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ABSTRACT The increased integrations of intermittent renewable energy sources into power systems
cause more power grid congestions and therefore system operators need more advanced control to relieve
this pressure. The dynamic thermal rating (DTR) system is able to increase the thermal constraint and
subsequently maximum loading of existing lines. This dynamic rating is achieved through real-time consid-
erations of weather data and it is usually much higher than the traditional static thermal rating system. The
operational tripping scheme (OTS), a variant of the wider system integrity protection scheme, also relieves
line congestions but it does this by tripping pre-selected generators and this have the unwanted consequence
of reducing power adequacy. This paper proposes the novel integration of DTR and OTS, while considering
the inherent uncertainties of their sensors based on fuzzy numbers, to avoid unnecessary generation tripping
due to conservative line ratings. This novel Fuzzy-DTR-OTS delays the tripping of generations, enhances
the adequacy of power supply, improves system security and avoids high risk cascading black out inducing
events.

INDEX TERMS Dynamic thermal rating, SIPS, conductor temperature, wide area monitoring.

NOMENCLATURE FUZZY NUMBER
CONSTANTS A% a-cut of fuzzy number A
mcp Conductor heat capacity (J/m - °C) AY,AS  Lower and upper limits of fuzzy number A
of Density of air (kg/m?) ua(x)  Membership function of fuzzy number A
H, Conductor elevation above sea level (m)
D Conductor diameter (m) MEASURED VARIABLES
& Emissivity of conductor (0.23 to 0.91) I (crisp value) Line current (A)
Lat Degrees of latitude in degrees I; (crisp value) Initial line current (A)
7 Azimuth of line in degrees Iy (crisp value) Final line current (A)
" Solar absorptivity (0.23 to 0.91) Vi VE =V, V%] Wind speed (m/s)
Ar Projected area of conductor to the sun (m2 / m) T, TY = [T;‘l, ng] Ambient air temperature (°C)
8 Solar declination in degrees (0° to 90°) 0 % = [ o, (03] Wind angle in degrees
Ty, T  Maximum and minimum conductor @ ¢ .
. w: 0” = [0}, o] Solar hour angle in degrees
temperature (°C)
R (Ty), AC conductor resistance at Ty, and Ty,
R(Ty)  respectively (§2/m) CALCULATED VARIABLES
C Solar azimuth constant in degrees ;lem _ ;’Zf’"l ) Average of conductor and ambient

film2
temperature (°C)
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Dynamic air viscosity (Pa - s)

kY — [kj?‘l, k]‘}z] Thermal conductivity of
air (W/m - °C)
k® .,
angle |: k‘fx”glel :| Wind director factor
angle2

%, 0%] Convection heat loss (W/m?)

* =104, 0%] Radiation heat loss (W/m?)
HY = [ o H o ] Altitude of sun in degrees
103
S = |: sel” :| Radiation heat gain at elevation
se2

corrected (W/m?)

q* = [q?‘l, q?‘z] Heat gain rate from sun (W/m)

Z¥ = [Zg‘l, VA ] Azimuth of sun in degrees

x®=[x¥ x5] Solar azimuth variable

0% = [0, 65] Incidence sun angle in degrees

Q"‘ =[0%.0%] Radiation heat gain (W/m?)
[ o ] Conductor temperature (°C)
[ ] Initial conductor temperature (°C)

Tf = [ ] Final conductor temperature (°C)

TC - T 52 TC"‘SN Conductor temperatures at

span1,2,...,N (°C)
I. INTRODUCTION
The growing demand of electricity and awareness for cutting
CO2 emissions to curb global temperature rise has drastically
increased the integrations of intermittent renewable energy
sources such as wind [1]-[4] and solar [5]-[8], energy storage
systems to support renewables [9]-[11], demand response
to actively manage load profiles [12]-[17], electric vehicles,
FACTS devices for voltage and reactive power regulations
and HVDC transmission corridors for long distance power
transfer. Due to this, the operation limits of power grids have
been pushed further than ever before. Consequently, modern
power systems have become more complex and challenging
to operate, which is due to higher number of faults on trans-
mission networks, operations that are closer to security limits,
and higher emphasis of reliability, economic and environmen-
tal factors that are all difficult to optimize together [18].

In view of these challenges and uncertainties, there is
a need for effective plans that can restore grid integrity
to normal conditions as fast and as closely as possible
with reasonable cost during contingencies, and the system
integrity protection scheme (SIPS) fits this set of criteria [19].
Conventionally, power protection systems are designed to
detect, mitigate and isolate faults of power system compo-
nents by comparing certain conditions, i.e., overcurrent and
voltage, against specific thresholds, which are determined
based on conservative assumptions of operating conditions.
Despite being a reliable protection scheme, this conventional
method suppresses the actual capacity of grids and does not
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take advantage of recent advancement in information and
communication technologies that have enable wide area mon-
itoring (WAM), causing a lapse in informed decision mak-
ing [20]-[22]. Instead of triggering protection systems based
on fixed thresholds, SIPS dynamically adjusts the thresholds
in real-time according to critical grid conditions that are mon-
itored through various sensors. Under SIPS, the efficiency
and security of various power protection schemes, i.e., gener-
ation rejection, overload mitigation and etc., are now highly
reliable and has been accepted worldwide [23]. In the Saudi
Arabia (SA) national grid, a variant of SIPS, the Operational
Tripping Scheme (OTS), was installed in a special pilot zone
of the grid to study the efficacy of OTS in tripping power
generations after the loss of transmission lines to protect
against line overloading and cascading outages [24].

Given that line overloading is determined based on con-
ductor temperatures (proportional to line rating) [25], and that
the dynamic thermal rating (DTR) system of overhead trans-
mission lines can provide actual calculations of conductor
temperatures based on the IEEE 738 standard [26], the inte-
gration of DTR and OTS, known as DTR-OTS, are examined
in detailed in this paper. Unlike the static thermal rating (STR)
system which applies a set of very conservative weather
assumptions onto the calculation of line ratings/temperatures,
the DTR system uses real-time weather conditions. As studies
have shown that actual weather conditions are most of the
time overwhelmingly more desirable than the assumptions
made in the STR system, the approach of the DTR system
provides huge potential rating upsides [27]—-[30].

