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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 Performance Test Codes provide test procedures that yield results of the highest level of accuracy consistent with
the best engineering knowledge and practice currently available. They were developed by balanced committees repre-
senting all concerned interests and specify procedures, instrumentation, equipment-operating requirements, calculation
methods, and uncertainty analysis.

When tests are run in accordance with a code, the test results themselves, without adjustment for uncertainty, yield the
best available indication of the actual performance of the tested equipment. ASMEPerformanceTest Codes donot specify
means to compare those resultswith contractual guarantees. Therefore, it is recommended that the parties to a commer-
cial test agree before starting the test and preferably before signing the contract on themethod to be used for comparing
the test results with the contractual guarantees. It is beyond the scope of any Code to determine or interpret how such
comparisons shall be made.
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FOREWORD

At the suggestion of members of the Rotating Machinery Committee of the American Institute of Electrical Engineers
(AIEE), the InstrumentsandMeasurementsCommitteevoted, in1950, theappointmentof a subcommittee forpreparinga
master Test Code for electrical measurements in power circuits.
Material was gathered fromPart 6 of the ASMEPower Test Code Supplement on instruments and apparatuses of 1934,

AIEE Test Code 502 on single-phasemotors, and Test Code 503 on synchronousmachines. Other codes of the AIEEwere
reviewed, and much new material was added. All of this information was compiled and revised for the 1955 edition of
ASME PTC 19.6 on electrical measurements in power circuits.
Since 1955,manyASMEPerformance Test Codes have beenwritten or revised that require the accurate determination

of power. Due to advances in power metering technology, these newer codes include many additional metering require-
ments not included in ASME PTC 19.6-1955. In addition, many fundamental techniques of powermetering, use of instru-
ment transformers, andmethods for correcting for installation effects had lost emphasis or were not well understood by
the more recent generation of Performance Test Code users and committee members.
Therefore, in2002, anewASMEPTC19.6Committeewas formed, andan initial organizationalmeetingwasheldon July

30, 2002, at ASMEheadquarters inNewYorkwith the intent tomodernize the Supplementwhile simplifying, illustrating,
and emphasizing techniques that are required primarily in the measurement of electrical power.
The intent of the reactivated PTC 19.6 Committeewas to produce an instrument and apparatus supplement that could

be wholly referenced by the equipment/system PTCs and reduce the need for the other ASME Performance Test Code
committees to develop unique sections on electrical power measurement. However, it is not the intent of this revised
Supplement to supersede the guidance or requirements of any IEEE code. Rather, this revised edition of ASMEPTC19.6 is
intended solely to provide assistance and guidance for the accuratemeasurement and determination of electrical power
as it applies to ASME PTC tests.
The ASME Board on Standardization and Testing approved this Code on November 20, 2017, and the ANSI Board of

Standards Review approved it as an American National Standard on February 27, 2018.

ACKNOWLEDGMENT:Thepreparationof this Supplement required several years, andsomepreviousmembersof the committeewere
not active at the time of its publication. The committee chair would therefore like to recognize and thank the following individuals for
their significant contributions to the development of this Supplement:

M. Bearden, Landis + Gyr
T. Crawley, Southern Co.
B. Gatheridge, Yokogawa Corporation of America
A. Iskandrani, Siemens Power Corp.
R. Nadi, GE Co.
G. Osolsobe, former ASME staff
L. Penna, MD&A Turbines
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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 Codemay interact with the Committee by requesting interpretations, proposing revisions or a
case, 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

Proposing Revisions. Revisions are made periodically to the Code to incorporate changes that appear necessary or
desirable, as demonstrated by the experience gained from the application of the Code. Approved revisions will be
published periodically.
The Committee welcomes proposals for revisions to this Code. Such proposals should be as specific as possible, citing

the paragraphnumber(s), the proposedwording, and adetaileddescription of the reasons for the proposal, including any
pertinent documentation.

Proposing a Case. Casesmay be issued to provide alternative rules when justified, to permit early implementation of
an approved revision when the need is urgent, or to provide rules not covered by existing provisions. Cases are effective
immediately upon ASME approval and shall be posted on the ASME Committee web page.
Requests for Cases shall provide a Statement of Need and Background Information. The request should identify the

Code and the paragraph, figure, or table number(s), and bewritten as aQuestion andReply in the same format as existing
Cases. Requests for Cases should also indicate the applicable edition(s) of the Code to which the proposed Case applies.

