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Drew Welton

Vice President of Sales, Creative Technical Solutions
Beckwith Electric Company
dwelton@beckwithelectric.com
727-317-8899
Drew Welton is the Vice President of Sales & Creative Technical Solutions for Beckwith
Electric and provides strategic leadership to the sales management team as well as creative

technical solutions to our customers. Mr. Welton joined Beckwith Electric in 2016 as Director of
Sales to provide strategic sales leadership and to further develop and execute sales channels.

» North American Regional Manager for OMICRON starting in 1997.

» Regional Sales Manager with Beckwith Electric. He also served as National
Sales Director for Substation Automation with AREVA T&D.

» Wiritten numerous articles on substation maintenance testing, and has
conducted numerous training sessions for substation technicians and
engineers at utilities and universities across North America.

» 20 year Senior Member of IEEE-PES, has been a contributor on a number of
PSRC working groups, and presented at a number of industry conferences
specific to power system protection and control.

» Graduate of Fort Lewis College, Durango, CO, with a Bachelor’s degree in
Business Administration.

:Ei::’:::D-co INC. Presenter Contact Info
Wayne Hartmann
Senior VP, Customer Excellence
Beckwith Electric Company
whartmann@beckwithelectric.com
904-238-3844

Wayne is the top strategist for delivering innovative technology messages to the
Electric Power Industry through technical forums and industry standard
development.

» Before joining Beckwith Electric, performed in Application, Sales and Marketing Management
capacities at PowerSecure, General Electric, Siemens Power T&D and Alstom T&D.

» Provides training and mentoring to Beckwith Electric personnel in Sales, Marketing, Creative
Technical Solutions and Engineering.

» Key contributor to product ideation and holds a leadership role in the development of course
structure and presentation materials for annual and regional Protection & Control Seminars.

» Senior Member of IEEE, serving as a Main Committee Member of the Power System Relaying
and Control Committee for over 25 years.

= 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.”
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M-3311A Typical Connection

Diagram 1 H
Two Winding Model cr —)_> I n I n
This function is available as a 2
standard protective function.
O This function is available in the Optional [A]
Voltage Protection Package Ve VI VI
M-3311A I 53{3‘:zg I X I I
Winding 1 |
Targets wi1)” |
(Optional) e e s wi)
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Normal Operation - No Targets

Display dark if there are no active targets

TARGETS

OUTPUTS
wra  ouws

» Power supply fail contact = energized l P”S@
= Note: On relays with 2 power supplies installed, both ALARMS
must be powered up to energize this contact. sa%
TES
+ Diagnostic Contact = coils energized, “OK” state {

EreeTmioa]_Jco.me.
Tripped

Target, Time, Outputs, Function, Phase

TARGETS

*One or more “OUTPUT” LEDs illuminated
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Trip Cleared and Target Present

Target, Time, Outputs, Function, Phase

TARGETS

TME 00 DIAG P81
o O

M-33IA
TRANSFORMER PROTECTION
Integrated Protection Systems™) |/

iraaa

BECKWITH !
00, me.
-mmc:D' OUTPUTS
Made in USA. T out 3 ot 8
& oot (s s

+All “OUTPUT” LEDs Extinguished
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Relay failed internal self diagnostics

Relay “OK” LED Relay uSystem Haltyr SC!-Diagnostic
Extinguished Dlag"('JStll(C LED Error Code x  CONtact Operates
Blinks

(on relay rear)

«If the “Relay OK LED” is extinguished, the relay is not in service.

*Contact the factory if a “System Halt” message is displayed or the “Relay OK” LED is
extinguished.

*Resetting the relay may temporarily remove the error but may result in a false trip
or no trip operation.

*Do not press any HMI buttons while the relay is in diagnostic mode.
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Other front panel indicators

= Breaker Closed: Normally “ON” when Input 1 is Open
= PS 1 and PS2: “ON” when the associated power supply is on

TARGETS

OUTPUTS

——— = Time Sync: “ON” when IRIG-B signal is applied. No setting required.
= Target: “ON” when most recent event is not reset

BECKWITH
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Front panel controls

Target Reset Button:

» Button Released: Target module and HMI display the most recent event
information.

* Button Pr d and Rel d: LED test then targets are reset IF ALL
TRIPPED FUNCTIONS ARE RESET.

» Button Pressed and Held: Target module displays functions that are
currently picked up.

Note: Output LED’s always display real time status of output contacts.
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Front Panel Controls:
HMI Operation

» Access by pressing any button after the Power On Self Test terminates.
» The selected menu item appears in capital letters.

* Press the RIGHT and LEFT arrows to move between menu items.

* Press ENTER to move into a submenu or item

* Press EXIT move out of a submenu.

* The uP and DOWN arrows are used to change values.

s Imco.me
HMI Operation

VOLTAGE RELAY BREAKER MONITORING STATUS COMMUNICATION
VAT ur wihe = ips BAKR thi tm = conly sys STAT dmd = targets asc e COMM__ —
203 Winding Votige Stats + GOM Setp
+ 37 Prasa Undsrechage Cummars Seaun + COMZ e
+ 50 Phasa Ovenhage Froqusccy Giats - COMS3 Setg
+ 536 Geund Overvoage VoA Gt -
et + lbagonts T Distay
+ 7T Prasn Underectige e 2 ot
+ B0 Goeurd Brervellags Trg, ol gt e So
Tier Sais + Esher IP Addras

CURRENT RELAY
¥oil CURR imq whe -

TRI® CIRCUIT MONITORING

ips brkr thi TCM i DEMAND B TH Farmaan Visson
 Tos Cicus Mersterng confiy sys s DD — + Sorial Prurrboer
Domand St e oo
. et
[ Dernare irderval * User Legoing 1
CONFIGURE RELAY Dumand Sanus * UsarLegs Ling 2
CONFIG wys stal dmd —+ Claar Masimn + Clews uigad Courers
* Giewe Alarm Couriee
Date & Time
VIEW TARGET HISTORY | b

e rec comm_—+
FREQUENGY RELAY
ol cur FRED whe —

Barhua LED Teal
Target LED et
Bution Tast
Dipey Teat
SOM Lovpliack Test
VOLTS PER HERTZ RELAY COMD Lomplack Tast
ol curr bwg VHZ —+ O3 Ech Tt
AT ——r— 1 Wisding 4 Winding * ClockTast
. . . . *  Flash Ry DK LED)
24 irvarne Tima WoRwMerz . . D
et Copy Actve Prefie Faciory Lise Oty
Humber of FAT Windiogs  + hiominal Vollags
PS5 LOGIC + Windng Summing * VT Configuration.
PS5 beke thiN km . « XEWET Connacton = b ol Winlogss
- Pl * Fntay Siodin Tese + Custom XPMCT Connecson
V. T.a Rab * Ry Seakn Tima
v Ta Rt Actha
Hominal Viltags VTx Rt
Fmial Cumert V.1, Ground Rato
VT, Contigueation WICT. Ratio
Wb W2CT. Ratio
Prase Volaos ton W2 C.T. Ground Rata
Optien WICT, Rate
W1 ET. Rabes W3, Ground Rt
WECT. Rato W4 CT. Ratio
W2C.T. Greued Ratis WAET, Ground Fiata
WIET. Rats
WICT. Grourd Ratio
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= IPSCom (New File)