Therefore, the key benefit of deploying the DTR-OTS
system is an improved understanding of conductor temper-
atures, and this new found information can be capitalized to
optimally trip generations at the right time, to maximize line
loadings and power deliveries, and to provide greater situa-
tional awareness to system operators [31]. Similar benefit on
the protection of switchgear and transformer has also been
demonstrated before [32]. Through the DTR, the OTS can
accurately identify whether thermal overloads will happen
after the occurrence of contingencies, i.e., line losses, and
exactly when conductor thermal limit will be exceeded in the
future if overloading takes place, without resorting to assump-
tions. Compared to the STR based OTS (STR-OTS), which
at best can only assume that thermal overload will happen at
some unknown time in the future, the situational awareness
provided by the DTR-OTS offers significant values. Knowing
the time of exceedance of conductor temperature enables
system operators to replace costly and intrusive generation
tripping with optimal power re-dispatch that may delay power
tripping or avoid it altogether.

At the same time, a great deal of uncertainty exists in the
measurements of weather data used for DTR calculations,
which could stem from inherent measurement errors, insuf-
ficient sampling points along transmission lines, and unpre-
dictable changes of weather conditions. Therefore, in order to
achieve realistic DTR calculations, these uncertainties should
be considered. Although probabilistic technique is often used
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to model uncertainties, it requires specific probability distri-
butions (and their parameters) to be assigned to the uncertain
parameters, and this is only possible with sufficient histori-
cal records to form a reliable statistical inference, which is
not always available [33]. Instead, the fuzzy set has been
identified to be more appropriate in modeling uncertainty of
weather data [34], [35]. Moreover, fuzzy reasoning has also
been successfully used to optimally control transmission line
overloading [36], and fuzzy based control system has also
been proposed to calculate line ratings [37]. Due to the above,
the fuzzy model is also proposed for DTR calculations in
the earlier proposed DTR-OTS system to accommodate the
uncertainties associated with weather data.

The two novelties of this paper is as follows: (1) the inte-
gration of DTR and OTS, known as DTR-OTS, to optimize
the timing of generation tripping. The DTR system is better
than the STR system in the sense that higher line capacity can
be achieved, allowing higher loading and delay OTS tripping.
Moreover, the time-delay response of conductor temperature
allows more time for tripping action to be taken instead of
instantaneous. (2) the used of fuzzy set in DTR calculations,
known as Fuzzy-DTR-OTS (FDTR-OTS), to accommodate
weather data uncertainty, which is performed for the first time
in OTS modeling.

The general principles of OTS and descriptions of SA
national grid OTS are presented in section II. In section III,
the theory of DTR and the model of DTR-OTS are pre-
sented. In section IV, the basic of fuzzy numbers and DTR
calculation model considering fuzzy sets are presented. The
performance results of DTR- and FDTR-OTS are presented
in section V and VI, respectively, followed by discussions of
the results in section VII. Finally, the paper is concluded
in section VIII.

Il. OPERATIONAL TRIPPING SCHEME

Conventionally, the OTS operates based on a set of
pre- and post-fault states of power systems that have been
pre-determined, together with a set of corrective actions to
eliminate faults and return grids to stable conditions. The spe-
cific OTS considered in this paper is the generation rejection
scheme (GRS), which trips generators after transmission line
outages to prevent further unwanted cascading line outages,
and this is possible as the tripping of specific generations
would avoid sequential overloading on remaining lines, and
instability altogether, and return grids to a secure operational
state [23]. The GRS works by monitoring a set of trans-
mission line circuit breakers, and it is only triggered to trip
pre-defined generators when a certain combination of circuit
breakers are opened (disconnected). As the operations of this
GRS is fixed and respond based on the developments of
events, it is also classified as the event-based OTS.

The advent of WAM system technology enables the
deployments of synchronized measurement sensors, and
this presents an unparalleled opportunity to improve mon-
itoring and situational awareness of grid operations. With
this, the event-based OTS that does not discriminate fault
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severity and may trigger excessively due to conservative and
worst case assumptions of parameters, which is exactly the
STR-OTS, can now operate more precisely in real-time and
migrate to more targeted operations, such as the DTR-OTS,
as proposed in this paper. Therefore, the benefits of capitaliz-
ing on the thermal security data of the protected transmission
lines by DTR-OTS is demonstrated in this paper.

A. OTS OF THE SAUDI ARABIA NATIONAL

GRID PILOT ZONE

An existing GRS variant of the OTS that is used in the SA
national grid is selected to exemplify and highlight the ben-
efits of DTR-OTS. The pilot zone of the grid, at which the
conventional STR-OTS is deployed is a group of seven 400kV
substations, as shown in Fig. 1. Notice that the values of gen-
eration capacity and load demand shown in the figure are all
maximum values. The connections outside of this pilot zone
have been omitted from the figure as only power flows and
statuses of line circuit breakers inside this zone are monitored
by the OTS.

700 MW |
B1
| L4
-l e
[Sa L3 L5
B2 B3 B4
C Y LT
3 L11 3 1\2“‘,‘, L2 = MS:V
BS | B6 | | B7 |
y
333 MW 84 MW 84 MW

FIGURE 1. Pilot zone of Saudi Arabia national grid where OTS is deployed
and studied.

The STR-OTS monitors all lines in the pilot zone, and
a pre-defined level of generations will be tripped if spe-
cific combinations of these monitored lines are discon-
nected. Therefore, the tripping action is pre-determined based
on sequential developments of pre-selected contingencies.
In other words, the operation of STR-OTS is fixed based on
a set of chronological events. The purpose of the generation
tripping is to reduce the distribution of load currents on the
remaining un-faulted lines after the disconnections of faulted
lines, so that the risk of cascade overloading on the remaining
lines is reduced.

The presented OTS is designed to trip generation supply at
bus B1 as only this bus hosts generators in the pilot zone.
In the conventional STR-OTS, the statuses of line circuit
breakers are the only inputs of the OTS, which will be
analyzed and used to generate a trip-signal whenever three
lines within the pilot zone are disconnected. This standard
of operation is the N-2 criteria, whereby the grid is designed
to continue to function normally even under two simulta-
neous contingencies. However, three or more simultaneous
contingencies may cause problems in the grid. In order to
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avoid erroneous tripping responses due to transient and sub-
transient events, the trip signal will only take effects after an
intentional delay of 0.1 s, which is reasonably longer than
both of the transients.

