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Introduction

* To maintain plant operation and process continuity, motor buses may require transfer from a present (old) source
to a new source:

 Power plants.
* Industrial facilities.

* Motor Bus Transfer (MBT) schemes and systems are employed to maintain process continuity in processes served
by large motors or aggregates of smaller and large motors.

* Larger motors, of both the synchronous and induction variety, may require comprehensive, integrated source
transfer strategies in order to avoid mechanical damage.

 The coast down period and resultant voltage and frequency decay may take seconds, and unsupervised source
transfer may cause damage

* During improper transfer, mechanical damage may occur in the motor, the coupling to the load or the load itself,
and is primarily caused by excessive shaft torque.

* The total mission of a MBT system is:
* Maintain process continuity.

e Effect source transfers so as not to cause any damage to the motors and connected loads.
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Why Transfer otor Load Sources?

= Plant Start Up and Shut Down

= Maintenance
MET

= For power supply security, transfer to onsite source when storm
approaches

=  Fault on present supply

Unplanned

" [nterruption on present supply
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Two-Breaker Configuration (Primary-Backup)
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Combined Cycle Plant Votor Bus

UTILITY TRANSMISSION SYSTEM

AN \ AN \AAN
GSU GSU #1 GSU #2
AN N MM
@ ST GT-1 GT-2

Ww UAT #1 UAT #2 ww
ST = Steam Turbine mm mm
GT = Gas Turbine
GSU = Gen. Step-Up Unit Transformer
UAT = Unit Auxiliary Transformer V, V,
N.0. = Normally Open . \l/ \l/ .

Aux. Bus #1 T 2 T Aux. Bus #2

N.O.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Typical Industrial Plant One-Line
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Three-Breaker Configuration (Main-Tie-Main)

Do not want to put “all eggs in one basket,” with both sides of a main-tie-main configuration in one box.

NORMAL SOURCE (Main 1) ALTERNATE SOURCE (Main 2)
ANAND/ ANANL/
NORMAL SOURCE ALTERNATE SOURCE
C Y Y Y )\ TRANSFORMER TRANSFORMER ¢~ Y~ Y Y
cr-m1 - cr-m2
+—3 MBTS MBTS ¥
VT-M1 VT-M2
o4 IN.C. N.C.J v&
VT-B1 R==< ==L VT-B2
BUS-TIE
STATION BUS SYSTEM BUS 1 . — BUS 2

| | |
e v v
! - CT-B2 |
CT-B1 N.O.
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The Core “Bus with Two Sources” Primary-backup
Topology in one MIBT System - Why?

 For applications requiring only a primary-backup topology, do not want to complicate the system with an
unnecessary configuration.

* Inthe core primary-backup topology, a motor bus transfer system must provide full 3-phase inputs for both
sources and the motor bus. For the requisite reliability of a critical process transfer, it is mandatory to
measure all three phases of all inputs.

*  With 40 years of experience in motor bus transfer, we have identified many other topologies other than
the primary-backup and main-tie-main. One could not possibly imagine getting these all-in-one box. To
name a couple, there are the double-option primary-backup and the double-option main-tie-main.
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Motor Bus Transfenr
Double-Option Main-Tie-Main
* Multiple Source Selection
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NMotor Bus Transfenr

Double-Option Main-Tie-Main
* Multiple Source Selection

e (B Racked for Maintenance
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Motor Bus Transfer
Double-Option Main-Tie-Main
 Multiple Source Selection

 Both Sources Fail

/ Both Sources Fail \

Source A Source B

for Transfer

|»"\ CB Needed A

Source Y

CB Needed
for Transfer

Source Z
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Motor Bus Transfenr
Double-Option Main-Tie-Main
e Multiple Source Selection

 Both Sources Fail

/ Both Sources Fail

Source Y Source Z
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Notor Bus Transfer Classification

* Automatic Initiate — Unplanned

*  Manual Initiate — Planned. But Keep Automatic Transfer Enabled!

Why? If an unforeseen event occurs while Manual Initiate is selected that requires an unplanned
transfer, the operator will not be able to react quickly enough to initiate the transfer!
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Notor Bus Transfer Classification

* Closed Transition
— Hot Parallel Transfer
* Open Transition - Methods
— Fast Transfer
— In-Phase Transfer
— Residual Voltage Transfer
— Fixed Time Transfer
e Open Transition - Modes
— Sequential

— Simultaneous
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Closed Transition — Hot Parallel Transfer

* New source connected to the motor bus before the old source is tripped. Transfers sources without
interruption.

e Voltages and phase angle between the motor bus and the new source must be evaluated prior to the
transfer to assure that:

— Motor bus and the new source are in synchronism.
— New source voltage is within acceptable limits.

 If atransferis initiated and the new source breaker is closed, while the old source breaker remains
closed, the transfer system must immediately trip the old source breaker. This allows parallel transfer
but prohibits inadvertent parallel operation.

* Also, if no transfer was initiated, trip provisions can be programmed to trip a new source breaker
that was inadvertently closed.
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Closed Transition — Hot Parallel Transfer

Source 1\)\lau ul,u Source 2

(Old Source) "y I '} (New Source)

Motor Bus
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Closed Transition — Hot Parallel Transfer

Source 1\)Juu Source 2

(Old Source) (New Source)
| Motor Bus |
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Closed Transition — Hot Parallel Transfer

Source lu.l.p u.l.p Source 2

(New Source) (Old Source)
| MotorBus |
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Closed Transition - Hot Parallel Transfenr

Advantages

 No disruption of plant process.

 Simple to implement with sync-check relay supervision across new source breaker.
* No transient torque on motors during the transfer.

Disadvantages

Will not work during transient (emergency) conditions. Do not want to connect “good” source to a
source that is having problems.

 Exposure to double-fed faults during parallel operation.

 The two sources may not be derived from the same primary source and might have a large standing
phase angle between them, preventing a hot parallel transfer.

e Design must ensure that a parallel condition is temporary, and breaker failure is a concern.
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Open Transition Motor Bus Transfer

e Old Source Breaker is tripped before the New Source Breaker is closed.

 Phase Angle and Slip Frequency between the Motor Bus and the New Source must rapidly be evaluated
prior to and during the transfer.
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Open Transition
Source 1u,Lu ul,u Source 2

(Old Source) Y l Y ¥ (New Source)

Motor Bus




MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Open Transition

Source 1 Source 2

(Old Source) (New Source)
* Motors are slowing down.
* Phase Angle to the New Source is MOtOr BUS

accelerating.

* Frequency Difference or Slip
Frequency to New Source is
increasing.

Open Transfer Time = The time from the Old Source Breaker trip to the New Source Breaker close.
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Open Transition

Source 1\,LLV \ALJ\J Source 2

(New Source) (Old Source)
Motor Bus
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Open Transition

Methods

* Fast Transfer

* In-Phase Transfer

e Residual Voltage Transfer
Modes

 Sequential Mode

e Simultaneous Mode
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Open Transition Motor Bus Transfer

 Fast Synchronous Methods ensure that the Motor Bus and the New Source are in synchronism at the point of
closure of the New Source Breaker:

— Fast Transfer.
— In-Phase Transfer.
 Slow Method that waits for the Motor Bus Voltage to decay below .30 per unit and ignores synchronism:
— Residual Voltage Transfer.
— Like a roulette wheel; round and round she goes and where she stops nobody knows.

e Modes:

— Sequential Mode ensures the Old Source Breaker is tripped before initiating the supervised close of the
New Source Breaker.

— Simultaneous Mode simultaneously trips the Old Source Breaker while initiating the supervised close of
the New Source Breaker.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Open Transition Methods:
Fast Transfer (Zone 1)

In-Phase Transfer (Zone 2)

Residual Voltage Transfer (Zone 3)

Fast Transfer Zone

Breaker closing
Initiated here to

Bus Transfer Zones Close at 0

)
%
<
‘o

Bus Voltage

.................

Phase Difference

Residual e

Transfer
Zone Sync Scope

180°

Transfer Zone
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Fast Transfer viethod

Fast Transfer Zone

* New Source Breaker is closed if the phase angle
between the Motor Bus and the New Source is within
or moves into the Phase Angle Limit

* This method requires high-speed sync-check
supervision

— Must be able to block high speed - 3ms response
— Must be able to close high speed - 3ms response

* Circuit breaker closing is also supervised by an Upper
and Lower Voltage Limit check on the new source

180°

Sync Scope
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Fast Transfer viethod

* Presently, the majority of fast transfer systems are NOT supervised by high-speed sync-check relays!
* In many cases, Fast Transfer cannot be correctly performed without a high-speed sync check relay.

« Some modern solid-state or microprocessor-based sync check elements have a minimum time delay
of 0.1 second or 100 milliseconds.

— By the time they respond to the phase angle of a decaying motor bus, the possibility of a
successful transfer is long gone.

— Worse yet, the contacts may be still closed and permit transfers at excessive angles and damage
critical motors.
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IN-Phase Transfer NViethod

Breaker closing Initiated here
«  Takes into account the decaying motor bus based on the delta frequency

00
frequency, and the increasing slip frequency & 20 20 /
between the Motor Bus and the New Source. .

%

<
* Sends a New Source Breaker close command ,
at an Advance Angle to compensate for the
breaker close time so the motors are
connected to the new source near zero In-Phase

degrees. Transfer Zone
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IN-Phase Transfer Viethod

Breaker closing Initiated here
based on the delta frequency

The speed of the voltage and frequency decay can o = -
Q&

be much faster and depends on the inertia of the
connected loads.

3
Ko

P
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IN-Phase Transfer NViethod

 The new source breaker will be closed by predicting movement through phase coincidence between
the motor bus and the new source during the In-Phase Transfer Enable Window.

* Due to the decaying motor bus frequency, slip frequency and rate-of-change of frequency between the
motor bus and the new source must be calculated to correctly compensate for the breaker closing time.

— High speed (quarter-cycle or less) response is recommended.

* Predicted phase coincidence is used with breaker closing time of the new source breaker to achieve a
breaker close at phase coincidence.

 Additional supervision:
— Upper and Lower Voltage Limit check on the new source.

— Slip (AF) Frequency Limit between the motor bus and the new source.
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Fast and In-Phase Transfer Methods

(aka: Synchronous Transfers)

Advantages

* No disruption of plant process.

*  Minimizes transient torque on motors during the transfer.
 Can be used during fault conditions.

 Can be used for planned transfers.

 Applicable when two sources are not in sync or within an acceptable small static phase angle
difference of each other.

* No concerns of exceeding fault ratings of circuit breakers or through fault rating of transformers due to
paralleling sources.

 Applicable for use where two sources may not be derived from the same primary source, or on a
single source.

Disadvantages

 None when performed correctly.
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Residual VVoltage Transfer NViethod

Fast Transfer Zone

e The new source breaker will be closed if the motor bus
voltage drops below the Residual Voltage Transfer Limit.

* IGNORES SYNCHRONISM.

* Since phase angle and slip frequency is unsupervised, this
method must prevent closure of the new source breaker
until the motor bus voltage drops below a predetermined
voltage limit (usually < 0.30 pu).

— This ensures compliance with the 1.33 pu V/Hz limit per
ANSI Standard C50.41.

* Voltage measurement must be accurate at frequencies
below nominal, and with a significant rate of change in
frequency and voltage decay.

180°

Sync Scope



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Residual VVoltage Transfer Method

Disadvantages

Very slow; cannot be used for planned transfers during unit startup.

Transfers must be completed before the bus voltage drops so low that the motor protection undervoltage
elements trip the motors.

If motors are held in with contactors, latching or dc-operated contactors must be used to ensure that the
contactors do not drop out.

Load Shedding may be necessary (causes process interruption):

— Motor bus frequency may have already decayed past the stall point of motors on the bus.
— The new source cannot re-accelerate all bus motors simultaneously.

— Properly sequenced motor restart is then required to prevent excessive voltage dip.

Motors may undergo high, damaging reconnection torques, which may exceed torques of a three-phase
bolted fault.

Fast and In-Phase Transfers avoid these issues!
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Open Transition Vodes: Sequential & Simultaneous

Transfer
Initiate
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Open Transition: Sequential Viode

* The old source breaker is tripped immediately.

Closure of the new source breaker is initiated on confirmation by the breaker status contact that the old source
breaker has opened.

Upon receipt of this confirmation, a Fast, In-Phase or Residual Voltage Transfer must be employed to supervise closure
of the new source breaker.

Transfer Sequential
Initiate
s

MBT SYSTEM

Transfer Timing Sequence

Supervised
Close
Status Command
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Open Transition: Simultaneous Viode

e Supervised closure of the new source breaker is permitted without waiting for the breaker status contact
confirmation that the old source breaker has opened.

e Simultaneous commands are issued for:
— Old source breaker trip.

— New source breaker close only if the phase angle between the motor bus and the new source is within the Fast
Transfer Phase Angle Limit immediately upon transfer initiate.

* Otherwise, closure of the new source breaker must Transfer Simultaneous
wait until permitted by the Fast, In-Phase or Residual Initiate
VOltage Transfer. > MBT SYSTEM

Transfer Timing Sequence

_>
Trip
Command

Supervised
Close
Command
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Fast Transfenr

Sequential Trip of Old and Close of New Sources (uses breaker auxiliary status contact)
Advantages

* Fast.

* Transient torques are reduced due to speed of transfer.

* Transfer of complete bus without interruption of process.

* Prevents parallel transfer operation.

* Prevents parallel transfer upon breaker failure.

Considerations

e Rapid supervision of the phase angle just prior to and just after old source interruption is mandatory and
possible with high-speed sync-check relays.

* Presently, the majority of fast transfer systems are NOT correctly supervised by high-speed sync-check relays.
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Fast Transfenr

Simultaneous Trip and Close of Old and New Sources

Advantages

e REALLY Fast - minimum dead time for bus.

e Least exposure to transient torque in motors with minimum interruption of process if system operates properly.
Considerations — Breaker Failure Scheme is a MUST !

* Rapid supervision of the phase angle just prior to and just after old source interruption is mandatory and
possible with high-speed sync-check relays.

* Failure of old source breaker to trip requires trip of new beaker just closed:
— Back feeds generator from new source.
— Exposes equipment to double-fed faults for which it was not designed.

* Presently, the majority of fast transfer systems are NOT correctly supervised by high-speed sync-check relays.
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Open Transition — Simultaneous Viode
Breaker Failure
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IEEE Std C37.96-2012 IEEE Guide for AC Votor Protection
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IEEE Guide for AC Motor Protection

IEEE Power and Energy Society

Sponsored by the
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Excerpts - IEEE Std C37.96-2012

IEEE Guide for AC Motor Protection

Clause 6.4 Motor bus transfer (MBT)
6.4.8 Events that occur or conditions that exist immediately prior to opening the initial source breaker (52-1)
6.4.9.1 Faults on the initial source

...will effect a dynamic change in the phase angle just prior to transfer. It is important that dynamic phase angle changes
be recognized by the MBT system.

