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This paper presents a set of analysis tools for self learning for radial power system protection training
(Bouhenna 2010). It automates a radial feeder for an overcurrent protection that would include fault
calculations, fuse-fuse co-ordination, current transformer, relay-relay and fuse-relay co-ordination,
directional overcurrent protection, ground fault protection, automatic recloser and sectionalizer. The
software explains the function of all these protective elements and provides the students with the skills
and knowledge necessary to understand and comprehend radial power system protection.
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INTRODUCTION

Many existing materials cover most of the power system
protection topics in a very deep manner which may be
difficult for a new learner. Without any support, the
student will have difficulties in understanding the topics.
Protection coordination is based on devices' operating
characteristics where students are able to select and
configure protection devices and display their
corresponding time-current characteristics.  Different
scenarios can be applied with different combinations from
simple network to advanced coordination schemes. After
completing this course, the student will have accumulated
enough skills to be able to do the protection design of a
complex radial network.

Some previous related work was developed which does
not seem to help a new learner to understand the
concepts of the coordination in power system protection.
Three of them are mentioned as follow: A Matlab /GUI
Based Fault Simulation Tool for Power System Education
(Kog¢ and Aydogmu, 2009), (covers only the fault
calculations); Computer Assisted Learning in Power
System Relaying (Lai, 2002) (does not cover all the

different protection schemes, it is suitable for students
who already know the basic schemes); Easy Power
(ESA, 2009), (delivers a full lineup of powerful Windows-
based electrical software tools for intelligently designing,
analyzing, and monitoring electrical power systems, but it
does not explain in details how the fault currents have
been calculated or how the coordination time interval
between two protective devices has been found).

METHODOLOGY

The software developed in this paper is based on Excel/Visual
Basic Applications to allow learning and analysis. This user-friendly
educational software presents a comprehensive and systematic
description of the concepts and principles of operation and
application of protection schemes for radial power system. It covers
the calculation of the per-unit and power system faults for small
scale systems. It is followed by the basic protection functions of the
fuse, current transformer, and different types of protective relays.
Most of the students are quite familiar with the main functions of
excel worksheet when they have to enter data and write formulae.
A set of tools consisting of multiple choice questions, true or false
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applications, animated circuits, correct or wrong answer
applications, and plotting curves make the software really
interactive and helps considerably the student to understand the
concept of the protective devices.

This software which has been developed contains the essential
material to cover the basic concepts of radial power system
protection. It is developed in such a way that the students need no
extra resources to understand the principles of protection systems.
Most of the circuit diagrams in this software are animated and the
student is guided through to the correct answer. A variety of
networks for different situations are presented in this program to
further enhance the understanding of the subject matter.

The software developed is a training model and teaching tool for
radial power system protection. The model will serve as
supplementary material or training tool for engineers entering this
field.

RESULTS AND DISCUSSION
Software description

A user-friendly Excel /GUI based software has been
developed to present a set of analyses tools for self
contained study that will help students / trainees
understand the radial protection schemes in electric
power systems. It aims to provide the student with
enough skills to understand the concept of the main
protective devices and their operation in electrical power
systems. Definitions and formulae are well presented. For
each of the topics below, the student animate the circuit
as an introduction to the problem he or she has to solve
as it is explained in part 3. The software covers the
following topics (Stenven 2010; John and Jan, 2010;
Areva and Alstrom, 1995; Keit, 2008; Ron, 2008; Soman,
2008; John and William, 2003).

(a) Per-unit section

(b) Fault section

(c) Fuse section

(d) Current Transformers section
(e) Relay Part (1) section

(f) Relay Part (2) section

The menu in (Figure 1) represents all the applications
which have been developed using Excel/Based Visual
Basic Applications. There are six sections which are: Per-
Unit, Fault, Fuse, Current Transformer, Relay Part 1 and
Relay Part 2.

There are a total of 44 applications. The student can
switch from one section to another by just clicking on the
button '‘Back to Menu'.

The applications of the six topics are detailed in the
Table 1.

Five assessment models have been developed to
cover all the chapters which have been detailed as
follows:

(i) Model 1: Multiple Choice Questions
(il) Model 2: True or False

(iif) Model 3: Animated Graphics
(iv) Model 4: Correct or Wrong answer
(v) Model 5: Data Setting

Assessment model of the software

Five assessment models are made to help the student to
understand each application of each topic.

