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= Chair Emeritus of the IEEE PSRCC Rotating Machinery Subcommittee ('07-'10).

=  Contributed to numerous IEEE Standards, Guides, Reports, Tutorials and Transactions, delivered Tutorials IEEE
Conferences, and authored and presented numerous technical papers at key industry conferences.

» Contributed to McGraw-Hill's “Standard Handbook of Power Plant Engineering.”



Transformer Protection

Exploration
» Why transformers fail

» Quick review of protection principles and modern technology
differences/advantages

» |[EEE C37.91, Guide for Power Transformer Protection
» Discuss non-electrical protections

» Discuss electrical protections
= QOvercurrent based
= Through fault protection
= Qverexcitation
= Differential
* CT performance issue
» Transformer protection challenges

» Percentage differential characteristic
 Restraints for inrush and overexcitation

» Realization of settings
» Analysis tools to view relay operation



Transformer Protection

Transformers: T & D
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Transformer Protection

T&D

Transformers
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Transformer Protection

Transformer: GSU Step Up
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Transformer Protection

Conservator Tank

Key Oil Level Gauge
C om p onen tS HV & LV Tank Cover Bushings

Conservator Tank

On Load Tap
Changer

Tap Changer
Qil Level
Gauge

Tap Position
Indicator
Control Cabinet

Silica Gel Breather

On Load Tap Changer pp,ip & Sample Valves
Motor Control

Conservator design 15/20 MVA 72kV-25kV 7



Transformer Protection

FAILURE!

] - 't
F.l.r .|1L.-”...| i, — .4...” —r *I
P ’ N . : . .

s ’ o o
o ....Il. + o il ..-_l .II.. |l_._..-a|...l.. 3
. o L

Fﬂllw |-.1.H =
] r




Transformer Protection

FAILURE!
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Transformer Protection

Why Do Transformers Fail?

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

* Expansion and contraction due to thermal cycling
* Vibration

 Local heating due to magnetic flux

 Impact forces due to through-fault current

* EXxcessive heating due to overloading or inadequate
cooling

11



Transformer Protection

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 da

maged equipment
4

12



Transformer Protection

What Fails in Transformers?

= Windings
- Insulation deterioration from:
» Moisture
» Overheating
= Vibration
= \/oltage surges
» Mechanical Stress from through-faults

= | TCs

Malfunction of mechanical switching
mechanism

High resistance contacts
Overheating
Contamination of insulating oil

13



Transformer Protection

What Fails in Transformers?

= Bushings
- General aging
- Contamination
- Cracking
- Internal moisture

= Core Problems
- Core insulation failure
- Open ground strap
- Shorted laminations
Core overheating

14



Transformer Protection

Core Construction

¢ Primary and Seconda

Windings /‘b
oy l.——-CORE—--—\ /l \Y—-CORE’/—-—-\
/ | "N ! !
4 14
' o |14 -7
| l ? — 2

' | I I I

: PHL_H v

' ! |

= Magnetic netl _ _
Lines of Flux
Core-type Construction e oL Shell-type Construction
Primary and Secondary
Windings
34, 3-leg Core 3¢. 5-leg Core
) ) T e e e S == ‘-'——"- =
l I | ' |
| I | | |
' I | l |
' I | l |
l )\ ) | )
Core-type Construction \ / Shell-type Construction
Magnetic
Lines of Flux

« Shell construction is lighter than core construction
» 3-leg shell core causes zero sequence coupling 15



Transformer Protection
%

What Fails in Transformers?

= Miscellaneous

FRESSURE
- CT Issues
G“GE HIGH PRESSURE CONTROL VALYE —

- Oil Iea kage SHUT-OFF VALVES

- Oil contamination cas sace gm 7

« Metal particles =
Moisture
vass J
: PRESSURE RANGE: 0,5TQ 7.5 PS|
EXHAUST VALVE —7
RELIEF VALVE
GAS REGULATOR
MITROGEN GAS CYLINDER

LOW-PRESSURE ALARM

sUmMP

16



Transformer Protection

Failure Statistics of Transformers

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
Miscellaneous 12 4 72 6 101 26
Total 262 100 1127 100 389 100
IEEE 37.91
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Transformer Protection

Table B.2—Transformer bank analysis by subcomponents for operating voltages

Fallure from 110 kV to 149 kV
] ] - Mean Median
: ; Component No. of Frequency Total o s Mean op.
tat I St I CS Of years (a) Subcomponent outages per year time (h) dm(?:)wn dl.ll(;ll;u]]l pos. (h)

9302 Bushings
ra n SfO rm e rS u including CTs 93 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 2745
-— 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 6166 256.9 18.76 256.9
Other 162 0.0174 37 455 231.2 24.80 231.2
All integral

components 542 0.0583 144 547 266.7 22.82 225.3

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 (fiee

standing) 11 0.0012 1585 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 309 2.94 30.9
Unknown 220 0.0237 34 341 156.1 14.03 156.1
All terminal

equipment 028 0.0998 121 911 131.4 6.66 1314

IEEE 37.91



Transformer Protection

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

[ ]
F a I | u re Component Sub No. of Frequency Total dI\I‘ealn ;Ifdl.an Mean op.
. . vears (a) ubcomponent outages per year time (h) uration uration pos. (h)
S f (h) (h)
tatistics o
including CTs 18 0.0303 11143 619.1 4.88 619.1
. Windings 2 0.0034 6678 33392 3339.24 33392
ransformers
" changer 28 0.0471 16 109 575.3 57.76 575.3
Core 0
150kV-199KV | fme 1
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
conponents 88 0.1481 49 529 562.8 32.00 562.8
Control and
protection
equipment 19 0.0320 6439 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 1039.4
Circuit switcher 0
CT (free
standing) 1 0.0017 4626 4 625.6 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 0.7 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



Transformer Protection

Table B.4—Transformer bank analysis by subcomponents for operating voltages

F a i | u re from 200 kV to 299 kV
Mean Median

Component No. of Frequency Total Mean op.

S tat I St I CS Of years (a) Subcomponent outages per year time (h) dulal)ion dul&.]alt)ion pos. (h)

5940.0 Bushings

f u including CTs 32 0.0054 6283 196.3 13.83 196.3
ra n S O rl I l e rS . Windings 19 0.0032 23225 12224 68.97 891.0

On-load tap

changer 00 0.0152 25 148 2704 12.81 279.4
200kV—299 kV Core 5 0.0008 557 1115 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 257.8 0.25 257.8
Other 90 0.0152 21719 2413 20.14 2413
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
Disconnect 59 0.0099 14 469 245.2 31.40 2452
Cireuit 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 9.03 176.4
Other 41 0.0069 1224 209 3.45 299
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



Transformer Protection

Analysis of Transformer Failures®

Table 1 = Number and Amounts of Losses by Year

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

1997] 19 3 40779507 (5 25036673 |§ 15,742,834

199d 25 3 24932235 [3 24897114 |3 35121
1995‘ 15 $ 37391591 |§ 36994202 |§ 397,389
2000 20 $ 150,181,779 |§ 56,858,084 |% 83.323.695
2001 15 3 33343700 (5 19453016 |5 13,890,684

ISrand Total 84 £ 286628811 |% 163239089 |% 123389722

¥ Tortal losses in 200K) includes one claim with a busingss interruption portion af over 5356 million US

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 9 2567 520,456,741 F7969
1998 25 25 5685 524,897 114 F4379
1999 15 13 2433 336,415,806 514867
2000 20 19 4386 556,354,689 512849
2001 15 12 2128 316,487 058 37748
Total 94 78 17,198 315.4611,408

During this five year period, the average cost is 58,990 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

21



Transformer Protection

ANSl / IEEE C3791 -2008 “Guide for Protective Relay

SOURCE Applications for

| Power Transformers”
b ~
._‘ 5 CATEGORY Il OR IV
_D TRANSFORMER
High Side TRANSFORMER PRIMARY-SIDE
Surge Arrgster PROTECIVE DEVICE
(CIRCUIT SWITCHER, OR RELAYED
CIRCUIT BREAKER, ETC.) _
@r) 87 = Phase Diff
USE THIS CT FOR 87 WHEN USING CIRCUIT _
SWITCHER OR PROTECTIVE DEVICE W/O CTS 51G = Ground Overcurrent
50/51 = Phase Overcurrent
USE THIS CT FOR 50-51 WHEN USING CIRCUIT 64G = Transformer Tank Ground Overcurrent
SWITCHER OR PROTECTIVE DEVICE WD CTS 26 = Thermal Device
... Transformer Platform 49 = Thermal Overload
; A 5 Insulaed from Ground 24 = Overexcitation
i i Low Side —
I nﬂl YT ¢ _,= Surge Arrester @ 63 = Gas Relay (SPR, Buccholtz)
—{E
+
OPTIONAL MAIN SECONDARY-SIDE
PROTECTIVE DEVICE
Class Il and IV Transformers
£\ CONNECTED OR COMPENSATED

. IN DELTA CONFIGURATION (>= 5MVA)
! (SAME AS DELTA OF TRANSFORMER

Loap  HIGH-SIDE WINDINGS)

From IEEE C37.91, 2008 22



Transformer Protection

|IEEE Devices used in Transformer Protection

i B

= 24:  Overexcitation (V/Hz)

= 26: Thermal Device

= 46: Negative Sequence Overcurrent

= 49: Thermal Overload

= 50: Instantaneous Phase Overcurrent

= 50G: Instantaneous Ground Overcurrent

= 50N: Instantaneous Residual Overcurrent

= 50BF: Breaker Failure

= 51G: Ground Inverse Time Overcurrent

= 51N: Residual Inverse Time Overcurrent

= 63: Sudden Pressure Relay (Buccholtz Relay)

= 64G: Transformer Tank Ground Overcurrent

= 81U: Underfrequency

= 87H: Unrestrained Phase Differential

= 87T: Transformer Phase Differential with Restraints
» 87GD: Ground Differential (also known as “restricted earth fault”)

23



Transformer Protection

Transformer Protection Review

= |nternal Short Circuits
- Phase Faults
- Ground Faults

= System Short Circuits (Back Up Protection)

- Buses and Lines
 Phase Faults
 Ground Faults

= Abnormal Conditions
- Open Circuits
- Overexcitation
- Abnormal Frequency
- Abnormal Voltage
- Breaker Failure
- Overload
- Geo-magnetically induced current (GIC)

24



Transformer Protection

Special Subject: GIC

O Occurs in near polar and polar latitudes

O Result of solar storms impacting earth and causing induction
and current loops i

O Currents are DC and cause saturation of power
transformers

O Proactive protection consists of:
» Deliberate system compartmentalizing or transformer isolation
» Use of capacitors on transformer grounds to block DC path

1

¢ 3phase B J-j

/ b

3 l autotransformer 3-phase A-Y L
transformer

—_—

Geomagnetically Transmission ling
induced current

Geomagnetically
L l l induced current

— Extra-high-voltage transmission lines

&) Magnitude of geomagnetically induced current flow

(O Areas of probable power-system collapse

Grounded transformer neutrals




Transformer Protection

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)

= Thermal

- Caused by overload, overexcitation, harmonics and
Geo-magnetically induced currents (GIC)

» Hot spot temperature
= Top Ol
» LTC Overheating

26



Sealing Transformers from Air/Moisture Intrusion

~ =% ~
AIR BAG ﬁ
(WHERE APPLICABLE) =

=== GAS SPACE

{
:
]
L
|
I |
! |
:} |
i ! DEHYDRATING
it | BREATHER
i LIQUID i LIQUID
I |
i (MAIN TANK) ! (MAIN TANK)
|
|
INERT GAS - |
SOURCE -
(WHERE APPLICABLE) |
|
|
|
. !
SEALED TANK OR POSITIVE | CONSERVATOR / EXPANSION
PRESSURE SYSTEM ! TANK SYSTEM

Electric Power Engineering Handbook 27



Transformer Protection

= Gas accumulator relay Buchholz Relay
= Applicable to conservator tanks ——
equipped comemmron ra
= Operates for small faults by mm_‘“{\ AR P
accumulating the gas over a period of =
time / D =
» Typically used for alarming only -
» Operates or for large faults that force the . T~ suctoLz
oil through the relay at a high velocity

SHUT-OFF VALVE

* Used to trip

» 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

TRANSFORMER TANK

28



Transformer Protection

Sudden Pressure Relay

L ,_.l_————S'IM‘ld!

= When high current passes through a
shorted turn, a great deal of heat is
generated

= Detect large and small faults

» This heat, along with the accompanying
arcing, breaks down the oil into
combustible gases

» (Gas generation increases pressure
within the tank

» A sudden increase in gas pressure can

CONTROL ORIFICE

BIMETAL TEMPERATURE COMPENSATOR

be detected by a sudden-pressure relay meswwe—\ CONTROL BELLOWS
. . PRESSURE BALANCE BEAM
located either in the gas space or under S*LICONEFLUIDN_ N oo
the oll SENSING BELLOWS—\ ' :
= The sudden-pressure can operate before 1w

relays sensing electrical quantities, thus o il

. g L N RE . 1 :

limiting damage to the transformer S 5 b R
1/8" DIAMETER DRAINHOLE ELECTRICAL CONNECTOR
SILICONE SENSING FLUID MANIFOLD HOUSING CONTROL BELLOWS

29



Transformer Protection

O Drawback of using sudden-pressure SUdden Pressure Relay

relays is tendency to operate on high-

current through-faults pper ‘ = Switch
* The sudden high current experienced from
a close-in through-fault causes windings of g
the transformer to move.

= This movement causes a pressure wave
that is transmitted through the oil

O Countermeasures:

= Qvercurrent relay supervision

* Any high-current condition detected by
the instantaneous overcurrent relay
blocks the sudden-pressure relay

« This method limits the sudden-pressure relay to low-current incipient fault detection.

» Place sudden-pressure relays on opposite corners of the transformer tank.

» Any pressure wave due to through-faults will not be detected by both sudden-pressure
relays.

« The contacts of the sudden-pressure relay are connected in series so both must
operate before tripping.

30



Transformer Protection

Sudden Pressure Relay Supervision Scheme

UTILITY

( 69kV)
?

S_ (13.8kV) §

-_———r

Relay

Elements

(=)

50N

AND

Output Relay
Contact

Supervised
63 Output
Contact

—}—no.

Phase and Ground Overcurrent supervises SPR (63)
SPR (63) employs

* Pickup delay for overcurrent supervision

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

J\/_

31



Transformer Protection

Causes of Transformer Overheating

d Transformers may overheat due to the following
reasons.
= High ambient temperatures
» Failure of cooling system
= External fault not cleared promptly

= Qverload

* Abnormal system conditions such as low frequency, high
voltage, nonsinusoidal load current, or phase-voltage

unbalance

32



Transformer Protection

Transformer Overheating

d 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!).

33



Transformer Protection

Heating and Relative Transformer Temperatures

* Temperature may be “ha
monitored multiple places 1 RS — T
- Hot Spot -l R R s
 Top Oil / o
* Bottom Ol :-5: __:veragql:l:::ding 1 Pain ~ (s
+ LTC Tank e i
» Delta of the above R g

= The “hot spot” is, as then o L .
name indicates, the hottest —
spot ¥ e

» Other temperatures are lower e e g ,figff"'

Time, h s

Standard Handbook for Electrical Engineers

34



Transformer Protection

Transformer Temperature Monitoring

Transformer Sensing Inputs (Typical)
@ VALY LEGEND:
@ m . LOL = Low Oil Level
W W | : | = (2urrent
S oy
@ . A = Ambient
» 3 Phase Currents
> 1 Neutral Current
» 3 Phase Voltages

T = Temperature
. TO =Top Oil
w . Wind = Winding
m e LTC = Load tapchanger
W . TP = Tap Position
% Electrical Quantities

35



Transformer Protection

= Fiberoptic sensors Hot SpOt Detection
» Use Gallium Arsenic (GaAs) based spectrophotometric S
module

» Measures the spectrum a temperature-dependent GaAs
crystal affixed on optical fiber

» Typical on newly constructed transformers
= Difficult to retrofit

= More exact that IEEE calculation approximations

» “Aging Factor” = multiples of 1 hour of normal temperature
use

Normal Kraft (IEC) ~

Normal Kraft (IEEE) ) :
' L SN Thermally Upgraded Paper

Aging Acceleration Factor

0 70 80 a0 10_[_]!,"'110 120 130 140 150 160

Hot-Spot temperature

“Transformer Winding Hot Spot Temperature Determination,” 2006, Qualitrol 36



Transformer Protection

Transformer Electrical Protection Issues

Phase

Overload
Breaker /Fault
Failure
g //\ Breaker Phase
/Failure /Fau|t J

)

\_
/ \Ground
Overexcitation Fault \
\ Underfrequency -
Wvoltage \Ground
Open Conductor Fault

In and Out of Zone

37



Transformer Protection

T T Complex Applications
P q
52 52
\JLLM ALAAL
- Y —
D €
M-3311A
I 1 Iﬁl 52 Iﬁi 1 | |
) ) ) ) Syftem
' )
SRS e ’
52
- W
—YYYY Y YTMm &
)} =
o
52 52
- D q_
) d_

38



Transformer Protection

52

52

87GD W2

M-3311A |

Complex Applications

52-1

52-2

%

aa 52-3

e

52-4

M-3311A

39



Transformer Protection

M-3311A Typical Connection

?\Egvvr;:wing Model < > 2 Wi n d i n g

CT =
This function is available as a —
standard protective function.
O This function is available in the Optional A
Voltage Protection Package Vg VT VT
M-3311A I 5%%%% I I I l
Winding 1
Targets f\ W1
(Optional) \;r_F/ 50 51 ( )
Integral HMI
(Optional)
87T WALAAL vr 197
Metering " —
M ‘
LT @00&0
Sequence Of Events 51G D Winding 2
7 (W2)
Waveform Capture @ VG Vi Vi
OF e IOODE
50N /3 JC3Y

Front R$232
Communication

Rear RS-232/485
Communication

Multiple Setting
Groups

Programmable 1/0

Programmable Logic

Self Diagnostics B

Dual Power Supply ' &
(Optional)

@®
m

U

50 c
DRCRERC :




Transformer Protection

- : This function is available as a . .
M 33116 Typ{cal O standard protective function. 4 }
Connection Diagram | I n I n g
Three Winding Model This function is available in the 2 3
Optional Voltage Protection .
Packages.
A
M-3311A
Vg VT VT
Targets
EHHEOOOE
Integral HMI KI'-F\ 50BF @ e 49 - & B
(Optional) u Winding 1
(w1)
OO0
Winding2 SAAAAAAANS o