6.4.9.2 Condition of the alternative source

...determine that the events that triggered the transfer (such as a fault on the initial source) have not also affected the
alternate source to the point where it is unsuitable to transfer and continue to supply the motor bus.

6.4.10 Effects of an out-of-step (OOS) generator trip

The 78 relay is typically programmed to trip when the generator’s internal EMF phase is between 120° to 240° relative to
the power system. This large internal power angle causes the phase angle across the startup breaker to move to higher-
than-expected values... the motor bus voltage will jump quickly to a new phase angle due to the out-of-step angle of the
generator internal voltage.
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Excerpts - IEEE Std C37.96-2012

6.4.11 System separation between incoming supply sources
6.4.11.1 Different supply voltages

This phase angle difference is caused by supplying the motor bus sources from different voltages... can resultin a
substantial voltage phase angle difference between the two sources... load flow characteristics... systems become
separated...

6.4.11.2 Abnormal system operation

The abnormal operation of the power system can cause a large standing angle between the two sources to the
motor bus... the loss of an autotransformer that ties the systems together... opening of breakers at a ring bus or
breaker-and-a-half substation...

6.4.11.3 Loading of the supply transformers

The reactive losses that result will cause a voltage phase angle shift between the two sources... loading of other
upstream transformers... can also affect a phase angle shift.

6.4.12 Supply source transformer winding phase shift

... there could be an inherent phase shift (30°), between the main and alternate source based on the transformer
configuration of the two sources.
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Takeawway

At transfer initiate, the initial phase angle may be nowhere near zero.

6.4.13.1 Transient effects upon disconnection of motor loads

... the characteristic of induction motors whereby they exhibit an essentially instantaneous phase shift upon
disconnect of motor... This effect is additive to conditions occurring due to other causes...

ANSI/NEMA STANDARD C50.41-2012
Polyphase Induction Motors for Power Generating Stations
clause 14.3 states, “test conditions should account for any phase angle difference between the
incoming and running power supplies.”
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Electromechanical Synchronism-Check Relay Test

* The purpose of this test was to determine the blocking characteristics of an E/M Relay set for 20° and minimum
time delay.

* With the initial phase angle at 0° and both inputs at 60Hz, increase the line frequency to create a slip frequency
(AF) and measure the blocking time and blocking angle.

* Tests were run for the following conditions:

« TEST DATA
A F (FREQUENCY) Tbhblock » Block
0.05 Hz 1600 Msec 27.18°
0.10 Hz 1000 Msec 40.32°
0.15 Hz B0O0D Msec 48,429
0.20 Hz 600 Msec 47 .34°
0.25 Hz 550 Msec 54,00°
0.30 Hz 500 Msec 60.48°
0.35 Hz 450 Msec 63.00°
0.40 Hz 420 Msec 68.22°
0.45 Hz 360 Msec 67.86°
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Industrial Redundant Incoming Source
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Industrial Redundant Incoming Source
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Fault at Generating Station

4 |
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MBT Angle During Generator 00S

MBT Angle During Generator OOS

——MBT Angle

MBT Start Angle

Rotor Angle
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				Generator Out of Step Swing Locus Plot

				Note: All values in Per Unit of the generator rating.

				Generator Voltage		1.05		PU

				System Voltage		1		PU		Angle = 0																						1

				Generator Reactance		0.25		PU

				Transformer Reactance		0.1		PU																																		XT+XS

				System Equivalent X		0.05		PU																								0.05i										0.15

																																										0.15i

																																										Voltage Across XT & XS		Gen Terminal Voltage

		Generator																						Gen Internal Voltage Phasor		Voltage Diff. VG-VS		Sum Z		Current		Voltage Across XS		Voltage at HV Bus

		Angle				Current		I Angle		Bus Voltage		VB Angle		VG Mag.		VG Angle		<VG-<VB		Relay Impedance		Z Angle		VG(CosΘ + iSinΘ)		VG(CosΘ + iSinΘ)-VS		Xtotal		I=[VG(CosΘ + iSinΘ)-VS]/Xtotal		Bus Voltage Step 1( IxXs)		Bus Voltage Step 2		Impedance Calc		Re(Z)		Im(Z)		I*(XT + XS)		VS + I*(XT + XS)

		0.1				0.13		-87.90		1.01		0.01		1.02		0.04		-0.03		8.04		87.91		1.04999840076165+0.0018325932362682i		0.0499984007616501+0.0018325932362682i		0.4i		0.0045814830906705-0.124996001904125i		0.00624980009520625+0.000229074154533525i		1.00624980009521+0.000229074154533525i		0.292840260703556+8.03952240139103i		0.293		8.040		0.0187494002856188+0.000687222463600575i		1.01874940028562+0.000687222463600575i

		5.0				0.26		-26.69		1.01		0.65		1.02		1.93		-1.28		3.93		27.34		1.04600443974187+0.0915134527831884i		0.04600443974187+0.0915134527831884i		0.4i		0.228783631957971-0.115011099354675i		0.00575055496773375+0.0114391815978985i		1.00575055496773+0.0114391815978985i		3.4891774483504+1.80403341027491i		3.489		1.804		0.0172516649032012+0.0343175447936956i		1.0172516649032+0.0343175447936956i

		10				0.46		-10.58		1.00		1.30		1.02		3.86		-2.56		2.17		11.88		1.03404816754228+0.182330434109186i		0.0340481675422799+0.182330434109186i		0.4i		0.455826085272965-0.0851204188556997i		0.00425602094278498+0.0227913042636483i		1.00425602094278+0.0227913042636483i		2.11989547691941+0.445866749963697i		2.120		0.446		0.012768062828355+0.0683739127909447i		1.01276806282836+0.0683739127909447i

		20				0.90		2.12		1.00		2.57		1.00		7.71		-5.13		1.11		0.45		0.98667735770963+0.359120859576749i		-0.0133226422903699+0.359120859576749i		0.4i		0.897802148941872+0.0333066057259247i		-0.00166533028629624+0.0448901074470936i		0.998334669713704+0.0448901074470936i		1.11230033908743+0.00873595436760767i		1.112		0.009		-0.0049959908588887+0.134670322341281i		0.995004009141111+0.134670322341281i

		30				1.33		9.80		0.99		3.80		0.99		11.52		-7.72		0.74		-6.00		0.909326906162679+0.524999597836619i		-0.090673093837321+0.524999597836619i		0.4i		1.31249899459155+0.226682734593302i		-0.0113341367296651+0.0656249497295775i		0.988665863270335+0.0656249497295775i		0.739836743466705-0.0777777863851445i		0.740		-0.078		-0.0340024101889953+0.196874849188732i		0.965997589811005+0.196874849188732i

		40				1.76		16.17		0.98		4.94		0.96		15.28		-10.33		0.56		-11.22		0.804347063270203+0.674926515858282i		-0.195652936729797+0.674926515858282i		0.4i		1.68731628964571+0.489132341824493i		-0.0244566170912247+0.0843658144822855i		0.975543382908775+0.0843658144822855i		0.546714044634389-0.108485710474892i		0.547		-0.108		-0.0733698512736739+0.253097443446856i		0.926630148726326+0.253097443446856i

		50				2.17		22.01		0.96		5.98		0.93		18.96		-12.97		0.44		-16.02		0.674927583061267+0.804346167780438i		-0.325072416938733+0.804346167780438i		0.4i		2.01086541945109+0.812681042346832i		-0.0406340521173416+0.100543270972555i		0.959365947882658+0.100543270972555i		0.427477148092079-0.122762717450158i		0.427		-0.123		-0.121902156352025+0.301629812917663i		0.878097843647975+0.301629812917663i

		60				2.56		27.58		0.95		6.89		0.89		22.53		-15.64		0.37		-20.69		0.525000804326455+0.909326209595091i		-0.474999195673545+0.909326209595091i		0.4i		2.27331552398773+1.18749798918386i		-0.059374899459193+0.113665776199387i		0.940625100540807+0.113665776199387i		0.34558768624102-0.130522535551087i		0.346		-0.131		-0.178124698377579+0.340997328598159i		0.821875301622421+0.340997328598159i

		70				2.94		33.01		0.93		7.64		0.84		25.97		-18.33		0.32		-25.37		0.359122168694916+0.986676881229038i		-0.640877831305084+0.986676881229038i		0.4i		2.46669220307259+1.60219457826271i		-0.0801097289131355+0.12333461015363i		0.919890271086864+0.12333461015363i		0.285114060322802-0.135190596973001i		0.285		-0.135		-0.240329186739407+0.370003830460888i		0.759670813260593+0.370003830460888i

		80				3.30		38.34		0.91		8.19		0.79		29.22		-21.02		0.28		-30.14		0.182331806078857+1.03404792562628i		-0.817668193921143+1.03404792562628i		0.4i		2.5851198140657+2.04417048480286i		-0.102208524240143+0.129255990703285i		0.897791475759857+0.129255990703285i		0.238008119259183-0.138203722661458i		0.238		-0.138		-0.306625572720429+0.387767972109855i		0.693374427279571+0.387767972109855i

		90				3.62		43.60		0.88		8.53		0.74		32.21		-23.68		0.24		-35.07		1.39313464151144E-06+1.04999999999908i		-0.999998606865358+1.04999999999908i		0.4i		2.6249999999977+2.4999965171634i		-0.12499982585817+0.131249999999885i		0.87500017414183+0.131249999999885i		0.199762452600055-0.140249689813559i		0.200		-0.140		-0.37499947757451+0.393749999999655i		0.62500052242549+0.393749999999655i

		100				3.93		48.83		0.86		8.62		0.68		34.86		-26.24		0.22		-40.20		-0.182329062139194+1.03404840945646i		-1.18232906213919+1.03404840945646i		0.4i		2.58512102364115+2.95582265534797i		-0.147791132767398+0.129256051182057i		0.852208867232602+0.129256051182057i		0.167650123318936-0.141690844701738i		0.168		-0.142		-0.443373398302196+0.387768153546173i		0.556626601697804+0.387768153546173i

		110				4.20		54.02		0.84		8.45		0.61		37.04		-28.59		0.20		-45.57		-0.359119550457951+0.986677834188485i		-1.35911955045795+0.986677834188485i		0.4i		2.46669458547121+3.39779887614488i		-0.169889943807244+0.123334729273561i		0.830110056192756+0.123334729273561i		0.139917631356705-0.142732401237199i		0.140		-0.143		-0.509669831421732+0.370004187820682i		0.490330168578268+0.370004187820682i

		120				4.44		59.19		0.82		7.99		0.55		38.54		-30.54		0.18		-51.20		-0.524998391345858+0.909327602728665i		-1.52499839134586+0.909327602728665i		0.4i		2.27331900682166+3.81249597836465i		-0.190624798918233+0.113665950341083i		0.809375201081767+0.113665950341083i		0.115378719207097-0.143497217788595i		0.115		-0.143		-0.571874396754697+0.340997851023249i		0.428125603245303+0.340997851023249i

		130				4.65		64.35		0.80		7.25		0.48		39.04		-31.80		0.17		-57.10		-0.674925448654109+0.804347958758552i		-1.67492544865411+0.804347958758552i		0.4i		2.01086989689638+4.18731362163528i		-0.209365681081764+0.100543494844819i		0.790634318918236+0.100543494844819i		0.0931942299823226-0.144062017271771i		0.093		-0.144		-0.628097043245292+0.301630484534457i		0.371902956754708+0.301630484534457i

		140				4.82		69.49		0.78		6.22		0.41		38.05		-31.83		0.16		-63.27		-0.804345272289258+0.674928650263063i		-1.80434527228926+0.674928650263063i		0.4i		1.68732162565766+4.51086318072315i		-0.225543159036158+0.084366081282883i		0.774456840963842+0.084366081282883i		0.0727452435713957-0.144476166137589i		0.073		-0.144		-0.676629477108472+0.253098243848649i		0.323370522891528+0.253098243848649i

		150				4.95		74.63		0.76		4.93		0.35		34.73		-29.80		0.15		-69.70		-0.909325513025903+0.525002010815367i		-1.9093255130259+0.525002010815367i		0.4i		1.31250502703842+4.77331378256475i		-0.238665689128237+0.065625251351921i		0.761334310871763+0.065625251351921i		0.0535559081838266-0.14477194327283i		0.054		-0.145		-0.715997067384712+0.196875754055763i		0.284002932615288+0.196875754055763i

		160				5.05		79.75		0.75		3.42		0.29		27.84		-24.42		0.15		-76.34		-0.986676404746708+0.35912347781245i		-1.98667640474671+0.35912347781245i		0.4i		0.897808694531125+4.96669101186678i		-0.248334550593339+0.0448904347265563i		0.751665449406661+0.0448904347265563i		0.0352440085153206-0.144970377744689i		0.035		-0.145		-0.745003651780017+0.134671304179669i		0.254996348219983+0.134671304179669i

		170				5.11		84.88		0.75		1.75		0.25		16.08		-14.33		0.15		-83.13		-1.03404768370846+0.182333178048208i		-2.03404768370846+0.182333178048208i		0.4i		0.45583294512052+5.08511920927115i		-0.254255960463558+0.022791647256026i		0.745744039536442+0.022791647256026i		0.0174874963390311-0.145084634639899i		0.017		-0.145		-0.762767881390673+0.068374941768078i		0.237232118609327+0.068374941768078i

		180				5.12		90.00		0.74		0.00		0.23		0.00		-0.00		0.15		-90.00		-1.0499999999963+2.78626928302042E-06i		-2.0499999999963+2.78626928302042E-06i		0.4i		6.96567320755105E-06+5.12499999999075i		-0.256249999999538+3.48283660377553E-07i		0.743750000000462+3.48283660377553E-07i		2.65201121525314E-07-0.145121951219504i		0.000		-0.145		-0.768749999998612+1.04485098113266E-06i		0.231250000001388+1.04485098113266E-06i

		190				5.11		95.12		0.75		-1.75		0.25		-16.08		14.33		0.15		-96.87		-1.03404865136882-0.182327690168881i		-2.03404865136882-0.182327690168881i		0.4i		-0.455819225422202+5.08512162842205i		-0.254256081421103-0.0227909612711101i		0.745743918578897-0.0227909612711101i		-0.0174869618842556-0.145084636920821i		-0.017		-0.145		-0.762768244263308-0.0683728838133303i		0.237231755736692-0.0683728838133303i

		200				5.05		100.25		0.75		-3.42		0.29		-27.84		24.42		0.15		-103.66		-0.986678310665603-0.359118241338519i		-1.9866783106656-0.359118241338519i		0.4i		-0.897795603346297+4.966695776664i		-0.2483347888332-0.0448897801673149i		0.7516652111668-0.0448897801673149i		-0.0352434616526063-0.144970382448511i		-0.035		-0.145		-0.7450043664996-0.134669340501945i		0.2549956335004-0.134669340501945i

