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Abstract

This paper focuses on three-terminal Alpha Plane differential
protection to develop a complete test method using the
OMICRON test universe software essentially defining security,
dependability, and sensitivity of the Alpha Plane characteristic.
It analyses the three-terminal alpha plane characteristic and the
existing primitive test method and develops an improved test
method using the IEC 61850 standard. The primitive method is
time-consuming and results in unnecessarily prolonged outages.
The primitive test method is discussed and improved by
implementing the IEC 61850 standard. First, the standard IED
Capability Description (ICD) file is modified by developing new
logical nodes using AcSELerator Architect and XML Maker
software. Then the developed logical nodes, Three-Terminal
differential protection Alpha Plane characteristic with its
additional infeed/outfeed check logic, and the developed test
method are tested simultaneously using Test Universe software.
A laboratory test bench is built using three SEL311L relays, two
CMC 356 Omicron injection devices, PC, MOXA Ethernet
switch, CMIRIG-B time synchronizing unit, SEL 2407 satellite
synchronized clock, and a DC power supply. The developed test
method vindicates the benefits of IEC 61850 standard over hard-
wired systems. Prolonged outage times due to test set preparation
using hard wires are drastically reduced.

Keywords: Alpha Plane, Differential Protection, IEC 61850
Standard, Intelligent Electronic Devices (IED), IED Capability
Description (ICD), Configured IED Description (CID), Generic
Object-Oriented Substation. Event (GOOSE) Message, Logical
Node (LN)

. INTRODUCTION

Any power system is prone to 'faults’, (also called short-
circuits), which occur mostly as a result of insulation failure
and sometimes due to external causes. When a fault occurs, the
normal functioning of the system gets disturbed. If a fault is not
properly detected and removed, widespread damage or a power
system blackout may take place [1]. The high current resulting
from a fault can stress the electrical conductors and connected
equipment thermally and electro-dynamically. Arcs at the fault
point can cause dangerous or even fatal burn injuries to
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operating and maintenance workers in the vicinity. Faults
involving one phase and ground give rise to high ‘touch’ and
'step’ voltages posing the danger of electrocution to personnel
working nearby. It is, therefore, necessary to detect and clear
any fault quickly.

Transmission lines are a vital part of the electrical distribution
system, as they provide the path to transfer power between
generation and load. Transmission lines operate at voltage
levels from 69kV to 765kV and are ideally tightly
interconnected for reliable operation. Factors like de-regulated
market environment, economics, etc. have pushed utilities to
operate transmission lines close to their operating limits. There
is an economic pressure to build lower cost and simpler to use
systems. The most efficient way to decrease costs is to decrease
the number of primary apparatus. A solution often used is to
build multi-terminal lines [2].

Any fault, if not detected and isolated quickly will cascade into
a system-wide disturbance causing widespread outages for a
tightly interconnected system operating close to its limits.
Transmission lines protection systems are designed to identify
the location of faults and isolate only the faulted section. The
key challenge to the transmission line protection lies in reliably
detecting and isolating faults compromising the security of the
system.

The current differential criterion is used with success to protect
various elements in power systems, i.e. power transformers,
generators, busbars, and transmission lines. The basic operating
principle of this criterion is to compare currents flowing into
the object with the currents flowing out of the object at the other
end [3].

Countermeasures of measuring differential current became
more sophisticated with advancements in the field of
differential protection and progressed from adding an
intentional time delay, percentage restraint, harmonic restraint,
and blocking to sophisticated external fault detection
algorithms and adaptive restraining techniques [4]. The alpha
plane differential relaying system provides sensitive protection
for transmission lines, security, and dependability for external
faults. The relaying system is tolerant of unequal
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communication channel delays [5].

Other form of multi-terminal transmission line protection based
on impedance/distance protection is presented by [6] Multi-
terminal transmission line protection based on current
differential method is one of the oldest methods of protection
and continues to be used or dominates other forms of protection
as it is considered superior with respect to selectivity, sensitivity,
stability and speed of operation as compared with other forms
of protection. Apart from percentage current differential
protection method. In [7] present a novel transient differential
protection based on distributed parameter and [8] present a
methodology for adaptive control of the restraining region in a
current differential plane based on equivalent —model. These
methods inherit a common disadvantage of \oltage
Transformer fuse failures. Traditional percentage current
differential protection as one form of differential protection is
mostly used in one form or the other. In [9] presents one form
of protection based on sampled values implementing
percentage differential protection. In [10] describe other
method of current differential protection scheme for Teed
transmission lines using superimposed components, also
implementing percentage differential protection.

Interestingly, [11] present Alpha Plane differential
characteristic on two terminal application in comparison with
percentage current differential characteristic and outline the
advantages of Alpha Plane differential characteristic over
percentage current differential characteristic. In [12] it also
present Alpha Plane differential protection for multi-terminal
transmission line and outline general design directions for a
next generation line current differential protection scheme. The
alpha plane method has been a tool available to protective
engineers to study line current differential characteristics and
faults, but now is been deployed as algorithm within relays for
protection purpose. Apart to multi-terminal application, alpha
plane has been implemented for 3-terminal application with
different algorithm. The research is aimed at investigating,
evaluating and analysing methods and algorithms of existing
IEDs implementing alpha plane characteristic. The aim is to
develop a complete test method for three terminal differential
alpha plane characteristic using OMICRON test universe
software essentially defining security, dependability and
sensitivity of alpha plane characteristic

Test procedures have been developed for testing alpha plane
characteristics on two-terminal differential applications only. 3
terminal differential applications needed to be developed, thus
testing between two terminals at a time i.e. terminals A-B; B-C
and A-C have been the test method for 3 terminal applications.
This posed a need for research on the Intelligent Electronic
Devices (IED) algorithm and or test methods which is mainly
the subject of this paper or considered in this paper.