Model 1: Multiple choice questions

A set of multiple choice questions (Figure 2) is presented
to the student to check his or her knowledge after reading
the topic related to the fuse from the material given.

Model 2: True or false

Ten questions are presented to the student (Figure 3).
The student has to select either True or False. The
response is correct if all the 10 answers are correct.

Model 4: Animated graphics

An example of a relay-relay coordination as shown in
Figure 4 will help the student to understand the
coordination between the primary relay and the backup
relay when a fault occurs at different locations. The
characteristics are displayed for each step that will help
the student to understand the importance of the
coordination time interval between the two relays.

Operational logic of two-count sectionalizer can be
summarized with reference to Figure 5, which illustrates
the responses to a transient fault and permanent fault
when the fuse saving scheme is used. Step by step the
student can display the operation by just clicking on the
sequence button. The animated circuits/graphics as an
introduction to the application help the student to
understand better the topic so that he or she will not have
problem answering the questions presented just below
the graphic.

The animated graphic in Figure 6a shows the operation
of the directional relays R3 and R5. The animated circuit
shows the two scenarios, one with the directional relays
and the other one without the directional relays. When
there is a fault at F2, only the directional relay R3 sees
the fault and disconnects the feeder 1. The load is still
getting energy from feeder 2 as shown in Figure 6b. All
the information during this short time is displayed on the
screen. The operation of the directional relays is shown
at three different locations.

Model 3: Correct or wrong answer

A set of applications to be solved is presented to the
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Radial Power System Protection WMenu

Pear Unit Fault

| Fuse

MCO I PerUnitlI T/F I

Fault 1 I h Fusel I

MCO I

PerUnit ZI PerUnit 3 I Fault 2 I

Fault 3 I Fusel I Fuse 3 I

Pertnit4|  Pertmits| Fault 4 |

Fault 5 I Fuse 4 I Fuse 5 I

Fault 5 |

Faut: 7 |

Set.Datal I

Current Transformer

Relay - Part 1

Relay - Pari 2

T/F I CT1 I MCOQ I

ERelay 1/1 I T/F I Relay 1.2 I

CT2 I CT3 I RelanylI

Relay 3/1 I Relay2/2 I Relay 3/2 I

CT4 I CTS I Relay4f1|

Relay 5/1 I Relay 4/2 I Relay 5/2 I

Relay 6/1 I

Set.Data3 |

Relay 6/2 I

Set.Data2 |

Figure 1. Radial power system protection menu.

Table 1. Software content.

(a) Per-unit section:

(d) Current transformer section:

. Multi-choice questions

. Use of per-unit

. Transformer per-unit calculations

. Per-unit value of a . transmission line

. Transmission system per-unit calculations

. Per-unit impedances in single phase transformer circuits

. True / false

. Current transformer - relay

. Current transformer performance calculation
. Current transformer saturation

. Multi-ratio current transformer performance
. Effect of saturation on current transformer

(b) Fault section:

(e) Relay part (1) section:

. True / false

. Balanced system 3-phase fault (1)

. Balanced system 3-phase fault (2)

. Symmetrical components of unsymmetrical phasors

. Operator "a" and unbalanced system

. Various types of short-circuit faults

. Line - to - line ground fault

. Line - to - line fault and line - to - line — to - ground fault

. Multi-choice questions

. Relay operation

. Relay - relay coordination

. Setting - up the relay

. Getting familiarized with setting data (2)

. Fault calculations and relay - relay coordination

. Plug setting multiplier and phase relay coordination
. Setting data (2): Relay characteristics display

(c) Fuse section:

(f) Relay part (2) section:

. Multi-choice questions

. Clearing - melting time

. Fuse selectivity ratio

. Fuse - fuse coordination

. Fuse type selection

. Low voltage fault - case study

.Setting data (1): Fuse characteristics display

. True / false

. Fuse - MCCB - relay coordination

. Directional relay coordination

. Earth fault relay coordination

. Current transformer - burden relay

. Auto - reclosing relay selection

. Recloser - sectionalizer operation

. Recloser - sectionalizer - fuse coordination

. Setting data (3): fuse - relay characteristics display
.Challenge problem.
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Multiple Choice Question

Back to Menu I

Question 1

Qu estion 2 Microsoft Excel

Question 6

Question 7

Question 3

Your answer to question 5 is

The total clearing time is equal te

1) melting time plus pre-arcing time.
2) pre-arcing time plus arcing time. Cancel
3) arcing time minus pre-arcing time.