Comerurication Monikor  Relay  Tocls  Windows  Help
j msezmliwmam
m

Cennect/Communication

Targats
Through Fault Disglay 0 Mag
Soquence of Events

Writs File to Relay

PC Software Womms| | s

See Annex for Detailed Views Swiching Wsthod Kl

Sulwct Profile
Copy Active Profile

EreeTmioa]_Jco.me.
Working Offline

*Used to create, view, or modify relay setting files

Mew File x|

System Type

Unit Type: M-33'|1ﬂ 'I

Nominal Freguency: (& B0 Hz f* B0 Hz
C.T. Secondary Rating: ¢ 14 & 5A

0K Cancel

For a new Setting file:

*Select File\New

*Set Unit type, frequency, CT secondary rating
*For and Existing File:

*Select File\Open

*Pick the file to be opened
*To Save, use the Save or Save As commands
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Working Online

*Used to communicate directly with a relay via 232, 485, modem, or TCP/IP

Serial Port x|
—Device
Device Address: Iﬁ
Protocal: Im

Comm Access Code: I [ Save

Echo Cancel: [ | for Fiber Optic Loop)

—Comm

Comm Port: Im
Baud Rate: Im
DawBit [& |
Farity: Im
Stop Bit: m

Connect | Cancel I

* PC Port - Serial port on the PC

* The following must be set to

match the relay settings :
* Baud Rate-9600 standard
» Access Code-Defaults disabled
» Address-232/485 network
address

* For Modem or TCP/IP
communications, press the
appropriate buttons and set the
parameters

BECKWITH
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Periodic Maintenance:
General

All our relays incorporate self diagnostic hardware and
continuously run a number of self diagnostic routines.

We highly recommend the relay self test contact as well as
the power supply fail contact be connected as your

application dictates.

Our minimum recommended periodic maintenance focuses
on those components that cannot be checked by the

internal diagnostic routines:
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Periodic Maintenance:
Critical Checks

Each Maintenance Outage:
1) Relay Trip Test: Use the diagnostic feature to
force a trip. Verify the breaker opens.

2) Relay Diagnostics: Perform relay diagnostic
checks which check the operation of the status
inputs and outputs.

3) Breaker Position Sensing: Verify the breaker's
position contact is working correctly.

BECKWITH
Echrnch-‘m' s

Digital Relay Self-Diagnostics

What it covers: What it does not cover:
* Microprocessor hand-shaking < Relay contacts

« ADC * Internal CT PT circuits
* Power supply * Improper wiring

» Communication failures * Misapplied logic

+ Watchdogs * Incorrect settings

Firmware flash failures

» In all cases, relay failures covered by self-diagnostics
can alert operators through an alarm contact.

» The relay can then take itself out of service to avoid
W misoperations.
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Transformer Phase Differential
87T, 87THS

B ceTmen J=co. me.
Differential Protection

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

10
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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

BECKWITH
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Differential Relay Principle

I Operate |
: 'y int W-1 int W-2 I
I Restraint W- Restraint W- TAP W-2 :
| TAP W1 L J\, : /\, |

11
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Differential Relay Principle:
External Fault

Ti FORMER
= RANSFO re—-

l [ | = (P | X
e REAY _______T i oy I IS
I Operate= 0 I
: MTN Restraint W-1 T Restraint W-2 ‘fk I

estraint W- raint W-. |
| TAPW2 |
| TAPW-1 | /\/ /\/ |

BECKWITH
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Differential Relay Principle:
External Fault

_:_I ' TRANSFORMER _X_O'O[:j

T

12
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Transformer 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)

BECKWITH
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Typical Phase Differential Characteristic

L+L+1,=0

I, I
o : UNIT 2
I_? _FG— _éﬁ—
+
|j‘
+
| L
-~
1

I, =211

R AWl AW2 AW3
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Through Current: Perfect Replication

4 pu
P -
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N\ 2 Node Bus N\
]

1 (B
a2 {
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Through Current: Imperfect Replication

4 pu

N\ 2 Node Bus N\
|

— —
Ib =1 +1

D 1 2

TRIP

RESTRAIN

\

6 8 10

Ir = 1] + |12]
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Internal Fault: Perfect Replication

A — —
10| 1,=1,+1
8
6 TRIP

A RESTRAIN

(# 2 4 6 8 10=

Ir = 1] + |12]
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Internal Fault: Imperfect Replication

2 pu 2 pu
———- f—— A I
° A X AN 10| 1.=1 +1
i 2 Node Bus [ I
TRIP

RESTRAIN

4 6 8 10

A Ir = 1] + |12]
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Unique Issues Applying to
Transformer Differential Protection

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

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

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

= Inrush phenomena and its resultant current mismatch

BECKWITH
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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

16
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CT Performance:
200:5, C200, R=0.5, Offset = 0.5, 1000A

INPUT PARAMETERS: CALCULATED:
Inverse of sat. curve slope = = — ¥ At = Total burden resistance = Rw + Rb = 0.300  ohms
RMS vokage at 104 exc. current= Vs = volts rms < pf = Total burden power facto 0.848  —
Tumns ratio = n2" N= — Zb = Total burden impedance = 0943 ohms
Winding resistance = Rw = ohms. 7 Taul = System tims constant = 0.03z  seconds
Burden resistanc Rb ohms. € Lamsat = Peak fluc-inkages correspondingto Vs 0.750  Wh-turns
Burden reactance =  Xb= ohms volts jog-log plot, @ = Radian freq = 37699  radls
System X/R ratio = XoverR = — ms equal RP = Rms-to-peak ratio = 0.34584
Per unit offset in primary curren off= A<Dzl decade A = Coefficient in instantansous is
Per unt remansnce (based on Vs)=  irsm — spacing Versus lambda curve: i = A 1S 161E+04  —
Symmetrical primary fault current=  Ip = amps rms. dt=Time step = 0.000083  seconds
I, ampsms 10 Lb = Burden inductance = 000133 henries

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 ane-cycle window.

o] Al Al AL ALl AL N

AWAWAWAWA WA
VAAVAVAVAVA \

40
-0017 0.000 0017 0033 0.050 0.067 0.083 0100 o117 0133 0150

http://www.pes-psrc.org/Reports/CT_SAT%2010-01-03.zip
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CT Performance:
200:5, C200, R=0.5, Offset = 0.5, 2000A

INPUT PARAMETERS: Saturation Curve CALCULATED:
Inverse of sat. curve slope = = 22 — ) Rt = Total burden resistance = Rw + Rb = 0.800 ohms
RMS voltage at 104 exc. current = Vs = 200 |votts rms. < | slope pf = Total burden power factor = 0848 —
Turns ratio = 2= N= 40 —_ \ o [ Zb = Total burden impedance = 0943 ohms
Winding resistance = Rw= | 0300 |ohms v ks | Tau1 = System time constant = 0032  seconds
Burden resistance = Rb= | 0.500 |ohms M 1 Lamsat = Peak flux-inkages correspondingtoVs 0750 Wo-tums
Burden reactance = Xb 0500 |ohms volts log-log plot, | @ = Radian freg = 37699  radis
SystemX/Rratio = XoverR=| 120 |— ms equal | RP= Rms-to-peak ratio = 0.34584
Per unit offset in primary current = Off = 050 | -1<0ff<1 decade ! A= Coefficient in instantaneous ie
Per unit remanence (based on Vs)=  Arem 050 | — spacing H versus lambda curve: ie = A * PS 1616404 —
Symmetrical primary fault current = lp= | 2,000 |amps rms. dt = Time step = 0.000083  seconds
I, ampsrms 10 Lb = Burden inductance = 000133 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.