The content of this paper is presented as follows: The
development of a new logical node with restraint elements is
described in part 2. Configuration of the IEDs and OMICRON
devices is presented in part 3. The Three-Terminal Alpha Plane
characteristic is discussed in part 4. Part 5 presents the
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development of a new test method for testing the Three-
terminal Alpha Plane characteristic using the newly developed
logical node. Case studies in developing the test method and
obtained results are presented in part 6. Discussion of the
obtained results and benefits are presented in part 7 and part 8
presents the conclusion.

1. DEVELOPMENT OF NEW LOGICAL NODE

WITH RESTRAINT ELEMENTS

The instability of voltage in the power systems has become a
concern. The primitive test method required that all differential
elements be hardwired from the relay to the OMICRON device
at each substation as shown in Figure 1. Differential elements
include 5 operating elements and 5 restraint elements. Before
wiring, the elements had to be programmed or mapped to 10
relay outputs which created a big room for human error either
in programming or wiring. The entire process is time-
consuming, resulting in prolonged outages.

o 87LOPA
©87LOPB

Figure 1. Hardwiring of differential elements

To avoid the shortcomings of the primitive test method, a new
method is proposed in this paper using IEC61850 standard
which allowed differential elements to be published by the
relay in a form of Generic Object Orientated Substation Event
(GOOSE) message and subscribed by the OMICRON devise as
opposed to hard wiring. However, the standard IED Capability
Description (ICD) file for SEL311L relay only has operated
elements logical node and does not have restraint elements
logical node which explains the need for a new logical node to
be developed.

SEL has its standard Logical Devices in AcSELerator Architect
palette as shown in Figure 2. The IED Palette provides a source
of IED files to add to a project, to export and import ICD files.
To configure GOOSE messages through the use of Architect
software, an engineer copies and pastes graphical objects
representing IEDs from the IED Palette into a project and then
accesses the properties of the selected IED for either outgoing
or incoming GOOSE messages[6 -13].
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Figure 2. SEL standard Logical devices in AcSElerator
software

SEL-311L Standard Logical Device does not have PDIF
Differential Logical Node with Restraint elements as shown on
Figure 3, only the operate Elements are available. These
operate elements are PRO.D87LPDIF1.0p.phsA,
PRO.D87LPDIF1.0p.phsB, PRO.D87LPDIF1.0p.phsC,
PRO.D87LPDIF1.0p.neut, PRO.D87LPDIF1.0p.neg.

 Edit Dataset o) o«
Name
DSet13
Description
Breaker Status and Control
IED Data ftems Dataset
Dragn-drop or right click on a data tem Dragn-drop or right-click on a data tem to reamange.
to add i to the dataset on the ight Click column headers to sot.
il GOOSECapacty: 20 of 1261byes
|ST (Status Infomation) M| Data Atrbutes: 5 of 500
1) || consit e
¥ lod
i 2 Beh ®ST  PRO.D8LPDIF1.Op phsA
- 8 Health ®ST  PRO.D87LPDIF1.0p.phsB
i 8 St BST  PRO.D87LPDIF1.Op.phsC
5% Op ®ST  PRO.D87LPDIF1.Opneut
% general ®ST  PRO.D87LPDIF1 Opneg

Figure 3. PDIF Logical Node with Operate Elements Only

The flow chart in Figures 4 shows steps followed to create a
logical node with restraint elements.
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Doesthe SEL311L
Standard ICD file has
restrain elements?

Yez

Export SEL311L Standard ICD file from
the IED palette and save it to a certain
directory Using SEL Architect Software

:

Open the exported file with XML Marker
software and edit to include restraint
elements (PRO DE7LPDIFL.0p.phsA, PRO
OBT7LPDIFE Op.phsB, PRO
D87LPDIF4.Op.phsC, PRO
DB7LPDIFA.Op.neut and PRO
D87LPDIFA.Op.neg

¥
Import the new SEL311L ICD file with

restrain e lements from directory to the
ED palette Using SEL Architect Software

¥
Insert or drag the new SEL311L ICD file
with restrain elements from the IED
palette to the Project Editor Using SEL
Architect Software to configure GOOSE
publishing and subscription

Figure 4. The flow chart followed to create a logical node
with restraint elements

To model, an SEL 311L IED PDIF Logical Node with restraint
elements, first the standard SEL 311L ICD file is exported from
the palette using AcSELerator Architect software and renamed
as ‘SEL-311L with restraint elements - R411 and Higher’ in
this case.

The SEL 311L ICD file is then edited using XML Marker
software. In XML Marker language, SEL Configuration
Language (SCL) is the root element, IED is the child element
and AccessPoint, Server, Ldevice, LN, DOI, and DAI are the
subchild elements as shown in Figures 5 and 6. The SEL
standard structure consisting of a root, child, and subchild
elements was maintained.



International Journal of Engineering Research and Technology. ISSN 0974-3154, Volume 14, Number 7 (2021), pp. 635-646
© International Research Publication House. http://www.irphouse.com

<root>
<child>
<subchild>.....</subchild>
</child>
</root>

Figure 5. XML Marker language

File Edit View Options MNavigate Help
D& | o | At 4y B
e SCL

|- = xmins:esel = “hitp/iwww.selinc.com/2006/61850"
- = xmins = "http:iiwww.iec.ch/51850/2003/5CL"
[+ Header
[+ Communication
(=& |ED
= name ="SEL_311L_1"
desc ="Shorten prefixinstance length. Less than 8 characters.”
type ="SEL_311L"
manufacturer ="SEL"
= configVersion = "ICD-311L-R104-V0-Z002001-D20100928"
[+ Private
[+<&3 Private
[+ Private
[+ Private
< ¥ Private
[+ Services
[=H&® AccessPoint
name ="81"
<3 Server
» Authentication
+¢» LDevice
&% LDevice
=/ desc="Protection”

inst ="PRO"
+<e LND

Figure 6. SEL standard structure consisting of Root, Child and
subchild elements

Using XML Marker software, the Logical Node Type, Class
Instance and Prefix were defined as well as the mandatory and
optional Logical Node information as shown from Figure 7 to
Figure 13 in line with IEC61850-7-4 guidelines. This part of
IEC 61850 specifies the information model of devices and
functions related to substation applications. In particular, it
specifies the compatible logical node names and data names for
communication between the Intelligent Electronic Devices
(IEDs). This includes the relationship between Logical Nodes
and Data [7-14].