-OK
[

Question 8

Question 4

Question 5

Figure 2. Fuse multiple choice questions.

student for each topic as it is shown in Figure 7. After an
animated introduction, the student has to solve a problem
by entering values or selecting good answers from the
selection box. The application question and some notes
can be displayed on the screen by just clicking on the
appropriate button. Correct or wrong answer can be
checked after entering each answer.

Model 5: Setting data

Its important to display the characteristics of the
protective devices such as fuse and relay so that the
coordination becomes easier to check.

A total of 6 data tables are presented to the student,
which means 6 different curves to plot. Once the data of
the protective fuse is entered in the proper locations
(white cells) as shown in the data table of Figure 8, a
simple click on “Do Calcs” button will display the time —
current characteristics of the protective device and the
fault current line will show the corresponding tripping time
response. Three setting data are made, one for fuse
(setting data 1), one for relay (setting data 2) and the
third one is for fuse-relay combined together (setting data
3).

Question 9

Question 10

Conclusion

Protection system’s main function is to quickly clear faults
from the power system by minimizing the time for which a
fault remains in the circuit. This helps enhance people’s
safety and minimize equipment damage while
maintaining power system stability. Protection of power
systems requires an understanding of system faults and
their detection, and the safe isolation of the faulted device
from the system.

This educational software will explain the function of all
the protective elements in detail and provide the students
with the skills and knowledge necessary to calculate fault
currents, coordinate fuses, select and coordinate relays
and associated instrument transformers.

The software covers the calculation of the balanced
and unbalanced faults using the symmetrical
components. The grading between two fuses has been
detailed so that the grading between the downstream and
upstream fuses will generally be achieved if the current
rating ratio between them is equal or greater than two or
by using the I t Let-through Energy condition. The
grading between two relays has been applied in many
applications using the formulae of the four standard
current time characteristics — standard inverse (Sl), very
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True / False Back to Menu I

Question 1

Voltage transformers or VTs and Current transformers or CTs reduce real power quantities to quantities
measurable by instruments and relays. They insulate instruments and personnel from very high voltage

] TRUE FALSE [

-
Question 2:
The output impedance ("burden") must be high so that the saturation will not occur.
[ TEUE FALSE [
-
Question 3:
The CT can only supply a certain secondary voltage before iron saturates - design and impedance of relay,
meters etc is very important.
] TRUE FALSE [
-

Question 4>

There are two types of CT. Measuring CTs type "WM" and Protection CTs type "P". Measuring CT's designed to
operate at fault current and Protection CTs designed to operate at rated current.

[ TRUE FALSE [

Question 8:

A knee-point voltage Ekn is defined to be the point where a 10% increase in exitation voltage results in a 50%
increase in exitation current and it is defined by Ekn = Kd x ( Rct + Rlead + Rburden) x Isn.

') TRUE FALSE O
®
Question 9:
A fault current of 1kA is detected by a CT of 500:5. The secondary current would be equal to 10A.
o TRUE FALSE O o

Question 10:

The letter C stands for "calculated" which means the CT accuracv can be determined by calculation from given
excitation curves. The number after the letter is the specified terminal voltage the CT will maintain without
exceeding the specified 10% ratio error with 10 times rated current in the secondary.

S TRUE FAILSE (&) ®

Check Answer I WRONG
Back to Menu l

Figure 3. Current transformer true or false.
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Faults Calculation and Relay - Relay Coordination ‘ Backtw Menu I

Backup Relay R3
Line 2
| —
_ l [
- Line 1 R1 I Fault
) [ 1 If3
—
IFeeder R2
R3 [ > 1
| - |-
IFeeder Load
Line 3 130 a
Scenario 1 []v)| [SERE] 2 Jor3
Scenario 2: 1] | _II of 3 Figure 1: System Equivalent

Operating Time [s]  [log scals)

A . .
o Backup Relay R3

Step | 3 |of4

g

TMS 3

~
rd

Primary Current [A]

Characteristics - Relay Coordination for Phase Fault (log scale)

Figure 4. Relay — relay coordination (animated graphic)

inverse (VI), extremely inverse (El) and long-time inverse the relays using the standard operating characteristics so
(LTI). The curves can be displayed to verify if the that the relays closest to the fault will operate and clear
coordination is achieved. the fault faster than the backup devices and also how to