A network of phasor measurement units (PMUs) and
weather sensors are also available in the pilot zone, which can
be used to obtain various power system and weather measure-
ments, i.e., real-time line current flows, the statuses of line
circuit breakers and environmental data, that are required for
the implementation of DTR-OTS as part of the grid modern-
ization efforts. The PMU is a state-of-the-art power system
device that can digitally sample measurements of voltage
and current phasors with very precise time tagging that are
useful for synchronizations in a network of PMUs [38]. The
role of this special zone is to create a test bed for studying
and justifying the rollout of wide area PMUs in the SA grid
to form an energy management system for various PMU
enabled applications [39]. To simplify the studies presented
here for the DTR-OTS, it is considered that sufficient PMUs
are installed in the pilot zone to monitor the statuses and
currents of all transmission lines.

B. PERFORMANCE OF THE STR-OTS IN SA

NATIONAL GRID

Based on the existing STR-OTS system in Fig. 1, its per-
formance is analyzed and demonstrated here. During test,
it is considered that all transmission lines are monitored,
but only the following four critical lines, which carry the
heaviest loading under normal condition (no contingency),
are presented:

1. L1 & L2: 66.77 MW under normal condition
2. L6: 117.78 MW under normal condition
3. L8:70.5 MW under normal condition

Case 1: Grid losses L3, L4 and L7 with the STR-OTS
disabled.

In this case, the grid is rated based on the STR system and
the lines 1.3, L4 and L7 are tripped at 400 s, 410 s, and 420 s,
respectively, due to faults. The STR-OTS is disabled and there
is no generation tripping to ease the additional loading burden
that is transferred onto the remaining un-faulted lines when
the three faulted lines are disconnected. The chronology of
line loadings on L1 & L2, L6 and L8 is shown in Fig. 2.

The results show that after the loss of three transmission
lines, L6 exceeds 100% of its STR, and it is vulnerable to
tripping due to high fault current, which risks overloading the
remaining lines and eventually the grid is open to cascading
outages. Therefore, corrective actions that are afforded by the
OTS system is important to ensure that the grid is returned to
normal stable conditions.

The case study above indicates that the pilot zone is vul-
nerable to cascading failures when three transmission lines
are lost if there was no adequate protection system. Ensuring
grid security due to severe contingencies, caused either by
line failures, maintenance activities or a combination of both,
is the role played by OTS and, in general, by other SIPS.
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FIGURE 2. Percentage current loadings on L1&L2, L6 and L8 for Case 1.

Case 2: Grid losses L3, L4 and L7 with the STR-OTS
enabled.

Case 2 is similar to Case 1, except that the STR-OTS is
now enabled. Upon the tripping of the third transmission line
L7 at 420 s, the OTS is triggered after 0.1 s delay to trip
power generation at bus B1 by 30%, and this corrective action
returns the loading of all critical lines to values below 100%
of their STRs, as shown in Fig. 3.
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FIGURE 3. Percentage current loadings on L1&L2, L6 and L8 for Case 2.
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FIGURE 4. Enlarged version of Fig. 3 between 419.9 s and 420.2 s.

The illustration of the moment when the STR-OTS is
triggered is enlarged and shown in Fig. 4, which shows that
at 420 s, the STR-OTS is armed and ready to be triggered
after L6 exceeds 100% of its STR due to the loss of three
transmission lines, but is only triggered after 0.1 s delay to
avoid erroneous respond, as mentioned earlier. The genera-
tion tripping at 420.1 s reduces loadings of all critical lines,

83631



IEEE Access

M. K. Metwaly, J. Teh: Fuzzy DTR System-Based SIPS for Enhancing Transmission Line Security

1 EE——
9 ]
) ]
P 2
) en - ~Q
g |- ~ =
= [;
= :

0 L I

400 405 410 415 420 425
Time (s)

FIGURE 5. Fault detection and triggering logics of Case 2.

and this successfully avoids the violation of static thermal
limits, eliminates the risk of grid cascading outages and
subsequently avoids system collapse. The line fault detection
and STR-OTS triggering signals are also plotted, as shown
in Fig. 5.

The STR-OTS is a simple operation, reliable, respond
quickly, eliminates the risk of cascading outages and even-
tually grid collapse. Despite this, its deployment is still ques-
tionable. The reason is the lines rated with STRs are most
likely still far from exceeding their maximum thermal capac-
ity due to conservative weather assumptions in line rating
calculations. Therefore, there is a high chance that STR-OTS
causes an unnecessary number of tripping, which is costly and
can create disturbances, such as complicating other systems
that are otherwise stable.

At the time when the STR-OTS is triggered, actual line
thermal capacities based on real-time weather conditions,
as calculated by the DTR system, are most likely greater than
the STR. Thus, under the DTR operation, the triggering of
the OTS would have been avoided or delayed to a later time
and, hence, lesser interruptions of power generations. With
the advent of advanced and cost effective PMUs for WAM
application, it is possible to implement the DTR- instead of
the STR-OTS to avoid unnecessary tripping actions.

lll. DTR-OTS

This paper proposes the integration of DTR system and
OTS to form a novel DTR-OTS, which is possible due
to WAM afforded by the deployment of PMUs. Exist-
ing PMUs and weather sensors along transmission lines
in the pilot zone collect and stream data to a centralized
monitoring and control unit, where DTRs are calculated
and then line ratings are assigned. The uncertainty in the
collection of these data are considered and, due to this,
a study on the fuzzy version of the DTR-OTS, which is the
FDTR-OTS, is also performed in this paper and is described
in section IV.

A. DYNAMIC THERMAL RATING SYSTEM THEORY
The steady state DTR values of overhead lines, based on the
IEEE 738 standard, is calculated as the following:

Oc (Te, Ty, Vi, @) + Qr (Te, Ta) = Qs(w) + I*R(T,), (1)

83632

where Q. is the convection heat loss, Q, is the radiation
heat loss, Qg is the radiation heat gain and / 2R (T,) is the
joule heat gain due to current flow, /, where its maximum
permissible value is the line rating. Each of this heat element
is further calculated as a function of various weather data,
which are wind speed, V,,, incident wind angle with respect
to the line, ¢, ambient temperature, T,, solar angle, w, and
two conductor properties: conductor temperature, 7., and
conductor resistance, R, whose value is dependent on 7.

The calculation of (1) depends on 14 inputs. Among them,
the weather data vary frequently and may be subjected to sam-
pling error due to inherent uncertainties of weather sensors.
Although the remaining inputs, such as conductor properties,
are fixed, the uncertainty of the weather data causes a chain
of modifications in the execution of (1), which requires the
implementation of fuzzy theory, and this is described in
section IV.