Interpretations. Upon request, the PTC Standards Committeewill render an interpretation of any requirement of the
Code. Interpretations can only be rendered in response to a written request sent to the Secretary of the PTC Standards
Committee.
Requests for interpretation should preferably be submitted through the online Interpretation Submittal Form. The

form is accessible at http://go.asme.org/InterpretationRequest. Upon submittal of the form, the Inquirer will receive an
automatic e-mail confirming receipt.
If the Inquirer is unable to use the online form, he/she may mail the request to the Secretary of the PTC Standards

Committee at the above address. The request for an interpretation should be clear and unambiguous. It is further rec-
ommended that the Inquirer submit his/her request in the following format:

Subject: Cite the applicable paragraph number(s) and the topic of the inquiry in one or two words.
Edition: Cite the applicable edition of the Code for which the interpretation is being requested.
Question: 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 design or
situation. Please provide a condensed andprecise question, composed in such away that a
“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 Committee 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 that arenot in the format describedabovemaybe rewritten in the appropriate formatby theCommitteeprior
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.
ASMEprocedures provide for reconsideration of any interpretationwhen or if additional information thatmight affect

an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME
Committee or Subcommittee. ASME does not “approve,” “certify,” “rate,” or “endorse” any item, construction, proprietary
device, or activity.

Attending Committee Meetings. The PTC Standards Committee regularly holds meetings and/or telephone confer-
ences that are open to the public. Personswishing to attend anymeeting and/or telephone conference should contact the
Secretaryof thePTCStandardsCommittee. FutureCommitteemeetingdates and locations canbe foundon theCommittee
Page at 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 ofmechanical equipment, or the power consumed by
auxiliary equipment. IEEE 120 andC57.13 contain details formeasurement of electrical properties and the application of
instrument transformers. These IEEE standards are very thorough and cover measurements of voltage, current, power,
power factor, frequency, impedance,magnetic quantities, and ancillary equipment. However, duringmany ASME perfor-
mance tests, power is themain quantity of interest. In addition, specific corrections for electrical generator power output
to reference operating conditions are necessary for many ASME performance tests.

It isnot the intentof thisSupplement tosupersede theguidanceorrequirementsof any IEEEstandard.The intent is simply
to emphasize and simplify the requirements for thesemeasurements as they apply to ASMEPerformance Test Code tests
and to provide a common document that can be referred to by all ASME Performance Test Codes.
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Section 1
Object and Scope

1-1 OBJECT

It is thepurposeof this Supplement to give instructionsandguidance for the accuratedeterminationof electrical power
quantities that are commonlyneeded in support of ASMEPerformanceTest Codes. The choice ofmethodand instruments
to be used, required calculations, and corrections to be applied in any given case depend on the requirements of the PTC
referencing this Supplement, considering thepurposeof themeasurement, uncertainty required, andnatureof the circuit
to be measured.

1-2 SCOPE

The methods given herein include direct and indirect determinations of active power (watts), reactive power (vars),
and power factor produced or consumed in alternating-current single-phase and polyphase electrical circuits, electrical
generators, power transformers, and motors. This Supplement does not include such measurements of fundamental
electrical properties as voltage, current, frequency, resistance, and impedance, except as needed to support the objectives
of this Supplement.

1-3 TEST UNCERTAINTY

This Supplement emphasizes the methods and instrumentation required to obtain measurement results with the
lowest practical uncertainty based on current engineering knowledge, taking into account measurement costs and
the value of information obtained from the measurement. Test uncertainty is principally influenced by the quality
and calibration of the instruments, experience and judgment of the test personnel, and stability and characteristics
of the power system. When estimating the systematic uncertainty of a power measurement, an uncertainty analysis
shall be conducted to identify the potential sources of uncertainty, how thesewere estimated, and a list of all assumptions
made that support the estimates presented.
Table 1-3-1 presents the requirements for the active power measurement uncertainty for three classes of measure-

ments designated as Class A, B, or C. For the Class Ameasurements (high quality, minimumuncertainty), the uncertainty
can be restricted to a narrow band. For the Classes B and C, a range of uncertainties can occur depending on the in-
strumentation selected and the other factorsmentioned above. Class B has two options, depending on the calibration and
burden data available. Other options may be applicable for exceptions to best practices, provided the uncertainty re-
quirements are met for Class B.