		210				4.95		105.37		0.76		-4.93		0.35		-34.73		29.80		0.15		-110.30		-0.909328299293051-0.524997184854173i		-1.90932829929305-0.524997184854173i		0.4i		-1.31249296213543+4.77332074823263i		-0.238666037411632-0.0656246481067715i		0.761333962588368-0.0656246481067715i		-0.0535553397733185-0.144771950702659i		-0.054		-0.145		-0.715998112234894-0.196873944320314i		0.284001887765106-0.196873944320314i

		220				4.82		110.51		0.78		-6.22		0.41		-38.05		31.83		0.16		-116.73		-0.804348854245485-0.674924381448749i		-1.80434885424549-0.674924381448749i		0.4i		-1.68731095362187+4.51087213561372i		-0.225543606780686-0.0843655476810935i		0.774456393219314-0.0843655476810935i		-0.07274464304659-0.144476176800525i		-0.073		-0.144		-0.676630820342058-0.253096643043281i		0.323369179657942-0.253096643043281i

		230				4.65		115.65		0.80		-7.25		0.48		-39.04		31.80		0.17		-122.90		-0.674929717463671-0.804344376796661i		-1.67492971746367-0.804344376796661i		0.4i		-2.01086094199165+4.18732429365917i		-0.209366214682959-0.100543047099583i		0.790633785317041-0.100543047099583i		-0.0931935844986652-0.14406203195629i		-0.093		-0.144		-0.628098644048875-0.301629141298748i		0.371901355951125-0.301629141298748i

		240				4.44		120.81		0.82		-7.99		0.55		-38.54		30.54		0.18		-128.80		-0.525003217303355-0.909324816455114i		-1.52500321730335-0.909324816455114i		0.4i		-2.27331204113778+3.81250804325837i		-0.190625402162919-0.113665602056889i		0.809374597837081-0.113665602056889i		-0.115378012425032-0.143497237697928i		-0.115		-0.143		-0.571876206488755-0.340996806170667i		0.428123793511245-0.340996806170667i

		250				4.20		125.98		0.84		-8.45		0.61		-37.04		28.59		0.20		-134.43		-0.359124786929354-0.986675928262642i		-1.35912478692935-0.986675928262642i		0.4i		-2.46668982065661+3.39781196732337i		-0.169890598366169-0.123334491032831i		0.830109401633831-0.123334491032831i		-0.139916841595109-0.142732428220504i		-0.140		-0.143		-0.509671795098505-0.370003473098491i		0.490328204901495-0.370003473098491i

		260				3.93		131.17		0.86		-8.62		0.68		-34.86		26.24		0.22		-139.80		-0.182334550017237-1.03404744178882i		-1.18233455001724-1.03404744178882i		0.4i		-2.58511860447205+2.9558363750431i		-0.147791818752155-0.129255930223603i		0.852208181247845-0.129255930223603i		-0.167649220602572-0.141690881666882i		-0.168		-0.142		-0.443375456256465-0.387767790670808i		0.556624543743535-0.387767790670808i

		270				3.63		136.40		0.88		-8.53		0.74		-32.21		23.68		0.24		-144.93		-4.17940392499079E-06-1.04999999999168i		-1.00000417940392-1.04999999999168i		0.4i		-2.6249999999792+2.5000104485098i		-0.12500052242549-0.13124999999896i		0.87499947757451-0.13124999999896i		-0.199761393688261-0.140249741498472i		-0.200		-0.140		-0.37500156727647-0.39374999999688i		0.62499843272353-0.39374999999688i

		280				3.30		141.66		0.91		-8.19		0.79		-29.22		21.02		0.28		-149.86		0.182326318198247-1.03404889327936i		-0.817673681801753-1.03404889327936i		0.4i		-2.5851222331984+2.04418420450438i		-0.102209210225219-0.12925611165992i		0.897790789774781-0.12925611165992i		-0.23800683879054-0.138203797163468i		-0.238		-0.138		-0.306627630675657-0.38776833497976i		0.693372369324343-0.38776833497976i

		290				2.94		146.99		0.93		-7.64		0.84		-25.97		18.33		0.32		-154.63		0.359116932218457-0.986678787140985i		-0.640883067781543-0.986678787140985i		0.4i		-2.46669696785246+1.60220766945386i		-0.080110383472693-0.123334848392623i		0.919889616527307-0.123334848392623i		-0.285112453968868-0.135190709016615i		-0.285		-0.135		-0.240331150418079-0.370004545177869i		0.759668849581921-0.370004545177869i
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Fault at Generating Station
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Fault at Generating Station
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Petrochemical Plant

115 kV New
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Unit-Connected Generator NViotor Bus

* Intypical applications, a wye-wye or delta-delta Startup Transformer connection is used, resulting in a net phase shift
of 0° between the Unit Auxiliary and Startup Transformers.

* Inthis case Hot Parallel Transfers are possible and Open Transition Fast Transfers are permitted given sufficiently fast
sync check supervision and breaker speeds.

[ Wye-Wye Startup
Y 1 Transformer
A W* I 30deg
A CAALAL : Y CAANAY (I)
Y mm/l)& +30deg Y )\ Odeg
L] E;
G Motor Bus

% % ’T‘ Other

MOTOR BUS VT Load



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

uUnit-Connected Generator Viotor Bus

* Insome plants, a delta-wye Startup Transformer has been specified, creating a 30° phase shift between the Unit
Auxiliary and Startup Transformers.

* In this case Hot Parallel Transfers are NOT possible and Open Transition Fast Transfers are permitted given
sufficiently fast sync check supervision and breaker speeds.

C]
l ~r %1\ Delta-Wye Startup
Transformer
% ~Y Ii Y M]’w HI’:‘; \

C]
G Motor Bus

% % o Other

MOTOR BUS VT Load




MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Unit-Connected Generator NViotor Bus

Startup to Unit Aux Transfer * The Startup Transformer source leads the Unit Auxiliary

Fast Transfer Possibility with Hi-Speed Sync Check Transformer source by 30 deg

* Hot parallel transfers are NOT possible.

Fast Tanster Zone » After the Startup Transformer breaker opens, the Motor Bus
will begin rotating in the slow direct which moves the Bus
voltage towards the Unit Aux Transformer voltage.

A A '11;;»\
( * TN
Y [\ Y 2\
C]
@ Motor Bus
180" % F % Other

MOTOR BUS VT Load




MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

unit-Connected Generator Motor Bus

Unit Aux to Startup Transfer , .
 The Unit Auxiliary Transformer source lags the Startup

In-Phase Transfer Possibility Transformer source by 30°.

Fact Tmamsfzr Zons

e After the Unit Auxiliary Transformer breaker opens, the Motor
Bus will begin rotating in the slow direct which moves the Bus
voltage away from the Startup Transformer voltage.

u551|::""‘
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y ]
A SRR A
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C]
G Motor Bus
180" R % Other
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Transient Effects upon Disconnect of Viotor Loads

* Essentially instantaneous phase shift upon disconnect of Motor.

— Simulation based on 7,860 hp Induction Motor operating at full load supplied from 11,550 VAC
bus.

— Instantaneous phase shift of 9 to 10 degrees in the slow direction calculated upon disconnect.
— Effect is additive to conditions occurring due to other causes.

— Effect is followed by subsequent frequency decay, the speed of which is dependent on inertia and
loading of motor.

 Same effect occurs upon disconnect subsequent to a bus fault.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Phase Angle and IViotor Bus VVoltage Characteristics
High Inertia Motor/Load

6000 HP I.D. FAN
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Phase angle rate of change (caused by deceleration of the motors during transfer) and the rate of voltage decay
determined by the type of motors in use and the type of loads being driven.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Phase Angle and Viotor Bus VVoltage Characteristics

Low Inertia Motor/Load

960 HP Boiler Circulating Pump
(Operating at Full Load)
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

YOLTAGE MAGNITUDE (3) ———n

Effect of ViotorvLoad Inertia

(OPERATING AT 25% LOAD PRIOR TO TRANSFERD
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

NMotor & Load Characteristics: Effects on VIBT

 Motor Size: The larger the motor, the longer the time the voltage will take to decay on an induction motor.
 Loading: The higher the load on the motors, the faster the motor bus frequency will decay.

* Inertia: The higher the inertia of the aggregate motor loads on the motor bus, the more slowly the motor
bus frequency will decay during the disconnected coast down period. That has a direct impact on how fast
the phase angle changes.

Low inertia loads will cause the phase angle to change quickly, as the frequency of motor bus decays
quickly, and the slip frequency between the motor bus and the new source quickly increases.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

NMotor & Load Characteristics: Effects on VIBT

Mix of Synchronous and Induction Motors:
e Voltage will tend to decay much more rapidly on a motor bus with all induction motors.

— On a motor bus with a mix of synchronous and induction motors, the synchronous motors will
attempt to hold up the voltage during the transfer interval.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Transfer Initiate

NOTE: For each of the following, transfers may be bi-directional or may be programmed to only transfer in one direction.

* Protective Relay Initiate must come from ALL relay operations that would remove power from motor bus sources.
* External Initiate

e Auto Transfer Initiate on Bus Undervoltage
When enabled, this automatically initiates transfer whenever the motor bus voltage drops below an under voltage
limit for a set time delay. MUST be set to ride through normal bus voltage dips.

* Both Breakers Open: Auto Close Initiate or Block Transfer
If both breakers are detected in the open state, due to an external operation that opens the old source breaker while
leaving the new source breaker open, an Open Transition, Sequential Mode Transfer can be initiated to close the new
source breaker.

e Manual Initiate
— Local or Remote

— Selectable for Open Transition or Closed Transition Transfers



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Notor Bus Transfenr

Transfer Initiate... or Not And Why



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Industrial Redundant Incoming Source

Motor Bus Transfer Initiate Required i ﬁ
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Industrial Redundant Incoming Source
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Industrial Redundant Incoming Source
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Industrial Redundant Incoming Source

No Motor Bus Transfer Initiate Required
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Industrial Redundant Incoming Source

No Motor Bus Transfer Initiate Required
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Fault at Generating Station Ring Bus - VIBT Initiate Required
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Fault at Generating Station Ring Bus
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS
Fault at Generating Station Ring Bus
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Distant Fault on 230 kV Line - NO VBT Initiate Required
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Distant Fault on 230 KV Line
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Close-in Fault on 230 KV Line

® . ®
230 kV Line
- 230 kV Ring Bus .
FAULT ! 0 !
230 kV Line
AAAS GSU
Y™ Transformer
Unit Aux waiav AANY Startup
Transformer UNITAUX  STARTUP s Y1 Transformer
e o ue 3
NO
Motor Bus
D Other

T

MOTOR BUS VT Load



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Close-in Fault on 230 KV Line, Delayed Tripping

o ®
230 kV Line
FAULT 230 kv Ring Bus [
CLEARS e BUS
SLOW
. 230 kV Line
GSU
Y Transformer
Gen Trips Unit Aux u.lu SASAS Startup
-of- Transformer UNIT AUX  STARTUP Transformer
Out-of-Step — v _35_
NC NO
G Motor Bus
’T‘ Other
Load

MOTOR BUS VT



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Close-in Fault on.230 KV Line, Delayed Tripping
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Close-in Fault on 230 KV Line, Delayed Tripping
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

XFMRA AN

i 132/13.8kv M

Initiate signals (see Notes)

87B-A —
: —@87B-As 87T-A —
| 87B-AS—
. A66 51-AS — ORl__
I ‘ OTHERS? —
: BUS AS +—®R)87T-A A99 “52b” —
| AB6 “52b" —
: —®51-1 —®512 —®51-AS AS “52b" —
'm B O
| '
: L _®sreas - ®ersas—®sraas
. FEEDER #1 FEEDER #2
SOURCE A,

Notes:

1) Only SOURCE A initiates are shown (SOURCE B is the same).

2) Initiate MBTS with all equipment that trips A99, A66, AS.

3) Both primary and backup relays that trip A99, A66, AS initiate MBTS.

4) Protective relays may be multi-function relays. If so, all functions that
trip A99, A66, AS should initiate MBTS.

5) Accidental/inadvertent tripping of A99, A66, or AS will also initiate
MBTS with “52b” contacts shown, only if no protective relay trip was
issued (see Case 8). Must block “52b” initiates during maintenance.

6) All initiate signals are OR’d to initiate TT to MBTS Input 7.

7) If 86 LOR is used, it is preferable to initiate with the protective relay
rather than the LOR to avoid the LOR operate time (e.g. a manual
reset LOR from Electroswitch has an 8 msec operate time). However,
initiating with the LOR may be necessary if other protective devices
trip the LOR that are not protective relays, e.g. XFMR 63 trip, etc.

8) Only the Substation initiate signals are denoted. The relays at the
Facility may initiate MBTS as well.

|
|Initiate *

MBTS
M-4272/A

XFMR B \AJ
132/13.8KV N

B66 |
BUSBS |
|
: 3 4 :
|
|
FEEDER #3 FEEDER #4 I
SOURCE B

FACILITY |
!

BUS AF

M-4272/B
T
|

BUS BF

MOTOR MOTOR

Case 1: Normal Operation

e Main Breaker AF closed
e Main Breaker BF closed
e Bus Tie Breaker T open

* includes Initiates from Facility protective relays that trip AF and BF
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Case 2:  Feeder #1 Fault
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Case 3: Xmission Bus A Fault
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Case  1:   Normal Operation
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Notes:


1)  Only SOURCE A initiates are shown (SOURCE B is the same).


2)  Initiate MBTS with all equipment that trips A99, A66, AS.


3)  Both primary and backup relays that trip A99, A66, AS initiate MBTS.


4)  Protective relays may be multi-function relays.  If so, all functions that 


trip A99, A66, AS should initiate MBTS.


5)  Accidental/inadvertent tripping of A99, A66, or AS will also initiate 


MBTS with “52b” contacts shown, only if no protective relay trip was 


issued (see Case 8).  Must block “52b” initiates during maintenance.


6)  All initiate signals are OR’d to initiate TT to MBTS Input 7.


7)  If 86 LOR is used, it is preferable to initiate with the protective relay 


rather than the LOR to avoid the LOR operate time (e.g. a manual 


reset LOR from Electroswitch has an 8 msec operate time).  However, 


initiating with the LOR may be necessary if other protective devices 


trip the LOR that are not protective relays, e.g. XFMR 63 trip, etc.


8)  Only the Substation initiate signals are denoted.  The relays at the 


Facility may initiate MBTS as well. 
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Case 8: Accidental A66 Trip
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Case  2:   Feeder  #1  Fault


·


51-1 detects fault


·


Breaker 1 trips


·


Nothing else happens 
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Notes:


1)  Only SOURCE A initiates are shown (SOURCE B is the same).


2)  Initiate MBTS with all equipment that trips A99, A66, AS.


3)  Both primary and backup relays that trip A99, A66, AS initiate MBTS.


4)  Protective relays may be multi-function relays.  If so, all functions that 


trip A99, A66, AS should initiate MBTS.