Sequence Of Events

W2) el Y Y YN XYY Y\ (W3)

87GD 50G 51G il j

P

(oo -3

Waveform Capture

Communication

Rear RS-232/485
Communication

Front RS232 @

Multiple Setting
Groups

=]
-

Programmable 1/O

Programmable Logic 50N

Self Diagnostics

Dual Power Supply
(Optional) (e o 1T B C

7T\ 50BF 49
J 3-cT
D10/00C s

o MR )

O

A
v

41



Transformer Protection

M-3311A Typical O This function is available as a - -
Connection Diagram standard protective function. Wl(n\l(\i/T)g“ Wl(nv(\ilT)g 1 I n I n g

Four Winding Model This function is available in the T 3T
Optional Voltage Protection < lhql 52 52 lhql >
Packages.
M-3311A
Targets @ e e e 49
(Optional)
Integral HMI
GHEHE) "
Ca020,C O mE10.090
Front RS232 @ @ @ Winding 2 AAAAAANY g
‘ W2) =YY Y\ mfy'\_""'(“vf\’/'?',‘)g’D’
Rear RS-232/485 i D)
Communication . _)
Multiple Setting
Groups o )
Programmable 1/0 )]
Programmable Logic
L +1
Dual Power Supply
(Optional)
RJ45 Ethernet
(Optional) N
@
/ ENC

A
A 4

42



Transformer Protection

Winding 4 Winding 1
(W4 (w1
3-CT

—m—52 52 |- 4W|nd|ng
w/Current

(Optional)

Integral HMI

1 Summing

Metering

Sequence Of Events r

Waveform Capture @ o @ @ 2z g_’_% e o @ e
Front R5232 @ @ @ Winding 2 \AAAAAANY

Communication W2) Y YYD Y ml\/l?\g;g? 3
Rear RS-232/485 876D 50G 51G 1-CT = )

Communication D

Multiple Setting
Groups

Programmable Logic

Programmable I/0

Self Diagnostics
Dual Power Supply
(Optional)

RJ45 Ethernet
{Optional)

3-CT

=

o AR )

3/
(®
()
(®)
[
(v

3
v
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Transformer Protection

Desirable Sensing Possibilities

M-3311A Configuration Options

Windings 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
= Current Summing available on two sets of current inputs

o Useful for thru-fault on dual high side CB applications

44



Transformer Protection

Types of Protection

Electrical

= Fuses
- Small transformers (typ. <10 MVA)
- Short circuit protection only

= QOvercurrent protection
- High side
» Through fault protection

« Differential back-up protection for high side
faults

- Low side
» System back up protection
« Unbalanced load protection

45



Transformer Protection

Transformer Protection Functions

Internal Faults:

= 87T Phase Differential with Restraints

= 87H Unrestrained Phase Differential

= 87GD Three Ground Differential elements (Restricted Earth Fault)
= 64G Tank Ground Overcurrent

Through Faults:

= 50/51 Phase Overcurrent

= 50G/51G Ground Overcurrent

= 50N/51IN Instantaneous Residual Overcurrent
= 46 Negative Sequence Overcurrent

46



Transformer Protection

Transformer Protection Functions

Abnormal Operating Conditions:

= 27 Undervoltage

= 24 Overexcitation (V/Hz)
= 49 Thermal Overload

= 81U Underfrequency

= 50BF Breaker Failure

Asset Management Functions:
= TF Through Fault Monitoring

= BM Breaker Monitoring
= TCM Trip Circuit Monitoring

47



Transformer Protection

High Side Overcurrent

’ y
T e
.
(N
hES
Se
Y

= Back up to differential, |
sudden pressure <l

= Coordinated with line (1) \
protection off the bus |'

* Do not want to trip for
low-side external faults

~—_ Through
Fault
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Transformer Protection

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 Intemal/‘”\k’\‘
through the transformer for a low- Fault (Y Y YY)
| “l

side three-phase short circuit.

* |nstantaneous units that are
subject to transient overreach are
set for pickup in the range of
125% to 200 - Through
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Transformer Protection

51 Function Settings

5

System

Output Settings | Input Settings I
—Eetings
Nominal Voltage: | 120 80 4| 1 2laom
Phase Rotation. % ACE " ABC
Demand Timing Method: & 15 Minutes ™ 30 Minutes ™ &0 Minutes

VT.Configg ¢ VAR C WVBC CVCA CVA CVBE O NMC
CurrentSumming1: " w1 [T w2 [ w3l [ w4
/Current Summing2: T wil [Tw2 [ w3l [ we

ble/Disable Windings for 87 Function

¥ More Than 2 Windings " ‘Winding 1 and \Winding 2 Only IEnabIe Al Windings ;I
.wuse'l'ml‘hase{)mnm EI
#lo|lm | m | ;|
\\ Pickup: | 5.00 050 4] | | 12008 Disable |
\ Time Dial: [ 1.0 05 4| | ] 150

Current Selection: & Sum1 ¢ Sum2 w1l C w2 T w3l O Wi

—Inverse Time Curves
™ BECO Definite Time " BECO Inverse ™ BECO Very Inverse ™ BECO Extremely Inverse
™ |EC Inverse = |EC Very Inverse ™ |EC Extremely Inverse {™ |EC Long Time Inverse
{* |EEE Moderately Inverse  { |EEE Very Inverse ™ |EEE Extremely Inverse

— Outputs Blocking Inputs
MilCz2CarCalrCsC el 708 Fr1 230040506 7 @C8 8
Cas CDwlEC#nC12001300 14001610 16 CwolrCnrC 2345016001718

Swve [[ Cancel
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Transformer Protection

50 Function Settings

50 Instantaneous Phase Owercurrent EI

L B T N N R A

Pickup: | 350 104 _| | 1000 Disable |
Time Delay: | 3 1 4] | | 2160 (Cycles)

Current Selection: ™ Sym1 ¢ Sum? & Wl w2 w3 wd

Frs w12 13-4 150 16 Frwornr2r- 341560170 18

Outputs Blocking Inputs
P‘1 M2l a3alr4rsr el 7108 |7|'1 Fr2rar4rsr-refr-7rerlr s

Save Cancel
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Transformer Protection

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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Transformer Protection

Negative Sequence Overcurrent

* Negative sequence overcurrent m—“'
provides protection against -
= Unbalanced loads
* Open conductors
* Phase-to-phase faults

= Ground faults

* Does not protect against 3-phase
faults




Transformer Protection

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

0.56 H,

LINE-TO-NEUTRAL 0.00 3 ¢ im
LINE-TO-GROUND %

1.0

1.0

0.00

0.58 0.00

T
&
/ Q
x “ x

0.00

J-PHASE FAULT CURRENT Iy
3-PHASE FULL LOAD CURRENT | = 1.0 PER UNIT
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Transformer Protection

Negative Sequence Overcurrent e
* Provides better protection than \J\LN
phase overcurrent relays for ~N Y Y
internal transformer faults —|||

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

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

55



Transformer Protection

Negative Sequence Overcurrent

= Negative sequence relays can
be set below load current NANN
levels and be more sensitively Y Y
than phase overcurrent relays —|||
for phase-to-phase fault
detection N

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

46 Function Settings

46: Megative Sequence Owvercurrent x|
Winding 2 | Winding 3 | Winding 4 |
Definite Time —
Pickup; | 5.00 p10 4] || 1 2000 (1) Disable |
Time Delay: | 30 1 4] | | 3160 (Cycles)
—Outputs Blocking Inputs
Fiie L [ led Ls | 6 [ig L8 L] el Teaa] ] s el ] sl 119
e § e [z s s s 9s CwlC 234l BC w370 18
Inverse Time —
Pickup: | 2 50 050 4| 1] | 50008 Disable
TimeDial: | 10 05 «| | * 1o
—Inverse Time Curves
{* BECO Definite Time {" BECO Inverse " BECO Very Inverse " BECO Extremely Inverse
" |EC Inverse " |EC Very Inverse " |EC Extremely Inverse " |EC Long Time Inverse
™ |EEE Moderately Inverse " |EEE Very Inverse " |EEE Extremely Inverse
—Outputs Blocking Inputs
{0 [r2ahis 4 5 [ el t7 18 Ll e L s s e Lol 8 I 9
O I w2 B3CAaC w170 18
Save Cancel




Transformer Protection

Through Fault

* Provides protection <

against cumulative | | |

through fault damage

= Typically alarm (WNW_“l

function

~—_ Through
Fault
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Transformer Protection

Through Fault

» A transformer is like a motor that does not spin
» There are still forces acting in it
= That is why we care about limiting through-faults

OUTER OUTER
WINDING : ] WINDING
A i

FORCES

= |

INNER INNER
WINDING WINDING

RADIAL FORCES AXIAL FORCES e L ‘

Electric Power Engineering Handbook 59



Transformer Protection

Through Fault Monitoring

» Protection against heavy prolonged through faults
» Transformer Category
-IEEE Std. C57.109-1985 Curves

Minimum nameplate (kVA)

Category Single-Phase Three-Phase
I 5-500 15-500
I 501-1667 501-5000
1 1668-10,000 5001-30,000

\Y, Above 10,000 Above 30,000
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Transformer Protection

Through Fault Damage Mechanisms

—

= Thermal Limits for prolonged soof- | 1=\
through faults typically 1-5X ne i
rated :

» Time limit of many seconds

100

I
o

Thermal

\ Curve A

= Mechanical Limits for shorter

Fault duration, s

f
|
. . 1
duration through faults typically % XS
greater than 5X rated 153 }\
: " Y oL
= Time limit of few seconds AP RN
y \ A
4 ‘ \\,\ \“\ \\\ \
= NOTE: Occurrence limits on each N\ N \
A N
Transformer Class Graph “[Mronstormer impedarce 10 7 5 4 - %
CuruesL B
1 2 4 10 20 30

Times roted base current

Standard Handbook for Electrical Engineers
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Transformer Protection

10000

7000

5000
4000

3000

2000

1000
800

400
300

200

=
j=)
(=1

o @
o ©

IS
=]

~
o

TIME(SECONDS)

@ 0

S

0.8
0.6

0.4

02

01

TIMES NORMAL BASE CURRENT
From IEEE C37.91

56 8 1 2 3 4 567 10 20 30 40 50
10000
7000
5000
4000
3000
2000
THROUGHE FALLLT PROTECTION CURVE
FOR FAULTS NHICH WILL OCCUR
Y FREQUENTLY OR INFREQUENTLY 1000
Y 800
T
1
\ 400
‘ 300
200
=
\ 100 2
7t 1250 go M
LY 1o 05 o }4:
WHERE [ = SYMUETRICAL FAULT CURRENT IN TIMES NORMAL 40 Q
BASE CURRENT (ANSL/IEEE C57.12.00-19932). 2
NOTE: THE NAXIMM SHORT-CIRCLUIT WITHSTAND o
CAPADILITY OF CATEGORY I TRANSFCRMERS I3 e
\ DEFINED IN ANSI/IECE CS7.12.00-1993 IW -
N 10
Y 8
X .
A 4
\ 2
\ { DOT-DASH CURVE
1
0.8
06
0.4
0.2
0.1
56 8 1 2 3 4567 10 20 30 40 50

Through Fault

Category 1
(15 kVA — 500 kVA)
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l@_”“i S o 01 —+—1—1 “5—  — o ‘é@%ﬂ
4000
:
2000

] THROUGH-FAULT PROTECTION CURVE FOR [ HROUGH-FAULT PROTECTION CURVE FOR L{ 5000

] FAULTS WHICH WILL OCCUR FREQUENTLY FAULTS WHICH WILL OCCUR INFREQUENTLY || .009
(TYPICALLY MORE THAN 10 INA (TYPICALLY NOT MORE THAN 10 IN A

o e TRARGFORMER LFETIE _[130° Through Fault

" \‘ \ i Category 2
: i i (501 KVA — 5 MVA)
= \ \ N

Through Fault damage
Increases for a given
amount of transformer

8 83223l
¥ € se2s

§ \ \
8 \
g I N Z%, as more | (1%)
\ \ .
i \ \ i through the Z results in
X \\ -
5 : X : higher energy (forces)
3 3
2 \ 2
121087 65 4
% T D1PBD'“ ’-J| THIS CURVE MAY ALSO BE USED FOR BACKUP
PROTECTION WHERE THE TRANSFORMER IS
X EXPOSED TO FREQUENT FAULTS NORMALLY H
g;é CLEARED BY HIGH-SPEED RELAYING. [ ﬂg
.6 s i ——T L .
g'i | WHERE FAULT CURRENT FROM 70% TO 100% OF MAXIMUM g-i
“4H POSSIBLE: 1%t = K -
0.3 WHERE I= SYMMETRICAL FAULT CURRENT IN TIMES NORMAL 0.3
BASE CURRENT (ANSI/IEEE C57.109 - 1985)
0.2 K = CONSTANT DETERMINED AT MAXIMUM [ WITH t = 25 0.2
NOTE: SAMPLE I2t = K CURVES HAVE BEEN PLOTTED FOR
SELECTED TRANSFORMER IMPEDENCES AS NOTED.
—— = - — W 0.1
o.1 2 3 4 6678010 20 30 4050 2 3 456678010 20 304050

From IEEE C37.91 63



Transformer Protection

Cat. 2 & 3 Fault Frequency Zones
(501 kVA - 30 MVA) i

A

SAAAS CATEGORY Il OR 1T TRANSFORMER

INFREQUENT FAULT
INCIDENCE ZONE FAULT WILL BE CLEARED BY TRANSFORMER

PRIMARY-SIDE PROTECTIVE DEVICE

/’“‘ FAULT WILL BE CLEARED BY TRANSFORMER
* X PRIMARY-SIDE PROTECTIVE DEVICE OR BY

OPTIONAL MAIN SECONDARY-SIDE PROTECTIVE
DEVICE

FREQUENT FAULT ___ FAULT WILL BE CLEARED BY

INCIDENCE ZONE FEEDER PROTECTIVE DEVICE

E3 v v
FEEDER FEEDER FEEDER

From IEEE C37.91 64



Transformer Protection

THROUGH-FAULT PROTECTION CURVE FOR THROUGH-FAULT PROTECTION CURVE FOR] | @
[| FAULTS WHICH WILL OCCUR FREQUENTLY AULTS WHICH WILL OCCUR INFREQUENTLY] 4000
%ﬁgggg &%‘?‘[3 g;l A (TYPICALLY lgJOOfr MORETHANGINA ]| T h h
TRANSFORMER LIFETIME) - o ug Fau |t
\ : i Category 3
: y ! 5.001 MVA - 30 MVA
500 LY A\ 5600
400 \ B | 400
300 300
200 \ \ 200
Through Fault damage
100 =+ &P : :
E »§ EER 1 -% Increases for a given
50 50
5o X 3 © amount of transformer
a \
g 20 I . 2 Z%, as more | (1%)
E
\ .
1§ ; - r through the Z results in
¢ AR ARG ~ ¢ higher energy (forces)
4 \\ \ 4
3 AR 3
g NN \ 2
% mog{t‘;sés +: [THIS CURVE MAY ALSO BE USED FOR BACKUP|
ATt | ||| BroTecTion WHERE THE TRANSFORMER IS
X e B i 1 EXPOSED TO FREQUENT FAULTS NORMALLY [ ().
aé | (T | 1 CLEARED BY HIGH-SPEED RELAYING. H gg
4 ﬁ:ﬂﬁ:: = T "
0.5H WHERE FAULT CURRENT FROM 50% TO 100% OF MAXIMUM 05
0.4 POSSIBLE: I2t = K d
0.3 HWHERE I= SYMMETRICAL FAULT CURRENT IN TIMES NORMAL 0.3
BASE CURRENT (ANSI/IEEE C57.109 - 1985)
0.2 K = CONSTANT DETERMINED AT MAXIMUM I WITH t = 25 0.2
NOTE: SAMPLE I2{ = K CURVES HAVE BEEN PLOTTED FOR
SELECTED TRANSFORMER IMPEDENCES AS NOTED)
o 35 4 BO7OA0 20 B04A0G0 T—% 4567om0 20 304050 0!

TIMES NORMAL BASE CURRENT

From IEEE C37.91 65



Transformer Protection

BO00
4000
= Through Fault
\ L] ™| Category 4
3 e 0 (>30 MVA)
A 500
400
300
200
Through Fault damage
; i increases for a given
N = i amount of transformer
ﬁsgn;ggzzgtﬁﬁmouisoxm1mmmum |20 Z%, as more | (|2)
| et e through the Z results in
RS o A S roug
\ ‘I\\‘\‘\ _ SELEC‘IE=DTRANSFORMERNPEDENCESASHOTED:5 hlgher energy (forces)
\\N >
NNAN 2

05 0.5
0.4 0.4
0.3 0.3
0.2 0.2
0.1 o.1

2 3 45678010 20 304060

TIMES NORMAL BASE CURRENT 6 6



Transformer Protection

Winding 4 Winding 1
(wa) (W1)

PR=-S Py NN ey I=2NIR 4 Winding
T w/Current

po , Summing &
Through Fault

Sequence Of Events

@ OEE D FHOOOE
ERCRE) AR

Communication : W2) Y'Y YN Y M—Wi(nv?li;)g 3
Rear RS-232/485 1T ]
Communication

87GD 50G 51G

U

Multiple Setting
Groups

Programmable 1/0

Programmable Logic @ @ E E
e _—L —
50N @
BF

Self Diagnostics
Dual Power Supply
(Optional)

RJ45 Ethernet
(Optional)

o AN 1) e

I I B C
) 3
=:
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Transformer Protection

Through Fault Function Settings (TF)

= 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

= 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 1%t setting
 How total damage is tracked

» 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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Transformer Protection

Through Fault Function Settings (TF)

I T e

System | Output Settings | Input Settings I
—Eeslings
Nominal Voltage: | 120 80 4| 1 >aom
Phase Rotation: + ACE " ABC
Demand Timing Method: & 15 Mimutes = 30 Minutes " 60 Minutes

VT.Config; & VAR ( VBC  VCA 0 VA i~ VB e
Current Summing 1: W w1 [T w2 [ w3 [ w4
CurentSumming?: [ w1 [T w2 [wl [ wd

ble/Disable Windings for 87 Function

{* Moare Than 2 Windings " Winding 1 and Winding 2 Only I Enable All Windings ;I
TF: Through Fault x|
Through Fault Current Threshold: 50.0 1.0 LI _| LI 100.0 (4) Diszble |
/Thruugh Fault Current Time Delay: I 20 14 I I LI 8160 (Cycles)
Pickup Operation Limit: I 2000 1 LI_I LI 65636 (Operations)

Cumulative T Limit: [ 500000 1 4] _ | 1000000 (kA2 Cycles)
Current Selection: % Suml ¢ Sum? Wi w2 w3 owM
/Inrush Block by Even Harmonics: ¢ Disable {* Enable

Preset Cumulative PT: [ 0.00 0.00 4| | 1000000.00 (ke Cycles)

\\\\y\

Blocking Inputs
FrMirzrar4arsrelr7Msa MFrMirCz2r3r4rsrfe 708109
Fe 1wl 12rr1ar14ar 150 16 Fwornrw2r13r4rsriel 170 18

Save Cancel
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Transformer Protection

Overexcitation

» Responds to overfluxing; excessive V/Hz
« 120V/60Hz = 2 = 1pu

= Constant operational limits

O0ANSI C37.106 & C57.12
 1.05 loaded, 1.10 unloaded

o Inverse time curves typically available for values over
the constant allowable level

» Overfluxing is a voltage and frequency based issue
» Overfluxing protection needs to be voltage and frequency based (V/Hz)

> Although 5" harmonic is generated during an overfluxing event, there is
no_correlation between levels of 5" harmonic and severity of
overfluxing

» Apparatus (transformers and generators) is rated with V/Hz withstand
curves and limits — not 5" harmonic withstand limits 20




Transformer Protection

Overexcitation vs. Overvoltage

= Qvervoltage protection reacts to dielectric limits.