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

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
correction, and VTs and CTs calibration as shown in B1 and B2

0.2–0.35

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,
absolutemeasurement is not thegoal of the test. In these cases, the relativeuncertainty is theuncertaintyof thedifference
between the previous reading and the current one or between the before and after tests of an equipment rebuild or
modification. In these cases, PerformanceTest Codes that reference this Supplementmay allow theuse of ameasurement
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 themeasurement of

electrical power and their calibration and application requirements. The specific test uncertainty for each combination of
instruments can be determined by the procedures outlined in Section 7.

1-4 OTHER REQUIREMENTS AND REFERENCES

1-4.1 Other Requirements

The applicable provisions of ASME PTC 1 are amandatory part of this Supplement. It should be reviewed and followed
when preparing the procedure for electrical power measurements.
ASME PTC 2 defines many of the terms and numerical constants used in this Supplement. The ASME PTC 19 series,

Supplements on Instruments and Apparatus, should be consulted when selecting the instruments used to measure the
required test parameters and when calculating test uncertainties.

1-4.2 References

ThisSupplement reliesonmanyreferences for testproceduresanddata, suchasASME, IEEE, etc.Theparties shall agree
touseother recognized international sources for theseprocedures anddata, includingapplicable revisions. The following
publications form a part of this Supplement to the extent specified herein. Unless otherwise indicated, the latest edition
shall apply.

ASME PTC 1, General Instructions
ASME PTC 2, Definitions and Values
ASME PTC 19.1, Test Uncertainty
Publisher: The American Society of Mechanical Engineers (ASME), Two Park Avenue, New York, NY 10016-5990
(www.asme.org)

IEEE 120-1989, IEEE Master Test Guide for Electrical Measurements in Power Circuits
IEEE C12.1, Code for Electricity Metering
IEEE C57.12.90, Standard Test Code for Liquid-Immersed Distribution, Power, and Regulating Transformers
IEEE C57.13-2016, Requirements for Instrument Transformers
Publisher: Institute of Electrical and Electronics Engineers, Inc. (IEEE), 445 Hoes Lane, Piscataway, NJ 08854
(www.ieee.org)
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Section 2
Definitions and Descriptions of Terms

2-1 GENERAL

Terms provided in this Section are confined to those forwhich clarification is considered to improve the user’s grasp of
intent.

