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TRANSFORMER PROTECTION THEORY

Objectives

 Why Transformers Fail
* The Cost of Failure
 |EEE C37.91, “Guide for Power Transformer Protection”
e Electrical Protection
— Overexcitation
— Differential
o  CT performance issue
o  Transformer protection challenges
o  Percentage differential characteristic
o  Restraints for inrush and overexcitation
— Through-fault protection
— Overcurrent based
* Non-Electrical Protections
* Realization of Settings

e Analysis Tools to View Protection Operation
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Transformerors: T&D
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Transformers: T&D
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Transformer: GSU Step Up
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Key Components

Conservator Tank
Oil Level Gauge

Conservator Tank

HV & LV Tank Cover Bushings

On Load Tap
Changer

Tap Changer
Oil Level
Gauge

Tap Position
Indicator
Control Cabinet

Silica Gel Breather

On Load Tap Changer ppaip & Sample Valves
Motor Control

Conservator design 15/20 MVA 72kV-25kV
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Failure!
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TRANSFORMER PROTECTION THEORY

Why Do Transformers Fail?

The electrical windings and the magnetic core in
a transformer are subject to a number of
different forces during operation:

= Voltage stresses due to lightning and other surges

=  Expansion and contraction due to thermal
cycling

= Vibration
= Local heating due to magnetic flux
= |mpact forces due to through-fault current

=  Excessive heating due to overloading or inadequate cool
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causes of Transformer Failures

1.

Lightning (32%) - Lightning strikes can induce high voltage surges, leading to insulation breakdown and damage to
windings and other components. Proper surge protection is
essential to mitigate this risk.

Through faults (14%) - External short circuits, often caused by faults in connected electrical systems, can result in
excessive current flow, overheating, and damage to transformer windings and insulation.

Manufacturing error (11%) - Manufacturing errors, including defects in materials or assembly processes, can lead to
premature component failures. Quality control and rigorous testing are crucial to prevent such issues.

Insulation deterioration (10%) - Over time, the insulating materials within transformers degrade due to thermal,
electrical, and environmental stresses. This deterioration can lead to electrical faults and component failures.

Overloading (8%) - Operating transformers beyond their rated capacity can cause excessive heating and stress,
leading to accelerated aging and failure of windings and other critical components.

Courtesy of “Trafo Design and Services”
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Costs and Other Factors To Be Considered

. Cost of repairing damage

. Cost of lost production

Adverse effects on the balance of the system
*  The spread of damage to adjacent equipment

The period of unavailability of the
damaged equipment
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vwhat Fails in Transformenrs?

Windings
* Insulation deterioration from:
— Moisture
— Overheating
— Vibration
— Voltage surges

— Mechanical stress from through-
faults

LTCs

* Malfunction of mechanical switching mechanism
* High resistance contacts

* Overheating

e Contamination of insulating oil
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what Fails in Transformers? (continued)

* Bushings
— General aging
— Contamination

— Cracking

— Internal moisture
e Core Problems

— Core insulation
failure

— Open ground strap

— Shorted laminations

— Core overheating
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Core Construction

Primary and Secondany
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Miscellaneous
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vwhat Fails in Transformers?

CT Issues

Oil leakage

Oil contamination
— Metal particles

— Moisture
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Failure statistics of Transformers

1955 - 1965 1975 - 1982 1983 - 1988
Number % of Total Number % of Total Number % of Total

Winding failures 134 51 615 55 144 37
Tap changer failures 49 19 231 21 85 22
Bushing failures 41 15 114 10 42 11
Terminal board failures 19 7 71 6 13 3
Core failures 7 3 24 2 4 1
Miscellaneous 12 4 72 6 101 26

Total 262 100 1127 100 389 100

IEEE 37.91
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Failure statistics of Transformers: 1M0 kKV-149 kKV

Table B.2—Transformer bank analysis by subcomponents for operating voltages
from 110 kV to 149 kV

Component S No. of Frequency Total )Iea.n }Iecll:'m Mean op.
years (a) Subcomponent outages per year time () duration duration pos. (h)
(h) (h)

9302 Bushings
including CTs 03 0.0100 22144 238.1 14.58 226.3
Windings 31 0.0033 24 876 802.5 10.35 130.1
On-load tap
changer 187 0.0201 51 806 277.0 26.78 274.5
Core 15 0.0016 493 32.9 1.27 32.9
Leads 2 0.0002 17 8.6 8.56 8.6
Cooling
equipment 28 0.0030 1590 56.8 17.61 56.8
Auxiliary
equipment 24 0.0026 6 166 256.9 18.76 256.9
Other 162 0.0174 37 455 231.2 24.80 231.2
All mtegral
components 542 0.0583 144 547 266.7 22.82 2253
Control and
protection
equipment 323 0.0347 23 407 72.5 1.78 72.5
Surge arrester 31 0.0033 3104 100.1 14.33 100.1
Bus 61 0.0066 14132 231.7 1.18 231.7
Disconnect 157 0.0169 28 664 182.6 24.00 182.6
Circuit switcher 3 0.0003 71 23.6 4.85 23.6
CT (free
standing) 11 0.0012 1 585 144.1 4.23 144.1
Potential
devices 27 0.0029 6971 258.2 73.95 258.2
Motor-operated
ground switch 31 0.0033 7 661 247.1 22.58 247.1
Other 64 0.0069 1977 30.9 2.94 30.9
Unknown 220 0.0237 34341 156.1 14.03 156.1
All terminal
equipment 928 0.0998 121 911 131.4 6.66 131.4

IEEE 37.91
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Failure statistics of Transformers: 150 kKVV-199 kKV

Table B.3—Transformer bank analysis by subcomponents for operating voltages
from 150 kV to 199 kV

Component S No. of Frequency Total l[ea.n }Iedllan Mean op.
vears (a) Subcomponent outages per year time (h) duration duration pos. (b)
(h) (h)
504 Bushings

meluding CTs 18 0.0303 11 143 619.1 4.88 619.1
Windings 2 0.0034 6 678 3339.2 3339.24 33392
On-load tap
changer 28 0.0471 16 109 575.3 57.76 575.3
Core 0
Leads 0
Cooling
equipment 6 0.0101 2151 358.5 239.53 358.5
Auxiliary
equipment 18 0.0303 955 53.0 12.00 53.0
Other 16 0.0269 12 493 780.8 248.86 780.8
All integral
components 88 0.1481 49 529 562.8 32.00 562.8
Control and
protection
equipment 19 0.0320 6 439 338.9 23.90 3389
Surge arrester 7 0.0118 973 139.0 37.10 139.0
Bus 4 0.0067 3 0.6 0.62 0.6
Disconnect 26 0.0438 27024 10394 127.53 10394
Circuit switcher 0
CT (free
standing) 1 0.0017 4626 4625.6 4625.63 4625.6
Potential
devices 8 0.0135 3 350 418.7 122,70 418.7
Motor-operated
ground switch 3 0.0051 688 229.3 104.43 229.3
Other 1 0.0017 1 N 0.68 0.7
Unknown 9 0.0152 628 69.8 0.70 69.8
All terminal
equipment 78 0.1313 43 730 560.6 28.04 560.6

IEEE 37.91
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Failure statistics of Transformers: 200 kKVv-299 kKV

Table B.4—Transformer bank analysis by subcomponents for operating voltages
from 200 kV to 299 kV

Mean

Median

Component No. of Frequency Total . . Mean op.
vears (a) Subcomponent outages per year time (h) duration duration pos. (h)
(h) (h)

5940.0 Bushings
including CTs 32 0.0054 6 283 196.3 13.83 196.3
Windings 19 0.0032 23 225 12224 68.97 891.0
On-load tap
changer 90 0.0152 25148 279.4 12.81 2794
Core 5 0.0008 557 111.5 30.18 111.5
Leads 5 0.0008 140 28.0 2.58 28.0
Cooling
equipment 34 0.0057 2187 64.3 3.64 64.3
Auxiliary
equipment 35 0.0059 9024 257 0.25 257.8
Other 90 0.0152 21719 241.3 20.14 241.3
All integral
components 310 0.0522 88 284 284.8 16.92 264.5
Control and
protection
equipment 207 0.0348 8 280 40.0 2.70 40.0
Surge arrester 27 0.0045 1491 55.2 23.55 55.2
Bus 15 0.0025 282 18.8 6.13 18.8
Disconneet 59 0.0099 14 469 245.2 31.40 245.2
Circuit switcher 1 0.0002 3 3.2 3.23 3.2
CT (free
standing) 3 0.0005 401 133.8 68.17 133.8
Potential
devices 9 0.0015 106 11.8 8.52 11.8
Motor-operated
ground switch 6 0.0010 1 059 176.4 9.0 176.4
Other 41 0.0069 1224 29.9 3. 29.9
Unknown 120 0.0202 5990 49.9 18.23 49.9
All terminal
equipment 488 0.0822 33 305 68.2 9.03 68.2

IEEE 37.91
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Analysis of Transformer Failures*

Table 1 = Number and Amounts of Losses by Year

Total # of Total Property | Total Business
Table 1 Losses Total Loss Damage Interruption

1957 19 3 40779507 |3 25036673 [5 15,742 834

199& 25 8 24932235 |5 24897114 [5 35121
199&'] 15 3 37381581 |5 369584202 (5 347 389
2000 20 3 150181779 |5 56858084 5 893,323,695
2001 15 33343700 |5 19453016 (5 13,890,684

(Grand Total 84 $ 2B6628811 |5 163239089 |5 123389722

® Toral losses in 2000 inclndes one claim with a business inferruption porvion of over 386 million U8

Table 1A = Number and Amounts of Losses by MVA and Year

Total # of Lossas Total MVA Total PD
Table 1 A |Losses widata reported [with size data) [Cost IMVA

1997 19 | 25687 320,456,741 57968
1998 25 25 5ERS 324,897 114 54378
1999 15 13 2433 336,415,806 314967
2000 20 19 4386 356,354,689 $12849
2001 15 12 2128 316,487,058 h7T48
Total 94 78 17,199 $15.,4611,408

During this five year period, the average cost is $8,990 per MV A, or about 59 per kVA.

*Data taken from “Analysis of Transformer Failures” by William H Bartley, Presented at the
International Association of Engineering Insurers 36th Annual Conference — Stockholm, 2003
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INndustry Standanrds & Gu

ISTANDARDS /42
=3

EEE SA

IEEE Guide for Protecting Power
Transformers

IEEE Power and Energy Society

Developed by 1he
Parever System Belaying and Comlnal Cammittee

IEEE 51 C37.91™-2021
[Fewison of MK %4 C37 512008}

4 |EEE
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ANSI /7 IEEE C37.91-2021

CATEGORY Il ORIV
TRANSFORMER

High Side
Surge Arrester PROTECTIVE DEVICE (CIRCUIT
[] SWITCHER, OR RELAYED CIRCUIT
BREAKER, ETC.)

87 -> USE THIS TRANSFORMER CT FOR 87 WHEN
5 USING CIRCUIT SWITCHER OR PROTECTIVE
— DEVICE W/O CTS

D USE THIS TRANSFORMER CT FOR 50-51 WHEN
-<> USING CIRCUIT SWITCHER OR PROTECTIVE
— DEVICE W/O CTS

Transformer Platform
A Insulated from Ground
AN «
A%
L ¢ T * Low Side
Surge Arrester
X 1)

,

[] OPTIONAL PROTECTIVE DEVICE

PROTECTIVE DEVICE CT OR TRANSFORMER

— CT WHEN PROTECTIVE DEVICE IS NOT USED.
D A CONNECTED IN DELTA CONFIGURATION

(SAME AS DELTA OF TRANSFORMER

HIGH-SIDE WINDINGS) OR FOR

LOAD MICROPROCESSOR RELAY, CONNECTED

WYE AND COMPENSATED WITHIN THE RELAY.

From IEEE C37.91, 2021

“Guide for Protective Relay Applications for
Power Transformers”

87 = Phase Diff

51G = Ground Overcurrent

50/51 = Phase Overcurrent

64G = Transformer Tank Ground Overcurrent
26 = Thermal Device

49 = Thermal Overload

24 = Overexcitation

63 = Gas Relay (SPR, Buccholtz)

Class Ill and IV Transformers

(>= 5MVA)
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IEEE Devices Used in Transformer Protection

24:
26:
46:

49:
50:

50G:

50N:

50BF:
51G:

51N:

Overexcitation (V/Hz)
Thermal Device

Negative Sequence
Overcurrent

Thermal Overload

Instantaneous Phase
Overcurrent

Instantaneous Ground
Overcurrent

Instantaneous Residual
Overcurrent

Breaker Failure

Ground Inverse Time
Overcurrent

Residual Inverse Time
Overcurrent

63:

64G:

81U:
87H:

87T:

87GD:

Sudden Pressure Relay
(Buccholtz Relay)

Transformer Tank
Ground Overcurrent

Underfrequency

Unrestrained Phase
Differential

Transformer Phase
Differential with
Restraints

Ground Differential
(also known as
“restricted earth fault”)
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Transformer Protection Review

* Internal Short Circuits
— Phase Faults
— Ground Faults
e System Short Circuits (Back Up Protection)
— Buses and Lines
o  Phase Faults
o  Ground Faults
* Abnormal Conditions
— Open Circuits
— Overexcitation
— Abnormal Frequency
— Abnormal Voltage
— Breaker Failure
— Overload

— Geo-magnetically induced current (GIC)
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Transformernr Electrical Protection Issues

Breaker

p //failure

/Failure /Fault

Overload

Breaker Phase

\

-

S

N
| / \Ground
Overexcitation Fault

ndervoltage

\ Underfrequency
\
Open Conductor

In and Out of Zone

Phase

/Fault

/

Ground
Fault
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Complex Applications

System System
- ¢ M-3311A
52| szltjm
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Complex Applications

w1 w2
152 52—
87GD W2
-
w3 w4
m 52 52 —FH
M-3311A

w1 w2
T
CANAL/
Y Y Y
w3 w4
- |I 52-3 |I |I 52-4 |I 4

M-3311A
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2 Winding

M-3311A Typical Connection

Diagram < o
Two Winding Model CcT— ”
This function is available as a D)
standard protective function.
Q This function is available in the Optional A
Voltage Protection Package Vg VT VT
M-3311A 4 %_;
Winding 1
Targets m Wi
(Optional) @ 30 >t ( )
Integral HMI F
(Optional)
67}. VAAA
Metering \'e Y“
cT -)
Sequence Of Events 51G D Winding 2
b (W2)
Waveform Capture @
50N
BF

Front RS232
Communication

Rear RS-232/485 —
Communication

Multiple Setting
Groups

Programmable 1/0

Programmable Logic

Self Diagnostics B

Dual Power Supply +
(Optional)

50 c ]
st H(s0 (s H(ee ]

\w )
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3 Winding

M-3311A Tvpical This function is available as a
. VP' standard protective function. ‘ ’
Connection Diagram
Three Winding Model This function is available in the ) 3
Optional Voltage Protection 1
Packages.
A
M-3311A
Vg VT VT
Targets
S, 0090
Integral HMI /-|'—-|.:\l S0BF o e 49\ — & 3Y
(Optional) U Winding 1
(w1)
G (®)
Sequence Of Events Winding 2 Winding 3
q (W2) el Y Y YN CYY Y (W3
IS D)
D)
Front RS232 D
Communication
Rear RS-232/485
Communication
Multiple Setting _ = ————
Groups - -
Dual Power Supply
(Optional) g o B C
) >
/ 3T |
e e e a0 ) Sl )
P
i L.
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4 Winding

M-3311A Typical O This function is available as a

Connection Diagram standard protective function. WIF\E{E}gd WIF\E.'T}E 1

Four Winding Model This function is available in the e HeT
Optional Voltage Protection < PF\I G2 52 r"\l >
Packages.

M-3311A

Targets @ e o ° » )
{Optional)
Integral HMI

{Optional) o @ a A

Metering

o AR )i

Seqguence Of Events WT 14T

Waveform Capture S08F 30 9 . E 3E _3 o ° @ e

Windng 2 SAAAAAANS
W2) Y YN YYD s

Front R5232
Communication
Rear R5-232/485 1T
Communication

|
U

Multiple Setting
Groups

[ ))

Programmable 1/0

Programmable Logi

Self Diagnostics
Dual Power Supply
{Optional)

R145 Ethernet
{Optional)

-~
¥

"

g

=

=
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¥ 3
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4 Winding with Current Summing

Winding 4 Winding 1
(W4? (WliJ
3-CcT 3-CT
< [aa) aa a
— 52 52 ——b»
Targets
(Optional)
Integral HVI
(Optional)
Metering A

sequence Of Events r

Vs
Waveform Capture Z
AN
EmHomHE)
Front RS232

Windin AANAL/ Winding 3
Communication (WZ? YY" Y'Y Y (WB? :
Rear RS-232/485 1-CT = ')
Communication D

Multiple Setting

Groups -

A

Programmable I/O

Programmable Logic

o

Self Diagnostics
Dual Power Supply
(Optional)

RJ4S Ethernet
(Optional)

o IO )

NGV
1 1
(v w)

-~
v



TRANSFORMER PROTECTION THEORY

Desirable Sensing Possibilities
M-3311A Configuration Options

Windings Ground Inputs Voltage Inputs
Zero

Two One Two

Four
Zero
Three Two Two
Four
Zero
Two

Four Three

 Many ground Inputs available for 87GD (REF), 51G
* Many voltage inputs available for 24, 59, 59N, 27, 81-0, 81-U
e Current Summing available on two sets of current inputs

— Useful for through-fault on dual high side CB applications
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Types of Protection

Electrical

Fuses
* Small transformers (typ. <10 MVA)
e Short circuit protection only
Overcurrent protection
* High side
— Through-fault protection
— Differential back-up protection for high side faults
* Lowside
— System back up protection

— Unbalanced load protection
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Transformer Protection Functions

Internal Faults:

e 87T Phase Differential with Restraints

 87H Unrestrained Phase Differential

« 87GD Three Ground Differential elements (Restricted Earth Fault)

* 64G Tank Ground Overcurrent

Through-Faults:

e 50/51 Phase Overcurrent
* 50G/51G Ground Overcurrent
* 50N/51N Instantaneous Residual Overcurrent

* 46 Negative Sequence Overcurrent
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Transformer Protection Functions

Abnormal Operating Conditions:
e 27 Undervoltage

e 24 Overexcitation (V/Hz)

* 49  Thermal Overload

e 81U Underfrequency

* 50BF Breaker Failure

Asset Management Functions:

* TF Through-Fault Monitoring
e BM Breaker Monitoring

* TCM Trip Circuit Monitoring
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overexcitation

* Responds to overfluxing; excessive V/Hz

— 120V/60Hz =2 =1pu
 Constant operational limits

— ANSI C37.106 & C57.12

o 1.05loaded, 1.10 unloaded

— Inverse time curves typically available for values over the constant allowable level
e Overfluxing is a voltage and frequency based issue
* Overfluxing protection needs to be voltage and frequency based (V/Hz)

e Although 5th harmonic is generated during an overfluxing event, there is no correlation between
levels of 5th harmonic and severity of overfluxing

* Apparatus (transformers and generators) is rated with V/Hz withstand curves and limits — not 5th
harmonic withstand limits
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Overexcitation vs. Overvoltage

Overvoltage protection reacts to dielectric limits.