Real-time variations of weather conditions, or changes in
grid electrical properties, can cause instantaneous fluctua-
tions of line rating values. However, the transition between
values of conductor temperature is not instantaneous and
instead undergo a delayed respond, as shown in Fig. 6.

Final current

Initial current Final temperature

Initial temperature

Line current and temperature

Time

FIGURE 6. Step changes of line current and temperature.

The figure shows that when the line loading value under-
goes a step increase due to the disconnections of faulted lines,
the ensuing increment of joule heating breaks the existing
conductor steady state heat balance condition and, as a result,
the conductor temperature rises steadily before reaches a
new final equilibrium value. The rate at which the temper-
ature changes depends on several factors such as initial and
final line loadings and conductor temperatures and weather
conditions. In short, Fig. 6 demonstrates a transient thermal
response and, it is modeled as the following:

dT, 1 2
=—[rR@P+0,-0-0].  ©
dt mey
where mc,, is the total heat capacity of the conductor and ¢ is
time in second to show how long the transient response take
place.

The time needed for the transient respond of conductor
temperatures is the opportunity window capitalized by the
DTR-OTS to delay the trigger of OTS and to avoid unnec-
essary tripping action, which eventually improves the timing
of the OTS trigger. Therefore, it is imperative that ¢ is solved
and this can be done using numerical integration methods,
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but finding a suitable elementary and antiderivative function
is challenging. Instead of exact computation, a numerical
approximation of the antiderivative is performed in this paper,
and this is essentially the linearization of the non-steady-state
heat balance equation given in (2).

According to [40], a method of approximating radiation
cooling, Q,, as a linear function of temperature was pro-
posed. In doing so, and after considering a step change in
electrical current, the transient thermal response is given as
the following:

Te () =Ti+ (Ty = T1) (1 - ¢'/7), 3)
such that,
(1} — 1) me,

R (Tavg) X (1}% - 1,.2)’

where T; is the initial steady-state conductor temperature
before the step increase of electrical current, /; and, Ty is
the final steady-state conductor temperature after the step
increase of electrical current, Ir. Ty is the average conductor
temperature, (Ti + Tf) /2, which the conductor resistance is
based on.

Based on (3) and (4), conductor temperatures at each time
step can be determined and the exact time needed to reach a
particular temperature is known.

“

T =

Real-time
weather data

Real-time
line loading

v v

Real-time temperature
calculation

Maximum
conductor

T~
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I
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: defuzzification l

A\ 4

/ Temperature comparison /

T.(t) > ITC (max)

|
T,(t) > 90% - T (max)

Generate ! Time delay 0.1's /
alarm signal
Trip
Alarm signal

FIGURE 7. DTR- and FDTR-OTS architectures.

B. DTR-OTS ARCHITECTURE

The proposed DTR-OTS architecture is shown in Fig. 7,
which shows that there is a real-time line loading block
that collects actual current loading of transmission lines
and, a real-time weather data block that collects real-time
weather data. The variations of weather conditions along each
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transmission line are considered and hot spots of lines are
duly identified, as it was found that weather data varies
significantly along all the considered lines. Due to this,
the minimum rating among all spans of a line determine the
DTR of the entire line. The weather and line loading data of
hot spots is used to solved (3) in the real-time temperature
calculation block, which its output is the real-time conductor
temperature, T, (¢), and it is compared with the maximum
permissible conductor temperature, 7, (max), in the temper-
ature comparison logic block. A tripping signal is generated
after the 0.1 s delay whenever the limit of the permissible
conductor temperature is exceeded, i.e., T, (¢) > T, (max).

Using the temperature comparison logic block, the
DTR-OTS constantly determines whether the monitored
transmission lines are overloaded and adaptively adjusts its
tripping decisions. Prior to reaching the maximum conductor
temperature, the DTR-OTS issues an alarm to provide warn-
ing to utilities that the existing current loading will heat the
lines up to their maximum permissible conductor temperature
and, eventually, exceeds the maximum temperature if no
remedial action was taken. In this paper, the alarm signal
is triggered whenever conductors are heated above 90% of
their maximum designed temperature. This ensures utilities
know that conductor temperatures are approaching levels that
are dangerously close to their maximum values and, this is
crucial as further undesirable changes in weather conditions
can cause the lines to be very vulnerable to overloading. This
alarm feature is only to enhance situational awareness on the
operational risk of transmission lines, rather than to provide
an automatic response, but it enables informed decision mak-
ing to be taken to pre-empt problems and not responding only
after faults have occurred.

The data mentioned above is collected through high accu-
racy PMUs and weather sensors available in the pilot zone.
The main motivation of implementing the DTR-OTS is so
that the triggering of protection system (generating tripping)
is delayed and, the confidence for doing so stems from the
synchronized nature of PMU measurements and precise time
tagging that is available on each data sampled from across
a wide area. These time tags reduce the uncertainty of the
available time that the OTS can afford to delay before line
thermal overloads occur and, no assumptions would have to
be made on the relative time difference between each data.
Moreover, the standardization of the PMU data under the
IEEE C37.118.2 standard [41] is far simpler and organized
than many existing non-uniform proprietary formats used for
data exchange.

IV. FDTR-OTS

The proposed DTR-OTS in section IIT assumes that there is
no error in sensors used for data sampling and, according to
fuzzy theory, the ensuing calculations are crisp values. On the
contrary, when uncertainties are considered, analyses in the
form of ranges of values are obtained, which are known as
fuzzy numbers. In this section, the theory of fuzzy DTR is
incorporated into the proposed DTR-OTS to form the fuzzy
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based version, known as the FDTR-OTS, as shown in Fig. 7.
Despite the addition of the new fuzzy theory, all the models
presented in section II and III are still applicable. The imple-
mentations of (1) to (4) still remain the same except that the
steady state final and initial temperatures are now determined
based on fuzzy numbers.

