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NOTICE

All Performance Test Codes must adhere to the requirements of ASME PTC 1, General Instructions. The following infor-
mation is based on that document and is included here for emphasis and for the convenience of the user of this Code. It is
expected that the Code user is fully cognizant of Sections 1 and 3 of ASME PTC 1 and has read them prior to applying this
Code.

ASME Berformance Test Codes provide test procedures that yield results of the highest level of accuracy consistént-with
the besf engineering knowledge and practice currently available. They were developed by balanced committees refre-
sentingfall concerned interests and specify procedures, instrumentation, equipment-operating requirements, calculation
methods, and uncertainty analysis.

When tgsts are run in accordance with a code, the test results themselves, without adjustment for uncertainty, yield the
bestavailable indication of the actual performance of the tested equipment. ASME PerformanceAest Codes do not spe¢ify
means fo compare those results with contractual guarantees. Therefore, it is recommended thatthe parties to a comn]er-
cial tesfagree before starting the test and preferably before signing the contract on the method to be used for comparfing
the testiresults with the contractual guarantees. It is beyond the scope of any Code to determine or interpret how sfich
compatfisons shall be made.

vi
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FOREWORD

At the suggestion of members of the Rotating Machlnery Commlttee of the Amerlcan Institute of Electrlcal Engineers
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ince 1955, many ASME Performance Test Codes have been written or revised that require the accurate deterny
power. Due to advances in power metering technology, these newer codes include many additional metering 1
nts notincluded in ASME PTC 19.6-1955. In addition, many fundamental techniques of power metering, use o
nt transformers, and methods for correcting for installation effects had lost emphasisor were not well unders
more recent generation of Performance Test Code users and committee menibers.

'herefore,in 2002,anew ASME PTC 19.6 Committee was formed, and an initial erganizational meeting was held
2002, at ASME headquarters in New York with the intent to modernize the Supplement while simplifying, illus

emphasizing techniques that are required primarily in the measuremént of electrical power.

'he intent of the reactivated PTC 19.6 Committee was to produce an insttument and apparatus supplement th
wholly referenced by the equipment/system PTCs and reduce the ne€d for the other ASME Performance Td
nmittees to develop unique sections on electrical power measutenient. However, it is not the intent of this

ended solely to provide assistance and guidance for the accurate measurement and determination of electrical
t applies to ASME PTC tests.

'he ASME Board on Standardization and Testing apprioved this Code on November 20, 2017, and the ANSI H
ndards Review approved it as an American National Standard on February 27, 2018.
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CORRESPONDENCE WITH THE PTC COMMITTEE

General. ASME Codes are developed and maintained with the intent to represent the consensus of concerned inter-

ests, As such, users of this Code may interact with the Committee by requesting interpretations, proposing revisi

nsora

cage, and attending Committee meetings. Correspondence should be addressed to:

Secretary, PTC Standards Committee

The American Society of Mechanical Engineers
Two Park Avenue

New York, NY 10016-5990
http://go.asme.org/Inquiry

roposing Revisions. Revisions are made periodically to the Code to incorporate changes that appear necef
degirable, as demonstrated by the experience gained from the application of the.Code. Approved revisions
published periodically.

he Committee welcomes proposals for revisions to this Code. Such proposals'should be as specific as possibl
thg paragraph number(s), the proposed wording, and a detailed description ofthe reasons for the proposal, includ
pertinent documentation.

an ppproved revision when the need is urgent, or to provide rules.not covered by existing provisions. Cases are €
immediately upon ASME approval and shall be posted on the, ASME Committee web page.
equests for Cases shall provide a Statement of Need and Background Information. The request should ider]
Codle and the paragraph, figure, or table number(s), and be'written as a Question and Reply in the same format as
Cages. Requests for Cases should also indicate the applieable edition(s) of the Code to which the proposed Case

sary or
will be

P, citing
ingany

roposing a Case. Cases may be issued to provide alternative ruleswhen justified, to permit early implementation of

ffective

tify the
pxisting
hpplies.

Interpretations. Upon request, the PTC Standatds Committee will render an interpretation of any requirement of the

Codle. Interpretations can only be rendered intesponse to a written request sent to the Secretary of the PTC St
Committee.

equests for interpretation should preferably be submitted through the online Interpretation Submittal Fo
form is accessible at http://go.asme.arg/InterpretationRequest. Upon submittal of the form, the Inquirer will re
aufomatic e-mail confirming receipt;

the Inquirer is unable to use the online form, he/she may mail the request to the Secretary of the PTC Stz
Committee at the above address: The request for an interpretation should be clear and unambiguous. It is furt
ommended that the Inquirer“submit his/her request in the following format:

ndards

'm. The
eive an

ndards
her rec-

Subject: Cite the applicable paragraph number(s) and the topic of the inquiry in one or two|words.

Edjtion: Cite the applicable edition of the Code for which the interpretation is being requésted.

Quiestion: Phrase the question as a request for an interpretation of a specific requirement suitable for
general understanding and use, not as a request for an approval of a proprietary dgsign or
situation. Please provide a condensed and precise question, composed in such a waly thata
“yes” or “no” reply is acceptable.

Proposed Reply(ies): Provide a proposed reply(ies) in the form of “Yes” or “No,” with explanation as needed. If

entering replies to more than one question, please number the questions and replies.

Background Information: Provide the Committee with any background information that will assist the Comm

ittee in

understanding the inquiry. The Inquirer may also include any plans or drawings that are
necessary to explain the question; however, they should not contain proprietary names or

information.

Requests thatare notin the format described above may be rewritten in the appropriate format by the Committee prior

to being answered, which may inadvertently change the intent of the original request.
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Moreover, ASME does not act as a consultant for specific engineering problems or for the general application or
understanding of the Code requirements. If, based on the inquiry information submitted, it is the opinion of the
Committee that the Inquirer should seek assistance, the inquiry will be returned with the recommendation that
such assistance be obtained.

ASME procedures provide for reconsideration of any interpretation when or if additional information that might affect
an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME
Committee or Subcommittee. ASME does not “approve,” “
device, or activity.

NG

certify,” “rate,” or “endorse” any item, construction, proprietary

Atterlding Committee Meetings. The PTC Standards Committee regularly holds meetings and/or telephone confer-
ences that are open to the public. Persons wishing to attend any meeting and/or telephone conference should contactthe
Secretafy of the PTC Standards Committee. Future Committee meeting dates and locations can be found on the'Gommittee
Page aff http://go.asme.org/PTCcommittee.
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INTRODUCTION

Many ASME Performance Test Codes require the determination of electrical power in order to evaluate the performance
of a power generating system, the power produced by a large piece of mechanical equipment, or the power consumed by
auxiliary equipment. IEEE 120 and C57.13 contain details for measurement of electrical properties and the application of
instrument transformers. These IEEE standards are very thorough and cover measurements of voltage, current, power,
poyver factor, frequency, impedance, magnetic quantities, and ancillary equipment. However, during many ASME perfor-
majnce tests, power is the main quantity of interest. In addition, specific corrections for electrical generator,power output
to reference operating conditions are necessary for many ASME performance tests.

Itig not the intent of this Supplement to supersede the guidance or requirements of any IEEE standardyThe intent i§ simply
to gmphasize and simplify the requirements for these measurements as they apply to ASME Performance Test Code tests
and to provide a common document that can be referred to by all ASME Performance Test.Codes.

Xi
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Section 1
Object and Scope

1-

qu
tol
reff
to

1-2

'
ang

generators, power transformers, and motors. This Supplement does not’include such measurements of fund

ele
of

1-3

]
low
the
an
of
shd

OBJECT

is the purpose of this Supplement to give instructions and guidance for the accurate determination of eléctrica
ntities thatare commonly needed in support of ASME Performance Test Codes. The choice of methodand instry
e used, required calculations, and corrections to be applied in any given case depend on the requirements of
erencing this Supplement, considering the purpose of the measurement, uncertainty required, and nature of th
be measured.

SCOPE

'he methods given herein include direct and indirect determinations of activespower (watts), reactive powe
| power factor produced or consumed in alternating-current single-phase afhd polyphase electrical circuits, e

rtrical properties as voltage, current, frequency, resistance, and impedante, except as needed to support the ob)
his Supplement.

TEST UNCERTAINTY

'his Supplement emphasizes the methods and instrumientation required to obtain measurement results V
yest practical uncertainty based on current engineeting knowledge, taking into account measurement cg
value of information obtained from the measurement. Test uncertainty is principally influenced by the

he power system. When estimating the systematic uncertainty of a power measurement, an uncertainty

de that support the estimates presented.
[able 1-3-1 presents the requirements for the active power measurement uncertainty for three classes of m
nts designated as Class A, B, or C«Eor the Class A measurements (high quality, minimum uncertainty), the unc
be restricted to a narrow band! For the Classes B and C, a range of uncertainties can occur depending on
imentation selected and the'ather factors mentioned above. Class B has two options, depending on the calibraf
den data available. Other_dptions may be applicable for exceptions to best practices, provided the uncerta
rements are met for-Class B.

Table 1-3-1 Class Requirements for Active Power Measurement Uncertainty

l power
uments
the PTC
P circuit

(vars),
ectrical
mental
ectives

Vith the
sts and
quality

| calibration of the instruments, experience and judgment of the test personnel, and stability and characteristics

nalysis

1l be conducted to identify the potential soutiees of uncertainty, how these were estimated, and a list of all assunptions

easure-
brtainty
the in-
ion and
inty re-

Class/Purpose Requirements Uncertainty, %
A (best(practices) Calibrated watt or watt-hour meter, VTs, and CTs with corrections 0.2 or better
B Calibrated watt or watt-hour meter, with exceptions to best practices for burden 0.2-0.35
correction, and VTs and CTs calibration as shown in B1 and B2
B1 Exception: type test information on CTs 0.2-0.3
B2 Exception: type test information on CTs, VTs, and estimated burden 0.25-0.35
C (low-voltage) Clamp-on and direct metering 2-5

GENERAL NOTE: VT = voltage transformer; CT = current transformer.
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For cases of monitoring or comparative testing, where the same instruments are used for both initial and later tests,
absolute measurementis not the goal of the test. In these cases, the relative uncertainty is the uncertainty of the difference
between the previous reading and the current one or between the before and after tests of an equipment rebuild or
modification. In these cases, Performance Test Codes that reference this Supplement may allow the use of a measurement
that does not meet the requirements of Class A, B, or C, if it is demonstrated that the systematic uncertainties are
correlated and essentially cancel out, thus resulting in a low measurement uncertainty.

The sections of this Supplement describe various combinations of instruments available for use in the measurement of
electrical power and their calibration and application requirements. The specific test uncertainty for each combination of

instruments_can be determined by the prnr‘pdnrﬂc autlined in Section 7

1-4 O

1-4.1 ¢

The 3
when p
ASM]
Supplet
requirej

1-4.2

This
touseo
publica
shall af

ASME §
ASME §
ASME [
Publish

(wwy

IEEE 1]
IEEE C
IEEE C
IEEE C
Publish

(wwy

HER REQUIREMENTS AND REFERENCES

Dther Requirements

pplicable provisions of ASME PTC 1 are a mandatory part of this Supplement. It should be reviewéd and folloy
reparing the procedure for electrical power measurements.

[ PTC 2 defines many of the terms and numerical constants used in this Supplement. The*tASME PTC 19 ser]
nents on Instruments and Apparatus, should be consulted when selecting the instruments used to measure
d test parameters and when calculating test uncertainties.

References

bupplement relies on many references for test procedures and data, suchas ASME, IEEE, etc. The parties shall ag]
ther recognized international sources for these procedures and data, including applicable revisions. The follow
Lions form a part of this Supplement to the extent specified herein{Unless otherwise indicated, the latest edit

ply.

TC 1, General Instructions

TC 2, Definitions and Values

TC 19.1, Test Uncertainty

er: The American Society of Mechanical Engineers’ (ASME), Two Park Avenue, New York, NY 10016-59
v.asme.org)

0-1989, IEEE Master Test Guide for Electrical Measurements in Power Circuits

2.1, Code for Electricity Metering

7.12.90, Standard Test Code for Liquid-Immersed Distribution, Power, and Regulating Transformers
7.13-2016, Requirements for Instrument Transformers

er: Institute of Electrical and\Electronics Engineers, Inc. (IEEE), 445 Hoes Lane, Piscataway, N] 08§
v.ieee.org)

red

es,
the

Fee
ing
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90

54
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Section 2
Definitions and Descriptions of Terms

2-1 GENERAL

Terms provided in this Section are confined to those for which clarification is considered to improvethedser’s
intent.

2-2 DEFINITIONS

acduracy: closeness of agreement between a measured value and the true value.

brasp of

acquracy class: guaranteed worst-case accuracy for all devices of a particular type, médel; or design over their intended

op¢rating range. Usually refers to meters and instrument transformers. Accuracy ofindividual units may be muc
n the class accuracy, but testing is required to discover the actual value,

actjve power [expressed in watts (W)]: amount of power delivered to the resistive'‘component of aload. Active pow
only power that can perform useful work. In a DC circuit, active power is¥0lts multiplied by amps. In an AC circ
sinpsoidal waveforms, active power is RMS volts multiplied by RMS amps.and the cosine of the phase difference b
thgm. (See apparent power and reactive power.)

apparent power [expressed in volt-amperes (VA)]: total power thatis-delivered to a circuit that contains both resis
reactive loads. Apparent power is the square root of the sum ofthe squares of the active and reactive powers. (Se
power and reactive power.)

burden (instrument transformer):load connected to the secondary winding of an instrument transformer that detg
theg active and reactive power at the secondary terminals. The burden is expressed either as total ohms impedar
thd effective resistance and reactance components.or as the total volt-amperes and power factor at the specified
cupjrent or voltage and frequency.

h better

bris the
it with
etween

ive and
e active

rmines
ce with
value of

andl adjusting the instrument to match. the standard, if appropriate. Data gathered during calibration may be used to

calfbration: process of comparing the response of an instrument to a standard instrument over some measuremeE range

estpblish correction or uncertainty.factors. Alternately, for an instrument, the development of documentation
shqw the difference between thé Code and the instrument and the uncertainty of doing the comparison.

cutfrent transformer (CT): instrument transformer that is used to reduce a high current to a proportionately lower
that may be safely applied.to’a measuring instrument.

engrgy [expressed in watt-hours (Wh)]: integral of active power with respect to time. One watt of power delivered ¢
ougly for 1 h deliveksil Wh of energy.

insfrument transformer: transformer that is intended to reproduce in its secondary circuit, in a definite and|

at will

current

ontinu-

known

praportion, the-eurrent or voltage of its primary circuit with the phase relations substantially preserved. An insfrument

trapsformerds used to convert potentially dangerous voltage or current levels to a safer level suitable for a me
insfrument:

Qsuring

mayked-ratio: ratio of a transformer’s rated primary value to the rated secondary value as stated on the nan

heplate.

phase-angle correction factor (PACF): ratio of the true power factor to the measured power factor. The phase-angle
correction factor corrects for the phase displacement of the secondary current or voltage, or both, due to the instrument

transformer phase angle(s).

phase angle of an instrument transformer (PA): phase displacement, in minutes of arc or radians, between the prim
secondary values. The phase angle of a current transformer is designated by the Greek letter § and is positive w
current leaving the identified secondary terminal leads the current entering the identified primary terminal. Th

ary and
hen the
e phase

angle of a voltage transformer is designated by the Greek letter y and is positive when the secondary voltage leads the

corresponding primary voltage.
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polarity: arrangement of test connections to a circuit that permits correct determination of the direction of power flow. In
an AC circuit, power is regarded as being “delivered” to the load when instantaneous current flows into the load for
positive instantaneous voltage swings and out of the load for negative instantaneous voltage. Instrument transformers
are marked to allow correct polarity to be maintained. In general, if the marked primary terminals are connected to a
phase voltage (for a VT) or toward the generator (for a CT) and the marked secondary terminals are connected to the
phase voltage or line side current terminals on the instrument, the polarity will be correct for power measurements.

power factor: ratio of the active power to the apparent power in a circuit; the cosine of the phase angle between sinusoidal
voltage and current in an AC circuit. Power factor can never exceed 1.0.

primary winding (instrument transformer): transformer winding intended for connection to the circuit to be measured or
controlled.

randomerror: the portion of total error that varies randomly in repeated measurements of the true value throughout a fest
procesd.

ratio cofrection factor (RCF): ratio of the true ratio to the marked ratio on an instrument transformer. The primary currgent
or voltdge is equal to the secondary current or voltage multiplied by the marked ratio times the ratie correction factor.

reactivg power [expressed in volt-amperes reactive (var)]: amount of power delivered to the reactive component of a ldad.
Reactive components cause a phase shift between voltage and current in an AC circuit. In air AC circuit with sinusoidal
waveforms, reactive power is RMS volts multiplied by RMS amps and the sine of the phase-shift. (See active power dnd
apparemnt power.)

seconddry winding (instrument transformer): winding of a transformer that is interided for connection to the measuring,
protectjon, or control device.

systemdtic error: the portion of total error that remains constant in repeated measurements of the true value throughofita
test prgcess. Also called bias error.

traceabjle: records are available demonstrating that an instrument’s calibration has been performed against an ultimiate
referenke maintained by the National Institute for Standards and Technology (NIST) or against a standard that is trgce-
able tolan NIST reference.

transfofmer correction factor (TCF): ratio of the true watts orwiatt-hours to the measured secondary watts or watt-hojrs
divided] by the marked ratio.