L<LN InType="PDIF1" InClass="FDIF" inst="4" prefix="RE7L"=]

Figure 7. Logical Node Type, Class Instance and Prefix
description

=DOI name="Mod"=|
=DAl esel:datasrc="db:E3_00175:1" name="stVal"/=|
=DAl esel.datasrc="db:E3_001" name="q"/=|
=DAl esel:datasrc="imm" name="ctiMode|"=|
=Val=0=Nal=|

=/DAI=|
=DoI

Figure 8. Mode: consisting of Status Value, Quality, and
Control Model data attributes.
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=DOI name="Health">|

=DAl eseldatasrc="db:E3_00173:1" name="stVal"/=|
=DAl eseldatasrc="db:E3_001" name="q"/=|

=</DOI=]

Figure 9. Health: consisting of Status Value and Quality data
attributes.

=DOI name="Beh"=|
=DAl eseldatasrc="db:E3_00175:1" name="stVal"/=|
=DAl esel.datasrc="db:E3_001" name="q"/=

.
Figure 10. Behavior: consisting of Status Value and Quality
data attributes.

<DAl esel.datasrc="dbi:FID" name="swRev"/>

=DAl esel:datasrc="imm" name="configRev"=|
=Val=0=/Nal>

=/DAI=

=DAl esel:datasrc="imm" name="d"=|
=Val=Protection=/\al=|

Figure 11. Nameplate: consisting of Vendor swRev and
configRev and description data attributes.

=DOIl name="5tr"=
=DAl eseldatasrc="db:E3_008&" name:"gener?&[

=DAl esel:datasrc="imm” name="dirGeneral"=
=Val=1=/Nal=

=/DAl=|

=DAl eseldatasrc="db:RETLA" name:"phsA’"a‘_>[

=DAl esel:datasrc="imm" name="dirPhsA">|
=Val=1=/Nal=

=/DAl=|

=DAl eseldatasrc="db:RETLE" name="phsB"/>|

=DAl esel:datasrc="imm" name="dirPhsB"=
=Val=1=/Nal=

=/DAl=

=DAl eseldatasrc="db:RETLC" name="phsC"/=|

=DAl esel:datasrc="imm" name="dirPhsC">
=Val=1=/Nal=

=/DAl=

=DAl esel:datasrc="db:RE7LG" name="neut’/>

=DAl esel:datasrc="imm" name="dirNeut"=
=Val=1=/Val=

=/DAl=

=DAl esel.datasrc="db:87L2" name="neqg"/>|

=DAl eseldatasrc="imm" name="dirleg"=|

l

l

i

l

<DAl esel:datasrc="db:E3_001" name="q'/=]

Figure 12. Start: consisting of restraint elements General,
Directional General, Phase A, Directional Phase A, Phase B,
Directional Phase B, Phase C, Directional Phase C, Neutral,
Directional Neutral, Negative Sequence, Directional Negative,
and Quality data attributes.

=00l name="0p"=
=DAl eseldatasrc="do:E3_008" name="general’/>
=DAl eseldatasrc="do:RETLA" name="phsA"f=
=DAl eseldatasrc="do:RETLE" name="phsB"/>|
=DAl esel:datasrc="db:RETLC" name="phsC"I=
=DAl esel.datasrc="db:RE7LG" name="neut"/=
=DAl eseldatasrc="db:R&7L2" name="neqg"/>
=DAl esel.datasrc="db:E3_001" name="q"/=|

=/DOl=|

Figure 13. Operate: consisting of restraint elements General,
Phase A, Phase B, Phase C, Neutral, Negative Sequence, and
Quality data attributes.
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The new model of the SEL 311L relay ICD file has now been
developed. This model is then imported as a new SEL 311L
relay ICD file into the AcSELerator Architect palette as a new
SEL311L with restraint elements as its name implies as shown
in Figure 14. The CID file is then configured using
AcSELerator Architect software to develop the CID file with a
newly developed logical node for restraint elements.

The CID file is then tested in conjunction with the 3 terminal
alpha plane characteristic as discussed in part 6 of this paper.

B seL_710 B seL_ms

[ Import IED I
Export ICD [

— aiin 1 i Maal
R seL_z440 SEL_311C
B seL_ssia B seL_ssirs
R seL_sse BEE seL_a1
B seL_ss7s ] seL_ss7e
R seL_710 R seL_vsi
B

Figure 14. New SEL 311L IED into AcSELerator Architect
palette

Figure 15 shows the newly developed restrain elements in PDIF
logical node.

o Dot Fol o e
Name
DSet13
Description
Opearate Restraint Blements A
IED Data ltems Dataset
Drag-n-drop or right-click on a data item Drag-n-drop or right-click on a data item to rearange.
to add it to the dataset on the right. Click column headers to sort.
FC (Functional Constrairt} GOOSE Capacity: 6 of 1261bytes
[ST (status Information} - Data Atibutes: 11 of 500
B _?_E:;;ﬁzl? * || Constraint kem
: 2 TSOPDIF2 BT PRO.D87LPDIF1.Op phsh
5 m BN BT PRO.DE7LPDIF1.Op phsk
__w ®S5T  PRO.DB7LPDIFI Op phsC
- m, Beh BT PRO.D87LPDIF1.Op neut
. =, Health ®sT PRO.DB7LPDIF1 Op.neg
&, Str BT PRO.R87LPDIF4 Op phsA
m Op BT PRO.R87LPDIF4 Op phsk
- B POTTPSCH1 B/ST PRO.RB7LPDIF4 Op phsC
- B, DCBPSCHZ /ST PRO.R87LPDIF4 Op neut
-m, DCUBPSCH3 £||| ®ST  PRORSTLPDIF40pneg
-, GFRDIR1 ®sT PRO.TRPPTRC1 Tr.general
- i, GRROIRZ L4
u, FI2QRDIR3
. RIZQROIR4
- m OSTRPSBE1
- i, OSBIRPSE2 8

Part 3 describes the configuration of IEDs and Omicron devices
for GOOSE publishing using a newly developed logical node.