5)  Accidental/inadvertent tripping of A99, A66, or AS will also initiate 


MBTS with “52b” contacts shown, only if no protective relay trip was 


issued (see Case 8).  Must block “52b” initiates during maintenance.


6)  All initiate signals are OR’d to initiate TT to MBTS Input 7.


7)  If 86 LOR is used, it is preferable to initiate with the protective relay 


rather than the LOR to avoid the LOR operate time (e.g. a manual 


reset LOR from Electroswitch has an 8 msec operate time).  However, 


initiating with the LOR may be necessary if other protective devices 


trip the LOR that are not protective relays, e.g. XFMR 63 trip, etc.


8)  Only the Substation initiate signals are denoted.  The relays at the 


Facility may initiate MBTS as well.
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Case  3:  Xmission Bus A Fault


·


87B-A sends trip to A99 and TT 


simultaneously


·


Breaker A99 trips


·


TT Initiate to Facility MBTS


·


MBTS trips Main Breaker AF
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MBTS closes Bus Tie Breaker T
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OR


A99 “52b”


A66 “52b”


AS “52b”


Notes:


1)  Only SOURCE A initiates are shown (SOURCE B is the same).


2)  Initiate MBTS with all equipment that trips A99, A66, AS.


3)  Both primary and backup relays that trip A99, A66, AS initiate MBTS.


4)  Protective relays may be multi-function relays.  If so, all functions that 


trip A99, A66, AS should initiate MBTS.


5)  Accidental/inadvertent tripping of A99, A66, or AS will also initiate 


MBTS with “52b” contacts shown, only if no protective relay trip was 


issued (see Case 8).  Must block “52b” initiates during maintenance.


6)  All initiate signals are OR’d to initiate TT to MBTS Input 7.


7)  If 86 LOR is used, it is preferable to initiate with the protective relay 


rather than the LOR to avoid the LOR operate time (e.g. a manual 


reset LOR from Electroswitch has an 8 msec operate time).  However, 


initiating with the LOR may be necessary if other protective devices 


trip the LOR that are not protective relays, e.g. XFMR 63 trip, etc.


8)  Only the Substation initiate signals are denoted.  The relays at the 


Facility may initiate MBTS as well. 
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Case 8: Accidental A66 Trip
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Case  4:  XFMR A Fault


·


87T-A sends trip to A99, A66 and TT


·


Breaker A99 trips


·


Breaker A66 trips


·


TT Initiate to Facility MBTS


·


MBTS trips Main Breaker AF


·


MBTS closes Bus Tie Breaker T


·


AS, 1, and 2 are not tripped directly 


from 87T-A, but may be opened 


afterwards depending on philosophy
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Notes:


1)  Only SOURCE A initiates are shown (SOURCE B is the same).


2)  Initiate MBTS with all equipment that trips A99, A66, AS.


3)  Both primary and backup relays that trip A99, A66, AS initiate MBTS.


4)  Protective relays may be multi-function relays.  If so, all functions that 


trip A99, A66, AS should initiate MBTS.


5)  Accidental/inadvertent tripping of A99, A66, or AS will also initiate 


MBTS with “52b” contacts shown, only if no protective relay trip was 


issued (see Case 8).  Must block “52b” initiates during maintenance.


6)  All initiate signals are OR’d to initiate TT to MBTS Input 7.


7)  If 86 LOR is used, it is preferable to initiate with the protective relay 


rather than the LOR to avoid the LOR operate time (e.g. a manual 


reset LOR from Electroswitch has an 8 msec operate time).  However, 


initiating with the LOR may be necessary if other protective devices 


trip the LOR that are not protective relays, e.g. XFMR 63 trip, etc.


8)  Only the Substation initiate signals are denoted.  The relays at the 


Facility may initiate MBTS as well. 
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A99



132/13.8 KV



A66



AS



1



2



AF



T



MOTOR



BF



MOTOR



MOTOR



MOTOR



MOTOR



B66



BS



4



3



FEEDER #1



FEEDER #2



FEEDER #3



FEEDER #4



SOURCE A



SOURCE B



B99



XMISSION BUS A



XMISSION BUS B



XFMR A



BUS AS



BUS BS



SUBSTATION



FACILITY



N.O.



TT



Initiate *



TT



* Includes initiates from Facility protective relays that trip AF and BF



87T-A



132/13.8 KV



XFMR B



R



87T-A



R



87B-A



R



87B-AS



R



51-1



R



51-2



R



51-AS



R



87B-AS



R



87B-AS



R



87B-AS



R



MBTS
M-4272/A
M-4272/B



Initiate signals (see Notes)



Case 5: 13.8 KV Bus AS Fault
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Case 6: Source A Line Fault
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Case 8: Accidental A66 Trip
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Case  5:  13.8  KV Bus AS Fault


·


87B-AS sends trip to A66, AS, 1, 2 and TT


·


Breakers A66, AS, 1, 2 trip


·


TT Initiate to Facility MBTS


·


MBTS trips Main Breaker AF


·


MBTS closes Bus Tie Breaker T
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Notes:


1)  Only SOURCE A initiates are shown (SOURCE B is the same).


2)  Initiate MBTS with all equipment that trips A99, A66, AS.


3)  Both primary and backup relays that trip A99, A66, AS initiate MBTS.


4)  Protective relays may be multi-function relays.  If so, all functions that 


trip A99, A66, AS should initiate MBTS.


5)  Accidental/inadvertent tripping of A99, A66, or AS will also initiate 


MBTS with “52b” contacts shown, only if no protective relay trip was 


issued (see Case 8).  Must block “52b” initiates during maintenance.


6)  All initiate signals are OR’d to initiate TT to MBTS Input 7.


7)  If 86 LOR is used, it is preferable to initiate with the protective relay 


rather than the LOR to avoid the LOR operate time (e.g. a manual 


reset LOR from Electroswitch has an 8 msec operate time).  However, 


initiating with the LOR may be necessary if other protective devices 


trip the LOR that are not protective relays, e.g. XFMR 63 trip, etc.


8)  Only the Substation initiate signals are denoted.  The relays at the 


Facility may initiate MBTS as well. 
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Case  6:  Source A Line Fault


·


51-AS sends trip to AS and TT


·


Breakers AS opens


·


TT Initiate to Facility MBTS


·


MBTS trips Main Breaker AF


·


MBTS closes Bus Tie Breaker T


87B-A


87T-A


87B-AS


51-AS


OTHERS?


OR


A99 “52b”


A66 “52b”


AS “52b”


BUS AF


BUS BF


Notes:


1)  Only SOURCE A initiates are shown (SOURCE B is the same).


2)  Initiate MBTS with all equipment that trips A99, A66, AS.


3)  Both primary and backup relays that trip A99, A66, AS initiate MBTS.


4)  Protective relays may be multi-function relays.  If so, all functions that 


trip A99, A66, AS should initiate MBTS.


5)  Accidental/inadvertent tripping of A99, A66, or AS will also initiate 


MBTS with “52b” contacts shown, only if no protective relay trip was 


issued (see Case 8).  Must block “52b” initiates during maintenance.


6)  All initiate signals are OR’d to initiate TT to MBTS Input 7.


7)  If 86 LOR is used, it is preferable to initiate with the protective relay 


rather than the LOR to avoid the LOR operate time (e.g. a manual 


reset LOR from Electroswitch has an 8 msec operate time).  However, 


initiating with the LOR may be necessary if other protective devices 


trip the LOR that are not protective relays, e.g. XFMR 63 trip, etc.


8)  Only the Substation initiate signals are denoted.  The relays at the 


Facility may initiate MBTS as well. 
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Case  7:  Facility Bus AF Fault


·


87B-AF Relay (not shown) sends trip to AF and 


T and Transfer Block to MBTS


·


Breaker AF trips and locks out


·


Breaker T trips (unless already open) and 


locks out


·


MBTS is blocked
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Notes:


1)  Only SOURCE A initiates are shown (SOURCE B is the same).


2)  Initiate MBTS with all equipment that trips A99, A66, AS.


3)  Both primary and backup relays that trip A99, A66, AS initiate MBTS.


4)  Protective relays may be multi-function relays.  If so, all functions that 


trip A99, A66, AS should initiate MBTS.


5)  Accidental/inadvertent tripping of A99, A66, or AS will also initiate 


MBTS with “52b” contacts shown, only if no protective relay trip was 


issued (see Case 8).  Must block “52b” initiates during maintenance.


6)  All initiate signals are OR’d to initiate TT to MBTS Input 7.


7)  If 86 LOR is used, it is preferable to initiate with the protective relay 


rather than the LOR to avoid the LOR operate time (e.g. a manual 


reset LOR from Electroswitch has an 8 msec operate time).  However, 


initiating with the LOR may be necessary if other protective devices 


trip the LOR that are not protective relays, e.g. XFMR 63 trip, etc.


8)  Only the Substation initiate signals are denoted.  The relays at the 


Facility may initiate MBTS as well. 
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BUS AS



BUS BS
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Initiate *



TT



* Includes initiates from Facility protective relays that trip AF and BF
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Initiate signals (see Notes)



Case 7: Facility Bus AF Fault



A99



132/13.8 KV



A66



AS



1



2



AF



T



MOTOR



BF



MOTOR



MOTOR



MOTOR



MOTOR



B66



BS



4



3



FEEDER #1



FEEDER #2



FEEDER #3



FEEDER #4



SOURCE A



SOURCE B



B99



XMISSION BUS A
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Initiate *
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* Includes Initiates from Facility protective relays that trip AF and BF
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Initiate signals (see Notes)



Case 8: Accidental A66 Trip
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XMISSION BUS A XMISSION BUS B
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TT


* Includes Initiates from Facility protective relays that trip AF and BF


87T-A


132/13.8 KV


XFMR B


R


87T-A


R


87B-A


R


87B-AS


R


51-1


R


51-2


R


51-AS


R


87B-AS


R
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R
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R


MBTS


M-4272/A


M-4272/B


Initiate signals (see Notes)


Case  8:  Accidental A66  Trip


·


A66 is accidentally/inadvertently tripped


·


A66 “52b” sends TT Initiate to Facility 


MBTS, and will Initiate Transfer since no 


relay trip had been issued


·


MBTS trips Main Breaker AF


·


MBTS closes Bus Tie Breaker T


Note: Same philosophy applies for 


accidental/inadvertent tripping of A99 or AS


87B-A


87T-A


87B-AS


51-AS


OTHERS?


OR


A99 “52b”


A66 “52b”


AS “52b”


Notes:


1)  Only SOURCE A initiates are shown (SOURCE B is the same).


2)  Initiate MBTS with all equipment that trips A99, A66, AS.


3)  Both primary and backup relays that trip A99, A66, AS initiate MBTS.


4)  Protective relays may be multi-function relays.  If so, all functions that 


trip A99, A66, AS should initiate MBTS.


5)  Accidental/inadvertent tripping of A99, A66, or AS will also initiate 


MBTS with “52b” contacts shown, only if no protective relay trip was 


issued (see Case 8).  Must block “52b” initiates during maintenance.


6)  All initiate signals are OR’d to initiate TT to MBTS Input 7.


7)  If 86 LOR is used, it is preferable to initiate with the protective relay 


rather than the LOR to avoid the LOR operate time (e.g. a manual 


reset LOR from Electroswitch has an 8 msec operate time).  However, 


initiating with the LOR may be necessary if other protective devices 


trip the LOR that are not protective relays, e.g. XFMR 63 trip, etc.


8)  Only the Substation initiate signals are denoted.  The relays at the 


Facility may initiate MBTS as well. 


BUS AF


BUS BF











MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Lockouts

Both Breakers Open or Closed - Lockout

* |If both breakers end up in the open state, due to an external operation that opens the old source
breaker while leaving the new source breaker open, no transfer sequence shall be initiated.
Furthermore, any subsequent initiation of a transfer sequence while the breakers are in this state
shall be blocked. Alternatively, it may be selected to initiate an Auto Close, Open Transition Transfer.
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Both Breakers Open: Auto Close Initiate or Block Transfer

Source 1 Source 2

ol oo
(Old Source) (New Source)
| Motor Bus }
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Both Breakers Open: Block Transfer

Source 1\)~L\,

(Old Source)

Motor Bus

o

Source 2

(New Source)

T
!

fy
!
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Both Breakers Open: Auto Close Initiate Open Transition
Transfer

source luLu \Ah) Source 2

(New Source)ﬂg (Old Source)

Motor Bus
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Lockouts

Both Breakers Open or Closed - Lockout

* |If both breakers end up in the closed state, due to an external operation that closes the new source
breaker while leaving the old source breaker closed, no transfer sequence shall be initiated.
Furthermore, any subsequent initiation of a transfer sequence while the breakers are in this state
shall be blocked. Alternatively, if Auto Trip is enabled, it may be selected to either Trip the Breaker

Just Closed or Trip the Originally Closed Breaker.
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Both Breakers Closed -

Inadvertent Parallelling: Auto Trip Initiate or Block Transfer

Source 1\)\11, Source 2

(Old Source) (New Source)
| Motor Bus }
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Both Breakers Closed: Block Transfer

Source 1 Source 2

(Old Source) (New Source)
‘ Motor Bus |
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Both Breakers Closed: Trip the Breaker Just Closed

Source 1 uJL U Source 2
(Old Source) " YT " “YY Y (New Source)
[]
Motor Bus

4 e
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Both Breakers Closed: Trip the Originally Closed Breakenr

Source lul,b ‘.Ll.p Source 2

(New Source) (Old Source)
Motor Bus
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Lockouts

NOTE: The old source breaker SHALL NOT BE TRIPPED whenever any transfer initiate is blocked by any of the lockout
conditions described below or if the new source voltage is outside the upper voltage limit and lower voltage limit .

Motor Bus Voltage Lockout

* Detects Motor Bus VT loss-of-potential (i.e. fuse loss) and may be programmed to block transfer, or if a transfer is
required, can be programmed to proceed with a Fixed Time Transfer.

External Lockout
* External contact input blocks transfer.
Incomplete Transfer Lockout Time

* Timer starts at Transfer Initiate. If the transfer is not completed by timeout, then Transfer is Locked Out.
Incomplete Transfer occurs if the old source breaker opens, but the new source breaker fails to close before
timeout.

Transfer In Process Lockout
* Once atransfer is in process, all other transfer initiate inputs are ignored.
Lockout After Transfer

e Subsequent transfers are blocked for a set time after any transfer occurs.
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Load Shed During Transfer
NOTE: For each of the following, Load Shed may be enabled or disabled.

Load Shed Coincident with Fast Transfer

e EXAMPLE: This may be used to disconnect motor loads from the aggregate bus, coincident with the

command to trip the old source breaker, if the new source is not designed to pick up the full motor bus
load.

Load Shed After Fast Transfer Window and Before In-Phase Attempt

e EXAMPLE: This may be used to disconnect large synchronous motors from the aggregate bus prior to In-
Phase Transfer which may close in sync but at a high slip rate.