A. BASICS OF FUZZY NUMBERS

One of the most important issues associated with fuzzy anal-
yses is the computational efficiency, which can be achieved
by composing membership functions into interval calcula-
tions [42]. The composition of each fuzzy interval is referred
to as the a-cut and it is applied on fuzzy calculations to
compute final results associated with the a-cut. Given a fuzzy
number A, the a-cut of this fuzzy number is described as the
following:

Va € [0, 1]: A% = {x|ua(x) > a}
= [A?’Ag] = [ ?nin’A%ax] ’ (%)
where 114 (x) is the membership function of fuzzy number A.
In order to utilize the fuzzy results practically, they are
converted into crisp numbers through a variety of ‘““defuzzifi-
cation” processes, such as magnitude [43], distance [44], cen-
troid point (used in this paper) [45], and expected value [46].
The centroid point model is shown as the following:
a
a12 X - pa(x)dx
a
Sl naryd
where a; and a; are the limits of x for all non-zero member-
ship grade of fuzzy number A.

() = (6)

B. FUZZY DTR CALCULATIONS

The transmission line heat balance equation in (1) has various
input weather data, whose uncertainties are modeled by fuzzy
numbers. Therefore, the calculations of fuzzy conductor tem-
peratures are initiated by the fuzzification of these inputs.
Weather data such as wind speed, V,,, wind angle, ¢, ambient
temperature, 7, and solar hour angle, w, are all uncertain
due to variations of time periods, and inaccuracies of their
measurement devices. Hence, all these inputs are modeled by
fuzzy numbers and their membership functions are wr,(7y),
1y, (Vi) (@) and ue,(w), respectively. The fuzzification of
these inputs changes (1) and equations embedded in), which
are all described here:

1) FUZZY MODEL OF AIR DENSITY, of
The shape of fuzzy membership function is not affected by
the sum and multiplication of crisp numbers. Therefore:

TH+TH TS +TZ
1 1 2 2
Tf?[lm = [Tf?[lmh Tf?lmZ] = |: . ) =, = > £ i| , (D

where T, is fuzzy. Then, the fuzzy air density, ,o}?‘, is as follow:

o o o H H
Pr = [Pfly /sz:l = a0 o ’
f 1+0.003677,,," 1+ 0.00367T¢, |
®)
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such that,
H =1.293—1.525 x 10"*H, 4+ 6.379 x 107 °H>. (9)

2) FUZZY MODEL OF AIR DYNAMIC VISCOSITY, g

The mathematical operation of positive power only increases
function values monotonically and can be directly applied
onto the membership function of Y}‘j‘lm Therefore, the fuzzy
air dynamic viscosity, ,u}", is as follow:

1.5
1458 x 107 (T8, +273)

TG + 3834 ’
' 1.5

1458 x 107 (Tg,,, +273)
Tg +383.4

u = [ ] =

(10)

3) FUZZY MODEL OF AIR THERMAL CONDUCTIVITY, kﬁ‘

As mentioned earlier, the positive power is directly applied
onto Tjg‘lm. Therefore, the fuzzy air thermal conductivity, k}",
is as follow:

2
x1 + x2Tfiim — x3 (Tf(ixlmZ) ,

2 )
x1 + x2Tfiim — X3 (Tf‘;llml)

where x; = 0.02424, x, = 7.477 x 107> and x3 =
4.407 x 1079,

ke = [k;?‘l, k;‘z] = (11)

4) FUZZY MODEL OF WIND DIRECTION FACTOR, k¢

angle

The fuzzy wind direction factor, k% . is as follow:

> Mangle’

o
angle

= I:kc(zxnglel’ kgngleZ:I
y1 + y2cos (2¢%) + y3 sin (2¢%) — cos(¢9),

= , , (12
y1 +y2c0s (2¢5) + y3 sin (2¢5) — cos(¢})

where y; = 1.194, y, = 0.194 and y3 = 0.368.

Notice that 0° < ¢ < 90°, and when the crisp value
of kangle is calculated by ignoring fuzzy operation, that is
applying only either 0° (minimum) or 90° (maximum) in
(12), the range 0.388 < kungle < 1 is obtained. However,
when the fuzzy trigonometry as shown in (12) is reinstated,
the range 0 < kgugie < 1.39 is obtained instead and this
lies outside of the crisp acceptable range. To overcome this,
the range of k;, ol is always truncated to the crisp acceptable
range only. For example, when 30° < ¢ < 60° with
triangular membership function, the crisp kg values are
calculated to be in between 0.74 and 0.92, which are the possi-
ble minimum and maximum values of k.. However, when
fuzzy mathematics as shown in (12) are applied, the range
of Kangle is in between 0.55 and 1.11 instead. As the range
based on fuzzy numbers is larger than the range based on
crisp numbers, the resultant fuzzy k7, gl is truncated to within
the crisp acceptable range only, as shown by the bold lines
in Fig. 8.
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FIGURE 8. Range of fuzzy numbers is truncated to within the crisp
acceptable range.

5) FUZZY MODEL OF CONVECTION HEAT LOSS RATE, Q¢
The fuzzy convection heat loss rate, 0%, is as follow:

Q? — [le’ Q‘Z-[Z] — |:rnax (q(c)'[Hl’ q?Ll’ qul) ’ :| , (13)

max (‘I?m’ dor2s ‘lch)

such that,
(1.01 +0.0372 (19)"%) - v

[ (1.01+0.0372(39)"%) - ¢

doy = [qul’ quZ

’

(14)
o (0.0119 (1)) - 1, |
deL = [chl’ chZ 0.6 ’ (15)
0 0119 (35)"°) - y£
doy = [qavl ‘lch
0.5 7]
| 002050075 (o) (18— 7%) ", o
- 0.5 125 |’
0.0205D073 () (TS — 73) |
where,
a _ o ja] _ PV P55 Vi
A —[Mz]—[D i D ] (17)
ke e k&) - (T4 —TS)
o o . a ( anglel fl) cl a2l
= = 18
14 [yla)/Z] (k‘x kﬂl)(TOl_TCl) ’ ( )
angle2  "f2 c2 al
6) FUZZY MODEL OF RADIATION HEAT LOSS RATE, Q¥
The fuzzy radiation heat loss rate, 0%, is as follow:
oy = [0, 0% ]
4 4
0.0178D¢ T +273 B TS +273
' 100 100 ’
B oo17ape [ (T2 273 TS +273\*
' 100 100
(19)

7) FUZZY MODEL OF SOLAR HEAT GAIN RATE, Q¢
The same fuzzy trigonometry concept described for the cal-

culation of k% . gle is applicable here. The calculation of fuzzy
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solar heat gain rate, Q%, begins as follow:
. {cos (Lat) cos (8) cos(wf
arest (+ sin (Lat) sin(8) :

