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An Intelligent Model and Simulation of High
Voltage and Medium Voltage Transmission Line
Protection Scheme Using Time Overcurrent Relay
Optimization Settings

Boniface Ntambara, Member, IEEE, Simiyu Stanley Sitati, Paul M. Wambua, and Jean Bosco Byiringiro

Abstract—A new method for optimizing overcurrent relay
(OCR) settings and coordination in interconnected power
systems was developed. The method considers factors such as
feeder impedance equivalences, phase-to-phase fault currents,
current settings of 110kV incoming and 15kV outgoing feeders,
and operating times for relay characteristics (standard, very,
and extremely inverse of overcurrent relay). The maximum
fault current of the interconnected power grids is also
considered. Power system parameters like X/R ratio, current
transformer ratio, transmission line length, resistances,
inductances, full load current, line capacity, CT ratio for
outgoing feeders, grid frequency, and real power are also
considered. To ensure safety and rapid operation of
overcurrent relays, settings such as pickup value, time setting
multiplier (TMS), and OCR characteristics are carefully
considered. The results show that the OCRs coordination
interval time to fastest clear faults range from 0.0927 sec-0.062
sec to 0.0764 sec-0.0661 sec for extremely, very, and standard
inverse relays, respectively.

Index Terms— High Voltage Transmission line, Overcurrent
Relay Setting, Power System Protection, MATLAB/Simulink
2019a, OCR characteristics.

I. INTRODUCTION

Medium and high-voltage transmission pathways are widely
used for transferring energy from production to delivery,
specifically designed for high-voltage levels like 70kV,
110kV, 132kV, 220kV, and 500kV, to reduce inefficiencies
in large-scale electricity conveyance [1]. The OCR
inverse-time characteristic is useful in electric-utility
distribution-circuit security due to its ability to regulate
incident-current amplitude, which is largely determined by
fault position and unregulated by fluctuations in generating
units or high-voltage transmission infrastructure. Relays with
extremely reversing profiles are suitable for this purpose, but
their inverse aspect may not be beneficial if the magnitude of
grounded-fault current is significantly constrained by
neutral-grounding impedance [2]. Timely inverse OCRs have
both immediate and time-delay components on an identical
module. Initially, electromechanical relays were used for
overcurrent  protection. The  most sophisticated
microcomputer defense includes three separate phases
overcurrent and earth-fault units. Configuring OCRs with the
requisite time/current characteristics is crucial for optimal

performance [3]. These types of relays are usually linked to
potential transformers and regulated to work on, either above
or below an appropriate voltage or current level [4]. Relay
coordination is critical in the defense response. As part of the
overall system protection, it is necessary to identify and
isolate the faulty circuit only, prohibiting the tripping of the
healthy circuits [5]. For a safe and secure protection strategy,
if the principal protective system is unsuccessful, a reliable
backup ought to be present and redundant defense must
function as a fallback alternative either in the identical power
station or in adjacent lines with a time interval based on the
requirements [6]. Electricity networks are essential parts of
the power grid due to they serve as an interface for electricity
to be transferred from the energy source to the load via
transmission lines which operate at dissemination voltages
that are that vary between 15 kV to 110 kV as well as are
intended to be securely complemented for reliable execution;
however, line failures frequently disrupt the supply of
electricity and influence the whole power system, resulting in
severe blackouts [7]. The transmission line networks were
responsible for almost 2/3 of the power system's problems
[8]. High-medium voltage line security plays an important
role in power system dependability by sensing the existence
of an interruption on the transmission network and promptly
sending the signal in order to trigger the protective devices at
both ends and separate the hazardous section [9].

II. REVIEW OF RELATED WORKS

Transmission network defense has been achieved using
distance protection approaches, but these have limitations
like sensitivity to fault resistance and infeed current from
remote sources. A pilot wire inverted overcurrent relay
protection scheme is preferred due to its high sensitivity,
selectivity, and speed of operation. This technology improves
operating speed and can provide beneficial performance
during power fluctuations and external failures. [10]. In, a
Time-frequency Analysis-Based Relay Protection Method
for High Voltage Transmission Lines was developed in [11].
Based on time-frequency analysis, the failure signal of the
high-voltage transmission line was retrieved. Decomposing
the fault signal characteristics detects the fault transient
component of a high-voltage transmission line. The relay
protection of the high voltage power transmission line is
realized using phase correlation protection based on the fault
transient component. This proposed system was 100%

Boniface Ntambara is with Department of Manufacturing, Industrial, and Textile Engineering, Moi University, P.O BOX 30900-3100 Eldoret, KENYA

bonifacen @ieee.org .