NOTE: The transformer correction factor for a current or voltage transformer is the ratio correction factor multiplied by the phase-
angle cofrection factor for a specified primary circuit powér factor. The true primary watts or watt-hours are equal to the watts or wptt-
hours measured multiplied by the transformer correction factor and the marked ratio. The true primary watts or watt-hours, when
measurgd using both current and voltage transformers, are equal to the current transformer ratio correction factor multiplied byfthe
voltage fransformer ratio correction factor multiplied by the marked ratios of the current and voltage transformers multiplied by|the
observefl watts or watt-hours. It is usually sufficiently accurate to calculate true watts or watt-hours as equal to the product of the fwo
transforfner correction factors multiplied(by)the marked ratios multiplied by the observed watts or watt-hours (from IEEE C57.13).

true rafio: ratio of the root-mean-square (rms) primary voltage or current to the rms secondary voltage or current in a
transformer under specified conditions. This is the value that results from application of correction factors and mayf be
different than the marked %atio or nominal ratio.

turnsrdtio of a current transformer: ratio of the secondary winding turns to the primary winding turns. This may not be the
same ap the marked ratio or nominal ratio.

turns rdtio of a voltage transformer: ratio of the primary winding turns to the secondary winding turns. This may not be the
same ap the marKed ratio or nominal ratio.

uncertdinty {U): the interval about the measurement or result that contains the true value for the measured quantity for a
given chnfidence level

verification: confirmation that the instrument meets the technical specifications claimed by the manufacturer.

voltage transformer (VT): instrument transformer that is used to reduce a high voltage to a proportionately lower voltage
that may be safely applied to a measuring instrument.

NOTE: Voltage transformers are commonly referred to as potential transformers (PTs), although in this Supplement they are always
referred to as voltage transformers (VTs).
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Table 2-2.1-1 Symbols

Symbol Description Units
B Burden VA
CT Current transformer
CTRCF Current transformer ratio correction factor
CTTR Current transformer turns ratio
1 Current A
P Power kw
PACF Phase-angle correction factor
PF Power factor
Pvqr Primary side reactive power kvar
PW Primary side active power kW
RC Ratio correction factor
Svar Secondary side reactive power var [Note (1)]
SW| Secondary side active power w
14 Voltage \
VA Volt-amperes VA
VT Voltage transformer
VTRCF Voltage transformer ratio correction factor
VTTR Voltage transformer turns ratio
VTYD VT circuit voltage drop \
VTYDCF Voltage transformer circuit voltage drop correction factor
w Active power w
a Wattmeter phase-angle error deg
B CT phase-angle error deg
y Phase angle rad
Ye VT phase-angle‘error deg
2] Phase angle deg
NOTE: (1) var = volt-ampere reactive.
2-2.1 Symbols and Subscripts
§ymbols used in this Supplementarelisted in Table 2-2.1-1. Subscripts used in this Supplementare listed in Table 2-2.1-
2.
Ilisted in Table 2:2:1-2 are the principal subscripts used in Sections 1 through 7 and Nonmandatory Appgndix A.
Sulbbscripts in subséction 6-3 and Nonmandatory Appendix B are not included as they are specific to the calctilations
in those sections-and are sufficiently defined therein.
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Table 2-2.1-2 Subscripts

Subscript Description
0 Zero burden point
c Actual burden point
d Difference
exc Exciter
field Field V or I
gp Gross power
i Individual measurement or parameter
m Motor
rect Rectifier
s Indicated
t Total, for power or vars
Upper burden point, for correction facters
vt VT parameter
X Per phase, in power calculation

Standard deviation, for uncertainrealculations

Kl

Random or systematic standard uncertainty
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Thls Section provides guidance and requirements for the determination of these parametets. IEEE 12
uld be consulted for additional information and measurement requirements of other'documents not ifpcluded
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3-2 SINGLE-PHASE, TWO-WIRE POWER SYSTEMS

phases of an electric generator or a motor control center. Powe¥/in this circuit can be measured using only one nj
element. This is a common application where separate transducers or metering elements are used to measure th

in

mepsurement. In this case, the potential difference between the two conductors and the current in only one cond

ne

the voltage and current in this system.

3

ge

the generator is connected directly to a transformer with a delta primary winding, and load distribution is mad

ASME PTC 19.6-2018

Section 3
Power System Measurement Techniques

1 INTRODUCTION

Electrical system parameters commonly required for the execution of ASME PTCs include gross-ele¢trical
yer factor, exciter power, power to other auxiliary system electrical loads, and associated pewer-factor

his Supplement.
The number of conductors involved and metering elements required for common powercircuits encountered
IASME performance test are as follows:

a) two-wire systems: one single-element meter

b) three-wire systems: two single-element meters or one two-element meter

c) four-wire systems: three single-element meters or one three-element mieter

Details of these circuits and their metering methods are as indicatediin the remainder of this Section.

Figure 3-2-1 shows a simple two-wire system where the two ceniductors may come from any source, such as

ingle phases of a three-phase power circuit. It may also be used for a phase-to-phase or phase-to-neutra

essary for the calculation of power. Single-elemient meters may also meter the phase angle or power factor 4

3 THREE-PHASE, THREE-WIRE POWER SYSTEMS

a) Delta-Connected Generator. Asshown in Figure 3-3-1, illustration (a), in this arrangement, the three phase
jerator are arranged in a series'sothat the three conductors come from the connection between each phase. In tl

Figure 3-2-1 Single-Phase, Two-Wire Power Measurement

output,
values.
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his case,
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One single-phase wattmeter or
watt-hour meter connects here
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secondary grounded-wye side of the transformer. Any zero sequence load unbalance on the load distribution side of the

generator transformer is seen as neutral current in the grounded-wye connection. On the generator side of the tra

ns-

former, the neutral current is effectively filtered out due to the delta winding, and a neutral conductor is not required. In
fact, the existence of any significant current in the generator neutral would indicate a ground fault in the generator stator,
generator bus, primary winding of the generator transformer, or the primary winding of a unit auxiliary transformer

(when used). This would result in a protective trip of the generator.
(b) Wye-Connected Generator With High Impendence Ground. As shown in Figure 3-3-1, illustration (b), in this arran

ge-

ment, the three phases of the generator are connected to a neutral point that is grounded using a high impedance neutral

ground ng device Inthiscase the generator is fypit‘a”v connectedtaoathree-wireload distribution bus and theloads

re

connecfed either phase-to-phase or three-phase delta. The grounding device is typically sized to carry 400 A to 2 0@
fault current. Since no line-to-ground loads are connected, any significant current in the generator neutral would
abnornjal and result in a protective trip of the generator.
Exanjples of three-wire power generation systems are shown in Figure 3-3-1. Descriptions of various thregswire pov
system$ are as follows:
(1) where generator output (gross generation) is desired from a delta-connected generator. In-this case, no neu
or fourfh wire is available.
(2] where generator output is desired from a wye-connected generator with a high impedance neutral ground
device.
(3] other three-wire systems, such as the less common example of an ungrounded wye generator used with a de
wye-grounded transformer.
Regafdless of the type of three-wire system or generator arrangement, power in any*of these systems can be measu
using tyvo metering elements. The power can be stepped down to measureable values using two voltage transform
(VTs) cpnnected in an Open Delta arrangement and two current transformers(CTs). The Open Delta metering system

\ of
be

ver
ral
ing
ta-
red

ers
Can

be used for either a delta- or wye-connected generator as shown in Figuré€ 3-3-1, illustrations (a) and (b). These insfru-

ment trjansformers supply inputs to either two watt/varmeters, two watt-hour/var-hour meters, a two-element we
varmetgr, or a two-element watt-hour/var-hour meter.

3-4 THREE-PHASE, FOUR-WIRE POWER SYSTEMS

Therg¢ are two types of four-wire power systems. Descfiptions of these four-wire power systems are as follow

(a) Wye-Connected Generator With Low Impedance Ground. As shown in Figure 3-4-1, in this arrangement, gener3
output fis conducted from a wye-connected generator-with a solid or low impedance ground where unbalance (z
sequenfe load) current can flow continuously threugh this fourth wire.

(b) Qther Four-Wire Systems. These would include where net plant generation is measured somewhere other thaj
the generator, such as the four-wire grounded wye high side of a step-up transformer.

Powdr in four-wire systems must be measured using three metering elements. In addition, power for all of the thr
wire syjstems described in subsectiofl 3-3 can also be measured using this three-element approach.

The heasurement of power and ehefgy in a four-wire power system is made using three VTs and CTs as shown in Fig
3-4-1. Tlhese instrument transformets supply inputs to either three watt/varmeters, three watt-hour/var-hour meter
three-element watt/varmeter, or a three-element watt-hour/var-hour meter.

3-5 CALCULATION OF PRIMARY ACTIVE AND REACTIVE POWER

Test power meters-actually only display watts or vars on the secondary side of the VTs and CTs, based on the volta
and cugrents supplied by the VTs and CTs. Paragraphs 3-5.1 and 3-5.2 illustrate the methods used to convert th|
readings to what actually exists on the primary side of the generator bus and how to apply the transformer correctid

tt/

(%]

tor
J¢0)

h at

ire
S, a

bes
pse
ns.

3-5.1 Primary Watts

(a) To convert the power displayed or recorded by the wattmeter to what actually exists on the primary side of

the

instrument transformer, multiply the secondary side readings by the VT and CT turns ratios, apply the correction factors,

and convert to kilowatts as follows for each phase:
SW, X VITR, X CTTR, X VIRCE, X VIVDCE, x CTRCE, X PACE,

PW, =
X 1000

where
1000 = conversion factor from watts to kilowatts
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Figure 3-3-1 Three-Phase, Three-Wire Generators
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Figure 3-4-1 Three-Phase, Four-Wire Wye Generator

Wye-connected CT
generator ¢ faYaa) ° Phase 1
| ] J J
CT
Solid or low oy ° Phase 2
impedence R, ;¢! L, Phase 3
ground AU S S S A ] hd
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VT 1 } VT } 1 VT
] 1 1 1 1 1 Neutral
—_——— —_— R
Three wattmeters/watt-hour metefs or
one three-element wattmeter/Watt-hour meter
connects here
CTRCF, = current transformer ratio correction factor
CTTR, = current transformer turns ratio
PACF, = phase-angle correction factor
PW, = calculated power on the primary (high-voltage) side of the voltage and current transformers, kW
SW, = measured watts on the secondary (low-voltage) side of the voltage and current transformers, W
VTRCF, = voltage transformer ratio correctionsfactor
VTTR, = voltage transformer turns ratio
VTVICF, = voltage transformer circuit voltage drop correction factor
(b) Theequationin (a) yields the primary watts for phase x. To determine the total power output of the generator, spm
the actjve power measured on each phase as follows:
(1) Three-Element Measurements (Three-Phase, Four-Wire)
PVVt = PWI—N + PWZ—N + PW3_N
(2) Two-Element Megsurements (Three-Phase, Three-Wire)
PVVt = PW1_2 + PW3_2
where
PW, = totalgross generator output on primary (high) side of voltage and current transformers, kW
PW,ly s~phase 1 power measured using voltage difference between phase 1 and neutral, and current in phase 1, kW
PW, |y =<phase 2 power measured using voltage difference between phase 2 and neutral, and current in phase 2, kW
PW3 = phase 3 powermeasured using vottage differemnce betweeTn phase 3 armd meutrat, and current i pirase 3; kKW
PW,_, = phase 1 power measured using voltage difference between phases 1 and 2, and current in phase 1, kW
PW3_, = phase 3 power measured using voltage difference between phases 3 and 2, and current in phase 3, kW

3-5.2 Primary Vars

(a) The methods used to measure vars are similar to those used to measure watts. To convert the measured vars on the
secondary side to the reactive power on the primary side per phase, multiply the secondary readings by the VT and CT
turns ratios, apply the transformer corrections, and convert to kilovars.

10
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Svar, X VTTR, X CTTR, X VTRCE, X VTVDCE, X CTRCE, x PACE,
1000

Pvar, =

where

1000 = conversion factor from vars to kvars
CTRCF, = current transformer ratio correction factor

CTTR, = current transformer turns ratio

PACF, = phase-angle correction factor

Pvar, = calculated vars on the primary (high-voltage) side of the voltage and current transformers, kvar

\

sumn the reactive power measured on each phase as follows:

wh

Svar, = measured vars on the secondary (low-voltage) side of the voltage and current transformers,
VTRCF, = voltage transformer ratio correction factor
VTTR, = voltage transformer turns ratio
'TVDCF, = voltage transformer circuit voltage drop correction factor

b) The equationin (a) yields the primary vars for a single phase. To determine the total power output of the ge

1) Three-Element Measurements (Three-Phase, Four-Wire):
Pvar; = Pvary_N + Pvary_y + Pvarg_y

?) Two-Element Measurements (Three-Phase, Three-Wire):
Pvar; = Pvary_, + Pvarz_»

ere

Pvar, = total gross generator vars on primary (high) side of voltage and current transformers, kvar
Pvar,_y = phase 1 vars measured using voltage difference between phase 1 and neutral, and current in phase
Pvar,_y = phase 2 vars measured using voltage difference betiveen phase 2 and neutral, and current in phasg
Pvars_y = phase 3 vars measured using voltage difference bétween phase 3 and neutral, and current in phasg
Pvar;_, = phase 1 vars measured using voltage difference between phases 1 and 2, and current in phase
Pvars_, = phase 3 vars measured using voltage différence between phases 3 and 2, and current in phase

3

apparent power, active power, RMS voltage; RMS current, and vars as in paras. 3-6.1 and 3-6.2.