Load Shed Coincident with Residual Voltage Transfer

e EXAMPLE: This may be used to disconnect motor loads from the aggregate bus just prior to Residual
Voltage Transfer so the remaining motors may reaccelerate.
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VV/Hz Resultant from Eg and E,; ANSI/VNEMA STANDARD C50.41-
2012

C50.41 is an American National Standard Institute standard only found under NEMA
ANSI/NEMA C50.41-2012; Status is Current.

* (C50.41 originally was a combined ANSI/IEEE standard, however it is no longer under the IEEE.

* The standard is now available on the NEMA website, and it is still active as an ANSI Standard.
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ANSI/NENMA STANDARD C50.41-2012

ANSINEMA C50.41-2012

Amencan National Standard

Polyphase Induction
Motors for Power Generating Stations

‘Secretanat

National Electrical Manufacturers Assockation
Approved July 17, 2012

£marican Matlonal $tandards Instifuts, inc.




MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Excerpts from ANSI/NEMVA C50.41-2012

14 Bus Transfer or Reclosing
14.1 General

Induction motors are inherently capable of developing transient current and torque considerably in excess
of rated current and torque when exposed to out-of-phase bus transfer or momentary voltage
interruptions and reclosing on the same bus. The magnitude of this transient current and torque may
range from 2 to 20 times rated and is a function of the motor’s electrical characteristics, operating
conditions, switching time, rotating system inertia and torsional spring constants, number of motors on the
bus, etc.

Any non-parallel bus transfer or reclosing subjects the motor (including the motor windings) and driven
equipment to transient forces in excess of normal running values. Accordingly each bus transfer or
reclosing reduces the life expectancy of the motor by some finite value, and it is recommended that,
whenever possible, systems be designed to avoid (or minimize) bus transfer and reclosing.

The rotating masses of the motor-load system, connected by elastic shafts, constitute a torsionally
responsive mechanical system that is excited by the motor electromagnetic (air-gap) transient torque that
consist of the sum of an exponentially decaying, unidirectional component and an exponentially decaying
oscillatory component at several frequencies, including power frequency and slip frequency. The resultant
shaft torques may be either attenuated or amplified with reference to the motor electromagnetic (air-gap)
torque.

Studies can be made of any particular system to determine the magnitude of the transient current and
torque, and the electromagnetic interaction of the motor and the driven equipment. Although
recommended, it is recognized that such studies are complex and require detailed knowledge of the
motor, the driven equipment, and the power supply. In order to minimize this effect, the first torsional
resonant frequency should not be within +20 percent of rated electrical frequency.

For those applications where bus transfer or reclosing cannot be avoided, and where studies of the
particular system have not been performed, the following may be employed as a guide and is based on
limited studies and experience.
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Excerpts from ANSI/NEMA C50.41-2012
14.2 Slow Transfer or Reclosing

A slow transfer or reclosing is defined as one in which the length of time between disconnect of the motor
from the power supply and reclosing onto the same or another power supply is delayed until the motor
rotor flux linkages have decayed sufficiently so that the transient current and torque associated with the
bus transfer or reclosing will remain within acceptable levels.

To limit the possibility of damaging the motor or driven equipment, or both, it is recommended that the
system be designed so that the resultant volts per hertz vector between the motor residual volts per hertz
vector and the incoming source volts per hertz vector at the instant the transfer or reclosing is completed
does not exceed 1.33 per unit volts per hertz on the motor rated voltage and frequency bases. This
recommendation requires that power factor correction capacitors shall not be connected to the motor
terminals during the transfer.

Slow transfer or reclosing can be accomplished by a time delay relay equal to or greater than 1.5 times
the open-circuit alternating-current time constant of the motor (see NEMA MG1-1.60). If several motors
are involved, the time delay should be based on the longest open-circuit time constant of any motor on
the system being transferred or reclosed.’

"The 1.5 times the open-circuit alternating-current time constant criterion is more conservative than the 1.33 per unit volts per
hertz criterion for high speed transfer. The 1.5 value accounts for these factors including the effects of switching an unsynchronized
system on relay protection schemes.
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Excerpts from ANSI/NEMVA C50.41-2012

14.3 Fast Transfer or Reclosing
A fast transfer or reclosing is defined as one which:

a) occurs within a time period of 10 cycles or less,

b) the maximum phase angle (5) between the motor residual volts per hertz vector and the system
equivalent volts per hertz vector does not exceed 90 degrees, and

c) the resultant volts per hertz between the motor residual volts per hertz phasor and the incoming
source volts per hertz phasor at the instant of transfer or reclosing is completed does not
exceed1.33 per unit volts per Hz on the motor rated voltage and frequency basis. See Figure 2.

For fast transfer or reclosing, calculations or tests should be performed by the user to determine the
expected vectorial volts per hertz. Calculations or test conditions should account for any phase angle
difference between the incoming and running power supplies. The results of the calculations shall be
used to determine whether these requirements are met before fast transfer or reclosing is used on the
system. If the user is concerned that the resultant volts per hertz during fast transfer or reclosing could be
excessive based on testing, calculations, or other information, high-speed synchronizing check devices
are available that can supervise this switching operation.

14.4 Recommendations

Power systems should be designed to limit bus transfer or reclosing to either slow transfer or reclosing as
defined in 14.2 or fast reclosing as defined in 14.3, or both.
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\VV/Hz Resultant from Eg and E,,

ANSI/NEMA STANDARD C50.41-2012

E,=+E+E,>—2EJE,, cos®

E, expressed as V/Hz, = per unit voltage + per unit frequency

Where:

= E; =resultant per unit V/Hz across the open breaker

= E = per unit V/Hz of the new source

= E,, =per unit V/Hz of the motor bus

= Cos 8 = cosine of the phase angle between the new source and the motor bus
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VV/Hz Resultant from Eg and E,,

ANSI/NEMA STANDARD C50.41-2012

E, =+E>+E, > —2EE,, cos0

W
so21pap G6- @ nd 180= 3

1 o
Es; =1 pu @ 0 degrees

MOTOR BUS TRANSFER p.u. V/IHz CALCULATOR

B NeuT [ cALC

INPUT Delta Phase Angle = _Degrees
Cosine angle = _
INPUT Vg Voltage = \%
INPUT Fg Freq = Hz
Source Eg puV/Hz = P.U.
INPUT Vg Voltage = \%
INPUT AF Fg-Fg = Hz
Fg Freq = Hz
Motor E,, pu V/Hz = P.U.

Resultant E; pu V/Hz =

1.3466 P.U.

ANSWER

P.UV

P.U. Hz
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It's as Easyas ABC

We first request the following drawings:

— Single Line (One Line) diagram, showing the bus configuration, voltage levels of the buses and the
breakers, protection functions that may be needed to initiate an automatic transfer or block a transfer,
the actual motor types, motor rated voltage and frequency, and horse power ratings on each bus (or a
separate motor list).

— Three line diagram (AC Diagram) showing the PT and CT connections, ratios, and output ratings used
for Motor Bus Transfer.

— DC control schematics showing the trip and close circuits of each breaker to be used for Motor Bus
Transfer, with breaker status contacts, trip and close times, and coil monitoring circuits if any.

 The Beckwith engineers with their extensive experience will then perform the analysis to determine how
Motor Bus Transfer will work.

 BSE will then prepare a Technical and Commercial Quotation with our recommendations on how our MBTS
will perform successful transfers.

e Initial Field Settings are determined during Technical Design Review.
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Bus Transfer Acceptance Testing

e Verify scheme operation.
e Verify continuity of switching operation.
 Enable equipment in normal operating state.
* Initiate transfer and monitor for each transfer type:
— Fast Transfer.
— In-Phase Transfer.
— Residual Voltage Transfer (not recommended).

* Verify acceptable operation.
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Comments on Bus Transfer Spin Down Testing

* |sspin down allowed? Probably not.
* Offline spin down doesn’t simulate running conditions of plant and so is useless in determining settings.

e Settings are easily “tweaked” during commissioning.
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NMotor Bus Transfer Setting Considerations

 Fast Transfer:

— Phase Angle Limit typically set at 20° to block closure at large phase angles.
— Must consider the effect of the new source breaker closing time.
* In-Phase Transfer:

— New source breaker closing time .

— The Advance Angle to compensate for the Breaker Closing Time is automatically calculated.

— AF Limit is typically set at the maximum of 15 Hz except for extraordinary circumstances.
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Spin Down Analysis

CASE STUDY

Central Termoeléctrica
Carbon li

Mexico
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Notor Bus Transfer Application

Project Background

* Test Spindown data from pre-commissioning tests at the Carbon Il station in Mexico with plant
offline.

e Unit1lisa346.7 MVA generator with a three winding auxiliary transfer feeding two separate
7.2KV buses.

* The startup transformer is also a three winding transformer feeding two separate 7.2KV buses
 There are a total of four generators with the same configuration at this site.
 The breaker close time is 5.40 cycles.

 Real Spindown data captured with plant online after a successful Simultaneous Fast Transfer
followed by a New Source false trip.
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NMotor Bus Transfer Application

Project Background
Motor Load Panel 2F1

Equipment Capacity Current Speed
Feedwater Pump 4850 kW 495 A 1785 rpm
Condensate Pump 111.9 KW 114 A 1180 rpm
Controlled Circulation Pump 370 kW 695 A 1180 rpm
Water Circulation Pump 1231 kW 140 A 440 rpm
Auxiliaries Cooling Pump 336 kW 39.5A 1185 rpm
Cooling Tower Service Transformer 2000 kVA

Service Transformer 1500 kVA

Ash Transport Blower 220 kW 22 A 1790 rpm
Forced Draft Fan 1350 kW 140 A 1180 rpm
Primary Air Fan 845 kVA 94 A 1193 rpm
Induced Draft Fan 1860 kW 195 A 710 rpm
Pulverizer 510 kW 67 A 590 rpm
Pulverizer 510 kW 67 A 590 rpm
Transformer- Precipitator & Ash Handler 1500 kVA

High Pressure Pump 450 kW 44 A 1800 rpm
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Real Spin Dovwn Analysis

Determine Viability of Sequential Transfer with Fast Method of Transfer

* Find the point in time when the old source “b” breaker status contact closes, confirming that the old source
breaker has opened, and then determine when a Sequential Transfer would occur by the Fast Transfer Method.

* The Volts per Hertz is calculated at the time the new source breaker would close.

— To do the per unit V/Hz calculation you need the voltage of the motor bus and the new source, the delta
frequency between the motor bus and the new source, and the phase angle between the motor bus and
the new source.

 Determine the point in time when the old source “b” breaker status closes which is the point in time when the
close command is sent to the new source breaker.

— The initial phase angle at that point is 4.3°.

— Determine the point 5.4 cycles to the right which is the closing time of the breaker to locate the pointin
time when the new source breaker contacts would close.
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Spin Down Analyvysis

Sawrlab 0632000 (4HED5TEI Trippad b 0532000, 04 E808 80

Sequential Transfer Mode; Fast Transfer Method e o

New Source Breaker Close
Source 1 =116.0 Volts
Motor Bus = 90.7 Volts
Phase Angle =-49.2°

Delta Frequency =-1.67 Hz
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Real Spin Dowvwn Analysis

* The maximum permitted V/Hz across the breaker that is closing is defined in ANSI/NEMA Standard C50.41-2012
Polyphase Induction Motors for Power Generating Stations, Paragraph 14, as 1.33V/Hz.

* The equation for the pre-closure Volts per Hertz is as follows:

E,=+E+E,’ —2EE,, cosd

E, expressed as V/Hz, = per unit voltage + per unit frequency
Where:

= ER =resultant per unit V/Hz across the open breaker

= ES = per unit V/Hz of the new source

=  EM = per unit V/Hz of the motor bus

=  Cos 6 = cosine of the phase angle between the new source and the motor bus
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Real Spin Down Analysis
Sequential Transfer Mode; Fast Transfer Method

Phase angle = 49.2 degrees
Motor bus pu voltage = 90.7/116.0 = 0.7819pu Vrms
Motor bus pu frequency = (60-1.67)/60 = 0.9722pu Hz

Em

=0.7819/0.9722 = 0.8043pu V/Hz

Er =0.7719pu V/Hz

This is well within the 1.33 maximum per unit V/Hz defined by ANSI/NEMA C50.41

Note that during the 5.4 cycles (90 ms) while the breaker is closing:

The motor bus voltage has dropped 19.5 V.

Delta Frequency between the motor bus and the new source has increased by 1.63 Hz.

Phase Angle difference has increased by 44.9 degrees.
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Real Spin Down Analysis

Analysis of Oscillography to Determine Settings; Sequential Fast Transfer Setting Calculations

 To determine an appropriate Fast Transfer Phase Angle Limit Setting, one must consider the disconnect phase shift of
induction motors and, if the transfer is initiated by a system disturbance or fault, there can be a resultant rapid phase
shift between the motor bus and the new source.

* Such a phase shift would have to be added to the initial angle of 4.3 degrees. Many consider 20 degrees a reasonable
Phase Angle Limit for blocking a fast transfer.

 To perform an analysis to determine the effect of a close command sent just within this 20-degree limit, determine a
point in time where the breaker close command would be sent just under 20 degrees.

* Find the point 5.4 cycles to the right which is the closing time of the breaker to locate the point in time when the new
source breaker contacts would close. This is the worst case Sequential Fast Transfer.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Spin Down Analysis

Sequential Transfer Mode Fast Transfer
Method Worst Case

New Source Breaker
Close Command Issued
Source 1 =115.9 Volts
Motor Bus = 98.0 Volts
Phase Angle = 19.4°

Delta Frequency =-1.35 Hz
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Spin Down Analvysis

Sequential Transfer Mode Fast Transfer
Method Worst Case

New Source Breaker
Close Command Issued
Source 1 =115.9 Volts
Motor Bus = 83.7 Volts
Phase Angle = 72.0°

Delta Frequency =-2.01 Hz

Eforiat 0532000, 045608763 i ’ Trippad at 0532000, 045508 870
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Real Spin Down Analysis

Sequential Transfer Mode; Fast Transfer Method, Worst Case

* Phase angle =72.0 degrees

* Motor bus pu voltage = 83.7/115.9 = 0.7222pu Vrms

* Motor bus pu frequency = (60-2.01)/60 = 0.9665pu Hz
* E,,=0.7222/0.9665 = 0.7472pu V/Hz

* E;=1.0471pu V/Hz

This E is higher than the 0.7719 V/Hz calculated above for the normal Sequential Fast Transfer but is
within ANSI/NEMA C50.41 limits.

* Note that during the 5.4 cycles (90 ms) while the breaker is closing:
v' The motor bus has dropped 14.3 V.
v'  Delta Frequency between the motor bus and the new source has increased by 0.65 Hz.

v' The Phase Angle difference has increased by 52.6 degrees.
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Real Spin Down Analysis

Determine Viability of Sequential Transfer with the In-Phase Method of Transfer

* Find the point when the old source “b” breaker status contact closes, confirming that the old source breaker has
opened, and then determine when a Sequential Transfer would occur by the In-Phase Method of Transfer.