Simiyu Stanley Sitati is with Department of Electrical and Telecommunication Engineering, Moi University, P.O BOX 30900-3100Eldoret, KENYA.

Email: simiyusitati @yahoo.com.

Jean Bosco Byiringiro is with Department of Mechatronics and Automation Engineering, Dedan Kimathi University of Technology, P.O BOX 2100 Nyeri,

KENYA. Email: jeanbosco@dekut.ac.ke .

Paul M. Wambua is with Department of Mechanical, Production and Energy Engineering, Moi University

P.O BOX 30900-3100Eldoret, KENYA. Email: Paulwambua@yahoo.com



mailto:bonifacen@ieee.org
mailto:simiyusitati@yahoo.com
mailto:jeanbosco@dekut.ac.ke
mailto:Paulwambua@yahoo.com

effective, demonstrating the method's dependability;
nonetheless, the protective system's speed and selectivity
were inadequate. In, a new high-voltage transmission line
protection method based on traveling wave energy
comparison was devised and developed [12]. The high
frequency band energy of voltage travelling waves is
determined using the S-transform, and protection judgment is
built using the ratio of backward and forward travelling wave
energy on the same side of the transmission line. The energy
ratio near the fault is less than one, while the farthest away
side has more than one for the external fault. Both sides of the
internal fault have more than one energy ratio. The proposed
method is adaptable, fast, and reliable when using
PSCAD/EMTDOC for simulation verification. A protection of
high voltage transmission lines connected to large-scale wind
farms was also developed in [13]. The nonlinear wind speed
and power characteristics of turbine generators (TGs),
complex control actions, and low voltage ride-through
capabilities significantly affected transmission line
impedance during fault and normal situations. TGs were
integrated into the main utility grid, generating electricity
via high voltage long transmission lines. It was proposed to
use protection relays routinely used to protect transmission
lines in a differential relay power protection system. Changes
in the proportion of observed current and voltage from the
configuration side to the fault detection point are noticed and
responded to by these relays. [14]. The basic distance
defensive relaying approach is intended to figure out the
susceptibility measurement for the fault line employing both
the current and voltage of the shielding side and then contrast
it to the configuration line obstruction to determine a fault
situation [15]. To change the phase distance relays, the
positive-phase sequence impedance between the relay site
and the fault location beyond which the operation of a
specific relay unit should stop was used in order to secure the
transmission line units [16]. The study addresses research
gaps on transmission line protection techniques and their
disadvantages, resulting in power outages. It reveals that
these systems are not proportionate to fault occurrences,
display inadequate action speed, and unreliability of relaying
requirements, causing power network performance issues
and major blackouts. The study proposes time inverse
overcurrent relay setting characteristics to meet quick
relaying system requirements during power outages and fault
locating.

III. MATERIALS AND METHODS

A new method for optimal overcurrent relay settings and
coordination in interconnected power systems has been
developed. The method considers factors such as feeder
impedance equivalences, phase to phase fault currents,
current settings of 110kV incoming and 15kV outgoing
feeders, and operating times for relay characteristics. The
maximum fault current of the grids is recorded and
documented. The network MVA short circuit is considered
with both positive and negative sequence impedance of the
feeder. Power system parameters like X/R ratio, CT ratio,
transmission line length, resistances, inductances, full load
current, line capacity, current transformer ratio, grid
frequency, and real power are considered. To ensure safe,
reliable, and rapid operation of overcurrent relays, settings
such as pickup value, time setting multiplier (TMS), and

overcurrent relay (OCR) characteristics are carefully
considered. Fig. 1 shows the steps that were followed in the
pickup value selection of the overcurrent relay.

Calculate the Short-Circuit Currents at Every Fault
Locations (%) based on Grid and Feeder Impedances
using Single-Line Diagram

Set Full-Load >
Currents

v

Select and Consider
OCR Characteristics

Consider Turn-Ratio of
Current Transformer

T

Select and Consider the Pick-up Values using
120%*Maximum Load-Current <=Pick-up €=
Value<=Maximum Fault Current Levels

Fig. 1. Procedure for Pickup Value selection.

Fig. 2 demonstrates the single line schematic of substation
with transformer 110/15 kV, 10 mega volt-ampere (MVA),
distributed feeders F1, F2, F3, F4 and Spare F5 for a
considered fault location of 0%, 1%, 25%, 50%, 75%, and
100%.

