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ABSTRACT

Thispaper presentsanovel testing algorithm for busbar
protection systems using |IEC 61850 and Adaptive
Neural Fuzzy Inference System (ANFIS). The busbar
protection system has very important role in any
substation, so that, the testing algorithm for such
systems must be reliable for any substation
configuration. The conventional testing
algorithms/procedures are like trial and error and
depending on the human experiencefactor. Sothat, the
paper presents an automated algorithm based on IEC
61850 and ANFISthat can beimplemented in secondary
injection test set to do avery accuratetesting algorithm
automatically to guarantee the accurate performance
and get all testing results to evaluate the busbar
protection system. The algorithm istested on a typical
substation configuration in Egypt to show the validity
and effectiveness of the novel algorithm.

Index Terms - Busbar Protection testing and
commissioning, |IEC 61850, GOOSE, Sampled Values,
Substation Automation, Secondary Injection Testing,
Protection System Testing.

. INTRODUCTION

Test and verification of a busbar protection for complex
substation configurations with multiple busbars, bus
couplers, bays and feeders has aways been one of the most
challenging tasks for commissioning process. A single test
set, injecting currents at only asingle CT location, does not
provide enough confidence for the correct operation of the
protection system. Using a simulation-based approach,
where the whole busbar configurations with al its isolator
configurationsis modelled within atest set software, offers
new possihilitiesfor all fault scenarioswhich areimportant

to verify, such asfaultsinside and outside the protected area
or even faults in dead zones of the protection between a
circuit breaker and its corresponding CTs. With atest set
software, which can react to the individual circuit breaker
trips with an iterative closed-loop simulation, the real
behavior of the busbar protection, including breaker failure
functions, can be seen. This can be achieved with multiple
GPS time-synchronized test devices[1,4-10].

Modern  digital busbar protection relays are
a multifunctional device that contains main protection
function, and additional functions, such as breaker failure
and supervision, which also have to be considered intesting
algorithm.

The main protection function of a busbar protection is a
differential measurement. Due to the high requirements on
speed and stability, modern busbar protection relays trip
based on severa separate measurements depended on the
substation configuration and check zone, which is
independent of any isolator state [4]. The differential
measurements are usually stabilized with a percentage
characteristic. When the differential measurementsindicate
afault within abusbar zone, the busbar protection relay will
utilize a trip logic which ensures that the fault is cleared
selectively.

Focusing on how this has previously been tested will show
up the limitations of current solutions and at the same time
lead to the advantages of the novel algorithm depicted in
this paper.

For testing a percentage differential characteristic [5], at
least two currents have to be injected into the busbar
protection to be able to simulate afault current at the same
time. Usually modern protection testing software supports
this by visualizing the characteristic and calculating the
currents based on atest point placed on the characteristic.
For busbar differential protection this type of testing can
have its limitations. As already described, a busbar
protection can have multiple differential measurements,
which can be set independently. In case they are active and



set differently, these differential measurements overlap.
Another challenge when testing the characteristic, or
generally when injecting currents, arises when the busbar
protection system is distributed and the bay units are
separated by longer distances. Either very longtest leadsare
needed or, if this is not possible, the test system has to
operate severa distributed test sets. To avoid an
unintentional differential current whiletesting, theinjected
signals have to be time-synchronized over several test sets.
Testing the characteristic of the check zone [3] requiresthe
injection of three currentsto be able to test the selection of
the stabilizing current. Because of the limited amount of
current outputs on the test sets, this is often achieved by
looping the current through the bay units. However, because
modern low impedance busbar differential relays support
different current transformer ratios in every bay, thisis not
aways possible.

Testing the tripping logic is often the most complex part of
abusbar protection field test. Dueto all the possible bushar
configurations, almost every application of a bushar
protection systemisdifferent. Thusthereisno standard way
of testing the trip logic. To determine the correct bays to
trip and clear the fault, the busbar protection needsto know
the exact topology of the busbar. Therefore, the busbar
protection needs to know the connection scheme and check
the isolator position for al feeders, sectionalizers and
couplers during operation.