3

corj

wh

POWER FACTOR

ar

herator,

1, kvar
2, kvar
3, kvar
1, kvar
3, kvar

ower factor can be measured directly using-a multifunction power analyzer or calculated from measurenpents of

.1 Three-Phase, Three-Wire Power System

a) Calculation From Active gnd Reactive Power. The most accurate value of power factor can be calculated u
rected primary side measurements of active and reactive power as follows:

watts;

A/ watts% + varst2

PEF=

ere
PF = tetal power factor
vars, = total vars

vatts, = total watts

bing the

1
1

£ : 1 1 1 - 1 1 11 £ - . 11
PUWET 1dTLUT IS5 CAITUIALCU USIITE UILS  IIITUIUU, UITTCL ITIITASUTTIHITIIU O TC4ULIVE DUWTET 15 TTCCUIIITIIUTU

varmeter. Power factor is then determined using the above equation.

(b) Estimation From Measured Phase-to-Phase Active Power Measurements. Alternatively, for balanced three-phase
sinusoidal circuits, power factor may be calculated from the phase-to-phase power measurement using the following
equation:

11

using a
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1
PF=

2
watts — watts
1-2 3-2

(watts; _, + watts3_5)

where
PF = total power factor
watts,;_, = true power phase 1 to 2
wattsz_, = true power phase 3 to 2

(c) Galculation From Active and Apparent Power. Power factor can also be calculated as the ratio of active power to
apparent power (in volt-amperes) of the power system.
active power

PF =
apparent power

If mdasurements of phase voltage and currents are available, the apparent power can be_ determined as follows:
(1) Balanced Three-Wire System

J3
VA= T(Vl—zAl + V3_043)

(2) Unbalanced or Balanced Three-Wire System

NG

va=Y"
3

(Vi 2241 + Vo34 + V3_{43)

3-6.2 Three-Phase, Four-Wire Power Systems

As in|the three-wire system, power factor for the four-wire power system can be measured directly using a mylti-
function power analyzer or calculated from measurements of active power, RMS voltage, RMS current, and vars using the
following equation:

true power watts; watts;
PF = s =

apparent power VA, 'watts% + Varstz

where
PF = total power factor
var§, = total vars for three phases
VA, = total volt-amps for three\phases
watt$, = total watts for three-phases
3-7 EXCITER POWER

The ¢quations provided'so far are typically used to determine the gross output from an electrical generator. |f a
ent of the t€stis to determine total output of an entire generating unit or plant, then additional measurements
are necgssary. One-common auxiliary component is the generator exciter. The amount of power supplied or consumed by

The first.thing that is needed is to determine the source of the power supplied to the exciter. On many turbines/
generatorsrthemechanical-powers ted—to—threexeiter—is—s atturns—the-main
generator. In this case, the power measured at the generator terminals already includes the subtraction of the
power supplied to the exciter. If the exciter is powered by current supplied from the main generator bus at a
point between the generator terminals and gross electrical output metering CTs, the power supplied to the exciter
is also already included in the gross power measurement. If the current is supplied from a point downstream of
the metering CTs, then the power supplied to the exciter is not included in the gross power measurement and
should be subtracted from the gross generator output in order to calculate the net generator output.

For exciters powered from the station auxiliary system, exciter power will be included in station auxiliary system
power measurements, and a separate reading for the exciter may not be necessary (see subsection 3-8). The power
supplied to the exciter can be determined using any of the methods in the following paragraphs.

12
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3-7.1 Derivation From Breaker Currents

Exciter power can be calculated from the AC current and voltage inputs to the exciter power transformer or breaker.
Since this is a measure of the actual power that comes off of the main generator bus, it includes transformer and other
losses, as well as actual exciter power.

/3 X VX IXPF

Fexc 1000
where
000 = conversion factor from watts to kilowatts
/3 = value that accounts for use of line-to-line voltage measurement on a three-phase system
I = average phase current, AC amp, at high side of exciter transformer
Py = exciter power, KW
PF = power factor
V = average line-to-line voltage, AC volts
The above assumes CTs are available at the high side of the exciter transformer. In some‘designs, the CTs are lo
thd low side of the exciter transformer. If so, the exciter transformer losses, both 16dd and no-load losses, 1
calfulated using the transformer design loss data. The exciter losses would be computed using the above e
but with currents, voltages, and power factor measured at the low side of the-exciter transformer.

)i

voltage waveforms that can increase the uncertainty in this power computation method. Power factor is es

dif
RM
or

dis
]

—

—_

cupfrent, and power factor measurements on the high side of the transformer will encounter less distortion. A

me
to 1
fro
]

prd
pra

3-1

)i
ass

wh

xcitation systems employing rectifiers or pulse width modulation will cause nonsinusoidal (distorted) curr

ficult to measure with distorted waveforms. To minimize the error, measurements should be made w
S instruments, either analog or digital, with sufficient bandwidth ‘(in the kilohertz range for an analog
tample rate (tens or hundreds of thousands of samples per second for a digital meter) to handle the high frg
fortion components.

'he excitation transformer itself can help reduce the current Waveform distortion by acting as alow-pass filter.

psurements will take into account the transformer losses that otherwise would be difficult to estimate accura
he distortion. This is the preferred method of deterimining exciter power since it measures the actual power
m the generator bus.

lodern electronic polyphase power and energy meters, either portable or permanently installed, can simp
cess. Most use either digital sampling or(@analog multiplication with sufficient bandwidth to account for di
ducts and compute the power in each(phase of the three-phase circuit rather than use an average of the three

.2 Derivation From Field Voltage and Current

ower supplied to the exciter canh be estimated by calculating the power output by the exciter and correctin
umed AC-to-DC conversjon efficiency using the following equation:

_ _Vheld X Ifield
1000 X ACDC

exc

ere
000 = cenversion factor from watts to kilowatts
ACDC =5AC-to-DC conversion efficiency factor
Ifierq =" field current, DC amps
Poxe”= exciter power, kW

rated at
hust be
quation

ent and
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th true
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The AC-to-DC conversion efficiency factor is approximately 0.975 but may vary. Contact the generator manufacturer or
consult the design documentation for the correct factor.
This straightforward method eliminates the need to deal with distorted AC waveforms since all signals are DC. Losses in
the exciter transformer must still be estimated, however, and in the presence of distorted waveforms will be higher than
those computed from the transformer design loss data.

13
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3-7.3 Detailed Analysis of Exciter Load

The exciter system has three major points that consume power: the generator field winding, the rectifier, and the

exciter

where
Pexc
Prieiq

power transformer.

Poxc = Phield + Rect + Pxfmr

exciter power, kW
generator field power, KW

Prect
Pxfmr

Gene

Recti
rectifie
value.

where
100
Ifiel
Pre
Vre

Excit
manufa

where
Iactu
Irate
Plo
Plo
P

= rectifier power, kW
= excitation transformer power loss, kW
rator field power is easily calculated from the DC voltage and current applied to the field winding.

Paug = Vield X Ifield

e 1000

) = conversion factor from watts to kilowatts
, = field current, DC amps
i = generator field power, kW
; = field voltage, DC volts
fier power is the power lost in the excitation rectifier. It is calculated froin field current and the voltage drop of

. Rectifier voltage drop will vary from system to system. Consult the manufacturer for the correct voltage d

_ Tgeld X Viect
rect T 1000

) = conversion factor from watts to kilowatts
field current, DC amps

rectifier power, kW

rectifier voltage drop, DC volts

=7
1

=3
1l

htion transformer power is the power lost in the excitation transformer. It is determined from the transfory
cturer’s test or design data for-the transformer.

2 2
VactualSec LactualSec
Pxfmr = PlossNL X ( - + PlossFL X -
ratedSec ratedSec

1sec = transformter secondary current, amps, measured at secondary

isec = transformer rated secondary current, amps, from transformer data

L. = transformer short circuit losses, kW, from transformer data (also called full-load losses)
<NL =-transformer no-load losses, kW, from transformer data

=) €xcitation transformer power, kW

Va ctu

the
Fop

ner

1seé = transformer secondary voltage, V, measured at secondary

Vratedsec = transformer rated secondary voltage, V, from transformer data

If the transformer primary voltage and current are available, the secondary voltage can be computed by dividing
primary voltage by the transformer turns ratio. Similarly, the secondary current can be computed by multiplying the
primary current by the turns ratio.
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3-8 AUXILIARY POWER

If net unit, total power plant output, or gross power output are desired, a correction should also be applied for power

supplied to any other auxiliary equipment if the current is supplied from the main generator bus at a point a

fter the

generator gross electrical output metering CTs. This power can usually be metered at the breaker feeding the auxiliary bus

using the following equation and inputs:

/3 X V X IxPE
1000

Aux =

whiere
000 = conversion factor from watts to kilowatts
J3 = value that accounts for use of phase-to-phase voltage
Aux = auxiliary power, kW
I = average RMS phase current, amps
PF = power factor
V = average phase-to-phase voltage, V

For high accuracy measurements of auxiliary power, the same techniques and mgt€ring equipment used fi
erator output measurements can be used.

ge

ELECTRIC MOTOR POWER MEASUREMENT

ome ASME PTCs require the determination of power supplied to electri¢ motors. When necessary, power sup|
sumed by electrical motors or low-voltage station service busses/may be determined using the following m

.1 Power Meter Method

convenient method for determining the electrical power.input to an electric motor is to use a portable powern
er analyzer. This type of instrument will measure the metor input voltage and current simultaneously and ¢
true electrical power in watts or kilowatts.

he power analyzer can also provide other measurement parameters, such as VA, var, power factor, and fre
e power analyzers will permit measuring and displaying all three currents and voltages of a three-phase moto
y useful for checking the electrical balance condition of the motor.

rams. This is especially important fof the three-phase connections. In most cases, the voltage and current m
tconnections will need to be done without disconnecting the motor from the electrical circuit. Use extreme ca
ure operator safety when making these connections.

a) Voltage Connections. Before/making the voltage connections, confirm the supply voltage rating and
surement ranges of the power meter. Most power meters or power analyzers can make direct voltage measuy
0600V RMS or 1 000 VRMS. If the motor supply voltage is higher than the instrument measurementrange, a V']
uired.

oltage connections\cah usually be made at the motor supply bus or contractor/starter panel. (Connection at th
inal may not be-possible due to safety considerations.) Make the voltage connections in accordance with the
mejnt manufacturer’s instructions. For a three-phase, three-wire supply to a motor, connect the voltages in a line

r main

plied or
ethods.

heter or
hlculate

quency.
.Thisis

hen connecting the power meter to thethotor circuit, follow the instrument manufacturer’s wiring and connection

easure-
Lition to

voltage
ements
[ will be

E motor
instru-
-to-line

conjfiguration.'\For a two-wattmeter measurement method, only two voltages will be needed. A typical voltage connection

wolld be frem A to B and C to B. If the power analyzer will measure all three voltages on a three-wire system, then
all thrée;typically A to B, B to C, and C to A, or as indicated by the instrument manufacturer.

Connect

) \\Current Connections. A convenient and safe way to make the current measurements is to use a clamp-on

b1 split-

core CT with the power meter. CTs must be installed around the current carrying cables in a proper physical orientation.
Clamp-on CTs often have an arrow to show the orientation from the line supply to the load. The arrow should point
towards the load device being tested. Check the manufacturer’s instructions for proper polarity markings and physical

orientation.

Ifa clamp-on current probe is notused, the secondary output of a CT should be shorted or switched in using asliding link
when connecting the measuring instrument. Continuity through the meter should be verified before removing the short

or opening the sliding link. Before disconnecting the measuring instrument, make sure the CT secondary is shorte

dorthe

sliding link is closed. Extremely high and dangerous voltages can develop inside a CT when the secondary is open circuit.
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Most stationary and split-core type CTs will have a shorting bar for the secondary output. Clamp-on CTs usually have an
internal protection circuit.

For a two-wattmeter measurement method, only two currents will be needed. Follow the instrument manufacturer’s
wiring instructions for proper voltage and current phase connections. If possible, measure each phase current to check
current balance to the motor.

Induction motors often have capacitor banks installed for power factor correction. It is important to make sure the
voltages and currents being measured are the actual motor voltages and currents. If capacitors are used, make sure the
voltages and currents are measured between the motor and capacitor bank.

If the-maoto onnected to g ble speed d e a ble equen dri n 0

meter gr power analyzer designed to make accurate measurements on this type of device. The voltage output ofa VEBfis a
pulse width modulated (PWM) waveform. Both the voltage and current waveforms of a PWM-type inverter.contpin
harmorjiccomponents to a high order. The power in a distorted waveform is the total sum of the products of thé équivalent
frequer]cy or harmonic components in a given voltage/current waveform. The power meter or power analyzer mus{ be
capablq of measuring all the high frequency components of the voltage and current waveforms. To do-this, the power
analyzdr must have a digitizing rate fast enough to sample the high frequency components. A typicaldigitizing rate would
be 100,p00 samples per second. The bandwidth of the power analyzer should be 100 kHz or highertMany general purppse
power meters are designed to work on a sine wave only and will not make accurate meastrements on a PWM-type
wavefofm.

3-9.2 [alculated Method

When a power meter is not available, the input power of an electric motor can be-estimated by making RMS voltage dnd
current measurements. The measurements can be made with handheld instriments, such as clamp-on ammeters and
multimpters, and a power factor meter is available. This method is not suifable if the motor is connected to a variable
speed drive.

The three-phase input power to the motor can be calculated from‘the following equation:

_ 3 X VX IXPE

P,
" 1 000
where
1 00D = conversion factor from watts to kilowatts

= average RMS phase current

PF = power factor, as a decimal

P}, = three-phase motor power in kW
/ = average line-to-line RMS veltage

)
J$ = value that accounts for use of phase-to-phase voltage
I

Meagurement of V, I, and PF for all three phases should be made and the average values used for the calculation. Tihis
applies|to the voltage, current,.and power factor measurements. The voltage, current, and power factor measurements
can usyally be made at the-motor starter supply bus or contractor/starter panel or breaker.

For ah induction motor, thevoltage measurements can be made with a true RMS handheld digital multimeter. Measjire
each linje-to line voltage,.and average the three readings.

Motofr current can(bémeasured with a clamp-on ammeter. Current measurements can usually be made by clampingfhe
jaws of the ammeteraround the cables at the motor starter box. It is important to make sure the current being measuref is
the actyal motor‘ctrrent. If power factor correction capacitors are used, make sure the currents are measured betwgen
the mofor and\capacitor bank. Measure each of the phase currents and use the average value for calculating the mdtor
power.

The accuracy of a clamp-on ammeter is typically based on its full-scale range. Ihereiore, always USe a clamp-on
ammeter with a range optimized for the actual current value being measured.

Sometimes the motor load may be fluctuating. In this case, the min/max current for each phase should be averaged.
Some clamp-on ammeters have a min/max-averaging feature, which will simplify this measurement.