* Exceed those limits and risk punching a hole in the insulation

 Time is not negotiable

Overexcitation protection reacts to overfluxing

* Overfluxing causes heating

* The voltage excursion may be less than the prohibited dielectric limits (overvoltage
limit)

* The excess current causes excess heating which will cumulatively damage the asset,
and if left long enough, will result in catastrophic failure
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Coping with Transformer Overexcitation

Non-laminated components at the ends of the cores begin to heat up because of the higher losses induced in them

This can cause severe localized overheating in the transformer and eventual breakdown in the core assembly or

winding insulation

=olid Core Laminated Core

with no laminations with laminations
high Eddy Currents low Eddy Currents
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Ccauses of Overexcitation

Generating Plants
* Excitation system runaway
* Sudden loss of load
e Operational issues (reduced frequency)
— Static starts
— Pumped hydro starting
— Rotor warming
Transmission Systems
e Voltage and Reactive Support Control Failures
— Capacitor banks ON when they should be OFF
— Shunt reactors OFF when they should be ON
— Runaway LTCs
— Load Loss on Long Lines (Capacitive Charging Voltage Rise)
-- Ferranti effect
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System Control Issues: Overvoltage and Overexcitation

A

30-40 MVAR

o+

10-20 MVAR
0w
-
¢
¢
S

10-20 MVAR

Caps ON When They Should Be Off
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System Control Issues: Overvoltage and Overexcitation

10-20 MVAR

3
)

/.

Reactors OFF When They Should Be On

)+

30-40 MVAR

Hk

10-20 MVAR
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System Control Issues: Overvoltage and Overexcitation

10-20 MVAR
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<« Ferranti Effect
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System Control Issues: Overvoltage and Overexcitation

10-20 MVAR

Run-Away LTC {/w
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vovin

30-40 MVAR
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10-20 MVAR
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System Control Issues: Overvoltage and Overexcitation

Generation .

{
[] - B
g
10-20 MVAR

Load

Small Load Trasport (Load Rejection at Remote Area)

1996 WECC Load Rejection Event
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INncreased VV/Hz = Overexcitation Event = Excess Current
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Overexcitation Curves
This is typically how the apparatus manufacturer specifies the V/Hz curves

VOLTS/HERTZ %

150
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overexcitation curves

160~ 1604 1560==
140 = 140 == 140== i
130 1304 130 =
120 = 120 1204
110 == 110 110=
100 ‘F'E}D-I- 10 ==
O — : 4 : 4 } + ) } i : +———
0,01 0.1 1.0 10 100 1000 0.01 0.1 1.0 10 100 1000 0.01 .1 1.0 10 100 1000
TIME {MINUTES) TIME {MINUTES) TIME {MINLUTES)

This is typically how the apparatus manufacturer specifies the V/Hz curves
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Protect Against Overexcitation

1000

 V /Hzlevels indicate flux

Generator Limit Curve

* V /Hzelements for alarming and
100

tripping Transformer Limit Curve
] on Generator Base

e Based on transformer manufacturer’s o Inverse Square Curve 1
V//Hz withstand curves g 10 \t =5 =
E \ Combined Protection f
« Reset timer waits for cooling 2 - curve i
£ RN
= - Definite Time Delay 3
] -..:::r.‘n
0.1 = Definite Time Pickup } T e
Fi i -
T T inverse Time Fﬁéku?:.\:‘*l‘.*
[
-1 |
0.01 =1 4‘;

100 105 10 15 120 125 130 135 140 145 150

Percentage Volts/Hz

Typical Overexcitation Protection Curves
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Overexcitation (24)

24:Volts/Hz Overexcitation x
Defimte Time #1
Pickup: | 120 100 «f _| 2| 200 (%) Disable
Time Delay: | 30 30 «| | | 8160 (Cycles)
Outputs Blocking Inputs
MilTC2TC3rC4arsrCelC 708 FrrC2C3 0405006 07 Ca8 D9
Fes CwolfCnnEC12F 31416510 16 3 e O i e i O N I (0 O i I
Defimte Time £2
Pickup: IT 100 «|_| 21 200 () Disable
Time Delay: | 00] 30 4] 1 | 8160 (Cycles)
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TRANSFORMER PROTECTION THEORY

Types of Protection: Differential

Advantages

Provides high speed detection of faults that can reduce damage due to the flow of fault currents

* Offers high speed isolation of the faulted transformer, preserving stability and decreasing momentary sag
duration

* No need to coordinate with other protections
* The location of the fault is determined more precisely

— Within the zone of differential protection as demarked by CT location



TRANSFORMER PROTECTION THEORY

Tyvypes of Protection: Phase Differential

Applied with variable percentage slopes to accommodate CT saturation and CT ratio errors

e Applied with inrush and overexcitation restraints

* Pickup/slope setting should consider magnetizing current, turns ratio errors due to fixed taps and +/-10% variation due
to LTC

* May not be sensitive enough for all faults (low level, ground faults near neutral)



TRANSFORMER PROTECTION THEORY

Phase Differential: Basic Differential Relay

TRANSFORMER

Restraint W-1 Restraint W-2




TRANSFORMER PROTECTION THEORY

Basic Differential Relay - External Fault
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TRANSFORMER PROTECTION THEORY

Basic Differential Relay - Internal Fault
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I

I

I Restraint W-1
: TAP W-1

s o G IS IS IS CGIEIID TIILT CIEIET GIILD CIELND GILED GILED GIELND GALND GILED GILNS GILED GIELEID GILID GILED GIELED GIELID GILNT GILED GIELID GILED GILID GILIIED GELED GIELED GEIND GEIED GEESD  SE——



TRANSFORMER PROTECTION THEORY

Differential Protection

 What goes into a “unit” comes out of a “unit”
e Kirchoff’s Law: The sum of the currents entering and leaving a junction is zero
e Straight forward concept, but not that simple in practice with transformers

* A host of issues challenges security and reliability of transformer differential protection



TRANSFORMER PROTECTION THEORY

Typical Phase Differential Characteristic

L+L+1,=0

P d
P d
-
P d
-
/’
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TRANSFORMER PROTECTION THEORY

Unique Issues Applyving to Transformer Differential Protection

e CT ratio caused current mismatch
* Transformation ratio caused current mismatch (fixed taps)
e LTCinduced current mismatch
e Delta-wye transformation of currents
- Vector group and current derivation issues
e Zero-sequence current elimination for external ground faults on wye windings

* Inrush phenomena and its resultant current mismatch



TRANSFORMER PROTECTION THEORY

Unique Issues Applyving to Transformer Differential Protection

* Harmonic content available during inrush period due to point-on-wave switching
— Especially with newer transformers with step-lap core construction

* Overexcitation phenomena and its resultant current mismatch

e Internal ground fault sensitivity concerns

e Switch onto fault concerns

» CT saturation, remanence, and tolerance



TRANSFORMER PROTECTION THEORY

Remanence & X/R Ratio: CT Saturation

* Remnant Flux
— Magnetization left behind in CT iron after an external magnetic field is removed
— Caused by current interruption with DC offset

* High X/R Ratio
— Increases the time constant of the CT saturation period

e (T saturation is increased by the above factors working alone or in combination with:

— Large fault or through-fault current (causes high secondary CT voltage)



TRANSFORMER PROTECTION THEORY

IEEE CT Saturation Calculatonr

 The IEEE Power System Relaying & Control Committee (PSRCC) developed a simplified model for CT saturation
— Includes the major parameters that should be considered.

 Examples of saturation with a 2-node bus

fY\\ 2 Node Bus I/-Y-\ | 2 Node Bus |
—® &

Internal Fault External Fault



TRANSFORMER PROTECTION THEORY

CT Performance
200:5, C200, R=0.5, Offset = 0.5, 1000A

INPUT PARAMETERS: ENTER: Saturation Curye CALCULATED:
Inverse of =at. curve slope = 5= 22 - 7 Rt = Total burden resistance = Rw + Hb = 0.200 chms
RWS voltage at 104 exc. current= Ve = 200 |volts rms h | slope pf = Total burden power factor = 0.848 —
Turns ratio = n2M= M= 40 — \ , = 15 Zb = Total burden impedance = 0.543 ohms
Winding resistance =  Rw = 0.300 [ohms I rndfi;_qtrﬂs : Taul = System time constant = 0.032 seconds
Burden resistance = Rb = 0.500 |ohms € [ Lamsat = Peak flux-linkages corresponding to Vs 0.750 Wh-turns
Burden reactance =  Xb = 0500 |ohms volts log-log plot, : @ = Radian freg = 376.9% radis
System ¥/R ratio = XoverH = 120 | — ms equal | RP = HRms-to-peak ratio = 0.34584
Per unit offset in primary current=  Off = 060 | -1<Off1 decade ' A = Coefficient in instantaneous ie
Per unit remanence (bagsed on V)=  irem 0.50 —_ spacing : versus lambda curve: ie = A * 'S 1.61E+04 —
Symmetrical primary fault current = Ip = 1,000 |amps rms ' dt = Time step = 0.000083 seconds
I.g ampsrms 10 Lb = Burden inductance = 0.00133  henries

Thick lines: ldeal (blue) and actual (black) secondary current in amps vs time in seconds.
Thin lines: Ideal {blue) and actual (black) secondary current extracted fundamental rms value, using a simple DFT with a one-cycle window.
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TRANSFORMER PROTECTION THEORY

CT Performance
200:5, C200, R=0.5, Offset = 0.5, 2000A

INPUT PARAMETERS: ENTER: Saturation Curve CALCULATED:
Inverse of =at. curve slope = 5= 22 - I Rt = Total burden resistance = Rw + Rb = 0.200
RMS voltage at 104 exc. current=  Ws = 200 volts rms - | slope pf = Total burden power factor = 0.848
Turns ratio = n2M= M= 40 —_ \ : = 1y5 Zb = Total burden impedance = 0.943
Winding resistance = Rw = 0.300 |ohms I ";fi;_iltfﬂﬂ : Tau1 = System time constant = 0.032
Burden resistance =  Rb= 0500 [ohms £ [ Lamzat = Peak flux-linkages corresponding to Vs 0.750
Burden reactance = Xb= 0.500 |ohms volts log-log plot, : @ = Radian freq = 376.99
System X/R ratio = XoverR = 120 | — ms equal | RP = RAms-to-peak ratio = 0.34584
Per unit offset in primary current=  Off = 050 | -1=0ff=1 decade ' A = Coefficient in instantansous ie
Per unit remanence (bazed on Ws)=  Lrem 0.50 — spacing : versus lambda curve: ie= 4 * 5 1.81E+04
Symmetrical primary fault current = Ip = 2000 |amps rms ' dt = Time step = 0.000083
| 1 I, ampsms 10 Lb = Burden inductance = 0.00133

Thicklines: Ideal (blue) and actual (black) secondary currentin amps vs time in seconds.

Thin lines: Ideal (blue) and actual {black) secondary current extracted fundamental rms value, using a simple DFT with a one-cycle window.
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TRANSFORMER PROTECTION THEORY

CT Performance

200:5, C200, R=0.5, Offset = 0.75, 2000A

INPUT PARAMETERS:

Inverze of zat. curve zlope =

RMS voltage at 104 exc. current =
Turns ratio = n2/1=

Winding resistance =

Burden resistance =

Burden reactance =

o=
Vg =
M=
Rw =
Rk =
Xb =

System ¥R ratio = XoverR =

Per unit offzet in primary current =
Per unit remanence (based on Vs) =
Symmetrical primary fault current =

Off =
Arem
Ip=

ENTER:

22

200

40

0.300

0.500

0.500

12.0

0.75

0.50
2,000

volts rms
ochms
ochms
ochms

=-1=0ff<1

dmps rm=

F

I

violts
ms

5]

Saturation Curve

\mfg rs

data

log-log plot,
equal
decade
zpacing

IE

dMps rms

CALCULATED:

Rt = Total burden resiztance = Rw + Rbh =

pf = Total burden power factor =
Zb = Total burden impedance =

Taul = System time constant =
Lamsat = Peak flux-linkages corresponding to Vs

@ = Radian freg =

RP = Rms-to-peak ratio =
A = Coefficient in instantaneous ie

versus l[ambda curve: ie =

dt = Time step =
Lb = Burden inductance =

Thick lines: Ideal (blue) and actual (black) secondary currentin amps vs time in seconds.
Thin lines: Ideal (blue) and actual (black) secondary current extracted fundamental rms value, using a simple DFT with a one-cycle window.

ArPE

.800
0.848
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TRANSFORMER PROTECTION THEORY

CT Performance
200:5, C200, R=0.75, Offset = 0.75, 2000A

INPUT PARAMETERS:

Inverse of zat. curve slope = 5=

RMS voltage at 104 exc. current= W= =
Turns ratio = n2M1= M=

Winding resistance = Rw =

Burden resistance = Rb =

Burden reactance = ¥b=

System X/H ratio = XoverR =

Per unit offset in primary current= Qff =
Per unit remanence (based on Vs)=  irem
Symmetrical primary fault current = Ip=

ENTER:

22

200

40

0.300

0.500

0.500

12.0

0.75

(RE

2,000 |

volts rms
ochms
ohms
ohms

-1=0ff=1

dmps rms

LS|

I

yalts
Mmms

\mfg rs

Saturation Curve

data

log-log plot,
equal
decade
zpacing

I-E‘

dmps rms

CALCULATED:
Rt = Total burden resistance = Aw + Rb =
pf = Total burden power factor =
Zb = Total burden impedance =
Taul = System time constant =
Lamzat = Peak flux-linkages corresponding to Vs
@ = Radian freg =
RP = Rmz-to-peak ratio =
A = Coefficient in instantaneous ie
versus lambda curve: ie= A= 1"5
dt = Time step =
Lb = Burden inductance =

Thick lines: Ideal (blue) and actual (black) secondary current in amps vs time in seconds.

Thin lines: Ideal (blue) and actual (black) secondary current extracted fundamental rms value, using a simple DFT with a one-cycle window.
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TRANSFORMER PROTECTION THEORY

CT Performance
400:5, C400, R=0.5, Offset = 0.5, 2000A

INPUT PARAMETERS: ENTER: Saturation Curve CALCULATED:
Inverse of sat. curve slope = 5= 22 — I Rt = Total burden resistance = Rw + Rb = 0.200 chms
RMS voltage at 104 exc. current= Vs = 400 volts rms - | slope pf= Total burden power factor = 0.848 —_
Turns ratio = n2M1= M= a0 — \ , = 15 Zb = Total burden impedance = 0.543 ohms
Winding resistance = Rw = | 0.300 \ohms I n;fgtrﬂs : Taul = System time constant = 0.032 zeconds
Burden resistance=  Rb= 0.500 [ohms € I Lamzat = Peak flux-linkages corresponding to Vs 1.501 Wh-turns
Burden reactance= Xb= 0.500 |ohms volts log-log plot, : @ = Radian freg = 376.9%  radis
System X/R ratio = XoverR = 12.0 — ms equal I RP = HEme-to-peak ratic = 0.34584
Per unit offzet in primary current=  Off = 0.50 | -1<0ff<1 decade ' A = Coefficient in instantaneous ie
Per unit remanence (bazed on V=) = irem 0.50 -— =pacing : Versus lambda curve: ie = A *P5S: 3.83E-03 -—
Symmetrical primary faul current = Ip = 2000 |amps rms L dt = Time step = 0.000083 seconds
I.E- ampsrms 10 Lb = Burden inductance = 0.00133  henries

Thick lines: Ideal (blue) and actual (black) secondary currentin amps vs time in seconds.
Thin lines: Ideal (blue) and actual {black) secondary current extracted fundamental rms value, using a simple DFT with a one-cycle window.
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TRANSFORMER PROTECTION THEORY

CT Performance
400:5, C400, R=0.5, Offset = 0.5, 4000A

INPUT PARAMETERS:

Inverse of sat. curve slope = 5=

RMS voltage at 104 exc. current=  Ws =
Turn= ratio = n21= M=

Winding resigtance= Rw =

Burden resistance = Rb =

Burden reactance = ¥b=

Syetem X/F ratio = XoverR =

Per unit offset in primary current=  Off =
Per unit remanence (based on VWs)=  irem
symmetrical primary fault current = Ip =

ENTER:
22 —
400 volts rms
80 —

0.300 (ohms
0.500 |ohms
0.500 |ohms
120 | —

0.50 -1=0ff=1
0.50 —
4 000 [amps rm=

I

vaolts
ms

4

r

L2

Saturation Curye

\mfg r's

data

log-log plot,
equal
decade
spacing

Ie ampsrms 10

CALCULATED:

Rt = Total burden resistance = Rw + Rb = 0.800

pf = Total burden power factor = 0248

Zb = Total burden impedance = 05843

Taul = System time constant = 0.032

Lamszat = Peak flux-linkages corresponding to Vs 1.501
@ = Radian freg = 376 .55
RP = Rms-to-peak ratio = 0.34584

A = Coefficient in instantaneous ie

versus lambda curve: ie = A * 15 3.83E-03
dt = Time step = 0000083
Lb = Burden inductance = 0.0M33

Thick lines: Ideal (blue) and actual {black) secondary current in amps vs time in seconds.

Thin lines: ldeal (blue) and actual (black) secondary current extracted fundamental rms value, using a simple DFT with a one-cycle window.
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TRANSFORMER PROTECTION THEORY

CT Performance
400:5, C400, R=0.5, Offset = 0.5, 8000A

INPUT PARAMETERS:

Inverse of zat. curve slope = 3=

RMS voltage at 104 exc. current= Vs =
Turn= ratio = n2/1= M=

Winding resistance= Rw =

Burden resistance = Rb =

Burden reactance = Xb =

System X/H ratio = XoverR =

Per unit offzet in primary current = Off =
Per unit remanence (based on W)= irem
Symmetrical primary fault current = Ip =

ENTER:
7,
400
80
0.300
0.500
0.500
12.0
0.50
050
8.000

volts rms
ochms
ochms
ochms

=1=0ff<1

aAmps rms

Saturation Curse

Ve |-~ o ee—a——T

| glope

‘!t\\ . I = 1/5
i mfgrs |
V, data :
valts l
log-log plot, I
s equal I
decade I
zpacing |
|
|

IE Amps rms

CALCULATED:
Rt = Total burden resistance = Rw + Rb =
pf= Total burden power factor =
Zb = Total burden impedance =
Taul = System time constant =
Lamsat = Peak flux-linkages corresponding to Vs
= Radian freg =
RP = Hmz-to-peak ratio =
A = Copefficient in instantaneous ie
VErsus lambda curve: ie = A =5
dt = Time step =
Lb = Burden inductance =

i

Thick lines: Ideal (blue) and actual (black) secondary current in amps vs time in seconds.

Thin lines: Ideal (blue) and actual {black) secondary current extracted fundamental rms value, using a simple DFT with a one-cycle window.