BB 110KV

Main CB

CcT

10MVA

OCR Incomers

BE 15KV
|
OCR Outgoing CT
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Fig. 2. Incoming and outgoing (Feeders) of overcurrent relay

MATLAB/Simulink 2019a software was used to model and
test the power system protective relaying. Table 1 shows the
parameter and setting values used to develop and test the
Rwanda power network as described in this paper.



Table 1. Power Network Setting Parameters.

S/N | Parameters and Values
descriptions

1. (Z1=2,) positive and | 0.045+ 0.151
negative sequence | Q/km
impedance

2. Transmission line length 100Km

3. Time  setting  Multiplier | 0.05sec
(TMS)

4. positive and zero sequence | 0.04553 &
resistances 0.1517 in

Q/km

5. positive and zero sequence | 0.000617 &

inductances 0.001533in
H/km

6 Line capacity 282MVA

7. Incoming line voltage 110kV

8 grid frequency 50Hz

9. CT ratio for outgoing feeders | 500/1A

10. | X/Rratio 5

11. | CT ratio 2500/4A

12. | Outgoing feeder voltage 15kV

13. | MVA short circuit 2587 MV Asc

14. | full load current 1840.9A

15. | real power T0MW

The data of grid impedance (Xg]110KV), transformer
impedance (X¢), and feeder impedance (Xf) at fault
locations are required for the computation of Phase short
circuit currents and were calculated in equations (1) to (2).
The feeder impedance at the transformer and at the fault

location considering the feeder distance is illustrated in
Table 2.

Table 2. Feeder Impedance Calculations.

% Fault Feeder Impedances in (/km
Location
0 0%*58.5%(0.045 + j 0.151) =0
1(Xg1) 1%%58.5%(0.045 + j 0.151) =
0.026+ j 0.088
2
Xs1100v = KV /MVASC €Y

110)?
Xs110kv = ( ) /2587 =4.677 Q

The grid impedance (X¢15xy) of 15kV outgoing (feeders)

_ (Xsisky)?
Xeiskv = %3 * Ks110kv) (2)
(Xs110kv)

By replacing the value of Xgq5ry = 15kV and Xgqi19xy =
110KV, into equation (2),

2
Xe1sky = 7oz * 4.6770=0. 0869

The line impedance of incoming of incoming of the power
grid and outgoing feeder were produced Fig. 3 indicates the
equivalent transmission line impedance diagram reduced
from equations (1) and (2) for the corresponding 110kV and

15kV sides respectively and equation (3) shows the
transformer impedance (X;) of power distribution outgoing
side.

X5=4.6770hms Xs5=0.0860hms

oKV T ) sk _NsKV

Fig. 3. Reference of Xs from bus-bar 15KV.

X &V)” 8.67% 3)

= * 8.

t7 MVA ° (

Where the 8.67% is the grid transformer performance
2

Xe = &5 «8.67% = 1.950.

The study analyzed the impact of feeder line impedance on
short circuit current calculations, considering the length
from the 15 kV bus-bar to the far end outgoing feeder fault
location. The Ilongest feeder, F1, was chosen for
calculations due to its length of 58.5 km. The impedances
were calculated at 0% of the fault location and 1% of F1's
length. The network's negative and positive sequence
resistances of (Z; = Z,=0.045+j0.151) in Q/km was
recorded and considered in this feeder impedance
calculation as shown in table 2. The corresponding
equivalent of feeder impedances regarding the fault location
was also calculated in series and used to find the fault
current levels in the network as demonstrated in equation
(4) to (7).

Zeq = Foc * F.L * Xgg + Zp; %)
Z1eq = ZZeq = Xs(lSKV) + X + Xpq (5)
Zleq = ZZeq = 0.045 +j0.151 + Xpq (6)
Zleq = ZZeq =j0.086 +j1.95 + Xp,
=j2.036 + Xgq (7N

Where Zgq is equivalence feeder impedance, Fjqc is fault
location (%), F.L is feeder length, Xgg is sequence feeder
reactance (Q/km), Zg; is feeder impedance at 0%. This work
focuses on setting relay settings and substation relay
coordination parameters. Power network characteristics are
set, including sequence resistances, high-medium voltages,
current full-load, MVA and MVAsc, X/R and CT ratio,
multiplier period, and system frequency. Fault level currents
are calculated by matching feeder impedances to fault
locations. The Operational Time Control (OCR) computes
the plug setting multiplier for faulty power network
component isolation. The actual operational time of the relay
is calculated to configure OCR and coordinate with backup
protection as shown in Fig. 4.