Il.  CONFIGURATION OF THE IEDS AND

OMICRON DEVICES

Once the CID file is developed, it is necessary to test it to prove
its functionality. First, the CID file is exported from
AcSELerator Architect software and saved in a general folder.
This file is then imported to OMICRON Test Universe software
to configure the CMC test equipment or test set. The same file
is also uploaded or sent to the respective SEL 311L relays. This
is done to ensure that the test set can subscribe to messages
published by the relays. The test set injects fault currents into
the relays and subscribes to messages published by the relays.
One test set is used to inject two relays and the second test set
is used to inject the third relay. The two test sets are then
synchronized to inject fault currents simultaneously. The
testing of the logical node is presented in part 6.

The mapping of operating and restraint elements GOOSE
messages from the CID file to the test set binary inputs is
performed via the GOOSE Configuration module [8-15]. The
operation and restraint signals are subscribed and used for
testing the protection function. Figure 16 shows the example of
a relay publishing the Red phase differential protection
operated element (PRO.PDIF87L1.0p.phsA) GOOSE message
and the test set subscribing to this message, mapping it to the
binary input 1.

PC [OMICRON Test Universe

IED Test Module
Logical Device
PROT Testset
Logical Node Subscription
PDIF87L1 and
Data Mapping
Op.phSA I Binary Input 1
Binary Input 2
GOOSE via Ethernet operate
GOOSE Dataset GOOSE Dataset

Figure 16. Publishing and subscription of the operating
element

Figure 17 shows the example of a relay publishing the Red
phase differential protection restraint element
(PRO.R87LPDIF4.0p.phsA) GOOSE message and the test set
subscribing to this message, mapping it to the binary input 2.

PC [OMICRON Test Universe]
IED Test Module
Logical Device
PROT Test Set
Logical Node Subscription
R87LPDIF4 and
Data Mapping
Op.phsA Binary Input 1
,’ Binary Input 2
restraint GOOSE via Ethernet
GOOSE Dataset GOOSE Dataset X
restraint

Figure 15. Newly developed logical node with restraint
elements
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Figure 17. Publishing and subscription of the restraint element
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Figure 18 shows the test bench setup with two test sets
synchronized via IRIGB, connected to an Ethernet switch and
protection relays which are also interconnected with fiber optic
cables for differential protection communication purposes. One
PC is used to control both test sets and communicates with all
three relays.

Test set 1 Testset 2 IRIGB Time source
| i'
e ——"mae;am..
L) | W) Sl |
. ) Ethernet Switch
Currents Currents

R
PCD

\
ela} A Relay B I Relay C

Fibre

Figure 18. Test-bench setup

IV. THREE-TERMINAL ALPHA PLANE

CHARACTERISTIC

The SEL-311L Relay contains five-line current differential
elements: one for each phase, one for the negative-sequence,
and ground current. The phase elements provide high-speed
protection for high current faults. Negative-sequence and
ground elements provide sensitive protection for unbalanced
faults without compromising security [9-16-11-18]. Zero-
sequence and negative-sequence currents are completely

independent of the load current and angle, the pure fault current,

and, consequently, the fault resistance [12-19]. Figure 19 shows
the SEL-311L Relay Line Current Differential Elements.

|—| ! |
Onrmt O o)
SELFML SEL3ML

D] e (@@
g o

Figure 19. SEL-311L relay line current differential elements

la, Ib, Ic

The SEL-311L Relay exchanges time-synchronized la, Ib, and
Ic samples between two or three line terminals. Each relay
calculates negative sequence (312) and zero sequences (310) for
all line terminals. Current differential elements 87LA, 87LB,
87LC, 87L2, and 87LG in each relay compare la, Ib, Ic, 312,
and 310 (IG) from each line terminal. All relays perform
identical line current differential calculations in a peer-to-peer
architecture to avoid transfer trip delays. Figure 20 shows the
alpha plane, which represents the phasor or complex ratio of
remote (IR) to local (IL) complex currents [9-16]. There is a
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separate alpha plane for every current (phase, negative-
sequence, and zero-sequence).

=

TE‘ 1
w2
External Faults =
and Load current i
~ /" -~ "\ >4 f[:-i
= g T, 1
= Re E
1£180° !

Figure 20. Alpha plane represents a complex ratio of remote-
to-local complex currents

Arbitrarily assign current flowing into the protected line to have
zero angles, and the current flowing out of the protected line to
have angle 180 degrees. Five Amps of load current flowing
from the local to the remote relay produces an A-phase current
of 52£0° at the local relay, and 52180° at the remote relay. The
ratio of remote to local current is:

Lg 52180°
AR 1,180°
Ty  52180°

I 5260°

B T —1,180°

Iy, 52— 120°

I 5, —60°

R _1,180°
I, 52120°

On the phase alpha plane, 12180° plots one unit to the left of
the origin, as shown in Figure 20. The other two phases also
reside at 12180° on their respective alpha planes. All through-
load current plots at 12180° regardless of magnitude and
regardless of the angle concerning the system voltages [5].
Likewise, an external fault has equal and opposite current at the
two-line ends and so external faults also plot at 12180°. The
SEL-311L Line Current Differential Relay surrounds point
12180° on the alpha plane with a restraint region, as shown in
Figure 21. The relay trips when the alpha plane ratio travels
outside the restraint region, and the differential current is above
a settable threshold. The relay restrains when the alpha plane
ratio remains inside the restraint region, or when there is
insufficient differential current.
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R
_ﬁl
Im l-'lf.'

|

87LR

Trip Region

Figure 21. SEL-311L relay restraint region surrounds external
faults

According to the literature, the SEL-311L relay applies the
alpha plane concept of two-terminal application to three-
terminal lines by combining (vectorially adding) currents from
two of the terminals to produce the remote current. The
remaining (uncombined) current becomes the local current
when calculating the alpha plane ratio of the remote to the local
currents. In other words, the SEL-311L Relay converts the
three-terminal line to an electrically equivalent two-terminal
line and then applies two-terminal protection algorithms. All of
the considerations described in the two-terminal discussion
apply to three-terminal protection also.