. cos (Lat) cos (8) cos(wg
aresin (+ sin (Lat) sin(8) )

He = [He, H )=
(20)

Qge = [Q(syel ’ Q?eZ] = [ksolarqgl ’ ksolarqu] (21)

such that,

m1+m2H1+m3(H"‘)2
+my (HY) +ms (HY)*
+mg (H )5+nh(H“)
ml—i-msz—i—mg(H )

4
+my (HS ) + ms (H )
e (HE)® +my (Hé”z)

m7 are constants available in the

’

[o)}

g5 = a5, 4] = (22)

[’}

where mjp,ma, ...,
IEEE 738 standard.
Consider also the followings:

20 = [74.78)
= [C + arctan (Xf‘) , C + arctan (Xg)] , (23)
such that,
sin (a)‘f)
_ | sin(Lat) cos (w§) —cos (Lat) tan (§)
Xt = [X?’ Xg] - sin (a)g‘) ’
sin (Lat) cos (o} ) —cos (Lat) tan (8)

(24)

where the solar azimuth constant C is a function of the fuzzy
solar hour angle, %, and solar azimuth y which can be
estimated from the table shown in IEEE 738 standard.

Next, consider also the following:

¢ taa aaq_ | arccos (cos (HE;) e
0% = [ 1 ’02] - [arccOS (COS (HcZ)

cos (Z¢ = 71)) }
s(zy—z) 1
(25)
and finally,
Qa = [ fl 5 ] [wArQsel sin ( th) ’ varQ?eZ sin (95[)] >
(26)

Due to trigonometry operations, values of Qf that fall
outside of its acceptable crisp range are removed, which is an

approach that is similar to handling the final range of k;}, gle-

8) FUZZY MODEL OF CONDUCTOR TEMPERATURE, T¢
Considering all the earlier fuzzy parameters, the fuzzy con-
ductor temperature is calculated by rearranging (1) as follow:

(* R(TL)>r+TL,
T T, T%|=
[ cl» 02] +Q R(T . ’
Catln Ol _pay)rin,
e
83635
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such that,

{Tl Fﬁ, Tw]] } e (1) 08)

o o
If = |17 T,

— (&) (29)
R(Tg) — R(TL)
where the line current, I, corresponds to either the initial
current, /;, or final current, Iy, before and after step increase
of currents, respectively. In the former correspondence, T} is
obtained and in the latter, Tf"‘ is obtained instead.
Finally, the minimum conductor temperature among all
spans of a line is selected as the final temperature of the
conductor, such as follow:

TE =min(Te, T, ... TEN) (30)

The formulations presented above are comprehensive and
applicable on all forms of membership functions, i.e., tri-
angular, rectangular, Gaussian and etc. The selection of the
appropriate membership function though, depends on expert
knowledge, historical record data, the accuracy of measuring
devices and data sampling period and operating conditions.
For the purpose of simplicity, this paper utilizes only triangu-
lar membership function on all fuzzy parameters mentioned
previously.

The response time of conductor temperature in (3) and (4)
after considering the above fuzzy parameters are modified
and becomes:

Te ()% = [Te )%, Te (03]
TS + (T;"l

T2+(f2

) (1= )T

g) (1 - e—(t/ff))

(Tfll - Tz1) mep

R ( T8 /2) x (12 y ) )

such that,

% — ‘L'a, 97 = ,
[7. 7] (Tf‘z T“) me,
R(TS+T5/2) x (12 = 17)

V. PERFORMANCE OF THE DTR-OTS

Two case studies, namely case 3 and case 4, are presented
here to demonstrate the superiority of DTR-OTS over the
STR-OTS on the same network (Fig. 1). Note that in the
DTR-OTS, the uncertainties of data are not considered and
all sensors are assumed to be completely accurate.

Case 3: Grid losses L3, 14 and L7 with the DTR-OTS
enabled.

In this case, the pilot zone losses line L3, L4 and L7 at
400 s, 410 s and 420 s, respectively, similar to scenarios
of case 1 and 2, except that this time the DTR-OTS is
armed instead of the STR-OTS. The average weather data
over 20 years, from 1996 to 2016, which are used for DTR
calculations, are obtained from the Saudi Arabia open data
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portal [47]. The resolution of the data is 360 s as weather
conditions are generally stable within this period. The data
is also from the summer days so that the studies performed
here are based on the hottest season throughout a year.
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FIGURE 9. Fault detection and triggering logics of Case 3.

The line fault detection and OTS triggering logics of
Case 3 is shown in Fig. 9, which shows that despite los-
ing three transmission lines, the DTR-OTS is not triggered
because its temperature comparison logic block (Fig. 7) does
not approve the trigger.

This is in contrast with case 2 where the STR-OTS was
triggered to trip 30% of generation capacity at B1. Due to this,
the line loading percentages of the remaining lines (L1&L2,
L6 and L8) continue to increase and finally L6 is loaded
beyond 100% of its traditional line rating, as shown in Fig. 10.

W
(=}

L6

—

380 400 420 440 460 480 500
Time (s)

L1&IL2

Traditional line loading %
&

(Vl=}
(o))
(=)

FIGURE 10. Percentage current loadings on L1&L2, L6 and L8 for Case 3.

This is acceptable because the maximum 70°C conductor
temperature limit (the standard used in the pilot zone) of the
remaining lines is not yet violated even after the DTR-OTS
detected the loss of three transmission lines. The temperature
profiles of L1&L2, L6 and L8 as illustrated in Fig. 11 and,
the comparisons between their DTRs and loadings as shown
in Fig. 12(a)-(c), demonstrate that the decision not to trip
generations at B1 is correct and justifiable. The fluctuations
of values in these two figures are due to weather conditions
that vary every 360 s and the DTR limits are calculated based
on the maximum allowable conductor temperature of 70°C.

Fig. 11 shows the delay response of conductor temper-
atures after several step increases of current loadings due
to the loss of transmission lines. It shows that there is no
violation of conductor temperature limit of 70°C and that
all conductors are still operating safely well within their
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FIGURE 11. Conductor temperatures of L1&L2, L6 and L8 for Case 3.
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FIGURE 12. DTRs and loadings of (a) L1&L2, (b) L6 and (c) L8 for Case 3.

designed thermal limits. This means that it is safe to continue
loading the lines at the current levels after the detection of
faults without having to trip generations. The 70°C thermal
limit is predetermined based on the profile provided by the
conductor manufacturer. Fig. 12 reinforces the phenomenon
of Fig. 11, whereby it shows that current loadings of all lines
never exceed their DTR limits and therefore their conductor
temperatures will never reach 70°C. Results of these two
figures show that the proposed DTR-OTS is reliable and can
prevent unnecessary tripping.