 The same per unit V/Hz calculation must now be performed for the Sequential In-Phase Transfer at the first zero
crossing. Determine the first phase angle zero crossing between the motor bus and the new source.

 Determine the point 5.4 cycles to the left (the breaker closing time) to locate the point in time when the close
command must be sent to the new source breaker.

 Fora correct close at zero, the transfer system must send the close command at an advance angle before zero,
taking into account the instantaneous slip frequency, the breaker closing time, the rate of change of slip
frequency, and the angle change while the breaker is closing.
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Spin Down Analyvysis

Sequential Transfer Mode In-Phase
Transfer Method

New Source Breaker Close
Source 1 =116.1 Volts
Motor Bus = 49.7 Volts
Phase Angle = 0.0°

Delta Frequency =-4.17 Hz

Eorlat 06312000 +5808783 Trippad at 05'3W2000, M4 SE06.670
Naw Souroa: ‘Sore 1
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e 16-1
V Bus

VWM
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Real Spin Down Analysis

Sequential Transfer Mode; In-Phase Transfer Method

 Phase angle = 0 degrees

* Motor bus pu voltage =49.7/116.1 = 0.4281pu Vrms

* Motor bus pu frequency = (60-4.17)/60 = 0.9305pu Hz
* E,=0.4281/0.9305 = 0.4601pu V/Hz

* E;=0.5399pu V/Hz

Again, this is well below the ANSI/NEMA Standard C50.41-2012 maximum Volts per Hertz due to the In-Phase breaker
closure.

* Note that during the 5.4 cycles (90 ms) while the breaker is closing:
v" The motor bus has dropped 12.9 V to 49.7 V.
v' The Delta Frequency between the motor bus and the new source has increased by 0.83 Hz to 4.17 Hz.

v' The Phase Angle difference has decreased by 126.4 degrees.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Real Spin Dowvwn Analysis

Analysis of Oscillography to Determine Settings; Sequential In-Phase Transfer Setting Calculations

Important notes concerning AF Limit setting for the In-Phase Transfer Method:

The transfer system must compare these settings to the predicted actual values of Delta Frequency
at the point in time when the breaker contacts would be closing at the phase angle zero crossing.

Thus, these settings are NOT compared to the AF Limit when the breaker close command is sent.

This means the AF Limit setting must be set for the conditions at the point in time when the
breaker closes.

This predictive capability applies only to the In-Phase Transfer.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Real Spin Down Analysis

Analysis of Oscillography to Determine Settings; Sequential In-Phase Transfer Setting Calculations

* As previously determined, the AF between the motor bus and the new source at the point of the new source
breaker closure at the first phase angle zero crossing between the motor bus and the new source is -4.17 Hz.

* Since this will have been predicted at the time of issuance of the breaker close command, the AF Limit setting
must be set much greater than 4.17 Hz.

* Also, it was determined earlier that during the 5.4 cycles (90 ms) while the breaker is closing, the AF between
the motor bus and the new source has increased by 0.83 Hz at a rate of 9 Hz / sec.

Except for extraordinary circumstances, the In-Phase Transfer Af Limit setting should be set at its
maximum 15.0 Hz so as not to block any In-PhaseTransfer.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Spin Down Analysis
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Real Spin Down Analysis

Analysis of Oscillography to Determine Settings; Sequential In-Phase Transfer Setting Calculations

The Time Window for the Automatic In-Phase Transfer must be long enough to permit (not block) a
legitimate In-Phase Transfer.

The time between the point where the old source breaker “b” status contact closes, confirming that the
old source breaker has opened, to the In-Phase Transfer breaker close command (5.4 cycles to the left of
the first phase angle zero crossing) is 16.93 cycles or 282.23 ms after the transfer is initiated.

* Note that the AF Limit setting, not the Time Window, should be used to block In-Phase Transfers when
the bus is decaying too rapidly.

The setting for the Time Window should be set well above this time, and since this really acts as an incomplete
sequence timer, can probably be set for 120 cycles.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

NMotor Bus Transfer Application-The Need for Speed

Project Background

 Example with actual commissioning test data from at the Laguna Il station in Mexico:

— (2) combustion turbines (154MW)

— (1) heat recovery steam plant (279MW)

The plant auxiliary loads :

* Bus A (4KV)

 3600HP High pressure boiler feed pump
 3600HP High pressure boiler feed pump
e 1100HP Condensate pump

* 620HP Closed circuit Cooling pump

* 1500HP Gas compressor

e 450HP Auxiliary cooling pump

e 480V Service Transformers

Bus B (4KV)

3600HP High pressure boiler feed pump
3600HP High pressure boiler feed pump
1100HP Condensate pump

620HP Closed circuit Cooling pump
1500HP Gas compressor

1500HP Gas compressor

450HP Auxiliary cooling pump

480V Service Transformers



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

NMotor Bus Transfer Application-The Need for Speed

Transfer Data Analysis

Simultaneous Mode Sequential Mode
Transfer Time: 24.2mSec Transfer Time: 79.1mSec
(both breakers open) (both breakers open)
_ Transfer Angle 38.2deg
Transfer Angle: 11.7deg Bus Voltage at Transfer: 77.8/120V
Bus Voltage at Transfer: 98.2/120V
Bus Frequency at transfer: 58.4Hz Bus Frequency at transfer: 57.8Hz

The sequential transfer was slower which allowed the motor bus frequency and voltage to decay further, however the
V/Hz quantities are far below the 1.33pu limit.

Even in this application, which has less than ideal mechanical inertia, the sequential mode offers significantly more
security without compromising the transfer.

In applications with faster vacuum breakers, there will be even less difference between sequential and simultaneous
operating modes.
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NMotor Bus Transfer Application-The Need for Speed

Issues with Traditional Sync Check Relays-Why the Need for Speed?
* Using traditional sync check relays, measurement time is very slow (up to 100mS)

— Long measurement time prevents the traditional scheme from detecting unacceptable conditions
which result in an improper transfer

* Inan attempt to minimize this effect, traditional transfer systems are designed to operate at the highest
possible speed in the simultaneous mode

* The safety of the simultaneous mode relies on a fast and reliable breaker failure scheme.

— Frequently, breaker failure schemes are nonexistent or are assembled from auxiliary relays and wiring
that are rarely tested

High Speed Sync Check Relays with ultra high speed permissive and blocking response characteristics allow the
LUXURY of using the sequential mode and waiting until the old source breaker is open before permitting or correctly
blocking a sync check supervised close command to the new source.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

NMBT Performance Test Protocols

* The electric power industry presently has no industry standards on the performance requirements for relays
used to supervise critical process motor bus transfers.

* A device-testing protocol was proposed in the 2012 IEEE Power System Relaying Committee Report for sync
check relays used to implement motor bus fast transfer.

e The same 2012 IEEE PSRC Report included a device-testing protocol for undervoltage relays used to implement
motor bus slow residual voltage transfer.

* An expanded test protocol is now proposed for relays used to implement motor bus synchronous transfer (Fast

and In-Phase), and the results of this extensive performance testing are analyzed per the requirements of
ANSI/NEMA C50.41-2012.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

NMotor Bus Transfer Success Criterion

ANSI/NEMA C50.41 vs. Torque Ratio

e (Case studies of a number of live motor bus transfers are analyzed to assess a new transfer
criterion that better represents transient currents and torques.

 The industry ANSI/NEMA C50.41 Standard criteria, calculated at the instant of transfer,
presently used for determining the success of a completed transfer, are discussed and
critiqued.

* A new transfer metric is derived, based on the ratio of the aggregate peak torque after transfer
to the aggregate load torque prior to transfer.

* The industry ANSI/NEMA C50.41 Standard per unit Volts per Hertz metric is discussed in light of
the results of the new torque ratio metric.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

New Vietric for Assessing VBT

* The pu V/Hz calculation depends on only three values at closure compared to the new source: the bus
voltage difference, frequency difference, and phase angle difference.

 One could imagine two vastly different sets of motors with two vastly different sets of loads, but
transferring with the same three values at closure. The calculated pu V/Hz would be exactly the same, but
since the pu V/Hz calculation ignores current, it cannot possibly address the torques motors are
experiencing. Therefore, use of the 1.33 pu V/Hz limit at breaker close as a criterion for the safe transfer of
motor buses leaves room for improvement.

* The FACILITY 1 through 36 oscillographic records of live motor bus transfers will now be analyzed to derive
a new transfer metric, based on a torque ratio at the close of the new source breaker.

* The voltage and current during inrush will be measured in the time domain and employed to calculate the
resultant peak torque at transfer as a multiple of load torque prior to transfer as if the aggregate bus were
a single induction motor drawing the same current and power.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Notor Torque Calculation

The torque produced is equal to the electromagnetic power transferred through the air gap (P,g) divided by the
synchronous speed (wg):

Assumes all losses (copper, iron, friction, and windage losses) are neglected.

The air gap torque is calculated for two different conditions:

. Motor Torque under steady-state load (T,) prior to the transfer
(uses current signal taken from existing source along with motor bus voltage signal)

*  Peak Motor Torque (T,,) after the transfer has taken place
(uses current signal taken from new source along with motor bus voltage signal)

*  The Motor Torque Ratio T, /T, is calculated for each facility

The Torque Ratio provides a normalized way of looking at transient torque during motor bus transfer.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Air Gap Torque Calculation
. In order to calculate the Torque, the power drawn by the motor needs to be calculated which requires

voltage and current phasors.
. Recursive discrete Fourier transform is used to calculate the voltage and current phasors:

2 21Tk ; ; 2 . 2k
Voltage: V! =V} . +— (v, — vp_ny)cos— and V' =V} . +— (vi, — vy, _n)Sin—
k k-1t Wk k—N N k= V-1t Wk k—N N

2 2Tk 1 1 2 2tk
. ’r' _ T‘ " " l _ l " " .
Current: Iy =Ip_1 +— (I — ix—n) cos— and I =4 +— (g — ix—n) sin—-

Where v, and i, are the sampled values of voltage and current signals
N (=32) is the number of samples/cycle

V=7 +j Vk") is the voltage phasor, and
I = (If +j I ) is the current phasor at k,, sample.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Air Gap Torque Calculation

Now power drawn by the induction motor at k,, sample is given by the following equation:
Sk =P +jQu=3V I =3 (Vi +j Ve WU} -j Ii)

The real power (Py) is given by: P, = 3 (VI IL + V1Y)

When three phase sampled values are available, the power can be computed as follows:

P, = (VAL 1AL + VAL 1AY) + (VBE IBy, + VBL IBL) + (VCL ICE + VC} ICL)



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Air Gap Torqgue Calculation

. Stator core and copper losses are neglected
. The Power P}, can be considered as the power transmitted through the air gap
. The air gap torque at k,, instant is calculated as follows:

T = Pr/w,

where w. is the synchronous speed in radians per second
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Notor Air Gap Torque, Before and After Transfer
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

OnN-Site Live MBT Field Results

Live Open Transition Transfers Under Normal Operating Load Conditions

MBT FIELD RESULTS

120

Open
ANSI|  Transfer Torque
Transfer Transfer Advance Close Close C50.41 Time Ratio
LOCATION Mode Method J Angle O Angle Close AF  Volts puV/Hz cycles Trc/TL

FACILITY 1 |Simultaneous FAST -0.1 -20.0 -2.83 93.8 0.3622 1.3 4.12

FACILITY 2 Sequential FAST -10.8 -16.3 -0.19 100.4 0.3054 5.0 2.38

FACILITY 3 |Simultaneous FAST -3.0 -18.5 -0.81 103.4 0.3260 3.3 2.48

FACILITY 4 Sequential FAST -0.8 -6.8 -0.23 107.9 0.1489 2.9 1.97

FACILITY 5 |Simultaneous FAST -1.2 -12.6 -1.76 103.2 0.2360 1.3 1.87

FACILITY 6 |Simultaneous FAST -1.1 -16.5 -2.25 102.0 0.2939 1.4 1.62

FACILITY 7 | Sequential FAST -2.8 -17.1 -0.49 98.7 0.3201 2.9 2.08

FACILITY 8 | Sequential FAST -2.2 -12.7 -0.38 99.0 0.2635 2.9 1.50
Residual

FACILITY 9 | Sequential \oltage 152.4 128.4 -1.66 34.7 1.2074 48.7 11.31

IN-PHASE

FACILITY 10 | Sequential | Owr =115 55.0 -7.7 -2.77 44 4 0.6178 9.4 2.39
IN-PHASE

FACILITY 11 | Sequential |FINIT=-0.1°| 78.9 7.1 -4.48 37.7 0.6644 17.7 1.89

FACILITY 12 | Simultaneous FAST -0.1 -20.3 -2.23 89.4 0.3838 1.7 2.85

FACILITY 13 | Sequential FAST -2.2 -16.3 -0.47 100.4 0.3039 3.3 1.83

FACILITY 14 | Simultaneous FAST -19.3 -33.1 -1.14 100.9 0.5464 6.6 4.65

FACILITY 15 | Simultaneous FAST -16.8 -32.4 -1.36 101.0 0.5361 6.2 4.82
IN-PHASE

FACILITY 16 | Sequential |@GINIT=-13° 34.3 2.2 -2.07 62.7 0.4597 50.0 3.77
IN-PHASE

FACILITY 17 | Sequential |@INIT=-9° 33.8 -1.1 -2.07 62.2 0.4634 50.6 3.75

FACILITY 18 | Sequential FAST -32.6 -48.6 -0.74 108.1 0.7909 3.3 4.39




MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

onsite Live MIBT Field Results

Live Open Transition Transfers Under Normal Operating Load Conditions

MBT FIELD RESULTS VS= 120 FS= 60
Open
ANSI  Transfer Torque
Transfer Transfer Advance Close Close C50.41 Time Ratio
LOCATION Mode Method @ Angle O Angle Close AF  Volts puV/Hz cycles Trc/TL
FACILITY 19 | Sequential FAST -32.4 -47.3 -0.73 107.2 0.7689 3.3 4.70
FACILITY 20 | Sequential FAST 24.4 9.5 -0.36 106.6 0.1892 3.3 1.91
FACILITY 21 | Sequential FAST -33.3 -50.9 -0.88 101.3 0.8083 3.4 4.70
FACILITY 22 | Sequential FAST 25.7 12.5 -1.98 106.2 0.2249 3.0 1.58
FACILITY 23 | Sequential FAST 26.5 12.1 -0.73 106.5 0.2241 3.2 1.57
FACILITY 24 | Sequential FAST -34.6 -59.7 -1.37 98.1 0.9251 3.3 3.76
FACILITY 25 | Sequential FAST 26.6 10.1 -0.97 105.8 0.1964 3.2 1.83
FACILITY 26 | Sequential FAST -34.2 -60.9 -0.88 100.7 0.9471 3.2 4.28
FACILITY 27 | Sequential FAST -32.4 -49.0 -0.86 102.2 0.7828 3.3 5.34
FACILITY 28 | Simultaneous FAST 2.5 -4.1 -1.08 112.1 0.0851 1.0 1.21
FACILITY 29 | Simultaneous FAST 6.4 -3.7 -1.54 111.7 0.0773 1.3 1.15
IN-PHASE
FACILITY 30 | Simultaneous | @INIT=50° 38.0 5.8 -2.70 54.5 0.5291 3.5 2.80
IN-PHASE
FACILITY 31 |Simultaneous | GINIT=-80° 85.6 -3.6 -5.37 47.5 0.5668 19.9 217
Residual
FACILITY 32 |Simultaneous| Voltage 129.6 129.8 -23.69 33.2 1.3395 16.4 1.46
FACILITY 33 | Simultaneous FAST 0.0 -20.2 -2.58 103.8 0.3470 1.5 1.79
FACILITY 34 | Simultaneous FAST 0.0 -16.8 -2.26 103.6 0.2952 1.4 2.05
Residual
FACILITY 35 |Simultaneous| Voltage -167.1 174.0 -1.20 35.0 1.2964 48.0 13.83
Residual
FACILITY 36 |Simultaneous| Voltage 56.8 -47.7 -24.61 31.4 0.7746 77.2 2.63
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Torque Ratio (Tp/TL) Versus PU V/HZ