AL Al Al Al Al A
i AWA WA WAWAWA
21 VARVERAVEAVEVE

-0.017 0.000 o7 0.033 0.050 0.087 0.083 0.100 on7 0133 0.150

http://www.pes-psrc.org/Reports/CT_SAT%2010-01-03.zip
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CT Performance:
200:5, C200, R=0.5, Offset = 0.75, 2000A

INPUT PARAMETERS: Saturation Curve CALCULATED:
Inverse of sal, curve slope = 5= — Ri= Total burden resistance = Rw + Ro = 0500  ohms
RIS voktage at 104 exc. current= Vs = votts rms pf= Total burden power factor = 0848 —
Tums rafio = n2it= M= Zb= Total burden impedance = 0843 ohms
Vinding resistance = Rwi = ohms Taul = System time constant = 0032 seconds
Burden resistance = Rb= ohms Lamsat= Peak flux-linkages corresponding to s~ 0.750  Wo-turns
Burden reactance = Xb= ohms & = Radisn freq = 37693 radis
System R ratio = XoverR = RP- Rms-to-peak ratio = 0.24534
Per unit offset in primary current = Off = 1201 A= Cosfficient in instantaneous ie
Per untt remanence (based onvs)=  irem — versus lambda curve: e <A TFS:  161E<04  —
Symmetrical primary fauk current = Ip = amps rms dt=Time step = 0000083 seconds
I, ampsms 10 Lb = Burden inductance = 0.00132  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.

120

20 +
&0 - A
40 4
20 4

_ VAAVAAVAR VARV \J/ \\

-0017 0.000 0.017 0033 0.050 0.067 0.083 0.100 0117 0133 0.150

AWA

.

EERY

http://www.pes-psrc.org/Reports/CT_SAT%2010-01-03.zip
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CT Performance:
200:5, C200, R=0.75, Offset = 0.75, 2000A

INPUT PARAMETERS: Saturation Curve CALCULATED:
Inverse of sat. curve slope = S= ],’S Rt = Total burden resistance = Rw + Rb = 0.800 ohms
RMS voltage at 104 exc. current = Vs = volts rms. | slope otal burden power factor = 0848 —
Turns ratio = n2M=  N= — \\ o 1= s otal burden impedance = 0943 ohms
Winding resistance = Rw = ohms v ota. | Tau1 = Systemtime constant = 0032  seconds
Burden resistance = Rb= ohms M I Lamsat = Peak flux-inkages correspondingtoVs 0750 Wh-tums
Burden reactance = Xb= ohms volts log-log plot, | adian freq = 37699  radls
System X/R ratio = XoverR = — ms equal | RP= Rms-to-peak ratio = 0.34584
Per unit offset in primary current = Off = 1<0ffe1 decade ! A= Coefficient in instantaneous ie
Per unit remanence (based on Vs) = Arem — spacing 1 wversus lambda curve: i = A% PS 161E+04  —
Symmetrical primary fauft current = lp = amps rms dt = Time step = 0.000083  seconds
I, 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.

&0 A A A JAY

AWA\WAWA
g VAVAVEVEVAVA

-0.017 0.000 0.017 0.033 0.050 0.067 0.083 0.100 017 0133 0.150

bo
A

http://www.pes-psrc.org/Reports/CT_SAT%2010-01-03.zip
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CT Performance:
400:5, C400, R=0.5, Offset = 0.5, 2000A

INPUT PARAMETERS: Saturation Curve CALCULATED:
Inverse of sat. curve siope = = — 7 _ Rt = Total burden resistance = Rw + Rb = 0.300  ohms
RIS voltage at 104 exc. current= Vs = 400 |volts rms. < Sope pf = Total burden power factor = 0848 —
Turns ratio = n2A= - 80 | — \ =1s Zb = Total burden impedance = 0943 ohms
Winding resistance = Rw = [_0.300 Jjonms v miers Taut = System time constant = 0032 seconds
Burden resistance= Ro= | 0.500 |onms € eak flux-inkages correspondingto Vs 1501 Wh-turns
Burden reactance =  Xb= 0500 |ohms volts loo-log plot, @ = Radian fraq = 37699  radls
System X/R ratio = XoverR=| 120 |— ms RP = Rms-to-peak ratio = 034584
Per unit offset in primary current = Off= 0.50 -1=0ff<1 A = Coefficient in instantangous ie
Per unit remanence (based on Vs) = ‘hrem 0.50 — wversus lambda curve: ie = A*I'S 3.83E-03 —
Symmetrical primary fault current=  Ip = 2,000 |amps rms dt = Time step = 0000083 seconds
I, ampsmms 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.

w0 A A A FAY FAY

o A\WAWANAWA
VARV

-0.017 0.000 0017 0.033 0.050 0.067 0.083 0.100 017 0.133 0.150

http://www.pes-psrc.org/Reports/CT_SAT%2010-01-03.zip
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CT Performance:
400:5, C400, R=0.5, Offset = 0.5, 4000A

INPUT PARAMETERS: ENTER: Saturation Cure CALCULATED:
Inverss of sat. curveslope= S = 2 | — Rt = Total burden resistance = Rw + Ro = 0800 ohms
RIS voltage at 10A exc. cument= Vs = 400 |votts rms. otal burden power factor = 0848 —
Tums ratio = n2it= N= 80| — ofal burden impedance = 0843 ohms
Vinding resistance = Rw= | 0300 |ohms System time constant = 0032 seconds
Burden resistance=  Ro= | 0500 |ohms eak fux-nkages corresponding to Vs 1501 Wo-turns
Burdenreactance=  Xo= | 0500 |ohms & = Radian freq = 37699 radis
System R ratio = XoverR=| 120 | — RP= Rms-to-peak ratio = 0.34584
Per unit offset in primary current=  Off= | 060 | -1<0ff<1 : A= Cosfficient in instantaneaus ie
Per unit remanence (based on Vsj=  irem 050 | — spacing wversus lambda curve: ie = A% S 38303 —
Symmetrical primary feuk current= = |_4000 |amps rms dt = Time step = 0.000083  seconds
I, ampsms 10 Lb = Burden inductance = 0.00133  henries

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 | A A fa Ja A

: AWANA\WAWAWA'
3 VAVEAVEVAVAVAVE

-0017 0.000 0017 0.033 0.050 0.067 0083 0.100 0117 0133 0.150

http://www.pes-psrc.org/Reports/CT_SAT%2010-01-03.zip
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CT Performance:
400:5, C400, R=0.5, Offset = 0.5, 8000A

INPUT PARAMETERS:

ENTER:

Inverse of sat. curve slope = 5=

RMS voltage at 10A exc. curren Vs = 400 volts rms.
Turns ratio = n2/ = 80 —_
Winding resistance = Rw= | 0.300 |ohms
Burden resistanc: Ab= | 0.500 |ohms
Burden reactance = Xb= | 0.500 |ohms
SystemXRrato = XoverR=| 120 | —
Per unit offset in primary current=  Off= 050 | -1<0ff<1
Per unit remanence (based on Vs)=  irem 050 | —
Symmetrical primary fauk current= Ip = 8,000 |amps rms

IE

Saluration Curve

data

log-log plot,
squal

decade

spacing

ampsrms 10

CALCULATED:
Rt = Total burden resistance = Rw + Rb =
Total burden power factol
Total burden impedance =
= System time constant =
Lamsat = Peak flux-inkages corresponding to Vs
@ = Radian freq =
RP= Rms-to-peak ratio =
A= Coefficient in instantaneous ie
versus lambda curve: ie = A *PS
dt=Time step =
Lb = Burden inductance =

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

0.800
0.848
0.943
0.032
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3.83E-03
0.000083
0.00133

1%5 AL Al Al Al Al Al A
*] AVANNAWAWAWAWA
2 VARVIAVARVAAVER

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

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

INPUT PARAMETERS:

Inverse of sat. curve siope =

RIS voltage at 10A exc. current =

volts rms.

Turns ratio = n2/1=

Winding resistance =
Burden resistance =
Burden reactance =

ohms.
ohms
ohms

System XV ratio =

Per unit offset in primary current =
Per unit remanence (based on Vs) =

Symmetrical primary fault current =

-1=0ff=1

amps rms

Ie

Saturation Cunve

spacing

ampsrms 10

CALCULATED:

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

Zb = Total burden impedance =

Taut = Systemtime constant =
Lamsat = Peak flux-inkages corresponding to Vs

@ = Radian freq =

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

wersus lambda curve: ie = A P'S

dt = Time step =

Lb = Burden inductance =

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

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

0.800
0.848
0.943
0.032
1.501
376.99
034584

3.83E-03
0.000083
0.00133

250
200 7

100 4
50 +

A

Ay FAY FAY
AVWANINA

0
<] N/
-100
-150

Y,

VARV,

ﬁ"i\

[\
\

-200
-0.017 0.000 0.017

0.033

0.050

0.087 0.083

0.100 0117 0133 0.150

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

seconds.
Wo-turns.
radls

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

INPUT PARAMETERS: ENTER: Saturation Curve CALCULATED:
Inverse of sat. curve slope = S= 22 — 7 Rt = Total burden resistance = Rw + Rb =
RMS voltage at 104 exc. current= Vs = 400 |votts rms. pf = Total burden power factor =
Tums rafio = 12i1= M= 0| — Zb = Total burden impedance =
Vinding resistance = Rw= | 0300 |ohms Taul = System time constant =
Burden resistance=  Ro= | 0.500 |ohms Lamsat = Peak flux-inkages correspending fo Vs
Burden reactance = Xp= | 0.500 |ohms @ = Radien freq =
System 0 ratio = XoverR = 0| — RP= Rms-to-peak ratio =
Per unit offset in primary current=  Off = 75| -1<0fi<t A= Coefficient in instantancous e
Per unit remanence (based on Vs)=  irem 7 — spacing wversus lambda curve: ie = A% PS5
Symmetrical primary fauk current= = 8,000 Jlamps rms 4t =Time step -

I

2

ampsrms 10

Lb = Burden inductance =

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

0.300
0.848
0.943
0.032
1.501
376.99
0.34584

3.83E-03
0.000083
0.00133

250

200 7
150
100 +
50 <

0

WANWA

A,

AN A

/\

i
/\

2

=0
-100
-150 +

VAR VAR VAR

/X
J VO

A
VARV,

-200
-0.017 0.000 0.017

0.033 0.050 0.0

&7 0.083 0.1

00 0117 0.133

0.150

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

ohms.
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‘seconds
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seconds
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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

A

» 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

le
3pu
Spu
T
3pu
Te
(7).
/
8pu

21



BECKWITH
ELEchcD‘co' s

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

]

p—— (1 Sensrcer sids s . 2 bk sl Dl schenes €) Soures sice bus is & breaher and a hall schere
F.; 3 and tha kad sida bus s a single bus arangaments and the oad side bus ks a single bus amangements.
= Mot 1; CTs for the transformer differentinl only ane Mote 1: CTs for the bmnsformes differential only an
= shewm in this fire ssheram in his qures
"’?x::'mﬂﬁ“ Mot 2 Load Cutmants are gnored in this figare Mot 2 Load cuments ars gooned in ths igue
[ —
® This may be a differantial o cvercurent retay From IEEE C37.91
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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

22
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Classical Differential Compensation

PRI. (H) SEC. (X)
R sl =
o e st
& BCE 13 [ i
B
B e A

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

BECKWITH
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Bushing Nomenclature

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

23
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Angular Displacement

H,
Ha o Xz
Xz
A\ )
Hy Ha X3
Hy Ha

Xy X3

A= A CONNECTION Y - A CONNECTION
Hs Hz

Xe Xz

)\ )\ A * :
Hy Hy X X H Hs Xs

¥ - Y CONNECTION A - Y CONNECTION

ANST ANST
0* PHASE DISPLACEMENT -30° PHASE

DISPLACEMENT

= ANSIY-Y &A-A @ 0°
= ANSIY-A & A-Y @ H1 lead X1 by 30° or X1 lag H1 by 30°

BECKWITH
ELECTRIC

DCD.INC.
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

24
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UWye-Wye

DCD. INC.

Winding Types

[\1
[Frs ST e Tx o oy :
A HI I “Iql—.____.;)rl E’xl Gt - I—b =
-[--b- T : : | F' -I--u- o b :
A | Ial | iTI | a
| | R T i
| 1) = | X1 a
s >
B w | L i T _i""
= | |k = 5 ®
B L.]! ! b e
R
[ J | r fn
1 Iﬂd "xz_
C Iﬂ‘: Ill:r:: === :I:’KI LKJ
— 2 HiY ! 1 — IA_[a
lc I 101; ;TI ! I, ledeN\a
| ! e | Ig=1I,
H x
| A = | Lk
o owl | e [ =1, Ig. Ly
- L2 _ T <
Iy L
Industrial Power Distribution
BECKWITH
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U Delta-Delta

Winding Types

A FI'Ir_!_L‘lTTT__ o
— Tt v 0 7
Iy o
|| b
| ||2‘Jl H __.-_h
myp 1
— _:'ii.,@'" i b
% bed] ‘ —
B i 1 H l ——
y I
i lj ! :
e mj Hl‘::_::-::x_!_J ll 2 ol
T 1| | 3
. L 1.1
i 1 l Arta
| Ly !
i :;,.;:.i;':“ | ey I Iy
Bieesrra 88 e 2 ’

Industrial Power Distribution
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UDelta-Wye

Winding Types

o— —

I,=I,-1,=1, x/3/30°
. Ig=l,-1=I xy/3/30°

Ie=1, -I,=1, xv/3/30°

Industrial Power Distribution

. —
Iy
X0
... i
e
a
: I,
X3
—_—
IC
XI7 =
—
b Iy

b
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U Wye-Delta

D—co. INC.