The power system data Z; = Z, (negative and positive sequence resistances),
HV, LV, Ipyii—toaq. MVAsc, MVA, 50Hz, TMS, X/R ratio, CT Ratio

Equivalence feeder impedances at % Fault Locations

Fault level Currents(Is¢) at % Fault Locations

Plug Setting Multiplier (PSM)

Extremely
Inverse

Operating Time ( tocg)

Actual Operating Time(tcg + CTI)

Overcurrent Relay Setting and Coordination Data

Fig. 4. The flowchart of overcurrent relay settings and relay coordination.

Based on short circuit currents at a 15 kV bus, the overcurrent
relay operation time ( tgcr) and OCR coordination time were
calculated. The regulated and controlled time multiplier
setting (TMS = 0.05 sec) was studied and chosen based on
overcurrent relay characteristics as given in equations (8) to
(11) that represent the conventional inverse, very inverse, and

extremely inverse of the relay.
0.14

SI: tOCR = m * TMS (8)
13.5
VI: tOCR = Psm—1 * TMS (9)
80
EIL tOCR = m * TMS (10)
Where Psm = C (11)
set

SI: standard inverse of Relay, VI: Very inverse of the relay,
EI: extremely inverse of the relay. By replacing equation (11)
in equations (8), (9), and (10), the operating time of OCR
characteristics were determined as shown in equations (12),
(13), and (14).

v' Standard Inverse relay characteristics

tOCR = —IS_C).O.OZ_l * TMS (12)

v" Very Inverse relay characteristics

135
tocr = Iscy_
Iset

* TMS (13)

v" Extremely Inverse relay characteristics

80

Isc\2
dscy2_g
(Iset)

tOCR = * TMS (14)

Where tocr: The overcurrent relay tripping time. The
outgoing feeder used a current transformer ratio was 500/1A
as illustrated in Fig. 5. The OCR feeder relay side's setting
current (Iger) was 120% of the full load current (Ipy_1.0ad)
installed equipment (CT) of 500 A. The equation (15) shows
the OCR feeder current setting used in computation of relay
operating and coordination time.

[set = 120% * Igpy-Load (15)
:r:tmup{}
i
_J "R T.Line
500/1A 7
cf;; OCR
Hesgager

Fig. 5. Current Transformer Ratio.

The OCR incoming relay side's current setting (Ige¢) of 120%
of the full load (Igy_L0aq) €quipment installed was chosen
and designed to withstand severe loads. The lowest current
(Irunioaa) of 1840.9 A of the installed transformer was
considered. The equation (16) depicts the incoming current
relay setting.

Iset = 120% * Ipun-Load (16)

The performance of overcurrent and auto-reclose relays
before, during, and after fault circumstances has been
assessed using sophisticated models of OCRs in power
systems. The electrical system has been designed and tested.
The overcurrent and auto-reclose relay logic models in this
research were developed as subsystems, as shown in Figs. 6
and 7 respectively, and were then implemented in the power
system, as shown in Fig. 8. The logic of auto-reclose and
overcurrent relays was to send opening or closing signals to
the relevant circuit breaker if the fault current exceeded or
fell on installed equipment's set current.
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Fig. 6. Overcurrent relay logic model.
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Fig. 7. Auto-Reclose with overcurrent relay logic model.
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Fig. 8. Electricity grid with overcurrent and auto-reclose relays protection after faults.
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VI.RESULTS AND DISCUSSION

4.1 Overcurrent Relay Settings and Coordination

The corresponding impedances and short circuit currents
have been computed using 0%, 1%, 25%, 50%, 75%, and
100% feeder locations from the substation's distribution
transformer, respectively.

a) At 0% fault location of the feeder,
The fault point was calculated using the distributed
transformer within the substation and the outgoing feeder
impedance. Equations (5) and (7) are used to compute the
equivalency impedance. Hence, Z¢q = Xi+ Xpysiv =
j0.086+j1.95 =j2.036 in Q
Zieq = Zzeq = Zeq = j2.036in  Q/km, real
|Z10q = Zaeq| = V2.0362 = 2.036Q
The phase-to-phase short circuit currents (Igc) in the feeder
was influenced by the positive and negative sequence of
equivalent impedance (Z;,4 and Z,.4) at every, fault location
and fault currents were found as shown in equation (17).