» Exceed those limits and risk punching a hole in the
iInsulation

* Time is not negotiable

= Qverexcitation protection reacts to overfluxing
* Overfluxing causes heating

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

* Time is not negotiable

* The excess current cause excess heating which will
cumulatively damage the asset, and if left long enough, will
cause a catastrophic failure 1



Transformer Protection

Causes of Overexcitation

= Generating Plants
o Excitation system runaway
0 Sudden loss of load
o Operational issues (reduced frequency)
= Static starts
= Pumped hydro starting
= Rotor warming

* Transmission Systems
o Voltage and Reactive Support Control Failures
» Capacitor banks ON when they should be OFF
= Shunt reactors OFF when they should be ON
» Near-end breaker failures resulting in voltage rise on line
* Ferranti Effect
= Runaway LTCs

» Load Loss on Long Lines (Capacitive Charging Voltage Rise) ”



Transformer Protection

System Control Issues:
Overvoltage and Overexcitation

B 3 B m
3 \

B B m
t k

B ﬁ B m
A 10-20 MVAR

30-40 MVAR

Caps ON When They Should Be Off 13



Transformer Protection

System Control Issues:
Overvoltage and Overexcitation

10-20 MVAR

g

B N { \ B N
B N B N
B N { \ B N
3
A 10-20 MVAR

30-40 MVAR

Reactors OFF When They Should Be On
74



Transformer Protection

System Control Issues:
Overvoltage and Overexcitation

10-20 MVAR

4 !

£ )

[] <\Ferranti Effect

n t EK

~~ ) 10-20 MVAR
30-40 MVAR
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Transformer Protection

System Control Issues:
Overvoltage and Overexcitation

10-20 MVAR

- - Run-Away LTC%/- -
J’{

BN 0 ‘ I
t \

L]

E 0 =

~~ ) 10-20 MVAR
30-40 MVAR
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Transformer Protection

System Control Issues:
Overvoltage and Overexcitation

B N B N
£
Generation B [] ~ M L] D
_>€ Load
B N B N
10-20 MVAR

Small Load Trasport (Load Rejection at Remote Area)

1996 WECC Load Rejection Event
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Transformer Protection

Voltage

Current
A

Overexcitation Event

B IPSPlot - [M3430: C:\A-WORK softwarel0scillo_Chuck_HorrorStories' Oyverexcitation.osc] -2 x|
[ File Edt Wiew Settings Window Help ==l x]

B L ER[(S W« [QQ Qo £ P> g P

Vab (kW] 1281 27
N 322
Vbe kY] -B.08 2621
1454  20E3 -zAS1 1 |’
Wea (k] -BE3 26.87 ] T,.
1374 71 mEET 4_.-—"+
la[ka) 0124 2126 \
) Rated Voltage varvoltage Voltage = MW
005t 0475 zaze
|B (k&) -0.002 2900 W(UWU q
0O00 0o zon ;
IC(k&) 0083 2900 M'
001 0057 200
g2 571 [mzl 0 500 1000 1500 2000 260
In1
InZ
|:3 \\ II
ins \ Current into Transformer du 4
In
Outd —
Dutz \ Transformer Magnetizing Current o
Outd
Outs . 0 — —20
Qut 24-Elements Trlp‘pmg \
Out2
Ready |Start Time: 16:01:08.277 |Tri|:uped Time: 16:01:11.000 |Mark1: 16:01:05.359 |Mark2: 16:01:09,149 MM



Transformer Protection

150

Overexcitation \
N\
Curves
\
\'x &\\
130 ~ \\
=2 \\,

This is typically how : '~1\\
the apparatus : NS

manufacturer specifies :;:;_,
the V/Hz curves o NS
Individual Manufhcturers should be cpnsulted for limits of p specific transformér

Minutes

79



Transformer Protection

Overexcitation Curves

,/// 7, 7,
160 == 160 4= 150 ==
:f- 140 =t 140 == 140==
E 130~ 1304 130+
& 1204+ 1204 1204
o
2 1o 1104 110
100 100 100 =+
1 i 1 1 Il | i 1 T i [ 1
L] | § L] 1 1 | | | [ ] L] ] | ] |
001 0.1 1.0 10 100 1000 001 0.1 1.0 10 100 1000 001 0.1 1.0 10 100 1000
TIME (MINUTES] TIME (MINUTES) TIME {MINUTES}

This is typically how the apparatus manufacturer specifies the V/Hz curves
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Transformer Protection

Overexcitation Relay Curves

1000
Generator Limit Curve H
100 —= i =
— Transformer Limit CurveH
A on Generator Base H
N Inverse Square Curve [}
10 h K=5 |
w 3 H
E L7 —— ]
= NN Inverse Time Delay at Definite ] Combined Protection [
= SN _~Time Pickup #1 (A2) —+H Curve H
c NSy :
[1h] \X.K ‘w.
£ 1 Lo
|: .-:‘ = il =
w T
& L[] J+ HI+H [+ HEFH T 4
AZfH R
0.1 Definite Time Delay (A1) H o~ -
|| S S S I ]
Deﬂnlte Tlme Plcku Vo detob et ebde ok Aok aed o b d=b b d=bak
e -E—Als :
|nverse Tme Plckup N L
|
L1
sor JLLLT T

100 105 110 115 120 125 130 135 140 145 150

Percentage Volts/Hz

This is how protection engineers enter the v/Hz curve into a protective device



Transformer Protection

Overexcitation (24)

24: Volts/Hz Overexcitation x|
Definite Time #1
Pickup: 120 100 LI _I LI 200 (%) Dizzble
Time Delay: | 30 30 4] | | 8160 (Cycles)
Outputs Blocking Inputs
{IF1I'2 Frar4rsrfel 708 {I‘1I‘2 FrarC4arCsCe T 7083
Ces CwoCnnECR2EBCCBE6 (Do 201304 15071610 17 [ 18
Diefimte Time #2
Pickup: | 105 100 4| _| | 200 (%) —
Time Delay: 500) 30 4| | | 8160 (Cycles)
Outputs Blocking Inputs
{I‘1I‘z Frar4rsreflr7Ms P‘1I‘z FrarC4arCsCe T 7088
Fres CwoC 120130 140 1581 16 FwolCnnE 21304006160 177 18
_I _I _I Inverse Time
Pickup: I 100 A k| 150 (%) :
Time Dial: | 1 1 4 | 100 wl
Reset Rate: | 1 4] | | 999 (Seq)
Imverse Time Curves: &« #1 i 2 i #3 |
Outputs Blocking Inputs
{IF1I'2 Frar4rsrfel" 708 P‘1I‘z Fr3srC4arCsCeC 7023
Fs CwolCnnE 12130140 151 16 FrorCnnC 2B 41501610 171 18
Swve | Conca |



Transformer Protection

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
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Transformer Protection

Types of Protection: Phase Differential

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

- 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)
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Transformer Protection

Phase Differential: Basic Differential Relay

AN TRANSFORMER DP[.:

| Operate I
I WAV e I
I Restraint W-1 Restraint W-2 |
| TAPW-2 |
| |
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Transformer Protection

Basic Differential Relay - External Fault

TRANSFORMER

¢ _ ¢
RELAY | |
| Operate= 0 I
| VWYY — 2 — |
I Restraint W-1 Restraint W-2 |
| <
| I
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Transformer Protection

Basic Differential Relay - Internal Fault

TRANSFORMER

g — Lg!
O
RELAY [ ! I
| Operate I
I VYY) —_— 2 4+— I
I Restraint W-1 Restraint W-2 |
, TAPW:2 |
| TAPW-L /\r s /\r |
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Transformer Protection

Differential Protection

= What goes into a “unit” comes out of a “unit”

» Kirchoff's Law: The sum of the currents entering and
leaving a junction is zero

= Straight forward concept, but not that simple in practice
with transformers

» A host of issues challenges security and reliability of
transformer differential protection
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Transformer Protection

Typical Phase Differential Characteristic

L+1,+1,=0

| [ | |
et UNIT |2
LT
_I_
>
I: _%.
= |,
| —_
~] //,
I P
—_— 2

89



Transformer Protection

Unique Issues Applying to
Transformer Differential Protection

= CT ratio caused current mismatch
= Transformation ratio caused current mismatch (fixed taps)
= LTC Iinduced current mismatch

= Delta-wye transformation of currents
- Vector group and current derivation issues

= Zero-sequence current elimination for external ground
faults on wye windings

* |[nrush phenomena and its resultant current mismatch
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Transformer Protection

Unique Issues Applying 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

= Qverexcitation phenomena and its resultant current
mismatch

* [nternal ground fault sensitivity concerns
= Switch onto fault concerns

= CT saturation, remanance and tolerance
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Transformer Protection

Application Considerations: Paralleling Sources
= When paralleling sources for differential protection, beware!

» Paralleled sources (not load, 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: Input is presented with “false difference” due to combining of CTs
from different sources outside of relay A

>pu o0,

8pu

®

8pu



Transformer Protection

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

7 7 N

Z Z Z
Fa
=
. _ I ) be
3 Source side Bus I | Source side Bus |
Source side Bus o -+~ -—
~——l— ~——i B

I lE_“ A R

R YV Y

Iy

E. :‘ Load side Bus

Load side Bus

{c) Source side bus is a breaker and a half scheme
and the load side bus s a single bus arangements

X l
N (b} Source side bus is a breaker and a half scheme

F. 5‘ Load side Bus and the load side bus is a single bus arangaments
(a) Source slde and |oad side

buses are single bus
arrangements

Note 1: CTs for the transformer differential only are
shown in this figure

Naote 2! Load currents are ignored in this figure

@ This may ba a differential cr overcurrent relay

Note 1: CTs for the transformer differential only are
shown In this figure

Note 2: Lead currents are ignored in this figure

From IEEE C37.91
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Transformer Protection

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

INPUT PARAMETERS:
Inwverse of sat. curve slope =
RMS voltage at 104 exc. current =
Turns ratic = n2M=
Winding resistance =
Burden resistance =
Burden reactance =

System X/R ratio = XoverH =

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

ENTER:
5= 22
Ws = 200
M= 40
Rw = 0.300
Rb = 0.500
¥b= 0.500

12.0
Off = 0.50
Lrem 0.50
Ip= 1,000

volts rms
chms
chms
chms

=1=0ff«1

amps rms

volts
ms

Saturation Curve

\mfg rs

data

Iog-log plot,
equal
decade
spacing

I&‘

ampsrms 10

Tau1
Lamsat
@

CALCULATED:

Rt = Total burden resistance = Rw + Rb =
pf= Total burden power factor =

Zb = Total burden impedance =

= System time constant =

= Peak flux-linkages corresponding to Vs

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

versus lambda curve: ie = A * 15

dt = Time step =
Lk = 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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0.843
0.943
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0.750
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Transformer Protection

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

INPUT PARAMETERS: ENTER: Saturation Cure CALCULATED:
Inverse of sat. curve slope = 5= 22 — F Rt = Total burden resistance = Rw + Rb = 0.800 ohms
RMS voltage at 104 exc. current= Vs = 200  |volts rms : | slope pf = Total burden power factor = 0.848 —
Turns ratio = n2M1= M= 40 — \ l= /5 Zb = Total burden impedance = 0.943 ohms
Winding resistance =  Rw = 0.200 |ohms I rzfﬂgtri;s : Tau1 = System time constant = 0.032 seconds
Burden resistance = Rb = 0.500 |ohms £ I Lamsat = Peak flux-linkages corresponding to Vs 0.750 Wh-turns
Burden reactance =  Xb = 0.500 |ohms volts log-log plot, : @ = Radian freg = 37699 radls
System X/R ratio = XoverR = 12.0 — ms equal | RP = Rms-to-peak ratio = 0.34584
Per unit offset in primary current = Off = 050 | -1=0ff<1 decade I A = Coefficient in instantaneous ie
Per unit remanence (based on Ws)=  irem 0.50 — spacing : versus lambda curve: ig= A * PS5 181E+04 —
Symmetrical primary fault current = Ip= 2000 [ampsrms L dt = Time step = 0.000083 seconds
Ig 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

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

INPUT PARAMETERS: ENTER: Saturation Curve CALCULATED:
Inverse of sat. curve slope = 5= 22 — ¥ Rt = Total burden resistance = Rw + Rb = 0.200 ohms
RMS voltage at 104 exc. current= Vs = 200  |voltz rms : | slope pf = Total burden power factor = 0.848 —
Turns ratio = n2M1= M= 40 — \ I= 15 Zb = Total burden impedance = 0.543 ohms
Winding resistance =  Rw = 0.300 |ohms I rzfﬂgtri;s : Taul = System time constant = 0.032 seconds
Burden resistance = Rb = 0.500 |ohms £ I Lamszat = Peak flux-linkages correzponding to Vs 0.750 Wh-turns
Burden reactance =  Xb= 0.500 |ohms volts log-log plot, : @ = Radian freg = 37659 radls
System X/R ratio = XoverR = 12.0 — ms equal | RP = Rms-to-peak ratio = 0.34584
Per unit offzet in primary current= Off = 075 | -1<0Off=1 decade I A = Coefficient in instantaneous ie
Per unit remanence (based on Ws)=  irem [ 050 — spacing : versus lambda curve: ig= A * PS5 1.61E+04 —
Symmetrical primary fault current = Ip= 2000 [ampsrms L dt = Time step = 0.000083 seconds
Ig 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

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

INPUT PARAMETERS: ENTER: Saturation Curve CALCULATED:
Inverse of sat. curve slope = 5= 22 —_— ¥ Rt = Total burden resistance = Rw + Rb = 0.800 ohms
RMS voltage at 104 exc. current= Vs = 200 |volts rms : | slope pf= Total burden power factor = 0.848 —
Turns ratio = n2M1= M= 40 — \ l= 15 Zb = Total burden impedance = 0.943 ohms
Winding resistance = Rw = 0.300 |chms T r;fﬂgtri;s : Tau1 = System time constant = 0.032 zeconds
Burden resistance=  Rb= 0.500 |ohms € I Lamsat = Peak flux-linkages correzponding to Vs 0.750 Wh-turns
Burden reactance =  Xb= 0.500 |ochms volts log-log plot, : @ = Radian freg = 37659  radls
System X/R ratio = XoverR = 12.0 — ms equal | RP = Rms-to-peak ratio = 0.34584
Per unit offzet in primary current = Off = 075 | -1=0ff«1 decade I A = Coefficient in instantaneous ie
Per unit remanence (based onVs)=  Lrem ' 0.75 — spacing : versus lambda curve: ie = A * 15 181E+04  —
Symmetrical primary fault current = Ip = 2,000 [amps rms L dt = Time step = 0.000083 s=seconds
i, ampsrms 10 Lk = 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

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

INPUT PARAMETERS:
Inverse of zat. curve slope =
RMS voltage at 10A exc. current =
Turns ratio = n2M1=
Winding resistance =
Burden resistance =
Burden reactance =

System X/R ratio = XoverH =

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

ENTER:
5= 22 —
W = 400  |volts rms
M= a0 —
Rw = 0.200 I|:|hn151
Rb = 0.500 |ohms
¥b= 0500 |ohms
120 | —
Off = 0.50 -1=0ff«1
Lrem 0.50 —
Ip= 2000 |ampsrms

volts
ms

Saturation Curve

\mfg rs

data

log-log plot,
equal
decade

spacing

Ig 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 Ws

@ = Radian freq =
RP = Rms-to-peak ratio =
A = Coefficient in instantaneous ie
versus lambda curve: ie=A* PS5
dt = Time step =
Lb = Burden inductance =

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

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

INPUT PARAMETERS:
Inwerse of zat. curve slope =
RMS voltage at 104 exc. current =
Turns ratio = n2&i1=
Winding resistance =
Burden registance =
Burden reactance =

System X/R ratio = XoverH =

Per unit offset in primary current =
Per unit remanence (based on VWs) =
Symmetrical primary fault current =

ENTER:
5= 22 —
Vg = 400  |voltz rms
M= a0 —
Rw = 0.300 |ohms
Rb = 0500 |ohms
¥b= 0500 |ohms
120 |[—
Off = 0.50 -1=0ff«1
Lrem 050 —
Ip = 4 000 |amps rms
L | |

volts
ms

Saturation Curve

\mfg r's

data

log-log plot,
equal
decade
spacing

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 freq =
RP = Rms-to-peak ratio =
A = Coefficient in instantaneous ie
versus lambda curve: ie = A * 15
dt = Time step =
Lk = 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.

0.800
0.848
0.943
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Transformer Protection

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

INPUT PARAMETERS:
Inverse of sat. curve slope =
RMS voltage at 10A exc. current =
Turns ratie = n2M1=
Winding resistance =
Burden resistance =
Burden reactance =

o=
Ve =
N =
Rw =
Rb =
Xb =

System X/R ratio = XoverR =

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

Off =
Lrem
Ip =

ENTER:

22

400

a0

0.300

0.500

0.500

12.0

0.50

0.50

8,000

Saturation Curve
—_— F_g
volts rms | slope
— I =

h \mfgr’s | s

onms v, data |

ochms 1

ohms valts oG-l lot |

g-log plot, |

— ms equal |

“1=0ff=1 decade |

spacing I

- I

amps rms .