]

g

E

e e e i s

Winding Types

______ il
lllql'___WP):l {’m i
e i s I
] 1 — ﬁ
Wil f |1 & e
| 1A fl
| 1 |
el
TH g £ A % :
e 18 e
| i | I
1 b
o 13 fitns ||
HZJ & |
mq::-___?:gfj L_x: e L=l -I=T,xv3 30°
I 1 —_— =
lcl : }IIC ll I I, =lg-1,=15 x y3 /-30°
I 1
! (2] -y ;
el I, =Io-Tg=Iox V3 /30° T,
Sebeructive | e
Polarity _J

Industrial Power Distribution
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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

BECKWITH
ELEcrmcD-co' e

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

27
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ELECTRIC
% i lI_”;In ;_u’ X1 a = Delta H|gh Side, Wye
i ,”T 3; 'f Low Side
B By 5T = k. X2 b = High Lead Low by
I_~I 1BL i? T I 300
© H} —»* L. X3 ¢ lta-W
3T = Delta-Wye
HV JL'? Lv = Delta (ab)
CD “c/l\.h [ ] Dy]_
= Dynl
L TA-IC
A __i X1 4 = Wye High Side,
. Sl Delta Low Side
n.3 = High Lead Low by
C H3 3 CIB_ w3 o 30°
HY E LV = Wye-Delta
= i . " = Delta (ac)
c-/-'-‘\r.. Q' - Yd].
= YNd1

BECKWITH
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Transformer Connection Bushing Nomenclature

IEC Connection
Description Symbol | Dascription Symbol Input Value Symbol

o A0 A L | Y-y ANsI }
moe A AT A A | A-aANSI

Yyo

o
g

VAJA AT 0 LA
AT LA D~ A A

Dd0

Y Da
vat ¥ Dac o e Y-A ANSI -
- I‘D
Yd11 Y Dab 0 1
Dab Y
Dab ¥ i A-Y ANSI
Dyt1 Dac Y DE:C \c;

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

Y Inverse

Y Inverse Dab
Dab 5

0

e BB Lo D% D 3 | B )%

| [ B [ | B >~ >~ | >
|G| ALY | TIA >

045 A3 Dac Invarse Y = |EC designations use “low
nverse Y 1 5 i 3
lags high by increments of
D410 Dac Dab ooy 30° phase shift
o . — = |EC uses various phase shifts
Z: Custom " 1

in 30 increments
= 30, 60, 90, 180, etc.
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Digital Relay Application

IR
2|__3

73
L?L
3

| H
M-3311A
_—
rm
4
rmy
"

3 awz  uws €
3wz 1w €

ER ER RP

Jicwz  1ewn £

3igwz  1ow £

All WYE CTs shown

oo 1D LN
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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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

BECKWITH
ELEcrmcD-co' e

Compensation: Base Model

1:1,Y-Y
1:1, 3y 1:1,3Y
IA, 1B, IC | Ia, Ib, Ic
IA, IB' IC _g Ia', Ib, Ic'
IA' = Ia'
IB' = Ib'
IC' =1I¢

30
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Compensation: Change in CT Ratio

1:1,Y-Y

4:1, 3Y % E 1.1, 3y
D, N,

IA, IB, IC | | Ia, Ib, Ic
IA', IB', IC' _3 & Ia', Ib', Ic'
IA=1a'/ 4
IB=1Ib'/4
IC=Ic"/4
Esormon] o Ne.
Compensation: Transformer Ratio
2:1,Y-Y
1:1, 3Y 1:1, 3Y
IA, IB, IC "l" "l" Ia, Ib, Ic
IA', 1B, IC' _% & Ia', Ib', Ic'
IAN=1a"/2
IB=1Ib"/2
IC=1Ic"/2
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Compensation: Delta — Wye Transformation

1:1,A-Y

1:1, 3Y % E 1:1,3Y
IA, 1B, IC . o

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

IA'=1Ia"'* 1.73
IB'=1b"*1.73
IC'=1c"*1.73

| | Ia, Ib, Ic
IAY, 1B, IC ; 2 Ia', Ib', Ic'

BECKWITH
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Standard Application
» Set winding types

* 6 choices of configuration for windings and CTs

~Transformer/CT Connection - - (* Standard C Custom
Transformer W1 Transformer W2 Transformer W3 Transformer W14
|Dac j IY LI ¥ - Y >
CT.wi CT. W2 cT. W3 CT.Wé
v = Gy = =]
W1 Zero Sequence Filter: Dab V2 Zero Sequence Filter: (& Di=x € Enzt
CT W3 Zero Sequence Filter: W4 Zero Sequence Filter: & Djsz CE
7—|Inverse Y
V.T.and C.T. Ratio Inverse Dab
vT. Rinverse Dac 10 4] | | ess0001)
~ Transformer/CT Connection - (% Standard (" Custom
Transformer W1 Transformer W2 Transformer W3 Transformer W4
|Dac =~ |y
cT.wi CT. W2
Winding L = Ir

W1 Zero Sequence Filter: (+
W3 Zero Sequence Filter:

o o)
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Custom Application:
Accommodates any CTs and Windings

Winding

1 a0

Transf /CT Phase C i € Standard ¢ Custom
Transformer /1 Transformer W2 Transformer W3 Transformer W4
om =l om = Jom =l o =
CT.wi 1 (020) CT.wW3 C.T. w4
oM = |2 fom >l fom ~1
W1ZeroSequemeFillef:’3 W2 Zero Sequence Filter: (% Disable (" Enable
W3 Zero Sequence Filter: |5 (inverse Dab) W4 Zero Sequence Filter: (& Diszble ( Enzble
— 6 (Ihverse Y)
V.T. and C.T. Ratio 7 (inverse Dac)
VT.Rg 10 4] | ] 655001
V.T. Ground R 10 10 4] | | es500(:1)

(S e R

BECKWITH
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Custom Application:
Accommodates any CTs and Windings

CT

[ Transformer/CT Phase Compensation — ( Standard (& Custom

W1 Zero Sequence Filter:

W2 Zero Sequence Filter:

Transformer W1 Transformer W2 Transformer W3 Transformer W4

[om =l fom =l Jom =] Jom ¥
cT.wi CT. w2 CT.wW3 CT.wé

[om =] [om =  Jom = [om =

7 " Disable " Enable
W3 Zero Sequence Filter: |2 W4 Zero Sequence Filter: (7 [szb Enable
-3
~V.T. and C.T. Ratio 4
v.raéwmn — X1 (Y) ] 65500(1)

\[T.erndﬂg v 1 65500(1)
CT.W1PhaseRg 14 2| 65500 (1)
CT.w2PhaseR 10 14 | 65500 (1)
CT.WaPhsse BT 14 | 2] 65500 (1)

C.T. waPhase R 12 02) 14 | 65500 (:1)
CT.W2 Ground R 15 T 2| es500(:1)
C.T. W3 Ground R 17 (inverse Dab) 65500 (:1)
C.T. W4 Ground R 12 r X1/\/3 (A) 65500 (:1)
19 (inverse Dac)
20
21
2 Save Cancel
B0
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Custom Application: Accommodates any CTs

H3

Legacy Application
Need to keep

Delta CTs on WYE
side of transformer

BECKWITH
ELEcrnch‘co' -

Custom Application: Accommodates any CTs

AAAAA

High Side . Low Side
T 3 ]
B — " L. .g“g. =y
T —

M-3311A =

I
[ FA=]
.