0.800
0.242
0.943
0.032
1.501
376.99
0.34584

3.83E-03
0.000083
0.00133

250

200 +
150 +
100 +

50 +

A

I\ /

[\ ]

&0+
100 4
150 4

f\/

A
\

-0y 0.0040 0.7

0.033

0.050 0.067 0.083

0104

nA17 0.133

0.150

ohms
ohms
seconds
Wh-turns
radis

seconds
henries



TRANSFORMER PROTECTION THEORY

CT Performance

400:5, C400, R=0.5, Offset = 0.75, 8000A

INPUT PARAMETERS:

Inverse of =at. curve slope = 5=

RMS voltage at 104 exc. current = We =
Turns ratio = n2/1= M=

VWinding resistance = Rw =

Burden resistance = Rb =

Burden reactance = Xb=

System X'R ratio = XoverR =

Per unit offzet in primary current = Off =
Per unit remanence (based on Ws) = Lrem
Symmetrical primary fault current = Ip=

ENTER:

22 —_

400 volts rms

a0 —_
0.300 |ohms
0.500 |ohms
0.500 |ohms
12.0 —_

. 0.75 | -1<0ff<1

0.50 —_
8,000 |ampsrms

v

violts
Mmms

4

£ Rt RS i

| glope

"lt\\ . = 15
mfgrs |
data |
I
lng-log plot, :
equal I
decade I
zpacing :
|

Saturation Surve

I-E'

ampsrms 10

CALCULATED:

Rt = Total burden resistance = Rw + Rb = 0.200

pf = Total burden power factor = 0.848

Zb = Total burden impedance = 0.943

Taul = System time constant = 0.032

Lamzat = Peak flux-linkages correzponding to Vs 1.501
@ = HRadian freg = 376.99
RP = Rms-to-peak ratio = 0.34584

A = Copefficient in instantaneous ie

versus lambda curve: ie= A * PS5 3.863E-03
dt = Time step = 0.000083
Lb = Burden inductance = 0.00133

Thicklines: ldeal (blue) and actual (black) secondary currentin amps vs time in seconds.

Thin lines: ldeal (blue) and actual (black) secondary current extracted fundamental rms value, using a simple DFT with a one-cycle window.
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TRANSFORMER PROTECTION THEORY

CT Performance
400:5, C400, R=0.75, Offset = 0.75, 8000A

INPUT PARAMETERS:
Inwerse of sat. curve slope = 5=
RMS voltage at 104 exc. current = Vs =
Turns ratio = n2M= M=

Winding resistance=  Rw =
Burden resiztance = Rb =
Burden reactance = Xb=
System X/R ratio = XoverR =
Per unit offzet in primary current = Off =
Per unit remanence (based on VWsj=  irem
symmetrical primary fault current = Ip=

ENTER:
22
400
20

0.300

0.500

0.500

12.0

0.75

0.75

8,000

|=h=|

volts rms
ohms
ohms
ohms

-1=0ff=1

AMps rma

v

yolts
nmms

4

Ly

Saturation Curee

_______ —_ﬂ —— L

\mfg rs

data

log-log plot,
equal
decade
spacing

JT-E'

ampsrms 10

CALCULATED:

Rt = Total burden resistance = Rw + Bb =

pf = Total burden power factor =

Zb = Total burden impedance =
Taul = Sy=stem time constant =
Lamzat = Peak flux-linkages corregponding to Vs

@ = Radian freg =

RP = Rms-to-peak ratic =

A = Coefficient in instantaneous ie

versus lambda curve: ie = A * S

gt = Time step =
Lt = Burden inductance =

Thick lines: |deal (blue) and actual (black) secondary currentin amps vs time in seconds.

Thin lines: |deal (blue) and actual (black) secondary current extracted fundamental rms value, using a simple DFT with a one-cycle window.
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TRANSFORMER PROTECTION THEORY

Through Current: Perfect Replication
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TRANSFORMER PROTECTION THEORY

Through Current: Iimperfect Replication
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TRANSFORMER PROTECTION THEORY

InNnternal Fault: Perfect Replication
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TRANSFORMER PROTECTION THEORY

InNnternal Fault: Iimperfect Replication
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TRANSFORMER PROTECTION THEORY

CT Issues

 Best defense is to use high “Class C” voltage levels

— C400, C800

— These have superior characteristics against saturation and relay/wiring burden
 Use low burden relays

— Digital systems are typically 0.020 ohms

* Use avariable percentage slope characteristic to desensitize the differential element when challenged by
high currents that may cause replication errors



TRANSFORMER PROTECTION THEORY

Differential Element Quantities

* Restraining versus Operating

_— —>

Ires = 2 [Iwi| + |Twa] Iop = Iwi1 + Iw2
2

* Assumptions
— Rated current (full load): 400A =1 pu

— Maximum through or internal fault current = 20X rated = 20pu

Fige Rated-l= Test|= Rated/Test-(pu)= %-Diff-(max)a EXT-Opa EXT-Resm [INT-Op= INT-Resa |

2w 400= 2000x= Sm O O Sm 11= o
3w 400m= 4000= 10w Sm 0.5= 9.75u 20.5= 9.75x=
4 400= 8000« 20m= 251 Sm 17.5= 36= 17.5m=
o 400m= 8000x= 20m= 45w Y 15.5m 2= 15.5m
6= 400= 8000« 20m= S0m 10w 15m= 31= 15a




TRANSFORMER PROTECTION THEORY

Characteristic & Vvvalues Plot

Pick Up: 0.35pu

Slope 1 Breakpoint: 1.5pu
Slope 1: 57%

Slope 2 Breakpoint: 3.0pu
Slope 2: 200%

Relay elements from different manufacturers use different
restraining and operating calculations

Careful evaluation is recommended

35

¥ = Internal Fault

30

25

.+ 200% Slope

Iwi + Iwz

T 20
Il 15
(o
o
=i
10 A = External Fault
5 A
A A
5 10 15 20
Ires = 2 [Iwil + |Iwa]

2
Modeled Test Plots



TRANSFORMER PROTECTION THEORY

Application Considerations: Paralleling Sources

When paralleling sources for differential
protection, beware!

Paralleled sources (not loads, specifically
sources) have different saturation
characteristics and present the differential
element input with corrupt values

— Consider through-fault on bus section
— One CT saturates, the other does not

— Result: Inputis presented with “false
difference” due to combining of CTs
from different sources outside of relay

5pu

O
3pu
“E |
8pu
O
(s77)

8pu

—/



TRANSFORMER PROTECTION THEORY

Differential Element Security Challenge

= The problem with external faults is the possibility of CT saturation making an external fault
“look” internal to the differential relay element

Z Z Z
Fa
=
' I
I ll Source side Bus I l ¥ . Sourca side Bus | l )
Source side Bus B - — - —
Al — 8.
I lE NAAAL I
B YV

- F, Load side Bus Load side Bus
Ie lE_ -;_

Load side Bus {b) Source side bus is a breaker and a half scheme (c) Source side bus is a breaker and a half scheme
F. :_: and the load side bus is a single bus arangaments and the load side bus Is a single bus arangements
_Z Nate 1; CTs for the transformes differential only are Note 1: CTs for the transformer differential only are
- shown in this figure shown In this figure
(a) Source side and load side ! _ Lo ! - .
buses ara single bus Naote 2: Load currents are ignoned in this figure MNota 2 Load currents are ignored in this fiqura

arrangements

@ This may ba a differential or avercurrant relay



TRANSFORMER PROTECTION THEORY

Classical Differential Compensation

CT ratios must be selected to account for:

— Transformer ratios

— If delta or wye connected CTs are applied

— Delta increases ratio by 1.73

Delta CTs must be used to filter zero-sequence current on wye transformer windings
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Classical Differential Compensation

PRI. (H) SEC. (X)

Transformer
1,-I, I,
— —
A |
i ' *I : I
‘ I -1 al 3 T 13
e b c Ib
—— »
B ——FA 52 52 -
} Le Ibl L]
T 1
I -I I b
L c a 4? c
c £ > -
'-T I
*4— Cl lt T 4--L'
I
o
A a —
>=_
-
C c b
—.L— oP
—e I -1 R R — I -1,
op
— 11 R R — I T
oP
-—.Ic"’Ia R R —I -1,

“Dab” as polarity of “A” connected to non-polarity of “B”
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Bushing Nomenclature

 H1,H2,H3 « X1, X2, X3
— Primary Bushings — Secondary Bushings
H1 X1
H2 Transformer X2
H3 X3

Wye-Wye 11 and X1 at zero degrees
Delta-Delta H1 and X1 at zero degrees
Delta-Wye H1 lead X1 by 30 degrees
Wye-Delta H1 lead X1 by 30 degrees

ANSI Standard
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Angular Displacement

Hs
Hz Xz
Xz
/\ :':1 ==
= a F"it F"Ea- .:':.:
H']_ HJ I: :':.:.
D= N CONMECTION T - & COMNECTION
Ha Ha
Xz Xz
)\ . 4<
M Ha oy EE Hy Ha X
¥ — ¥ COMMECTIOM HMo— ¥ CONMECTIOM
ANE] ansl
* PHASE DISPLACEMENT -30° PHAZL

DISPLACEMEMT

e ANSIY-Y & A-A @ 0°
e ANSIY-A & A-Y @ H1 lead X1 by 30° or X1 lag H1 by 30°
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winding Types and Impacts

Wye-Wye

* Cheaper than 2 winding if autobank

e Conduct zero-sequence between circuits

* Provides ground source for secondary circuit
Delta-Delta

* Blocks zero-sequence between circuits
 Does not provide a ground source
Delta-Wye

* Blocks zero-sequence between circuits

* Provides ground source for secondary circuit
Wye-Delta

* Blocks zero-sequence between circuits

* Does not provide a ground source for secondary circuit
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winding Tvpes

*  Wye-Wve
In
[_ —————— _l X0 ¢ n — —122
| Ta 1
A HI HIT = 7 77X X1 a B I
— i ) T_ ’7 - HO {{?\ b &
IA | I i iT I Ia _ R 2 2
al i ] Ne—T] -
| 1 ! ta Iy "a I
H2' IXZ IA ¢
| Lo l A—>
B H2 H_lofr“l‘ o ‘1Fx1 lxz b HI
—_—— | i £ i I —— C H3
IB i Lol Ib 0
| ]bl 13 ¢ ’TIb | I
{ !
| | H2 : f § :xz l ¢
| b |
C H3 HITT 7 77x1 X3 c
— 1 _T | T— 4‘37—"" IA=Ia 1
Ic | Icl i :TI | e feleNa—
| : e | Ig=1,
oomy? Qe I
b e A a
N HU::!— Subtraqtive i I X0 n IC - IC IB’Ib
«— L] «—
IN In

Industrial Power Distribution
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winding Tvypes

Delta-Delta

X3

_—_—_—_—_-IXI

=7 "xa

H1 r H1

Iz, I

B
IC:IC

y .. < |
—_— o - —_— - —_
-«— x| K| — x| x| -— _
IIIII N e |
TVAAAAAST 4 TLAAAAAST AAAAAST B _
¥ i BE |
. PN —— [ P | 8&
N R e 4 v
IIIII N I N U A R U R
— g T — g = — g _
e e N
/ bt bt — _
—
o o
jus) =
@ &)

Industrial Power Distribution
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winding Tvpes

* Delta-Wye .
______ 'a =
[ ) Ixo n B Hic Ib o
Subtractive <4 —_— I :fy\“\x\ A ¥
| roty T, Ig b/:fi ‘}Nc e § X0
A H1 ' HIT ™ 7 7 7X1 l X1 a 1 e l,e <Ta_ ‘1\{‘2 I
-——-»41; ﬁqﬂ; °ﬁ T——-—-—» E—" wAMﬂ '\LL X3
I ! ! I 7 T —
A Ial ! li t ITI | a I 1L
| 3 EN ] .
2, \LLEZ C H3 _
[ k== Iy
B H2 | HIT 7 7 7x1 X2 b C
Iy ( L ]! 3 ¢ Iy
NERRAERE 31 NN ﬁ I
I :é ‘:’“r: I IA=Ia_Ib=Ia X'\f@LZ&Qi N
H2 ‘] | X2
L TR Iy=I, -I.=I, x/3/30° I::\\ “ :
G H3 “__HI X1 X3 c g=1y-1.=1 Xy .
! 1| \ﬂﬁ | |1 !
l I — — , o
© ] 3 i, o fo=lo-Tumlex/3.430°
| mlp Qe I
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winding Tvypes

 Wye-Delta
e B H2
A Eﬁ' HIT ™~ 7 7x1 |x1 . ’ Iy . I A 2
— T Ty T , W AN =
Ia | INE 3 ¢ | I ‘L%—f‘-"‘r"‘v":x_, £ ﬁ);\\
Al I < ? ITIA a N<————I IA (- ﬁ;‘ 1\ -
| : é ‘§ : l N 5} IC u.;-%.i.,,:\w’k.-—‘-w"L—‘c
o Y N Sid =
- —— A
B H2 | Ec;———_—l; 7iX2 . - C
| il\o }[I | . Cw X
IB I i % ? ! Ib — o I N
| Bl : =< ii :TIB l I
| | 3 ' l C A I
MR N R c
| L | ) IC
C H3 | HIM ™~ 7 7x1 X3 c Ia:IA'IC:IAX‘\/g£3O_
. T "”[\e R —P—
IC | 1 : ;t: : | Ic . =1. -I.=I. x /3 /-30° 4T
| Cl: ;:TIC | b=1B 1A= BXVI/ ,
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TRANSFORMER PROTECTION THEORY

Compensation in Digital Relays

* Transformer ratio
* (T ratio
* Phase angle shift and V3 factor due to delta/wye connection

e Zero-sequence current filtering for wye windings so the differential quantities do not occur
from external ground faults
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Phase Angle Compensation in Numerical Relays

* Phase angle shift due to transformer connection in electromechanical and static relays is
accomplished using appropriate connection of the CTs

 The phase angle shift in Numerical Relays can be compensated in software for any
transformer with zero or 30° increments

 All CTs may be connected in WYE which allows the same CTs to be used for both
metering and backup overcurrent functions

 Some numerical relays will allow for delta CTs to accommodate legacy upgrade
applications
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e Delta High Side,

Wye Low Side
* High Lead Low by 30°
 Delta-Wye
 Delta (ab)
* Dyl
* Dynl

 Wye High Side,
Delta Low Side

 High Lead Low by 30°
Wye-Delta

e Delta (ac)

 Ydl

* YNd1
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Transformer Connection Bushing Nomenclature

IEC Connection

Description Symbol | Description Symbol Input Value Symbol
Yy0 ;\ YY /k /l\ ES /I\ _/T\_ Y—YANS| } fo
N AN ki <{ <{ A-A ANSI
o e L0 L | v-AANsI = 1
Yd11 ;& Y Dab )\ }> ;2? /I\ \> S—
Dy1 ﬁ Dab Y A -—< g ; b )\ A-Y ANS| — E
11 'Y " N ol 20X . ‘
! ;%T\ - A >— L 4 /k ANSI follows “zero phase shift”, or “high lead low by
Yd5 Q : :Dma‘t!)m /k <l ; Inms: nab/|\ q 30*”
A‘” . A %Dm ,mm\,d; \r. IEC designations use “low lags high by increments of 30°
sl - R LR B phase shift
Sat6 &' TSN V O <{ }> IEC uses various phase shifts in 30 increments
y Al N \1/, o we }>' /{ — 30, 60, 90, 180, etc.
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Digital Relay Application

w1 W2 W3
— . r-y-wr —_— Y * —
A _—3("\""} "rw _..Jrv‘:r' A _If"'\"":r
i ;’mj ™ M Lyt WWW__‘:@}.__
A Va'a IAAAAN | ™M | as
|1 gl 1 T |
¢ | ¢
n g
T :; 3 ewz  Bw3 £ Eﬁu |
‘iﬂmm lcwai_;;_._.
3 BT 3ew2  lows £ 15
.i:iwm
i :; 3 18w
....:aa__:ilcwz
=~ T

All WYE CTs shown
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Benefits of Wye CTs

Phase segregated line currents

* Individual line current oscillography

e Currents may be easily used for overcurrent protection and metering
* Easier to commission and troubleshoot

e Zero sequence elimination performed by calculation

NOTE:

* For protection upgrade applications where one wants to keep the existing wiring, the relay must:

— Accept either delta or wye CTs

— For delta CTs, recalculate the phase currents for overcurrent functions
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Application Adaptation

e Challenge: To be able to handle ANY combination of transformer winding arrangements and CT connection
arrangements

e Strategy: Use a menu that contains EVERY possible combination
— Set W1’s transformer winding configuration and CT configuration
— Set W2’s transformer winding configuration and CT configuration
— Set W3’s transformer winding configuration and CT configuration
— Set W4’s transformer winding configuration and CT configuration
— Standard or Custom Selection
o Standard handles most arrangements, including all ANSI standard type
o  Custom allows any possible connections to be accommodated (Non-ANSI and legacy delta CTs)
— Relay selects the proper currents to use, directly or by vector subtraction
— Relay applies V3 factor if required

— Relay applies zero sequence filtering if required
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Compensation: Base viodel

1:1, Y-Y
1:1, 3Y 1:1, 3Y
IA, IB, IC —Qf— -j% Ia, Ib, Ic
IA', IB', IC' Ia', Ib', Ic'
IA' = Ia'
IB' = Ib'

IC' = Ic¢
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Compensation: Change in CT Ratio

1:1, Y-Y
4:1, 3Y 1:1, 3Y
IA, IB, IC -j% Ia, Ib, Ic
IA' IB', IC' Ia', Ib', Ic'
IA'=1a'/ 4
IB'=1b'/4

IC' =1c'/ 4
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Compensation: Transformer Ratio

2:1,Y-Y
1:1, 3Y 1:1, 3Y
IA, IB, IC —Qf— -jok Ia, Ib, Ic
IA', IB', IC Ia', Ib', Ic'
IA'=1a'/ 2
IB'=1b'/ 2

IC'=1Ic'/ 2
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Compensation: Delta - WWyvye Transformation

1:1,A\-Y

1:1, 3Y 1:1, 3Y
IA, 1B, IC T T Ia, Ib, Ic
IA, IB', IC Ia', Ib', Ic'

ANSI standard, high lead low by 30,
Current pairs are: IA-1B, IB-IC, IC-I1A

IA'=1a' * 1.73
IB'=1b" *1.73
IC'=1Ic' * 1.73
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Compensation: Z2ero-Sequence Elimination
Bly=[I, +1, +1_]

lo="1/3*[I_ +1, +1]

Used where filtering is required (Ex: Y/Y transformer).
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Standanrd Application

Set winding types

6 choices of configuration for windings and CTs

—Transformer/CT Connection {¢ Standard ( Custom
Transformer W1 Transformer W2 Transformer W3 Transformer W4
Dac ;] Y B Y st | ] B =l
CT.wi C.T.wW2 CT.w3 CT.w4
Y ;] Y e Y _'i
W1 Zero Sequence Filter: W2 Zero Sequence Filter: (+° Diszble  Enabl
cT W3 Zero Sequence Filt&r): W4 Zero Sequence Filter: (* [Dizable  Enab
—V.T. and C.T. Ratio
Nl e Oac 04 | | 65500 (:1)
—Transformer/CT Connection (¢ Standard ( Custom
Transformer W1 Transformer W2 Transformer W3 Transformer W4
Dac ~| |y R Y > |y ~]
CT. Wi CT. W2 C.T. w4
Windi Y =l =l Y B
inding — e bverss Y
W1 Zero Sequence Filter: (¢ Disable  Enable 1hver$e£lab (* Disable ¢ Enable
W3 Zero Sequence Filter: & Diszble ¢ Enable Inverse Dac (¢ Disable " Enable
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Custom Application: Accommodates any CTs and Windings

— Transformer/CT Phase Compensation (" Standard * Custom

Transformer W1 Transformer W2 Transformer \2/3 Transformer W4
0(Y) > jom 0(v) fnd I (HAS bod
cCT.wi u CT.wW3 C.T. w4
1 (Dac)
Winding — |F _ :
W1 Zero Seguence Filter: 4 W2 Zero Sequence Filter: (* Disable { Enable
W3 Zero Sequence Filter: |5 (inverse Dab) W4 Zero Sequence Filter: (% Disable  Enable
= 6 (Inverse Y)
—V.T.and C.T. Ratio 7 (Inverse Dac)
VT, Hg B | 65500 (:1)
V.T. Ground R }[? » R I | 65500 (:1)
T AaiH M- - M= 1 d I [ [ I ~EEMAm FoAn
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Custom Application: Accommodates any CTs and Windings

—Transformer/CT Phase Compensation — ( Standard  Custom

CT

19 (Inverse Dac)

Transformer W1 Transformer W2 Transformer W3 Transformer W4
0 >l Jom = Jom =l Jom -
CT. w1 CT. W2 CT. w3 CT. Wi
0(Y) > Jom -] 0(Y) ~| [om ]
W1 Zero Sequence Filter: 1 W2 Zero Sequence Filter: (¢ Disable ¢ Enable
W3 Zero Sequence Filter: {5 W4 Zero Sequence Filter: ¢ [Diszble € Enzble
~V.T. and C.T. Ratio - i
VT, gﬂnmﬂ =1 x1(Y) ] 85500(:1)
V.T. Ground R[7 10 4| | ] 65500 (:1)
C.T. W1 Phase g  BE | 65500 (:1)
C.T.W2 Phase }? 1 4] | | 65500 (:1)
C.T. W3 Phase R 12 — 14| | | 65500 (-1)
C.T. W4 Phase R 13 0°°) EEH B 2| 65500 (:1)
C.T. W2 Ground }g TL!_i L! 65500 (:1)
C.T. W3 Ground R 17 T4 v | 55500 (1)
C.T. W4 Ground dg ) e x1/ \3 (4) 35500(:1)

Save
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Core Construction and 3l Current

e Unit transformer with Three-Legged Core

With a 3-legged core, the zero-sequence current contribution of the transformer case may contribute as much as 20%
to 25% zero-sequence current.

