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Abstract

This paper presents over-current protective relays for electric distribution
systems. The objective is to determine the reliability of the system by comparing
the performance of numerical and electromechanical relays. Electromechanical
over-current protective relay on 33kV ltire-ljesha distribution feeder was
analyzed and modeled using MATLAB/Simulink. A numerical relay was
proposed and also modeled using the real data of the existing Itire-ljesha 33kV
distribution feeder. While electromechanical relay was simulated as an
instantaneous relay, the numerical relay was programmed and simulated as an
IEEE moderately inverse definite minimum time (IDMT) relay. The simulation
was for single line-to-ground fault with the red phase, double line-to-ground
fault using red and blue phase as well as line-to-line fault using red and blue
phase. Comparing the performances of the two different models, numerical relay
tripped in mini-seconds while the electromechanical relay model tripped in
seconds. In conclusion, therefore, the numerical relay proved to be superior,
smarter, and more reliable than electromechanical relays.

1.0 INTRODUCTION

Power system protection is generally aimed at
controlling failure modes so as to limit damage and
enhance reliability [1]. The importance of power
system  owver-current  protection cannot be
overemphasized. In every engineering practice safety
is paramount and of utmost necessity. Over-current
flow in conductors or electrical components will cause
damage and ultimately lead to high cumulative ohmic
losses. Utility companies aim towards continuous
supply of quality electricity to their customers. But
whenever fault occurs, with inherent over-current
flow, it will definitely interrupt the smooth operation
of the power system. This will definitely lead to
different kinds of losses such as revenue loss, property
loss, man-hour loss in terms of time lapse before
repair, and so on. Therefore, there is every need to
ensure continuous quality power supply to consumers.
The desire to avoid revenue loss as well as other
disadvantages due to system failure necessitated
further research aimed towards improving over-
current protection. However, increasing complexity of
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power systems makes it difficult for conventional
protection operations to achieve this objective and this
has necessitated the introduction of numerical relays.
The superiority of these relays is evident in their high
speed and accuracy in data processing [2].
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Over-current protective relays can be classified into
three major types according to their construction:
electromechanical, static, and digital (numerical)
relays [3]. An electromechanical relay operates by
using a magnetic field that emanates from an
electromagnetic coil when some current is applied to
it. The name electromechanical is because it has parts
that move when the right signal is applied. In addition
to this, a switch which is electrically operated and does
not have a moving part is called a static relay. Some
common types of static relays include electronic
relays, transductor relays, transistor relays, rectifier
bridge relays, and Gauss effect relays. Digital relays,
on the other hand, use the switching algorithm
installed in their microprocessor to analyze
parameters such as voltage, current, frequency, before
making tripping decision. They have no moving parts
and they are very smart. The original contribution of
this paper is a design of a novel numerical over-
current protective relay that will enhance the reduction
of ohmic losses (1°R) on the Power systems generally.

In “Highly sensitive microgrid protection using over-
current relays with a novel relay characteristic”,
interest was focused on optimal over-current
coordination improvement under faulty conditions in
the presence of synchronous generators. A new over-
current relay curve was proposed to reduce the
operating time of the over-current relay. However, the
use of combinatorial optimization method and
synchronous generator sizing and location made this
exercise cumbersome. Since source impedance is
often constant from power distribution perspective,
inverse definite minimum time characteristic still
gives better results [4]. In “Distribution system
protection by coordinated fault current limiters”
interest was focused on the protection of power
distribution networks using fault current limiters. One
major disadvantage of using fault current limiter in the
over-current protection of distribution networks is the
introduction of resistance and additional power losses.
In our proposed numerical relay there is no additional
power loss introduced [5]. In “Adaptive over-current
relay (AOCR) based on Fano Factors of current
signal” a scheme of adaptive over-current protection
was presented. The same mathematical algorithm was
used to estimate Fano Factors (FFs) of current signals
S0 as to determine the operating time. In our proposed
inverse definite minimum time (IDMT) relay
operating time is dependent on the exact value of the
fault current which makes the scheme simple and
accurate [6].

In “Settings determination for numerical transformer
differential protection via its detailed mathematical
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model” the authors presented a novel approach for
relay protection settings determination to ensure its
correct operation in the presence of transients in faulty
conditions. But in our proposed scheme metal oxide
varistors (MOVs) are used to suppress transients and
ensure that current signals that enter the anti-aliasing
filter are clean and devoid of useless harmonics.
MOVs are also cost effective [7]. In “A new relaying
scheme for protection of transmission lines connected
to doubly-fed induction generator-based wind farms”
a new protection scheme was presented. Here, an
attempt was made to solve the problem of non-
synchronous frequency component of the current fed
from a doubly-fed induction generator-based wind
farm during a short circuit fault. Again, in our
proposed IDMT relay, non-synchronous frequency
components of the current are completely eliminated
by the anti-aliasing filter before reaching the sample-
and-hold circuit [8].