For internal faults with no outfeed and for external faults with
no CT saturation, there is no wrong way to choose which two
currents to combine into the remote current because all three
possibilities result in the correct trip/restrain decision. The
SEL-311L Relay processes all 87L elements using all three
possible combinations of remote current. Table 1 shows the
three possibilities.

Table 1. Three possible combinations of remote and local
currents at relay R.

mbinations
1 2 3
Curren
IRemote
I+ Ic Iat Ic Iat+ Ig
ILocal la Is Ic

During the research, it was also found that if at least one or
more terminals see the fault as internal, additional check logic
is used to ensure that the fault is within the protective zone. This
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logic exists in the relays but is not in the relay manual which
also formed the basis of this research as it was found that the
relays do not operate as described in the manual. Figure 22
shows the additional trip/restraint check logic. Once the logic
has established that one of the permutations has detected the
fault as internal it then determines which of the three currents
is the largest and which current is the second largest (middle
value). It then checks the angle between these two currents. If
the angle difference between the largest and second-largest
(middle) current is greater than 90 degrees, the fault is external
and the element is blocked from operating. If the angle is less
than 90 degrees, the fault is internal and the 87L element is
allowed to trip.

87LA —
87LB
87LC

S7TLA ——
87LB
87LC —

-

S~
Abs|©* -
Max (AIBIC)~ ,

(Z "\ DIFF = MAG/6°
/\-_-«}

Mid (AIB,C)

Figure 22. Additional trip/restraint check logic

DEVELOPMENT OF A METHOD FOR
TESTING 3 TERMINAL ALPHA PLANE
CHARACTERISTIC USING NEWLY
DEVELOPED LOGICAL NODE

The SEL-311L Relay contains five-line current differential
elements: Once the additional logic was found, the test method
for 3 terminal alpha plane differential protection was developed.
The aim of the test is 3 fold:

e To prove the functionality of the 3 terminal alpha
plane characteristic with the additional logic

To prove the functionality of the newly developed
logical node

Development of a new test method

All the tests are carried out simultaneously. 8 case studies
represented by 8 test point as shown in Figure 23 and an
additional 2 case studies represented by the additional check
logic are described below.
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Figure 23. Alpha plane test points

Test points with even numbers are placed in the trip region,
whereas test points with odd numbers are placed in the restraint
region. From the test module's view of the OMICRON Test
Universe software, the binary inputs are configured in the
hardware configuration and applied for the testing. The
mapping of the Binary input signals is verified using the ‘State
Sequencer’ test module in line with Alpha Plane Operate and
Restraint regions as discussed below.

For testing three-terminal 311L, two criteria were established
in line with the Alpha Plane algorithm.

V.1. Internal fault without out-feed

If each of the permutations sees the fault as internal i.e. in each
case the Ir/IL ratio goes outside the blocking zone and enters
the operating zone then the element trips without any further
checks

V.2. Internal fault with out-feed

If at least one terminal sees the fault as internal, the additional
check logic in Figure 22 is followed. With alpha (o) set to
62195°, a set of eight test points are established, the eight test
points are:

P1:
P2:
P3:
P4.
P5:
P6:
P7:
P8:

o=5.52180°
a=6.52180°
a=0.32180°
a=0.052180°
a=5.52875°
a=>5.52775°
a=5.52-875°
a=554-77.5°

To achieve these alpha values, a set of currents to be injected
on all three relays were calculated as follows;

oA = Btlc (1)
Ia

aB = A )
Is
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aC =248 3)
Ic

For Relay A Point 1:

tle — 5.5, 180° (@)
Ia

AEC = 5.5£180° (5)
B

‘AfC‘B =0.312180° (6)

From Equation (1) Error! Digit expected.
)

From Equation (2)Error! Digit expected.
®)

From Equation (3) Error! Digit expected.
)

Substituting Equation (7) and (8) into Equation (9) gives:

Ig+Ic

Ia+Ic
IC =
5.5£180°

5.52180°

) + 0.312180° (10)
Ia= 1.705Ic - 2lc -l

Ia=-lg-0.295I¢ (11)

Equation (7) = Equation (11) = Ia

Iz + I¢c

55,180° = -Ig — 0.295]I¢

lg—5.51g=1.623l¢c - Ic
g =-0.138lIc
Substituting Equation (12) into Equation (11) gives:

(12)

Ia = -(-0.138lc) — 0.295I¢
Ia= 0.138lc— 0.295Ic

Ia=-0.157 Ic
Ifla=12180°A
~ 1= 6.420°A

& lg =0.882180°A = Ia

For Relay A point 2 assuming oA = 6.52180° and aB = aC =
0.220° (reciprocal of aA)

From Equation (1) — (3) and the assumed values of oA, aB, aC
the following can be derived:

: I l ’ (13)
A

: 1 : : ° (14)
B
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Ia+Ip

=0.2£0° (15)

Ic

From Equation (1) Error! Digit expected.
(16)

From Equation (2)Error! Digit expected.
(17

From Equation (3) Error! Digit expected.
(18)

Substituting Equation (16) and (17) to Equation (18) gives:

Ig+1c Iy +1c
= + 0.220°
¢ (6.540° 0.240°> 0.220
la=0.04 Ic - 1c 0.031 I5 0.031 Ic

|A =0.031 |B -0.929 |c

(19)
Equation (16) = Equation (19) = Ia

Ig +Ic

m = 003113 - 09291C

Ig +0.202 1g = 5.039 Ic
le=4.192 Ic (20)
Substituting Equation (20) to Equation (19) gives

In=0.031x4.192 1c —0.929 Ic
IA=0.131c-0.929 Ic
Ia=-0.799 Ic

Iflc =12180° A

~ 18 =4.192,180° A

& 1o =0.79920° A

Table 2 shows the number of currents that are injected
simultaneously on each relay for relay A equivalent alpha value.