2-2 DEFINITIONS
accuracy: closeness of agreement between a measured value and the true value.
accuracy class: guaranteed worst-case accuracy for all devices of a particular type, model, or design over their intended
operating range. Usually refers tometers and instrument transformers. Accuracy of individual units may bemuch better
than the class accuracy, but testing is required to discover the actual value.
active power [expressed inwatts (W)]: amount of power delivered to the resistive component of a load. Active power is the
only power that can perform useful work. In a DC circuit, active power is volts multiplied by amps. In an AC circuit with
sinusoidal waveforms, active power is RMS voltsmultiplied by RMS amps and the cosine of the phase difference between
them. (See apparent power and reactive power.)
apparent power [expressed in volt-amperes (VA)]: total power that is delivered to a circuit that contains both resistive and
reactive loads. Apparent power is the square root of the sum of the squares of the active and reactive powers. (See active
power and reactive power.)
burden (instrument transformer): load connected to the secondarywinding of an instrument transformer that determines
the active and reactive power at the secondary terminals. The burden is expressed either as total ohms impedance with
the effective resistance and reactance components or as the total volt-amperes and power factor at the specified value of
current or voltage and frequency.
calibration:process of comparing the response of an instrument to a standard instrument over somemeasurement range
and adjusting the instrument to match the standard, if appropriate. Data gathered during calibration may be used to
establish correction or uncertainty factors. Alternately, for an instrument, the development of documentation that will
show the difference between the Code and the instrument and the uncertainty of doing the comparison.
current transformer (CT): instrument transformer that is used to reduce a high current to a proportionately lower current
that may be safely applied to a measuring instrument.
energy [expressed inwatt-hours (Wh)]: integral of active powerwith respect to time.Onewatt of powerdelivered continu-
ously for 1 h delivers 1 Wh of energy.
instrument transformer: transformer that is intended to reproduce in its secondary circuit, in a definite and known
proportion, the current or voltage of its primary circuit with the phase relations substantially preserved. An instrument
transformer is used to convert potentially dangerous voltage or current levels to a safer level suitable for a measuring
instrument.
marked ratio: ratio of a transformer’s rated primary value to the rated secondary value as stated on the nameplate.
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):phasedisplacement, inminutes of arc or radians, between theprimary and
secondary values. The phase angle of a current transformer is designated by the Greek letter β and is positive when the
current leaving the identified secondary terminal leads the current entering the identified primary terminal. The phase
angle of a voltage transformer is designated by the Greek letter γ 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 cosineof thephase angle between sinusoidal
voltage and current in an AC circuit. Power factor can never exceed 1.0.
primarywinding (instrument transformer): transformerwinding intended for connection to the circuit to bemeasured or
controlled.
randomerror: theportionof total error thatvaries randomly in repeatedmeasurementsof the truevalue throughouta test
process.
ratio correction factor (RCF): ratio of the true ratio to themarked ratioonan instrument transformer. Theprimarycurrent
or voltage is equal to the secondary current or voltage multiplied by the marked ratio times the ratio correction factor.
reactive power [expressed in volt-amperes reactive (var)]: amount of power delivered to the reactive component of a load.
Reactive components cause a phase shift between voltage and current in an AC circuit. In an AC circuit with sinusoidal
waveforms, reactive power is RMS volts multiplied by RMS amps and the sine of the phase shift. (See active power and
apparent power.)
secondary winding (instrument transformer):winding of a transformer that is intended for connection to the measuring,
protection, or control device.
systematic error: theportionof total error that remains constant in repeatedmeasurementsof the truevalue throughout a
test process. Also called bias error.
traceable: records are available demonstrating that an instrument’s calibration has been performed against an ultimate
reference maintained by the National Institute for Standards and Technology (NIST) or against a standard that is trace-
able to an NIST reference.
transformer correction factor (TCF): ratio of the truewatts orwatt-hours to themeasured secondarywatts orwatt-hours
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 correction factor for a specifiedprimary circuit power factor. The trueprimarywatts orwatt-hours are equal to thewatts orwatt-
hours measured multiplied by the transformer correction factor and the marked ratio. The true primary watts or watt-hours, when
measured using both current and voltage transformers, are equal to the current transformer ratio correction factor multiplied by the
voltage transformer ratio correction factor multiplied by the marked ratios of the current and voltage transformers multiplied by the
observedwatts orwatt-hours. It is usually sufficiently accurate to calculate truewatts or watt-hours as equal to the product of the two
transformer correction factors multiplied by the marked ratios multiplied by the observed watts or watt-hours (from IEEE C57.13).

true ratio: 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 may be
different than the marked ratio or nominal ratio.
turns ratio ofa current transformer: ratioof the secondarywinding turns to theprimarywinding turns.Thismaynotbe the
same as the marked ratio or nominal ratio.
turns ratio of a voltage transformer: ratioof theprimarywinding turns to the secondarywinding turns. Thismaynotbe the
same as the marked ratio or nominal ratio.
uncertainty (U): the interval about themeasurement or result that contains the true value for themeasured quantity for a
given confidence 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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2-2.1 Symbols and Subscripts

Symbolsused in this Supplementare listed inTable2-2.1-1. Subscriptsused in this Supplementare listed inTable2-2.1-
2.
Listed in Table 2-2.1-2 are the principal subscripts used in Sections 1 through 7 and Nonmandatory Appendix A.

Subscripts in subsection 6-3 and Nonmandatory Appendix B are not included as they are specific to the calculations
in those sections and are sufficiently defined therein.