Several operating scenarios should be tested which
depending on the human experience only that is meaning a
limitati on of the conventional testing al gorithms/procedures.

In this paper, novel testing algorithm for busbar protection
systems using IEC 61850 and Adaptive Neural Fuzzy
Inference System (ANFIS) isimplemented and tested. The
algorithm receiving and transmitting the signals via
Sampled Vaues (SVs) as a GOOSE messages on IEC
61850. Thus, all isolators position and bus replicawill be
transmitted from protection relays or isolator racks to the
test set via GOOSE messages. Then, thetest set will runthe
Current Generator Algorithm (CGA) according to the
connected bays and feeders, which in turn will generate the
Injection Matrix (IM) that will be transmitted from test set
to relays via SV GOOSE messages to be used in testing
process. The pre-fault results that comprises the tripping
decisions will aso be transmitted back from protection
relaysto the test set viathe SV GOOSE messages.

1. 1EC61850 BASED SUBSTATION
PROTECTION SYSTEM

Firstly, the conventional substation configuration will be
discussed in order to show the difference between
conventional substations and | EC61850-based substations
which requires a modern testing algorithm.

The conventional substation configuration are based on
hardwired interface between the primary substation
equipment, such as breakers, instrument transformers,
transformers, etc. and the secondary protection and control

devices [11-13]. A simplified diagram of the
communication architecture of conventional substation is
shown in Figure.l.

In the conventional substations, the CTs and VTs will
transfer the analogue values or digita vaues to the
interface module which includes both the analogue and
digital input module through hardwires. After processing of
the protection modul e, the output module will send control
commands to other electrical equipment, such as trip a
circuit breaker, also through hardwires. The Human
Machine Interface (HMI) is directly installed in the
protection relay in this strategy.

Considering the requirementsfor redundancy in protection
functions, in conventional protection systems numerous
primary and backup protection devicesneed to beinstalled,
wired to the substation equipment.

Theinterface requirements of the relays are separate from
these of the metering devices. As aresult, they need their
own instrument transformers which allow awide dynamic
range of fault currents.
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Figure 1: Communication architecture of a conventional substation
protection system

By applying the IEC61850 base-substations [ 14-23], a
significant improvement in functionality and reduction of
the cost of integrated substation protection and control
systems can be achieved. In these solutions, the interface
of the instrument transformers which include both
conventional and non-conventional ones with different
types of substation protection, control, monitoring and
recording equipment is through a Merging Unit. MUs
could be physically located either in the field or in the
control house.

It is very important to be able to interface with both the
conventional and non- conventional sensors in order to
allow the implementation of the system in both existing
and new substations.

A simplified diagram of the communication architecture
of an IEC61850 based substation protection system is
shown in Figure2. Also, Figure3 shows Standard
connection of MU a IEC61850 based substation
protection system.
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—

Line protection Bay controller

contioler
/ial unidiractional
multidrop point to point link

Multipls
pors
C Proprictary Ememet
link corirallzr

Merging unit

T ] I I Binary inputs

Figure 3: Standard connection of MU at IEC61850 based substation
protection system

Synchronisation, monitaring,
test and configuration
intefaces

Proprietary
link

[11. NOVEL TESTING ALGORITHM
BASED |EC 61850 AND Al

According to the above description of the [EC 61850-Based
substations, the testing and commissioning could be done
via GOOSE Samples Values on the substation network and
no need to conventiona analogue signals and the
complexity of the hard wires. Many manufacturers of
secondary injection testers have devel oped the IEC 61850
facility on the test set e.g Omicron 256 Plus, HaoMAI Top
Test, Kingsine K10661, and | SA. The algorithm in the test
set depends on the operator experience which leadsin some
cases to inaccurate or incomplete results and system

evaluation. The novel algorithm presented in this paper is
based on IEC 61850 communication protocol embedded
with Artificial Intelligence techniquewhich chosento bethe
Adaptive Neuro-Fuzzy Inference System (ANFIS).