Viskv
I = 17
€= 27 (17)

impedance

Where |Zleq = ZZEq| is the equivalence impedance and
Visky is the phase-to-phase voltage at 15 kV side and Z. is
the equivalence impedance of the power system.

* 3
So, Is¢ = ;== = 3683.693A

b) At 1% fault location of the feeder,
Zieq = Zzeq = j2.036 + 0.0026 +j0.088 in O /km =
0.026 +ij2.124

|Z1eq = Zaeq| = 1/0.026% + 2.1242 = 2.124Q

So. Isc = 221% = 3531.073A
c¢) At 25% fault location of the feeder,
Zieq = Zaeq = 25% * 58.5 * (0.045 +j0.151) +j2.036 =
0.658 + j4.244
|Z1eq = Zaeq| = /0.6582 + 4.2442 = 42940

% 3
So, Isc = - = 1746.6A

d) At 50% fault location of the feeder,
Zyeq = Zzeq = 50% * 58.5 * (0.045 + j0.151) +j2.036
=1.316 +j6.452
|Z1eq = Zaeq| = V13162 + 6.4522 = 7.207Q, and Igc =

15110° _ 1040.582A

2x7.207
e) At 75% fault location of the feeder,
Zieq = Zyeq = 75% = 58.5 % (0.045 +j0.151) +j2.036
=1.974 +j8.661
|Zseq = Zzeq| = 3/1.974% + 8.6612 = 8.8830Q

+103
So, Is¢ = s = 844.309A

f) At 100% fault location of the feeder
Zieq = Zzeq = 100% * 58.5 * (0.045 +j0.151) +j2.036
= 2.632 +j10.869

|Z1eq = Zaeq| = ¥/2.6322 + 10.8692 = 11.183Q
%103
So. Is¢ = -~ = 670.66A

The maximum fault current level occurred in grid was
considered to 13489A. This paper expected to protect the

7

combination of the expected fault currents with the highest
fault current that was reached in the protected network at
every short circuit current calculated on each fault location.
Table 3 shows the fault current levels that were taken into
consideration as determined previously during intelligent
modeling and simulation of fault power network in this

paper.
Table 3. Calculated and estimated fault currents based on maximum fault
level.

% Fault | Calculated Occurred | Protected
locations | Fault level Fault Fault current
in the Current Level (A) | level (Igc +
Feeder (ISC) (A) Iraule- max) (A)
lines
0 3683.693 13489.00 17172.693
1 3531.073 11572.35 17020.073
25 1746.6 8574.92 15235.600
50 1040.582 10859.115 | 14529.582
75 844.309 2238.55 14333.309
100 670.66 5951.29 14159.660

4.2 OCR incoming of the power network

The relay operating times were obtained using the fault
positions and relay characteristics.

a) At 0% fault position

Iser = 2209.08 A and TMS = 0.05sec, I, = 17172.693A
as shown in equation (16), and table 3

i. Standard inverse relay characteristics

0.14
tOCR = IT * TMS
() -1
Iset
0.14 0.05
= * U.
(17172.693)0'02 1
2209.08
=0.167sec
ii. Very Inverse relay characteristics
13.5
tocr =~ 1 *TMS = —orss *0.05
(@) N ( 2209.08 ) -1
= 0.096sec
iii. Extremely Inverse relay characteristics
t 80 TMS 80 0.05
= — % = % ().
OCR (IS_C)Z -1 (17172.693)2 1
Iset 2209.08
= 0.067sec

b) At 1% fault position

Iset = 2209.08 A and TMS = 0.05 sec, I, = 17020.073A ,
as shown in equation (16), and Table 3.
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i. Standard Inverse relay characteristics

. _ 0.14 TMS = 0.14 0.05
OCR = (IS_C)O.OZ -1 * - (17020.073)0'02 _ o
Iset 2209.08
= 0.168sec
ii. Very Inverse relay characteristics
_ 13.5 _ 13.5
tocr = 7(15_C) 1 * TMS = 7(17020.073) 1 *0.05
Iset 2209.08
= 0.100sec
iii. = Extremely Inverse relay characteristics
t 80 TMS 0.05
= % = —x% 0.
OCR (IS_C)Z -1 (17020.073)2 _1
Iset 2209.08
= 0.0685sec

¢) At 25% fault position.