18-IC

H;

D
\H—L

» Legacy
Application

» Need to keep
Delta CTs on
WYE side of
transformer
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Core Construction and 3I, Current

L Unit transformer with Three-Legged Core

= With a 3 legged core, the zero-sequence current
contribution of the transformer case may contribute as
much as 20% to 25% zero-sequence current.
o This is true regardless of if there is delta winding involved
0 Use 3], restraint on wye CTs even on the delta CT winding!!!
0 Use 3], restraint on wye CTs with wye windings!!!

— Enable/Disable Windings for 87 Function
" More Than 2 Windings % Wfinding 1 and Winding 2 Only I Enable Al Windings LI
rTransformer/CT Phase C jon — jard % Custom
Transformer W1 Transformer W2 Transformer W3 Transformer W4
[ Dac) = om = Jom =l Jom =l
CT.wi CT. w2 CT. W3 C.T. w4
fom =l Jom =l Jom =l Jom =
W1 Zero Sequence Filter:  Disable f* Enable W2 Zero Sequence Filter:  Disable * Enable
W3 Zero Sequence Filter: % Diszble { Enzble W4 Zero Sequence Filter: % Diszble { Enable

BECKWITH
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Compensation: Zero-Sequence Elimination

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

T

Delta

Ground Fault

lo=0 Q 10
Py |
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QZig-Zag

Winding Types

= Provides Ground Source for

Ungrounded systems

A

£
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Winding Types
O Wye-Delta Ground Bank

* Provides Ground
Source for Ungrounded
Systems

i |

e cormen] Jco.me.
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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Classical Inrush Detection

= 2nd 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" 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)

BECKWITH
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Advanced Inrush Detection

= 4t 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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Inrush Oscillograph

Ele Edh et Yow Opoors Weder bob

sRa& L hedx

i 7|5 =1 01[30 [ | i o sooremnn =]

DC B0 120 180 M0 300 380 430 430 540 ENO
HAMMONICLME

Vi . Y T

2nd and 4th
Harmonics
During

s
o0
OC 60 120 100 M0 200 360 420 400 0 €00
HarmonicatHe
I — O E— 0 E—

Typical Transformer Inrush Waveform
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Inrush Oscillograph

A3A) 013 122 (\’: - IA3(A) 428 <27
021 008 1225 ctuall iz 00 oo \x\,
B3(A) -0.02 122¢ B3 227 227
Bl f
011 008 1228 221 000 000
3@ 015 1225 [ a0 < /'\_,\_\
0.06 008 -12.25 Q MY 450 0.0 ool /
A3(A) 050 221 A3 o027 0.80 ——
081 000 000 027 000 000
IB3(A) 158 172 IB3I(A) 0.1 0.£0
2nd 4th
158 000 000 041 000 000
3R 09 19 3@ 02 0%
08¢ 000 000 02 000 000 /\"W-wﬂ_

Typical Transformer Inrush Waveform
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ELECTRIC Transformer Protection

Overexcitation Restraint

» OQOverexcitation 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

¢ Current into transformer that does not come out

79
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Trip Characteristic — 87T
2.0
I_’-.
g 15 TRIP
! f 87T Pick Up Slope 2
- 1.0 with 5th Harmonic Restraint
s
R 87T Pick Up
I f— ¢ — — e —— RESTRAIN
- 05 Slope 2
Breakpoint
Slope 1
0.5 1.0 1.5 2.0
L=X1_./1+1II + 1
R AW AW2 AW
=D 5 %
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1.
2.
3.
4.
5.
6.

Testing the 87 Elements

Review setting calculations
Testing Minimum Pick-up, both windings of 87 element
Testing slope segment 1
Testing slope segment 2
Testing the high set

Testing 20% harmonic restraint

But first, a few scary stories!

BECKWITH
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oroN =

Testing Rules of the Road!!

Minimum 6 phase currents, essential for accurate slope tests

NEVER change tap settings for testing purposes

NEVER change logic of relay for testing

NEVER close the trip circuits before checking for a relay trip indication
ALWAYS try to verify the correct settings

“Thinking logically as to how a relay

responds in a faulted condition helps

to visualize a proper test sequence”
--Drew Welton

and be the hall:?
S

~

—
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DCD. INC.

Ao nh =

Today’s Transformer Model

Yg-Yg Connected (gr%lgx)
Y Connected CTs N
40 MVA 12005

. CTR = 240
Primary L-L Voltage || w
of 30KV (W1) Vaa1iA
Primary CT Ratio is 40 MVA w2
1200/5 (240:1) >_ |I
Secondary L-L
Voltage of 240K (W2) 250/5

CTR =50 ®|

Secondary CT Ratio 240KV
is 250/5 (50:1) (Secondary)

BECKWITH
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Test Set Connections

il
@ @ @) QGQ

Test Set with
Internally Commoned
Neutrals

SR TOE IR e

5 ® 6 6 86

Test Set with
Externally Commoned
Neutrals
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Relay Sy

T

System | Output Settings | Input Setings |

stems Settings for Today

3

[~ Settings
Mominal Voltage:
Nominal Current
Phase Rotation:

Demand Timing Interval: (&

Current Summing 1

69 60+ _| | 1a009
5.00 0s0 <] || 21 15008

e
 ACB & ABC
15 Minutes

wn w2
wn

[}

[

© 30Minstes ' 60 Minutes

w3

Current Summing 2: w2 2w
Voltage/Power Selection (s} (o}l
Positive Power Flow: (7 |- [alfe
Disable Winding for 87: Cw & € None
V.T. Phase Config:  [VA |
VT. Phase or GND Config: [VG = |
[~ Transformer/CT Connection ——(+ Standard € Custom
Transformer W1 Transformer W2 Transformer W3
[ =l = I =
CT.wil cT.w2 cT.wa
¥ = I = I =]

Wi Zero Sequence Filter
£ Dissble % Enable

V112 Zero Sequence Filter.
€ Disable ' Enable

V413 Zero Sequence Filter:
€ Dissble (% Enable

~V.T.and C.T. Ratio

V.T. Ratic:

V.T. VG Ratie:
C.T.W1 Phase Ratio:
C.T. W2 Phase Ratio:
C.T. W3 Phase Ratic:
C.T. W2 Ground Ratic:
C.T. W3 Ground Ratio;

10
10

10

10

240 1
1

1

1

1

50
1
240
1

] es500¢1)
] es500¢1)
| es500¢1)
| es500¢1)
] es500¢1)
| es500¢1)
| e5500 (1)

Save Cancel

BECKWITH
ELEchcD-co' RS

Setting Calculations for
Tap Winding 1 and 2 (Math Class!)

87 CT Tapwn

MVA x 10°

V3 X KVL-L x CTRwn

where WN is the winding number.

Translated for a Sales Guy!