Ig ampsrms 10

Taul
Lamsat
@

CALCULATED:
Rt = Total burden resistance = Rw +Rb =
pf = Total burden power factor =
Zb = Total burden impedance =
= System time constant =
= Peak flux-linkages corresponding to Ws
= Radian freg =
RP = Rms-to-peak ratio =
A = Coefficient in instantaneous ie

versus lambda curve: ie = A5

dt = Time step =
Lk = Burden inductance =

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

Thin lines: Ildeal {(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

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

INPUT PARAMETERS: ENTER: Saturation Curve CALCULATED:
Inverse of =at. curve slope = 5= 22 - ¥ Rt = Total burden resistance = Rw + Rb = 0.800 ohms
RMS voltage at 104 exc. current= Vs = 400  |voltz rms s | slope pf= Total burden power factor = 0.848 —
Turns ratio = n2M1= M= al — \ l= 15 Zb = Total burden impedance = 0.943 ohms
Winding resistance = Rw = 0300 |ohms I rzfﬂgtri;s : Tau1 = System time constant = 0.032 seconds
Burden resistance = Rb= 0500 |ohms € I Lamsat = Peak flux-linkages corresponding to Ws 1.501 Wh-turns
Burden reactance =  Xb= 0.500 |ohms valts log-log plot, : @ = Radian freg = 376.9%  rads
System XJ/R ratio = XoverR = 120 [ — ms equal | RP = Rms-to-peak ratio = 0.34584
Per unit offset in primary current = Off = 075 | -1<0ff=1 decade I A = Coefficient in instantaneous ie
Per unit remanence (based on V=)=  irem 050 — spacing : versus lambda curve: ig = A 1PS 3.83E-03 —
Symmetrical primary fault current = Ip= 2,000 |amps rms L dt = Time step = 0.000083 seconds
Ig 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

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

INPUT PARAMETERS: ENTER: Saturation Curve CALCULATED:
Inverse of sat. curve slope = 5= 22 - 13 Rt = Total burden resistance = Rw + Rb = 0.800 ochms
RMS voltage at 104 exc. current= Vs = 400  |volts rms s | slope pf= Total burden power factor = 0.848 —
Turns ratio = n2M1= M= 80 — \ =15 Zb = Total burden impedance = 0.943 ohms
Winding resistance = Rw = 0.300 |ohms ¥ rzfﬂgtri;s : Tau1 = System time constant = 0.032 seconds
Burden resistance = Rb= 0500 |ohms € I Lamsat = Peak flux-linkages corresponding to Vs 1.5M1 Wh-turns
Burden reactance =  Xb= 0500 |ohms volts log-log plet, : @ = Radian freqg = 37699 rads
System XJ/R ratio = XoverR = 120 |[— ms equal | RP = Hms-to-peak ratio = 0.34584
Per unit offset in primary current=  Off = 075 | -1=0ff1 decade I A = Coefficient in instantaneous ie
Per unit remanence (based on Ws)=  Lrem 0.75 — spacing : versus lambda curve: ie = A*IS 3.83E-03 2 —
Symmetrical primary fault current = p= | 2,000 llamps rms L dt = Time ste!:r = 0.000083 5eu:u.nd5
{, ampsrms 10 Lk = 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.

250
200 1
150 ~
100 ~

30 1

D IAYWANWNANNATWA
E A VA VA VA VAVAVAVA

=150 +

-0.017 0.000 0.017 0.033 0.030 0.067 0.083 0.100 017 0.133 0.150

T S S T TSN S U SAPNT  UUO  DUNE SN £ SN (Y TR U TPUUUPUY ST U T ST T T SRR N SO T N

http://www.pes-psrc.org/Reports/CT_SAT%2010-01-03.zip ‘o



Transformer Protection

Through Current: Perfect Replication
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Transformer Protection

Through Current: Imperfect Replication
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Transformer Protection

Internal Fault: Perfect Replication
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Transformer Protection

Internal Fault: Imperfect Replication
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Transformer Protection

Application Considerations: Paralleling Sources
= When paralleling sources for differential protection, beware!

» Paralleled sources (not load, 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: Input is presented with “false difference” due to combining of CTs
from different sources outside of relay A

>pu o0,

8pu

®

8pu



Transformer Protection

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

108



Transformer Protection

Classical Differential Compensation

PRI. (H) SEC. (X)
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“Dab” as polarity of “A” connected to non-polarity of “B”
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Transformer Protection

Bushing Nomenclature

= H1, H2, H3 = X1, X2, X3
= Primary Bushings = Secondary Bushings
H1 X1
H2 Transformer X2
H3 X3

Wye-Wye  H1 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 110



Transformer Protection

Angular Displacement

H
H g Xz
X2
/\ X
= = Hy Ha X3
Hy Ha X3 X3
A - A CONNECTION Y - /A CONNECTION
Ha Ha
Xz Xz
/I\ )\ A N <
y Ha Xy X3 H Ha X3
Y = Y CONNECTION A - Y CONNECTION
ANSE ANSI
0* PHASE DISPLACEMENT -30" PHASE

DISPLACEMENT

= ANSIY-Y & A-A @ 0°

= ANSI Y-A & A-Y @ H1 lead X1 by 30° or X1 lag H1 by 30°
111



Transformer Protection

Winding Types and Impacts

= Wye-Wye
» Cheaper than 2 winding if autobank
= 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

112



Transformer Protection

Winding Types
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Transformer Protection

Winding Types

Delta-Delta
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Transformer Protection

Winding Types

dDelta-Wye
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Transformer Protection

Winding Types

dWye-Delta
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Transformer Protection

Compensation in Digital Relays

= Transformer ratio
= CT ratio

= Phase angle shift and V3 factor due to delta/wye
connection

= Zero-sequence current filtering for wye windings so
the differential quantities do not occur from external
ground faults
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Transformer Protection

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
118



Transformer Protection

= 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
» Delta (ac)

= Ydl
= YNd1
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Transformer Protection

= 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
» Delta (ac)

= Ydl
= YNd1

120



Transformer Protection

Transformer Connection

IEC Connoction

Onscton St Do __Symeel __| npavake Sy Bushing Nomenclature
¥yl )l\ YY ‘;;’ Y'Y ANSI } o ! 1 2
o0 A\ | oscoe o A-A ANSI <

| A,

vou Y-A ANSI —
¥ Dab

¥el1 ¥ Dab 0 11 —
Dab ¥

Dy Dab Y " 0 A-Y ANS| —

Dac ¥

g
=]
=3

TIAA A

-
a
L]

(=0
n

= ANSI follows “zero phase shift”,
or “high lead low by 30°”

IEC designations use “low
lags high by increments of
30° phase shift

IEC uses various phase shifts
in 30 increments
= 30, 60, 90, 180, etc. 121

Dac Inverse ¥

2
th

Dac Dab

2
(=
=
=]
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=
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Transformer Protection

Digital Relay Application

.jn','m [ L W*tm_,:"' .
e LI Ll e 1,
Al P ey Tl et el
L ¢ $ a1 T
L] g

3 1awz ..m;;f_T

e

30wz towe €754

3 1aw1
3 1BW1

,:’ ICW2

1SS g

&>

-

All WYE CTs shown
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Transformer Protection

Benefits of Wye CTs

* Phase segregated line currents

Individual line current oscillography

Currents may be easily used for overcurrent protection and metering

Easier to commission and troubleshoot

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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Transformer Protection

Application Adaptation

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

= 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

» Standard handles most arrangements, including all ANSI
standard type

» Custom allows any possible connections to be accommodated
(Non-ANSI and legacy delta CTs)

- Relay selects the proper currents to use, directly or through
vector subtraction

- Relay applies V3 factor if required
- Relay applies zero sequence filtering if required 124



Transformer Protection

Compensation: Base Model

1:1, Y-Y
1:1, 3Y 1:1, 3Y
IA, IB, IC T T Ia, Ib, Ic
IA' IB', IC Ia', Ib', Ic
IA' = I3’
IB' = Ib'
IC' = Ic
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Transformer Protection

Compensation: Change in CT Ratio

1:1, Y-Y
4:1, 3Y 1:1, 3Y
IA, IB, IC T T Ia, Ib, Ic
IA!, 1B, IC Ia', Ib, Ic
IA' = Ia'/ 4
IB'=1b'/ 4

IC=1Ic"/4
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Transformer Protection

Compensation: Transformer Ratio

2:1,Y-Y
1:1, 3Y 1:1, 3Y
IA, 1B, IC T T Ia, Ib, Ic
IA, IB', IC' Ia', Ib', Ic'
IA'=1a'/ 2
IB'=1b'/ 2

IC=1Ic"/2

127



Transformer Protection

Compensation: Delta — Wye Transformation

1:1,A\-Y
1:1, 3Y 1:1, 3Y
IA, IB, IC / ‘ y T la, Ib, Ic
1A', IB', IC Ia', Ib', Ic’

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

IA'=1a"*1.73
IB'=1b"*1.73
IC' =1Ic"* 1.73
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Transformer Protection

Compensation: Zero-Sequence Elimination

Bl =1+ 1p + 1. ]

l, = 1/3 *[1, + 1, + 1]

Used where filtering is required (Ex: Y/Y transformer).
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Transformer Protection

Standard Application
« Set winding types
* 6 choices of configuration for windings and CTs

CT

Winding

—Transformer/CT Connection - (* Standard ¢ Custom
Transformer W1 Transformer W2 Transformer W3 Transformer /4
| Dac =y = =l |y =~
CT.wi CT. w2 CT.w3 C.T.\wd
|Y =l Iy =y =l Iy =l
W1 Zero Sequence Filter: W2 Zero Sequence Filter: & Dizzble  Enzhble
W3 Zero Sequence Filtet: Dac W4 Zero Sequence Filter: (% Disable ¢ Enszbls
—V.T.and C.T. Ratio
V.T. Riiverse Dac 10 ¢ | | 65500 (1)
~Transformer/CT Connection - - (* Standard  Custom
Transformer W1 Transformer W2 Transformer W3 Transformer W4
oe Bl g Bl =
CT.wi CT.w2
v <] [ SN =]
\W1 Zero Sequence Filter: ¢ Disable  Enzble . = {" Enzble
P Enable r-‘ ;

W3 Zero Sequence Filter: % Diszble
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Transformer Protection

Custom Application:
Accommodates any CTs and Windings

“Transformer/CT Phase Compensation " Standard (¢ Custom
Transformer W1 Transformer W2 Transformer \W3 Transformer W4
oM = Jom > Jom =l Jom =l
C.T.wh %EHF CT.wW3 C.T. W4
c
. lom SN2 lom =l [om E
Wlndlng W1 Zero Sequence Filter” 3 W2 Zero Sequence Filter: (' Disable ( Enable
W3 Zero Sequence Filter: |5 (Inverse Dab) W4 Zero Sequence Filter: (& Disable  Enable
16 (Inverse Y)
V.T.and C.T. Ratio 7 (Inverse Dac) :
V_T_Flg 10 | | | 6550.0 (:1)
V.T. Ground 10 10 ¢ | | 65500 (:1)
e gl T N o PSS H:‘il{nab} 1 d I I Y 1 ~rECM Fo4
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Transformer Protection

Custom Application:
Accommodates any CTs and Windings

CT

—Transformer/CT Phase Compensation — ( Standard (* Custom

Transformer W1 Transformer W2 Transformer W3 Transformer W4
lom >l fom lom =l Jom ]
CT.wi CT.W2 CT. w3 CT. w4
[om >l Jom lom =l Jom =l
W1 Zero Sequence Filter: m.[ ﬁ W2 Zero Sequence Filter: (¥ Disable (" Enable
W3 Zero Sequence Filter: {5 W4 Zero Sequence Filter: & [iszble Enzbl
4
3
~V.T. and C.T. Ratio 4
v.r.rtg(hwﬂ X1 (Y) ] 6550.0(:1)
V.T. Ground Ri7 w3 g | 65500 (:1)
C.T. W1 Phase Rlg 1 4] | 2| 65500 (:1)
C.T. W2 Phase R{ 10 1 4] | | 65500 (:1)
.'Ll—<
C.T. W3 Phase Ri12 1 4] | 2] 65500 (:1)
c.tmmmﬁmﬂc} 1 4] | | 65500 (-1)
C.T.".ﬂﬂGrmdeE 1 4] | | 65500(:1)
C.T. W4 Ground R 12 : X1/N3 (A) 65500 (:1)
(Inverse Dac)
20 i
21
22 Save | Cancel
23
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Transformer Protection

Core Construction and 31, Current

dUnit 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.
o This is true regardless of if there is delta winding involved
0 Use 31, restraint on wye CTs even on the delta CT winding!!!
o Use 3l, restraint on wye CTs with wye windings!!!




Transformer Protection

Custom Application: Accommodates any CTs

H3

ey

-

——

._—:J -
1B-0Z
—af
TIR

| I—

= [egacy Application

= Need to keep
Delta CTs on WYE
side of transformer

134



Transformer Protection

Custom Application: Accommodates any CTs

IA

)

High Side i Low Side

A aVal

. % % “

B _'*m\_‘, é %I_ — T._ o

C _l*/\/\‘_“ =.§ g" _IML c
.'------M.'.E;.%:.L.l./:\ _______ ___'_

» Legacy
Application

IC-1A E' . gz!g IC-IA! > Need tO keep

Delta CTs on
WYE side of

transformer 135



Transformer Protection

Relay Custom Application

Y e
&,gg .,
.

A | — /l\
SN
Ground Fault

M-3311
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Winding Types

dZig-Zag

= Provides Ground Source for
Ungrounded systems

e ———

Industrial Power Distribution



Transformer Protection

Winding Types
dWye-Delta Ground Bank

A
* Provides Ground
Source for Ungrounded 4 B
Systems V
— C
N

Industrial Power Distribution



Transformer Protection

Inrush Detection and Restraint

» 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, 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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Transformer Protection

Classical Inrush Detection

= 2"d harmonic restraint has been employed for years
» “Gap” detection has also been employed

» As transformers are designed to closer tolerances, the
incidence of both 2"4 harmonic and low current gaps in
waveform have decreased

= |[f 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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Transformer Protection

Advanced Inrush Detection

= 4% harmonic is also generated during inrush

* Even harmonics are more prevalent than odd harmonics
during inrush

* Odd harmonics are more prevalent during CT saturation

= Use 4! harmonic and 2"4 harmonic together

« Use RMS sum of the 2" and 4t harmonic as inrush
restraint

» Result: Improved security while not sacrificing
reliability
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Transformer Protection

Inrush Oscillograph

e TransView - shot301_cfg M ER
Fil= Edit Inzert “iew Option: ‘Window Help
J = H % | é‘n E | @ ”ﬁ% [sles E “a”‘lﬂﬂ% '“ ﬂ]li’m|m Ji= | ﬁaneSignal [@roup per Diagram j
P Time Signals - shot301_cfg: 06712401 11:07:02 AM_000 MM Harmonics - shot301.cfg: 06212201 ) ! al 10l x|
Measuring Signal Instantaneous tin ms Messuring Signal | RL=
Curzar 1: 5.5 | None = | 'I s 1 ,
I Cursor 2 0.0 Mone
5 [
Dekta(C2-C1): =5
U
| = NI ERCE
£, T 120
100 o
10 4
g0+
60 o
5 -
40 -
0010 o .
[t} e =
D -
s D B0 120 150 240 300 360 420 480 3540 GO0
Harmonics/Hz
-10 4 W1 s ) s Y5
I
IiA
A o 2nd and 4th
4.0 H
10 e Harmonics
3.0 H
5 25 1 During
2.0
i 15 Inrush
D -
1.0
0.5
5 4 0.0 -
DC B0 120 180 240 300 360 420 480 5S40 600
10 4 1 Harmonics/Hz
4 15 16 — [ O 2 I |
<] I v 2 [ | 15 I 13—

Typical Transformer Inrush Waveform
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Transformer Protection

Inrush Oscillograph

I;A3(A) -013 1225 (\ X 7 A3(A) 4.23 4.37
021 008 r22s]  ACtuall fios 000 o0 \x\=
IB3(A) -0.02 1225 IB3(A) 227 2.27
B f

011 -008 .1225 227 0.00 0.00

IC3(A) 0.15 12.25 IC3(A) 4.50 4.60 /‘\_\_\
006  -008 1225 |V V 450 000 0.0

IA3(A) 0.80 2.21 A3(A) 027 0.80

091 000 0.0 /\/-\'J\: 027 000 o0 °°JL“”WJ\=
IB3(A) 1.58 1.72 183 0.11 0.50

o i 4th

158 000 0.00 011 000 000 'wa_M:
IC3(A) 093 1.92 IC3(A) 0.26 0.94 /\

094 000 000 MJ\_ 2% 000 000 M

Typical Transformer Inrush Waveform
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Transformer Protection

Point-on-Wave 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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Transformer Protection

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 md 2.10q 2

» Cross Phase Averaging (harmonic sharing) is a modification of the harmonic
blocking technique

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

= This approach adds security in applications in which harmonic content on one or
two phases is not sufficient to block the operation of the relay
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Transformer Protection

Overexcitation Restraint

= Qverexcitation 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 5% harmonic
component

» This magnetizing current causes the differential element to
pickup

e Current into transformer that does not come out
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Transformer Protection

B IPSPlot - [M3430: C:\A-WORK softwarel0scillo_Chuck_HorrorStories' Oyverexcitation.osc] -2 x|
[ File Edt Wiew Settings Window Help ==l x]
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Transformer Protection

Overexcitation Event

B IPSPlot - [M3430: C:\A-WORK', software'0scillo_Chuck_HorrorStories' Overexcitation.osc] - |E’ |5|
Eile Edit Yiew Settings ‘Window Help _|5’|5|
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Transformer Protection

Overexcitation Event

B IPSPlot - [M3430: C:\ A-WORK" software'0scillo_Chuck_HorrorStories’, Overexcitation.osc] - |ﬁ' |5|
Fil= Edit “iew Setkings ‘Window Help =8|
B4 ER(S M [@Q[E PR s £ P OPF | B PO