The student will also learn how to adjust the setting of successfully coordinate the fuses and relays with both
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Recloser - Sectionalizer Operation

| Back to Menu |I

of 5| l Ll

Service

l

ut because the fault was

Notes: |I
A B | Step
D Inrush
Line Current é_,.._--"' Current
Service
— Restored
Load
T
1 1 1
al Ie 1
Recloser : !
Time Delay
1
Recloser :
1 T
1
1
Close L
L
Sectionalizer 1 1
Time Delay —> <—
Sectionalizer = 100 ms : 1
1
L
L |
1
1
Closing !

ansient. the load current
on reclosing stays below
e sectionalizer actuating
urrent so its operational
ogic proceeds no firther. In
fact. at the end of the reset
ime, the sectionalizer count
esets to zero (0}

| Operational Logic - Transient Fault

A OB D E
[ Step | 7 nrs|Jl <«|»]
G Tmrush :
Line Current Service
Tnrush <—— Cutrent Restored R
Current Service Restored
<~
I 1 .
1 le I F.ecloser
Recloser ! 1 1 ! Time Delay
Time Delay : ! 1 ! .
1
1
1
Recloser 1 T
1
1
1
Close !
— — Since the operation is two
Sectionalizer 1 1 —3»| <€ — Sectionalizer Time Delay counts, at this time, the logic
Sectionalizer Time Delay > o | I = 100 ms icircut sends an electrical
= 100 ms L I 1 F signal to the sectionalizer
Open : : electronic module which
. ' swings down to its open
o position during the open time
of the recloser.

| Operational Logic - Permanent Fault - Two Counts

Figure 5. Recloser - sectionalizer operation (animated graphics)

155




156 J. Eng. Technol. Res.

Directional Overcurrent Relays Back to Menu |

Load Disturbed

Bus 1 O @_ Bus 2 _
Feeder 1
Rr2 R3 C

Feeder 2

Fault at F2 -]

| With Directional Rela}'s| jl
Overcurrent Relay Without Directional Relays
With Directional Relays

Directional OC Relay

(A)

Directional Overcurrent Relays Back to Menu I

Only Feeder 1 is Disconnected

Bus 1 O @_ Bus 2 Soletah
Feeder 1
R2

Line

Clearing Fault at F2  ~||

Feeder 2 @_
Fault at F1 -
O Clearing Fault at F1 ]

Overcurrent Relay Fault at F2

Legend Fau Clearing Fault at F2 ¥
—>>  Directional OC Relay Fault at F3

Clearing Fault at F3
Fault at F4 _
Clearing Fault at F4 -

(B)

Figure 6. (a) Operation of directional relays at fault location F2. (b) Clearing the fault by the directional relay R3 at fault location F2.
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Question i i
Better to make your calculations from excel and enter your values. (Decimal places = 3)
Solution:
L e I
Apparef” | orm? " |
m An example of an application involving @ moulded case drcuit breaker, fuse and a protection relay is shown in figure above.
A 1MVA 3.3kV/400V transformer feeds the LV board via a circuit breaker, which is equiped with & numerical relay having a setting
|.$‘.zep 1: Relay Setting | range of 8-400% of rated current and fed from 2000/1A CT's.
At maximum Fault Level: Discrimination is required between the relay and both the fuse and MCCB up to 40 kA fault rating of the board.
To begin with, the time/current characteristics of both the 4004 fuse and the MCCB are plotted in figure below.
al The relay current setting chosen o)
full load current flowing. The curr{)
FLC= | 1391205 [A] Note: I Pickup Current= | 2000  [A] Correct
b/ An EI characteristic is selected for the relay to ensure discrimination with the fuse because they have same allure.
From figure above, it may be seen that at the favlt level of 40kA the fuse will operate in less than tf = 0.010s ~
Correct
and the MCCE operates in approximately tb= 0014s ~ —I
cf Using a fixed grading of 0.4 [s] with MCCB. and a variable quantity of 0.4 * t + 0.15 [s] for the fuse, the required relay operating Note:
operating times become:
With With
y 0.154
MCBB 0414 (<] Fuse (<]
UserForm13 ﬁ
— i — - . — — i . i — Secmegves Cn[‘l’el‘,‘ll
Grading: Fuse to Relay Check Answer I
For grading inverse time relays with fuses, the basic approach is to ensure whenever possible that the relay backs up the fuse and not vis
versa. If the fuse is upstream of the relay, itis very difficult to maintain correct discrimination at high values of fault current because of the hi Teah
fast operation of the fuse. I
The relay characteristic best suited for this co-ordination with fuses is normally the extremely inverse (EI) characteristic as it follows the
similar 12 t characteristic. To ensure satisfactory co-ordination between relay and fuse, the primary current setting of the relay should be
approximately three times the current rating of the fuse. The grading margin for proper co-ordination, when expressed as a fixed quantity,
should not be less than 0.4s or, when expressed as a variable quantity, should have a minimum value of: (2/tl) ~ F 0583 - |
t' = 0.4t +0.15 seconds
Correct |
Where tis the nominal operating time of fuse.
Check Answer I
Figure 7. Fuse — MCCB - relay coordination (correct or wrong answer).
source-side and load-side protective devices, as well as practical systems experienced in industrial plants,
the coordination of the other types of relays such as distribution, transmission and generation systems.
directional relays, earth fault relays, and recloser relays. In summary, at the end of the course, the