Facility 1 2 3 4 5 6 7 8 9 10 11 12
TorqueRatio | / .» | 538 | 248 | 197 |187 | 162 |208 |150 |1131 |239 |18 | 285
(Tex/TL)

ouViHz | 0.3622 | 0.3054 | 0.3260 | 0.1489 | 0.2360 | 0.2939 | 0.3201 |0.2635 |1.2074 |0.6178 |0.6644 |0.3838
Facility 13 14 15 16 17 18 19 20 21 22 23 24
TorqueRatio | , o0 | 455 | 482 |377 | 375 |439 |470 | 191 |470 | 158 | 157 | 3.76
(Tex/TL)

puViHz | 0.3038 | 0.5464 | 0.5361 | 0.4597 | 0.4634 | 0.7909 | 0.7689 |0.1892 |0.8083 |0.2249 |0.2241 |0.9251
Facility 25 26 27 08 29 30 31 32 33 34 35 36
TorqueRatio | 4 a9 | 458 | 534 | 121 | 115 | 280 | 217 | 146 |179 | 205 |1383 | 2563
(Tex/TL)

ouViHz | 0.1964 | 0.9471 |0.7828 |0.0851 | 0.0773 | 0.5291 | 0.5668 | 1.3395 |0.3470 | 0.2952 | 1.2964 |0.7746
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Torque Ratios (TPK/TL) vs. pu VV/Hz
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Fast and In-Phase Synchronous Transfer Results

* Fast Transfers occurred in 26 instances, all completed between 0.0773 (FACILITY 29)
and 0.9471 pu V/Hz (FACILITY 26), well under the ANSI/NEMA C50.41 limit of 1.33 pu
V/Hz.

e Seventeen of the Fast Transfers were completed with Torque Ratios between 1.15 and
2.85, with the remaining nine between 3.76 and 5.34.

* In-Phase Transfers occurred in 6 instances, all completed between 0.4597 (FACILITY
16) and 0.6644 pu V/Hz (FACILITY 11), well under the ANSI/NEMA C50.41 limit of 1.33
pu V/Hz.

* The six In-Phase Transfers occurred with Torque Ratios between 1.89 (FACILITY 11) and
3.77 (FACILITY 16).

e All 32 Synchronous Transfer breaker close commands occurred at voltages above
which the Residual Voltage Method would have operated.
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Observations

ANSI/NEMA C50.41 pu V/Hz vs. Motor Torque Ratio T, /T,

There is low correlation between pu V/Hz and Torque Ratio.

In-Phase Transfer cases (Facilities 10, 11, 16, 17, 30 and 31) have higher pu V/Hz than most of the
Fast Transfer cases, but do not have higher Torque Ratios (T,,/T,). In fact, Torque Ratios for the In-
Phase Transfers fall right in the middle of the Torque Ratios for all the Fast Transfers.

ANSI/NEMA C50.41 states that out-of-phase bus transfers develop transient currents and torques
that may range from 2 to 20 times rated. Facility 35 results demonstrate this with a Torque Ratio of
13.83 for a Residual Voltage Transfer close at 174.0 degrees.

Yet the ANSI/NEMA C50.41 pu V/Hz limit of 1.33 would give this Residual Voltage Transfer a passing
grade at 1.2964 pu V/Hz.
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Residual VVoltage Transfer Results

FACILITY 9 Residual Voltage

FACILITY 35 Residual Voltage

FACILITY 36 Residual Voltage

34.7 Vac 35.0 Vac 31.4 Vac
-1.66 Hz -1.20 Hz -24.61 Hz
128.4° 174 .0° -47.7°

Transfer=48.7 cycles

Transfer=48.0 cycles

Transfer=77.2 cycles

1.2074 pu V/Hz

1.2964 pu V/Hz

0.7746 pu V/Hz

Torque Ratio=11.31

Torque Ratio=13.83

Torque Ratio=2.63

Residual Voltage Transfers occurred at 3 facilities (9, 35 and 36) when the Synchronous Transfer Methods were

purposely disabled, so the results for a Residual Voltage Transfer could be observed.

The Close Voltages were about the same. FACILITIES 9 and 35 had little frequency decay but significant closing angles,

compared with significant frequency decay and a small closing angle at FACILITY 36.

Clearly the high closing angles correlate with the high Torque Ratios, while the pu V/Hz metric still gives these hard

transfers a passing grade.

Results at FACILITIES 9 AND 35 demonstrate unsafe high Torque Ratios at 34.7 Vac and 35.0 Vac, nearly at 1.5 times

the open-circuit AC time constant value, the alleged “safe” zone.
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Facilities 11 Compared TO 9 and 35

Comparison of In-Phase to Residual Voltage Transfers and Torque Ratio vs. pu V/Hz

FACILITY 11 In-Phase

FACILITY 9 Residual Voltage

FACILITY 35 Residual Voltage

37.7 Vac 34.7 Vac 35.0 Vac
-4 48 Hz -1.66 Hz -1.20 Hz
7.1° 128.4° 174.0°

Transfer=17.7 cycles

Transfer=48.7 cycles

Transfer=48.0 cycles

0.6644 pu V/Hz

1.2074 pu V/Hz

1.2964 pu V/Hz

Torque Ratio=1.89

Torque Ratio=11.31

Torque Ratio=13.83
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Facilities 11, 16 and 17

Successful In-Phase Transfers Completed After Blocked Fast Transfers

* In-Phase Transfer cases from Facilities 11, 16 and 17 all have a small initial phase angle difference, so a Fast
Transfer would have been successful. However, in all three cases, the Fast Transfer method was blocked, and the

transfer was completed by the In-Phase Transfer method.

— FACILITY 11: The Fast Transfer method was disabled intentionally in order to evaluate the performance of the
In-Phase Transfer.

— FACILITY 16: The initial phase angle was -13°, but Sequential Transfer mode prevented closing the new
source breaker until the old source breaker tripped. This was fortuitous as the old source breaker did not trip
for 12 cycles, while the phase angle between the motor bus and the new source advanced from -13° to -55°,

blocking Fast Transfer when the breaker finally opened.

— FACILITY 17: Conditions again required the use of the Sequential Transfer mode. Similar to FACILITY 16, as an
upstream breaker tripped, the old source breaker took 17 cycles to open as the phase angle difference
increased from -9° to -77°, blocking Fast Transfer.
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Facilities 11, 16 and 17

Successful In-Phase Transfers

In-Phase Transfer operations from cases 16 and 17 clearly demonstrate the value of In-Phase Transfer when a Fast Transfer

is blocked due to loss of an upstream source, coupled with the slow trip time of the faulty old source breaker.

FACILITY 11 In-Phase

FACILITY 16 In-Phase

FACILITY 17 In-Phase

37.7 Vac 62.7 Vac 62.2 Vac
-4.48 Hz -2.07 Hz -2.07 Hz
7.1° 2.2° -1.1°

Transfer=17.7 cycles

Transfer=50.0 cycles

Transfer=50.6 cycles

0.0644 pu V/Hz

0.4597 pu V/Hz

0.4634 pu V/Hz

Torque Ratio=1.89

Torque Ratio=3.77

Torque Ratio=3.75
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MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Motor Torque Ratio T /T, Conclusions

* Transfers that produce dangerously high Torque Ratios on the aggregate motor bus are given a passing
grade by the ANSI/NEMA C50.41 pu V/Hz criterion.

 |fitistorque that reduces the life expectancy and damages motors or driven equipment, or both, as
suggested in the ANSI/NEMA C50.41 Standard, then the industry must use a torque-based criterion to
assess if transfers are being completed within acceptable torque limits.

* Some transfers with low Torque Ratios are given much higher pu V/Hz values than others with relatively
equal Torque Ratios.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Motor Torque Ratio T /T, Conclusions

 ANSI/NEMA C50.41 pu V/Hz is not a good measure of motor torque.

 ANSI/NEMA C50.41 advice that “Slow transfer or reclosing can be accomplished by a time delay relay
equal to or greater than 1.5 times the open-circuit alternating-current time constant of the motor” is
wrong. Torque is NOT within acceptable levels at large close angles, even at low voltage.

* Motor Torque Ratio (T, /T,) can be calculated using the voltage and current waveforms recorded at
transfer and can indicate if a transfer is performed within safe motor torque design limits. The Torque
Ratio criterion can be used to calculate both aggregate and individual motor torque (in per unit of max
rated torque) at transfer.

 Residual Voltage Transfer where the phase angle and slip frequency are ignored can produce dangerously
high torques.

* In-Phase Transfer keeps motor torque well within safe limits and is a good choice when Fast Transfer is not
possible due a large initial angle.

 Thisis due to lower real power exchange between the new source and the motor as a result of the In-
Phase near-zero phase angle difference at transfer.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

NMotor Modeling - Transient Current & Torque

 Model three motors of various sizes, inertia, impedance, and loads connected on a single motor bus to calculate
the peak transient motor current and torque at transfer (pu of motor rated).

* Using Residual Voltage Transfer, study the effect of different breaker closing phase angles on the individual peak
transient current and torque for each of the motors immediately following the closure of the backup source

breaker.

* Individual motors exhibit positive and negative transient torques, oscillating from induction generator to motor,
and the peak-to-peak torques are also recorded, as they will impact the motor windings, bearings, couplings,
gear box and shaft torsion.
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Notor Viodeling - Transient Current & Torque

Modeling Applied to the Following Operating Conditions:
*  Normal Across-the-Line Motor Start.

*  Three-Phase Fault on the Motor.

* In-Phase Transfer.

. Residual Voltage Transfer, Closing at Various Phase Angles.
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NMotor Viodeling - Transient Current & Torque

Analysis of the Results of the Modeling

Analyze the severity of the resultant individual motor torques and currents to determine if levels have been
exceeded that could cause cumulative damage and loss of life to motors and connected equipment.

Based on the levels of torques measured, the efficacy of the transfer criteria found in ANSI/NEMA C50.41 will be
brought into question.
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ANSI/NEMVA Standard C50.41-2012

Polyphase Induction Motors for Power Generating Stations

ANSI/NEMA C50.41-2012

Amencan National Standard

Polyphase Induction
Motors for Power Generating Stations

Sacretanat

National Elecirical Manufacturers Assoclation
Approved July 17, 2012

EAmerican Matlonal Standands Inatituts, Inc.
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ANSI/NEMA STANDARD C50.41-2012

General

* Induction motors are inherently capable of developing transient current and torque considerably in excess of rated
current and torgue when exposed to out-of-phase bus transfer.

* Transient current and torque may range from 2 to 20 times rated ... subjects the motor (including the motor
windings) and driven equipment to transient forces in excess of normal running values.

 Reduces the life expectancy of the motor by some finite value.
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ANSI/NEMA STANDARD C50.41-2012

Slow Transfer or Reclosing

To limit possibility of damaging the motor or driven equipment... the resultant volts per hertz at transfer
doesn’t exceed 1.33 pu V/Hz

Delayed until motor rotor flux linkages decayed... accomplished by a time delay equal or greater than 1.5
times the open-circuit AC time constant of the motor [22.3% of rated bus voltage or 26.8 Vac on 120 Vac PT]
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ANSI/NEMA STANDARD C50.41-2012

Fast Transfer or Reclosing
e Occurs within a time period of 10 cycles or less.

* The resultant volts per hertz at the instant of transfer does not exceed 1.33 pu V/Hz.
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Notor Model Description

 The voltages and currents in the simulation are transformed from instantaneous values in the abc system to dqg frame
using the Clarke transformation.

* The stator core losses are neglected here to simplify the circuit representation.

AT _
Llr(s) ?(@s_@r)(P‘qu r(S)

Vds d(prdr/dt V'dr(s)

R'i(s)

- '
(OO Q gr

Vqs d(pQS/dt L d(_p'qr/dt V'qr(S)

I T S R

(b)

Fig. 1. dg model equivalent circuits of an induction motor. (a) d-axis and
(b) g-axis.
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Motor Model Description

* The electromagnetic torque(T,) transferred through the airgap is given by either stator or rotor flux linkages and the
corresponding currents:

The electromagnetic torque (7,) 1s given by:

3 3

. . . ; ;- r*-'|'I ( f-f )
Ep (99-:151% - (roqa?-d:a) O1 EP (H’-”qf Ldr = Pdr? qr) o1

3
. S
Eme (?"115?- dr — %ds? qr)

where p 1s the number of pole pairs.

Slip Dependency of the motor parameters
 The dependency of rotor impedance to rotor speed is not a linear relation.

 Theslip vs. torque, slip vs. efficiency and slip vs. PF curves are used to calculate the rotor resistance and reactance.
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Notor Viodel Description

* For the purpose of calculating rotor parameters with slip dependency, the following induction motor circuit
representation is used:

s, R X R.(s))s X', (s) ",

L

Vs Rn < X ¢ V"
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Notor Viodel Description
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4000 Hp Motor data
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(refer to Fig. 2)

R =0.66%

X =15.06%
R =4043%
X =383%
Ir)= 3.4%
Ir) = 2.23%
R (fl) = 0.56%

r

X (fl) = 11.92%

r

R
Xr (

Calculated slip dependency

parameters
Slip (%) | Rr (%) | X: (%)
100.00 | 340 | 2.23
90.00 | 3.38 | 3.06
80.00 | 3.33 | 3.94
70.00 | 3.20 | 4.77
60.00 | 291 | 559
50.00 | 2.50 | 6.41
40.00 | 215 | 7.22
30.00 | 1.79 | 837
2000 | 1.43 | 9.87
10.00 | 0.86 | 10.94
9.00 | 0.86 | 11.46
8.00 | 0.86 | 11.98
7.00 | 0.86 | 12.41
6.00 | 0.84 | 12.53
500 | 0.79 | 12.29
400 | 0.74 | 11.95
3.00 | 0.69 | 11.61
200 | 0.60 | 11.42
1.00 | 057 | 11.76
0.56 | 0.56 | 11.92
0.00 | 0.54 | 12.10

Motor Parameter Estimation Modeling
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The Votor Bus

Primary Backup
Source Source
T1 T2
Main 1 N/C Main 2 N/O
Motor Bus
T | @

ORORO

Motor A Motor B Motor C
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The VMotor Bus and Viotor Details

* The motor bus is supplied via 13.8/4.16 kV (20 MVA, Z=5%) Transformers T1 and T2.