In this algorithm the IEC 61850 employed for further
requirements than used with convention test sets as
described on the start of this section. It isused to collect the
dynamic busreplicaor theisolator status—viaSV GOOSE-
from the 1SO rack which collecting al status of isolators
from the whole substation. Also, the current transformer
ratio fromall baysand bus coupler will betransferred to the
algorithm via SV GOOSE to be used in the CGA and IM.

All the above data will be transferred to the novel testing
algorithmvial EC 61850 to start generating the adequate IM
as per substation configuration and testing case defined by
the user through a pre-configured Fuzzy Inference System
(FIS) according to the operation scenario of the substation.
Figure.4 shows Al block that isused for CGA. That means
the CGA is Al-based.

The IM values will be transferred back to the busbar
protection system via SVs GOOSE to be processed by the
protection relays and take the decision according to the
injected currents equivalent to the generated IM.

All performed actions by the busbar protection system e.g.
tripping, pickup, input contact status, output contact status,
actual circuit breaker status...etc. will be transferred to the
test set via SV GOOSE to evaluate the busbar protection
system. Flowchart in Figure.5 depicts the novel testing
algorithm.
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develops he per unit IM
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IV. TYPICAL SUBSTATION UNDER TESTING

Typical substation configuration in Egypt is chosen for
testing the presented algorithm in this paper. The substation
is 66/11kV, ten bays, four buses with four sectionalized
isolators Q1-Q4, one coupler circuit breaker, and each bay
is connected through two isolators that reflect the dynamic
busreplicaof the substation. Figure.6 depictsthe substation
configuration under testing to validate the new algorithm.

The busbar protection system is GE MULTILIN B90
comprises of six IEDs. IED 1, 2, and 3 is designated for
protection of phase A, B, and C respectively asthe systemis
considered phase segregated scheme. IED 4isfor collecting
all isolator status for dynamic bus replica. IED 5 is for
breakers failure for the whole substation. Finally, IED 6 is
for end fault protection for faults at dead zones to trip the
remote substation in case of outside fault. Figure.7 depicts
the busbar protection system at the substation under test.
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CASE NO. 01: FOUR FEEDERSAT BUS1

As shown in Figure.7, considering that four feeders are
connected to bus 1 through closing theisolators 1, 3, 5, and
7. Hence, the protection zonewill consider thefour currents
of the connected feeders. Considering that the first two
feeders F1 and F2 are sources and F3 and F4 are loads.
Also, assuming that equal supply and load sharing unless
otherwise stated by the user. The above data will be
transferred to the CGA via SVs GOOSE which in turn
transferred to the adequate FI S structure to generate the IM
valuesin per unit based on each current transformer rating.
The algorithm is trained according to the following
equations:

Is=)F &

L= Kiﬁ )

Where;

Fi.....is the feeder number

Ns.....is the total number of source bays
K .....is the sharing factor

The IM values are generated as shown in Table.l and
transferred from the test set to the busbar protection system
viaSV GOOSE. The resulting trip matrix according to the
behavior of the bushar protection systemisreceived viaSV
GOOSE to check the performance of the system. All
tripping cases are eval uated as per substation design and are
found satisfactory as shown in Table.2.
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Figure 7: Single Line diagram of case No.01

Table 1: Injection Matrix for the case of four feeders at Busl

Case F1 F2 F3 F4

No. Mag. Ang. Mag. Ang. Mag. Ang. Mag. Ang.
1 1 0 1 0 0.4 180 1 180
2 1 0 1 0 0 0 1 180
3 1 0 0 0 0.4 180 1 180
4 0 0 1 0 0.4 180 1 180
5 1 0 1 0 0.4 0 1 180
6 1 0 1 0 0.4 180 1 0
7 1 0 1 0 0.4 0 1 0

Table 2: Expected trip matrix

Case Differential Trip

No. Operate Operate
1 NO NO
2 YES YES
3 YES YES
4 YES YES
5 YES YES
6 YES YES
7 YES YES