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 …
I Current A

P Power kW
PACF Phase-angle correction factor …
PF Power factor …
Pvar Primary side reactive power kvar
PW Primary side active power kW

RCF Ratio correction factor …
Svar Secondary side reactive power var [Note (1)]
SW Secondary side active power W
V Voltage V
VA Volt-amperes VA

VT Voltage transformer …
VTRCF Voltage transformer ratio correction factor …
VTTR Voltage transformer turns ratio …
VTVD VT circuit voltage drop V
VTVDCF Voltage transformer circuit voltage drop correction factor …

W Active power W
α Wattmeter phase-angle error deg
β CT phase-angle error deg
γ Phase angle rad
γc VT phase-angle error deg
Θ Phase angle deg

NOTE: (1) var = volt-ampere reactive.
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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 factors

vt VT parameter
x Per phase, in power calculation

Standard deviation, for uncertain calculations
x Random or systematic standard uncertainty
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Section 3
Power System Measurement Techniques

3-1 INTRODUCTION

Electrical system parameters commonly required for the execution of ASME PTCs include gross electrical output,
power factor, exciter power, power to other auxiliary system electrical loads, and associated power-factor values.
This Section provides guidance and requirements for the determination of these parameters. IEEE 120‐1989
should be consulted for additional information and measurement requirements of other documents not included
in this Supplement.
The number of conductors involved and metering elements required for common power circuits encountered during

an ASME 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 meter
Details of these circuits and their metering methods are as indicated in the remainder of this Section.

3-2 SINGLE-PHASE, TWO-WIRE POWER SYSTEMS

Figure 3-2-1 shows a simple two-wire system where the two conductors may come from any source, such as any two
phases of an electric generator or a motor control center. Power in this circuit can bemeasured using only onemetering
element. This is a common applicationwhere separate transducers ormetering elements are used tomeasure the power
in single phases of a three-phase power circuit. It may also be used for a phase-to-phase or phase-to-neutral power
measurement. In this case, the potential difference between the two conductors and the current in only one conductor is
necessary for the calculation of power. Single-element meters may also meter the phase angle or power factor between
the voltage and current in this system.

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

(a) Delta-Connected Generator. As shown in Figure 3-3-1, illustration (a), in this arrangement, the three phases on the
generatorarearranged ina series so that the three conductors come fromtheconnectionbetweeneachphase. In this case,
the generator is connected directly to a transformer with a delta primary winding, and load distribution is made on the

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

One single-phase wattmeter or
  watt-hour meter connects here

Source

VT

CT
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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 trans-
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 neutralwould 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-ConnectedGeneratorWithHigh Impendence Ground. As shown in Figure 3-3-1, illustration (b), in this arrange-
ment, the three phases of the generator are connected to a neutral point that is grounded using a high impedance neutral
grounding device. In this case, the generator is typically connected to a three‐wire load distribution bus, and the loads are
connected either phase-to-phase or three-phase delta. The grounding device is typically sized to carry 400A to 2 000A of
fault current. Since no line-to-ground loads are connected, any significant current in the generator neutral would be
abnormal and result in a protective trip of the generator.
Examplesof three-wirepowergeneration systemsare shown inFigure3-3-1.Descriptionsof various three-wirepower

systems are as follows:
(1) where generator output (gross generation) is desired from a delta-connected generator. In this case, no neutral

or fourth wire is available.
(2) where generator output is desired from a wye-connected generator with a high impedance neutral grounding

device.
(3) other three-wire systems, such as the less common example of an ungroundedwye generator usedwith a delta-

wye-grounded transformer.
Regardless of the type of three-wire systemor generator arrangement, power in any of these systems can bemeasured

using two metering elements. The power can be stepped down to measureable values using two voltage transformers
(VTs) connected in anOpenDelta arrangement and two current transformers (CTs). TheOpenDeltametering systemcan
be used for either a delta- or wye-connected generator as shown in Figure 3-3-1, illustrations (a) and (b). These instru-
ment transformers supply inputs to either two watt/varmeters, two watt‐hour/var-hour meters, a two-element watt/
varmeter, or a two‐element watt‐hour/var-hour meter.

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

There are two types of four‐wire power systems. Descriptions of these four‐wire power systems are as follows:
(a) Wye-Connected Generator With Low Impedance Ground. As shown in Figure 3-4-1, in this arrangement, generator

output is conducted from a wye-connected generator with a solid or low impedance ground where unbalance (zero
sequence load) current can flow continuously through this fourth wire.

