are chosen
as 0.4 s and 1 s, respectively.

B. OVERCURRENT PROTECTION
The OC relay operates when the measured current is higher
than a predetermined pick-up value (Is). The pick-up value
of the relay is usually set to 110 – 120% of the nominal
current. So, if the operating current exceeds the setting
of the relay, it will send a trip signal to CB whether the
condition is fault or overload. To use overcurrent protection
as back-up protection, the characteristic of the relay used is
definite-time. If OC sends a trip signal to CB, it waits for a
predefined (delay) time before confirming the case as fault.
In the case of definite-time OC relay, a delay of 3 s or less
is common with a maximum of 10 s [37]. The delay time
is chosen based on the voltage level and is required to be
consistent with the standards. For example, based on practical
experience, a 1.5 s delay is used with voltage level 66 kV, and
2.5 s is used with 220 kV. Thus, the setting of the relay in
this paper is chosen 2 s which is lower than the time that the
transmission line can withstand during the maximum short
circuit current. Additionally, Is is chosen 120%of the nominal
current.

IV. PROPOSED METHODOLOGY
This paper investigates the effect of changing environmental
conditions on transmission line DTR, and the effect of
faults either symmetrical or asymmetrical, and consequently
enhances distance and overcurrent relays performance.

The proposed algorithm consists of three sub-algorithms;
DTLR, current ratio of negative and positive sequences and
voltage criterion to detect faults and unsafe overloading
and restrain the conventional relays during safe overloading.
DTLR algorithm detects unsafe overloading and faults
whether symmetrical or asymmetrical. If DTLR algorithm
fails to detect faults, another criterion is required. As the sym-
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FIGURE 1. Flowchart of the proposed algorithm.

metrical fault and overloading have only positive sequence,
the current ratio of negative and positive sequences is used to
detect asymmetrical faults. Due to the switching of CB, the
negative sequence may have existed for a very limited time.
Consequently, a half cycle delay is added to the sequence ratio
I−/I+ to make sure the case is asymmetrical fault. When this
ratio is higher than threshold (Th1) after waiting half cycle,
asymmetrical fault is assigned. To differentiate between
symmetrical fault and safe overloading, voltage criterion is

used. This criterion uses the fact that the voltage dip during
symmetrical fault conditions is high enough compared to
overloading conditions. Thus, the 60 Hz component of line
voltages is used for this purpose. If the line voltage is lower
than predetermined threshold (Th2) value, the relay declares
the case as symmetrical fault.

The flowchart of the proposed algorithm is shown in
Fig. 1. The first step is acquiring the currents and voltages
from the system using current transformer (CT) and potential
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FIGURE 2. System under study.

TABLE 2. Comparison of proposed and conventional relays during overloading and fault conditions.

transformer (PT). Then, the fundamental components of
currents and voltages are extracted using one cycle discrete
Fourier transform (DFT). The algorithm uses three parallel
paths: conventional distance relay, conventional OC relay
and the proposed algorithm. For distance relay, the measured
apparent impedance is calculated using voltage and current.
If the impedance is lower than Zone 1 setting (Z1), the relay
sends a trip signal instantaneously. Else, if the measured
impedance less than Zone 2 reach setting (Z2), a trip signal
is sent to CB after a delay of 0.4 s. If the condition is not
valid, the relay compares the apparent impedance with Zone 3
setting (Z3). Once the condition of Zone 3 is valid the relay
sends a trip signal after 1 s delay. Otherwise, the condition is
normal. The logic of OC relay is also checked in parallel with
distance relay. If the logic of OC is satisfied, the condition
may be fault or overload. The relay waits 2 s before sending
a trip signal to CB. This means that if the distance protection
failed to detect the fault, the OC relay will trip after its delay

time. Else, a normal condition is confirmed. The decision of
both relays (i.e., OC and distance) is enhanced by the decision
of the proposed algorithm to increase the dependability and
security of the relay.

The first step of the proposed approach is to calculate
dTc and Tc at each time step, and the positive and negative
sequence currents (i.e., I+ and I−). Then, DTLR logic is
checked. If the conductor temperature is higher than the
maximum conductor temperature (Tcmax) or the rate of
change of conductor temperature violates the limit, the relay
sends a trip signal. Therefore, the condition is unsafe overload
and/or fault either symmetrical or asymmetrical. Else, the
condition may be fault and/or overload. Then, the relay
checks the sequence ratio. Once the ratio is higher than
Th1 the relay waits a half cycle and checks the ratio again.
If the ratio logic is valid, asymmetrical fault is confirmed.
Otherwise, the case is symmetrical fault and/or safe overload
and/or normal. After that, the voltage criterion is checked.
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FIGURE 3. Relay behaviour during overload case with favorable weather conditions. (a) DTR ampacity and load current, (b) Mho relay
characteristic, (c) conductor temperature, (d) conductor temperature rate of change, (e) sequence ratio, (f) voltage criterion, and (g) relays
decision.