CASE NO. 02: TWO FEEDERSAT BUS1 & TWO
FEEDERS AT BUS2 WITH BUSCOUPLER ISCLOSED

Asshown in Figure.8, according to the closing action of the
bus coupler circuit breaker, Bus1 and Bus 2 are considered
the same protection zone. Hence, the protection zone will
consider the four currents of the connected feeders. Thus,
same IM and tripping results are obtained as Case No.01.
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Figure 8: Single line diagram of case No. 2

CASE NO. 03: THREE FEEDERSAT BUS 1

ONE SOURCES AND TWO LOAD BAY

As shown in Figure.9, and by closing isolators 1, 3, and 5.
Considering that F1 is source bay and F2 and F3 are load
baysin thisoperation scenario. The IM valuesare generated
as shown in Table.3 and transferred from the test set to the
busbar protection systemviaSV GOOSE. Theresulting trip
matrix according to the behavior of the busbar protection
system is received via SV GOOSE to check the
performance of the system. All tripping cases are evaluated
as per substation design and is found satisfactory as shown
in Table4.

Table 3: Injection Matrix for the case of three feeders at Busl
One source and two loads

Case F1 F2 F3
No. Mag. Ang. Mag. Ang. Mag. Ang.
1 2 0 1 180 0.4 180
2 2 0 1 180 0 0
3 2 0 0 0 0.4 180
4 0 0 1 180 0.4 180
5 2 0 1 180 0.4 0
6 2 0 1 0 0.4 180
Table 4: Expected trip matrix
Case Differential Trip
No. Operate Operate
1 NO NO
2 YES YES
3 YES YES
4 YES YES
5 YES YES
6 YES YES




CASE NO. 04: THREE FEEDERSAT BUS2

TWO SOURCES AND ONE LOAD BAY

As shown in Figure.8, and by closing isolators 2, 4, and 6.
Considering that F1 AND F2 are source baysand F3isload
baysinthisoperation scenario. The IM valuesare generated
as shown in Table.5 and transferred from the test set to the
busbar protection systemviaSV GOOSE. Theresulting trip
matrix according to the behavior of the busbar protection
system is received via SV GOOSE to check the
performance of the system. All tripping cases are evaluated
as per substation design and is found satisfactory as shown
in Table.6.

Table 5: Injection Matrix for the case of three feeders at Busl
Two sources and one load

Case F1 F2 F3

No. Mag. Ang. Mag. Ang. Mag. Ang.
1 1 0 1 0 0.8 180
2 1 0 1 0 0 0
3 1 0 0 0 0.8 180
4 0 0 1 0 0.8 180
5 1 0 1 0 0.8 180

Table 6: Expected trip matrix

Case Differentia Trip
No. Operate Operate
1 NO NO
2 YES YES
3 YES YES
4 YES YES
5 YES YES

CASE NO. 05: STABILITY TEST FOR THE WHOLE
SUBSTATION

The above comprehensive analysis through the practical
testing for the busbar protection system provesthe validity
and effectiveness of the presented testing algorithm in this
paper. Thus, this section will present a detailed stability
testing for the whole substation —shown in Figure.6- using
the IEC 61850 and the CGA. The testing will show the
busbar protection system evaluation in both stable operation
scenariosand fault (unstable) casesfor the whole protection
zones and check zone of the B0 busbar protection system.
Refer to Table.7 that showsthe | EC 61850 eval uation sheet
for thistesting type.

CASE NO. 06: BREAKERS FAILURE TEST FOR THE
WHOLE SUBSTATION

The novel agorithm presented in this paper is also capable
to evaluate the performance of the substation breakers
failure protection schemes embedded into the busbar
protection system at IED 5 as described before.