When using clamp-on ammeters, it is very important to make sure the jaws are completely closed and aligned properly.
This is essential to ensure that the magnetic circuit of the CT is properly completed for the most accurate measurement.
When clamping a cable with tight clearances, the jaws can stick partially open or be skewed. This can cause a considerable
measurement error. Make sure the jaws are fully closed and aligned before making current measurements.
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If a power factor meter is available, it should be used to obtain an accurate value for the calculation. The power factor
meter can be connected at the same locations as the power measurements. If power factor correction capacitors are used,
make sure the power factor meter is connected between the motor and capacitor.

If a power factor meter is not available, the value for the power factor will need to be estimated. Typical values can
usually be obtained from the motor manufacturer’s data. An induction motor with a load of 50% to 100% will typically
have a power factor of 0.8 to 0.85. This range could be used to make an estimated calculation of motor power when
manufacturer’s data is not available. The motor input current is usually a linear relationship to the motor power.
Therefore, the measured current can be compared to the full load current rating of the motor, as indicated on the

motor. nampp]:ﬂ'p This ratio of currents prnvidpc an indication of motor load. If the motor has less than a 50%

loayd, this estimated value of the power factor cannot be used.
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Section 4
Power Meters

The following are the five types of electrical metering equipment that may be used to measure electrical energy:

(@)
(b)
)

(d) Var-hour meters
(e) power factor meters

This

capablg of making all of the measurements in one instrument. Single or polyphase mletering equipment may be us
Howev¢r, if polyphase equipment is used, it is recommended that the output from/each phase be available.

4-2 C

This
variabl
measur
appare

4-2.1

This
testing
variabl
test req

4-2.2

This
require
board 4
asthes
tainty t
ment ty

4-2.3

Sincd
monito

attmeters
att-hour meters
rmeters

etering equipment may be a single function measuring instrument or a multifunction precision power analy

TEGORIES OF INSTRUMENTATION

Section will classify instrumentation by accuracy and application®The instrumentation employed to measu
e will have a different required accuracy depending upon theluse of the measured variable and on how

1t and reactive power and energy, power factor, and freqééncy.

[est Instruments

Fategory of instruments provides the highest accuracy measurements. They are typically installed only during
and calibrated prior to the testing. These could-be single or multifunction instruments that measure any of
s listed above. These instruments are the preferred source of measurements used to calculate ASME performa
ults because they contribute the least-uhcertainty to the result.

Station Instruments

category of instruments may. include the permanently installed plant instrumentation if it is calibrated to

nd panel meters, transducets, and other permanently installed plant metering. These instruments could be u
purce of measurements-to calculate the performance test results if they contribute an acceptable level of ung

ansformer errdrs-and line losses, either internally or externally using raw values.

Performance Monitoring Instruments

perforniance monitoring involves measuring the change in values, the absolute accuracy of instruments used

zer

ea
the

ed variable affects the final result. For purposes of this discussion, variables include voltage, current, active

the
the
nce

the

d accuracy level before testing/This could include station or unit gross generator output watt-hour meter, switch-

ced
er-

b the result. As with'temporary test instruments, the output from these meters must be compensated for instru-

Fingrelative changes in electrlcal parameters is of less critical 1mp0rtance Most systematic or blas errorsin th

measur

change in the measurement. In this case, plant transducers or other permanently lnstalled instruments may be used for
determining the change in electrical parameters from one time period to another, assuming that the following conditions

are rep

eatable:

(a) load on the metering circuit
(b) environmental conditions surrounding the meter

(¢ u

nchanged calibrations

(d) unchanged connection points and wiring to the meter
(e) no obvious drift shifts in meter output compared to other measurements of the same parameters
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4-2.4 Clamp-on Instruments

This category of instruments includes portable test devices that have a clamp-on current sensor and clip-on voltage
connections. Handheld clamp-on meters and power quality analyzers fit into this category. These instruments are typi-
cally used for lower voltage applications (480 VAC to 4 160 VAC) when direct connection of current inputs to the power
meter is unsafe or impractical or when a current transformer (CT) is not available. The electrical measurements may be
made using a test quality power meter; however, due to the additional uncertainty of the current clamps, the overall
uncertainty of the measured quantity will be significantly higher. These techniques could be used as the source of
measurements to calculate auxiliary loads if they contribute an acceptable level of uncertainty to the result.

he clamp-on ammeter is based on the principle that a current-carrying wire produces a magnetic field, the stréngth of
whiich is in direct proportion to the strength of the current. Clamp-on ammeters have a CT with “jaws” that cah bejopened
and clamped around the current-carrying wire. The measuring circuit may be an analog-type meter using-a’moying coil
iroh-vane mechanism called a D’Arsonval movement. Other designs of clamp-on ammeters may have a digitdl readput. The
digiital instrument has an electronic circuit and a magnetic field detector device, such as a Hall-effect sensor to defermine
the field strength.

ypical accuracy of a clamp-on ammeter is about 2%. Elements that cause the reduced accuragy of this type of instru-
ment are the split-core CT and the D’Arsonval movement or the Hall-effect magnetic field sensor.

4-2.5 Uncalibrated Instruments

his category of instruments may include permanently installed plant instrumentation or other portable instifjuments
that have not been calibrated before testing. These instruments may be used fofameasured variables that do not erjter into
the calculation of the performance test result. These variables are measured throughout a test period to ensure that the
reduired test conditions are not violated.

4-3 WATTMETERS

attmeters measure instantaneous active power. The instantaneous active power must be measured frequently
during a test run and averaged over the test run period<to*determine average power (kilowatts) during the test.
Sh¢uld the total active electrical energy (kilowatt-hours) be desired, the average power must be multiplied by the
tesf duration in hours.

attmeters measuring gross active generation should have an uncertainty equal to or less than 0.15% of readling. For
Clajss A high-accuracy measurements, single-phase'wattmeters are available that have an uncertainty equal to or l¢ss than
0.10% of reading. The output from the wattmetershould be sampled with a frequency high enough to attain an acdeptable
precision considering the variation of the power measured. A general guideline is a frequency of atleast once every 15 sec.

4-4 WATT-HOUR METERS

att-hour meters measure cimulative active energy (kilowatt-hours) during a test period. The measurement pf watt-

hotirs must be divided by thetestduration in hours to determine average active power (kilowatts) during the test|period.

for Class A high-accuracyymeasurements, single-phase wattmeters are available that have an uncertainty eqyal to or
less than 0.10% of reading. Watt-hour meters measuring gross active generation should have an uncertainty eqgal to or
less than 0.15% of reading.

he resolution-of induction-type watt-hour meters is often so low that high inaccuracies can occur over a typjcal test

petiod. Often, watt-hour meters will have an analog or digital output with a higher resolution that may be used to ihcrease
the resolution» Some watt-hour meters will often also have a pulse-type output that may be summed over [time to
deflerminelan accurate total energy during the test period.

for disk-type watt-hour meters with no external output, the disk revolutions can be timed and counted during p test to
incredse resolution. Some electronic watt-hour meters also display blinking lights o D elements, which correspond to
disk revolutions that can be timed to determine the generator electrical output.

Another technique for improving the precision of the watt-hour meter display is to accurately record the time between
the incrementing of the watt-hour display. The method that should be used is as follows:

(a) Obtain a stopwatch with a precision of at least 0.1 s. (A precision of 0.01 s is preferred.)

(b) Atthe approximate start of the test period, start the stopwatch at the instant that the least significant digit of the
watt-hour display increments.

(c) Record the watt-hour reading that the meter now displays. Be sure to record it before the display changes to the
next number.

(d) Wait until approximately 1 min before the end of the test period.
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(e) Stop the stopwatch when the least significant digit of the watt-hour display increments. This is the total elapsed
time during the test period. Record the time to as many significant figures as available.

(f) Record the watt-hour reading that the meter now displays. Again, be sure to record it before the display changes to
the next number.

(g) Subtract the watt-hours recorded during the start of the test from the watt-hours recorded at the end of the test.
This is the total watt-hours for the test period.

(h) Divide the total watt-hours by the elapsed time (in fractional hours). The resultis the average watts during the test
period.

NOTE: Sprrestopwatches Tottovertowhotesecomds atter SO mmimror tttmmay be bernreticrat torecord the fimat readings i the tastfew
minutes|before this amount of time has elapsed.

Itals¢ is recommended that instantaneous readings also be recorded periodically during the test period as backup data
to detefmine the random uncertainty and verify the validity of the final result.

An elpctronic digitizing multifunction power analyzer with an integration function for watt-hour measureéments could
be used to overcome some of the limitations and inaccuracies of induction and disk-type watt-hour meters. This typ¢ of
analyzdgr can provide an auto scale feature to provide high-resolution measurements. They can alsoprovide very high-
accurady power measurements and high-accuracy timing function for accurate watt-hour calculations. In additionfan
analog pr digital output can be provided.

4-5 VARMETERS

Varnjeters measure instantaneous reactive power. The instantaneous reactive-power must be measured frequertly
during p test run and averaged over the test run period to determine average geactive power (kilovars) during the tpst.
Should fthe total reactive electrical energy (kilovar-hours) be desired, the average power must be multiplied by the fest
duratiop in hours.

Varnjeters measuring generator reactive power should have an uncertainty equal to or less than 0.5% of range. The
output from the varmeters must be sampled with a frequency high enough to attain an acceptable precision. This |s a
ofthe variation of the power measured. A general guidelineis a frequency of atleast once per minute. In any c3se,

our meters measure reactive energy (kilovar-heurs) during a test period. The measurement of var-hours must be

our meters measuring generator output'should have an uncertainty equal to or less than 0.5% of range. In gny

solution of var-hour meter outputis often so low that high inaccuracies can occur over a typical test period. The
ethods described above for improving the precision of watt-hour meters may be employed for var-hour meters.

4-7 POQWER FACTOR METERS

Powgr factor may be measured directly using a three-phase power factor transducer when balanced load 4nd
frequerjcy conditions prevail. Power factor transducers should have an uncertainty equal to or less than 0.005|PF
of the ihdicated power factor. An electronic multifunction power analyzer with a power factor measurement function
may aldo be used.Certain types of power analyzers offer a function for measurement of total power factor on an unpa-
lanced three-phase, three-wire system.

4-8 CALIBRATION

All measuring instrumentation should be calibrated in accordance with the manufacturer’s specifications and proce-
dures. Standard instruments and calibration sources should have a higher accuracy than the measuring instrument being
calibrated. Typically, a standard instrument or calibration source should have an accuracy of at least four times greater
than the instrument being calibrated; however, due to the extreme accuracy available in modern test instruments, it is
often difficult to meet this criterion. In this case, where test and standard instrument accuracies are less than the four-to-
one ratio, the combined uncertainty of the two instruments must meet the uncertainty requirements of the test measure-
ment. The instruments should be calibrated against a standard instrument of the same type that is a wattmeter against a
standard wattmeter or against a standard calibration source. All standard instruments and calibration sources should be
under a primary calibration schedule and should have calibration records traceable to the National Institute of Standards
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and Technology (NIST), a recognized international or national standard organization, or defined natural physical
(intrinsic) constants.

Calibration laboratories commonly include in their calibration process a comparison of the Test & Measurement
Equipment (T&ME) to a standard. The test uncertainty ratio (TUR) is typically used and is the comparison
between the accuracy of the unitunder test (UUT) and the estimated calibration uncertainty. TUR includes other potential
sources of error in the calibration process. A 4:1 TUR is the point to which most high-quality labs strive under certain
quality standards. In some cases, a 4:1 TUR may be unachievable. Factors that could cause a situation where the TUR is
<4:1 include availability of adequate standards and the technology of the respective T&ME is approaching the intrinsic
level of the cpm‘iﬁr dicrip]inp

or power meters that produce analog output, calibration shall include full-loop calibration from the sourcetimputs to
theg output method that will be used during the test.

-8.1 Wattmeter and Watt-Hour Meter Calibration

attmeter and watt-hour meters are calibrated by applying power through the test power meter-and a power meter
stapdard simultaneously. Should polyphase metering equipment be used, the output of each phase must be available, or
thg meter must be calibrated with all three phases simultaneously.
Electrical testinstruments shall be calibrated before the test. Itisrecommended that the instruments be calibrated after
the test in order to verify that the meter calibration has not drifted and that the ungértainty of the meter meets test
requirements. In addition, post-test calibrations should be performed if the calibrafign has expired before the enld of the
tesf or if a problem is suspected to have developed during shipping or duringthe test.
Fortable instruments shall be calibrated in a controlled laboratory environment. In calibrating a wattmeter or] a watt-
hoyir meter, first determine the ranges of voltage, current, and power factef.over which the instrument must maiptain its
ratpd accuracy. Then provide high accuracy sources that establish alLthe)combinations of these parameters needed to
vellify acceptable meter performance. The AC sources used for calibrating wattmeters and watt-hour meters myst have
kn¢wn values of uncertainty for amplitude, frequency, and phase angle of the voltage and current. The AC sources yised for
calfbration could be individual voltage and current standards as long as they have the capability of being synchfonized
together with a phase shifter. The other type of source is a multifunction calibrator that produces an internally synchro-
nized voltage and current source. Polyphase meters, or.metering systems, that cannot be verified to be made up of
sepjarate single-phase meters shall not be used unless’they can be calibrated three-phase.

hen calibrating watt-hour meters, an accurate source of time measurement mustbe included. The average ouput can
be multiplied by the calibration time interval te‘compare against the watt-hour meter output.

attmeters should be calibrated and adjusted at the electrical line frequency specified by the instrument manufac-
turer. Often, the manufacturer of highly sehsitive instruments will specify calibration and adjustment at some other
frefluency thanline frequency in order to avoid any induced errors from electrical fields. These stray electrical fieldls could
cotpe from other instruments, powetisupplies, and lighting sources. After proper calibration and adjustment, a|perfor-
majnce test of the wattmeter couldbe.made at the electrical line frequency at which the tests will actually be performed.

attmeter standards should’beallowed to have power flow through them prior to calibration to ensure the device is
adg¢quately “warm.” The stafidard should be checked for zero reading each day prior to calibration.

-8.2 Varmeter andVar-Hour Meter Calibration

n order to calibrate a varmeter or var-hour meter, one must either have a var standard or a wattmeter standard and an

phase-angle meter, and testinstrument should be taken The var level will be calculated from the average watts and phase
angle.

Varmeter and power factor meters should be calibrated in accordance with the manufacturer’s specifications.
Manufacturers of varmeters, like some wattmeters, may specify calibration and adjustment at some other frequency
than line frequency. Other types of varmeters may be particularly sensitive to frequency. In this case, the varmeter should
be used within 0.5 Hz of the calibration frequency.