If the fundamental component of line-to-line voltages at any
bus is lower than Th2 a symmetrical fault is assigned. Else,
the case is safe overload and/or normal condition. So, the
relay is restrained to send a trip signal. For security purpose
of the algorithm, all trip signals sent by the proposed relay is
delayed by half cycle to ensure the trip decision is correct.

As symmetrical fault does not have negative sequence
component, the current ratio of negative and positive
sequences is almost equal to zero. So, the threshold Th1
is chosen as 0.15 which adds 15% margin above zero.
Furthermore, the symmetrical fault is the most severe type,
and it is due to short-circuit between the three phases.

So, the bus line voltage might be dropped down close to
zero value, unlike overload condition. Consequently, after
excessive mathematical analysis of many fault cases Th2 is
chosen 0.2 pu.

V. SIMULATED SYSTEM
Single line diagram of the transmission system used to assess
the proposed algorithm is shown in Fig. 2. It consists of two
sources each with a 138 kV rating. The sources are connected
to three transmission lines of 100 km, 75 km and 100 km
respectively. A load is connected to bus 3. The parameters
of the system are given in the appendix.
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The system is simulated using MATLAB/Simulink soft-
ware. The sampling frequency used is 960 Hz. The current
transformer connected in each phase has 600/5 turns ratio and
the potential transformer is 1200/1.

VI. RESULTS
The performance of real-time DTLR is investigated on a
TL in southern Alberta, Canada. The line with Aluminum
Steel Reinforced Conductor (ASRC) 266.8 Partridge has SLR
of 537 A, calculated at 75 ◦C conductor temperature, 0.6 m/s
wind speed, 90◦ of wind direction and ambient temperature
of 0 ◦C. The nominal parameters used to calculate thermal
rating are given in the appendix. The weather data is taken
from the Environment Canada database at CALGARY INT’L
CS station on 16th of August 2020 [38]. In this work, it is
assumed that the data is updated every 3 minutes. Also,
the maximum overloading conditions are 1.5 of nominal
current. The maximum conductor temperature used in the
analysis of cases is selected as 75 ◦C. The rate of change
of conductor temperature at a load current equal to 1.5 of
nominal current has been mathematically calculated and its
value is 0.2048 ◦C/s. So, a limit of 0.25 ◦C/s is chosen in
this work. This leaves sufficient margin of almost 18% above
overloading limit.

Some case studies describing the results of the proposed
scheme are given in detail while the others are summarized
in Table 2.

A. OVERLOADING AT FAVORABLE WEATHER CONDITIONS
A case of overloading with DTLR during favorable weather
conditions is shown in Fig. 3. The ampacity is increased
between 60% and 90% over SLR as illustrated in Fig. 3a.
So, it is assumed that the system operators increased the load
at 200 s to 1.5 of nominal current as depicted in Fig. 3a.
Consequently, the Mho relay detects this case as fault as seen
in the characteristics demonstrated in Fig. 3b. The conductor
temperature increased but it is still lower than Tcmax as shown
in Fig. 3c. The rate of change in conductor temperature is
less than the limit, Fig. 3d. Then, the algorithm checks the
sequence ratio as depicted in Fig. 3e. It can be seen the ratio
has one spike less than Th1 due to CB switching. After that,
the 60 Hz component of line voltage at all buses is checked as
seen in Fig. 3f. It can be seen the voltages values are higher
than 0.2 indicating that the case is normal operation. The
distance and overcurrent relays detected this case as fault,
but the combined relay avoids mal-operation of conventional
relays and restrained them to trip the CB as observed
from Fig. 3g.

B. OVERLOADING AT LESS FAVORABLE
WEATHER CONDITIONS
During less favorable weather conditions, if the load
increased the temperature of the conductor may violate the
maximum temperature limit. This condition is tested as
depicted in Fig. 4. The permissible ampacity is decreased
compared to previous case as seen in Fig. 4a. So, the line can

FIGURE 4. Relay performance during overload case with less favorable
weather conditions. (a) DTR ampacity and load current, (b) conductor
temperature, (c) conductor temperature rate of change, and (d) relays
decision.

handle the overload for a limited time before the temperature
increased over the limit, Fig. 4b. Thus, DTLR algorithm sends
a trip signal at 415.36 s as illustrated in Fig. 4d. In this case,
system operators may have a choice to decrease the load from
1.5 to 1.2 of nominal current without violating the limits.