* Thisis true regardless if there is delta winding involved
* Use 3l, restraint on wye CTs even on the delta CT winding!!!

* Use 3l, restraint on wye CTs with wye windings!!!

Enable/Disable Windings for 87 Function
{ " More Than 2 Windings {* ‘winding 1 and Winding 2 Only Enable All Windings hd

Transformer/CT Phase Compensation (" Standard ©* Custom

Transformer W1 Transformer W2 Transformer W3 Transformer W4

1 ({Dac) x| |0 =] 0 (Y ] 0 (Y hd

C.T. w1 C.T. w2 C.T. w3 CT.\wid

0 (Y) hal 0 (Y) - 0 () Bt 0 (Y] —_
W1 Zero Sequence Filter: & Disable * Enable W2 Zero Sequence Filter: ¢ Disable  Enable
W3 Zero Sequence Filter: % { - wd Zero Sequence Filter: -
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Custom Application: Accommot’

Legacy application

Need to keep Delta CTs on WYE side of
transformer

H3

HZ

H1

H2 2
. X1 .:
HE T - = & x3
T T
- .] l l{I | |_.
) I l :;Tlc -—
e ¢
I_]" %2
- L1 I'"‘,""-
._—'J L] JL a
B 1B l_;i:l['b’ ib
1_[f — A1
.J’"t"‘i "-.:3 —I T L.-".
18- 1B 14 l::,cl[la ia
il
i4:1B la-1b
1B-5C @ [[-3]
= O+-O——=
B B leda
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custom Application: Accommodates any CTs

*  Legacy application High Side ) > Low Side
* Need to keep Delta CTs on WYE AT — I 3 % — *.—;
side of transformer
B WA * j g — 1l
¢ — 19 y ’3 % =
e BT L

IA-IB Alm alA ] IA-IB’
. %7
: :
. .
— ' '
. [}
IB-IC B|m m|B IB-IC
. ]
! :
L]
L]
. .

ICIA la alC ) IC-IA’
H '
" ]
" [ ]
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Relay Custom Application

wﬁ Q Delta
lo=0 _

s §
S .OT

Ground Fault

87T
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winding Tvypes

Zig-Zag
* Provides Ground source for Ungrounded systems
o
A ®
C 8 = [;
o 1
T

e

]
Y
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winding Types
Wye-Delta Ground Bank o

* Provides Ground Source for Ungrounded Systen
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INrush Detection and Restraint

e Characterized by current into one winding of transformer, and not out of the other winding(s)
— This causes a differential element to pickup

 Use inrush restraint to block differential element
during inrush period

— Initial inrush occurs during transformer energizing as the core magnetizes

— Sympathy inrush occurs from adjacent transformer(s) energizing, fault removal, and
allowing the transformer to undergo a low level inrush

— Recovery Inrush occurs after an out-of-zone fault is cleared and the fault induced
depressed voltage suddenly rises to rated.
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Classical Inrush Detection

* Inrush current is distinguishable from fault current by the inclusion of harmonic components

* 2nd harmonic restraint has traditionally been applied to prevent undesired tripping of
differential elements

* 2nd harmonic quantity depends upon the magnetizing characteristics of the transformer core
and residual magnetism present in the core

* |If 2nd harmonic restraint level is set too low, differential element may be blocked for internal
faults with CT saturation (with associated harmonics generated)
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Coping with Transformer Inrush

* Modern transformers tend to have: /
— Low core losses >

> g
— Step lap construction iy
— Very steep magnetizing characteristics
— Lower values of 2nd harmonic on inrush \
. . . B(T) .‘:
e Fortunately, even order harmonics are generated during inrush, o f
not only 2nd harmonic . / o o
* Use 2nd and 4th harmonic as a restraining quantity for inrush. i i e v o o

— 2 2
IRES:2nd-4th — \/ (IRES:an + IRES:4th )
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Advanced Inrush Detection

e 4th harmonic is also generated during inrush
— Even harmonics are more prevalent than odd harmonics during inrush
— 0Odd harmonics are more prevalent during CT saturation

e Use 4th harmonic and 2nd harmonic together
— Use RMS sum of the 2nd and 4th harmonic as inrush restraint

* Result: Improved security while not sacrificing reliability
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INnrush Oscillograph

e Trans¥iew - shot301 .cig
File Edit Inset “iew Options ‘*window Help

J = §| % = | @ ”@% i I H]anwuz '” ﬂ]l[’m|Wfr | ﬁlﬂneSignalGroupperDiagram j

Time Signals - shot301_cfg: 06412701 11:07:02 AM.000 C ) Bl-10]x|
tin ms Messuring Signal Instartansous  [RM.S. tin ms |Measuring Signal |R- =
Cursar 1: 5.5 [Mone 1I 'I — - |’
| Cursar 2 0.0 | Mone
- [
DeltalC2-C1); 55
imy
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100
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g0
60
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40
-0.010 0. 20
e
a
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000 | 0. 15 Inrush
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-5 o 0o
DC B0 120 180 240 300 360 420 480 5S40 600
10 Harmanics/Hz
14 11 12 |13
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Typical Transformer Inrush Waveform
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INnrush Oscillogr‘aph

;A3 (A) -0.13 1225 N A A A3(A) 4.23 4.37

021 008 az2]  ACtUall oo o000 \x\=
IB3(A) -0.02  12.2% IB3(A) 227 2.27

041 -0.08 1225 221 000 00 5
C3@®) 015  122¢ C3(A) 450 460 /'\_\'\
0.06 008 1225 V|V 4.50 0.00 0.00

IA3(A) 0.80 2.21 IA3(A) 027 0.80

091 000 000 WIL 027 000 000 M_{\=
IB3(A) 1.8 172 B3(A) 011 0%

- A 4th

158 000 000 041 000 000 “w—M-NL
IC3(A) 093 1.93 IC3(A) 026 0.94

0.94 0.00 0.00 026 0.00 0 00 VW—_M_J l

Typical Transformer Inrush Waveform
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Point-on-VWave Considerations During switch On

* As most circuit breakers are ganged three-pole, one phase will be near voltage zero at the
moment of transformer energization

 When a phase of a transformer is switched on near zero voltage, the inrush is increased and so
is the resultant harmonics

 Low levels of harmonics (especially modern transformers) may not provide inrush restraint for
affected phase — security risk!

 Employ cross-phase averaging to compensate for this issue
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Cross Phase Averaging

Provides security if a phase(s) has low harmonic content during inrush

Cross phase averaging uses the sum of harmonics on all three phases as the restraint value

- 2 210d 2

* Cross Phase Averaging (harmonic sharing) is a modification of the harmonic blocking technigue

* The harmonic content of all three phases is summed before checking the ratio of the fundamental to
harmonic

e This approach adds security to applications in which harmonic content on one or two phases is not sufficient
to block the operation of the relay
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oOverexcitation Restraint

* Overexcitation occurs when volts per hertz level rises (V/Hz) above the rated value
* This may occur from:

— Load rejection (generator transformers)

— Malfunctioning of voltage and reactive support elements

— Malfunctioning of breakers and line protection (including transfer trip communication equipment
schemes)

— Malfunctioning of generator AVRs
* The voltage rise at nominal frequency causes the V/Hz to rise
* This causes the transformer core to saturate and thereby increase the magnetizing current.
 The increased magnetizing current contains 5th harmonic component
* This magnetizing current causes the differential element to pickup

— Current into transformer that does not come out
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INncreased VV/Hz = Overexcitation Event = Excess Current

B IPSPlot - [M3430: C:\ A-WORK', software’0scillo_Chuck_HorrorStories' Overexcitation.osc] - |ﬂ |£|
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Ooverexcitation Event
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Overexcitation Event
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TRANSFORMER PROTECTION THEORY

overexcitation Event
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TRANSFORMER PROTECTION THEORY

Overexcitation Restraint

* Use 5th harmonic level to detect overexcitation
* Most relays block the differential element from functioning during transformer overexcitation

— If the transformer internally faults (1 or 2 Phase), the unfaulted phases(s) remain overexcited
blocking the differential element

— Faulting during overexcitation is more likely if the voltage is greater than rated, as it will cause
increased dielectric stress

* Animproved strategy is to raise the pickup level of the differential element to accommodate the
increased difference currents caused by the transformer saturation

— This allows the differential element to rapidly trip if an internal fault occurs during the
overexcitation period

 Result: Improved reliability while not sacrificing security
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Trip Characteristic — 87T

2.0
=
I —
+ 13 TRIP
% Sl 2
o 87T Pick Up ope
> 10 with 5th Harmonic Restraint
| "
A 87T Pick Up
! g RESTRAIN
< 0.5
= / Slope 2

Breakpoint

0.5 1.0 1.5 2.0

=21+ +I

2

AWI AW?2 AW3 ‘




TRANSFORMER PROTECTION THEORY

Switch-onto-Fault

* Transformer is faulted on energizing

 Harmonic restraint on unfaulted phases may work against trip decision if cross phase averaging is used
— This may delay tripping until the inrush current is reduced

e 87H and 87GD can be used to provide high speed protection for this condition
— If fault is close to bushings current may be greater than 6-8pu

— High set element 87H can provide high speed protection for severe faults as this function is not
restrained by harmonics

— 87H is set above the worst case inrush current

— 87GD function can provide fast protection during switching onto ground faults as this element is
not restrained using harmonics
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Phase Differential

87T element is typically set with 30-40% pickup

— This is to accommodate:
— Class “C” CT accuracy (+/- 10%, x20 nominal current)
—  Effects of LTCs (+/- 10%)
e 87HS set to 9-12x rated current
— Inrush does not exceed 6-8x rated current
* That leaves a portion of the winding not covered for a ground fault (near the neutral)

 Employ a ground differential element to improve sensitivity (87GD)
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Phase Differential (87)
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F’idllpi Daﬂ ﬂ'”] ll _I LI -Im {PU:I % 1.0 with 5th Harmonic Restraint
Percent Slope #1: 25 50 i Mo | o 87T Pick Up
e € e — — — — RESTRAIN
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Phase Differential (87)

87: Phase Differential Current

FB?‘TE.T. Tap |

Pickup: | 10.0 TR A RN Disable ‘
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Hutputs Blocking Inputs
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Phase Differential (87)

e Setting “tap” is a method used to nominalize the winding currents with respect to MVA, kV,

and CT ratio

Transformer Rating
392.8 MVA/196.4 MVA /196.4 MVA
161 kV/17.1kV/17.1kV

A
Dac CT 2000:5  — d/k‘
L
w3
Y Y Y\ a
C< \ W2 C< |
u b
(
Wye CT 8000:5 & wye cT 80005

392.8 MVA x 10°
87 CTTap,, = - 8.29
V3 x 17.1 kV x 1600

392.8 MVA x 10°
87 CTTap, = - 8.29
V3 x 17.1 kV x 1600

392.8 MVA x 10°
87 CTTap,, = = 3.52
7 4/3x 161 kV x 400
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Phase Differential (87)

Winding 1 C.T. Tap:

§.29

Winding 2 C.T. Tap:

829

Winding 3 C.T. Tap:

152

Winding 4 C.T. Tap:

5.00

100 «| |
100 ¢« |
100 «] |

100 A

1 10000
| 100.00
| 10000
1 10000




TRANSFORMER PROTECTION THEORY

Types of Protection: Ground Differential (87GD; REF)

e Sensitive detection of ground faults, including those near the neutral

* Does not require inrush or overexcitation restraint

 Low impedance grounded systems use directional signal for added stability
* Low impedance grounded systems do not require dedicated CTs

— Same set of CTs can be used for phase differential, phase overcurrent, ground differential and ground
overcurrent protection
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Tyvpes of Protection: Ground Differential (87GD; REF)
25MVA
69kV:13.8kV A z<

3Y
400:5

s Multifunction Differential Relay

397N 1 31 087 Iy |
: | GD 5
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Improved Ground Fault Sensitivity
e Use87GD

o I t+lg+1.=3l,
« If fault is internal, opposite polarity

* If fault is external, same polarity
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876D with Internal Fault, Double Fed

L

3IO

0
0
4

o
~ I A
e Residual current
(31,) calculated
from individual
phase currents

)
)
—
o
f

Eo Paralleled CTs 90
+  shown to illustrate A
E principle
S e 31
cao’ O
180 ~<+————> 0
Ife
4—
\/
-3l, x5 cos (180) =3l I 270
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87GD with External Through-Fault

— O
-
“.
‘.4-
o .
IG : IG 31[] T
~ @

-3l, X 15 cos (0) = -3l |

]
]
’
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TRANSFORMER PROTECTION THEORY

Improved Ground Fault Sensitivity (87GD)

e Direction calculation used with currents over 140mA on both sets
of CTs (3,and Ig)

e Directional element used to improve security for heavy external phase to phase faults that cause saturation
*  When current >140mA, element uses current setting and directional signal
 When current <= 140mA, element uses straight differential current (Tsetting only)

— Saturation will not occur at such low current levels

— Directional signal not required for security

— Allows element to function for internal faults without phase output current (open low side breaker,
transformer energized) operating current =1, + [; + | + I
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87GD with Internal Fault, Single Feed

9AO
180 == >0
Is
Y
270

|, + 15 + 1 + |5 > setting
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87GD Function: Viay be used with Current Summing

87GD: Ground Differential
Winding 2 | Winding 3 | Winding 4 |
1
Pickup: I 1.00 0.20 j J j 10.00 (4] Dizable
Time Delay: | 8 1 4] | 150 [Cycles)
OutpLitz Blocking Inputz
Fr1 rerasr4rshwe 718 Fri1 rersrsrrsrrer-vsrral g
Fa 1wl nr12r13r 14r 150 16 F1wrr 12 1ar 14 150 160 170 18
e
Pickup: I 10.00 0.20 j J_'I 10.00 (4] Dizable
Time Delay: | 2 1 4] | &80 (Cycles)
OutpLts Blocking Inputz
rirrzrasr4w¥Msiel"zr> s rirzr:rsrsr-efrC-zsrafl g
FarCwrCnnr12r-13r 1a4r 1850 16 F1wr 12 1ar14r 15 160 170 18
—Settingz
310 Current Selection: & Sumiming 1 € Summitig 2 ™ winding 2
Directional Element. ¢ Disable % Enable
CT Ratio Corection: I b.00 0.10 j J ﬂ 7.99

Save

Cancel
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Ground Fault Protection for Delta-\VWye Transformernr

TRIP FAULT
IEIRECTICIN DIRECTION .
aval YL VYTV Fa¥aws
R I o I
oYl Y YL Ly OO
W REE < e W L M

paVa Lo Lo
s " LY Iy In jqﬂtl

s
_@_ ! 3|~:ul RELAYS

[ ——
NOTE: e SEE
— e NOTES2& 3

1. Zaro sequence current arrows are for an axternal ground 3| GG
fault for which the ground relays will nat operate, = ! O ! 1KY

N e MO it
2, |f phasa ¢t ralio equals ground of ratia, auxiliary ! DR !
transformer is not required, ' i

Re e I D ]
3. Select auxiliary ct ratlo 1o give positive nan-trip bias to 676G 3o \ BTG

reday far an exlamal faull.

System must supply zero sequence current for this scheme to work

From |IEEE C37.91
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Through-Fault

* Provides protection against cumulative
through-fault damage

e Typically alarm function

¢
LI

/

P Through-Fault
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Through-Fault

* Atransformer is like a motor that does not spin

* There are still forces acting in it

* Thatis why we care about limiting through-faults

Electric Power Engineering Handbook




TRANSFORMER PROTECTION THEORY
Through-Fault
* Atransformer is like a motor that does not spin

* There are still forces acting in it

— An example of what through-fault damage looks like

{

p——
e —
r—
Fy
- -
. T—
—

| .Iu"[' [f |'|'

bt b ingad B

Source: EnconEngineers
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Through-Fault Vionitoring

* Protection against heavy prolonged through-faults

* Transformer Category

* |EEE Std. C57.109-1985 Curves

Category

IV

Minimum nameplate (kVA)

Single-Phase
5-500
501-1667
1668-10,000

Above 10,000

Three-Phase
15-500
501-5000
5001-30,000

Above 30,000
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Through-Fault Damage Mechanisme

T % | ]
e Thermal Limits for prolonged through-faults typically 1- aoob - =
5X rated
: o e el 4
— Time limit of many seconds
* Mechanical Limits for shorter duration through-faults e b ki ol
typically greater than 5X rated
— Time limit of few seconds S
= Therm
.. 5 ¥ A
e NOTE: Occurrence limits on each Transformer Class ) urve
Graph g
\
¥ 1
8 ry \\ \
\\ '
Mechanical \
4 \ Y \\
VN
\ \ .
O\
2 ¥ \ \
Transformer impedance 1 7 5 4-%
CurwesL B
! 2 4 10 20 30

Times roted base current

Standard Handbook for Electrical Engineers
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Through-Fault Category 1 (15 kVA - 500 kVA)

THROUGH-FAULT PROTECTION CURVE FOR FAULTS THAT WILL OCCUR
FREQUENTLY OR INFREQUENTLY

10000

1000 \‘

/’

_x
[
=

T

TIME (SECONDS)
/-r“ 1

N From IEEE C57.109-2018

10 — A\

\ s DOT-DASH CURVE

‘.\‘/ 721250

;2

I B R e B e B R R R R s WHERE

Pl I = SYMMETRICAL FAULT
CURRENT IN TIMES
RATED CURRENT
|IEEE STD C57.12.00

T=TIME IN SECONDS

e

0.1

1 2 5 10 20 40 50

TIMES RATED CURRENT
NOTE—Low current values of less than or equal to five times rated current do not follow the function I'= 1250/T2, rather
the duration comes from Table 2.