Furthermore, another research work, Integrated
busbar protection scheme utilizing a numerical
technique based on coherence method is based on
closed-tripping characteristics of coherence coefficie-
nts computed for busbar current signals. However, this
proposed scheme was not tested with real data of any
known existing network [9]. In addition to this, in
“Optimal coordination of directional over-current
relays using improved mathematical formulation” a
new objective function was proposed so as to achieve
optimum coordination of directional over-current
relays. The simple target here is to minimize the
operating time of primary and backup relays as well
as the discrimination time between their operations.
This was formulated using genetic algorithm but was
not tested with any real data [10]. Asma
Soleimanisardoo and Hossein Kazemi Karegar also
researched on “Alleviating the impact of distributed
generators (DGs) and network operation modes on the
protection system”.  According to the authors,
integration of distributed generators into the
distribution network leads to a significant change of
fault current behavior in magnitude and direction
which may affect the relay setting. Though our
proposed scheme is aimed at over-current protection
of radial distribution feeders, fault current direction
will not affect the relay settings [11].

20 METHODOLOGY (ANALYSIS AND
MODELING OF ELECTROMECHANICAL
OVER-CURRENT PROTECTION RELAY)

The Itire-ljesha 33kV line is approximately 80km and
therefore, can be modelled as a short transmission line.
In modelling short transmission lines, the shunt
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capacitance can be ignored. Hence, the formula for
short line modelling is as follows:

Z=(r+jowln Q
=R+ jX 2
The letter r stands for the per-phase resistance per unit
length while the letter L stands for the inductance per
unit length. The letter 1 stands for the total line length
and w is the angular velocity. Also, Z represents the
series impedance per unit length. Figure 1 shows the
per-phase short line model of Itire-ljesha 33kV
distribution feeder. Vs represents the phase voltage at
the sending end while Is represents the phase current
at the sending end. In addition to this, Vr represents
the phase voltage at the receiving end while Ig
represents the phase current at the receiving end.

Is Z=R+3jX Ir
o A AN -
+ +
Ve Vr |Sr

. - |
Figure 1:  Short line Model of Itire-ljesha 33kV
line

For the conductor (Wolf) used for the ltire-ljesha
feeder r = 0.1871Q/km; L = 1.0377 mH/km; w =
314.16 rads/s; and 1 = 80km. Hence,

Z = [0.1871 + j(2m x 50 x 1.0377 x1073)]80

= (15 + j26) Q = 304600 Q

The receiving end phase voltage is V. Hence,

3
Vg = 33;310 = 19kV = 1920° kV

Receiving end apparent power (real data from field) is
Skr. Hence,

Sg = 18MVA = 184cos~10.8

= 18436.87° MVA

Recall that, Si = 3IxVy, where Sy is the conjugate
value of the receiving end apparent power and the
current per phase is Ig. Hence,
Sk __ 182-36.87 x10°
IR= = o oz
33 3 X19£0°X10
= 315.82 —36.87 A (recall, Iz = Is).
The sending end phase voltage is given by
VS = VR + IRZ
= 19x103£0° + (315.82 — 36.87 x 30260°)
= 27965.527.66°V
= 28.04£7.7°kV
The sending end line-to-line voltage is

VSL = VS X \/§
= 2827.7°x 3
= 48.527.7°kV

Q
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Therefore, magnitude of the sending end line-to-line
voltage is

|ve, | = 485 kv

The sending end apparent power is

Sy = 315V

= 3x 315.8236.87°x 28.027.7°x103
= 26527.2 x103244.57°

= 26.52£44.57°MVA

Therefore, the following parameters are some of the

existing (real data) and calculated data of Itire-ljesha

distribution line:

1. Receiving end phase voltage Vi = 1920°

2. Apparent receiving end power Sy = 18236.87°

3. Receiving end current per phase I = "315.82 —
36.87A (also, IR = Is)

4. Sending end voltage Vs = 28.027.7°

5. Sending end line-to-line voltage | Vsy, | =
48.5 kV

6. Sending end power S¢ = 26.52244.57°MV A

7. Inductance per unit length L = 1.0377mH/Km

8. Resistance per unit length R = 0.1871Q/km

9. The series impedance per phase Z = 30460°Q,

10. Real power of load 14.4AMW,
11. Reactive power of load 10.8Mvar.

Some of the parameters above were used in the
modeling of the source Itire transmission station (TS),
feeder line, and the load (ljesha substation)
respectively.