Table 2: Simultaneous injected analog values of currents for
relay A for point 1 to point 8

Relay A
Relay A Relay B Relay C
Alpha o

current (A) current (A) current (A)
Pl:a=554180° | 1/180° 1£180° 6.4£0°
P2: 0=6.52180° 0.799£0° 4.192£.180° 1£180°
P3: 0=0.3£180° 6.5£0° 1£180° 1,£180°
P4: 0= 0.05£180° 4.192£180° 0.7994£0° 1£180°
P5: 0=5.5487.5° 1,£180° 1£180° 5.548~2.-82°
P6: 0=5.5477.5° 1,£180° 5.66£-112° 0.9484£-9.9°
P7:0=5.54-87.5° | 1£180° 5.547£82° 1£180°
P8: 0=5.54-77.5° | 1£180° 5.66£112° 0.9484£9.9°

Table 3 shows the number of currents that are injected
simultaneously on each relay for relay B equivalent alpha value.
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Table 3: Simultaneous injected analog values of currents for
relay B for point 1 to point 8

Relay B
Relay A Relay B Relay C
Alpha o

current (A) current (A) current (A)
Pl:a=554180° | 1,180° 1£180° 6.4£0°
P2: a=6.54180° 4.192£180° | 0.79940° 1£180°
P3: a=0.3£180° 1£180° 6.520° 1£180°
P4: a=0.054180° | 0.799£0° 4.192,180° 1£180°
P5: a=5.5487.5° 1£180° 1£180° 5.5484-82°
P6: a=5.5477.5° 5.66£-112° | 1£180° 0.948£-9.9°
P7:0=5.54-87.5° | 5547482° 1£180° 1£180°
P8: a=5.54-77.5° | 5.664£112° 1£180° 0.948£9.9°

Table 4 shows the number of currents that are injected
simultaneously on each relay for relay C equivalent alpha value.

Table 4: Simultaneous injected analog values of currents for
relay C for point 1 to point 8

Relay C
Relay A Relay B Relay C
Alpha o

current (A) current (A) current (A)
Plra=5.54180° | 64,0 1£180° 1£180°
P2: 0=6.5£180° 1£180° 4.192£180° 0.799£0°
P3: 0=0.3£180° 1£180° 1£180° 6.5£0°
P4: 0= 0.05£180° 1£180° 0.79940° 4.192,£.180°
P5: 0=5.5487.5° 5.548£-82° 1£180° 1£180°
P6: 0=5.5477.5° 0.9484£-9.9° | 5.66£-112° 1£180°
P7:0=5.54-87.5° | 1£180° 5.547482° 1£180°
P8: a=5.54-77.5° | 0.94849.9° 5.66£112° 1£180°

VI. CASE STUDIES AND RESULTS

Using values from Table 2, the results from Figure 24 and
Figure 25 using the method discussed in section 5 show that
Relay A and B point 1 were tested simultaneously as shown
with notification 1 in Figure 24. The currents 12180°A on red
phase with balanced angles and equal magnitudes for all phases
was injected on relay A and B as shown with notification 2 on
Figure 24, and 32£0°A (= 6.4 x | nominal) on red phase with
balanced angles and equal magnitudes for all phases was
injected on relay C as shown with notification 2 on Figure 25
since relay C secondary current rating was 5A.

This external fault was simulated for 1 second as shown with
notification 3 in Figure 24 and Figure 25. Restraint elements
R87LA, R87LB, and R87LC (notification 4 on Figure 24)
picked-up almost instantaneously (just above 17ms) as shown
with notification 5 in Figure 24. This is the indication that the
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newly developed logical nodes are functioning and the relays
restrain as required for this test case.

1 It
[53] Table View: Point 1- 87LR - ]Ndeglea-ﬁpn-A&BinL 1 )'Teﬂ-l!llyA&E.o“
1 T Nt 3 |

Name | Wat for RIG-B Pusse External Faull - Pont 1 Internal Faul

[I%] 0.000A 0.00° | 50.000 Hz 1.000A 180.00*  50.000 H2) 1.000A 180.00* | 50.000 Hz
1% 0.000A  -12000* 1.000A 60.00*  50.000 Hz 1.000A 60.00* | 50,000 Hz
5] 0.000A  120.00° 1.000A 6000 50.000 Hz 1.000A 000" | 50.000 Hz
W21 0.000A 0.00° 1.000A 180.00°  50.000 Hz 41924 180.00° | 50,000 Hz
W2)-2 0.000A  -12000° 1.000A 6000  50.000 Hz 41924 60.00° | 50.000Hz
W23 0.0004 12000° | 50000 Hz 1.000A 6000 50.000 Hp/ 41924 $0.00° 50,000 Hz
CMCTra

ra | 0 output(s) active 0 output(s) active

1.000s

~X

1.000s

nt 1- 87LR - 180 degrees - 6pu A&Bm!( 3 \m Relay A & B.oc
A ) Time

s
5] Meas ! )Pm

(s)

Figure 24. Injected analog values and test results for relay A
and B for point 1

Elements 87LOPA, 87LOPB, and 87LOPC (notification 4 on
Figure 24) operated and picked-up 1 second later. When the
internal fault was simulated after 1 second external fault as
shown with notification 5 in Figure 24 above. This is the
indication that the alpha plane differential protection
characteristic operates as required for this test case.

|&]d| ©|@) @ Bm[F|#aM 8 g : X| 21| W[ T v pE] ||

@lelt\ﬁm%iﬁllAWAIMdegms-GpUAA&BirL JﬁTest-RdlyC.o«
1 N4
Wat for RIG-B Pulse
00004 0.00
0.000A | -12000
0000A | 120.00
0 output(s) active
e

) Measuren

3 |

External Faut - Point |
200A 0.00°
3200A  -120.00°
3200A  120.00°

0 output(s) active

1.000s

(3)

nent View: Point 1 - 87LR - 180 degrees - 6pu - A & B in 3 Terminal Diff Test - Relay C.occ