When calibrating var-hour meters, an accurate source of time measurement must be included. The average output can
be multiplied by the calibration time interval to compare against the watt-hour meter output.
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Should polyphase metering equipment be used, the output of each phase must be available, or the meter must be
calibrated with all three phases simultaneously.
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Section 5
Instrument Transformers

PURPOSE

onnections and measurements of the voltage and current necessary for the determination of power.are’seldom made
dirpctly in high voltage and current circuits due to the magnitude and danger of the voltage and,currents irfjvolved.
Insgrument transformers are used for the purpose of
) reducing the voltages and current to values that can be conveniently measured, typicallytoranges of 120 Viand 5 A,
ectively

) insulating the metering instruments from the high voltage that may exist on the circuit under test
strument transformer practice is described in detail in IEEE C57.13.

or a Class A or Class B power measurement, correctly rated current and voltage-transformers (VTs) of at lealst 0.3%
acduracy class (metering type) shall be used for the tests. When required, instrument transformers shall be calibrpted for
cotfrection of ratio and phase-angle errors prior to the test over the ranges of yoltage, current, and burden expectpd to be
experienced during the test. Ratio correction factor corrections should be applied for the actual burdens that exisf during
the test. Actual volt-ampere (VA) burdens shall be determined either-by calculation from lead impedances and the VA
ratjngs of the connected meters or by direct measurement.
strument transformer accuracy ratings are typically specified in*terms of accuracy class. Accuracy class for fevenue
ering is based on the requirement that the transformer correction factor of the VT or of the current transfornjer (CT)
11 be within specified limits when the power factor (lagging) of the metered load has any value from 0.6 to 1.p under
cified conditions as established in IEEE C57.13. Thelimits of transformer correction factor for a standayd 0.3%
racy class VT (at 90% to 110% rated voltage) is, 02997 minimum and 1.003 maximum. The limits of trangformer
rection factor for a standard 0.3% accuracy class CT'at 100% rated currentis 0.997 minimum and 1.003 maximjum and
0% rated current is 0.994 minimum and 1:006 maximum.
or performance testing of newer plants, factory test calibration data of the instrument transformers may be fyised for
ermining the ratio and phase-angle cerrection factors. However, recalibration may be required if the CT ¢r VT is
jected to abnormal operating conditions, particularly exposure to direct current, opened circuitry of a CT secpndary,
rted circuitry of a VT secondary, and/or a primary ground fault condition. Further investigation should be pejfformed
ny of these events have occurred in order to verify that transformer characteristics have not changed.
he impedances in the transformer circuits must be constant during the test. Protective relay devices or |voltage
redulators shall not be confiected to the CTs used for the test. When VTs are used for both protection and njetering
funjctions, the metering circuit shall be separately fused. Normal station instrumentation may be connected to [the test
trapsformers if the resulting total burden is known and within the rated burden of the instrument transformerg for the
rarjge of calibration data.
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VOLTAGE. TRANSFORMERS

Ts measure either phase-to-phase voltage or phase-to-neutral voltage. The VTs serve to convert line or Eimary

voltagéstypically exceeding 480 V) to alower or secondary voltage safe for metering (typically 120 V for phase-tp-phase
syqtems and 69 V for phase-to-neutral systems). For this reason, the secondary voltage measured by the VT
multiplied by a turns ratio to calculate the primary voltage that actually exists in the primary circuit.

VTsareavailable in several metering accuracy classes. For Class A or Class B power measurements, 0.3% accuracy class
VTs or better shall be used. For Class A or Class B1 power measurements, each VT shall be calibrated per IEEE C57.13.
Accuracy tests shall consist of ratio and phase-angle tests from approximately 90% to 110% of rated primary voltage,
when energized at rated frequency with zero burden, and with the maximum standard burden for which the transformer
is rated at its best accuracy class.

For Class B2 power measurements, accuracy test results may be used from factory type (design) tests in the deter-
mination of turns ratio and phase-angle correction factors. Type tests are commonly performed on at least one trans-
former of each design group and that may have a different characteristic in a specific test.

ust be
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Corrections should also be applied for voltage drop from the VTs to the test meters. Methods for determining voltage
drop and applying corrections for it are also discussed in subsection 5-7 with an example in Nonmandatory Appendix A.

5-3 CURRENT TRANSFORMERS

CTs measure current in each line of the circuit. The CTs convert the line or primary current (typically very high in kilo-
amps) to a lower secondary current safe for metering (typically 1 A to 5 A). For this reason, the secondary current
measured by the CTs mustbe multiplied by a turns ratio to calculate the primary current thatactually exists in the primary
circuit.

CTsare available in several metering accuracy classes. CTs shall be operated within their rated burden range duringhe
test andl should be operated near 100% of rated current to minimize instrument error. For Class A or Class B\poyer
measurements, 0.3% or better accuracy class CTs shall be used. For Class A power measurements, each CTF-shalll be
calibratied per IEEE C57.13. Accuracy tests shall consist of a measurement of ratio and phase angle atapproximately 10p%
and at 0% of rated current, when energized at rated frequency with zero burden, and with maximum standard burglen
for whigh the transformer is rated at its best accuracy class. The method of calibration shall permit the determination of
turns ratio and phase angle to an uncertainty of at least £0.1% and +0.9 mrad (3 min), respectively.

For (Jass B1 or Class B2 power measurements, accuracy test results may be used from factorytype (design) tests inthe
determ|nation of turns ratio and phase-angle correction factors. Type tests are commonly performed on at least pne
transfofmer of each design group and that may have a different characteristic in a specifictest’Permanently installed €Ts
st exclusively used for ASME performance tests since it is impractical to install' témporary test CTs in a typ]cal
or isothermal bus.

Ratid and phase-angle correction factors are typically very small near rated curyent outputs for CTs; however, if the
ratio o1 phase-angle correction factor is expected to exceed 0.02% at actual’tést conditions, actual correction factors
should pe applied. If either correction factor is estimated to be less than 0.02%;,it can be neglected but should be incluged
in the J;St uncertainty analysis.

CAUTI

: Lethal voltage will be developed at the CT secondary terminals if left open-circuited while energized.

5-4 INSTRUMENT TRANSFORMER CONNECTIONS

For generator gross power measurements, connections fervoltage- and current-measuring instruments shall be made
on the generator side of step-up transformers as close tethe generator terminals as possible. Current connections shal| be
made o the generator side of any external connections-of the power circuit by which power can enter or leave this cirquit.

The leads to the instruments shall be arranged so that inductance or any other similar cause will not influence the
readings. Inductance may be minimized by utilizing twisted and shielded pairs for instrument leads. It is desirablg¢ to
check the whole arrangement of instruments for stray fields.

In orfler to minimize the voltage drop-in the secondary circuit, wire gage shall be chosen considering the length of
wiring, load of the transformer circuit,.and resistance of the safety fuses. The errors due to wiring resistance (includiing
any fusps) shall always be taken inte’account, either by direct voltage drop measurement or calculation. A suggested
method for determining these corrections is discussed in subsection 5-7. An example for applying the correction is shown
in Nonjnandatory Appendix-A:

5-5 CALIBRATION REQUIREMENTS

For (lass A measurements, instrument transformers shall be calibrated according to IEEE C57.13. The data obtaifed
during falibratiefiare used to correct for ratio and phase-angle errors as detailed below. Instrument transformers pre
passive|devices' that maintain their accuracies after initial calibration or factory tests, and periodic testing and recpli-
bration| are wormally not necessary (see IEEE C12.1).

5-5.1 VT Calibration

For Class A or Class B power measurements, each VT shall be calibrated per IEEE C57.13. Accuracy tests shall consist of
ratio and phase-angle tests from approximately 90% to 110% of rated primary voltage, when energized at a rated
frequency with zero burden, and with the maximum standard burden for which the transformer is rated at its
best accuracy class. The method of calibration shall permit the determination of turns ratio and phase angle to an
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uncertainty of at least £0.1% and 0.9 mrad (3 min), respectively. The calibration records should include a statement of
the uncertainty of the measurement.

A NIST publication® indicates the IEEE C57.13 uncertainty figures are relatively modest uncertainties, with signifi-
cantly lower calibration uncertainties for ratio correction factor and phase angle being achievable. Sources of error in the
calibration of instrument transformers should be evaluated to determine the actual uncertainty associated with the ratio
correction factor and phase angle. Sources of error for the calibration of VTs may include, but not limited to, bridge
measurement, secondary voltage setting, burden setting, transformer self-heating, and capacitance ratio measurement.

NO['E: Standard rated burdens for VTs are designated as follows:

= 0VA

12.5 VA, PF = 0.10
25.0 VA, PF = 0.70
35.0 VA, PF = 0.20
75.0 VA, PF = 0.85
200.0 VA, PF = 0.85
400.0 VA, PF = 0.85

odern metering circuits used for performance measurements have very low burdens — typically no greater than 25
VA| therefore, for the purposes of performance testing, VTs with ratings as lowas 75 VA should be sufficient. Hoyever, if
exipting station VTs are used for the test, these VTs may be rated as high<@s 200 VA. If permanent plant meterfing and
insfrumentation are connected during performance testing, the totallbuirdens can be greater than 75 VA, espedially on
older installations.
As a minimum, the following data are required to define and\correct VT performance:
a) VT turns ratio
b) VT secondary burden rating
) secondary volts
d) ratio correction factor or error at 0 VA
) ratio correction factor or error at rated burden
phase angle at 0 VA
g) phase angle at rated burden
for a 0.3% accuracy class VT rated at 200,VA, typical ratio correction factors are in the neighborhood of 0.997§ at zero
burden and 1.0025 at 200 VA. To be classified as a 0.3% accuracy class VT, the ratio correction factors at 0 VA anjd rated
burdens mustbe between 0.997 and.1:003 and within a 0.3% accuracy class parallelogram. This is not the uncertafnty but
mejrely the accuracy class of the transformer. The uncertainty of the transformer can be calculated as shown in S¢ction 7.

5-5.2 CT Calibration

mall errors existin Tperformance since part of the primary current required to magnetize the core is not avajlable as
a secondary side current. The amount of exciting current required depends on the magnetic flux required to fgrce the
sedondary currentthrough the secondary impedance. This current and subsequently the CT error would increade as the
impedance of the secondary burden increases. However, in order to compensate for these core losses, the trangformer

burden. Sitnilar compensation is made for phase-angle errors.

for Class A power measurements, each CT shall be calibrated per IEEE C57.13. Accuracy tests shall condist of a
mepsurement of ratio and phase angle at approximately 100% and 10% of rated current, when energized gt rated
frequency with zero burden, and with maximum standard burden for which the transformer is rated at its best accuracy
class. The method of calibration shall permit the determination of turns ratio and phase angle to an uncertainty of at least
+0.1% and +0.9 mrad (3 min), respectively. The calibration records should include a statement of the uncertainty of the
measurement.

Recalibration may be required if the CT is subjected to abnormal operating conditions, particularly exposure to direct
current, opened circuitry of a CT secondary, or a primary ground fault condition. Further investigation should be
performed if any of these events have occurred, to verify that transformer characteristics have not changed.

1 NBS Measurement Services: A Calibration Service for Voltage Transformers and High-Voltage Capacitors, Special Publication 250-33, William E.
Anderson, U.S. Department of Commerce, June 1998.
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A NIST publication? indicates the IEEE C57.13 uncertainty figures are relatively modest uncertainties, with signifi-
cantly lower calibration uncertainties for ratio correction factor and phase angle being achievable. Sources of error in the
calibration of instrument transforms should be evaluated to determine the actual uncertainty associated with the ratio
correction factor and phase angle. Sources of error for the calibration of CTs may include, but are not limited to, core
magnetization, burden, transformer temperature, current value, primary winding position, and electromagnetic
interference.

Corrections for actual CT performance require that known performance test data for ratio and phase angle or cali-
bration curve at different secondary currents are available. In accordance with IEEE C57.13, test data will include a

minimt

m of twa pnint‘c at 100% and 109 of the rated current and at maximum standard burden

The s

tandard rated burdens for metering class CTs are designated as follows, all at 0.9 power factor and correspond

ing

to 5 A rated secondary current:
Symbol Rated Burden
B-0.1 2.5 VA, 0.1 Q burden
B-0.2 5.0 VA, 0.2 Q burden
B-0.5 12.5 VA, 0.5 Q burden
B-0.9 22.5 VA, 0.9 Q burden
B-1.8 45.0 VA, 1.8 Q bdrden
The fypical burden rating of the CT for power plant application is B-1.8 or B-0.9:
The (T ratio for a generator circuit is normally selected with primary rated current very close to the circuit ratjng.
Therefqre, the accuracy and phase-angle test data at 100% rating of the CT could-be used for estimating the correctjon
factors jand to allow for a difference in connected burden. To be classified as(a 0.3% accuracy class CT, the correction

factors
produc
if no cg

at 100% rated current must be between 0.997 and 1.003. This does.iot mean that the uncertainty of the curr
bd by the transformer has an uncertainty of 0.3%. It simply meansthdt the error of the current will not exceed 0.
rrections are applied for its known characteristics or calibration data.

CTb

line by [measurement of the percentage of rated current using€xisting plant instrument primary side phase curr
displays. Typically, the CT ratio error is the same for all metering burdens above approximately 30% of rated current
measurement of the actual burdens of the CT metering .cifcuit is not necessary.

5-5.3

Calib,
and VT
side of
measu

Beca
used fo
second

(a)

(b)

(c) s

(d)

(e)

)t

(9)

(h)

rdens required for correction of CT ratio correction factors during performance tests are usually determined

atio Error Modeling of Instrument Transformers®

ations of instrument transformers according to IEEE C57.13 are usually performed in a shop orlab. However,
may also be calibrated in-situ, while th€ unit s off-line. Conventional testing methods apply a known signal on
transformer and read the output signal'on the other side. This can be time-consuming and require the injectior
ment of very high voltages or«current.
se of the difficulties of testing CTs in the field, specialized instrumentation and modelling methods are sometir
CT testing. The concept of modeling a CT requires the nameplate data on the CT and burdens of the primary :
ry circuitry, including the)following:
citation current
condary current
condary core yoltage
ain inductivity of the core
agnetic Josses of the core
rns ratio
iring.resistance

ent
B%

pn-
ent
SO

[Ts
ne
) or

hes
nd

sistance of the secondary turns

(i) resistance of the metering burden

(j) inductivity of the metering burden
Using a model, the effects of various currents and phase angles can be simulated, and predicted ratio correction factors

can be

calculated.

2 NIST Measurement Services: A Calibration Service for Current Transformers, NIST Special Publication 250-36, John D. Ramboz and Oskars Petersons,
U.S. Department of Commerce, June 1991.
34 Revolution in Current Transformer Testing,” Benton Vandiver, PowerGrid International, August 2012.
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5-6 CORRECTION OF VT ERRORS

Two methods are commonly used for the correction of installed characteristic data of VTs used in ASME performance
testing. IEEE C57.13 provides detailed equations for the calculation of transformer corrections algebraically. Another
method referred to as the “Farber method” exists, which determines the VT correction factors using a graphical approach.
An example of this method is provided in Nonmandatory Appendix C.

This method is defined in “The Analytical and Graphical Determination of Complete Voltage Transformer
Characteristics” by ]. L. Settles, W. R. Farber, and E. E. Conner, published in February 1961. Each of these methods
requires calibration characteristic data and the measurement of actual installed VA burden on the secondary side
of the transformer.
the actual calibration data for a particular VT is not available, typical VT calibration data for that type“or model
number of that VT may be used with higher uncertainty. Based on the GE Manual of Instrument Transformers, Ogeration
Pripciples and Application Information (GET-97D), copyright 1950 by GE, the ratio correction factor mayyatry amgximum
of £0.002, and phase angle may vary a maximum of +7 min from the typical curve values. Therefore, the uncertpinty of
usipg a typical ratio correction factor for an uncalibrated VT of the same type can be assumed‘to be 0.2%.