Figure 2 is the simulink model of Itire-ljesha 33kV
distribution feeder with electromechanical over-

current protection relay:
Lo

= —Hj

Hj_.
— | }}E :ﬂ"El

4.4,w

¢

=

Figure 2: SimUIrink model of lItire-ljesha 33kV
distribution feeder with EM

Figure 2 shows the schematic connection of the
electromechanical relay in the 33kV distribution
system. Itire 132/33kV transmission station (TS)
is modeled as the source and it is connected through a
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series three phase RL lines to the load. ljesha injection
substation is modeled as the load.

3.0 THE PROPOSED MICROCONTROLLE-
R BASED OVER-CURRENT PROTECTION
RELAY

Figure 3 shows the circuit diagram of the proposed
microcontroller-based over-current protective scheme
for Itire-ljesha 33kV electric distribution system. The
components that make up the proposed scheme
include:

i. Current transformer

ii. Surge arrester

iii. Second order low pass anti-aliasing filter

iv. Sample-and-hold circuit

v. PIC16F877A Microcontroller

vi. Three phase circuit breaker

vii. NPN Transistor
viii. One dcrelay

iX. One power system battery

X. Capacitors

Xi. Resistors

xii. One liquid crystal display (LCD)

Additional mathematical details of the proposed
scheme are shown below Figure 3.

Figure 3:  Proposed microcontroller-based over-
current protective scheme

We can select a high speed crystal/resonator at 20MHz
with C3 and C,4 values of 33pF from the datasheet of
picl6f877a. The value of the crystal oscillator is
selected during the configuration of the analogue pin.

R is calculated using the formula below;

R3 = Vin—Vout/lout

Where, V;,, is the output voltage of pic16f877a = 5v,
Voue 1S the LED voltage given in the datasheet of LED
in the range of 1.8v < LED < 2v, I,,; is the LED
current given in the datasheet of LED in the range of
10mA < LED < 20mA.

)
© 2024 by the author(s). Licensee NIJOTECH.
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Therefore R; = 5-2/0.02 = 150Q

Also, R; = Ry

R, is used to set the contrast of the LCD which is
selected from the datasheet of the LCD. Holding
capacitor for the sample-and-hold circuit Cy =
0.01pF, from the datasheet.

40 MODELING OF THE MICROCONTROL-
LER BASED (NUMERICAL) OVER-CURRENT
RELAY

By modeling Itire-ljesha 33kV line, as shown under
Section 2, several parameters were determined. Some
of these values were used in building the simulink
model of the source (lItire TS), feeder line, and the load
(ljesha substation) shown in Figure 4. The line
parameters (R & L) remain the same as we have under
electromechanical relay in Section 2. The impleme-
ntation of the algorithm is done in MATLAB/
Simulink environment for the system. The microcont-
roller block is programmed with a switching code
developed based on the IEEE very inverse model
equation shown in Equation 3. The code is written
with MATLAB scripts.

~ A
t() =TD ((é)p_1+B> 3

- Ej - s
_ \ Lin fasks
T8 T =
_}j + | T
] '——_.; L J
Figure 4:  Simulink model of the proposed

microcontroller-based IDMT relay

50 RESULTS AND DISCUSSION (ELECT-
ROMECHANICAL RELAY OVER-CURRENT
PROTECTION SCHEME RESPONSES)

In all the simulations below, both under electromech-
anical relay and under numerical relay, Red colour
represents phase A, Blue colour represents phase B,
and Yellow colour represents phase C.

5.1 Single line-to-Ground Fault

The single line-to-ground fault simulated is phase A-
to-ground fault. As shown, the fault was activated at
0.4 seconds. In Figure 4, it can be seen that the root
mean square (RMS) fault current is about 500A from
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about 240A. The effect can also be seen on phase A
and phase C of the voltage waveform.

10t ltira TS Voltage
T T

L L L 1
o3 03 036 038 a4 04z 044 045 048 05

Figure5:  Current and voltage waveforms showing
the occurrence of single line-to-ground fault under

Electromechanical relay

The operating time was about 4.37 seconds as shown
in Figure 5. The maximum fault current as measured
on the primary side of the current transformer is
494.1A while the secondary side is 24.71A. However,
the average fault current, after the initial spike, on the
secondary side of the current transformer is 22.48A
(or 449.52A on the primary side). This gives a plug
setting multiplier (PSM) of 1.837. The protective relay
tripped at 4.81 seconds as shown in Figure 5.