Figure 1—Category | transformers: 5 kVA to 500 kVA single phase and 15 kVA to 500 kVA
three phase
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Cat. 2 & 3 Fault Frequency Z2ones (501 kVA - 30 MVA)

SOURCE
4
LAAAS
22 CATEGORY Il OR Il TRANSFORMER
INFREQUENT FAULT
INCIDENCE ZONE FAULT WILL BE CLEARED BY TRANSFORMER
\ /— PRIMARY-SIDE PROTECTIVE DEVICE
%

V/’”‘“" FAULT WILL BE CLEARED BY TRANSFORMER
PRIMARY-SIDE PROTECTIVE DEVICE CR BY

4 Fay
OPTIONAL MAIN SECONDARY-SIDE PROTECTIVE
DEVICE
X
&
FREQUENT FAULT )/__ FAULT WILL BE CLEARED BY
INCIDENCE ZONE A FEEDER PROTECTIVE DEVICE
k3 v v v
FEEDER FEEDER FEEDER

From IEEE C37.91



Through-Fault Category 2 (501 kVA - 5 MVA)

THROUGH-FAULT PROTECTION CURVE FOR FAULTS THAT WILL OCCUR
INFREQUENTLY (TYPICALLY NOT MORE THAN TEN IN A TRANSFORMER'S LIFETIME)*

“This curve may also be used for
backup protection where the
1000 L transformer is exposed to 3
LY frequent faults normally cleared |
\ 1 T T by high-speed relaying.
\\
100 a
\
\\
n M
o
=z
o
L]
@
w 10 \\\
= N
= N
AN
\\
1
0.1
1 2 5 10 20 50

TIMES RATED CURRENT
NOTE—Low current values of less than or equal to five times rated current may result from overloads rather than faults.
An appropriate loading guide should be referred to for specific allowable time durations.

Figure 3—Category Il transformers: 501 kVA to 1667 kVA single-phase and 501 kVA to
5000 kVA three phase

From IEEE C57.109-2018
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Through-Fault Category 2 (501 kVA - 5 MVA)

THROUGH-FAULT PROTECTION CURVE FOR FAULTS THAT WILL OCCUR FREQUENTLY

(TYPICALLY MORE THAN TEN IN A TRANSFORMER'S LIFETIME)

CURRENT FROM 70% TO

Ft=k

I = SYMMETRICAL FAULT
CURRENT IN TIMES NORMAL
CURRENT
(IEEE STD C57.12.00)

k= CONSTANT DETERMINED AT

MUM | WITH t = 2 SECONDS

LY Ll
87 6 5 4
SHORT-CIRCUIT IMPEDANCE

T
\ FOR FAULT
100% OF MAXIMUM POSSIBLE:
1000 e ’
WHERE
MAX]
100
n
(=]
=
5
(&)
w
12
= 10
=
-
12 10
% TRANSFORMER
1 I
1 2 5 10

20 50

TIMES RATED CURRENT
NOTE 1—Sample Ft = kcurves have been plotted for selected transformer short circuit impedances.

NOTE 2—Low current values of less than or equal to five times rated current may result from overloads rather than faults.

An appropriate loading guide should be referred to for specific allowable time durations.

Figure 2—Category Il transformers: 501 kVA to 1667 kVA single-phase and 501 kVA to

5000 kVA three pha

From IEEE C57.109-2018

se

Through-Fault damage
increases for a given
amount of transformer 2%,
as more | (12) through the Z
results in higher energy
(forces)
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Through-Fault Category 3 5.001 M1VA - 30 VIVA

THROUGH-FAULT PROTECTION CURVE FOR FAULTS THAT WILL OCCUR
INFREQUENTLY (TYPICALLY NOT MORE THAN FIVE IN A TRANSFORMER'S LIFETIME}*

*This curve may also be used for
backup protection where the
1000 X transformer is exposed to 3
\\ frequent faults normally cleared  —
\ by high-speed relaying.
\\
100 \\
L Y
\
0 M,
8 N
8 N
e N
e ™,
w 10 N
= N,
AN
\\
1
0.1
1 2 5 10 20 50
TIMES RATED CURRENT

NOTE—Low current values of less than or equal to five times rated current may result from overloads rather than faults.
An appropriate loading guide should be referred to for specific allowable time durations.

Figure 5—Category lll transformers: 1668 kVA to 10 000 kVA single phase and 5001 kVA to
30 000 kVA three phase

From IEEE C57.109-2018
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Through-Fault Category 3 5.001 M1VA - 30 MiVA

THROUGH-FAULT PROTECTION CURVE FOR FAULTS THAT WILL OCCUR FREQUENTLY
(TYPICALLY MORE THAN FIVE IN A TRANSFORMER'’S LIFETIME)

100% OF MAXIMUM POSSIBLE:
\— - Pt=k =
\ WHERE -
\ | = SYMMETRICAL FAULT
\ CURRENT IN TIMES RATED
CURRENT -
(IEEE STD C57.12.00)
k= CONSTANT DETERMINED AT
MAXIMUM IWITHt=2
SECONDS

\ FOR FAULT CURRENT FROM 50% TO
1000

100

TIME (SECONDS)

% TRANSFORMER SHORT-CIRCUIT IMPEDANCE
| ] |

0.1

1 2 5 10 20 50
TIMES RATED CURRENT
NOTE 1—Sample Pt = k curves have been plotted for selected transformer short circuit impedances.

NOTE 2—Low current values of less than or equal to five times rated current may result from overloads rather than faults.
An appropriate loading guide should be referred to for specific allowable time durations.

Figure 4—Category lll transformers: 1668 kVA to 10 000 kVA single phase and 5001 kVA to
30 000 kVA three phase

From IEEE C57.109-2018

Through-Fault damage
increases for a given
amount of transformer 2%,
as more | (12) through the Z
results in higher energy
(forces)
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Through-Fault Category 4 (>30 MVA)

THROUGH-FAULT PROTECTION CURVE FOR FAULTS THAT WILL OCCUR
FREQUENTLY OR INFREQUENTLY

FOR FAULT CURRENT FROM 50% TO
100% OF MAXIMUM POSSIELE:

1000 Ft=k

LY
N WHERE
\ ! — | = SYMMETRICAL FAULT
\ CURRENT IN TIMES RATED

CURRENT

(IEEE STD C57.12.00) -+
k = CONSTANT DETERMINED AT

MAXIMUM IEWITHE =2 1

\ SECONDS
\ _ |

100

Through-Fault damage
increases for a given
amount of transformer 7%,
\ as more | (12) through the Z
| N | results in higher energy

I MRS SN N (forces)

-~ 1 4
7 6 5 4 |
HORT-GIRCGUIT IMF’EDANE?E

_ ______;7/_

=z

TIME (SECONDS)

¥’
[ 4

y
?"
r 4
,

% Tr{hNS rO Rll\-"l ER

0.1

1 2 5 10 20 50

TIMES RATED CURRENT
NOTE 1—Sample Pt = k curves have been plotted for selected transformer short circuit impedances as noted.

NOTE 2—Low current values of less than or equal to five times rated current may result from overloads rather than faults.
An appropriate loading guide should be referred to for specific allowable time durations.

Figure 6—Category IV transformers: above 10 000 kVA single-phase and above 30 000 kVA
three-phase

From IEEE C57.109-2018
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4 Winding with Current Summing & Through-Fault

Winding 4 Winding 1

(w4) (W1)

3-CT 3-CT
«—F—{52 52 —F

v

Targets
(Optional)

Integral HMI
(Optional)

A

Metering

Sequence Of Events VT 1T
OO

Winding 2 7 = = AT AT
& Winding 3
W2) el Y Y YN Y Y Y\ (y3)

11T

Waveform Capture

Front RS232
Communication

Rear RS-232/485
Communication

\. )

Multiple Setting
Groups

N
i D)

I

Programmable 1/0

Programmable Logic

2

Self Diagnostics

Dual Power Supply
(Optional)

RJ45 Ethernet
(Optional)

o IAIDAUNE ) e

N
1 1
ow)
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8
g
I
©
w
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Through-fault Function Settings (TF)

e Should have a current threshold to discriminate between mechanical and thermal damage areas
— May ignore through-faults in the thermal damage zone that fails to meet recording criteria
* Should have a minimum through-fault event time delay to ignore short transient through-faults
e Should have a through-fault operations counter
— Any through-fault that meets recording criteria increments counter
* Should have a preset for application on existing assets with through-fault history
* Should have cumulative It setting
— How total damage is tracked
e Should use inrush restraint to not record inrush periods

* Inrush does not place the mechanical forces to the transformer as does a through-fault
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Through-fault Function Settings (TF)

Setup System X|
System |0Lrtput Settings | Input Settings |
—Settings
Nominal Voltage: | 120 &0 4| 1 laom
Phase Fotation: = ACE " ABC
Demand Timing Method: ¥ 15 Minutes ™ 30 Minutes &0 Minutes

VT.Config: & VAB  VBC ( wCA WA (VB (VC

Current Summing 1: [ a1 w2 [ w3 W nd
Current Summing2: [~ Wil [ w2 [ w3 [ Wwié

ble/Disable \Windings for 87 Function

% More Than 2 Windings " Winding 1 and Winding 2 Only I Enable All Windings j
TF: Through Fault x|
Through Fault Current Threshold: I 50.0 1.0 LI _| LI 100.0 (&) Cisable |
/Thrnugh Fault Current Time Delay: I 20 1 4 | | LI 2160 (Cycles)
Pickup Operation Limit: I 2000 1 LI_I LI 65535 (Operations)

Cumulative T Limit: | 500000 1 4] _ | 1000000 (k&2 Cycles)
Current Selection: & Syml ¢ Sum? w1l w2 w3 O e
/Inrush Block by Even Harmenics: ( Diszble % Enable

/ Preset Cumulative PT: [ 0.00 0.00 4| _+| 1000000.00 (kA2 Cycles)
Blocking Inputs

Fr1Cz2rC3r4rsrfe 07 2 i O - T o T T R A O
Fs rFwlrC N w2r13r4r- 16

1 13 14

1%

15 FrwornrC 234w 170 18

Save Cancel
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49 Thermal Overcurrent

* The Transformer Overload function (49) provides protection against possible damage during
overload conditions

* |EC-255-8 standard (presently under revision), provides both cold and hot curves

e The function uses the thermal time constant of the transformer and the maximum allowable
continuous overload current (Imax) in implementing the inverse time characteristic
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49 Thermal Overcurrent

The operating time is defined according to the standard

IEC 60255-8 (superseded by IEC 60255-149):

[, € — la ©
L PL
2

t=1x|
N
L max
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49 Thermal Overcurrent

49: Winding Thermal Protection x|

999.9 (min) Disable ‘
10.00 (4)

Time Constant: 10.0 10 4 |
Max Overload Current; 5.00 100 4 _I
Current Selection: | Summing 1

k
k

-
——

Fri1rz2rar4rsi- e W7rl 8 Fr1Cr2rra3ar4rsrelrC7refl s

Outputs Blocking Inputs
|7|_H 1wl 1213 47 1581 16 {I‘ml‘n|'12|'13|'14|'15|'15|'1?|'15

Save Cancel
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High Side Overcurrent

Back up to differential, sudden pressure

Coordinated with line protection off the bus

Do not want to trip for low-side external faults

/

P Through-Fault
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High Side Overcurrent for internal Fault

Set to pick up at a value higher than the maximum
asymmetrical through-fault current.

— This is usually the fault current through the
transformer for a low-side three-phase short
circuit.

Instantaneous units that are subject to transient
overreach are set for pickup in the range of 125% to
200%.

Internal
Fault

<

/

P Through-Fault
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571 Function Settings

System |D|_rtp|_rt Settings I Input Settings I

—Sattings
Nominal Voltage: 120
Phase Rotation:  (+ ACE
Demand Timing Method: & 15 Minutes
V.T.Config:  WAB (" VBC
Current Summing 1: [ [~ w2
/Current Summing2: [ Wil [ w2

60 4] 1 2l
 ABC

£ 30 Minutes = 60 Minutes
vca Cwa OB LY i
Mw3i wd

Fw3s [ we

nable/Disable Windings for 87 Function

* More Than 2 Windings

/

-lellhaseﬂmtllml

#lo|lm || o

™ \winding 1 and \Winding 2 Only

| Enable Al Windings

X|

T~

Time Dial: I 1.0

Pickup: | 500 050 «] _|
05 «|_|

120008
150

Current Selection: % Sumi & Sum? Wi Cowe Cow3 o O

—Imverse Time Curves

Disable |

™ BECO Definite Time
i~ |EC Inverse
¥ |EEE Moderately Inverse

" BECO Inverse
™ |EC Very Inverse
™ |EEE Very Inverse

™ BECO Very Inverse
™ |EC Extremely Inverse
™ |EEE Extremely Inverse

" BECO Extremely Inverse
i |EC Long Time Inverse

3

16

Frar 4
-

s 6 7

Ce 710
1301014 0 15 [0

Blocking Inputs
M1 C2C3C4 050607 T8
ForCfnE 23461

i
7 [C] 18
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50 Function Settings

50: Instantanecus Phase Owvercurrent

Al lm | m | | | m | @ | s

|

Pickup:

Time Delay:
Current Selection: & Sym1 ¢ Sum? & w1l w2 Cowl O owd

350

ol

1.

- =

4
4

|

Outputs
Fr1 W2l a3alrCr4rsrC el 7108
Fs FwlC 1 12r13r 140 150 16

o | 1000 (1) Disable
_M | B180 (Cycles)
Fr1 r2ra3ar4rsrrser"C 7 s8rnr 9

|’E!I{:-[:h:ing Inputs

1wl 12 13r 4r s .l 170 18

Save

Cancel
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Low Side Overcurrent

* Provides protection against uncleared faults
downstream of the transformer

* May consist of phase and ground elements

* Coordinated with downline protection off the bus

>\ Failed Breaker
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Negative Sequence Overcurrent

* Negative sequence overcurrent provides
protection against:

— Unbalanced loads

— Open conductors

— Phase-to-phase faults
— Ground faults

o Does not protect against 3-phase faults

[ Aadd |

_ 3¢
31ic

~~~~~
______
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Negative Sequence Overcurrent

 Can be connected in the primary supply to protect for
secondary phase-to-ground or phase-to-phase faults

* Helpful on delta-wye grounded transformers where only 58%

of the secondary p.u. phase-to-ground fault current appears in

any one primary phase conductor

0.58
—

LINE-TO-NEUTRAL
and 0.00

LINE-TC-GROUND
0.58
-

3

H-
& e 1.73:1
Q/ & ¢
0.00
—_— " »
H

H;

3-FPHASE FAULT CURRENT K
3-PHASE FULL LOAD CURRENT Ig

= 1.0 PER UNIT

X; 1.0
S 1.0
"
N 0.00
i\ 0.00
Xa
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Negative Sequence Overcurrent

* Provides better protection than phase overcurrent relays
for internal transformer faults

 The relay must also be set higher than the negative-
sequence current due to unbalanced loads

* Therelay should be set to coordinate with the low-side
phase and ground relays for phase-to-ground and
phase-to-phase faults

N\
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Negative Sequence Overcurrent

* Negative sequence relays can be set below load current
levels and can be set more sensitively than phase
overcurrent relays for phase-to-phase fault detection.

* In many applications, phase overcurrent relay pickup
settings can be higher, allowing more feeder load
capability.




TRANSFORMER PROTECTION THEORY

46 Function Settings

46: Megative Sequence Overcurrent

Winding 2 | Winding 3 | Winding 4 I

Defimte Time

™ IEC Inverse
i |EEE Moderately Inverse

" |EC Very Inverse
i~ |EEE Very Inverse

" |EC Extremely Inverse

" |EEE Extremely Inverse

i |EC Long Time Inverse

Pickup: | 5.0 010 «f _| | 2000 (&) Disable |
Time Delay: | 30 1 4] | | 8160 (Cycles)

Clutputs Blocking Inputs

Fri r2r-—awvwarlrrs i e 71018 Frirz2rar4arsrr-erC 70 el s

Fes TN 12r13r4r 1570 16 FwolrC 12 13r14r 80 60 170 18

Inverse Time
Pickup: | 250 050 4] | | 50004 Disable
TimeDial: | 1.0 05 4| | 1o
— Inwverse Time Curves
&+ BECO Definite Time " BECO Inverse " BECO Very Inverse " BECO Extremely Inverse

—Outputs
Fr1 r2 war4rsnlh el 71068
Frs Tl 12r13ar 140 150 16

Blocking Inputs
1

Frzrar4rsrser7rerlr s
FwolrC 1120 130 40 150 16 171 18

Save

Cancel
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Types of Protection

Mechanical

 Accumulated Gases
— Arcing by-products (Buchholz Relay)

* Pressure Relays

— Arcing causing pressure waves in oil or gas space (Sudden Pressure Relay)

e Thermal

— Caused by overload, overexcitation, harmonics and Geo-magnetically induced currents (GIC)
o  Hot spot temperature
o Top Oil
o  LTC Overheating
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Buchholz Relay
l/—I!RE..I!.T'I-IEI!

DESICCANT
AL~ AIR DRYER

* Gas accumulator relay CONSERVATOR

BLADDER —| F
ﬁ® oIL
P

R\_ BUCHHOLZ

RELAY

~,

 Applicable to conservator tanks equipped

 Operates for repeat, low-level faults by accumulating the gas over a
period of time

I

OIL LEVEL GAUGE

— Typically used for alarming only

* Operates or for large faults that force the oil through the relay at a
high velocity

SHUT-OFF VALVE

TRANSFORMER TANK

— Used to trip

. ATMOSPHERIC PRESSURE
— Able to detect a small volume of gas and accordingly can detect
arcs of low energy

* Detects
— High-resistance joints
— High eddy currents between laminations
— Low- and high-energy arcing

— Accelerated aging caused by overloading
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Sudden Pressure Relay

 When high current passes through a shorted turn, a

e — T T——— Swilch

great deal of heat is generated -

* Detect large and small faults =

 This heat, along with the accompanying arcing, breaks e

down the oil into combustible gases |

 Gasgeneration increases pressure withinthetank o

 Asudden increase in gas pressure can be detected by a
sudden-pressure relay located either in the gas space or guera rempeEraTURE CoMPENSATOR

under the oil BLEED VALVE
SILICONE FLUID _\

 The sudden-pressure can operate before relays sensing ‘\
electrical quantities, thus limiting damage to the SENSING BELLOWS —
transformer N
T0O N
MR S S 111 o N i
L
TRAMSFORMER GEL—'// N :\ ’
o =
\ J
- /
o

1/8" DIAMETER DRAIN HOLE —
SILICONE SENSING FLUID MANIFOLD

HOUSING

Piston

————Equalizer Holes

| _—Bronze Bellows

Oil Valve

;

CONTROLORIFICE

CONTROL BELLOWS
PRESSURE BALANCE BEAM

—ACTUATOR

r ELECTRICAL SWITCH

R R N
h %

\—ELECT RICAL CONNECTOR

CONTROL BELLOWS
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Sudden Pressure Relay
* Drawback of using sudden-pressure relays is tendency to operate on high-
current through-faults

— The sudden high current experienced from a close-in through-fault
causes windings of the transformer to move.

— This movement causes a pressure wave that is transmitted through the

oil i | I S,
Chamber
e Countermeasures: — Piston
— Overcurrent relay supervision e, RIS ) Equalizer Holes
o  Any high-current condition detected by the S 7 —Bronze Betlows
instantaneous overcurrent relay blocks the sudden-pressure relay “<Z4----- Oil Vaive
o  This method limits the sudden-pressure relay to low-current incipient 4 ---- bR & -- i

.....

fault detection.

— Place sudden-pressure relays on opposite corners of the transformer  f4---======ceemmmmmamaiiz -

tank. e

------------------------------

-----------------------------

o  Any pressure wave due to through-faults will not be detected by both {/4-----==-=-=====ceuu---- l

--------------------

sudden-pressure relays. s

o  The contacts of the sudden-pressure relay are connected in series, so
both must operate before tripping.
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Sudden Pressure Relay Supervision Scheme

* Phase and Ground Overcurrent supervises SPR (63)
 SPR (63) employs:
— Pickup delay for overcurrent supervision

— Drop out delay to allow SPR (63) to reset

UTILITY LOAD o
(69kV) (13.8kV)

TDOE

I3
| .~ TDAD

_l I_ (cycles)

Relay Logic

TDOE

TDAD

Output Relay
Contact

Supervised
63 Output
Contact

— |=no

(cycles)

AND

—
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causes of Transformer Overheating

* Transformers may overheat due to the following reasons:
— High ambient temperatures
— Failure of cooling system
— External fault not cleared promptly

— Overload

— Abnormal system conditions such as low frequency, high voltage, non-sinusoidal load
current, or phase-voltage unbalance
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Transformer Overheating

Undesirable results of overheating

* Overheating shortens the life of the transformer insulation in proportion to the duration of the high temperature, and
in proportion to the degree of the high temperature.

* Severe over temperature may result in an immediate insulation failure (fault).

* Overheating can generate gases that could result in an electrical failure (fault). Severe over temperature may result in
the transformer coolant heated above its flash temperature, with a resultant fire (fault and a bang!).
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Heating and Relative Transformer Temperatures

 Temperature may be monitored multiple places
— Hot Spot
— Top Qil
— Bottom Qil
— LTC Tank
— Delta of the above
 The “hot spot” is, as the name indicates, the hottest spot

 Other temperatures are lower

Standard Handbook for Electrical Engineers
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Transformer Temperature Monitoring

Transformer Sensing Inputs (Typical)

% ﬁvw

LEGEND:

T = Temperature

N
oN st
N
N

LOL = Low Oil Level
I . | = Current
W . CO = Cooler Outlet

Cl = Cooler Inlet

A = Ambient

@ e LTC = Load tap changer
W J TP = Tap Position
% Electrical Quantities

> 3 Phase Currents
> 1 Neutral Current
» 3 Phase Voltages
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Hot Spot Detection

* Fiberoptic sensors

— Use Gallium Arsenic (GaAs) based spectrophotometric module

— Measures the spectrum a temperature-dependent GaAs crystal affixed on| :
optical fiber

* Typical on newly constructed transformers
 Difficult to retrofit
* More precise than IEEE calculation approximations
— “Aging Factor” = multiples of 1 hour of normal temperature use

%
)

1000

e

100

Normal Kraft (IEC) ~

10

Normal Kraft (IEEE) ~

T~ Thermally Upgraded Paper

T T T T T T T T T T T
g0 70 80 30 100~ 110 120 130 140 150 160 170 180

Aging Acceleration Factor

0.1

0.01
Hot-Spot temperature
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Special Subject: GIC

* Occurs in near polar and polar latitudes
* Result of solar storms impacting earth and causing induction and current loopsss
* Currents are DC and cause saturation of power transformers
* Proactive protection consists of:

— Deliberate system compartmentalizing or transformer isolation

— Use of capacitors on transformer grounds to block DC path

~_ ‘_A‘*;
3-phase A-Y
transformer

S £ —~A
e Y 3 . L -y
J ok - - o p ~
. o - i 5 Y s o e
~ S G % b _— A ~ 3
- 4 3 BTy ¥ y o - J
S - s B t 3y ) - . y T
") F = S SR W ¥ )
A A\ = 3 s
: 1 LZBY, B, (
N {

“
l autotransformer )

—_—

Geomagnetically '
induced current ? T ? Transmission line

Geomagnetically
L l L induced current

— Extra-high-voltage transmission lines

N
& ,-\
LY

Magnitude of geomagnetically induced current flow
sy Lot Grounded transformer neutrals
(O Areas of probable power-system collapse
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InNnterface and Analysis Software: Desirable Attributes

* NERC “State of Reliability 2017”

* 37% of Relay Misoperations are due to

human error

Programming too complex
Commissioning difficult

Period Testing difficult

Unknown/Unexplainable AC System
9% 9%

As-Left Personnel
Error

Relay 9%

Failures/Malfunctions
19%

Communication
Failures
14%

Other/Explainable

7% DC System

5%

Incorrect
Settings/Logic/Design
errors

28%

Figure E.21: NERC Misoperations by Cause Code (2Q 2012-3Q 2016)
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InNnterface and Analysis Software: Desirable Attributes

 PCsoftware package for setpoint interrogation and modification, metering, monitoring, and downloading
oscillography records

* Oscillography Analysis Software package graphically displays to facilitate analysis, and print captured waveforms
 Be menu-driven, graphical, simple to use

 Auto-documentation to eliminate transcription errors
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How Do You Set a Relay?

* Set the configuration (relay environment)
* Set elements
e Define tripping and blocking assignments

* Review/print summary
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“ 2 IPSCom (Mew File)

Eie Cammunicamion

Morikor

Lok

Belay

Windows
=] Secunliar';.-' I'I"IEI:EI‘1I'||;|| (E—:] Ph.asl:r Dla;raln o] Eelpulnts -

Helpr

Copy Active Profile

View

Unconnectod Cascade
Thle Vertical
Connoctad Tile Horlzontal
¥ ¥ Primary Motering & Status
Open New Secondary Metering & Status
Save Open Metering i
Save a5 Phasor Diagram
Compare Phasor Diagram (87T) b
Close PlcKupiTImeout Status m
Print BT Dual Slope
Print Preview 5-E'CLI|1]' > m‘ﬁﬂ?& Comm Access Code
EXIT User Information Change User Access Code
RE‘I-H]' Coommaunication
Cutpat Test
Counter & Ermor Codes
*| Setup Comm Port
hd Firmware Updata Setup Ethernet
Connect/Communication Callpration Data —— Change Communication Address
»| Save to Flle
- Restore from File
Commuracation Connact L 4
¥ ¥
reconnect Serlal Port Relay
.
Open Terminal Window | |TCFAP Setup »| setup system
Midem Cemand Status Relay Satpoints
Targets Setup Date & Time
Through Fault Dasplay KO Map
Sequence of Events Cisplay ANl Setpoints
Satup - Oscillograph
Refrieve
Trigger Write Flle to Relay
glsgrm e Reead Data from Relay
omira
» Retriove
# Setup Wiz
b Retriave Clear
Switching Method View
Select Profile Clear

L 4

Clear
Reset LED
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Creating NEVWV File
@ new-2.cpt (24-Bit RGB) @100% - Background

File | Connect Help
0 MNew Ctrl+N
3 Open Ctl+0

Exit

—System Type

Unit Type: [M-3311A |

MNominal Frequency: (~ 50 Hz {* G0 Hz
C.T. Secondary Rating: ™ 14 i« B A
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Opening EXISTING File
@ new-3.cpt (248t RGB) ©100% - Background
m Connect Help

1 MNew Ctrl+N
|ﬁ Open  Ctrl+0

Exit

Files of type: | Setting files (*ips)

ﬂ
File name: IWE}ﬂE.' 3311Aips j Open I
Bl == 1
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Connect to the Relay

Connect | Help

Serial Port \

TCR|IP
Modem
Serialport x|

—Device
Device Address: |1 |
Protocol |BECO -]

Comm &ccess Code: I" [~ Save

Echo Cancel: [T [ for Fiber Optic Loop)

— Comm

|

Comm Port

Baud Rate:  [9600 =]
DataBit |2 |
Parity: |NONE -]
Stop Bit. |1 =]

Conrect | Caricel
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Set Up System

(@) new-4.cpt (24-Bit RGB) @100% - Background

File  Communication

Meonitor | Relay | Tools Windows  Help

|l Save | H] Secondary Metering | | Setup b || Setup System
Demand Status Relay Setpoints
Targets » Set Date & Time
Through Fault 3 Display I/O Map
Sequence of Events 3 Display All Setpoints

Oscillograph 3
Profile

Write File to Relay System

Output Settings | Input Settings |

Read Data from Relay [ Settings

Nominal Voltage: | 120 60 4] 1 aom
Phase Rotation: & ACB  ABC
Demand Timing Method:  (+ 15 Minutes 30 Minutes £ 60 Minutes
WT.Config: (¢ WAB ¢ WVBC CwCA WA VB [l s
Current Summing 1: W w1 W w2 [T w3 [ w4
Current Summing2: [~ w1 [~ w2 [T w3 [ wi
— Enable/Disable Windings for 87 Function

" More Than 2 Windings & \Winding 1 and Winding 2 Only IDisabIe"n"u’lnding-i LI

Transformer/CT Phase Compensation — ¢ Standard ¢ Custom

w1 Zero Sequence Filter: % Disable ¢ Enable
W3 Zero Sequence Filter: (¥ Diszble ¢ Enzble

W2 Zero Sequence Filter: % Disable ¢ Enable
W4 Zero Sequence Filter: & Diszble € Enzble

Transformer W1 Transformer W2 Transformer W3 Transformer W4
[ D=c) [om - Jom =l fom

cT.wi cT. w2 cT.w3 CT. w4

[om =] [120a) | Jom =] Jom

—V.T.and C.T. Ratio

W.T. Ratio: 115.0

V.T. Ground Ratio: 10

C.T. w1 Phase Ratio: 40
CT. W2 PhaseRatio: | 40

C.T. w3 Phase Ratio: 160
C.T.\4PhaseRatio: [ 160

C.T. W2 Ground Ratio: 50

C.T. W3 Ground Ratio: 100
C.T.\4 Ground Ratio: | 100

10 4| |
10 4| |
14|
14|
T
14|
KT
14|
140 |

1 &s500 (1)
| es50.0 (1)
| 85500 (1)
| 85500 (1)
| 85500 (1)
| 85500 (1)
| 85500 (1)
| 85500 (1)
| e5500 (1)

Save
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Relay Setpoints

@ new-5.cpt (24-Bit RGE) @100% - Background

Meonitor

File  Communication

| [l Save | Secondary Metering |

Relay

Tools  Windows

Setup

Demand Status
Targets

Through Fault
Sequence of Events

Setup System

Relay Setpoints

Set Date & Time
Display I/O Map
Display All Setpoints

Profile

Oscillograph

Write File to Relay
Read Data from Relay

Fe7T | Fa7H | CT.Tap |

Pickup: [ 030 010 ¢ _| ARTGIET)
PercentSlope#1: [ 26 54| _| 2 100
PercentSlope2: [ 100 5.4 | 200z
Slope Break Point: 40 10 4| _ Il s0ry
r—Even Harmonics Restraint (2nd and 4th) © Disable ¢ Enable % Enablewicross average
Restraint | 15 5] | 500

x|
Disable |

—5th Harmonic Restraint ———— " Disable

Restraint: I 30

Enable " Enable wicross average

5 4| A s

Pickup: | 0.60 010 ¢ _| 2 200(Py)
—Outputs Blocking Inputs
MilC2l3C40rCsrCelC 7108 ’7|_1I_2 N34 s 607 88
Mo Mol M2 0130 14 015 016 (| T 100 11 012 713 [ 14 1715 [0 16 [0 17 [0 18

RelaySetpoints X
24 BON 51G &7GD
Wolts/Hz Instantaneous Inverse Time Ground
Overexcitation Residual Overcurrent| | Ground Overcurrent Differential current
27 50G 5 IPSlogic
Phase Instantaneous Phase
Undervoltage Ground Overcurrent Overvoltage IPSlogic
46 S50BF 53G BM
Negative Seguence Ground
Owercurrent Breaker Failure Overvoltage Ereaker Monitor
49 51 &1 TCM
‘\Winding Inverse Time QOver/Under
Thermal Protection Phase Overcurrent Freguency Trip Circut Monitor
50 51N &7 TF
Instantaneous Inverse Time Phase
Phase Overcurrent Residual Overcurrent Differential current Through Fault
Display &l Setpoints Display /0 Map oK |
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Display 170 Map

File Communication Monitor | Relay | Tools Windows Help

| [ Save | E Secondary Metering | (| Sewp > Setup System
Demand Status Relay Setpoints
Targets » Set Date & Time
Through Fault » | Display /O Map
Sequence of Events 3 Display All Setpoints
Oscillegraph 3
Profile 3

Write File to Relay

Read Data from Relay

| Save & Print

m Print Preview

Qutputs
12 3 456 7 8

12 3 45 6

Blocking Inputs

o
—
iy}

Bl

n
ey
=

]

] e

R

i
Pickup: | 59.80 5500 4 00 (Hz) Disa,,,el
Time Delay: 300 24] | |
—Outputs ~Blocking Inputs
1234 selr70 8 Firz2r3arCearsresli i
Cs DO 20e0#06E016 (| Do0nE 20130140150 1601
.
Pickup: [ 5985 5500 |  _|  |ss00(Hz) Disable
Time Delay: | 1200 24] | _+ | 65500 (Cycles)
—Outputs ~ Blocking Inputs
Ffir2raFsrs el 708 F1 203 C40s5 067089
Ce DO BO“EECE || Co0 2030140150 6017018
—
Pickup: | 5990 5500 ¢ | *|esoo(i) Disable |
Time Delay: | 1800 24| | 65500 (Cycles)