The software can be extended to cover distance
protection, differential protection, and pilot relaying
protection. With more complex systems, it is necessary to
detect the point of fault precisely and trip only those
sections affected by the fault while the rest of the system
can continue to function normally. This requirement
necessitates different forms of relaying apart from the
simple current sensing relays. Equipment such as
generators, transformers and motors also need special
forms of protection characterized by their design and
operating principles.

The software will become complete and will then
emphasize advanced protection schemes required for

student/trainee will have a solid background in protection
concepts to apply them to protective devices for radial
protection schemes in electric power systems. After
completing all the topics, a challenge problem is given
the student to check his or her knowledge on a radial
network system.
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Current-Time Characteristics of 4 IEC LV Overcurrent Fuses Back to Menu I

Upstream 1 2 3

[Fuse Types| Device |Fuse Rate 50 A Fuse Rate[ 100 |A Fuse Rate A
aR Fuse Type M Fuse Type amM Fuse Type
R Trf Ratio 1 Trf Ratio 1 Trf Ratio 1
=G
and 4 5 Custom
MV Fuse Rate A Fuse Rate A Fuse Rate A

Custom Fuse Type Fuse Type Fuse Type Downstrearm)
Trf Ratio Trf Ratio Trf Ratio Device

Notel: I Note 2: I
Fault Level Line [4]
Fault 1 amps Current 1000 1000 amps
Fault Levels: Time 0.001 10000 sec
Fault 2 l:l amps Current 0 0 amps
Time 0.001 10000 sec Do Calcs
Note 3: I
Time - Current Curves for Specified Relays: Clear I
Point # Mult |Pry Curr | Op. Time Point # Mult  [Pry Curr | Op. Time Point # Mult |Pry Curr | Op. Time
1 18 20 1000 1 4 400 100 1
2 2 100 100 2 435 450 40 2
3 235 1125 20 3 5 500 18 3
4 23 125 10 4 535 330 10 4
5 3 150 5.3 5 6 600 6 5
G 35 175 33 6 63 630 4 6
T 4 200 22 T 7 T00 28 T
3 4.3 225 1.6 8 13 730 2 8
o 5 250 12 o 8 300 15 o
10 & 300 0.76 10 85 850 1.15 10
11 T 350 0.54 11 o Q00 09 11
12 8 400 0.41 12 10 1000 0.6 12
13 ] 450 0.32 13 15 1500 0.13 13
14 10 500 0.26 14 20 2000 0.05 14
15 30 1500 0.035 15 34 3400 0.01 15

[Emses « [Fuse® s [FESE# Custom

Point = | Nult | Pry Curr | Op. Time Point = | Mult | Pry Curr | Op. Time Point = | Mult | Pry Curr | Op. Time
1 1 1
Ey
3 3 3
4 4 4
5 5 5
& & &
8 8 8
9 9 9
10 10 10
1 1 1
12 12 12
13 13 13

-
da
-
da
-
da

-
A
-
"
-
"

= = Do Cale:
Time Grading Curves gl
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Fuse 1
= 10 Fuse2
-/i Fuse 3
=
g2 w \ 5 Fused
=
2 I [ Fuzes
= 1 -
g == Fuse &
= \'\-
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Primary Current RMS, A Badk to Menu ||

Figure 8. Fuse characteristics display (setting data 1).
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