Internal Faut
3995A
3995A
3995A

0 outputis) active

1.000's

50,000 HZ
50.000 Hz
50,000 Hz

000°
12000
12000°

50.000 Hz
50.000 Hz
0.000 Hz

[i Time Assessment

Name [ ignore before | Start | Tnom | Tdev- | Tdeve | Tact |
1| 870 (Rwe) External Faut - Point 1 __ Exteral Faut - Pomt 1 Relay C - 87L0P (RWS) 10008 1000ms | 3000ms  1540ms
2| R8TL (RWB) External Faut - Point 1 Extemal Faul - Point 1 Relay C-RB7L (RWB)0 | 1500ms  10.00ms| 1000ms  1550ms
3 |enors External Faut - Point 1 External Faut - Point 1 Relay C - 87LOPG 0>1 1000ms  30.00ms
4 |Re7G External Faut - Point 1 External Faut - Point 1 Relay C - RE7LG 0>1 1000ms —10.00ms
5 87.0P2 External Faut - Point 1 External Fault - Point 1 " Relay C - 87LOP2 051 1000ms  3000ms = 1540ms
6 |Ren2 External Faut - Point 1 External Faut - Pont 1 Relay C - RE7L2 0>1 1000ms  10.00ms| 1560ms

Figure 25. Injected analog values and test results for relay C

VI.1. The results for primary currents and alpha values for
all three relays

The measured primary currents by all three relays which
correspond to the injected secondary currents as well as
corresponding calculated alpha values. Each relay displays its
local current and remote currents received through
communication channels X and Y. Relay A (SEL-311L A)
measured its local currents and received measured currents
from Relay B(SEL-311L B) and Realy C (SEL-311L C) via
communication channel X and Y respectively.

VI1.2. Relay A (SEL-311L A) results

Observed from Relay Aand shown with notification 1 in Figure
26 it can be seen that the measured currents are displayed in
primary values corresponding to the injected secondary

Ignore before | start N/ Stop [ Tnom | Tdev- | Tdevs Tact

1 |RelayA-87L0PA | ExteralFaut-Pont1 _ Exteral Faut - Point | Relay A- 67LOPA 0>1 10005 10.00ms | 5500ms 10495
2 Relay A - 87LOPB External Fault - Point 1 External Fault - Point 1 Relay A - 87LOPB 0>1 1.000s 10.00 ms. 55.00 ms 1049s
3 |RelayA-87L0PC | ExternalFaut-Pont1 | External Faut - Point 1 Relay A - 87LOPC 01 10005 10.00ms  5500ms 10495
4 |RelayA-RG7LA | External Fauk - Pont 1 | External Fauk - Point 1 Relay A- R7LA 0>1 1500ms  1000ms  2500ms | 1360ms
5 Relay A - RS7LE External Fault - Point 1 External Fauk - Point 1 Relay A - R87LB 0>1 15.00 ms 1000ms  2500ms 1360 ms.
6 Relay A - R87LC External Fault - Point 1 External Faut - Point 1 Relay A - RS7LC 0>1 15.00 ms 10.00 ms 25.00 ms 18.50 ms
7 |RelayA-87L0PG | External Faut - Pot 1 | External Faut - Point 1 Relay A - 87LOPG 0>1 1000ms  4200ms

8 RelayA-87LOP2 | External Faut - Pont 1 | External Faut - Point 1 Relay A - 87LOP2 0>1 1000ms 4200 ms

S |RelayA-RG7LG | External Faut-Pont1 | External Faut - Point 1 Relay A- RB7LG 0>1 1000ms  2500ms

10 |RelayA-RE7L2 | ExternalFaull-Pot1 | External Faul - Point 1 Relay A- RB7LG 0-1 1000ms | 2500ms

11 |RelayB-87L0PA | Externai Faul - Point 1 | External Faut - Point 1 Relay B - 87L0PA 0>1 1000s  1000ms| $500ms 10485
12 |RelayB-87LOPB | External Fault - Pont 1 | Extemal Faul - Point 1 Relay B - 87L0P8 0>1 1000s  1000ms  5500ms 1053s
13 |RelayB-67LOPC | External Fault-Pont 1 Exteral Faul - Point 1 Relay B - 87LOPC 0>1 1000s . 10.00ms  55.00ms 1048
14 |RelayB-RS7LA | ExtemalFaut-Pont1 | Extemal Faul - Point | Relay B - RETLA 0>1 1500ms  1000ms  2500ms | 17.60ms
15 |RelayB-RB7L8 | ExtemalFaut-Poit1 | Extemal Faut - Point 1 Relay B - RETLB 0>1 1500ms  1000ms  2500ms | 17.60ms
16 Relay B - R7LC External Faut - Pont 1 External Fautlt - Point 1 Relay B - R87LC 0>1 15.00 ms 10.00 ms. 2500 ms 22 605
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currents. The results shows that Relay A Red Phase current =
597.984,-0.1°A, White Phase current = 597.7932-120.1°A
and Blue Phase current =597.42120.1A°. The results for Relay
B are as follows Red Phase current = 597.7520.6°A, White
Phase current = 596.4732-120.6°A and Blue Phase current =
598.456,119.2°A. Lastly the results for Relay C are Red Phase
current 3824.561,179.7°A, White Phase current
3819.937,59.8°A and Blue Phase current = 3814.484-60°A.
Relay A then calculated its alpha values as shown with
notification 2 in Figure 26. The results shows that Relay A Red
Phase Alpha o = 5.39£179.6°, White Phase Alpha o =
5.392179.8° and Blue Phase Alpha o = 5.382179.7°
respectively.