.1 VT Burden Measurements

etermination of actual VT burdens requires the measurement of voltage, current, andphase angle between thelvoltage
and current on each metering element. Each phase voltage and current across or through the secondary windings of the
VT|circuit should be made at a point near the VT secondary fuses or in the initial VI junction box, before any poinf where
cufrent may branch off to other circuits. Since the accurate measurements«of*current and phase angle require the
introduction of meters in series with the current that may be supplied to whit controls, any inadvertent opgning of
the circuit during connection or use of these meters may cause a unittrip. To avoid this possibility, it is highly rec-
ended that measurement of current be made with clamp-on metérs dnd that corrections for phase angle and power
facfor be neglected. A sample uncertainty analysis using an assunied power factor of 0.85 rather than an actual power
factor of 1.0 and a phase angle of =0.5 min instead of +0.5 min restltéd in an error of only 0.006%. Therefore, the gffect of
thig assumption on the overall test uncertainty will be minifmal.
he number and method of voltage and current measurements depends on the type of power metering syste‘ln being

usqd. If the two-element method is being used, then voltage should be measured phase-to-phase, and current is only
ne¢ded in two of the three phases. If the three-elementéthod is being used, voltage must be measured for each phase-to-
nelitral and current measured in each phase.
eters used to measure VT voltage should display true RMS AC voltage, have an accuracy of atleast 1%, and a pfecision
of 3t least 0.1 VAC. Expected voltages for phdse-to-phase measurements are between 110 VAC and 120 VAC. Expected
reddings for phase-to-neutral voltages drejbetween 67 VAC and 70 VAC.
eters used to measure VT phase curtents should have averylow range. Typical VT currents are between 0 AC gmp and
0.255 ACamp per phase. As discussediabove, it is highly recommended that a clamp on type current meter be used fpr these
surements. If a nonclamp on-type of meter is used, check the current meter fuses and continuity through the fcurrent
mefter before inserting the meter in the VT circuit.

5-6.2 Analytical Calculation of VT Ratio and Phase-Angle Correction Factors

IEEE C57.13, section\8.1.12, provides the most precise method for correcting VT output for ratio correction fagtor and
phase-angle displacement between primary and secondary volts. The equation provided for the determination|of ratio
correction facter-at the performance test burden is as follows:

B
RCE. = RCFj + B—C[RCchos(@t — @) + y;5in(6; — 6,)] (5-6-1)
t

e equation provided for the deternmmation of pitase angte at the perforiance test burderr 15 a5 {oHows:

=%t [Bc/Bt][Vd X cos(@t - @c) — RCE; X sin(@t - @C)]

where
B. = the burden at which RCF and PACF will be calculated for the performance test condition, VA
By = zero burden, VA
B, = theburden at the calibration test point (typically at VT rated burden at which RCF and PACF will be calculated
for the performance test condition), VA
RCF, = ratio correction factor at B,
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Y=
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RCF, - RCF,

= ratio correction factor at B

= ratio correction factor at B, (typically at rated burden)
= power factor at B, deg

= power factor at B, deg

= phase angle at B, rad

= Ye = Yo

= phase angle at By, rad

phase angle at B, rad
I (=) Lz

NOTE: 1
0.00029
3,438 =

If the
neglect

Subs
betwee
point:

If thd
neglect

phase angles are in degrees, multiply by 0.000291 to convert to radians.
1 = 1/3,438 rad/min
minutes of angle in 1 rad

small deviations in power factor and phase angles between performance test burden and'rated burden
bd, the equation for ratio correction factor reduces to the following:
B
RCE = RCFj + B—C[RCchos(O) + 7,sin(0)] (5-4
t
BC
RCE. = RCFy + B—[RCFd X 1+y;x0] (5-

t

B
RCE. = RCFj + B—C[RCFd]
t

ituting RCF, - RCF, for RCF, yields the following equation; which is simply a linear interpolation of the R

B
RCE. = RCF B—C[RCFt — RCF]
t
small deviations in power factor and phase angle between performance test burden and rated burden
bd, the equation for phase angle for the“performance test burden reduces to the following:

A= 1o + [Be/By]lrcos(0) — RCE;sin(0)]

Y. =1+ [B:/Bily

Substityiting y, — Yo for y4 yields the equation

This
burden
VT p

.= 1+ (B./By) X (%, — 1)

is simply a linear interpolation of the phase angles between the VT calibration test points at rated and z
5, based on the burden at the performance test point.
hase-anigle“correction factor (VTPACF,) is determined as follows:

VTPACE = cos (@primary - J’C)/ cos (@primary)

are

-2)

-3)

CFs

hthe VT calibration test points at the rated burden and atzéro burden, based on the burden at the performance fest

are

Ero

where

VTPACF,. = VT Phase-Angle Correction Factor at B,

Qpri

mary = Mmeasured circuit’s primary side power factor angle

Refer to Nonmandatory Appendix A for a sample calculation.
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5-7 VOLTAGE DROP CORRECTIONS FOR VT SECONDARY CIRCUITS

Voltage supplied to each test metering element shall also be corrected for voltage drops from the VTs to the test

meters.

Voltage measurements should be made to a reading resolution of 0.01 V or better using two AC RMS voltmeters with an
accuracy of atleast 0.05 V AC each or better. For three-phase, four-wire, three-element metering circuits, voltages should
be measured from each phase to neutral. For three-phase, three-wire, two-element circuits, voltages should be measured
from phase to phase. A procedure for determining the voltage drop correction factor for each phase is as follows:

Step 1. Connect two test voltmeters to the same voltage source, and determine the offset between the two meters. Take
readings simultaneously, and integrate or average at least ten readings over a minimum of 1 min. The voltage offset is

equal to the higher of the two meter displays less the display of the lower meter. Tag the higher reading-m
taneously, using the two meters. Integrate or average at least ten readings over a minimum of 1 mim
locption.

drap.

N

lesq than 1.0, there is a problem with the readings. If the voltage drop is less than the combined uncertainty of the meters, g
voltage drop correction factor of 1.0. Otherwise, attempt to determine the cause of the problem, and repeat the measur

5

T
b

tainties allowed are +0.1% for ratio correction factors and +0.9 mrad (3 min) for phase-angle error. If the
callbrated and corrections are applied for ratio correction factor as discussed above, the maximum uncert
thg current inputs to a power meter uséd for an ASME performance test should not exceed the uncertaint

C

shquld be used as an added uncertainty. Based on the GE Manual of Instrument Transformers, Operation Princij
Application Information (GET497A), copyright 1950 by GE, the ratio correction factor may vary +0.002, and pha
maly vary =7 min from.the/curve values. Therefore, the uncertainty of using a typical ratio correction facto

u

estimating\the CT phase-angle correction factor (CTPACF,).

5-1.1 Calculation of CT Phase-Angle Correction Factors

§tep 2. Measure the voltage at the secondary outputs of the VT and the voltage at the input to the test mete
Jtep 3. Subtract the voltmeter offset readings taken with the higher reading meter to obtain the correctedvoltag
§tep 4. Subtract the corrected integrated/average voltage at the meter from the voltage at the VT\to obtain the

§tep 5. The voltage drop correction factor is equal to the ratio of the voltage at the VT divided by the voltage at th

OTE: The voltage drop correction factor mustbe anumber equal to or greater than 1.0. If the indjéated voltage drop correction

The corrected watts and vars for the tested phase are equal to the meter output multiplied by the correctioj
An example calculation is shown in Nonmandatory Appendix A, Table A*3.7-1.

8 CORRECTION OF IRON-CORE CT ERRORS

herefore, as total current increases, the error due to excitation current becomes less significant. If the actual se

IEEE C57.13 for instrument transformers contains several methods for calibrating CTs in which the maximunj

T|calibrations as shown above.
If typical CT-type calibration data)are used, the variation of calibration corrections for a sample of meters of t

ngalibrated CT of the same type can be assumed to be 0.2%.

pter.
" simul-

e at that
voltage

P meter.

factoris
ssume a
bments.

factor.

As discussed earlier, errors in CT performance may exist dueito core excitation current that varies with actual
sedondary burdens. Compensation may be included to produce zero correction factors at a rated burden
sedondary burden is generally constant with load so the ‘@mount of current required for excitation is also c

Actual
nstant.
ondary

urden is close to the rated burden, the ratio error cahbé assumed to be zero (CTRCF = 1.0). If actual burden is different
from rated, the ratio error should be read off of the' calibration curve.

uncer-
CTs are
hinty of
 of the

his type
les and
e angle
" for an

higher precision is desired, the CT phase-angle () data that are available from the factory tests may be used for

CTPACE. = cos (@primary + B)/cos <@primary)

where

CTPACF. = CT phase-angle correction factor at B,
Oprimary = Mmeasured circuit’s primary side power factor angle

Refer to Nonmandatory Appendix A for a sample calculation.
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Demagnetization

CT cores may be permanently magnetized by inadvertent operation with the secondary circuit opened, resulting in a
change in the ratio and phase-angle characteristics. If magnetization is suspected, it should be removed as described in
IEEE 120, under Precaution in the Use of Instrument Transformers.

5-9 CALCULATION OF PHASE-ANGLE CORRECTION FACTORS

The use of instrument transformers creates a phase-angle shift between primary and secondary values of voltage and

current
former:
in VT p
terming
betwee
side. Th
positivg
side tey

The ]
of the [

Powd

For 4

5-10 R

Extrd
should
unitiso
of test
meterir

5-11 U
Exist

T}lib CAUSTS d diby}at.cuxcut ‘UCtVVCCll t‘llC PUVVCI fautux IIITasur Cl:]l Ull thc DCLUlldaly bi\:‘lc Uf illbtl uuu:ut tl
and the true power factor. If significant, a phase-angle correction factor should be applied for this error. The€n
hase-angle is represented by the Greek letter y and is positive when the voltage across designated second|
Is leads the voltage across the corresponding terminals on the primary side. This represents the phase s
h the voltage phase angle on the secondary side of the VT versus the actual voltage phase angle on.the-high volt
e CT will also introduce a phase shift error. The error in CT phase angle is designated by the Greek letter § an
when the currentleaving a designated secondary terminal leads the current entering the caorresponding prim
minal. The power meter will also introduce a phase shift error, designated by the Greek letter a.
I'ue phase angle, 0, between the primary current and primary voltage is obtained by adding the phase-angle err
ower meter, VT, and CT to the indicated phase angle, 8, as follows:

O=6—-a+p—-vy
r factor on the primary side of the instrument transformers is calculatedas follows:

PF = cos(0) — cos(6; —a + f — p)

ach phase, the phase-angle correction factor is calculated as follows:
cos (6, — a + ')

cos\@;

PACF =

RECAUTIONS IN THE USE OF INSTRUMENT TRANSFORMERS

me care should also be used when connecting genération metering to plant voltage and CT circuits. Connecti
breferably be made when the unitis off-line. If Connection or disconnection of test metering is to be made when
n-line, provisions should be made to preventopening of the current circuit and shorting of voltage circuits. The
blocks, sliding link terminal strips, ordknife switches are recommended. Shorting or opening of inputs to pl
g while the unit is on-line may causea unit trip.

TILIZATION OF STATION.INSTRUMENT TRANSFORMERS

ng station voltage or CTS may be used for the test if they meet the requirements of this Supplement.

ns-
ror
ary
hift
hge
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hry

or's

bns
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1se
hnt
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Section 6
Net Power Output

INTRODUCTION

a test requires obtaining a net active or reactive power value for an electrical power generatingunit; the td

DIRECT MEASUREMENT OF NET POWER

reactive power supplied to a remote delivery point using high-voltage instrument transformers. If instrumen
formers do exist at this point, active and reactive power can be measured on the low voltage secondary side
trahsformers using the same technique discussed in Section 3. These typésofinstrument transformers are very ex
but do provide a direct measurement of power delivered to the remote point. No corrections for power transfo
trahsmission line losses are necessary.

NOTE: In many cases, a remote delivery point includes separate lines-for the receipt of power produced by the power plant
deljvery of station service power to the power plant. In this case, botli'delivered and received power should be determined, an
power is calculated by subtracting the power delivered to the\plant from the power received from the plant.

CALCULATION OF NET POWER

et power supplied to a remote delivery péint can also be calculated from gross power and gross station

.1 Power Transformer Losses

ince the power loss forithe step-up/down transformers cannot be accurately measured in the field but only cal
itig necessary to use thewesults of the transformer performance tests conducted in the factory. Normally, the factg
detlermining the pewer loss are conducted at 0% and 100% rated load of the transformer and at various voltz
calfulate the actual power loss during the test in the field, values of the voltage and current at the high sid
trapsformer, should be measured and recorded. The corrections are done using the methodology described
C57.12.90

he losses through a transformer are determined by the following equation:

tal unit
erators
1lidance

ransmission line voltages may be as high as 750 kV. Nevertheless, it is possible’to directly measure net active and

t trans-
f these
pensive
Fmer or

and the
d the net

service
uts and
power
fom the

fulated,
ry tests
ges. To
b of the
in [EEE

LossToTAl = LossNo-LOAD + LossLoAD

where
Loss;oap = transformer load losses, kW
Lossno-Loap = transformer no-load losses, kW
Losstorar = total transformer losses, KW

Lossno-Loap is determined from the factory shop test report; it is a constant value.
The load losses of a transformer are determined as follows:
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LosspoAD = L1 cOrRR + L2 CORR

where
L1 corr = I°R losses, corrected to reference conditions, kKW
Ly corr = stray load losses, corrected to reference conditions, kKW

The load losses vary with winding temperature, oil temperature, ambient conditions, voltage, and load. Therefore, the
values for the load losses taken from the shop test report need to be corrected. The following equation, derived from IEEE
C57.12.90, corrects for these conditions:

TK + TM TK + TMC
TK + TR TK + TM

LICORRleanKX(

LZCORR=L2X1’£XI<X(TK+ TR)[ TK+TM]
Tx + Ty \ Tk + Ty
where
K E voltage correction ratio, dimensionless
Ly E I°R losses from factory test report at rated load with rated winding temperature (Tg), kW
L, F stray load losses from factory test report at rated load and rated winding temperature (Tg), kW
n E load correction ratio, dimensionless
Tx F transformer material correction factor (copper = 234.5°C)
Tu E average winding temperature at prevailing ambient temperature~ffom calculation below, °C
Tuc F average winding temperature, corrected to reference ambienttemperature from calculation below, °C
Tr F rated winding temperature from factory test report, °C

To deétermine n and K, use the following equations:

_ ( test load )2
ratéd load

2
[ rated voltage )
K= | — 5

test voltage

The test load (kVA) and test voltage (V)are determined from the power and voltage measurements, collected as fest
data. THe rated load (kVA) and rated vgltage (V) are from the factory test reports. Rated voltage is a phase-to-phase value,
so a cupe-root factor is applied to(the measured phase to ground voltage measurement.

P p +P
testload = ( MEAS ] _ [ LINELOSS AUXMEAS]

PFMEAS PFMEAS
where
Paux|meas = measured auxiliary loads, if any, between power measurement and low side of the transformer, kW
Prind Loss = dine losses between power measurement and low side of the transformer, kW
Humeas «<=\nleasured power at the generator terminals, kW

PHmeas = generator power factor at test conditions, dimensionless

test voltage = Vyrpag X VT Ratio X /3
where
Vmeas = measured secondary voltage at the low side of the transformer, adjusted for meter errors as necessary
(phase-to-ground), kV
VT Ratio = from instrument transformer design data

To determine the average winding temperature, Ty, use the following equation (from IEEE C57.12.90):
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TM= Tc+ TOM

where
T¢ = corrected difference between average winding temperature and the oil temperature measured in the filled oil
thermometer pocket, °C
Tom = measured oil temperature measured in the filled oil thermometer pocket, °C

whiere

tions are used:

whiere
T, = ambient temperature at rated conditions (conditions upen'which transformer losses are based, from
test report), °C
"4v = measured ambient temperature, °C
6-3.2 Line Losses

whiere

length of the trahsmission line. The temperature effect of the conductor resistance from the manufacturer’s r¢

te

cotfrectionris desired, determine the conductor resistance at the conductor actual operating temperature (at the
op¢rating current and site ambient temperature) from the manufacturer data for the conductor.