Tap Winding 2 = (40MVA X1000) / (1.732 * 240KV * 50) =

87T CT Tap Settings For W1, W2, W3 and W4

Tap Winding 1 = (40MVA X1000 ) / (1.732 * 30kV * 240) =[3.2| Tap

1.94

Tap
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Ercormea] Jco.inc.
Settings for the 87 Element

Differential Current

FETT | a7 | CT.Tap |

Pickup:

Percent Slope #1:
Parcent Slope #2:

Slope Break Point:

ics Restraint (2nd and 4th)

[o3 o _| 2] 100(Pw) Disable
[ 54 _| 200

[ & 54 _| ] 200(z)

[ 30 104

%]

1 rlaory

¢ Dissble ¥ Enable { Enable wicross average
Restraint 20 541 _| 2500w

~5th Harmonic Restraint —— Dissble (" Ensble (" Ensble wicrass average
Restraint: 25 5L| LI 50 (%)
Pickup: [ 1.00 010 «| 200y
~Outputs Blocking Inputs
Fi1Tm2013 a5 6708 ’7l_1l_2l_3l_4l_5l_6l_'l_3l_€
s 0 12 3056 || Do 11 12 0 s 150 16 0 17 [0 78
Differential Current X
Saw Cancel
Fa7T  F87H |CT TED' —el
Fickup | 50 50 4| | | 2000 w
Time Delay [ 1 i | 8160 (Cycles)
Outputs Blocking Inputs
Fi1F2C3alC4aCsCelC7Ce f1rz2ras CT.T:
L‘ (1Y kN nk7A nREY nk 7Y kA k> (F‘:I‘“F‘FETTIWH =
Winding 1 C.T. Tap: 320 100 4| | 10000
Vinding2C.T.Tap: | 134 100 4]_| 1 10000
Vinding3C.T.Tap: [ 5.00 100 4| 1 10000

3.200 A
3.200 A
3.200 A
1.940 A

Analog Qutputs

0.00*°
-120.00 ®
120.00°
-180.00 ®

|22) Secondary Metering & Status

W1 Currents (&) — W2 Currents (&) ——
Phase A Phase A
Phase B Phase B
Phase C Phase C
Ground m
Pos. Seq. Pos. Seq. ]
Neg. Seq. ENEENN || Neo Seq
Zero Seq. m Zero Seq. m
—Restr. Currents (pu) — [ Phase Differential (pu) —
Phase A 0.01
Phase B
Phase C

60.000 Hz
60.000 Hz
60.000 Hz
60.000 Hz
19404 -300.00° | 60.000 Hz
1.940 A -60.00 * | 60,000 Hz

o

Wiring Check

Apply tap setting currents on both

windings
* All 3 phases identical magnitude, 120°
apart

* Relay should not trip
+ Positive Sequence (l,) Currents for
both windings
* No I, or Igshould be observed

Differential Current should NOT be
observed
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Testing Minimum Pick Up

Minimum Pickup = 0.3A

(Tap W1) 3.2 X .3 = .96 Amps
Analog Outputs
Set Mode Direct v
Y 960.0 mA 0.00° | 60.000 Hz
(LR 960.0 mA | -120.00° | 60.000 Hz
iAW 960.0 mA 120,00 % | 60.000 Hz Wlndlng 1 Tap =32
I5ecA 0.0004A | -180.00° | 60.000 Hz
| SecB 0.000A | -300.00° 60,000 Hz
| SecC 0.000 A -60.00 | 60.000 Hz

Winding 2 Tap = 1.94

Esormon] o Ne.
Testing the 25% Slope, First Quiz:

When verifying the slope, the initials P.U. refer to:
1) Something really smelly
2) Pick up

3) Perunite——
4) None of the above, or we started too early and I'm still asleep!

How do we convert to per unit values?

Tap setting of 3.2 Amps = 1 P.U. W1
Tap setting of 1.94 Amps = 1 P.U. W2

How do we use this information to verify a 25% Slope?
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Verifying the 25% Slope

Start with balance currents, same as meter check

Ramp the wdg 1- 3 phase currents up in 100mA increments
Record the values at the point of tripping

View the 87 Dual Slope graphic in the IPScom Monitor menu
Analog Outputs ENES—. .' Tock_Windows =

1.
2.
3.
4.

D cecntal Currsnt [PL]
£

o
o 05 10 15 0 25 30 A5 40 45 50
Festrant Current (PU)

BECKWITH
ELECTBICDCO' b

25% Slope Math Equations

W1 Pick Up / W1 Nominal
« 41/32=1.28

1.28 — 1 (pu value of W2) = 0.28

1+1.28 =2.28 /2 = 1.14 (pu value of W[1+2])

0287114 = @25%
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25% Slope - Doubled Values

Analog OQutpu B EUAREERE D =1
40

35

30

25

20

Differential Current [PL]

Same out come, further \”’
up the slope! .

0 05 1.0 15 20 25 30 35 40 45 50
Restraint Current (PU)

Ersorioa]Jmco. .
60% Slope 2 Math Equations

W1pu = W1 actual value / W1 Nominal = 13/3.2 = 4.06 pu
W2pu = W2 actual value / W2 Nominal = 5.82/1.94 = 3 pu

13.00 A 0.00°°  60.000 Hz
13.00A | -120.00°  60.000 Hz
13.00 A 120,00 | 60.000 Hz
5.820A | -180,00°  60.000 Hz
5820 A | -300,00°  60.000 Hz
5.820 A -60.00 * | 60.000 Hz

Diff = W1pu — W2pu = 4.06 — 3 =1.06 pu
Restraint = (W1pu + W2pu)/2 = 3.53 pu
y=mx+b

Diff = m*Restraint + b .
b = Diff - m*Restraint = 1.06 — 0.60*3.53 =-1 ..

m = (y + b)/x = (1.06 + 1)/3.53 = 0.60

Slope 2 =m*100 = 0.60*100 = 60% . D

B5 10 15 26 25 38 35 40 45 &
Festemet Currers (FU)




BECKWITH
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Test the 87 High Set
(Unrestrained)

-Current at Primary Side [F] ——

A= 42,4994 -180.00°
B= 42499 A 60.00°
C= 42499 A -50.00%

~Current at Secondary Side [5] —

A= 15.685A 0.00°
= 15.685 A -120.00°
= 15.685A 120.00°

B
C

Current magnitudes are too high for most test sets to apply
both windings! We are set to only a pick up of 5X, some
are 10X, and this would double these values.