 Each motor is modeled based on available motor data, as three motors with different sizes and loads have been

chosen to represent an example of an industrial power system.

MOTOR POWER VOLTAGE # POLES LOAD % LOAD
A 4000 hp 4 kV 4-pole 2500 KW compressor 76.90%
B 1500 hp 4 kV 2-pole 1000 kW induced draft fan 85.20%
C 500 hp 4 kV 6-pole 300 kW pump 78.80%
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Why Perform Residual VVoltage Transfer Tests Closing
at various Phase Angles?

* At transfer initiate, the initial phase angle may be nowhere near zero!

 So, at the end of a Residual Voltage Transfer spin down, the close phase angle may be
nowhere near zero!

 ANSI/NEMA Standard C50.41-2012 confirms that, “test conditions should account for
any phase angle difference between the incoming and running power supplies.”
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Tests Performed Under the Following Operating Conditions

* Normal Across-the-Line Motor Start - Induction motors experience high stator current and torque during
motor start and are designed to sustain this condition for short periods of time. The model includes
starting parameters: locked rotor current and breakdown torque.

* Three-Phase Short Circuit on Motor Terminals - Torque can be great enough to overstress motor mounts
to foundation or damage drive train shafts and couplings. Typically, a specified maximum value of six times
rated torque.

* In-Phase Transfer - ANSI C50.41 limits Fast Transfers to “10 cycles or less”, so a worst case In-Phase Transfer
test is performed that takes longer than 10 cycles to rotate 330° to the first pass through zero degrees to
complete a smooth synchronous transfer.

* Residual Voltage Transfer - Tests are performed with initial phase angles varied between primary and
backup sources, resulting in varied closing phase angles on completion of transfer.
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Residual VVoltage Transfer Test And Vieasurement Viethodology

* Theinitial angle is varied by 30 degree steps.
* Transfer is initiated, opening the Primary Source breaker, and the motor bus voltage and frequency decays.

* During spin down, each of the three motors can be in generation mode (negative torque) or motor mode
(positive torque) depending upon inertia of the motors.

 The breaker close command is sent to the Backup Source breaker when the motor bus voltage reaches 30% with
breaker close <30%.

* After breaker closure, peak current and peak positive, peak negative and peak-to-peak transient torques are
measured.

NOTE: Transient peak-to-peak torque is defined as the difference between the positive peak and the negative peak
torque during various operating conditions such as motor starting, short circuit and motor bus transfer.
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NMotor B Transient Torques During Residual VVoltage Transfer

—Motor B Torqgue (pu)

Torque in pu

Time in sec
e Peak-to-peak Torque

1. 5. Transient peak-to-peak torque.



Test Results - Transient Currents & Torques during
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Residual VVoltage VIBT

Residual voltage transfer vs. Motor start and in-phase transfer (gray>normal start)

RESIDUAL VOLTAGE TRANSFER VERSUS MOTOR START AND IN-PHASE TRANSFER

TABLE 1

MNormalj In-Phase

Closing Angle 25.47| 55.47| 85.47| 115.47| 145.47| 175.48| 205.47| 235.47| 265.47| 295.47| 325.47| 355.45| Start | Transfer
Motor A Peak Current 5.36 5.46 6.44 7.44 8.54 8.59 9.05 8.69 7.63 6.90 5.55 5.22) 4.70 3.44
Motor B Peak Current 7.60 8.98| 10.68| 12.28( 13.73| 13.49| 13.98| 13.07| 11.26 9.94 7.96 7.05] 6.28 4.54
Motor C Peak Current 6.28 6.81 8.02 9.27| 10.62| 10.74] 11.44| 11.05 9.88 9.00 7.37 6.39] 5.85 3.88
Motor A Negative Peak Torque -0.87| -2.06| -3.09| -3.65| -3.56] -2.88] -1.88 -0.88| -0.17 0.00 0.00 0.000 0.00 0.00
Motor B Negative Peak Torque -2.43| -4.04| -517| -543| -474] -3.40| -193] -0.78] -0.49| -0.49 -0.49 -0.94] 0.00 -0.49
Motor C Negative Peak Torque -0.53| -2.09] -3.60| -457| -4.74| -4.06| -2.80 -141| -0.33] -0.10 -0.10 -0.10f 0.00 -0.10
Motor A Positive Peak Torque 3.08 3.27 3.42 3.48 3.28 2.82 2.51 2.06 1.79 2.27 2.47 2720 1.80 2.95
Motor B Positive Peak Torgue 4.66 4.94 5.03 4.87 4.54 4.26 3.87 3.51 3.30 3.76 422 4.47 3.24 4.04
Motor C Positive Peak Torque 3.55 3.82 3.85 3.76| 3.65 3.32 2.82 2.51 2.29 2.57 2.80 3.14] 2.25 3.36
Motor A Transient Pk-to-Pk Torque 3.95 5.33 6.52 7.13 6.83 5.70 4.39 294 1.97 2.27 2.47 2.72) 1.80 295
Motor B Transient Pk-to-Pk Torque 7.09 8.98| 10.20f 10.30f 9.28 7.66 5.80 4.29 3.79| 4.25 4.7 541] 3.24 4.53
Motor C Transient Pk-to-Pk Torque 4.08 5.91 7.45 8.34| 8.39 7.38 5.62 3.93 2.61 2.67 2.90 3.24y 225 3.46
Resultant pu V/Hz 0.71 0.85 1.03 1.19] 1.29 1.33 1.31 1.22 1.08] 0.91 0.75 0.66 0.345
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Comparison of Currents and Torques Residual
VVoltage Transfer vs. Viotor Start

. In all of the cases, the peak currents and peak-to-peak torques observed during residual voltage transfer on
all motors are greater than the motor start currents and torques respectively.

. In particular, in the majority of cases, the currents during transfer are well in excess of six times rated
current, which is generally specified for across-the-line motor starting.



MOTOR BUS TRANSFER APPS ISSUES & CONSIDERATIONS

Comparison of Currents and Torques Residual VVoltage
Transfer vs. In-Phase Transfer

* The In-Phase Transfer takes more than 27 cycles which is much more than the 10-cycle fast transfer limit
specified by ANSI C50.41.

 The bus voltage at the point of In-Phase Transfer is 62% compared to <30% for a Residual Voltage Transfer.

 For all motors, in 67% of the tests, the peak-to-peak torques for In-Phase Transfers are much less than the peak-
to-peak torques for Residual Voltage Transfers at larger angles.

* The frequency of the bus during the in-phase transfer reached 56.818 Hz and the corresponding pu V/Hz is
0.345 compared to the worst-case residual voltage transfer where the frequency is 53 Hz and the corresponding
V/Hz is 1.33 pu.

* The peak-to-peak torque in the case of in-phase transfer is less than one-half of the peakto-peak torque during
worst-case residual voltage transfer for all three motors (A, B, and C) simulated.

 The peak currents during in-phase transfer are lower than the motor start currents and, in all cases, lower than
residual voltage transfer.
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Test Results - Transient Currents & Torques During Residual
VVoltage VMIBT Vs Short Circuit

Residual voltage transfer vs. Motor 3-@ short circuit (gray>short circuit)

TABLE 11
RESIDUAL VOLTAGE TRANSFER VERSUS MOTOR SHORT CIRCUIT

Short

Closing Angle 55.47| 85.47(115.47|145.47]|175.48|205.47| 235.47| 265.47| 295.47 |Circuit

Motor A Peak Current 5.46| 6.44( 7.44| 8.54| 8.59| 9.05( 8.69| 7.63] 6.90] 5.90
Motor B Peak Current 8.98| 10.68( 12.28| 13.73| 13.49| 13.98( 13.07| 11.26] 9.94| 9.55
Motor C Peak Current 6.81| 8.02| 9.27| 10.62| 10.74| 11.44| 11.05| 9.88| 9.00f 7.50
Motor A Negative Peak Torque -2.06| -3.09| -3.65| -3.56| -2.88| -1.88| -0.88( -0.17{ 0.00] -4.03
Motor B Negative Peak Torque -4.04( -5.17| -5.43| -4.74) -3.40( -1.93| -0.78| -0.49( -0.49| -6.46
Motor C Negative Peak Torque -2.09| -3.60( -4.57( -4.74| -4.06| -2.80( -1.41| -0.33| -0.10] -5.38
Motor A Positive Peak Torque 3.27| 3.42| 348 3.28| 282 251 206 1.79 227 1.67
Motor B Positive Peak Torque 494 5.03| 487 4.54| 4.26| 3.87| 3.51| 3.30| 3.76] 2.21
Motor C Positive Peak Torque 3.82| 3.85| 3.76| 3.65| 3.32| 2.82| 251 229 257 1.38
Motor A Transient Pk-to-Pk Torque 5.33| 6.52| 7.13| 6.83| 5.701 4.39( 294 197 227 5.70
Motor B Transient Pk-to-Pk Torque 8.98| 10.20] 10.30f 9.28| 7.66| 5.80( 4.29| 3.79| 4.25| 8.68
Motor C Transient Pk-to-Pk Torque 591| 7.45| 8.34, 8.39| 7.38| 5.62( 3.93| 261, 2.67| 6.76
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Comparison of Currents and Torques -- Residual VVoltage
Transfer vs vViotor Short Circuit

 For example, the worst-case peak-to-peak torque during residual voltage transfer for Motor A is 7.13 pu versus a
SCT of 5.70 pu, for Motor B is 10.30 pu versus a SCT of 8.68 and for Motor C is 8.39 versus an SCT of 6.76.

* As the nature of these torques is cyclic or pulsating, this could generate high mechanical vibration resulting in
possible cumulative damage to the motors and any mechanical equipment connected to them.

 The peak current in motors during Residual Voltage Transfers is higher than the Three-Phase Short Circuit Currents
in more than 67% of the cases.

e High currents passing through the motor conductors cause high mechanical stresses on the conductors, fixed in
stator slots by wedges, and held in end windings by a combination of epoxy, blocking and lashings. This mechanical
stress can result in damage to the insulation surrounding the stator conductors and, over time, it can cause a short
circuit in the stator windings.
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Transient Currents During Residual VVoltage Transfer Compared
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Fig. 9. Graph of peak current versus closing angle.
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Transient Torques During Residual VVoltage Transfer Compared
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11.  Graph of positive and negative peak transient torque versus closing angle.
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Transient PK to Pk Torques During Residual VVoltage Transfer
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Delta VVoltage vs Time
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. 12.  Graph of instantaneous, RMS, and square of RMS value of delta voltage.
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Least Squares curve-fit of Pk-PK transient torque
and Peak current

Tp_p((ﬁ-k) = (OT -+ }“T (Sk) -+ AT sin (5}{ + ﬂiT)
Ip((gk) = (O] + Al (51,:) + A sin ((Z’f-k -+ fjfl)

where Tp_p : Transient peak-to-peak torque 1n pu

Ip: Peak motor current in pu

0x: Closing angle at index k in radians

k: Index k (1 to 12) denotes k-th value of

Or: Offset of the sinusoidal function for Tp_p in pu

Ar: Linear constant of the offset for Tp_p in pu/radian
A~r: Amplitude of the sinusoidal function for Tp_p in pu
aT: Phase angle of the sinusoidal function for Tp_p in radians
Og: Offset of the sinusoidal function for Ip in pu

A1: Linear constant of the offset for Ip in pu/radian

Ap: Amplitude of the sinusoidal function for Ip in pu

ar: Phase angle of the sinusoidal function for Ip in radians
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Pk-Pk Torque
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Pk-Pk Torque and Peak Current vs Closing Angle for Viotor B
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Pk-Pk Torque and Peak Current vs Closing Angle for NMotor C
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Peak Inrush Ccurrents for Each vviotonr

RESIDUAL VOLTAGE VERSUS IN-PHASE TRANSFER

Peak Inrush Currents (PC)

In-Phase | Residual .
Residual
Transfer | Voltage
Voltage
Motor Transfer PC % >
AV = .38pul AV=Tpu| o °
@ Close | @ Close -rhase
Motor A 3.44 5.22 52%
Motor B 4.44 7.05 59%
Motor C 3.88 6.39 65%
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Summary of Simulation Results

* There is a high correlation of Torque Ratio vs. @ Angle at Close.
* Transfers that produce dangerously high Torques are given a passing grade by the C50.41 pu V/Hz criterion.

 Ifitistorque that reduces the life expectancy and damages motors or driven equipment, or both, as
suggested in the C50.41 Standard, then the industry must use a torque-based criterion to assess if transfers
are being completed within acceptable torque limits.

e Residual Voltage Transfers, where the phase angle and slip frequency are ignored, can produce dangerously
high torques due to significantly out-of-phase closures.

* These results demonstrate that the in-phase transfer method is far superior to even the best 0° phase angle
close by the residual voltage transfer method, which has only a 1 in 360 chance of ever occurring.
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Residual VVoltage Transfer — additional discussion

High Currents:

 May cause thermal and mechanical damage to stator conductors and insulation.
 May cause tripping of motor instantaneous overcurrent protective relays.
 May cause tripping of feeder and transformer overcurrent protective relays.

High Torques

*  Will result in cumulative loss-of-life, motor fatigue, and potential early life failure.

* Large cyclic torques (peak-to-peak) can cause mechanical vibration and damage to the bearings, shafts,
couplings, gearboxes and loads. If the peak shaft stresses exceed the yield strength of the shaft material,
then immediate cracks will occur.
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Residual VVoltage Transfer Test Conclusions

Significant Speed and Voltage Decay

Load shed may be necessary if the new source cannot reaccelerate all the motors at once.

The transfer could cause excessive plant voltage dip causing motor trip or dropout on other buses.

DISCUSSION

Acknowledging these significant problems, some in the industry have elected only to perform dead transfers,
waiting until the motors have stopped and then restarting the whole process. This strategy is extremely expensive
and opens exposure to the risk of having to perform an unnecessary complete shutdown and restart of the process.
There is no need to resort to such extreme measures since Synchronous Fast and In-Phase Transfers always occur at
much higher voltages, at much lower slip frequencies, and coupled with the synchronous closure, provide a far
gentler transfer than the “blind” Residual Voltage method. Safe transfers can be performed rapidly and seamlessly
with no effect on process.
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Questions?
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