T¢ is determined by the following equation:

\Zm

{—testtoad
T = Tp X | ——
¢ 0 lrated load J

S
1l

1.0 for main step-up transformer
0.8 for auxiliary transformer

measured difference between average winding temperature (from factory test report) and the oil temp
measured in the filled oil thermometer pocket at rated load (from factory test report), °C

Q
]

The average winding temperature is measured between the high- and low-voltage{winding.
To determine the winding temperature, corrected for differences in ambient temperature (Ty), the followin

Tyie = Tp + (Ta — Taymr)

6-3.2.1 Line Losses From Main Transformer High-Voltage Terminals to the Switchyard Interface Point

3(1F x Ry)

PLINE LOSSES = 1000

I, = average RMS line or phase current on the high side of the main transformer
PLiNE Losses = three-phase line losses, kW
R; = averagé resistance of each line or phase conductor(s)

The resistance of the conductor is determined from the manufacturer’s data for the selected conductor size

\perature-data to the actual operating temperature is relatively small and can be neglected. However, if temp

erature

g equa-

factory

lline losses are conductor losses from the main transformer high voltage terminals to the switchyard interface point. In
addlition, there are conductor losses in the bus cennection from the generator terminals to the main transforry
voltage terminals. The method for calculatingthe losses is specified in paras. 6-3.2.1, 6-3.2.2, and 6-3.2.3.

her low

and the
ference
erature
hverage

6-3.2.2 Bus Losses From the Generator Terminals to the Low-Voltage Terminals of the Main Transformer. The bus
losses are calculated by a method similar to that for line losses described in para. 6-3.2.1. The bus duct configuration
consists of a conductor in metallic enclosures. The bus duct losses are due to both conductor loss and enclosure loss. The
manufacturer of the bus duct normally provides the resistance and loss per unit length of the conductor and of the
enclosure at the specified operating current(s). The operating current is the average of the measured generator phase
current.
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6-3.2.3 Sample Calculations

(a) Line losses from the main transformer high voltage terminals to the remote delivery point are calculated from the
following equation:
3(1F x Ry)

PLINELOSSES = 000

where

L
PrLing Losses = three-phase line losses, kW
R; = average resistance of each line or phase conductor(s)

average RMS line or phase current on the high side of the main transformer

(1) Typical conductor resistance data are as follows:
-a) 0.1172 Q/mile at 25°C, or 0.1172 (100/5,280) = 0.0022197 Q/100 ft.
-b) 0.1398 Q/mile at 75°C, or 0.1398 (100/5,280) = 0.0026477 Q/100 ft.
-c) For conductor temperatures between 25°C and 75°C, the resistance value could be lirfearly extrapolated. F
examplp, conductor resistance at 50°C is 0.0022197 + [(0.0026477 - 0.0022197) /(75 - 25)] {50 - 25) = 0.0022197 +
0.000314 = 0.0024337 /100 ft
(2] Foranaverage RMS line current of 800 A, the line losses determined from the equation in (a) and the data in|(1)
(-a) thrjough (1)(-c) are the following:
-a) at 25°C conductor temperature = 4.261 kW/100 ft of three-phase lifies
-b) at 75°C conductor temperature = 5.083 kW/100 ft of three-phagse lines
-c) at 50°C conductor temperature = 4.673 kW/100 ft of three-phase lines
(b) Bus losses from the generator terminals to the low-voltage terminals‘of the main transformer are calculated as
follows
(1) The following table shows the losses attributed to resistances'in the conductor and enclosure. The R values pre
supplied by the manufacturer.

T
o
=

Data Type Resistance, R, nQ/ft Current, I, A Duct Length, L, ft Loss [(I* x R x L)/1 000], kW
Conductgr 1.0517 11 000 100 12.725
Enclosurfe 0.645 11 000 100 7.805
Total logs per phase 20.53

(2] For a three-phase system, the loss would-be 20.53 x 3 = 61.6 kW for the assumed 11,000-A current and 100-ft
length.
NOTE: Tlhe enclosure losses are due to the induced current from the conductor and depend on the geometry of the conductors pnd

enclosures. The manufacturer of the bus ductnermally provides the conductor and enclosure loss/resistance data to determine the pus
duct lospes at specified operating curnénts”and length of the bus duct installation, as illustrated above.

6-4 NET PLANT POWER-FACTOR

Net glant power factofiean be measured directly or calculated from the net active and reactive power values defer-
mined ¢ither measured.directly or calculated as discussed above. If measured directly, net plant power factor can| be
determ|ned using the-same techniques discussed in subsection 3-6 by connection to the high-voltage instrument trans-
former Jused forthe direct measurement of active power. If calculated from gross low side measurements of active gnd
reactivg poweryhet plant power factor should be calculated using the net high side values of active and reactive power as
deliver¢d.tothe remote delivery point, using the same equations as shown in subsection 3-6; however, the net vars on the
high side of the main power transformer should he corrected for transformer losses as discussed below

6-5 POWER RELATIONSHIPS BETWEEN PRIMARY AND SECONDARY WINDINGS OF MAIN POWER
TRANSFORMER
The turns ratio of the main power transformer affects the current as well as the voltage. If the voltage is doubled in the
secondary, the current is halved in the secondary. Therefore, all the power delivered to the primary of the main trans-

former by the generator source is also delivered to the load by the secondary minus whatever power is consumed by the
transformer in the form of losses. There are three different types of losses in a transformer. One is copper loss, or I°R loss.
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This is the loss due to the DC resistance in the primary and secondary windings. The other losses are due to eddy currents
and hysteresis in the core. All of these losses are the result of electrical energy being converted to heat energy.

Pg=Pp— P
where
P; = power loss in the transformer
Pp = power delivered to the primary by the generator source
Ps = power delivered to the load by the secondary

whiere
P;, = total input power to the transformer
P, = total output power delivered to the load
T, = transformer efficiency, %

1]
!
twi

apj

est

The efficiency of a transformer is simply the ratio of the output power to the input power.

Begin by measuring the input power and input vars to main pewer transformer on the low-voltage side 4

Use the actual value for transformer efficiency of the main power transformer if it is available. If itis not availablg

INext, calculate the total input VA from-the known values of total watts and PF.

P
T, = 2% % 100

in

arge commercial power line transformers typically have an efficiency of 9979%" or better.

ower factor or vars on the high side based on measurements on the low side,can be determined based on the fq
characteristics:

a) The power on the high side will be less due to the transformer losses.

b) The VA on the high side is unchanged from the VA on the low side.

ropriate wattmeter and varmeter. Then calculate the output power of the main power transformer.

Bout = Pin X Te/IOO

mated value of 99.7% or higher.
alculate the total input power factor using the total watt and var values.

2 2
PFy, =P/ (Pp)” + (var,)” = Py, /VAj,

VAj, = Pin/PFy

hiven that the volt-amps actoss the transformer is unchanged, yields the following:
VAjy = VAgyt

alculate the output power factor.
PEyut = Fout/ VAout

alculate output var.

2 2
Vargut = \/ (VAout) - (Pout)

llowing

sing an

,usean
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Section 7
Test Uncertainty

7-1 UIIICERTAINTY CALCULATION REQUIREMENTS

All uy
Test Uy

7-1.1 Uncertainty of the Result, Uy

The |

95% probability that the true test result lies within a U band around the test point. For{most cases with a suffici

numbe

(a) Hr = systematic standard uncertainty of the result

(b) sk = random standard uncertainty of the result

7-1.2 $ensitivity, @

Sensitivity is the instantaneous rate of change in-dresult due to the change in a parameter. It may be determined by
of two methods.

7-1.2]
meters

7-1.212 Numerical Determination of Sensitivity. Each parameter in the data may be incremented a small amoun

determ

certainty. The necessary inputs and calculations are summarized in the following paragraphs;

TC uncertainty requirement is for estimates to be made at the 95% confidence level, which means that there

of data points, the expanded uncertainty, Ug, equals 2ug, where ug = (bg? +.s33)°".

bp = Z (gibfi)z

R = Z (91‘571-)2

1 Analytical Determination of Sensitivity. If there is a known relationship between the result, R, and its p4
X; [R = f{X1, X5, etc.)], then the sensitivity can be calculated by partial differentiation. Thus

@ = 6R/5X;

ne its effect on thetresult. In this case
O = AR/AX;

certainty estimates shall be made in accordance with the definitions and procedures presented in ASMEPTC 19.

sa
ent

ne

[ to

AX; should be as-smiall as possible to avoid large nonlinear effects, and it is advisable to do both plus and minus AX; to

assess

7-1.213 Relative Sensitivity. Since normally the uncertainty is a percent of the result and parameter uncertainties

providsg

he nonlidearity.

are

d 'as percentages, relative sensitivities are calculated as shown in the following example:

Relative numerical ® = (AR/R)/(AX;/X;) = (X;/R)(AR/AX;)

7-1.3 Systematic Standard Uncertainty

Systematic uncertainties are estimates made to account for fixed errors in the measurement that remain after cali-
bration. These are made at the 95% confidence level where Bz, the expanded systematic standard uncertainty, is equal to
2Bz. For each measurement, the individual contributing systematic uncertainties are combined to determine Bx by the
root sum squared method.
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us

sarhe factory, or are not calibrated against the same standard, etc., then the calculations proceed as outlined a

ho

this is a likely occurrence (e.g., VTs and CTs from the same batch, calibrated against the same standard), then the

bg

br

asqumes that a sufficient number of measurementSthas been made, nominally at least 30. If this number is consi
lesp than 30, then ASME PTC 19.1 should be constlted to properly apply the Student’s t factor. For the systema
whiich is based on best estimates, as a practicalimatter, there is uncertainty in these estimates, and concern wheth
redlly “2.2” may not be justified. Therefore, if the degrees of freedom are at least 10, the use of “2” should be acc

whiere

ASME PTC 19.6-2018

5, - [2 Biiz]o.s

1.4 Random Standard Uncertainty

Parameter measurements are influenced by several random error sources. This data scatter is evaluated by calculating
the standard deviation (STD), s,, normally done by the data acquisition system. The random standard uncertainty, sx, is the

D of the mean, or

Sx

Sx

(7-1-1)

—
~ N

re
= number of measurements (number of instruments multiplied by the number of readings)

1.5 Other Considerations

Two important effects, correlation and degrees of freedom, need to be evaluated, and¢<ASME PTC 19.1 sh
sulted to assess them properly.

71-1.5.1 Correlation. The estimates for systematic uncertainties must consider the relationship among the insty
dd to measure the parameter. If they are all independent, which means they are notproduced in the same batqg

Wwever, the instruments are related, then the estimates for the systematic staridard uncertainty must be modifie

is given by

1/2
2 2 2

- [(Glbxl) + (0205,)" + (63b5,)” + 2010sbse, + 201035554 20205b5

The sample calculation for test uncertainty shown later in this section illustrates this procedure.

1-1.5.2 Degrees of Freedom. The use of “2” to obtain the expanded systematic or expanded random unc

2 POWER UNCERTAINTY CALCULATION

As shown in subsection 3-5:the power in each of the three phases, in kilowatts, is calculated from the fo
SW, x VITR,, x CTTR,, X VTRCE, X VTVDCE, X CTRCE, X PACE,

PW/=
b 1000

1000 =.conversion factor from watts to kilowatts
CTRCF,=current transformer ratio correction factor

CTTRy. = current transformer turns ratio

PAEF, = phase-angle correction factor

puld be

uments
h at the
bove. If,
d. Since
alue of

(7-1-2)

brtainty
derably
[ic case,
er “2” is
bptable.

lowing:

PW, = calculated watts on the primary (high voltage) side of the voltage and current transformers,

KW

SW, = measured watts on the secondary (low voltage) side of the voltage and current transformers, W

VTRCF, = voltage transformer ratio correction factor
VTTR, = voltage transformer turns ratio
VTVDCF, = voltage transformer circuit voltage drop correction factor

VTRCF, is calculated from the VT calibration data, using the following simplified equation:
VTRCE, = RCF; + (B./B;)RCE;

VTVDCF, comes from the voltage drop measurements and the following equation:
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VTVDCE, = 1 + VIVD/V],

CTRCF, is obtained from the CT calibration curve.
PACF, corrects the phase shift and is calculated by the following equation:

PACE, = cos(6, — a + f — y)/cos(6,)

It is possible to differentiate each of these equations to determine the sensitivity of each of the variable’s effect on the
correction factor and then estimate a systematic uncertainty for each one. However, since normally these correction
factors are quite small, this laborious effort is not justified considering the much larger uncertainties associated with the

instru
on its
(a)
very s
Nonma
(b) V
(c) C
(d) B
very sn
The 3
since tH

following summation of the power of the three phases:

7-2.1 §

Typi
same s

As a1} example, assume the following uncertainties:

(a) g
the rea
(b)
(c) O
purcha
Refeq
With
2

By

ent transformers and power metering. An examination of each of the correction factors provides some guida
ontribution to the measured power uncertainty.
TRCF: Inputs are low side volts and amps, measured very accurately in the wattmeter circuit; phase-angle er

hdatory Appendix D.)

TVDCEF: The correction is in the fourth decimal place, so any error would be insignificant.

TRCF: This correction is covered by the CT uncertainty. (Refer to Nonmandatory Appéndix D.)

ACF: The major input is the wattmeter reading, covered by its uncertainty. The other{angle measurements
hall, with the result that the correction factor is also very small.

pplication of the correction factors to accurately calculate the gross power (GP)«s\absolutely critical. Howey
e VTVDCF and PACF have negligible impact, the calculation for gross power uncertainty can be based on

3
GP= Y (P x CT; X VT)

i=1
bystematic Uncertainty and Correlation

ally, the wattmeters and the VTs and CTs have each comeé from a single source and were calibrated against
andard. Therefore, the systematic errors are correlated, and eq. (7-1-2) applies.

3

3 2 3
By’ = ) (@ini> +2) ) 66By

i=1 i=1k=i+l

.1% for calibrated wattmeters. Typically, the quoted accuracy is 0.04% of reading plus 0.04% of range. As lon
Hing is 75% of range or higher, the 0.1% can be met.

.1% for VTs, which must be ¢alibrated.

15% for CTs. Thislevel can be achieved by obtaining a type calibration for the lot of 0.3% accuracy transformer
ing 0.15% class transfofmers.

to Nonmandatory Appendix D for guidance in determining the uncertainties of instrument transformers
0 = 1/3, since the.phase powers are essentially equal, then

2
2 2
= [3(9317) T 3(QBVT) + 3(@BCT) + 2(@1923p13p2 + @1@3Bp13p3 + 92933[723}?3 + 610,ByT1BvyT)

+\@103ByT1Bvrs + 0,03ByT2ByTs + 0102BcT1BCT2 + ©103BCT1BCTs + @2@3BCTzBCT3)

and

all (in minutes); and calibration data. The uncertainty in the VTRCF is covered by the VT uncertainty. (Refer

1ce

or,
to

are

er,
the

the

P AsS

b OI’

B

op = 0.206%

If they were not correlated, By, would be 0.119%, which is 0.206/./3. This significant reduction would likely be
expensive and complicated to implement and normally not justified.
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Table 7-2.3-1 Typical Gross Power Uncertainties for Test Classes

Instrument Uncertainty

Test Class Wattmeter VT CT Ugp
A 0.075 0.102 0.113 0.170
B1 0.100 0.103 0.146 0.205
B2 0.100 0.147 0.173 0.248

7-2.2 Random Standard Uncertainty

ith wattmeters, multiple readings are taken during the test, and a value for sx can be calculated. With w4gtt-hour
meters, only one summation is obtained at the end of the test, and the time measurement required to.calculate watts
shquld be accurate enough not to contribute any additional uncertainty. A 0.1-s error in a 30-min run would be 0.0056%.
For this example, with wattmeters, the value of s, is determined as follows:
a) The STDs for each phase of the test, as calculated by the data acquisition system, and the number of readings, N, are
usdd to determine g; .