Iser = 2209.08 A and TMS = 0.05 sec, I, = 15235.600A,
as shown in equation (16), and table 3,

i. Standard Inverse relay characteristics

0.14 T 0.14 0.05
Iset 2209.08
= 0.178sec
ii. Very Inverse relay characteristics
13.5 .
tocr = 71 *TMS = 555 1 *0.05
(Iset) (2209.08) N
= 0.1144sec

iii. Extremely Inverse relay characteristics

t 80 TMS 80 0.05
= —-—x% = —— % U.
OCR (15_0)2 -1 (15235.6)2 1
Iset 2209.08
= 0.085sec

d) At 50% fault position.

lger = 2209.08 A and TMS = 0.05 sec, [, = 14529.582A ,
as shown in equation (16), and table 3,

i. Standard Inverse relay characteristics

, MARCH 2015
0.14 0.14
OCR Isc |02 «TMS = 14529582 0-02 *0.05
(@) -1 ( 2209.08 ) -1
= 0.182sec
ii. Very Inverse relay characteristics
135 135
tOCR = 715(: 1 * TMS = 714529.582 * 005
(E) N ( 2209.08 ) -1
= 0.121sec
iii. Extremely Inverse relay characteristics
80
tocr = (lsr:)z 1 * TMS = 14529.582\2 *0.05
Iset ( 2209.08 ) -1
= 0.0946sec

a) At 75% fault position

[ger = 2209.08 A and TMS = 0.05 sec, I, = 14333.309A,
as shown in equation (16), and table 3.

i. Standard Inverse relay characteristics

. 0.14 TMS 0.14 0.05
[ 'Y = * (.
OCR ('S_C)o.oz -1 (14333.309)0-02 _
Iset 2209.08
= 0.1836sec
ii. Very Inverse relay characteristics
13.5 13.5
tOCR = 7‘SC * TMS = 714333.309 * 005
(E) N ( 2209.08 ) -1
= 0.122sec

iii. Extremely Inverse relay characteristics

80
=—«TMS=———— .
tocr (IS_C)Z 1 * TMS (14333.309)2 _q *0.05
Iset 2209.08
= 0.0973sec

a) At 100% fault position

Iset = 2209.08 A and TMS = 0.05 sec, I, = 14159.66A,
as shown in equation (16), and table 3,

i. Standard Inverse relay characteristics



First A. Author et al.: TITLE IS LIMITED TO 50 WORDS

. 0.14 TMS 0.14 0.05
= % = ——— x (.
OCR (15_6)0.02 -1 14159.66Y 002
e (Gowos) 1
se 2209.08
= 0.184sec
ii. Very Inverse relay characteristics
13.5 13.5
tocr = 7(15_C) 1 * TMS = 7(14159'66) —* 0.05
Iset 2209.08
=0.1247sec
iii. Extremely Inverse relay characteristics
80
tocr = (IS_C)z -1 * TMS = (14159.66)2 _1 *0.05
Iset 2209.08
= 0.0998sec

4.3 OCR Outgoing of the feeder
a) At 0% fault position

Iset = 600A and TMS = 0.05 sec, I = 17172.693A  as
shown in equation (15), and table 3,

i. Standard inverse relay characteristics
0.14 ™S 0.14 0.05
tocr = (15_6)0.02 -1 * B (17172.693)0'02 _ U
Iset 600
= 0.1008sec
ii. Very Inverse relay characteristics
135 _ 13.5
tocr = (fsey 1 * TMS = (17172.693) _1 *0.05
Iset 600
= 0.024sec
iii. Extremely Inverse relay characteristics
t 80 TMS 80 0.05
= % E—
OCR (15_0)2 1 (17172.693)2 _q
Iset 600
= 0.0048sec

b) At 1% fault position

et = 600 A and TMS = 0.05 sec, I, = 17020.073 A as
shown in equation (15), and table 3,