Vab (kY] 3837 271

2620 1217 271
Vb (K] -4217 2621

1581 2636 -2Eed

Veoa kY] 3.27 2687 /\/\
053 1380 2657 \\_/

l& (ki) 2885 2126

S1O077 1522 zAE6
IB (k&) 0402  Zz00

-0.372 0774 -2A00
IC[ka) 2186 2100

1.491 -0695 2100

2459 2465 [ms] 2400 2420 2440 2460 2480

B
I:S ‘\
\

Ind = =
in2 HJr—o
nEi 7

Out1
Outz
Out3
Clutd
Cutd
Cutf
Qut?
Out2

Ready [Start Time: 16:01:08.277 [Triooed Time: 16:01:11.000 [Mark 10 16:01:10.736  Mark 2: 16:01:10.742 LI

D
7

149



Transformer Protection

Overexcitation Event

B IPSPlot - [M3430: C:\A-WORK' software'0scillo_Chuck_HorrorStories',Overexcitation.osc] =& %]
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Transformer Protection

Overexcitation Restraint

= Use 5t 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

= An improved strategy is to raise the pick up 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
=
| —°
g 13 TRIP
=
<
| g 87T Pick Up
- 1.0 with 5th Harmonic Restraint
Z
N 87T Pick Up
1l /
- 0.5

R AWI TAW2 AW3

Slope 2

RESTRAIN

Slope 2
Breakpoint

2.0
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Transformer Protection

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

= 87H and 87GD can be used to provide high speed
protection for this condition
= |f 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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Transformer Protection

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%)

= 87HS set to 9-12x rated current

* |nrush 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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Transformer Protection

Phase Differential (87)

F87H | C.T. Tapl RESTRAIN

A / 87T Pick Up
1} [ - = T
- 05 /

Slope 2

Pickup: IT 0.10 LI _I LI 1.00 (PU) Breakpoint
F’El'c:entﬂupe#tl 25 541 | v 100(%) slope 1
Percent Slope #2: IT 5 ll _I LI 200 (%) 0.5 1.0 15 2.0
Slope Break Point: 40 1.0 ll _ILI 40 (PU) =X [-\\\=||+2II.-\\\-: +: L

—Even Harmonics Restraint (2nd and 4th) (™ Disable (" Enable (% Enable wicross average
Restraint: | 15 50 o 1 50(%)
—hith Harmonic Restraint {" Disable ¥ Enable 1 Enable wicross average

Restraint | 20 S B B
Pickup: | 080 010 [« || 1 200 (Pu)

—Outputs Blocking Inputs
12 M3 [45 06 7 8 N1 Dz C003 004 0606 D7 Ce Ca
FCos CDwlCnCO2C13014C 151016 N2 3004010160017 0018

Save Cancel
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Transformer Protection

Phase Differential (87)

87: Phase Differential Current j

FE?TE.T. Tap |

F"iu:kup:l 10.0 5.0 LI J Ll 20.0 [PU) Dizable |
Time Delay: | 2 1 4] | 8160 [Cycles)

Outputs Blocking Inputs
M1 23l alrsr el 718 Frr rzra2r4rrsrf-elCz>rsrs
Fwornre2rerarsrie| | Fwor-ar2r3rar1sr sl 70n 1

a8

Save Cancel
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Transformer Protection

Phase Differential (87)

= 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

161KV /17.1kV/17.1kV 292.8 MVA x 10°

87 CTTap .. = _g8.29
A Pwn =33 171 KV x 1600
Dac CT 2000:5 —|) A
B 392.8 MVA x 10°
E 87 CTTap,, = - 8.29
V3x 17.1 kV x 1600
A Y Y Y YYD A
. W1 w2 392.8 MVA x 10°
87 CTTap,, = = 3.52
__— i o /3 x 161 kV x 400
Wye CT 8000:5 _3 E_ Wye CT 8000:5
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Transformer Protection

Phase Differential (87)

Winding 1C.T.Tap: | 2829 100 «f _| | 100,00
Winding2C.T.Tap: | 2829 100 «f _| | 100,00
Winding3CT. Tap: | 354 100 4| _| | 10000
Winding4CT.Tap: | 500 100 4] | 100,00

Save Cancel
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Transformer Protection

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

= 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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Transformer Protection

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

3Y
400:5

i Multifunction Differential Relay

39N 1 3lo /BT In
HIANY.E Gd/) !
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Transformer Protection

Improved Ground Fault Sensitivity

N\ IA

= Use 87GD
= |+ 1.+ 1-=3l .

A B C 0 e~ Ip
= |f fault is internal,

opposite polarity
= |f fault is external, : Ic

same polarity
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Transformer Protection

87GD with Internal Fault, Double Fed

4 hadiadl N
=VEN IA E
+ ¢ Residual current
J_ " (31,) calculated
L E from individual
o ® I }. phase currents
E e Paralleled CTs
' shown to
A ' illustrate principle
ey I 90
X X4 A
. °
IG IG 3]0 3'
( 0
- o E— 180 ~<+——— 0
Je
\/
=31, x I cos (180) = 3I_l; 270
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Transformer Protection

87GD with External Through Fault

--~

e Residual current
(3lp) calculated

' from individual
E
0
¢

phase currents
4>
— IB s- o Paralleled CTs
E shown to
T ' illustrate principle
ol 1. 90
C s A
o ° =l 31
Is ‘ le | 3l T :
- . 180 <~ -0
Je
r—y \J
-31, x I, cos (180) = 3. 270
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Transformer Protection

Improved Ground Fault Sensitivity (87GD)

= Direction calculation used with currents over 140mA on
both sets of CTs (3,, and |;)

= 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 current setting

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)
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Transformer Protection

87GD with Internal Fault, Single Feed

90

Y
270

-3l X I, cos (180) = 31|, | > setting
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Transformer Protection

87GD Function

May be used with Current Summing

87GD: Ground Differential %]

Winding 2 | Winding 3 | Winding 4 |

#1-

Pickup: | 1.0 020 4] | 2 1000 ) Disable
Time Delay: | q 1 4] | 2160 (Cyoles) -

Outputs Blocking Inputs
Firzrazr4rshwe " 70 8 F1rzra3r4rsr-elrC7zrher s
W nr12r 1 1M 150 1 115 60 1710 1

s 1o 1 2 3 14 5 B o 1N izr 120 14 5 B 7 g
#2
Pickup: | 10.00 020 4 1] 10000 Disable

Time Delay: | 2 1 4] | 2160 (Cycles)

Dutputs Blocking Inputs
Fr1 rzrar4pmwWs i e 710 8 F1 rzra3rsarsr-elr-Czrer s
e rwrnnr12r2r4r1sr 16 Fwrnnr2rararsr e 17r 1

a8

— Settings
30 Current Selection: & Summing 1 € Summing 2 ™ Winding 2
Directional Element: & Dizable {* Enable

CT Ratio Carrection: I 500 0.0 j J j 7.99

Save Cancel
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Transformer Protection

Ground Fault Protection for Delta-Wye Transformer

TRIP FAULT NOTE 1
DIRECTION ~ DIRECTION
W aYa Y YL VYL a¥ay™
~ 0 - e L w—
aYal YL L~ Ja¥ath
g 2 e L
NOTE 4
a¥al L~y L~y
nJ Ll IIJ Iﬂ 1
FHb=
_@_ | 3'-:1 RELAYS
—t
NOTE: SEE
=2 NOTES 283

1. Zaro sequence cument amows are for an external ground

I OpPER |
fault for which the ground relays will not operata. _ .SI_""- 0O 1 3]
T 1l

2. If phase ct ralio equals ground ¢f ratio, auxiliary

]

]

]

]

" i
transfarmer is not required, ' i
R(_:, . * ] D [
3. Selact auxlliary ct ratio 10 give positive nan-trip bias to 676G 3o : b
relay far an exlamal Faull.

4. System must supply zero sequence current for this scheme to work

From IEEE C37.91 167



Transformer Protection

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

= The function uses the thermal time constant of the
transformer and the maximum allowable continuous
overload current (l.,) in implementing the inverse time
characteristic
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Transformer Protection

49 Thermal Overcurrent

The operating time is defined according to the standard IEC 60255-8:

t=1txIn

4 Current-Square

max

V'—"
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Transformer Protection

49 Thermal Overcurrent

49: Winding Thermal Protection x|

Time Constant: 10.0 1.0 Ll_l Ll 999.9 {min) Disable |
Max Overload Current: 5,00 JURERE | 1000 @)
Current Selection: | Summing 1 had

Fs 1wl 1213 47 151 16 Fwor 120 130 4150 6 17 18

Outputs Blocking Inputs
P‘1 Frz2rars4srsr-rehbW7r s P‘1 Fz2rra3ar4rsr-relrC7raer s

Save Cancel

170



Transformer Protection

Phasor Displays

A very useful commissioning tool
for viewing selected vectors

» Differential
= Displays uncompensated currents
- You can see the phase shift and relative magnitudes
= Displays compensated currents

- 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

= All Currents and Voltages
= Displays all values
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Transformer Protection

Phasor Diagram

File Monitor

| [ Save E:

Communication Relay Tools Windows Help

Primary Metering & Status

Secondary Metering & Status
Metering I

Phasor Diagram

Phasor Diagram (87T)
Pickup/Timeout Status

87T Dual Slope

aclngam MEIET
. Reference - | - | Freeze |

v Yoltage
vaB [1127 0°
VBC |1147 -120°
VICA |1147 1208
VN |00 O°

WK ID.EI o

¥ Current

a [ooo o0
B [000 00
ic [ooo o0
N [000 407
la [To0 30"
b [T00 -150°

|1.DD 90"
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Transformer Protection

File

Communication

Monitor | Relay Tools  Windows

Primary Metering & Status

Secondary Metering & Status
Metering I

Phasor Diagram

Phasor Diagram (87T)

Pickup/Timeout Status
87T Dual Slope

Phasor Diagram

_ : efs)
s Ele Commuoncaton Monfor Eelsy  Tools  Windows  balp -8 x|
wl B secordary Motering | (3 Phasor Diagram 8 Soypoints - |
Refararce + Hide Phasor + | Zeroon Top = e
Uncompensated

iC
Reference Phase A Phase B Phase C
| 300 0° 298 -120° (3.00 1200
rwz2 150 150° |1.50 30° 1.50 -90°
W3 150 150° 1.50 30° 150 -90°
r w4 0.00 0° 0.00 0° 0.00 0°
BECKWITH BLECTRIC CO. M-331LA

Compensated

<30

Reference Phase A Phase B Phase C

F W1 3.00 o° 298 -120° |3.00 120°
W2 148 180° |[1.51 60° 149 -60°
r W3 1.50 180° 1.51 60° 150 -60°
r w4 000 0O 0.00 0° 0.01 102°

|M-E311A: 60, 54 CT | Frmwann Viorsion: D-0179v00.00.2%5 | Connoctad |
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Transformer Protection

Phasor Display (Vectors)

22 |PScom for Transformer Protection (SERIAL) - [Phasor Diagram (F87T)] AL
st File Communicaton  Monitor  Relay  Tools  Windows  Help b

=l Saue Secondary Metering | (5 Phasor Diagram | 8] Setpoints ~

Reference - Hide Phasor ~ | ZeroonTop - Freeze

Uncompensated 0

Reference Phase A Phase B Phase C Reference Phase A Phase B Phase C
~ W1 3.00 0° 298 -120° |3.00 120° W1 3.00 0 298 -120° |3.00 120°
r W2 1.50 150° |1.50 30° 1.50 -90° r W2 148 180° (1.51 60° 1.49 -60°
W3 1.50 150° |1.50 30° 1.50 -90° W3 1.50 180° (1.51 60° 1.50 -60°
r W4 0.00 0° 0.00 0 0.00 0° r \W4 0.00 0° 0.00 o° 0.01 102°
BECKWITH ELECTRIC CO. M-33114 M-33114: 60Hz, 54 CT | Firmware Yarsion: D-0179v00,00.26 | Conrected
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Transformer Protection

Oscillography Uses

» Speed transformer’s return to service if event is not an
internal fault

+ Identify 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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Transformer Protection

File Communication Monitor | Relay | Tocls Windows Help Retrieve
. [ Save | ] Secondary Metering | Setup OSCi I |Og raph iC

Demand Status

= Record

Through Fault
Sequence of Events

Oscillegraph Setup
Profile Fetrieve

Write File to Relay Trigger
Read Data from Relay Clear

Oscto ComTrade

Retrieve Oscillograph Record x|
Record | Triggered Date/Time | Status |_
1 23-Jul-2013 07:15:80.000 Full Record
[z Z23-Jul-2013 07:15:80.000 Incomplete Record
— File Format
i BECO (*.0=c) {~ Comtrade (“cfg;*.dat)
176 Retrieve Cancel




Transformer Protection

= pspiot PLUS Open | ng an
[File] View Help

a0 | Oscillographic File
(*.cfg or *.ocs)

1 UMIT 1 GEM PROT.OSC
2 AE13 - June 28,2011 trip.O5C
3 ChUsersh..\tstl . osc

Exit Open File - Security Warning [ 23 J
I

The publisher could not be verified. Are you sure you want to
run this scftware?

@ Mame: Ch\UsersywhartmannDesktop IPSPlot.exe
Publisher: Unknown Publisher
Type: Application
From: ChUserswhartmanniDesktopiIPSPlot.exe

Run | | Cancel

Lok in: [}, Sample Oscilos frST | @ ek B
T Mame = Always ask before opening this file
Flecent Flaces ujc:fslzgaajlulnzﬁfn:t:;g?g Socsc :E?iuzg%
" = e . £ . . . . o] .
. = R = This file does not have a valid digital signature that verfies its
|| Recl.osc 9/21/201 | . "
- - publisher. *ou should only run software from publishers you trust .
Desktop | __|UNIT1 GEN PROT.OSC 2/2/201: H ; 5
ow can | decide what software to nun?
'__'“3— Type: OSC File
I Size: 76.5 KB
Libraries Date modified: 2/2/2012 6:59 PM
L%
Computer
Metwork
4 ] 3
File name: IUNIT 1GEN PROT j Open
Files of type: IOsc Files (*0sc, *.cfg, *fit) LI Cancel |
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Transformer Protection

Waveform Capture

B IPSPlot - [M3311: C:\A-WORK\ Cust\Entergy CyrillFiles\ LOADNORMALY.0SC] = |g|_;g
File Edit View Settings “Window Help &1 %]
F| LR[S e | QAR PRI £ P P> R P
lal(a) 639 4.34 /\ /\
414 224 434 \/ \/
Ib1 (&) -6.32 4.34 /‘ \ /—\ /'-»\ /_\ \
\ Phase Diagram | \/
225 406 434 7] —_—
le1(d) -043 4.32 Phasors:
/ Phase | Magnitude | Al
221 208 -432 o] W L e
la2[d) -3.21 224 lal 268 4
Ib1 298 17
Ic1 2.76 118°
221 1.00 -2.24 la2 1.33 74
b2 (&) 3412 2.21 b2 1.49 B3°
lc2 1.39 -60° -80
095 247 221 \ la3 1.33 473
le2(8) 0412 221 b3 1.49 63"
\/ﬁ\\/\ = R \/
0.98 087 -2.21
la3[a) -3.25 224
223 102 224 / /\/
Ib3[a)  3n 224
093 218 2 :4\/\
lc3[a) 014 224 P
083 085 2 ;—4\/
14 20 [ms) 20 40 60 80 100
In1
In2
In3
Ind
In&
InG
Out1
Out2
Outz
Outd
Outs
Dut
Qut?
Quts

Leady [Start Time: 13:24:32.131  [Tripped Time: 13:24:33.000 Mark 1: 13:24:32,145 |Mark2: 13:24:32.151 |  [NUM 178



BECKWITH .
Echmm:D'““- INC. Transformer Protection

Test and Commissioning
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BECKWITH -
ELE;;TH.;;:D'W- INC. Transformer Protection

Commissioning Tasks

- PAT

— Panel Acceptance Test

— Test from the panel terminal blocks to the relay
* Includes test switches

« SAT

— Site Acceptance Test

— Take successful PAT panel, and test with:

« Secondary injection from CT termination cabinet at
transformer/switchyard

» Load pick up on transformer
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BECKWITH

ELE;;TH.;;:D'W* INC. Transformer Protection

Commissioning Tools

Advanced Metering
— Sequence components for all windings

« Positive, negative and zero

Restraint and differential currents

Vector Metering

— Uncompensated
* Raw signal

— Compensated
» 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
* 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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Detalls

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

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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Y:Y:Y, yyy, 1:1 Ratio,
1:1 CTs, Normal
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Three Line:
Y:Y:Y, 1:1 Ratio, 1:1 CTs, Normal
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Advanced Metering:
Y:Y:Y, 1:1 Ratio, 1:1 CTs, Normal

Low levels of negative and zero sequence current

High level of positive sequence

2 PSCOM - [Secondary Status] == %]
Fle Comii.. Relay Window Help =1 %]
r(l) BECKWITH ELECTRIC CO. M-3311 ‘ M-3311

VOLTAGE
Phase A

Rl 3001l 2.999lf 2.998] |0.000]
Winding 1:
Phase A Phase B Phase C Zero Seq.
— 1494l 1.496[f 1.498 [ 0.0 [f 1.497] 0.000
Phase A Phase B Phase C Ground ] : Zero Seq.
Winding 3: ﬁ 498 m .Em m z |m
Phase A Phase B Phase C Ground . Seq. Zero Seq.
FREQUENCY V/Hz
60.00 |l 95.6]
Hz | % |
OUTPUTS INPUTS BREAKER
@RC RO OR ORI RON JECRORORORE RN o5
8 7 6 5 4 3 2 1 6 5 4 3 2 1

B start |J 8 G |\ (1) Message Center B1PSCOM - [Secondary ... (3)Apps | £ omcron quickeme - [7... | [Zaad 22 zom 1 86



Very low differential current

" IPSCOM  [Secondary Status 1]
[ File .. Relay Window Help
(1) BE@EWITH ELECTRIC CO.

Very high restraint current

Advanced Metering:
Y:Y:Y, 1:1 Ratio, 1:1 CTs, Normal

=18l=l

M-3311
|

o151 x|
| M-3311 |

wndamental Frequency Currents (p.u.)
0.994 0.996

Restraint: 0.996
__Phase A_|_PhaseB
e
S | o000l o.008 M o0.004]| _1.00
‘| Phase A Phase B Phase C [ Ground(W?2)| Ground(W3)
Harmenic Currents
Rl o.00sl o.001ff o.004
Phase A Phase B Phase C
AN 0.002{l 0.001 |l 0.004
Phase A Phase B Phase C
Fifth: | 0.005) 0.004/ o0.003]
Phase A Phase B Phase C
Breaker Moniter Accumulators
Winding 1: T TN o cyces)
Phase A Phase B Phase C
Wi BT | BT |- Cces
: Phase A Phase B Phase C
Winding 3: (Amp Cycles)
: Phase A Phase B Phase C
#fstart H T @ A H (i) Message Center B1PSCOM - [Secondar... (3] 4pps | 2% oMIcRON QuickcHC - [... | Epocumentt - Mcrosoft ..