It is noted that changing the conductor temperature limit
will affect decisions of the DTR-OTS and that the appropriate
response by the OTS depends on the selection of a suitable
level of this temperature limit. Thermal limits that are too high
may prevent the OTS from ever tripping generations when
necessary and expose lines to overloading, subsequently risk-
ing grid security. On the other hand, limits that are too low
may cause unnecessary generation tripping which would lead
to power supply inadequacy.

Case 4: Grid losses L5, L8 and L9 with the DTR-OTS
enabled.

In this case, the pilot zone losses L5, L8 and L9 at
400 s, 410 s and 420 s, respectively, while the DTR-OTS is
armed. The responses of current loadings on L1&L2, L6 and
L8 along with their respective DTR limits are shown in
Fig. 13(a)-(c), which shows that immediately after losing the
third line, L6 is loaded up to above its DTR limits.

However, due to the delay response of conductor temper-
atures, the current overloading sustain by L6 is maintained
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FIGURE 13. DTRs and loadings of (a) L1&L2, (b) L6 and (c) L8 for Case 4.
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FIGURE 14. Percentage of current loadings on L1&L2, L6 and L8 for
Case 4.

for another 244 s before the DTR-OTS triggers a generation
tripping at 664 s in order to reduce the current loading on
L6 to below its DTR limit, as shown in Fig. 13(b). Notice
that as L8 is disconnected at 420 s, its current loading is com-
pletely reduced to zero at this time, as shown in Fig. 13(c).
The line loadings on all these conductors are also expressed
as a percentage of the traditional line loading as shown in
Fig. 14 and, the fault detection and OTS triggering logics are
shown in Fig. 15.

H
|
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Trigger logic

0 L L 1 L
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FIGURE 15. Fault detection and DTR-OTS trigger logics of Case 4.

Next, the temperature profiles of all these lines are shown
in Fig. 16. The figure shows that at 420 s, which is when after
the pilot zone losses three lines, the conductor temperature of
L6 rises exponentially until it reaches 70°C at 664 s. At this
time, the armed DTR-OTS is triggered to trip generation
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FIGURE 16. Conductor temperatures of L1&L2, L6 and L8 for Case 4.

at Bl by 30%. Due to this, all line current loadings are
reduced and the temperature of L6 drops. The fluctuations
of temperature values throughout the examination period are
due to variations of weather conditions at every 360 s.

Notice at 545 s, when the conductor temperature of
L6 reaches 63°C, an alarm signal is generated to warn utilities
that the conductor temperature is already 10% away from
reaching 70°C, which is the maximum permissible conductor
temperature, and this is dangerously close to exceeding line
thermal limit. As a result, situational awareness is enhanced
and more informed decision is afforded. This alarm feature
is possible due to the temperature comparison logic block
available in the proposed DTR-OTS architecture.

Vi. PERFORMANCE OF THE FDTR-OTS

In this section, the uncertainties of weather data are con-
sidered and fuzzy DTR calculations (section IV.B) are per-
formed. In order to demonstrate fuzzy effects toward the OTS,
case 4 is extended to incorporate data uncertainties, which
is now known as case 5, to demonstrate the operations of
FDTR-OTS.

A triangular membership function is considered for all
fuzzy weather data. The middle values of all the data member-
ship functions are considered to be crisp values, which they
have been used in the operation of the DTR-OTS where fuzzy
numbers are not considered, as shown in the previous section.

The considered membership function has a base width of
420%, which means that when the uncertainty is the greatest
at the a-cut of 0, the sampled data has the +20% range. As the
level of the a-cut moves up to 1, which is when no uncertainty
is considered, the upper- and lower-range values converge
and meet in the middle. A lower level of confidence towards
a particular data uncertainty is reflected by a lower level of
the «-cut to form a wider data range and vice versa. Hence,
the o-cut of 1 (crisp value) represents that there is no error
in the measurement sensors and, the a-cut of 0 represents the
biggest possible error that the measuring sensors can have.

Case 5 (fuzzy): Grid losses L5, L8 and L9 with the
FDTR-OTS enabled.

In this case, the pilot zone losses L5, L8 and L9 at 400 s,
410 s and 420 s, respectively, while the FDTR-OTS is armed.
The «a-cut of 0.5 is considered for all data, which means
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that the uncertainty of all data has the +10% range. As it
was shown earlier in case 4 that only L6 demonstrates line
overloading after the loss three transmission lines, the effects
of data uncertainty toward line loadings and DTR limits of
L6 are presented only, as shown in Fig. 17(a) and (b) below.
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.5
E 400 400
(] _
£ 200 200t
NS
0 0
0 500 1000 0 500 1000
Time (s) Time (s)
(a) (b)

FIGURE 17. DTRs and loadings of L6 in (a) worst (—10%) and (b) best
(+10%) weather data range.

Fig. 17(a) and (b) are the cases when the worst (low wind
speed, low wind angle, high ambient temperature, high solar
radiation) and best (high wind speed, high wind angle, low
ambient temperature, low solar radiation) weather data ranges
are used, respectively. Due to this, the DTR limit of Fig. 17(a)
is lower than that of Fig. 17(b). Both figures show that L6 is
overloaded after losing three lines irrespective of which set of
weather conditions is used. However, the overloading shown
in Fig. 17(a) is sustained shorter than that of Fig. 17(b), and
this is due to the delay response of conductor temperatures,
as shown in Fig. 18.
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FIGURE 18. Conductor temperature responses of L6 based on worst and
best weather data range.

The figure shows that the FDTR-OTS with the worst
weather data range is triggered at 564 s, which is 144 s after
losing three transmission lines. While in the case with the
best weather data range, the FDTR-OTS is triggered at 788 s,
which is an additional delay of 224 s later than the worst case.

The analysis of Fig. 18 provides utilities with a range of
options (between 564 s and 788 s) to decide the best timing
to trigger the OTS. The most conservative option is to trigger
the FDTR-OTS at 564 s to avoid any line overloading at all.
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However, selecting this option might cause the loss of up to
224 s of additional full power generations should the actual
weather conditions be better than the weather data range
considered in this option. On the other hand, selecting 788 s
would ensure maximum power generation for the longest
time, but this option risks overloading the lines if actual
weather conditions turn out to be worse than the weather data
range considered in this option.