10! ire TS Vltage
T

ttire TS Cument
T

an a7 4% 478 a8 482 484 486
Time (secs)

Figure 6: Current and voltage waveforms after
clearing the single line-to-ground fault

Itre TS Vorage
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Figure 7:  Currentand Voltage waveforms showing
the occurrence of Line-Line-Ground fault

5.2 Double Line-to-Ground Fault

Phase A and phase B were used for the simulation of
double line-to-ground fault. The current and voltage
waveforms showing the occurrence of the fault and
clearance are shown in Figures 6 and 7.

ot Hire TS Valtage
T i

I
ltire TS Cument

TAvavavaYava e Vavava vy

I 1 1
382 364 166 ELS 37 37z 74 78 a7e
Time (secs)

Figure 8: Current and Voltage waveforms after
clearing the double line-to-ground fault

5.3 Line-to-Line Fault

Again, phase A and phase B were used for simulating
this fault. The voltage and current waveforms showing
the occurrence of this fault and the time of isolation
are both shown in Figures 8 and 9 below.

1wt Itra TS Voltage

Hire TS Current.

036 038 as 042 a4 046 048 05

Figure 9:  Current and Voltage Waveforms
showing the occurrence of double line fault

1wt Htra TS Voltage
T

1
Hire TS Current.
T

am 402 403 4
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Figure 10: Current and Voltage waveforms after
clearing the double line fault.

6.0 MICROCONTROLLER-BASED OVER-
CURRENT PROTECTION SCHEME RESPON-
SES

Single line-to-ground fault, double line-to-ground
fault, and line-to-line fault were simulated. The details
of the various simulation results are as shown below.

6.1 Single Line-to-Ground Fault

The single line-to-ground fault simulated is between
phase A and ground which was triggered at 0.4
seconds. Figure 10 shows that the peak current
increased from 216.3A to 440.1 A after the single line-
to-ground fault occurred between line A and the
ground. The network was isolated at 0.426 seconds.
This implies that the difference between time of fault
occurrence and time of network isolation is 0.026
seconds or 26ms.

Wt ltve TS Voltage

—
=

Voltage (v}

Itire TS Cument

03 032 03 038 038 044 048 048 08

04
Time (secs)

Figure 11: Current and voltage waveforms showing
the occurrence and clearance of single line-to-ground
fault using numerical relay

6.2 Double Line-to-Ground Fault

The double line-to-ground fault was simulated and the
peak current for this fault was 470.7A as shown in
Figure 11. The response time was 22.4ms.

Htre TS Voltage

oltage (V)

g &

Current {A) Voltage (V|

032 034 036 038 042 D44 046 046 05

Time (secs)

Figure 12: Current and voltage waveforms showing
the occurrence and clearance of double line-to-ground

o
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fault using numerical relay

6.3 Line-to-Line Fault

The line-to-line fault was simulated using phase A and
phase B. The maximum peak current occurred
between phase A and phase B while the current on
phase C became zero. The voltage and current
waveforms for this fault is shown in Figure 12.
However the peak maximum current of 464.3A in
line-to-line fault is less than 470.7A in double line-to-
ground fault. It took 22.7 ms to isolate the network
with numerical relay.

ttre TS Voltage

vﬂf \ |

Voltage (V)

ftre TS Cument

urrent (A)

04 042
Time (secs)

Figure 13: Voltage and current waveforms for line-
to-line fault occurrence and clearance under numerical
relay

7.0 COMPARISON OF RESPONSES OF
NUMERICAL RELAY AND ELECTROMECH-
ANICAL RELAY OVER-CURRENT PROTECT-
ION SCHEMES FOR DIFFERENT LINE
FAULTS

Table 1 is a summary of the results of the simulations
of the unsymmetrical line faults. Each of the faults was
initialized, in a particular scheme, at 0.4seconds. The
time gap between the occurrence of each fault and
tripping of the circuit breaker is the operating time of
the scheme. Table 1 also shows the maximum fault
current and operating time for the over-current inverse
definite minimum time (IDMT) controller and
electromechanical relay for different types of line
faults. Single line-to-ground fault has the lowest fault
current value and therefore it also has the highest
operating time for the circuit breaker.

Table 1: Maximum fault current and operating time
for different faults under numerical and electromech-

anical relays

SIN TYPE OF MAX. FAULT OPERATING TIME (seconds)

FAULTS CURRENTS (A) | Electromechanical | Numerical
Relay Relay

1 Single Line- 494.1 4.373 0.026
to-Ground

2 Double Line- 564.2 3.287 0.023
to-Ground

3 Line-to-Line 535.9 3.561 0.022
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8.0 CONCLUSION

Microcontrollers are intelligent electronic devices
capable of performing complex logic or
communication tasks. Hence, incorporating them into
numerical relays makes the numerical relays superior
to electromechanical relays which also have limited
functionality. In this paper, we analyzed, modeled,
and simulated Itire-ljesha feeder over-current
protective scheme. We then proposed, designed and
modeled a numerical over-current protective scheme
for the same Itire-1jesha feeder. From the responses of
the two schemes we can conclude that numerical relay
is superior to electromechanical relay. Numerical
relays also enhance the reduction of I°R losses in the
power systems generally by optimal prevention of
over-current flow.
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