LeQHBE  zzm
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Vector Metering:
Y:Y:Y, 1:1 Ratio, 1:1 CTs, Normal

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

=11

7 A Relay Input Current Diagram i
*
/ 5 Compensated
L)
.
*

Uncompensated

270

Freeze

120

249
{
/
i
H
[
1
180 /
' ’
v W1 Reference: W2 Reference W3 Reference W1 Reference W2 Reference W3 Reference
1 ,
via[298 00 | 1[50 0 | 1[50 180° | w798 0 | we[150 a0 | re:[1.50 1800 |
’
viib:[3.01 240" | ab:[150 60" | b:[1.50 60° | w7lbig3.01 240° | dbc[150 60" | b:[1.50 60° |
vie[2.99 1200 | 1e[1.48 300" | re:[1.50 300" | #figi[2.99 1200 | gec[1.a8 300" | ees[1.50 300" |
o

W1, Phase Aat0 degrees
W2, Phase A at 180 degrees
W3, Phase A at 180 degrees
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B IPSPlot - [M3311: C:A-WORK' Cust'Entergy",CyrillFiles', LOADND

B File Edit Wiew Settings ‘Window Help

Digital Oscillography:
Y:Y:Y, 1:1 Ratio, 1:1 CTs, Normal

=18l
=121

B ER & e | @k £ P PF|:>->E~£PD|

lal[d) 639 434 /_\
414 224 434 W1, Ph?f_e A
S 4.3
Phase Diagram E|
225 ADR .q.349
lelld) 013 432 Phazors:
Phase | Il agnitude | Angle |
2 20 4z .
laZ[d] -3 2.24 lal 268 4
3] 298 N
] 276 g
-2 1.00 224 la2 133 174"
BZ[A] 312 221 b2 1.49 63
o2 1.39 £ +E0
085 247 2 a3 1.33 A7
lcZ&] 042 2.z I3 1.49 B3
I3 138 &0 \_/
099 0& 2.2
lad[d] 325 224
W2, Phase A
W3, Phase A
223 1o 2.24 e
b3 311 2249
083 245 224
le3a] 004 224
0939 085 224
14 20 [mz)
In1
In2
In3
Ind
InS
InG
Outd
Qutz
Out?
Qutd I
Outs
oue Analog Traces
Dﬂt? n g r
Quts
Yeady [Start Time: 13:24:32.131  [Tripped Time: 13:24:33.000 [Mark 1: 13:24:32.145  [Mark2: 132432151 | oM |
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Y:YYY, yyy, 1.1 Ratio, 1:1 CTs,
Roll W2, QA
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¥___.l'

Three Line:
Y:Y:Y, 1:1 Ratio, 1:1 CTs, Roll A, W2

— . L
I o A S | )
—+F ) j
| aa | aa
—J
¢ r |
ju:?d:“‘lumr :;

R
0
s 3
g 3
r"l
4

a3 1awn
Al
3 1BW1
Al
421 3icwz
—& = 1

= 191



Advanced Metering:
Y:Y:Y, 1:1 Ratio, 1:1 CTs, Roll A, W2

High level of positive
sequence current

P IPSCOM - [Secandary Status] =18 x|
Bl He o Belay Wndow Heb =18
| (1) BECKWITH ELECTRIC CO. M-3311 | \ Al [ M-3311 N\
YOLTAGE
119.8)
Phase A
CURRENTS
windine 1. | HIEEED] | 2.999J8l 2.998 0.000
= Phase A Phase B Phase C Zero Seq.
S L.a04lf 1496 1.496]) 0.0 0.997
; Phase A Phase B Phase C Ground Zero Seq.
BN oall ool o5l oo 0002
; Phase A Phase B Phase C Ground Pos. Seq. Neg. Seq. Zero Seq.
FREQUENCY ViIHz
ool 0.0]
Hz | % |
OUTPUTS INPUTS BREAKER
e Re e e e @R || SERERE e e e
8 7 6 &) 4 3 2 1 6 S 4 3 2 1
Levels of negative and zero sequence current,
Positive sequence current not at phase current level
i#start |\ & G ‘l (1) Message Center M 5% OMICRON QuickcMC - [... | B Jpocument1 - Microsoft ... | T IPSPlot - [M3311; Cilfte...| (3O DL s
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Advanced Metering:

Y:Y:Y, 1:1 Ratio, 1:1 CTs, Roll A, W2

High differential current

Restraint current less
than through current

=

IPSCOM - [¢ condary Status I1]
I

(

o

ile Relay Window Help

1) BECKMETH ELECTRIC CO. M-3311

lalx|
_lal x|
1 M-3311

Qﬂl‘damental Frequency Currents (p.u.)
Restraint; 0.828 0.966 0.966

Phase A Phase B Phase C

Differential:

Phase A Phase B Phase C
Harmeonie Currents

BRI 0.0zl o.005 [ 0.002!
; Phase A Phase B Phase C

PN 0.004 [ 0.002/ 0.004
; Phase A Phase B Phase C

— 0.006 8 0.005§ 0.004
Phase A Phase B Phase C

Breaker Monitor Accumulators

-~

0668l 0.33sMW 0.327 | 1.00]

Ground(W2)| Ground(W3)

oo il 190 WELEEELY

Winding 1:
Phase A Phase B Phase C
Amp Cyel
Winding 2: L ool 199 MCLCELLD
Phase A Phase B Phase C
Amp Cycles
Winding 3: (Amp Cycles)
Phase A Phase B Phase C

5ﬂ5tart| ] & 5 || {3 Message Center

|[;1pscom - [Secandar... 22 OMICRON QuickchC - ... | B)Dowument1 - Microsoft ... | T IPsPlot - [M3311: Ciife. ..

So0¢a%

2134 PM
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Vector Metering:
Y:Y:Y, 1:1 Ratio, 1:1 CTs, Roll GA, W2

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

A
(A

_1
v \
Uncompensated P N\ Compensated Freeze

270

120

ki 210
180 ! 180
4 ’
RSt i " P
v W1 Reference: W2 Reference W3 Reference )M He!érencc W2 Reference W3 Reference
vita[300 00 | wa[1as 00 ] 1a:1.49 180" | V'."Ia:l}l.f;ll 00 | wfuse ] ia[1.48 180 |
viib:[2.99 240" | abc[150 600 | mbc[1.49 60° | ¢ abf2.99 2400 | abc[102 101 | ibe[1.49 60" |
vie[3.00 1200 | te[149 J00° | te[1.49 300° | A p:[3.00 1200 | de[191 259" | le:[1.49 300° |
¢ F
.c"r’/
4
¥

W1, Phase A at 0 degrees
W2, Phase A at 0 degrees (180)
W3, Phase A at 180 degrees 194



Digital Oscillography:
Y:Y:Y, 1:1 Ratio, 1:1 CTs, Roll @A, W2

B IPSPlot - [M3311: C:\A-WORK) Cust' Entergy' CyrillFile - ||5I |i|
File Edit Wiew Settings ‘window Help _|5’|1|
B ER S e | @ Q@ kR PP Pu|
lal[a) 583 435 W1 Pha.se A_
W2, Phase A
4 .06 - —
b7 (&) / Phase Diagram k|
Phasors:
=251 -
ST /—\ Fhaze | tagnitude | Angle |
|a1 299 ¥ \/
-1.87 Ik 2498 15
laZ [4) I3} 2498 1247
la2 1.80 4
b2 1.49 o
2.00 I 1.80 -ha” -80
b2 [4) _
la3 1.80 A7
Ib3 1.50 [
1.07 le3 1.49 R4
Ic2 (A) /—\
- \/ : W2, Phase A
133 (&) 1En W3, Phase A-]
1
-2.19
1b3 4]
1.05
led &)
0.53
22 40 B0 =] 100
In2 Differential Trip
n3
Ind
In5
i -~
autt
Outz
Out3
Outd I
Outs
= Analog Traces
Outs
Ready |StartTime: 13:51:31.132 |Tripped Time: 13:51:32.000 |Mark1: 13:51:51.155 |Mark2: 13:51:31, 161 MM
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AY:Y, yyy, 1.1 Ratio,
1:1 CTs, Normal
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Three Line:

AY:Y, 1:1 Ratio, 1:1 CTs, Normal

LY

’Y‘YV'}'

M-3311 i
3 awz  1awa £

XJ

Y

h»w-w

Il

]

Y

* %
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Advanced Metering:
AY:Y, 1:1 Ratio, 1:1 CTs, Normal

Low levels of negative and zero sequence current

High level of positive sequence

2 PSCOM - [Secondary Status] =8
Ele Comr.. Relay Window Help =181x]
| (1) BECKWITH ELECTRIC CO. M-3311 I \ \ N\ 4] | M3311

VOLTAGE
| 119.9
Phase A
CURRENTS

2.998 2.997

Phase A Phase B Phase C

1.495 1.497 1.497

Phase A Phase B Phase C

__1.495 1.497|

Winding 1:

Zero Seq.

Winding 2:

Zero Seq.

| 0.000

Winding 3:
Phase A Phase B Phase C Pos. Seq. Neg. Seq. | Zero Seq.
FREQUENCY V/Hz
EEEEE N
Hz %
OUTPUTS INPUTS BREAKER

4 3 2

-JJ;)L)\)\)\_)¥)|\_)\)\_)\_) ) U
8 7 6 : 6 5 1

CLOSED

B start |J 8 G |\ R IPSCOM - [Secondary .. 57 OMICRON QuickCHC - [T... | BEJWAYHES WORLD - Micros...| T+ IPSPIot - [M33L1: Ciipiam. .| [Zead 22 som 1 98




Very low differential current

= IPSCOM  [Secondary Status II]

Very high restraint current

Advanced Metering:
AY:Y, 1:1 Ratio, 1:1 CTs, Normal

= =lgl=
Fie M. Relsy Wwindow Hep ;I;Iil
| (1) BEQRWITH ELECTRIC CO. M-3311 | A1 M-3311
|
Fundamental Frequency Currents (p.u.)
el 0.996 1 0.996 Ml 0.997
" |_PhascA | PhascB | Phase C /
SN | o0.005 ]l o.007 ]l 0.003]|_0.99]
| Phase A Phase B Phase C | Ground(W?2)| Ground(W3)
Harmeonic Currents
Second: 0.000|8 0.002|8 0.004
; Phase A Phase B Phase C
SR 0.0011l 0.003l 0.002]
Phase A Phase B Phase C
. 0.000 | 0.004 |l 0.005]
; Phase A Phase B Phase C
Breaker Monitor Accumulators
Winding 1 9ol 199 JERRVIED
Phase A Phase B Phage C
s ol 100 TS
; Phase A Phase B Phase C
- L oo fl 100 JEEEEE
; Phase A Phase B Phase C

st | 1 2 2|

1PSCOM - [Secondary ... 2 OMICRON QuickcHC - [T... | BWAVKES WORLD - Micras... | T IPsPlot - [ME311: Ciifizw...

3OS 0em
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Vector Metering:
AY:Y, 1:1 Ratio, 1:1 CTs, Normal

W1, Phase A at 0 degrees
W2, Phase A at 30 degrees
W3, Phase A at 30 degrees

LAY

J
=
’
Uncompensated ¥ 3 Compensated Freeze
’ LY
‘\
5
' 0
1
L
]

180

v W1 Reference: W2 Reference W3 Reference \"(ﬂ Fll’zﬁ’:rence W2 Reference W3 Reference
14 &

via[299 00 ] a[ra9 1500 | aa[151 151 ] vda[289 00 | aaf1a9 1wt | 1a:[1.49 180 |
vob:[3.01 2a00 | am:[1as 31 ] me[1.49 300 ] V',"lb;,{'ii.()l 240 | ab:[1an w10 ] ab:[1.49 60¢ |
vile[2.99 120" | 1e{1.49 270" | #ex(1.49 270" | #1&[2.99 120" | les[1.49 300" | Mes[1.49 300" |

;::/

74

14

H

W1, Phase A at 0 degrees
W2, Phase A at 180 degrees
W3, Phase A at 180 degrees 200



Digital Oscillography:
AY:Y, 1:1 Ratio, 1:1 CTs, Normal

P IPSPlot - [M3311: C:\A-WORK\Cust\Entergy\CyrillFiles\D YY UK.US(] .5
%) Fle Edt Wiew Settings Window Help X
@ LR M QQAE | Peomsin £ PO e P
lal [A] 410 432 ,»""\\\ ., TN N ‘ ‘/!\\ ; o 3 Py : N
AR £ N NG > A W1, Phase A /
e S \ P 'y N\ v N / \ d N\ / S ,r'/
11 (A) 2
7 \'\_‘.
-2 63 N
Ic1 (&) ey
AT A
1a2 [A) :
A.75
162 (4)
1.81 \—/___..__
a /\
|f33|§; W2, Phase A=<
W3, Phase A ™,
478 08¢ 2 2¢
163 (&) 22
B } \/—\/\/\/\/\/
le3 (A) 221
030 .2 224 /\/\/\/\/\/\,
19
Ready [Start Tune: 14:08:34.131  [Tripped Tme: 14:08:35.000 [Mark 1: 14:08:34.150  Mark2: 14:08:34.146 | Num |
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AY:Y, yyy, 1.1 Ratio,
1:1 CTs, Roll W1, GA
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Three Line:

AY:Y, 1:1 Ratio, 1:1 CTs, W1, Roll 9A

L_ A

)

et
ey |

M-3311 -
3 awz  aws £

(Y

o ™

(AA)

]
i
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Advanced Metering:
AY:Y, 1:1 Ratio, 1:1 CTs, W1, Roll A

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

Gl Fle Comm.. Relay Window Help TR
[(1) BECKWITH ELECTRIC CO. M-3311 | A | M-3311 [ \
VOLTAGE
__119.9|
Phase A
CURRENTS
Winding 1. 2.997 2.997
Phase B Phase C Zero Seq.
SN 1494 1.497Jl 1.406l| 0.000
- Phase A Phase B Phase C Zero Seq.
Winding 3: m m I : 0.000
' Pos. Seq. Neg. Seq. Zero Seq.
FREQUENCY V/Hz
[ 59.99 |l 99.8]
Hz _ % _
OUTPUTS INPUTS BREAKER

quqq¥)¥)0| ENENE e
8 7 6 ] 6 5 4 3 2

CLOSED

il start || o & 5 H B1PSCOM - [Secondary ... 25 OMICRON QuickThC - [T... | B WAYRES WORLD - Micras... DIPSP\ut—[Mssn:c:\New...| [E AR 3

High level of positive sequence current 204



Advanced Metering:
AY:Y, 1:1 Ratio, 1:1 CTs, W1, Roll A

High differential current

Restraint current less
than through current

= IPSCOM - [ :condary Status IT]

L]
Elle Relay Window Help =1l
(1) BECKMETH ELECTRIC CO. M-3311 Al M-3311
Fundamental Frequency Currents (p.u.)
sl 0.993 18 0.994l 0.994
; Phase A Phase B Phase C
1003l 0.002l 0.003ll 1.00l§ 0.99]
‘| Phase A Phase B Phase C | Ground(W?2) Ground{W3)
Harmeoni¢c Currents
R 0.0021l 0.001 1 0.002]
Phase A Phase B Phase C
R 0.004 18 0.001 |8 0.005
Phase A Phase B Phase C
Fifi: 0.006 |l 0.003 | 0.006
; Phase A Phase B Phase C
Breaker Monitor Accumulators
winding 1: | RN TN TN - cyces)
Phase A Phase B Phage C
wining .| TS TN EEETTY (- cyces
; Phase A Phase B Phase C
Amp Cycles
windine 3 | NEEC:Y TN BT e Cycles)
Phase A Phase B Phage C
i#listart| | 1f] & () ||| @pscoM - [Secondary ... QOMICRONQu\:kCMC'[TH“WAVNESWORLD'Mlcmsm L IPSPlot - [M3311; Ciibew... BB 323m
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AY:Y, 1:1 Ratio,

Vector Metering:
1:1 CTs, W1, Roll GA
W1, Phase A at 0 degrees (180)
W2, Phase A at 210 degrees
W3, Phase A at 210 degrees
Uncompensated

kY
b}
)
’ 1Y
¥
’
s
o ’

Compensated

="

Freeze
\
'
1]
13
A
i)
L]
4
A
1)

1

\

1)

1)

270

240

180 i 180
v W1 Reference. W2 Reference W3 Reference \\'ﬁ Reference W2 Reference W3 Reference
vi[299 00 | 1a[1.49 3300 ] 1a:[1.48 330" | v’.la[zas 0° | me[1.49 00 | 1a[1.43 0° ]
vib:[299 60° ] w150 2100 ] wm:[1.50 210* ] b:[2.99 60° | ab:[ 149 240" | ib:[1.49 240 ]
vic[2.99 300" | aex[1.49 90° | ex[1.50 917 | Feiie{2.99 3007 | dex[1.50 1217 | lex[1.50 1217 |
W1, Phase A at 0 degrees (180)
W2, Phase A at 0 degrees
’

W3, Phase A at 0 degrees
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Digital Oscillography:
AY:Y, 1.1 Ratio, 1:1 CTs, W1, Roll GA

B IPSPlot - [M3311: C:\ A-WORK' Cust'Entergy", CyrillFiles - |ﬁ' |i|

File Edit Wwiew Setkings window Help _|ﬁ||5|

E G ER(S e |[@ Q| ke e F PO £ P
L

lal[a] 458 433 /’
N
Phase Diagram |
N Phasors:
5 Phaze | I agnitude | Angle | E —
\
A\/ E] 2498 -146°
Ib1 2491 -BR°

4.11 -0.47 -4.33
Ib1[a] 136 433

145 3.3 -4.33
I Al 598 330

210 -3.86 -4.30
la2 (&) 303 2.23

I3} 298 154
la2 1.43 175
b2 1.48 [

175 -1.28 223 lc2 1.43 -h47

B2[A] 085 2.2

la3 1.50 74
b3 1.49 5

186 1.0 218 I3 1.49 -54*

N
N
/\,\
N
N
Dv

006 188 2,23
lad[&]  3.03 223

\/ \ W2, Phase A

W3, Phase A

177 -1.26 223
Ib3 &) -083 2.20

)

-1.86 =103 -2.20
I3 A] 216 223

-0.18 1.95 223

il 17 [mz]

In4
In2 . . .
In3 Differential Trip
Ingd

In5 -

InG
outd
Outz
Outs

= Analog Traces

20 N 40 =] a0 100

Outd
Outy
Outd

Ready |StartTime: 1423120132 |Tri|:-pedTime: 14:23:21.000 |Mark1: 14:23:20.154 |Mark2: 14:23:20,150 LM




BECKWITH .
Eu.ecmm:D'““- INC. Transformer Protection

AYY, yyy, 1:1 Ratio,
1:1 CTs, W1, Roll @C
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BECKWITH .
Transformer Protection

ELECTRIC

Three Line:
A:Y:Y, 1:1 Ratio, 1:1 CTs, W1, Roll @C

. ey
S " [ [
"f| . R i R e
¢ s(“. "YW] as & I ._If'Y"‘
i {
g L]

M-3311
[®3 1wz aws £

"3 ewz 18w £

“Iicwz  ows £

i

w2 1owa £

"3 1awn
3 18w

L3 Icwz

919191931y

L ¢
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BECKWITH
ELECTRIC

D CO. INC.