In order to provide a useful solution, the fuzzy trigger
time of FDTR-OTS is defuzzified based on the centroid point
defuzzification method given in (6) to obtain a crisp trigger
time. As a triangular membership function is used to model
the uncertainties of all weather data, the output membership
functions of the fuzzy trigger time can only be in the triangu-
lar form. Due to the symmetry of the triangular membership
function, applying the proposed centroid point defuzzifica-
tion on the triangular membership function to obtain the
crisp trigger time produces the middle value of the function
itself. As it is mentioned earlier that the middle values of all
membership functions of this study are considered to be crisp
values as well, the crisp trigger time (middle value) obtained
through the defuzzification method is therefore the same as
the trigger time of the DTR-OTS shown in Fig. 16 (664 s),
where uncertainties are not considered and only the middle
values are used.

Implementing this crisp trigger time on the FDTR-OTS
based on the two extreme ranges of weather data produces
two new delay responses of conductor temperature as shown
by the two dash lines in Fig. 18. It shows that when the crisp
trigger time is applied on the worst weather data range, line
L6 is overloaded and its conductor temperature rises to 76°C
before tapering off. On the other hand, when the crisp trigger
time is applied on the best weather data range, line L6 is
loaded up to 64°C only before the OTS is triggered to trip
30% of power generation at bus B1. The crisp trigger time
represents the compromise that are neither too early (564 s)
nor too late (788 s), which utilities can select to optimize the
trigger time of their OTS. Such an option is only afforded
in the FDTR-OTS where fuzzy numbers are analyzed. The
percentage of current loadings on L6 is shown in Fig. 19 and
the fault detection and triggering logics of FDTR-OTS are
shown in Fig. 20.
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FIGURE 20. Fault detection and DTR-OTS trigger logics of Case 5.

The reason the crisp trigger time of FDTR-OTS obtained
by the defuzzification method is similar to the trigger time
of DTR-OTS is only because all uncertainties of weather
data are modeled using the triangular membership function.
In practice, different types of membership functions for each
group of weather data can be specifically selected based on
expert meteorological and geographical knowledge. Such an
approach will most likely produce various types of input
membership functions based on locations, seasonality, data
size, sampling methods and etc., which are all not considered
in this study. The diversity of input membership functions will
produce non-standard output membership functions that are
most likely not symmetrical, and then the crisp trigger time
obtained by the defuzzification method will be different from
the trigger time without data uncertainties.

VII. DISCUSSIONS

The delay tripping of generations in both the DTR- and
FDTR-OTS does not increase the risk of system security,
as they use DTR technology to estimate the actual time of
thermal overload. The temperature comparison logic block
in both of the OTSs identifies whether thermal overload will
occur in the future and when the overload will take place.
As such, no immediate tripping is necessary whenever there
is a loss of three transmission lines as there is no risk of line
overloading yet. Hence, this situational awareness enables
the strategic planning of a tripping time in advance of any
line overload that might lead to cascade failures. Whenever
possible, the time estimated for line overloading to occur
can be used to schedule appropriate generation re-dispatches
to alleviate overloading entirely, and subsequently avoid the
need for generation tripping.

This available time is only useful if utilities can be
informed of any imminent threats and be provided with the
required information to make strategic decision in a timely
fashion, which is precisely the role of the proposed DTR- and
FDTR-OTS. They generate alarm signal to indicate imminent
threats, provide estimations of time to thermal violation so
that utilities have opportunities to relieve transmission line
overload without resorting to generation tripping and, as the
final option, authorize automated generation tripping when
needed. The delay responses of conductor temperature, due
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to the exploitation of the conductor large thermal constant,
as in both DTR- and FDTR-OTS, demonstrate that high speed
protection systems that are commonly deployed in power
system are not necessary.

The uncertainties considered in the FDTR-OTS offer addi-
tional values in that utilities are given a range of time to
response to potential thermal overload, instead of only a
single time which is estimated based on the assumption that
sensors are perfect, which in reality is not. The disadvantage
of assuming perfect sensors is that measurement errors that
have been factored into the sampled data are not accounted
for, and inappropriate trigger times may be assigned; if the
trigger time is slower than the actual one, then line overload-
ing will occur; on the other hand, if the trigger time is faster
than it should be, then the line is not fully utilized and there
is a greater inadequacy of power supply. Although the fuzzy
properties considered in the FDTR-OTS enable the modeling
of practical sensor behaviors, more statistical analyses of the
sampled weather data are still needed to identify even more
appropriate membership functions, so that the output mem-
bership functions can accurately represent actual conditions.

VIIl. CONCLUSION

The OTS and specifically the proposed DTR- and FDTR-OTS
are designed to preserve power system integrity as a whole
rather than clearing individual faults. The OTSs that are
presented in this paper help to eliminate network congestions
by tripping power generations when required, and have the
spillover effect of enabling more renewable integrations to
achieve a low carbon network.

This paper demonstrates the benefit of integrating DTR
into the existing STR-OTS and migrate to a more strate-
gic operational tripping scheme. The proposed system takes
advantage of the larger thermal over electrical time constants
to delay the issuing of trip signals, generate alarm signals
before the violation of conductor maximum temperature to
improve situational awareness, and reduces the number of
unnecessary tripping, all without compromising system secu-
rity. The newly gain situational awareness also affords utili-
ties to identify more efficient and less drastic solutions than
the generation tripping. Moreover, grids equipped with the
DTR system are also more flexible as the system allows
line ratings to be flexibly adapted to the prevailing weather
conditions, instead of fixed based on worst case assumptions.

The inherent uncertainties of weather sensors are
accounted for in the FDTR-OTS. Analyses of this system
show that the tripping of generations is not fixed on a particu-
lar time, rather, it can be performed between a range of time.
The identification of appropriate input membership functions
is important to ensure accurate output membership functions
and crisp trigger time obtained by the defuzzification method.
No methodology is devised to identify the membership func-
tion as this is outside the scope of this paper. The defuzzified
crisp trigger time can approach the true yet, elusive trigger
time if the technologies of sensors are enhanced to be more
accurate.

83640

The proposed OTS requires real-time data to operate and
therefore adequate support of communication channel is crit-
ical, which its reliability can be considered in future work.
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