i. Standard Inverse relay characteristics

9
. 0.14 TMS 0.14 0.05
= % = * U,
OCR (IS_C)O.OZ -1 (17020.073)0-02 1
Iset 600
= 0.101sec
ii. Very Inverse relay characteristics
13.5 .
tOCR = 715(: 1 * TMS = 717020.073 * 005
(E) - ( 600 ) -1
= 0.0246sec
iii. Extremely Inverse relay characteristics
tocr = (I'S_C)z -1 * TMS = (17020.073)2 -1 *0.05
Iset 600
= 0.00497sec
¢) At 25% fault position
Iser = 600 A and TMS = 0.05 sec, [, = 15235.60 , as
shown in equation (15) and Table 3.
i. Standard Inverse relay characteristics
0.14 0.14
tocr = (IS_C)o.oz -1 * TMS = 15235.6 002 *0.05
Iset ( 600 ) -1
= 0.104sec
ii. Very Inverse relay characteristics
13.5 .
tOCR = 7ISC 1 * TMS = 715235.6 * 005
(E) B ( 600 ) -1
= 0.0276sec
iii. Extremely Inverse relay characteristics
tOCR = 7(15_C)2 1 * TMS = 7(15235,6)2 . * 005
Iset 600
= 0.00621sec
d) At 50% fault position
[ser = 600 Aand TMS = 0.05, ;. = 14529.582A , as
shown in equation (15) and table 3,
i. Standard Inverse relay characteristics
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. 0.14 TMS 0.14 0.05
= % = * U,
OCR (IS_C)O.oz 1 (14529.582)0'02 _q
Iset 600
= 0.1063sec
ii. Very Inverse relay characteristics
13.5 .
tOCR = 715(: 1 * TMS = 714529.582 * 005
(E) B ( 600 ) -1
= 0.029sec
iii. Extremely Inverse relay characteristics
t 80 TMS 0.05
= % =%
OCR (IS_C)z -1 (14529.582)2 1 ’
Iset 600
= 0.00683sec

e) At 75% fault position

Iser = 600 A and TMS = 0.05 sec, [, = 14333.309A , as
shown in equation (15), and table 3.

i. Standard Inverse relay characteristics
0.14 ™S 0.14 0.05
tocr = (IS_C)O.OZ -1 * T /14333309 0-02 1 o
Iset (T) B
= 0.1068sec
ii. Very Inverse relay characteristics
135 _ .
focr = (IS_C) 1 *TMS = (14333.309) 1 *0.05
Iset 600
= 0.0294sec
iii. Extremely Inverse relay characteristics
t 80 TMS 80 0.05
= —% = 7% U.
OCR ()2 1 14333309\ _
Iset ( 600 ) N
= 0.00702sec

f) At 100% fault position

Iser = 600 A and TMS = 0.05 sec, I = 14159.6, as shown
in equation (15), and Table 3.

MARCH 2015
i. Standard Inverse relay characteristics
0.14 0.14
tocr = (IS_C)o.oz 1 * TMS = 14159.66) 0-02 *0.05
Iset ( 600 ) -1
=0.10725sec
ii. Very Inverse relay characteristics
13.5 .
tOCR = 7156 1 * TMS = 714—159.66 * 005
(E) B ( 600 ) -1
= 0.0298sec
iii. Extremely Inverse relay characteristics
80 80
tocr = (Isc)z 1 * TMS = 14159.66) % *0.05
Iset ( 600 ) -1
= 0.00719sec

Table 4 tabulates and summarizes the operating and
coordination times of overcurrent relay characteristics
acquired. Based on the standard, very, and extremely
inverted overcurrent relay characteristics, the OCR fault
clearing and coordination times are 98.97% faster than the
distance relay protections and other evaluated protection
schemes during fault occurrence in the Rwanda power
network. By taking into account the OCR characteristics, the
OCR performance with regard to fault current sites and fault
clearing periods based on OCR incoming and outgoing
(feeders) was observed and is shown in Fig. 9. The relaying
system's coordination time was calculated using the interval
period between incoming and outgoing (feeders) with OCR
characteristics in mind.



First A. Author et al.: TITLE IS LIMITED TO 50 WORDS

11

Table 4. The results of the time of incoming and outgoing feeders for Extremely Inverse, Very Inverse, and Standard Inverse

Relay Characteristics of the Overcurrent Relay

Fault Operating Time Coordination Time
Position
s (%) (Sec) Interval(At) in sec
OCR INCOMING OCR OUTGOING tincoming - toutgoing
EI VI SI EI VI SI ElI VI SI
0 0.067000 0.096000 | 0.167000 | 0.004800 | 0.024000 | 0.100900] 0.062200| 0.072000| 0.066100
1 0.068500 0.100000 | 0.168000 | 0.004900 | 0.024600 | 0.101100] 0.063600| 0.075400| 0.066900
25 0.085000 0.114400 | 0.178000 | 0.006200 | 0.027600 | 0.104500] 0.07800 | 0.086800| 0.073500
50 0.094600 0.121000 | 0.182000 | 0.006800 | 0.029000 | 0.106400] 0.087800] 0.092000] 0.075600
75 0.097300 0.122000 | 0.183000 | 0.007000 | 0.029400 | 0.107200] 0.090300] 0.092600| 0.075800
100 0.099800 0.124700 | 0.184000 | 0.007100 | 0.029800 | 0.107600| 0.092700| 0.094900| 0.076400
0.2 Keys