Transformer Protection

Hil, & I

HI i

Communication

Monitor Relay Tools

Windows Help

) Secondary Metering | (5 Phasor Diagram | €8 Setpaoints -

Advanced Metering:
A Y'Y, 1:1 Ratio, 1:1 CTs, W1, Roll @C

# |IPScom M-3300 Series (5-3300) (SERIAL) - [Secondary Metering & Status]
File

EEE

- &

W1 Currents (A)

W2 Currents (A)

W3 Currents (A)

W4 Currents (A)

Phase A Phase A Phase A Phase A
Phase C Phase C Phase C Phase C
== lon =/= I, Ground Ground Ground
Pos. Seq. Pos. Seq. Pos. Seq. Pos. Seq.
Neg. Seq. Neg. Seq. Neg. Seq. Neg. Seq.
Zero Seq. Zero Seq. Zero Seq. Zero Seq.
- Phase Differential (pu) — | [ Restr. Currents (pu) — | [ Ground Differential (A) — | [ Misc
Phase A Phase A w2 I veev
—_Phases Phase B we O | veo N
rrae T || FreseC wo  EXE Frea
nputs VIHz (%)
1 2 & 4 = 6 7 8 S 10 11 - Status
12 13 14 15 16 17 18 TC1 | TC2 | CC1 | CC2 ‘ Breaker Closed
B Aux Voltage
1 2 3 4 5 6 7 8 Osc Triggered
9 10 11 12 13 14 15 16 ‘ Targets

BECKWITH ELECTRIC CiO, M-3311a

M-33114: 60Hz, 54 CT | Firmware Yersion: D-0179v00,01.05 | Connected |
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BECKWITH .
g -co.me. Transformer Protection

ELECTRIC

Vector Metering:
A:Y:Y, 1:1 Ratio, 1:1 CTs, W1, Roll @C

¥ [PScom M-3300 Series (5-3300) (SERIAL) - [Phasor Diagram (F87T)] mER |
. File Communication Monitor  Relsy Tools  Windows  Help - 8 X

Secondary Metering | (5 Phasor Diagram | 88 Setpaints ~

Reference - Hide Phasor - Zeroon Top - Freeze

Uncompensated

430

L 3 A-Ph @ -60°

Reference Phase A Phase B Phase C Reference Phase A Phase B Phase C
~ W1 298 0° 298 -120° [3.00 -60° W1 298 0° 298 -120° |3.00 -60°
r W2 149 -149° [1.48 90° 149 -30° - W2 149 -180° |149 60° 149 -60°
r W3 1.51 -150° [1.49 90° 149 -30° - W3 149 -180° (148 60° 149 -60°
W4 0.01 -157° |0.00 ©° 0.00 ©0° - W4 0.01 -157° |0.00 ©° 0.00 0°
m—ﬁw 7| oo teero.. | Gk Ermai-.. | 5 amchpt. .| dpw:seciown. | dsiove-cong.. | Bomcronst., | @omcrong.. PL I soiss au 5
FE@ Y@ i Bimres | @ @59 unreac).., [T a3t | ElwicrosoftPo.. | @powerpoint .. | & (@59 urvead)... | | &, Thrsday




BECKWITH

ELECTRIC CO. INC. Transformer Protection

Digital Oscillography:
A:Y:Y, 1.1 Ratio, 1:1 CTs, W1, Roll @C

|=' IPSplot PLUS - [M3311A: C:\Turner\Presentations\M-3311A\M-3311A TB Presentation.osc] = m

2 File Wiew Settings ‘Window Help

IR EE=NE I R e
147 [4) -0.97 425

-

-003 094 -3 25
1B [&) 0.39 G425

Phase Diagram El

Fhaszors:

Phase I tagnitude I Angle b

-362  -4.01 -a4.z5 11 299 o
ICT (&) -0.55 4.25 IE1 2949 1207

Ic1 2.00 507

142 1.49 1507

B2 1.50 a0 C-P
358 300 e cz 1.43 -30° -50
152 [5) 033 EEr G2 0.00 47

143 1.50 1807

IE3 1.50 a0

Ic3 1.50 N =0
-0 -1.45 -3.25 e oo o .
BIGT oor B 154 0.00 178 =

\/\/[il o 7"i] +180
R N N N N N N A R

2.07 201 -A.25
IC2 [&) -0.45 G425

-1.01 -0.57 -325
143 &) 0.38 425

NN
NN N NN NN NSNS

-1.06 145 425
IB3[&) 0.06 G425

205 20z -325

NN NN NN NN NN NN
NN NN

IC3 &) -0.4s5 425
-1.01 057 -a.25
143 & ms] 0 100 200 300
149,37 ms e
v
896 Cycles ns
ol
B
SN
it
S
S
G
S
Ready |Date: 07/15/201C [Start Time: 10:03:28.326 [Tripped Time: 10:03:28.6 Mark 1: 10:03:28.475 Mark 2: 10:03:28.326
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Commissioning Tools
Make Your Life Easier!

* Advanced Metering
— Sequence components for all windings
» Positive, negative and zero

 Restraint and differential currents

* Vector Metering

— Uncompensated
* Raw signal

— Compensated
* Post vector and ratio corrections
 Digital Oscillography

 All winding currents
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Transformer Protection

M-3311A Typical Connection

Diagram 2 W . d .

Two Winding Model < > I n I n g
This function is available as a —
standard protective function.

O This function is available in the Optional A
Voltage Protection Package

M-3311A -
Winding 1

Ta r.gets 50 51 (Wl)
(Optional)

Integral HMI

(Optional) 67
YYY
D
D

Metering

Sequence Of Events

Winding 2
(w2)

Waveform Capture

Front R$232
Communication

Rear RS-232/485
Communication

Multiple Setting
Groups

Programmable 1/0 gé
Programmable Logic ‘ ‘ !
Self Diagnostics @ @ e B

Dual Power Supply ' &
(Optional)

- > 214




Transformer Protection

- : This function is available as a . .
M 3311’6 Typl-cal O standard protective function.
Connection Diagram I n I n g

Three Winding Model This function is available in the
Optional Voltage Protection P _
Packages. < _l »
3-CT
M-3311A —'I)
Targets
(Optional) NOTE A
Integral HMI 50BF @ e 49
(Optional) Winding 1
(wi)
(swHeon-(¥)
Winding 2 \AANS Winding 3
Sequence Of Events NOTE (W2) _m M m M— (W3)
-1 )
Waveform Capture 876D 50G6 51G D
NOTE —
oIC =33
Front RS232 _

Communication

Rear RS-232/485
Communication

Multiple Setting
Groups

u
=}
2

026020
02020

Programmable 1/O

Programmable Logic 50N
BF - - - = =

Self Diagnostics

Dual Power Supply - @ @ °

o MR

(Optional) 1 ™ B C
NOTE *
)
J 3-cT

NOTE 3 4
< > 215




Transformer Protection

M-3311A Typical O This function is available as a - -
Connection Diagram standard protective function. Wl(n\l(\i/T)g“ Wl(nv(\ilT)g 1 I n I n g

Four Winding Model This function is available in the T 3T
Optional Voltage Protection < lhql 52 52 lhql >
Packages.
M-3311A
1 *
Targets @ e e e 49
(Optional)
Integral HMI
GHEHE) "
Ca020,C O mE10.090
Front RS232 @ @ @ Winding 2 AAAAAANY g
‘ W2) =YY Y\ mfy'\_""'(“vf\’/'?',‘)g’D’
Rear RS-232/485 i D)
Communication . _)
Multiple Setting
Groups o )
Programmable 1/0 )]
Programmable Logic
L +1
Dual Power Supply
(Optional)
RJ45 Ethernet
(Optional) N
~ ! : =
@
/ ENC
1 3 -

A
A 4
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Transformer Protection

M-3311A Typical This function is available as a

Connection Diagram standard protective function. 4 W » d -

Four Winding Model This function is available in the Wi(nvtw)g 4 Wi(nvc\jliln)g 1 I n I n g
Optional Voltage Protection s sor
Package. P M M

——s2 |2} w/Current

M-3311A

Targets "l' I I.
(Optional) S u I n
Integral HMI

(Optional)

Metering

Sequence Of Events VT 1T

eeeee— -0

EHeH®) AR
Front RS232 Winding 2 Winding 3
Communication ‘ W2) A YY YN Yy e
Rear RS-232/485 LAl D)
Communication . )
Multiple Setting
Groups Lo - -)
Programmable 1/0 -+
Programmable Logic
=< ==
Dual Power Supply
(Optional)
RJ4S5 Ethernet
(Optional) S:FN
i o o B c
N \ - D)
87T S0BF 49
/ scr _|)
1 3 -
HEEE =
* Two sets of summed winding P
<€ >

cuurents can be enabled at a time.
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Transformer Protection

Unique Features of Beckwith Transformer Protection Relays

= Voltage inputs with overexcitation protection

= Adaptive overexcitation restraint based on 5th harmonic
= Use of 2" and 4" harmonic for inrush restraint

= Up to three ground directional differential elements

= Current summing for 51 and 87GD functions to be used with breaker
and a half configuration

» Through fault monitoring to schedule early maintenance and prevent
transformer failures

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

» Easy to access metering screens for test and commissioning

» User friendly setting of transformer/CT connection configurations
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Transformer Protection
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Transformer Protection

Beckwith Electric

Thank You
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Transformer Protection

Interface and Analysis Software:

+ NERC “State of Reliability 2013 ~C°/fable Attributes

* 30% of Relay Misoperations are due to human interface

error
* Programming too complex
« Commissioning difficult
« Period Testing difficult

Figure 4.8: NERC Misoperations by Cause Code from 2011Q2 to 2012Q3

Incorrect setting/logic/design errors
1% m Relay failures/malfunctions
B Communication failures
® Unknown/unexplainable
B AC system
B As-left personnel error
B DC system

r Other
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Transformer Protection

Interface and Analysis Software:
Desirable Attributes

= PC Software 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

= Autodocumentation to eliminates transcription errors
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Transformer Protection

How do you set a relay?

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

» Review/print summary
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BECKWITH .
ELEcTn.;D‘““- INC. Transformer Protection

“ o IPSCom (Mew File)
Ele  Comopunication  Moritor Belay Took windows Help
=] Secnn]flar'p' IMatering (E—:] F'ha;l:nr I:ua;raln Selpnlnts -

Unconnectod
Connected
X ad Primary Metering & Status
Open Hew Secondary Metering & Status
save Open Metering il
Save a5 Phasor Diagram
Compare Phasor Diagram (57T)
All Satpomnts | [ClOSE PlckupdTimeout Status
U0 Mog - Erint 7T Dual Slope — - —
Bl Setpomis Print Presiew Security > nge Comm ACCEsSs
00 Map EXIT User Information Change User Access Code
Relay Communication
Output Test

Counter & Emror Codes

¥

Setup Comm Port

k. J Firmware LIFI:I-H.E Setup Etnernet
T W

| Save o File
- Restore from File
E-m‘u'm;'i-:.llium Em:m:t w
Disconnect serlal Port Hﬂ“
TCPAP Setup 5 5
Open Terminal Window | |- o Mml; rslﬂﬂm
Targets Setup Date & Time
Thircugh Faurt Display VO Map
Saquence of Events Display AN Seipoints
Setup -+ -Oscillograph
Retrleve Profile
Trigger Write Flle to Relay
Clear Read Data from Relay »[View
OSC o Comirade —— Clear
»[Sep View Resat LED
F Ratriage Claar
Switching Method View
Select Profile Clear

224 Copy Active Profile 224




BECKWITH

ELECTRIC Transformer Protection

Creating NEW File
(& new-2.cpt (24-Bit RGB) @100% - Background
m Connect Help

1 New cri+N
5 Open Ctrl+0

Exit

NewFle x|

—System Type
Unit Type: [M-3311A ~|
Mominal Frequency:  50Hz & B0 Hz
C.T. Secondary Rating: " 14 [
OK Cancel
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BECKWITH

ELECTRIC Transformer Protection

Opening EXISTING File
| File | Connect Help

1 Mew Ctrl+N
|5 Open Ctrls0

Exit

Recent Places

Desktop

E

Libraries

My

Computer

w

Metwork

|
File name: IWa}me 33N Alps j
=

Files of type: | Setting files (*ips)
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BECKWITH .
g -co.me. Transformer Protection

ELECTRIC

Connect to the Relay

_onneck

i
—Device
Device Address: |1 =

Protocol: [BECO |

Comm Access Code; |’ [ Save

Echo Cancel: [~ [ for Fiber Optic Loop)

Baud Rate: |9500 >

DataBit |8 R

Parity: |NONE |

Stop Bt |1 =l
Connect | Cancel
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BECKWITH

ELECTRIC 0 s Transformer Protection

[

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

Set Up System

File Communication Monitor | Relay | Tools Windows Help

: [l Save | ] Secondary Metering | | Setup. & || Setupsy&lﬂn \ |'
Demand Status Relay Setpoints
Targets r Set Date & Time
Through Fault 4 Display 'O Map
Sequence of Events 3 Display All Setpoints

Oscillograph
Profile

Write File to Relay System | Output Settings | Input Settings |

Read Data from Relay [ Settings
Nominal Voltage: | 120 60 4] 1 o
Phase Rotation: & ACB " ABC
Demand Timing Methed: @& 15 Minutes 30 Minutes 60 Minutes

V.T.Config: & WAB (" VBC vCa VA T WB T VC
Current Summing 1: W w1 M w2 [T w3 [ w4
Current Summing2: [~ w1 [T w2 [T w3 [T w4

—Enable/Disable ‘\wWindings for 87 Function

™ More Than 2 Windings ¥ Winding 1 and Winding 2 Only IDiSEIble Winding 4 LI
—Transformer/CT Phase Compensation —  Standard @ Custom
Transformer w1 Transformer W2 Transformer W3 Transformer W4
[10=2) =l Jom = fom =l fom =]
CT Wi CT w2 cT w3 CT e
Jorn =1 [13a =l Jom =l o =l

W1 Zero Sequence Filter: % Disable ( Enable W2 Zero Sequence Filter: % Disable (" Enable
W3 Zero Sequence Filter: (% Disable ¢ Enable W4 Zero Seguence Filter: {* Disable  Enzble

—W.T.and C.T. Ratio

VT.Ratic: | 1150 10 4| | 65500 (1)

VT GroundRatio: [ 10 10 4| | | 65500 (1)
CT.W1Phase Ratic: | 40 140 ] | es500 (1)
CT.W2Phase Ratic: | 40 140 | | es500 (1)
CT.W3Phase Ratio: | 160 140 | | e5500 (1)
CT.\4Phase Ratic: | 160 140 ] | 85500 (1)
CT.\W2Ground Ratio: | 50 140 ] | 85500 (1)
CT.W3GroundRatio: | 100 | 1 4] | | 65500 (1)
CT.WaGround Ratio: | 100 | 1 4] | | 65500 (1)
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BECKWITH

ELECTRIC N

Transformer Protection

{8 new-5.cpt (24-Bit RGB) @100% - Background

Relay

File Communication Monitor Windows

Tools
: [l save | & Secondary Metering | | Setup Setup System

Demand Status

Relay Setpoints

Targets
Through Fault

Set Date & Time
Display 'O Map

Sequence of Events Display All Setpoints

Oscillograph
Profile

Write File to Relay
Read Data from Relay

Relay Setpoints

x|

FETT | Fe7H | C.T.Tap |

x|
Disable |

Pickup: | 0.30 010 4] || 2 100y
Percent Slope #1: | 25 54| _| 1000
Percent Slope #2: | 100 5 4| _ | 200 (%)
Slope Break Point: | 40 10 4] Ir| 40Py
—Even Harmonics Restraint (2nd and 4th) (™ Disable ¢ Enable % Enable wicross average
Restraint | 15 5 B A
—5th Harmonic Restraint {” Disable  Enable {" Enable wicross average

Restraint: | 30 5 4] B s

Pickup: | 0.60 010 4] || 2000y
—Outputs Elocking Inputs
Fi1lCz2lCa3arf4rfCsCe 78 FT1Cz2z0z2C040s5sCeC7 08 C o
Cs Do C12C13E 1400160 16 (o s 0 e o 7 i £ o Y S A i

| 2 50N 51G 87GD
Volts/Hz Instantaneous Inverse Time Ground
Owverexcitation Residual Overcurrent| | Ground Overcurrent Differential current
27 50G 59 IPSlogic
Phase Instantaneous Phase
Undervaltage Ground Overcurrent Overvoltage IPSlogic
46 B0BF 595G BEM
Negative Sequence Ground
E?E!tmmrmt Bresker Failure Overvoltage Breaker Monitor
43 51 81 TCM
Winding Inverse Time Over/Under
Thermal Protection Phase Overcurrent Freguency Trip Circut Monitor
50 51N 87 iE
Instantaneous Inverse Time Phase
Phase Overcurrent Residual Owvercurrent Differential current Through Fault
Display All Setpoints Display /0 Map 0K |