The IM generated from CGA according to the retrieved
settings values of current threshold and breakersfailurefirst
stage time (BF1) and Breaker Failure second stage time
(BF2) through SV GOOSE messages from the protection
system. Then, the IEC 65850 evaluation sheet is retrieved
with the IM values and time response for BF1 and BF2.
Also, the actual threshold valuesfor each bay asindicated in
Table.8

Table 7: IEC 61850 evaluation sheet during testing with the IM values
generated by the CGA for stability test

Stability Test
Differential and Restrain Test

IM per unit values generated by CGA Sable | Check | Unstable
ase Zone Case by
reversing
12
cT | CT
CT |Q|Q| n 12
IED | IED [ BayID 3 d || ud [ [ od o
123 | 456 Ratio [ 1 | 2 (A (A
F1 N/A P1 (F01) 800 C | O | 0.25<0 Reference
0.25
F2 | NIA | P2(F02) | 800 | C | O <180 9 [196 | 9 | 196 | 396 | 196
F3 | NA | P3(F03) | 2000 | C | O 3;0 6 |200| 6 [200[ 391|196
0.25
F4 | NA | P4(Fod4) | 800 | C | O <180 6 | 196 | 6 | 196 | 397 | 196
0.25
F5 | F1 | P5(F05) | 800 | C | O <180 7 | 196 | 7 | 196 | 398 | 196
033
F6 | F2 | Pe(Fos) | 600 | C | O <180 3 200 3 |200] 396 | 196
0.08
F7 | F3 | P7(BC) | 2500 | C | O p 14 | 196 | 14 | 196 | 388 | 196
0.08
F8 | F4 | P8(BC) | 2500 | C | O s 16 | 196 | 16 | 196 | 380 | 196
033
L1 | F5 | P9(FO8) | 600 | C | O <180 7 | 196 | 7 | 196 | 386 | 196
0.25
L2 | F6 | PlO(FO9) | 800 | C | O <go | 15 | 196 15 | 196 | 302 | 196
Table 8: IEC 61850 evaluation sheet during testing with the IM values
generated by the CGA for breaker failure test
Bus Curre | njec
C ted t ted
s = : BF1{ BF 2 | Remark
Thres | Curr oh (ms) | (ms) s
Bl | B2 | hold | ent ﬁ.t SF6
nt
GV G
Bay 1 X 0.4 041 ] Ok | Ok | 151 255 | Bl Trips
Bay 2 X 0.4 041 | Ok | Ok | 150 | 256 | B2 Trips
Bay 3 X 0133 | 014 | Ok | Ok | 149 | 251 | B2 Trips
Bay 4 X 0133 | 014 | Ok | Ok | 151 | 253 | B2 Trips
Bay 5/6 Closed 0.5 051 ] 05 | Ok | 155 | 255
Coupler
B3 B4
Bay 7 X 0.4 041 | Ok | Ok | 152 | 256 | BI Trips
Bay 8 X 0.4 041 | Ok | Ok | 153 | 258 | B2 Trips
Bay 9 X 0133 | 014 | Ok | Ok | 151 | 254 | B2 Trips
Bay 10 X 0.4 041 | Ok | Ok | 152 | 253 | B2 Trips
Bay 11 X 0.4 041 | Ok | Ok | 150 | 251 | Bl Trips
Bay 12 X 0.4 041 | Ok | Ok | 151 | 254 | B2 Trips

V. CONCLUSION
The paper presents an automated and adaptive testing
algorithm based on IEC 61850 and ANFIS that can be
implemented in secondary injection test set to do a very
accurate testing algorithm automatically to guarantee the
accurate performance of the busbar protection system and
get all testing results to evaluate the busbar protection




system. The algorithm is tested on a typica 66/11 kV
substation configuration in Egypt with ten baysto show the
validity and effectiveness of the novel algorithm. The
busbar protection system is tested for severa cases under
different operation scenarios proving the validity of the
novel agorithm in testing such substations. The novel
algorithm show itsvalidity also in testing and eval uating the
breakersfailure protection system embedded into the bushar
protection system. After all analysis and practical testing
presented in this paper, it is recommended to develop a
software package to be implemented into the secondary
injection test set by implementing thisnovel algorithmto do
easy, accurate, reliable testing and commissioning for the
busbar protection system.
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