g ® EI OCR Incoming

é 0.15 u VI OCR Incoming

E‘; 0.1 ® SI OCR Incoming

E ® EI OCR Outgoing

£ 0.05 I I m VI OCR Outgoing

=

_§ 0 _. _l —I —I —I —I 8 ST OCR Outgoing

: 17172.693 17020.073 15235.6 14529.582 14333.309 14159.66

8 Fault Currents (A)

Fig. 9. The operating times of OCR characteristics of incoming and outgoing observances.

The simulation results of tripping signals of overcurrent relays, current, and voltage signals before, during, and after fault
conditions in this research were demonstrated and performed using MATLAB/Simulink 2019a package as shown in Fig. 10 and
Fig. 11, respectively.

OCR1 Tripping Signal
o o o o
P E-N (=21 =4 -
I I I I

o
I

0.2

0.4

0.6
Time (seconds)

0.8

-
o

-
=}
53

I

QOCR2 Tripping Signal
©
a2 -
T

2
w0

Offset=0

0.2

0.4

0.6
Time (seconds)

0.8

Fig. 10. Power network relay tripping signals at their operational states.
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Fig. 11. Voltages and Currents were observed at normal, faulty conditions, and fault clearance during a simulation of the power system.

Their qualities, which revealed how fast they performed,
largely affected relay coordination and settings. It included
Standard Inverse, Very Inverse, and Extremely Inverse. As
demonstrated in Fig. 9 and Table 4, the extremely inverse,
very inverse, and standard inverse of the overcurrent relay
were conducted between 0.0927 sec - 0.062 sec, 0.0949 sec -
0.0720 sec, and 0.0764 sec - 0.0661 sec for overcurrent
incoming and outgoing feeders, respectively. Based on the
short circuit currents listed in Table 3, the operating time of
overcurrent incoming and outgoing feeders was calculated,
and the time setting multiplier was set at 0.05seconds (IEC
standards). In this study, it was demonstrated that by
operating overcurrent relays and creating three-phase faults
in the network on the power station and transmission line
sides, or at any location in the power electricity network,
there was an improvement and optimization of 99.98% rate
of OCR performance during fault occurrence and clearing
periods compared to the distance relay protection scheme.
The voltage and current waveforms observed during
transmission line simulations before, during, and after fault
circumstances, as well as after power outages, were cleared
in 0.06 seconds, demonstrating how quick the OCR settings
established in this research are. Figure 8 depicts the creation
of three-phase faults and the modeling of the power network
system. The OCR 1 and OCR 2 were coordinated and sent the
tripping signals to Backup CB and Main CB, respectively.
The relay system successfully isolated a faulted power grid
part and tripped the network within 0.01 seconds. The fault
current was high at 0.039 seconds, and the faults remained in
the network for 0.6 seconds. The voltage decreased to zero
volts instantly, but was cleared by OCR relays. The faulted
part was quickly restored in 0.7 seconds. The cascade power
outage events were caused by lightning surges and
distribution transformer overload. The auto-reclose relay

checked the synchronism of interconnected networks to
prevent power blackouts. The faults occurred at 0.016
seconds and caused voltage fluctuations. The faults resisted
and cleared within 0.066 seconds, and the network was
restored within 0.17 seconds. The OCR operation times
varied, with highly inverse relays taking the shortest time.

V. CONCLUSION AND FUTURE WORKS

The study analyzed the operation and coordination of OCR
settings, considering three OCR characteristics: extremely
inverse, very inverse, and standard inverse. The relays were
operated in 0.0328 seconds for OCR incoming and 0.0023
seconds for OCR outgoing (feeders). The OCR settings and
substation coordination were actuated in 0.0103 seconds,
0.0229 seconds, and 0.0305 seconds for the overcurrent
relays. The standard inverse of the relay was recommended
for the HV utility substation. The very inverse was used in
the midpoint of feeders, while the extremely inverse cleared
faults at the far end. The paper also considered
phase-to-phase faults and OCR relay types for their
reliability, fastness, and accurate observations. Future studies
should include induction type relays, frequency monitoring
relays, zone impedance relays, direction relays, and other
types of relays. Real-time simulation software with artificial
intelligence coordination is highly recommended for
cybersecurity issues.
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