C. THREE-PHASE FAULT AT ZONE 3
To evaluate the algorithm for symmetrical faults, a three-
phase to ground fault at 60 km of the third TL has occurred
at 200 s, Fig. 5. The rms current is illustrated in Fig. 5a.
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FIGURE 5. Relay behaviour during ABCG fault at 60 km of Line #3 (a) fault current, (b) Mho relay characteristic, (c) conductor temperature,
(d) conductor temperature rate of change, (e) sequence ratio, (f) voltage criterion, and (g) relays decision.

Additionally, the Mho relay successfully detected the fault as
obvious from Fig. 5b. It can be seen from Figs. 5c and 5d the
DTLR failed to detect this fault as the conductor temperature
and the rate of change in temperature are less than the limits.
Then, the algorithm checks the sequence ratio criterion as
depicted in Fig. 5e. The ratio has a spike due to CB switching
whose duration is less than half cycle and consequently
does not give a trip signal, Fig. 5g. In addition, the third
bus voltage is lower than 0.2 as seen in Fig. 5f. Thus,
the relay sends a trip signal at 201.013 s based on the
decision from voltage criterion and distance relay as shown
in Fig. 5g.

D. SLG FAULT AT ZONE 3
A phase ‘C’ to ground fault takes place on 20 km of the third
line at 200 s as seen in Fig. 6. Mho relay detects the fault
in Zone 3 as depicted in Fig. 6b. Moreover, the conductor
temperature is lower than its maximum limit as illustrated
in Fig. 6c. Furthermore, the rate of change in conductor
temperature is less than the limit, Fig. 6d. This means that the
DTLR criterion failed to detect this fault. Consequently, the
algorithm checked the sequence ratio and confirmed that
the ratio is higher than 0.15 as shown in Fig. 6e. Therefore, the
relay sent a trip signal at 201.019 s based on the action from
Mho and sequence ratio criterion as demonstrated in Fig. 6f.
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FIGURE 6. Relay performance during CG fault at 20 km of Line #3 (a) fault current, (b) Mho relay characteristic, (c) conductor temperature,
(d) conductor temperature rate of change, (e) sequence ratio, and (f) relays decision.

E. OTHER STUDIES
To evaluate the performance of the proposed algorithm,
many fault cases and some of overloading have been
investigated at different switching angle, 0◦ (i.e., 250 s)
and 90◦ (i.e., 250.004166 s) of phase ‘A’ voltage. The
results are summarized in Table 2. It can be seen from
Table 2 that the conventional relays mal-operated and sent
a trip signal during overloading cases whether the weather
conditions were favorable or less favorable. In addition, the
proposed algorithm successfully detected the overload as a
fault condition after the conductor temperature violated the
limit with less favorable weather conditions. This means that
the system operators can use the full benefits from the TL
unless the thresholds and limits that used in the proposed
algorithm are not violated. During fault conditions, if DTLR
algorithm is used alone, it may not detect the fault conditions
that are far from the relay location, namely Zone 2 or Zone 3.
Unlike using DTLR algorithm alone, the proposed algorithm
successfully detected all types of faults within one and quarter
cycle after the standard delays used.

VII. CONCLUSION
The increase integration of renewable generation to power
grids leads to utilizing of dynamic thermal rating to satisfy
these generation without changing the infrastructure of
existing transmission lines. Consequently, increasing of load
affects the performance of existing conventional relays and
it is difficult to differentiate between fault and overload
conditions. To the best of our knowledge, this work is the
first proposal of an enhanced algorithm augmented with
conventional relays in the presence of DTLR to detect all fault
conditions whether they are symmetrical or asymmetrical and
unsafe overload, and restrain the CB during safe overload.
The proposed algorithm is based on three sub-algorithms:
DTLR, current ratio of negative and positive sequences, and
voltage criterion. DTLR is used to detect unsafe overloading
and all types of faults either symmetrical or asymmetrical.
Furthermore, asymmetrical faults have been detected using
the current ratio of sequences. In addition, the voltage
criterion is used to discriminate symmetrical faults from safe
overloading.
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Many overloading and fault cases have been investigated
in this paper. The results at hand show that the proposed
scheme can successfully differentiate between faults, unsafe
and safe overloading. All fault conditions are detected within
cycle and quarter plus the delays used in the settings. It is
evidenced that the proposed algorithm is reliable and efficient
in detecting the faults and restraining the CB during safe
overloading resulting from dynamic thermal rating. The
algorithm is simple to implement and is proposed to be tested
on a physical transmission line as the next step.

APPENDIX
TABLE 3. Simulated power system parameters.

TABLE 4. Nominal parameters used to calculate thermal rating.
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