Outputs Blocking Inputs
’7|_1|_2|-3|_4|75|_G|-7|_8 (l‘1l‘2l‘3l‘4l‘5l‘sl‘.7l‘sl‘&
Fe CwCnCr2E B0l Es || DwlnE12E 130140150 1600170018
P
Pickup: | 5995 5500 4| =] ] E500(H) Disa,,,el
TimeDelay: | 3600 2 4] | _* | 5500 (Cycles)
Outputs Blocking Inputs
(l‘1l’2l‘3l‘4l’5l76l‘?l's (l‘ﬂ'zl‘sl‘dl’sl‘sl‘?rsl‘a
O DwEnE201B0EsE1e || Eiel11012013 0 14 [0 16 0 16 0 17 [0 18

%

T
=1
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Display 170 Map: Element Disabled

File Communication Monitor m‘ Tocls  Windows
! [l Save | ] Secondary Metering | | Setup Setup System
Demand Status Relay Setpoints
Targets Set Date & Time

Through Fault Display I/O Map
Sequence of Events Display All Setpoints
Oscillograph

Profile

Write File to Relay

Read Data fi Rel
—_ ¢l save & Print [} Print Preview

Cutputs Elocking Inputs
12 3 45 6 7 8 12 3 4 5 6
#9 I
e o8
#1
51N
#1 H
EI 58 =2
#1
Pickup: | 59.80 = ] 6500 (Hz) Dissble 71
Time Delay: 300 21 65500 (Cycles) _I 558G 2
Outputs Blocking Inputs
Fr1rr2F3r4arsrer7r s f1 20304005 -l ® 09
Mo M1 E2O13040E e || Fon0REEEEnsmess
.
Pickup: | 5935 5500 (¢ || | e500(Hz) Dissble
Time Delay: 1200 240 | ¥ | 65500 (Cycles)
—Outputs —Blocking Inputs
rMr2rsMVarsrenr7rs Ff1 20030040506 07 Me Me
Ces DO ROCBO®OBEE (| D00 201E0 140150160170 18
e
Pokup: [ 5930 5800 ¢ | |eso0qz Disale
Time Delay: 1200 2 401 _* | 65500 (Cycles)
—Outputs —Blocking Inputs
Fri1r2rarsFsi-er7re Fr1 2030405067 02803
08 Ko 110121013 10 14 [0 15 [0 16 T 20130 1400150101610 17 [0 18
o
Pickup: | 5995 5500 «| | 6500 Hz) Enable
Time Delay: | 3600 2 4 | 65500 (Cycles)
rOutputs — Blocking Inputs
Fi1FzC2F4 s Fe D7 s FiCz2C:FCse s CeC7 e Cs
T DwuEnErOBE4OE06 ([ E100 1 E 120130145 15 016 0017 18
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Through-Fault Recordenr

TR Through Fault x|
Through Fault Current Threshold: 5.0 10 «|_| 11000 (8 Disable |
Through Fault Current Time Delay: 10 1 4 | M| 8160 (Cycles)
Pickup Operation Limit; 10 1 4 _} | 65535
Cumulative [*2T Limit; 1000 1 4 _F | 1000000 (kA2 Cycles)
Current Selection: | Summing 1 hd
Inrush Block by Bwven Harmonics: ¢ Di=ahle f* FEnzhle
Preset Cumulative [72T: I 0 b A | | LI 1000000 (k&"2 Cycles)
Outputs Blocking Inputs
ri1rz2rs3srfa4arsrrervve ([ D1 203405067088
Ce CworCnC2CBC4CB508 || C0oC 2030140160160 171 18
Save Cancel
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Breaker Monitonr

Winding 1 | Winding El Winding 3| Winding 4|

Pickup: 1000 1 A4 _* | 50000 (kA Cycles) Dizable |
Time Delay: 10.0 01 A ¥ | 40959 (Cycles)
Timing Method Selection: @ |T 12T

Preset Accumulator Phase A 1000 0 A _* | 50000 (kA Cycles)

Preset Accumulator Phase B: 1000 1 _* | 50000 (k& Cycles)

Preset Accumulator Phase C: 1000 1 P | 50000 (k& Cycles)
—Qutput Initiate —Input Initiate
Fr1Fre2rasrs4arslr-relC7r>rMs Fr1 Fz2ra3sr4rsr-elC7Cerl s
FeFworfnCR2CBC 4506 (o nE 2 304015060 1717 18
—Outputs —Blocking Inputs
Fr1rz2rasr4arslhrhelC7Ms Fr1 rCr2ra3sr4r sl e I"I'E 9
Fas CwlC 12130140161 16 FrworCrnnrC2EB3C4C 560 17 18
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Setpoint SuMmMmmanry

Relay | Tecls Windows Help

File Communication Monitor

H Save |gﬁecondaly Metering | | Setup 4 ‘ Setup Systerm
Demand Status Relay Setpoints
Targets 4 Set Date & Time
Through Fault J Display 'O Map
Sequence of Events 3 Display All Setpoints
Occillograph 3
Profile 3

Write File to Relay

Read Data from Relay

=|of x|
| & Print [, Print Preview |
- rFY
M-3311A 2/3W All Setpoints
Software Version: D-0188V01.00.13
Relay Firmware Version: D-0205V01.03.00
Serial Number: 0
BECKWITH ELECTRIC CO.
Setup System
Seftup
CT Type: 5A Frequency Type: 60H=
Winding Selection: Two Winding Only Veltage Selection: Four Voltages
VT Config: Line to Ground VeltagePower Selection: w2
Positive Power Flow: ouT
Phaze Rotation: ABC Expanded ['O: Disabled
Nominal Voltage: 69 (V) MNominal Current: 1.67(A)
V.T. Ratio: 1135 (1) V.T. VG Ratio: 1135 (1)
C.T. W1 Phase Ratio: 120 1) C.T. W2 Phase Ratio: 1000 (:1)
C.T. W2 Ground Ratio: 32001 Demand Timing Method: 13 (MMinutes)
Current Summing 1: Current Summing 2:
Transformer/CT Connection (Standard)
CT WI: Y CTW2: Y
Transformer W1 Dab Transformer W2: Y
Sealin Time
Output 1: 30 (Cycles) Output 2: 30 (Cyeles)
Cutput 3: 30 (Cyeles) Output 4: 30 (Cryeles) ﬂ
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Example: Programmable Logic
1PSlogic x|
Mo | m | m | m | s | s |

M1 T2 s T4 s e 7 [ 8 S
Fs Frwor1r12r13r4r15IC 16
—Initiating 87TH/T Phase

Cra CB I‘c_‘

— Initiating Inputs AND

Fri1r2rar4rsrefr-7Mel s || g
Fwornr2r3r4r 680 6170 18

OR —

Initiating Function Trip — OB — —

OR —
Initiate via Communication Point [ AND

— Blocking Inputs

FrTrrz2rar4rsrer-z7refrs 4 or — —
FworCnr12r-13C 4010 160 170 18 or — noT

Block via Communication Point I

v

Delay: [ 30 1 4] | | 65500 (Cycles)
Reset/Dropout Delay: I 0 0 1| | LI BEBO0 (Cycles) % Reset  Dropout

—Outputs
Fr1 Fz2 T3 F4a s s "7 ICs
Ms FTorn 1213415 16
— Profile Switch
T 2 C#l O g4 (5 NotActivated > Activated

»[~ Reset Latched Outputs

Save Cancel
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Example: Programmable Logic

# | w2 | #3 | w4 | w5 | #6 |

|

Initiating Outputs Dizahle
~1 Wz W3 a4 "5 8 7 "8 —| on =7
it T i 14 15 o~ /
Initiating 87H/T Phase / OR
—a B [ C [kitiating Function Trip — (][] —
Initiating [nput .
— g,;pz Function Status ﬂ
[ I Functions
[ 24 DT #1 [ B0 H#E [ 50M #4 [ B4G #1 I ND |—
[ 24DT #2 [ BO#7 [ BOM #5 [ 549G #2 [
Blocking Inpul | ™ 247 [ BO#S [ BOM HE S —
1 T 2 [ 27 [ S0BF w1 [ 50M #7 [ 8142 —
[ 1o [ 46 DT w2 [ BOBF w2 [ BOM #8 [ 8143 [~ IPSlogic #2
[ 4B1T w2 [ EBOBF w3 [ 5141 8144 [ IPSlogic #32
[ 46DT W3 [ BOBF w4 [ 5142 [ &7H [ IPSlogic #4
[ 46T W3 [ B0G W2 #1 [ 5143 T oa7T [ IPSlogic #5
[ 46DT w4 [ eoGwz#z [ 514 87D w2 #1 | IPSlogic #E
[ 4617 w4 [ BOG W3 [ B1G W2 [ s7GDw2#2 [ BMwW
Reset/Dra | | 49 [ EoGwatd2 [ 51GwW:2 870w T BMw2
[ 504 [ 500G w4 i1 [ 516G Wi [~ s7GD w3tz [ BM'w3
Outputs [ BO#2 [ EOGw4H2 [ 51N [ 87GD w41 | BMwi4
1 [ 2 | I so43 [ 5OM 1 [ BN #2 [ 876D w4 H2
I I [ B0 #4 [ 50M #2 [ 51M #3 [ TF
Fraf : [ BOH#S [ B0M #3 [ 51N #4 [ TCM 1
rafile Switch
.. @ oK
Save Cancel




TRANSFORMER PROTECTION THEORY

Graphic Vietering and Vionitoring

Metering of all measured inputs
 Measured and calculated quantities

* Instrumentation grade

Commissioning and Analysis Tools
e Advanced metering
 Eventlogs

* \Vector meters

 R-X Graphics

* Oscillograph recording
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Primary Metering And Component vietering

File  Communication | Monitor | Relay Tocls Windows Help

E Save |

SecondaryN  Primary Metering & Status his -

Secondary Metering & Status
Metering II

Phasor Diagram

Phasor Diagram (87T)
Pickup/Timeout Status

87T Dual Slope

—W1 Currents (A) Currents (&) — W3 Currents (&) —— Volage (V)
Prase TN Phase A
Phase B m Phase B
PraseC [T Phase C
VG

Pos. Sea. TN Pos. Seq
Neg. Sea. [IFTIN Neg. Seq.
Zero Seq. zerosea. IERIN
—Restr. Currents (pu) — —Mise
LT 000 | Frea (Hz) INEETEEN
OV N 000 | vz (%) [IECEE
LTl 000 |
— Power (pu)

B 00000 | | 000 |
~Inputs

1 [2 3 [a|s5[s[7[&[9 [w[n

12 | 13 | & | 5 |16 | 7 | 8 [Tci|ic2|cci|ccz || B i
= . : -

¥ | 2 | 3 [ & [ 5 | 8 [ 7 [ B i g

g | 0 [ 0 [ 2 | 8| 4| B[ ® Targets
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Secondary MVetering, Components Vietering, and Status
2 1PScom M-3300 Seres (5-3300) (c)users\whartmann documents\conference

File  Communication | Monitor | Relay Tools Windows Help
| [ Save

) secondary N Primary Metering & Status ts -

| Secondary Metering & Status

Metering II

Phasor Diagram
Phasor Diagram (87T)
Pickup/Timeout Status
87T Dual Slope

Secondary Metering & Status
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Event Log Trigger

Event Trigger Setup

I Funchons

_ PU TR DR
- r k21m

| 21 #2

L ELE BB RN R EEEREE]

|
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| =
m
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| m
i r
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| m
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| m
e
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I~ F24IT

[~ F255

[~ F25D

™ F27#1
I F27 82
™ 2743

™ F27TN #1
™ F27TN #2
I~ Faz#
™ F3z42

S i S S S S i S S S e S
0 i A S N S S Bl i i B Bl e B =2
A\ %
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trigger on trip,
drop out, pick
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I~ F5aD
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ERmNEEEEEEEn
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-
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FE1R #1
FE1R #2
Fa7 #1
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Fe7GDo
FEM
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IPSL #1

~ 1/0 triggers

I Fe I
. Fon pick up,

I Ft
I Ft
™ FSiaso

drop out

(]
E

Fararsres Extended |0 »>

Fr3r4r sl s

i1 rRrrararsrerzres
A kA ar B 6z a

Mote: PU —Pickup TR - Tnp DR — Drop Save




TRANSFORMER PROTECTION THEORY

Sequence of Events Recorder (total 512 Events are stored)

View Sequence of Events Record ﬂ
[ 0pen f print | & Print Preview Close
—#53
Mo Event Summary - - -
F24 IT: Pickup,/ Timeout/ =l ltem Value | Unit | =] reuts PU Inputs DR
43 10/18/2006. 15:31:12.000 VE 180.0 W 1 2 M1 I 2
F24 |T: Pickup/Timeout/ VG 0.0 vV 3 [ 4 T3 [ 4
44 10/18/2006, 15:33:17.000 1A W1 0.00 A 5 [ 6 s [ &
F24 |T: Pickup/Timeout B W1 0.00 A 7 I &8 7 &
45 10/18/2006. 15:33-44 000 IC W1 0.00 A s [ 10 s I 10
F24 |T: Pickup/Timeout/ |A W2 0.00 A 11 12 ~ 11 12
46 10/18/2006, 15:34:05.000 IB W2 0.00 A
F24 [T: Pickup,/ Timeout/ IC W2 0.00 A 13 I 14 13 I 14
47 10/18/2006, 15:34:12.000 1A W3 0.00 A 15 I 16 15 [ 16
F24 IT: Pickup/Timeout/ IB W3 0.00 A 17 I 18 17 [ 12
48 10/18/2006, 15:35:43.000 IC W3 0.00 A
F24 |T: Pickup/Timeout/ 1A W 0.00 A —Outputs P ——— ~Outputs DR ——
49 10/18/2006. 15:36:09.000 IB W4 0.00 A M1 [ 2 1 [ 2
F24 |T: Pickup/Timeout IC W4 0.00 A T2 | 4 T2 [ 4
50 10/18/2006, 15:36:14.000 IG W2 0.00 A s & rs g
F24 IT: Pickup/Timeout IG W3 0.00 A r7s s 7 s
51 10/18/2006. 15:36:43.000 IG W4 0.00 A
F24 |T- Pickup,/Timeout/ V/HZ 1439 % s [ 10 s [ 10
52 10/18/2006, 15:54:28.000 Freq 60.02 11 Iz N I
F24 IT: Fickup/Timeout/ |A Restr. 0.00 13 [ 14 13 [ 14
a3 101872006, 15:55:20000 IB Restr. 0.00 15 I 16 15 [ 16
i F241T: Pickup/Timeout/ =—= ===




TRANSFORMER PROTECTION THEORY

Function Status (Targets)

File Communication | Monitor | Relay Tools

Windows  Help

Primary Metering & Status

Il Save | ] Secondary
Secondary Metering & Status
Metering II

Phasor Diagram
Phasor Diagram (87T)

Pickup,/Timeout Status N

87T Dual Slope

Pickup/Timeout Status

51#1 is picked up

87T has tripped

—Function Pickup/Timeout \
@@ 24DT# @@ 50Hs @ 50N #5 o9 72 @® TCM#2
@@ 24DT #2 @@ 5045 t'ﬁﬂl‘”ﬂﬁ DO #3 @@ CCM#1
@@ 24T @@ 5076 @@51 @@ 8 @@ CCM#a2
@@ 27 @ @ 50BF Wi @@e51 i oo J i @ @ |PSlogic #1
@@ 2782 @ @ 50BF W2 @@51 " @ep @@ |PSlogic #2
Y Yk« @ @ 50BF W3 @ e 51GWw2 @ gyt 4 @ @ |PSlogic #3
@@4DTW2 |@@5iGW2H1 |@@51GW3 @@ 87H @ @ |PSlogic #4
@@ 46T W2 @@50GwW252 |@@5IN# eesrT @ @ |PSlogic #5
@@ 4DTW3I |@@50GW3IH |@@5IN#2 @@ 87GD W2 #1 |@ @ |IPSlogic #6
@@ 46ITW3 @@GwW3ia2 |@@5IN# @@ 87GDW2#2 | @@ BM W1
ee 4 @ @ 50N #1 @ @59 ®©@®87GDVW3IH (@@ BM W2
@@ 50 @ @ 50N #2 @@ 5sE2 @@2/GDW3E2 (@@ BMW3
e 5012 @@ 50N 13 e 591 eeTF
@@ 5043 @ @ 50N #4 @@ 53G# ®&e TCM#
_hm
1 3 4 5 6 7 8 9
10 n 12 34 14 15 16 17 18
—Outputs
1 2 3 4 B (5 7 8
5 10 1 12 13 14 15 16




TRANSFORMER PROTECTION THEORY

Differential Plot

File Communicaticn | Monitor | Relay Tools Windows Help

: | 5ave | ) Secondary Primary Metering & Status
Secondary Metering & Status
Metering II
Phasor Diagram
Phasor Diagram (87T)
Pickup/Timeout Status
87T Dual Slope
40
35
30
T 25
&
g 20
g
2 13
=
1.0
05
0
0 05 1.0 1.5 20 25 30 35 40 45 50
Restraint Current (FLI)




TRANSFORMER PROTECTION THEORY

Retrieve Target Log

File Communication Monitor | Relay | Tocls Windows Help

Save Secondary Meterin Setup
ry ]
Demand Status

Targets
Through Fault Clear

Sequence of Events Reset LED
Oscillegraph
Profile

Write File to Relay
Read Data from Relay

View Targets x|

|l Save | &§ Print | [& Print Preview | Comment Close |
Target #1
Ma. |DHE | Phase a Phase b Phase c MNeutral
Function | Picked Up | Operated |
Downlead ]
Dowenloading target record 4 from the relay.
| [ ]
rrpots
FCFrLlC1 2 I3 T4 s e 7
Cs Ces Dol 1212 C0 14
— Outputs
1 2 I3z a4 Ms Me K7 [C 8
Ce 1ol 11 1200132 0 14 1 16 [ 16
Cw e ez 02 C22 023




TRANSFORMER PROTECTION THEORY

Phasor Displavys

A very useful commissioning tool for viewing selected vectors

— Differential
— Displays uncompensated currents
o  You can see the phase shift and relative magnitudes

— Displays compensated currents

o If they are equal in magnitude, and W2 and W3 are 180 degrees out from W1,
the field wiring and relay settings are in agreement

e All Currents and Voltages

— Displays all values



TRANSFORMER PROTECTION THEORY

Phasor Diagram

File
[l save |gSecundaly

Communication | Monitor

Relay Tools Windows
Primary Metering & Status

Secondary Metering & Status

Metering II
Phasor Diagram
Phasor Diagram (87T)
Pickup/Timeout Status
87T Dual Slope

=10l x|

| Freeze

I ‘oltage
VAB 1147 ¢

VBC [1147 1207

VCA |1147 120¢

W ID.D o

VX |00 07

¥ Current

A [ooo o©
B [oo0 0° |
ic [ooo o0
IN 000 -40°
m [100 30
b [100 -150°

|1.DD 90°




TRANSFORMER PROTECTION THEORY

Phasor Diagram

File  Communication

| [l save | ] Secondary

Monitor | Relay Tools Windows

Primary Metering & Status
Secondary Metering & Status
Metering I

Phascr Diagram

Phasor Diagram (87T)

Pickup/Timeout Status
87T Dual Slope

s File  Communication  Manitor
* L swve | B secondary Metering | (B Phasor Diagram | &3 Setpoints -

Relay

Tools

Windows

telp

- A x

el

" | Reference + Hide Phasor | Zeroon Top  +

| Freeze

Uncompensated

—

BECKWITH ELECTRIC CO.

M-33114

Reference Phase A Phase B Phase C
~ W1 3.00 o0° 298 -120° |3.00 120°
W2 150 150° |[1.50 30° 150 -90°
W3 1.50 150° [1.50 30° 1.50 -90°
r W4 0.00 0° 0.00 0° 000 0°

Reference Phase A Phase B Phase C

» W1 3.00 0° 298 -120° |3.00 120°
W2 148 180° |1.51 60° 149 -60°
W3 150 180° |1.51 60° 1.50 -60°
r W4 0.00 0° 0.00 0 0.01 102°

M-33L14: 60Hz, 54 CT | Firmware Version: D-0179v00.00.26 || Cannected |




TRANSFORMER PROTECTION THEORY

Phasor Display (Vectors)

2 IPScom for Transformer Protection (SERIAL) - [Phasor Diagram (F87T)]

RCE

o File Communicaton  Monitor  Relay  Tools  Windows  Help ekl
) Secondary Metering | 5 Phasor Diagram | 8 Setpoints -
Reference - Hide Phasor = | Zeroon Top - Freeze
Uncompensated 0

+30 ="

BECKWITH ELECTRIC CO,

All Voltages and

M-33114A

Reference Phase A Phase B Phase C
TW1 300 0° (298 -120° [3.00 120°
rW2  [150 150° [1.50 30° [1.50 -90°
W3  [1.50 150° [1.50 30° [1.50 -90°
W4 [0.00 0°  [0.00 0°  [0.00 ©°

Reference
~ W1
- W2
r W3
W4

Phase A Phase B Phase C
3.00 0°  [298 -120° [3.00 120°
148 180° [1.51 60° (149 -60°
150 180° [1.51 60°  [1.50 -60°
000 0°  [000 0°  [0.01 102°

Currents Proper

M-33114; 60Hz, 54 CT || Firmware Yersion: D-0179Y00.00.26 | Connected



TRANSFORMER PROTECTION THEORY

Oscillography uUses

* Speed transformer’s return to service if event is not an internal fault
— ldentify type of testing needed
— In the transformer or system?
— Provide data to transformer manufacturer if asset health is in question
 Determine if relay and circuit breaker operated properly
— Identify relay, control or breaker problem
* Uncovers unexpected problems
— Settings
 Comtrade Oscillographs (*.cfg)
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Retrieve Oscillographic Record
(@ newl7.pt Q4-BtRGE) @100% - Beckgrownd

File  Communication Monitor | Relay | Teols Windows Help
: [ Save | B Secondary Metering | Setup
Demand Status

Targets

Through Fault

Sequence of Events

Oscillograph Setup
Profile Retrieve

Write File to Relay Trigger
Read Data from Relay Clear

Osc to ComTrade

Record | Trggered Date/Time | Status |
1 ZF3-Jul-2013 07:15:80.000 Full Recard
e Z3-Jul-2013 07:15:80.000 Incomplete Record
— File Format
i+ BECO (*.osc) = Comtrade (“cfg;.daf)
Retrieve Cancel
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Opening an Oscillographic File (*.cfg or *.ocs)

e IPSplct PLUS
[File| View Help

Open... Ctrl+0 st

Print Setup...

1 UMIT1 GEM PROT.QSC
2 AE13 - June 28,2011 tnp.O5C
3 ChUsersy,. A\tstl . osc

Exit

TEE 20 W

Lookin: |, Sample Oscilos_frST | - ®Em ek B
= Mame =
=]
e | ] AE13 - June 28,2011 trip.0SC 6/30/201

Recent Places i
) | |JCB2_3311 87HT_AUG5TH.OSC 8/9/2012
- | |Redl.osc 9/21/201
Desktop | || UMIT 1 GEN PROT.OSC 2/2/2012
== Type: OSC File
M= J Size: 76.5 KB
Libraries Date modified: 2/2/2012 6:59 PM
A
Computer
@
Netwaork
a mn ¢
File name: IUNIT‘I GEN PROT j Open
Files of type: IOsc Files (*.osc, *.cfg, *fit) ;I Cancel |

L= |

Cpen File - Security Warning .

run this software?

@ Mame:
Publisher:

Type:
From:

The publisher could not be verified. Are you sure you want to

Always ask before opening this file

ChUsersswhartmanntDesktop\IPSPlot exe
Unknown Publisher

Application
ChUserstwhartmannDesktopiIP5Plot, exe