BECKWITH
ELEcTnch‘“‘ e

Test the 87 High Set
(Unrestrained)

87: Phase Differential Current X

FETT  FETH | CT.Tap |

Pickup: 5.0 5.0 <| | le[)_[)[pu] Disable |

Time Delay: 1 14 | 8160 (Cycles)
Outputs Elocking Inputs
FMikMVM2TC3alrC4arrsrCerC 708 Fi1rzrars4srsrCcelC7CeC s
I'al'\-:l'"l";l"zl"-'l"-:l"z 010 [0 11 [0 12 [0 13 [T 14 [T 15 [T 16 [0 17 [0 18

Ramp 3 phase currents as such:
W1 tap 3.2AX 5= 16
W2tap 1.94 X5=9.7

Add additional output contact Corresponding windings set to zero

for assessment
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Testing 20% Harmonic Restraint

Set W1 to 110%, of tap at 60 Hz to trip the 87 relay
Change 1 or all 3 phases to 120Hz, target should clear.
(4t is 240Hz, 5™ is 300Hz)

Analog Outputs

Direct ﬂ
3.520 A 0.00® | 120.00 Hz
3.520 A -120.00 ° | 120.00 Hz
3.520 A 120,00 ® | 120.00 Hz
0.000 A | -180.00 ° | 60.000 Hz
0.000 A | -300.00 ° | 60.000 Hz
0.000 A -60.00 © | £0.000 Hz

Analog Outputs

Binary Inputs / Trigger Binary Inputs / Trigger

Trip [ M| N3 ————— .
Star‘: oQd n/a Tl’lp O D n/a

BECKWITH
ELECTBICDCO' b

Overexcitation (V/Hz)
24

98
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Overexcitation

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

= Constant operational limits
0ANSI 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 5t 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 5t harmonic withstand limits

BECKWITH
ELEcrmcD-co' e

Overexcitation vs. Overvoltage

= Overvoltage protection reacts to dielectric limits.

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

« 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
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Causes of Overexcitation

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

= Transmission Systems
0 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)

BECKWITH
ELEcrnch‘co' -

System Control Issues:
Overvoltage and Overexcitation

10-20 MVAR

’\—)I— 10-20 MVAR

B N g B N

30-40 MVAR

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

10-20 MVAR

H B i [

/H|_ 10-20 MVAR

30-40 MVAR

Reactors OFF When They Should Be On

BECKWITH
ELEcrnch‘co' -

System Control Issues:
Overvoltage and Overexcitation

10-20 MVAR

ka \
§

00— Ferant Ffect 1
ot |

(] - ik [

10-20 MVAR

30-40 MVAR
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System Control Issues:
Overvoltage and Overexcitation

10-20 MVAR
Run-Away LTC
H BN \ [ |
B O (]
Ry
< \
B O i 0O B
10-20 MVAR
30-40 MVAR
oo 1D LN
System Control Issues:
Overvoltage and Overexcitation
B B B N
—4
Generation |l [ | ~ M [ D
» gl Load
B B B N
10-20 MVAR

Small Load Trasport (Load Rejection at Remote Area)

1996 WECC Load Rejection Event
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Overexcitation Event

A-WIRE soltware! Ducilla_

..ll.lﬂ

[ i u.ww' i mw«wmw 0

§ R

e :—.:M'mmr’jwﬂ\\v"ﬂﬂ\\'lﬁ\m#ﬁ\' W WWI T

. s 'WM“ "WM'

5 EhaT o0 \ B — W“MHW ‘WM\“ "W“”m
\\ W%WJMWNW” “IMMWIUIW’ lﬁ i

107

Overexcitation
Curves

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

108

130 . 5,
~ON N
N\
« >
N -
™

§ o N
4
]
>

1
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Overexcitation Curves

7 7’ e
150 / 1504 1504+ /
£ 404 1404 1404
§ 1304 1304 130+
f 1204 1204 120+
5
g tto 1104 1104
004 100+ 1004
. " ) : , : 4 ) N , . 1
+ t + } + 1 1 + + t t 1
0.01 0.1 1.0 10 100 1000  0.01 0.1 1.0 10 100 1000 0.0t 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

BECKWITH
ELECTBICDCO' e

Overexcitation Relay Curves

=D

1000

Limit Curve]

L Inverse Time Delay at Definite

Inverse Square Curve

Combined Protection
Curve

Tima in Minutes

\\'_\ - /Tlme Pickup #1 (A2}

~.

=
[y L

finite Time Delay (A1)

b
T AT
||

e
Definite Time Pickup U—ﬁ

Inverse Time Picl

i
|

Y

L
1

TN
|:|

T
105 110 ns

Al
L
[T
125

120

Parcentage Volts/Hz

130

135 140 145 150

This is how protection engineers enter the v/Hz curve into a protective device
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Overexcitation (24) / Percent, not volts!

24: Volts/Hz Overexcitation
De‘ﬁmteTlmetI‘\—
Fickup: [ 120 100 4| _| 2 2000 "4 Disable
TimeDelay: | 20 0 4| | | 8160 (Cycles)
—OQutputs —Blecking Inputs
MilTC2rC3r4rCs5rCelrC 708 Fi1C203C4Cs5 0607088
Mo Mol M3 406 e || 100 11 T2 7013 0 14 17015 0 1e 717 17 18
Definite Time #2
Pickup: 105 00 4f_| 2000 ;
Time Delay: 600 SDLl_I L|E1S{){Cycla) ﬂl
r—Outputs ~Blocking Inputs
FT1 W23 4arsCelC 78 (Il e e S S N i
Mo Mol M3 406 e || 100 11 T2 7013 0 14 17015 0 1e 717 17 18
4 5 erse Time |
PFickup: 107 100 4 P 150(%)
TimeDia: [ 1 1.4] 21 100 ﬂl
Reset Rate: 10 14 2| 999 (Seq)
Inverse Time Curves: (% 1 [alF-7) £ #3 (a7t
Outputs Blocking Input
IVIF‘I';I'EI'-I'EI'EI"I':- (l“l‘;l‘?l‘-l‘fl‘sl"l‘:—l‘s
Mo [C10 0110120 1300 14 [T 15 [0 16 CwoEnERE1EC 140150160170 18

Test Settings
Output 1=trip, Output 2=alarm

BECKWITH
ELEcTnch-°°' e

Testing Overexcitation Volts/Hz-(24)

Setting is in percentage, Vnom / F ., = 100%

—Voltage (V)
VA Nominal Voltage
Phase B _
Fhase C _
VG | 00|
Pos. 5o NI
"0 wou | . Neg Seo. [N
O samom Zero Seq. _
®
—Misc
0; Nominal Freqg=
Single Phase Voltage Freq (Hz) G
° Input ? WiHz (%) 100% V/Hz
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Def. Time Overexcitation Volts/Hz-(24)

69 X 1.05=72.45; Alarm Out-2 @ 600Cycles
69 X 1.20=82.8; Trip Out-1 @ 30 Cycles

Trip time validation for alarm setting

Analog Outputs

Start with pre-fault

Analog Outputs

Direct > Apply faulted value
73.00V 0.00° 60.000 Hz

I . ; b12.5 cy Validate trip time

BECKWITH
ELECTBICDCO' b

Def. Time Overexcitation Volts/Hz-(24)

69 X 1.05=72.45; Alarm Out-2 @ 600Cycles
69 X 1.20=82.8; Trip Out-1 @ 30 Cycles

Trip time validation for trip setting

Analog Outputs

Start with pre-fault

Direct v Apply faulted value
83.00V 0.00° 60.000 Hz

Binary Inputs / Trigger
Trip L J ;

41,59 cy Validate trip time
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Def. Time Overexcitation Volts/Hz-(24)

Testing with constant voltage, vary the frequency:

60 X 1.05=63Hz; Alarm Out-2 @ 600Cycles
60 X 1.20=72Hz; Trip Out-1 @ 30 Cycles

Rule of thumb when verifying a pick up value:

1. Time between each incremental state > time delay
2. Incremental state should be < tolerance of the element

BECKWITH

ELEcrnch-co' e

Questions???
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