Phase STD, % N szi = STD//N
1 0.51 60 0.066
2 0.36 60 0.046
3 0.43 60 0.056

b) The gz; values are used to calculate s,

1105
Sp = [Z (65, ] = 0,033%

7-2.3 Gross Power Uncertainty

B,, was determined on the 95% confidence level, and 2sy; would be needed to calculate the expanded grosg power

ungertainty, Ugp.

U,

0.5 0.5
o = (Bgp” + 2 2) = [0.2062 +(2x 0.033)2] = 0.216%

8 8

sing this calculation method, typical gréss-power uncertainties for the three classes of tests can be determirjed (see

.4 Corrected Gross Power Uncertainty

or corrected power, the example defines corrections for power factor-related generator loss, hydrogen puifity, and
hydrogen pressure. The senSitivities, 6', for these corrections are determined using the procedure in para. 7-1.2.3|Jand are
listed in Table 7-2.4-1. A rélative uncertainty, U, for each was assumed to be 1%, principally due to the ability to obthin data
from the curves.
he uncertainty,of the corrected power can now be calculated by the RSS value of the (6’ x U) products above glus that
for|the Class A gross power (0.170%). The result is Uy, = 0.171%.
he magnitudéof the corrections would suggest that their impact on the overall power uncertainty would be nhinimal.
Hopever, thé method is presented so cases where corrections are more significant can be properly evaluatgd.
he calculation of corrected gross power uncertainty shown here is intended to be an illustration of the cal¢ulation
pracess=Actual performance testing will use instruments with varying quality, calibration records, and randonj uncer-
taibtics, . . . .

gp

Table 7-2.4-1 Gross Power Correction Uncertainties

Correction AR, KW R, kW AX X o’ U

Generator loss 600 210 474 0.135 PF 0.985 0.0208 1%
Hydrogen pressure 10 210 474 14 kPa 414 0.00141 1%
Hydrogen purity 65 210 474 0.36 Ib/ft? 4.10 0.0035 1%
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7-3 UNCERTAINTY CONSIDERATIONS

The uncertainty calculations indicate that achieving the levels specified in subsection 1-3 should not be a problem, as
long as proper attention is paid to the instrument transformer calibration or type information and the measurement or
estimation of the burdens.

In addition to the basic uncertainties related to the instrument’s ability to read the true value, there are other secondary
factors that may influence the total systematic uncertainty. Among these are the following:

(a) range and percentage of reading

(b) drift

(c) apility to read instrument

(d) Harmonics

(e) temperature changes

(f) age

Most|of these effects are difficult to quantify; best engineering judgment would be needed to assigfiyan uncertaipty
value. Hor a Class A test, selection and calibration of the instruments should eliminate any significant centribution frjom
these effects. For other tests, the parties to the test should agree upon which effects need to be evaluated and assign |B,,,
values for each to be included in the overall systematic uncertainty estimate.
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NONMANDATORY APPENDIX A

SAMPLE CALCULATION OF CLASS A GROSS GENERATOR

OUTPUT DERIVED FROM THREE-PHASE SECONDARY

MEASUREMENTS

A-1 INTRODUCTION

this sample calculation, gross generator electrical output will be determined for the"power plant config
shqwn in Figure A-1-1. The electrical output of this plant is produced by a hydrogen-cooled{generator rated at 21
0.8b PF, and 18 kV. Power from the generator is provided to a 230-kV switchyard threugh a main power step-u
former over a 0.6-mile overhead transmission line. Power to plant auxiliary loads and'the generator exciter are p
by pn auxiliary power transformer connected to the main generator bus. Auxiliaryloads of 480 V are served thrg
4 160-V bus by another step-down transformer.
or this example calculation, many of the tabulated numbers have been rounded off, which results in som
differences in the results that were calculated on a spreadsheet with n6 voundoff. Since the corrections are s
important not to make any roundoffs until the final values are obtained.
the event the gross generator electrical output is required to becorrected to design, rated, or guaranteed of
corjditions for evaluation of turbine/generator or overall unit‘performance, refer to Nonmandatory Append
methods that can be used for this analysis.

GENERATOR OUTPUT METERING REQUIREMENTS

he electrical diagram shown in Figure A-1-1 represents a three-phase power system with a high impedance
ilar to the system shown in Figure 3-3-1, illustration (b). According to Blondel’s theorem, a minimum of two 1
elements are required to measure power for this type of system. However, if two metering elements were used,
inpguts on only two of the three phases would be obtained. In order to obtain the most complete set of data on all pha
three-element method was used for the test, as allowed in subsection 3-4.

he existing plant 0.3% accuracy:class voltage transformers (VTs) were used for the test since they were ca
beflore installation and calibration data were available on their particular performance. The existing VTs are conn
ounded wye configuration\sd each meter element was connected in a phase-to-neutral configuration.
he existing plant 0.3%.accuracy class current transformers (CTs) were used since they were of a type th3
prgdictable performance,even though actual calibration data were not available for each particular CT.

ata that will be used/in this sample calculation are shown in Table A-2-1.

»

B CORRECTIONS FOR INSTRUMENT TRANSFORMER BURDENS AND WIRING LOSSES

The measurements and calculations used for ratio corrections, phase-angle errors, and VT wiring voltage dn
degcribed-in this Section.

uration
0 MVA,
Db trans-
rovided
ugh the

e slight
all, it is

erating
x B for

bround,
etering
current
ses, the

ibrated
bpcted in

thad a

ops are

Table A-2-1 Sample Wattmeter Data

Parameter Symbol Phase 1-N Phase 2-N Phase 3-N Total
Secondary vars at meter, vars Svar 36.35 44.68 42.18 123.21
Calculated primary side I 3909 4021 3954

Current, A

Marked VT turns ratio, ratio VTTR 150 150 150

Marked CT turns ratio, ratio CTTR 2 000 2 000 2 000
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Figure A-1-1 Example Electrical Single-Line Schematic

230 kV
Switchyard
4>—— O/H Line to switchyard
= \AANA  230-18 kV
Y Y Y\ WMain power transtormer
18-4.16 kV 4~ Generator connection
i, to main power transformer
Auxiliary
t (bus duct)
ransformer
==~ A Test
= 3 g | meter
o
l 3 E CTs
) (3)
9 o
- C
3 VTs
4,760V B
60V _Bus 18,000¢120.V
lJ_J N 2 2
2 VTs /l\
4,200-120 v F’]\l ) ) ) 1748 1 3
Test Test Test Plant Test
meter CTs CTs E__ meter CTs E__ metef. metering | | meter
T (2) (2) 1T (2) 1
O,
Medium
voltage motor
A W 4,160 v-480 V \AAAU  Excitation
Load center
laa <fmr ~NY YN xfmr
= Generator
480V _Bus GEN 250,000 KVA
_— field GEN | 0.85 PF
Excitation 18 kV
system
480 V 10,000/5A
Loads: CTs
(3)
Lt
Neutral
grounding RES
xfmr and
resistor

42



https://asmenormdoc.com/api2/?name=ASME PTC 19.6 2018.pdf

ASME PTC 19.6-2018

Table A-3.1-1 Example VT Burden Measurement Data

Parameter Symbol Phase 1 Phase 2 Phase 3
Voltage (measured), VAC Vs 69.28 68.95 69.63
Current (measured), mA I 260 25 310
Actual burden (V; x I,/1 000), VA B, 18.01 1.72 21.59
Power factor (assumed), ratio PF,; 0.85 0.85 0.85
Phase angle [arccos (PF,.)], deg 0, 31.7883 31.7883 31.7883
A-3.1 VT Burden Measurements
Brior to the tests, voltage and current measurements were made on the secondary side of each phase of.the VT|circuits
to determine the actual burden on each VT. Voltage measurements were made from phase to neutral oneach’phasg using a
true RMS AC voltmeter. Due to the danger of opening the VT circuit, and possible tripping the unit generator, [current
mepsurements were made using a low range (0 mA to 1 000 mA) clamp-on current meter. Power factor (PF,.)|of each
phase was not measured for the same reason and was assumed to be 0.85.
Table A-3.1-1 shows burden measurement data obtained for the VT circuit, and Table A-3:1-2 shows the calibration
datja originally supplied with the VTs.
A-3.2 VT Ratio Correction Factors
YT ratio correction factors (VTRCF) for each phase were calculated using¢thé following equation from eq. [5-6-1):
RCE. = RCF; + %[RCFd cos(6; — 6,) + 0.000291 y;sin(6; — 6,)]
t
whiere
0.000291 = 1/3,438
3,438 = minutes of angle in one radian (180 x 60 /1)
B. = actual burden at which the RCF will be caleulated, VA
By = zero burden, VA
B, = burden at the upper calibration test\point, VA
RCF, = ratio correction factor to be calculated at actual burden
RCF; = RCF,; - RCF,
RCF, = ratio correction factor at the.Zero burden calibration test point (from calibration data)
RCF, = ratio correction factor at.the upper calibration test point burden (from the calibration data)
0, = phase angle (deg) atithe upper calibration test point (standard Z burden test point)
= arccos (0.85)
= 31.78833 deg
0. = phase angleat the actual power factor (PF,,) at which the RCF will be calculated
= arccos (PF;p)
= arccos {085)
= 31.78833 deg
Ya = YeS Yo
Yo = phase-angle error (min) at the zero calibration test point, from the calibration data
y. = phase-angle error (min) at the upper range calibration test point, from the calibratign data
Table A-3.1-2 Example VT Calibration Data
Parameter bymbol Phase 1 Phase 2 Phase 3
Burden at calibration zero point, VA By 0 0 0
Burden at upper cal. test point, VA B 200 200 200
Power factor at upper calibration test point, ratio PF, 0.85 0.85 0.85
Phase angle at upper calibration test point, deg o, 31.78833 31.78833 31.78833
RCF at B,, ratio RCF, 0.9979 0.9982 0.9978
RCF at B, ratio RCF, 1.00105 1.00104 1.00110
Phase-angle error at By, min Yo 0.5 0.4 0.5
Phase-angle error at B,, min Ve -0.46 -0.44 -0.49
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Table A-3.2-1 VT and CT Ratio and Phase-Angle Correction Factor Results

Correction Factors Symbol Phase 1 Phase 2 Phase 3
VT Correction Factors
VT ratio correction factor, min VTRCF 0.998184 0.998224 0.998156
VT phase-angle error, min Ye 0.4136 0.3928 0.3931
CT Correction Factors
CT percent of primary rated current, % 39% 40% 40%
CT ratjo_correction factor (from calibration curve), min CTRCE 1.00017 1.00017 1.00017
CT phjse-angle error (from CT calibration curve), min B 0.50 0.50 0.50
Phase-Angle Correction Factors
Phase|angle (at measured secondary power factor), deg O 8.92215 10.7348 10.1986
Wattnjeter phase-angle error (assumed), deg a 0.0 0.0 0.0
CT phgse-angle error (in minutes from above/60), deg B 0.008333 0.008333 0:008333
VT phpse-angle error (in minutes from above/60), deg Ye 0.006893 0.006547 0.006552
True gower factor angle (05 - a + § - y.), deg e 8.9236 10.7365 10.2004
Phase{angle correction factor, deg PACF 0.999996 0.999994 0.999994

The fatio correction factor RCF, can now be calculated.

RCF, = RCFy + (B./B;) X [(RCEj X cos(31.78833 — 31.78833) + 0.000291 X y; X sin(31.78833 — 31.78833)]
= RCFj + (B./B;) X [RCE; X cos(0) + 0.000291 X ; X sin(0)]

For phase 1, the RCF, value is 0.998184.
Results for the VT ratio correction factors for all phases are shown\in Table A-3.2-1.

A-3.3 VT Phase-Angle Error

The dalculated VT phase-angle errors (y.) at the measured burdens are calculated as follows. A sample calculation
the phgse-angle error for phase 1 is shown below:

% = 15 t@B/B)1 — 1n)
= 05+ (0.09005)—0.46 — 0.5)
=\0:5 — 0.08645
=/ 0.4136 min (or 0.006893 deg)

A-3.4 CT Ratio Correction Factors

As explained earlier, existing plantCTs were used for the test, and typical “type” calibration data were used for t
analysi$. Example calibration test/data plots for the type of CTs used are shown in Figures A-3.4-1 and A-3.4-2.

Due to the insensitivity of CT-correction factors to the magnitude of the current and the danger of accidentally open|
the CT ¢ircuit in any attempts'to measure the current, the primary current from the test is in kilowatts, vars, and voltd
The primary current was-calculated to be about 4 000 A, or 40% of rated current, and the CT ratio correction fact]
(CTRCHs) of 1.00017_are obtained from Figure A-3.4-1.

A-3.5 CT Phase-Angle Error

CT phase-angle errors can be read directly off of the calibration curve shown in Figure A-3.4-2. Using the 40% prim

for
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A-3.6 Phase-Angle Correction Factors
Using the phase-angle errors determined above, the primary side phase angle (0) between the current and voltage
each phase are calculated, as shown in the following example for phase 1:
0 =6 -a+p-y,
(8.922151 — 0 + 0.008333 — 0.006893)
8.92359 deg
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where
a = wattmeter phase-angle error, assumed equal to zero, deg
B = CT phase-angle error, deg
0 = true primary side phase angle, deg
0O; = measured secondary side phase angle, deg
y. = VT phase-angle error, deg

The phase-angle correction factor (PACF) is calculated as illustrated below for phase 1:

PACF = PF/PE

cos ©/cos 6,

cos (8.92359)/cos (8.922151)
= 0.999996

A

8.7 VT Voltage Drop Corrections
The test wattmeters were located in a remote panel; therefore, there may be a voltage dropfrom the VT to the acfual test
waft transducers. Table A-3.7-1 shows example measurements made using two true RMS AC voltmeters. The fifst step
wap to record the voltage measured by both meters at a common location and to détermine an offset difference Hetween
thgtwo meters. Voltmeter 1 was then leftat the VT location, and Voltmeter 2 was moved to the wattmeter location.[Voltage
mepsurements of 30 sec were then made between each phase to neutral simultaneously at each location apd then
avgraged. The readings at the wattmeters were corrected for the metetvoffset and subtracted from the readings at

thg VTs. The differences between the readings were found to be 0,02,/0.04, and 0.06 VAC. Since the voltage at the
waftmeters is lower than at the VTs, the recorded watts and vars‘will be low, and a VT voltage drop cofrection
factor (VTVDCF) larger than one will be applied to convert the watt and var readings at the wattmeter location to
whpt it would have been had the meters been directly conngected to the VTs.
Figure A-3.4-1 Sample, CT Ratio Correction Factor Curve
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