Run ] [ Cancel

publisher. ou should only run software from publishers you trust .

|® This file does nat have a valid digital signature that verfies its
b,
How can | decide what software to un?
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VWwaveform Capture

B IPSPlot - [M3311: C:' A-WORK' Cust'Entergy CyrillFiles',LOADNORR
5] File Edit View Settings MWindow Help

==l
=181

B LR[S e |[@QE s £ P PF|:>-»5§PD|

lal[a] 639 4.34\/\
414 -2.24 -4.34
Ib1 s 532 434 / /—\ /—\ /—\
Phase Diagram |
-2.25 406 -4.34
lelfa]  -013 4.32 Phasars:
/\ /\/ F'hasel Magnitudel .f-‘n.nglel /\
22 208 4z ]
la2[d) 321 224 1a1 2E8 4
161 298 17
[[=a 2786 e
-2 1.00 2.24 la2 133 74
Ib2[a) 312 2.21 b2 1.43 E3*
=2 133 -B0°
09s 247 2z \ 153 133w
le2 s 012 221 163 1.43 E3”
\/ﬁ\/—\ - e \/
089 0.a7 -2.21
lalfa] -3.23 2.29
/\//\/ 150 /\/
-2.23 1.02 -2.29
Ib3[a] 311 2.29
093 -2iE -2.24f\
lc3[a] 014 2.29 /—=\
083 085 -2.24v
14 20 ms] 0 20 40 1] a0 100
In1
InZ
InZ
It
In5
Ing
outd
Otz
Outz
Outd
Cuts
cuts
out?
cuts
Aeady |Start Time: 13:24:32.131 |Trip|:-ed Time: 13:24:33.000 |Mark1: 13:124:32.145 |Mark2: 1324:32.151 MM l—
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Commissioning Tasks

 PAT
— Panel Acceptance Test
— Test from the panel terminal blocks to the relay
o Includes test switches
e SAT
— Site Acceptance Test
— Take successful PAT panel, and test with:
o  Secondary injection from CT termination cabinet at transformer/switchyard

o Load pick up on transformer
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Commissioning Tools

Advanced Metering
— Sequence components for all windings

o  Positive, negative and zero

Restraint and differential currents

Vector Metering
— Uncompensated
o Raw signal
— Compensated

O Post vector and ratio corrections

Digital Oscillography

— All winding currents
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Commissioning Examples

* Y-Y-Y, yyy, normal load flow
. Y-Y-Y, yyy, rolled A-phase on W2
e A-Y-Y, yyy, normal load flow
. A-Y-Y, yyy, rolled A-phase on W1
. A-Y-Y, yyy, rolled C-phase on W1
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Details

. Used test equipment to simulate 3 winding transformers of various winding and CT configurations
. Injected 3A into W1, injected 1.5A into W2 and W3 to simulate load flow

e  Assumed 1:1 transformer and 1:1 CTs for easy viewing of principles

*  Created correct “base case”

. Created incorrect case

. Used advanced protection system tools to “diagnose” the incorrect issue
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YVYYY, vVvv, 171 Ratio,
11 CTs, Normal
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Three Line: YYY, 11 Ratio, 11 CTs, Normal

HIEE

[ I
5 3 3|

A j,ln fww ~Y Y e _]-:"b A
L '™ AAAE! ™. |,
h; . =
. MLI ™ :-YWT HFY“'. ¢
i E | s

M-3311

3 awz  awa £

3 Bw2  1BwW3 £

3 Icw2  Icws &_]

B

- | dIGw2  16wW3 & |

—
y—s
T:%B IAW1
g

3 1BW1

_" Icw2

B 4
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Advanced Vietering: YYY, 11 Ratio, 11 CTs, Normal

Low levels of negative and zero sequence current

High level of positive sequence
current

- IPSCOM - [Secondary Status]
Fle Com Relsy Window Help
(1) BECKWITH ELECTRIC CO. M-3311

M-3311

VOLTAGE

114.9

Phase A

|

Phase A Phase B Phase C

1404l 1.406ff 1.498 I 1.497J] o.000Jl 0.000

Phase A Phase B Phase C Pos. Seq. Neg. Seq. Zero Seq.

|_1.408lff 1.494lfl 1.496]

Winding 1:

Winding 2:

Winding 3:

Phase A Phase B Phase C Ground
FREQUENCY V/Hz
60.00
Hz 4
OUTPUTS 7 BREAKER
ONONONECNORCNON - N NG r @
3 7 6 5 4 3 2 1 6 2 1

hstart||| ) @ 5 || @Message Conter R 1PSCOM - [Secondary .. Apps | 22 omicRON Quickeme - [T... L3O A 200mm
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Advanced NVetering: YIYY, 11 Ratio, 11 CTs, Normal

Very low differential current

"= [PSCOM [Secondary Status IT]
File C Relay Window Help
(1) BEQKWITH ELECTRIC CO.

M-3311

Very high restraint current

M-3311

3

Ix |x

Fundamental Frequency Currents (pu.)

el 0.9941l 0.996 W 0.996
Blsed . HiseB Bl C
— o008 o.002][ .00
‘N Phase A Phase B Phase C Ground(WZ)l G*round(WS)_
Harmonic Currents
R 0.005l 0.001Jfl 0.004
' Phase A Phase B Phase C
S 0.002M 0.001 Ml 0.004
Phase A Phase B Phase C
Fifth 0.005l 0.004 |l 0.003
; Phase A Phase B Phase C

Breaker Monitor Accumulators

windnz 1| NIRRT EEETT
Phase A Phase B Phase C

Winding 2 204 8 ool 199
Phase A Phase B Phase C

Winding 3: 9ol 199
Phase A Phase B Phase C

(Amp Cycles)

(Amp Cycles)

(Amp Cycles)

AMstart ||| 7 & G | (1) Message Center 1PSCOM - [Secondar... 5 Apps

| 22 omicrRoM Quickamc - [... | EjDocument1 - Microsoft ...

2:24FPM

SOV A%
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W1, Phase A at 0 degrees

W2, Phase A at 180 degrees
W3, Phase A at 180 degrees

\VVector NMetering: YYY, 11 Ratio, 11 CTs, Normal

Freeze

Compensated

- Relay Input Current Diagram
Uncompensated ;

270 50
249 120
'l
/
/
150 H 210 .
) ’
180 L 180
- 'l "
v W1 Reference W2 Reference W3 Reference \fﬂ Reference W2 Reference W3 Reference
I 4
via[2.98 0° | 1a[1.50 1600 | 1a[1.50 180° vr:[298 00 | aa[150 1807 | 1a:[1.50 180°
! 7
v b 3.01 240° | b:[1.50 60° | Ib:[1.50 60° | /Ibif3.01 240° | k[ 1.50 60° | Ib:[1.50 60° |
13 s
vie[2.99 1200 | lex{1.48 300" | lez[1.50 3000 | M u¢i[2.99 1207 | dec[ 140 300" | dex[1.50 300
:","
1y
;1
'I
W1, Phase A at 0 degrees
W2, Phase A at 180 degrees

W3, Phase A at 180 degrees
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Digital Oscillography: YYY, 11 Ratio, 11 CTs, Normal

B IPSPlot - [M3311: C:\A-WORK\Cust'\Entergy'\CyrilIFiles\L DADNORMALY.OSC ]
Filz Edt WYiew Setbtings “Window Help

18] x|
=18] x|

@) RB(ES QAo £ P oPF| - g P

laT(A] B39 434 /‘\
444 224 434 / wi, Ph?&& A
IbT1(4] 632 434 TN N N
225 4D -434
le1(4) -013 432 Phazors:
F’hasel Magnitudel Anglel
21 208 -432 .
la2 [A]  -3.21 224 lal 268 4
bt 298 17
Il 276 e
2 100 524 la2 1.33 AT
2[4 312 221 Ib2 149 B
le2 139 B0° 90
095 247 224 la3 133 473
le2(A) 012 221 Ib3 1.48 B3’
3 1.38 £0°
093 087 221
lalfa) -3.25 224
W2, Phase A
" S0 W3, Phase A
223 1 .02 224 e
b3 (&) 3In 224
093  -218 -2.24\/
lc3(4] 014 224
0oa 085 .2.24\/
14 20 (ms] 0
In1
In2
In2
Ind
InS
InB
Outt
Outz
Outs
Qutd
Analog Traces
Outh
Out?
Qutd
Ieady [Start Time: 13:24:32.131  [Tripped Time: 13:24:33.000 Mark {: 13:24:32.145  [Mark2: 13:24:32.151 | oM [



RRRRRRRRRRRRRRRRRRRRRRRRRRR

YVYYY, vvv, 11 Ratio, 11 CTSs,
Roll w2, OA
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Three Line: YV, 11 Ratio, 11 CTs, Roll OA, W2

\ __’ﬁ’:1r"”‘“““ ’*""ﬁm__jm, . ”’“"’Tm

o 1) IARAS AR Fy—t A

c ;{IL Ipaae e [ c Y
el

M-3311

-.g lAW2 1AW3

3 Bw2  1Bws £

P Icw2 IcwW3 L

i

iewz oW £

3 1awm1

| < 1BW1

3 icwz

39 Ry
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Advanced Netering: YYY, 11 Ratio, 11 CTs, Roll OA, w2

High level of positive
sequence current

= 1PSCOM - [Secondary Status] =&l
B Fle Commo. Relsy Window Help =] x
| (1) BECKWITH ELECTRIC CO. M-3311 a1 M-3311 N
VOLTAGE
Phase A
TS
— = oo
3 Phase A Phase B Phase C . Seq. | Zero Seq.
Winding 2: m m m - . 0.997
: Phase A Phase B Phase C Ground . Seq. . Seq. Zero Seq.
408l 1.495Q 1.495|| 0.0 __0.002
; Phase A Phase B Phase C Pos. Seq. Neg. Seq. Zero Seq.
FREQUENCY V/Hz
Hz ‘ %o _
OUTPUTS : INPUTS BREAKER
ORONORIRONONON - | INORORORORONE
3 7 6 5 4 3 2 1 6 5 4 3 2 1
Levels of negative and zero sequence current,
Positive sequence current not at phase current level
i#Msta t‘ ‘ (1) Message Center = 1PSCOM - [Secondar.. éOMICRONQulckCMC'[mlDucumentl'Mlcmsuft...lDlPSP\Dt—[MﬁSll:C:\NE... ’m




Advanced Netering: YYY, 11 Ratio, 11 CTs, Roll OA, w2
High differential current

Restraint current less
than through current

-[¢ condary Status IT]
Relay Window Help =8 x
[TH ELECTRIC CO. M-3311 Al M-3311

Fundamental Frequency Currents (p.u.)

Restraint; ‘ ‘
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Differential: | ‘
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| 1.00]
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Phase A Phase B Phase C
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Fifth

Phase A Phase B Phase C

Second:

Fourth:

Breaker Monitor Accumulators
winding 1- | R T BTN |- cyces)
Phase A Phase B Phase C
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TRANSFORMER PROTECTION THEORY

VVector Metering: YYYY, 11 Ratio, 11 CTs, Roll oA, w2

W1, Phase A at 0 degrees
W2, Phase A at 0 degrees (180)
W3, Phase A at 180 degrees

A
L)

FARelay Input Current Diagram

=1C1x]
Uncompensated I N Compensated Freeze

- 150 ‘ 150
180 ! 180
- 4 s .
bt e e e b 1

v W1 Reference: ‘W2 Reference ‘W3 Reference Wi Flejd;ence ‘W2 Reference W3 Reference
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viIb:[2.99 240° | b 150 607 | 1b:[1.49 60° | #b¢2.99 240° | b:[1.32 101° | ib:[1.49 60° |
vie[3.00 120" | te[149 500" | te[1.43 3000 | gvp[3.00 1200 | ae[191 259" | ie[1.43 300° |

Fl ’,

[

! g

W1, Phase A at 0 degrees
W2, Phase A at 0 degrees (180)
W3, Phase A at 180 degrees




TRANSFORMER PROTECTION THEORY

Digital Oscillography: Yy, 11 Ratio, 11 CTs, Roll OA, w2
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A Y, yyy, 1:1 Ratio,
1:1 CTs, Normal
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Three Line: AY?YY, 11 Ratio, 11 CTs, Normal
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Advanced etering: AYY, 11 Ratio, 11 CTs, Normal

Low levels of negative and zero sequence current

High level of positive sequence
current

"
0
| Ix

i
h

M-3311

"~ IPSCOM - [Secondary Status]

Eal Fle Covm. Relsy Window Help
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TRANSFORMER PROTECTION THEORY

Advanced Netering: AYY, 11 Ratio, 11 CTs, Normal

Very low differential current

Very high restraint current

- IPSCOM  [Secondary Status I1]
Eie C| Relay Window Help
| (1) BEGEWITH ELECTRIC CO. M-3311

Al M-3311

Fundamental Frequency Currents (p.u.)

| 0996l 0.996 0.997
—Eﬂ%

_0.007 1 _o0.003]] _0.99]

Phase A Phase B Phase C | Ground(W2)

Restraint:

1

Ground(W3)

Differential:

Harmonic Currents
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Phase A Phase B Phase C

L 0.003§ 0.002]

Phase A Phase B Phase C
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Second:

Fourth:
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windine 2 | NNEE7Y T TN | (Amp Cyces)
Phase A Phase B Phase C
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TRANSFORMER PROTECTION THEORY

VVector Metering: e:Y?YY, 11 Ratio, 11 CTSs,

Normal
W1, Phase A at 0 degrees
W2, Phase A at 30 degrees

W3, Phase A at 30 degrees

ESRelay Input Current Diagram

Uncompensated

Compensated

Freeze

- — - 150
180 /
- ‘
v W1Fleference W2 Reference W3 Reference yn Fle'férence
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W1, Phase A at 0 degrees
W2, Phase A at 180 degrees

W3, Phase A at 180 degrees

W3 Reference

la:[1.49 180" |
b:[1.49 60° |
Ic:|1.49 300° |




TRANSFORMER PROTECTION THEORY

Digital Oscillography: AYYY, 11 Ratio, 11 CTs, Nor-mal
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TRANSFORMER PROTECTION THEORY

A:Y:Y, yyy, 1:1 Ratio,
1:1 CTs, Roll W1, @A



TRANSFORMER PROTECTION THEORY

Three Line: AYYY, 11 Ratio, 11 CTs, W1, Roll QA
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TRANSFORMER PROTECTION THEORY

Advanced etering: AYY, 11 Ratio, 11 CTs, W1, Roll OA

Levels of negative and zero sequence current,
Positive sequence current not at phase current level

- [PSCOM - [Secondary Status] = a| x|
Gk oo Beay Wedow e T
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High level of positive sequence current
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Advanced NVetering: AYY, 11 Ratio, 11 CTs, W1, Roll OA

High differential current

Restraint current less

= IPSCOM - [¢ condary Status IT]

than through current

b

Ix Ix

Eile Relay Window Help
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TRANSFORMER PROTECTION THEORY

VVector NMetering: AYYYY, 11 Ratio, 11 CTs,

w1, Roll OA
W1, Phase A at 0 degrees (180)
W2, Phase A at 210 degrees
W3, Phase A at 210 degrees
B Reloy toput ComrentDiogram
Uncompensated \

Compensated

180 M 180
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W1, Phase A at 0 degrees (180)
W2, Phase A at 0 degrees
W3, Phase A at 0 degrees




TRANSFORMER PROTECTION THEORY

Digital Oscillography: AYY, 11 Ratio,
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AYY, vyVvV, 171 Ratio,
11 CTs, VW1, Roll OC



TRANSFORMER PROTECTION THEORY

Three Line: AYYY, 11 Ratio, 11 CTs, W1, Roll oC
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TRANSFORMER PROTECTION THEORY

Advanced etering: AYY, 11 Ratio, 11 CTs, W1, Roll OC

Communication Fonitor Relay

Tools

Windows Help

] secondary Metering | (2 Phasor Diagram | 8 Setpoints -
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TRANSFORMER PROTECTION THEORY

VVector vVietering: AYYYY, 11 Ratio, 11 CTs, W1, Roll aC

¥ IPScom M-3300 Series (S-3300) (SERIAL) - [Phasor Diagram (F87T)]
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TRANSFORMER PROTECTION THEORY

Digital Oscillography: AYYY, 11 Ratio, 11 CTs, W1, Roll aC
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TRANSFORMER PROTECTION THEORY

Commissioning Tools Viake Your Life Easier!

 Advanced Metering
— Sequence components for all windings
o  Positive, negative and zero
e Restraint and differential currents
* \Vector Metering
— Uncompensated
o  Raw signal
— Compensated
o  Post vector and ratio corrections
* Digital Oscillography

— All winding currents
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2 Winding

M-3311A Typical Connection
Diagram
Two Winding Model

This function is available as a
standard protective function.

This function is available in the Optional
Voltage Protection Package

M-3311A

Targets 50 51

CT -

(Optional)

Integral HMI
(Optional)

Sequence Of Events

CT

Winding 1
(W1)

A

Waveform Capture

Front RS232
Communication

Rear RS-232/485
Communication

Multiple Setting
Groups

Programmable 1/O

h A}

Winding 2
(W2)

Programmable Logic

Self Diagnostics

Dual Power Supply i
(Optional)

o

A
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3 Winding

: This function is available as a
M 33116 TypI‘caI Q standard protective function.
Connection Diagram
Three Winding Model This function is available in the
Optional Voltage Protection P =
Packages. < _I) »
3-CT
M-3311A —'I)
Targets
(Optional) NOTE A
Integral HMI 50BF e e 49
(Optional) Winding 1
(W1)
(%)
Winding 2 Winding 3
sequence Of Events NoTE W2 " YY YN Y (w3)
1 )
Waveform Capture 876D 50G 51G6 D
NOTE
1 1)
Front RS232 @ >16 _

Communication

Rear RS-232/485
Communication

0020
02020

o MR

Multiple Setting —_— = =
Groups s0N
Programmable 1/0
vT
Programmable Logic 50N
BF _——-—— -4
Self Diagnostics ‘
Dual Power Supply @ @ @ a
(Optional) I I mul B C
NOTE *
7T\ S0BF 49
J 3-cr |

NOTE 3
> e e ° * =
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TRANSFORMER PROTECTION THEORY

4 Winding

M-3311A Typical O This function is available as a
: : standard protective function. Winding 4 Winding 1
Connec.tlor.l Diagram (Wa) (Wi)
Four Winding Model This function is available in the ol 3T
Optional Voltage Protection < If\’\l 52 52 I(Y\I >
Packages.
M-3311A
1 *
o 000G
(Optional)
Integral HMI
EHE®) "
V. V,
X
OaO20,C O 0,90
Front RS232 @ @ @ Winding 2 MJ\MN o
| W2 =YY Y Ay e
Rear RS-232/485 LAl D)
Communication _ )
Multiple Setting
Groups et _)
:
== e
Dual Power Supply
(Optional)
RJ45 Ethernet
(Optional) 5.?;“
@ [ @ B C
\ 1 * —]
@
ENa
1 3 .

A
v
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4 Winding with Current Summing

M-3311A Typical This function is available as a
Connection Diagram standard protective function.

Four Winding Model This function is available in the Wi("v(\i/?)g 4 Wi(nvt\j,if)g !
Optional Voltage Protection 3o sor
Package. M M
< ~— 52 52 ~—+—>
M-3311A
Targets
(Optional)
Integral HMI
(Optional)
-
1
@-EOEC— O OO0
°
Front RS232 Winding 2 Winding 3 §
Communication W2) £ YYY 7YY Y (W3)g
Rear RS-232/485 A D)
Communication . )
Multiple Setting
Groups rer =1 )
P
== ==
Dual Power Supply
(Optional)
RJ45 Ethernet
(Optional) SSFN
[l I B Cc
87T\ 50BF . 49* il )
J s _|)
1 3 -
* Two sets of summed winding P
cuurents can be enabled at a time. < »
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Unique Features of Beckwith Transformer Protection Relavys

* Voltage inputs with overexcitation protection
 Adaptive overexcitation restraint based on 5th harmonic
* Use of 2nd and 4th harmonic for inrush restraint

 Up to three ground directional differential elements

* Current summing for 51 and 87GD functions to be used with dual breaker configurations (ring bus,
breaker-and-one half)

* Through-fault monitoring to schedule early maintenance and prevent transformer failures

e Graphical display of uncompensated and compensated phasors for each winding to help with test and
commissioning

e Easy to access metering screens for test and commissioning

e User friendly setting of transformer/CT connection configurations
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