MET,
SEL-311L A Date: 10/31
311L STUDY

Local A B €. X
I MAG (A Pri) | 597.984 597.793 597.400 |
I ANG (DEG) -0.10 -120.10 120.10
Channel X A B C

I MAG (A Pri) 597.750 596.473 598.456

I ANG (DEG) -0.60 -120.60 119.20
Channel v A B C

I MAG (A Pri) | 3824.561 3819.937 3814.480 |
I ANG (DEG) \_ 179.70 59. 80 -60.00/
vector Sum A B 2%

I MAG (A Pri) 2628.838 2625.685 2618.704

I ANG (DEG) 179.60 59. 80 -59. 80
Alpha Plan A B C )
RADIUS @ 5. 390 5. 390 5. 380
?NG (DEG) L 179.60 179.80 179.70/

Figure 26. Primary currents and alpha values for Relay A
(311LA)

VI.3. Relay B (SEL-311L A) results

Relay B measured its local current and received measured
currents by relay A and C via communication channels Y and
X respectively the notification 3 on Figure 27.

Observed from relay B and shown with notification 3 on Figure
26 it can be seen that relay A Red Phase current = 598.5552-
0.2°A, White Phase current = 599.147,-120.1°A and Blue
Phase current = 597.584,120.1°A. While relay B Red Phase
current = 598.9142-0.1°A, White Phase current = 596.9012-
120°A and Blue Phase current = 597.5812119.9°A. Lastly
relay C Red Phase current = 3818.3392179.4°A, White Phase
current 3825.214,59.5°A and Blue Phase current
3832.049,-60.4°. Relay B then calculated its alpha values as
shown with notification 4 in Figure 26. Relay B Red Phase
Alpha a=5.372£179.4°, White Phase Alpha a.=5.42179.4° and
Blue Phase Alpha o= 5.42179.4° as shown with notification 4
on Figure 27
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=>MET,

SEL-311L B Date: 10/31
311L STUDY @

Local / A B €\
I MAG (A Pri) 598.914 596.901 597.581 |
I ANG (DEG) -0.10 -120.00 119.90
Channel X A B C

I MAG (A Pri) | 3818.339 3825.214 3832.049
I ANG (DEG) 179.40 59.50 -60.40
Channel Y A B €

I MAG (A Pri) | 598.555 599.147 597.584 |
I ANG (DEG) \__ -0.20 -120.10 120.10/
vector Sum A B C

I MAG (A Pri) 2620.926 2629.221 2636.922
I ANG (DEG) 179.10 59,20 -60. 50
Alpha Plane A B c. '
RADIUS 5.370 5.400 5.410
ANG (DEG) 179.40 179.40 179. 50,

lfigure 27. Primary currents and alpha values for Relay B
(311L B)

VI1.4. Relay C (SEL-311L A) results

Relay C measured its local current and received measured
currents by relay A and B via communication channel X and Y
respectively (notification 5 on Figure 28). Observed from relay

C and shown with notification 5 on Figure 28 it can be seen that:

Relay A Red Phase current = 597.242,2179.6°A, White Phase
current =599.312259.6°A and Blue Phase current = 596.7292-
60.2°A. Relay B Red Phase current = 598.146,-179.9°A,
White Phase current = 595.616260.2°A and Blue Phase current
= 598.534,-60°A. Relay C Red Phase current = 3825.9382-
0.1°A, White Phase current = 3826.1652-120.1°A and Blue
Phase current = 3823.966.2120°A. Relay C then calculated its
alpha values as shown with notification 6 in Figure 26. Relay
C Red Phase Alpha a.=0.312179.9°A, White Phase Alpha o =
0.312£179.9°A and Blue Phase Alpha o = 0.312179.9°A as
shown with notification 6 on Figure 28.

=>MET,

SEL-311L C Date: 10/31
311L STUDY (::>

Local 7 A B c_\
I MAG (A Pri) | 3825.938 3826.165 3823.966
I ANG (DEG) -0.10 -120.10 120.00
Channel X A B C

I MAG (A Pri) 597.242 599.312 596.729
I ANG (DEG) 179.60 59.60 -60. 20
Cchannel Y A B €

I MAG (A Pri). 598.146 595.616 598.534 |
I ANG (DEG) \_-179.90 60.20 -60. 00/
vector Ssum A B T

I MAG (A Pri) 2630.561 2631.251 2628.707
I ANG (DEG) 0.00 -120.00 120.00
Alpha Plan A B iC ]
RADIUS i::)‘ 0.310 0.310 0.310
ANG (DEG) L 179.90 179.90 179.80/

Figure 28. Primary currents and alpha values for Relay C
(311L C)

VII. DISCUSSION OF OBTAINED RESULTS

Ten case studies were conducted and analyzed similarly to Case
study 1. The analysis shows that in all case studies the newly
developed logical node, the alpha plane characteristic, and
additional check logic are functioning as required. The case
studies define the new method of testing 3 terminal alpha plane
differential protection using standard-based numerical relays.

The new method has significant advantages over the primitive
method. As opposed to the primitive method, the new method
offers the following advantages: No hardwiring is required
which eliminates a room for human error and save time. Relays
are tested simultaneously, this shortens the outage period and
the relays are tested in a more realistic environment in which
they would be exposed in a real network unlike testing 2 relays
at a time method.

VIIl. CONCLUSION

This paper described the principle of alpha plane differential
protection characteristics. This principle is presented in its
simplest form in a two-terminal differential protection
application which is the ratio of remote to local current.
According to the literature, the SEL-311L relay applies the alpha
plane concept of two-terminal application to three-terminal lines
by combining (vectorially adding) currents from two of the
terminals to produce the remote current. It was also found that
there is an additional check logic that the SEL-311L relay applies
in case of infeed and outfeed. This additional check logic is
discussed in part 4 of this paper. This logic is not in the relay
manual but exists in the relays, which also formed the basis of
this research.

Based on the additional logic, the test method for 3 terminal
alpha plane differential protection was developed and this
method is defined by different case studies as presented in part 6.
The three-terminal alpha plane differential protection
characteristic and the additional check logic are tested in
conjunction with the newly developed logical node. The results
of the case studies are discussed analyzed. In summary, the newly
developed logical node, three-terminal alpha plane characteristic,
and additional check logic and the developed test method are all
proved to be functioning as required. The benefits and
advantages of the new test method are discussed in part 7 of this

paper.
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