229




BECKWITH

ELECTRIC 0 s Transformer Protection

File Communication Monitor | Relay | Tocls Windows Help [
: [l Save | B Secondary Metering | Setup 4 | Setup System D IS p I ay I/O M a p
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 from Relay
i | save & Print [ & Print Preview
Outputs Blocking Inputs
12 3 4 5 6 7 8 1 2 3 4 5 6
|
W2
#1
51N ¥2
— x| #1 7 |
#1- 29 #2
Pickup: | 5980 5500 ¢4 | .00 (H2) Disable
Time Delay: 300 240 | | #
Outputs Elocking Inputs B9G =2
FirCz2W3rC4arsCelrC 78 F1CzrC3C4C50C6 0 3 039
Ces CDwCnDreEB30 T 06 || Dol 2030140150 16 01 3 3]
2] a1 2 &
Pickup: | 59.85 s [H 2| es500(Hz) Disable k! B
Time Delay: | 1200 24| | 65500 (Cycles) #
Outputs Blocking Inputs 27H
F1irC2r3swMar s ervrs 1 C203 0405060708 09 &
Ce Cwulfnfe203CdCs06 ||CofunCf20B0 40106017018 S
R #3- 27GD W2 g2
Pickup: 5990 5500 4| _ | es00(Hz) Disable - W3
Time Delay: 1800 2 4] | _+| 68500 (Cycles) Wizl
rOutputs r—Blocking Inputs TF TF
Fi1rz2r3srfsawMsielC70s F1C20304Ms e C7 08 Co TCM 1
Ce Do 1400150 18 D100 11 0120013 [0 14 [0 15 016 017 T 18 TCMiD
#4- TCM CCM#1
Pickup: IW 55DDL| _I L|65E)D (Hz) Disable CCM 2
Time Delay: | 3600 24| | 5500 (Cycles)
—Outputs —Blocking Inputs
F1rz2rsr4rskMPelC 708 1 C203 0405060708 09
Co DO nE2zOBC #4016 || D00 1020130140150 1600 17 7 18
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BECKWITH

ELECTRIC

CO. INC. Transformer Protection

File Communication Monitor | Relay | Tools

Windows Help

¢ [l Save | ] Secondary Metering |

Setup

Read Data from Relay

e Display 1/0 Map

Demand Status Relay Setpoints

Targets

Set Date & Time

i Element Disabled

Sequence of Events Display All Setpoints
Oscillograph

Profile

[ save & Print |3 Print Preview

Outputs Blocking Inputs
4 =2 34 BiE T ¥ 2-3 4.5 6
I
p A
516 TR
#1
51N #2
#-
5] - 17
#1
Pickup: . = 1 65.00 (Hz) Disable 71
Time Delay:l 300 2 | 65500 (Cycles) 4' 595 72
Outputs Blocking Inputs
Ff1rzrM3C4rCsC6elC 7008 123405
Me Mol 1120130014150 18 l'1"|'11l'1<|'1°l'1#l'15|'1c
-
Pickup: | 5985 | 5500 «] _|  _leso0(Ha Disable
Time Delay: 1200 2 4| | 65500 (Cycles) 4'
Qutputs Blocking Inputs
Ff1C2z2C3sMarCsCelC 708 C1 02030405 06 07 8 09
Fe o234l (| ol E 20130014 0150 16 [T 17 718
.
Pickup: | 5990 5500 4] |  |eso0(Hz Disable
Time Delay: 1800 2 4| _* | 65500 (Cycles) 4'
Outputs Blocking Inputs
Ff1rzrar-4pbws el 708 1020300405 06 07 8 D9
e M2 s e || o1 T2 013 014 15 016 017 7 18
e
Fickup: | 59.95 5500 4| | 65.00 (Hz) Ensble
Time Delay: | 3600 2 4| _+ | 65500 (Cycles)
Outputs Blocking Inputs
M1 02030405 6 M7 08 01 M2 03 M4 05 Ce 07 D8 M9
e DwEnEEBEOEsE16 (| F100 11012013 014 0150016 17 018
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Through Fault Recorder

TF Through Fault x|

Through Fault Current Thresheld: 50 10 «|_| 2| 10008 Disable |
Through Fault Current Time Delay: 10 1 4] | | 2160 (Cycles)
Fickup Operation Limit: 10 1 4] | +| gr538
Cumulative 12T Limit: 1000 1 4] | | 1000000 (kA"2 Cycles)
Current Selection: | Summing 1 ;I
Inrush Block by Even Harmonics: & Dizable f* Enzble
Preset Cumulative |°2T: 0 04 | | 1000000 (kA"2 Cycles)
Outputs Blocking Inputs
{I‘1I‘z Frar4rsr-elC7 s {I‘1I‘2 I T I S T T A T
Ce CwCnC2zOBCCO6C6 || CoCnnC 230140150 600 171 18

Save Cancel

232



BECKWITH
ELECTRIC

Transformer Protection

Breaker Monitor

Winding 1 | Winding 2 | Winding 3' Winding 4 |

Pickup: | 1000 1 4] | _+ | 50000 (kA Cycles) Disable |
Time Delay: 10.0 01 4] | _+ | 40959 (Cycles)
Timing Method Selection: & |T T
Preset Accumulator Phase A: I 1000 0 LI_I Ll 50000 (kA Cycles)
Preset Accumulator Phase B: I 1000 0 LI_I LI 50000 (kA Cycles)
Preset Accumulator Phase C: I 1000 0 LI_I LIE'DD{PD[MC?{:IES]I
—Output Initiate —Input Initiate
Fr1Cz2r3rarsfCeflC 7708 FrirCz2rr3rf4rCsCelC 7083
Fes Nl 201301417161 16 FworC 201304 50 16117 18
—Outputs — Blocking Inputs
Fr1rzra3r4arsrefr-7mMms Fri1Cz2r3f4rCsCelC 700813
Fe ol 1213 14r s 16 FwornrC2C 3418501610 171 18

233



Transformer Protection

BECKWITH
ELEGTnchcn' s

File Communication Monitor | Relay | Tocls Windows Help

]
Secondary Metering | Setup » Setup System S et p O I n t S u m m ar y

Demand Status Relay Setpoints

Targets 4 Set Date & Time

Threugh Fault 2 Display VO Map

Sequence of Events 3 Display All Setpoints

Oscillograph 3

Profile 3

Write File to Relay

Read Data from Relay
- 10| x|
& Print  [3, Print Preview |
M-3311A 2/3W All Setpoints =
Software Version: D-0188V01.00.13
Belay Firmware Version: D-0203V01.03.00
Serial Number: 0
BECKWITH ELECTRIC CO.
Setup System
Setup
CT Type: A Frequency Type: 60H=
Winding Selection: Two Winding Only Voltage Selection: Four Voltages
VT Config: Line te Ground VoltagePower Selaction: W2
Positive Power Flow: ouT
Phase Rotation: ABC Ezxpanded I'O: Dhzabled
Nominal Voltage: 69 (V) Nominal Current: 1.67 (A)
W.T. Ratio: 1135 1) V.T. VG Ratio: 1135 ¢:1)
C.T. W1 Phase Ratio: 1201(:1) C.T. W2 Phase Ratio: 1000 (:1)
C.T. W2 Ground Ratio: 32001 Demand Timing Method: 13 (Adinutes)
Current Summing 1: Current Summing 2
Transformer/CT Connection (Standard)
CTWL T CT W2 T
Transformer W1: Dab Transzformer W2: T
Sealin Time
Onutpot 1: 30 (Cyrcles) Cutput 2: 30 (Cyreles)
234 Output 3: 30 (Cyeles) Cratput 4: 30 (Cyeles) ﬂ
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Example:
PSigic x|

Mo |m | m | w || o |

Programmable = '
Ilr;tla;tlngIEutzpuutsl_3 Fi e e 7 s Disable |

Log|C FCs Mo rC12r13r14r 15016
—Initizting 87H/T Phase —‘

OR —

Tra e CcC Initiating Function Trip . orp | —

— Initiating Inputs AMD |—]
Frirrzrs3srfrar-srf-elf7KMsels | | gp
CworCrnrC2r1ar1ar- 50160170 18

OR

Initiate via Communication Point [

— Blocking Inputs
Frirzr3rsrsrerfC7rrears 4 op H —
CworrnrCe2rwar14C 5016170 18 oR — noT

Block via Communication Point [

4

Delay: [ 30 1 4] | | 65500 (Cycles)
ResetDropout Delay: I k)] 0 4] | | 65500 (Cycles) & Reset  Dropout

— Outputs
1 T2 I3 T4 s e 7 [Ce )

WS F0rHnr2r3rerisr s >I"] Reset Latched Outputs
—Profile Switch
C# C# C#l (C#4 NotActvated > Activated

- Cancel |
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Transformer Protection

Example:

Programmable
Logic

IPSlogic

E|

#1 | w2z | sz | w4 | w5 | we |
— Initiating Outputs Dizable |
F1 F2 F3 C4 s C6 7 8 |- orR =)
Fa Fo F3i Faz iz s 15 T e o /
— Initiating 87H/T Phaze OR
ra Te I'c —‘ Initiating Function Trip n]=} —
— Initiating [nput e
1 gppz Function Status ﬂ
I~ 10 11 —Functions
[~ 24DT #1 I~ 5046 I~ 50N #4 [~ 5aG #1 = T #2 WD —
™ 2407 #2 I~ 5047 [~ 50N #5 I~ BaG #2 ™ i #1
[ Blocking Inpul | [ 54 7 I~ 5049 [~ 50mM #E I | oo 82
Fi1rz | roz [~ BOBF w1 I~ B0M 87 I =1#2 I~ | IPSlogic #1
F ol 11 | T seprwe [ BOBF w2 [ sOM #2 I s142 [~ IPSlagic #2
[~ 46T w2 [~ 50BF w3 [ =1 [ &1 4 [ IPSlogic #3 —
[ 46 DT w3 [~ S0BF w4 [~ 8514z I~ &wH [ IPSlogic #4
[ 4B 1T w3 [~ B50G w2 [~ B5143 =T [ IPSlogic #5
[T 46 DT wie [~ 506 w2 #z [ 5144 [ erGDw2f1 [ IPSlogic #E
[ 4B 1T w4 [~ B50G w3 [ B1G w2 [T ereDwzdz [ BMwi
Reset/Dro | [ 49 [~ 506 w3 H#2 [~ 516G w3 [T ereDwatl [ BMw2
[~ 501 [~ 50G w4 #1 [ B1G w4 [T greDwadz [ BMwW3
— Outputs [~ 5042 [~ 500G w4 42 I~ 51M #1 [T efGDwa il [ BMwi4
1 I 2 | so#s [~ s50M #1 I~ 51M #2 ™ B7GD w4 #2
a3 1| T soud [~ BOM #2 [ 51N #3 I~ TF
JEE—— [~ 5045 [ Gon #3 [ 51m #4 [~ TCH #1
rofile Switch
LA
Save LCancel |
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Graphic Metering and Monitoring

* Metering of all measured inputs
- Measured and calculated quantities
* |nstrumentation grade

= Commissioning and Analysis Tools
Advanced metering

Event logs

Vector meters

R-X Graphics

Oscillograph recording
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Transformer Protection

File Communication W Relay Tocls Windows Help
‘[ save | B SecondaryN|  Primary Metering & Status
Secondary Metering & 5Status
Metering II

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

238

Primary Metering

And

Component Metering

E Primary Metering % Status
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ELECTRIC

2 IPScom M-3300 Seres (5-3300) (c\users\whartmann'documents\conference :
File  Communication W Relay Tools Windows Help Secondary Meterlng,

Components Metering,
and Status

Prirnary Metering & Status
Secondary Metering & Status
Metering II

i Secondary N

[l Save

Phasor Diagram
Phasor Diagram (87T)
Pickup/Timeout Status
&7T Dual Slope

Secondary Metering & Status
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Transformer Protection

ELECTRIC

Event Log Trigger

Event Trigger Setup

™ F24DT #1
™ F24DT #2
™ F241T

I~ F255

I F25D

™ F27

DR
™ Fazs3
™ F40#1
™ F40 42
™ FaovC #1
™ F40vC 82
[~ F46DT
™ FaBIT

[~ F43#1
™ F4g 82

Elements
trigger on
trip, drop out,
pick up

DR

I™ FB4F #t2
I~ Fe4s
™ FE7ZNDT
™ FEZNIT
™ F78

™ Fe1#1
I~ FE182
™ F8143

EEEREENWE
EEEEEEEE

DR

™ FE1R M1
[ F81R #2
™ FB7 #1

™ Fa7 #2

[~ F87GD

™ FBM

I FIG

™ IPsL

/= 110  triggers

™ Fe "
==on pick up,
r r drop out

I FE

I- FEIH!-ID

I F27 82 ™ F50#1

[~ 2743 ™ F50 #2
I r27IN® T [ T Fsoser

w0 m m o

™ Fazi I F5ODT #1

™ F3242 1 'FelDT 82 |
PURE i R 3 el 5 e i e
et oml . om om0 om o om - o mlom om

Mote: PU - Pickup TH —Tnp DR — Dop

FEEEREREREE N E I
EREREREERERE.]
Il EEEENEENE
EEEEEEEEREEE
B EEEEEER
EREEEE R
EENEEEEEE@NHE
HEEREREREENE § E B

o

Extended 10 »»

oom o omom
m w- om om ow -
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Sequence of Events Recorder (total 512 Events are
stored)

View Sequence of Events Record ﬂ
[ 0pen & Print | Print Preview Close
—#53
Mo | Event Summary | - - B
F24 IT: Pickup/Timeout/ em [ Value | Uni | <] [ 'MPuts PU TELE L
43 10/18/2006, 15:31:12.000 VB 180.0 v 1 Iz 1 I 2
F24 IT: Pickup/Timeout./ VG 0.0 v 3 [ 4 3 [ 4
44 10/18/2006, 15:33:17.000 1A W1 0.00 A s & s s
F24 1T: Pickup/Timeout,/ B W1 0.00 A r7 & 7 I &
45 10/18/2006, 15:33:44 000 IC W1 0.00 A s I 10 ~a 10
F24 1T: Pickup/Timeout./ |A W2 0.00 A 1112 -1 12
46 10/18/2006, 15:34:05.000 B W2 0.00 A
F24 |T: Pickup/Timeout/ IC W2 0.00 A 13 114 13 [ 4
47 10/18/2006. 15:34:12.000 1A W3 0.00 A 15 [ 16 1 16
F24 1T: Pickup/Timeout. - IB W3 0.00 A 17 [ 18 17 [ 18
48 10/18/2006, 15:35:48.000 IC W3 0.00 A
F24 |IT: Pickup/Timeout.” FRIEN 0.00 A —Outputs PU ——— ~Outputs DR ——
49 10/18/2006, 15:36:09.000 IE W4 0.00 A M1 2 i1 2
F24 1T: Pickup/Timeout./ I W4 0.00 A -3 I 4 a3 [ 4
50 10/18/2006, 15:36:14.000 IG W2 0.00 A s 6 5 6
F24 1T: Pickup,/Timeout./ IG W3 0.00 A 7 ra 7 8
51 10/18/2006, 15:36:48 000 IG W4 0.00 A
F24 IT: Pickup/Timeout/ V/HZ 145.9 o s [ 1o s I 10
52 10/18/2006, 15:54:23.000 Freq 60.02 Hz 1 I 12 N & O I
F24 1T: Pickup,/Timeout./ |A Flestr. 0.00 pu 13 [ 14 13 [ 14
23 101872006, 12:25:20000 IB Restr. 0.00 pu -l T 15 [ 16 15 [ 18
' F24 1T: Pickup/Timeout.” = = ——
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Transformer Protection

File
' |l Save

Communication

E' SECﬂﬁdﬂlﬁf

242

Monitar

Relay Tools

Windows  Help

Primary Metering & Status
Secondary Metering & Status
Metering II

Phasor Diagram

Phasor Diagram (B7T)

Pickup/Timeout Status .

87T Dual Slope

51#1is picked up

Function Status (Targets)

87T has tripped

Pickup [Timeout Status =_|EL[£|
—Function Pickup/Timeout I
@@ 24DT#H @&®50#4 @ 50N #5 ®® 55 a2 O® TCMi2
@@ 2UDT# |[@@50#5 ’goﬂm#s e S @@ CCMA
@O 24T @@ 505 oes5ia Y B ®® CCMa2
ee27 ® @ 50BF v @51 eefn @ @ |PSlogic #1
Y Yii7] ®@@®5BFVW2 [@@5113 eop 13 @ @ |PSlogic 2
oe27i @@ 50BF w3 (@@ 51G W2 Y. JE5 @ @ |PSlogic 23
@@46DTW2 |[@@5GW2#1 (@@ 51GW3 ®@gH @ @ IPSlogic #4
@@ 46 1T w2 OO GW2E2 |@@5INF T X7 @ @ |PSlogic #5
@@ 4DTW2 |(@@50GW3H [@@5INZ2 @@ 81GDW2#1 (@@ IPSlogic #6
@@ 46ITw3 eescw3is2 @@5INT3 e®8/GDW2#2 @@ BMWi
@@ 49 @ @ 50N #1 @@ 58 @@ 8GDW3# (@@ BMW2
ee s ®@® 50N 22 Y L7 @@ 8IGDWIR (@@ BMW3
ees0n @@ 50N #3 eesssn eeTF
@501 @@ 50N #4 @®55GH @@ TCMi
—Inputs
1 3 4 5 [ 7 8 3
10 1 12 13 14 15 16 17 18
—Outputs
"i‘m‘i“ﬁ“i“%@ﬁmw| 2 3 4 5 6 | 7 | 8
9 [ 10 1 12 13 w4 [ 158 | 1
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B ey g Differential Plot

File  Communication Relay Toocls Windows Help
[ Save | _ﬂ Secondary Prirmary Metering & Status
Secondary Metering & Status
Metering II
Phasor Diagram
Phasor Diagram (87T)
Pickup/Timeout Status
87T Dual Slope
40
36
30
T 25
g 20
2 15
=
1.0
05
0
0 05 1.0 15 20 25 30 35 40 45 ho
Restraint Current (PLI)
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Retrieve
File Communication Monitor | Relay | Teocls Windows Help Target Log

. | Save | & Secondary Metering | Setup
Demand Status

Targets
Through Fault Clear

Sequence of Events Reset LED
Oscillograph
Profile

Write File to Relay

Read Data from Relay

View Targets il
| save | &4 Print | [ Print Preview | Comment Close |
Target #1
No. |D’a‘te | Phase a Phase b Phase c Meutral
Function | Picked Up | Operated |
Downlead x|
Diownloading targst record 4 from the relay.
| ]
rpGTs
CFLlC1 T2 '3 4 Cs5 e T 7
Fe e 100011 12 013 14
—Outputs
1 C2 Ira@rCa4a 05 Ce 7 Ca
s Eio 011200130 14 15 0 16
M7 e e D20 021 22 [0 23
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