(b) Other Four-Wire Systems. These would include where net plant generation is measured somewhere other than at
the generator, such as the four-wire grounded wye high side of a step‐up transformer.
Power in four-wire systems must be measured using three metering elements. In addition, power for all of the three‐

wire systems described in subsection 3-3 can also be measured using this three-element approach.
Themeasurementofpowerandenergy ina four‐wirepowersystem ismadeusing threeVTsandCTsas shown inFigure

3-4-1. These instrument transformers supply inputs to either threewatt/varmeters, threewatt‐hour/var-hourmeters, a
three-element watt/varmeter, or a three-element watt‐hour/var‐hour meter.

3-5 CALCULATION OF PRIMARY ACTIVE AND REACTIVE POWER

Test powermeters actually only display watts or vars on the secondary side of the VTs and CTs, based on the voltages
and currents supplied by the VTs and CTs. Paragraphs 3-5.1 and 3-5.2 illustrate the methods used to convert these
readings to what actually exists on the primary side of the generator bus and how to apply the transformer corrections.

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:

= × × × × × ×
PW

SW VTTR CTTR VTRCF VTVDCF CTRCF PACF
1 000x

x x x x x x x

where
1 000 = conversion factor from watts to kilowatts
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Figure 3-3-1 Three-Phase, Three-Wire Generators

CT

VT VT

Phase 1

Phase 2

Phase 3

Delta-connected
  generator

CT

Two wattmeters/watt-hour meters or
  one two-element wattmeter/watt-hour meter
  connects here

(a) Delta Generator

CT

CT

VT VT

Phase 1

Phase 2

Phase 3

Wye-connected
  generator

High impedence
  ground

Two wattmeters/watt-hour meters or
  one two-element wattmeter/watt-hour meter
  connects here

(b) Wye Generator
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CTRCFx = current transformer ratio correction factor
CTTRx = current transformer turns ratio
PACFx = phase-angle correction factor
PWx = calculated power on the primary (high-voltage) side of the voltage and current transformers, kW
SWx = measured watts on the secondary (low-voltage) side of the voltage and current transformers, W

VTRCFx = voltage transformer ratio correction factor
VTTRx = voltage transformer turns ratio

VTVDCFx = voltage transformer circuit voltage drop correction factor

(b) The equation in (a) yields the primarywatts for phase x. To determine the total power output of the generator, sum
the active power measured on each phase as follows:

(1) Three-Element Measurements (Three-Phase, Four-Wire)
= + +PW PW PW PWt 1 N 2 N 3 N

(2) Two-Element Measurements (Three-Phase, Three-Wire)
= +PW PW PWt 1 2 3 2

where
PWt = total gross generator output on primary (high) side of voltage and current transformers, kW

PW1−N = phase 1 powermeasured using voltage difference between phase 1 and neutral, and current in phase 1, kW
PW2−N = phase 2 powermeasured using voltage difference between phase 2 and neutral, and current in phase 2, kW
PW3−N = phase 3 powermeasured using voltage difference between phase 3 and neutral, and current in phase 3, kW
PW1−2 = phase 1 power measured using voltage difference between phases 1 and 2, and current in phase 1, kW
PW3−2 = phase 3 power measured using voltage difference between phases 3 and 2, and current in phase 3, kW

3-5.2 Primary Vars

(a) Themethodsused tomeasure vars are similar to thoseused tomeasurewatts. To convert themeasuredvars 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.

Figure 3-4-1 Three-Phase, Four-Wire Wye Generator

CT

CT

VT VT

Phase 1

Phase 2

Phase 3

Wye-connected
  generator

Solid or low
  impedence
  ground

Neutral

CT

VT

Neutral

Three wattmeters/watt-hour meters or
  one three-element wattmeter/watt-hour meter
  connects here
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= × × × × × ×
P

S
var

var VTTR CTTR VTRCF VTVDCF CTRCF PACF
1 000x

x x x x x x x

where
1 000 = conversion factor from vars to kvars
CTRCFx = current transformer ratio correction factor
CTTRx = current transformer turns ratio
PACFx = phase-angle correction factor
Pvarx = calculated vars on the primary (high-voltage) side of the voltage and current transformers, kvar
Svarx = measured vars on the secondary (low-voltage) side of the voltage and current transformers, var

VTRCFx = voltage transformer ratio correction factor
VTTRx = voltage transformer turns ratio

VTVDCFx = voltage transformer circuit voltage drop correction factor

(b) Theequation in (a) yields theprimary vars for a single phase. Todetermine the total poweroutput of the generator,
sum the reactive power measured on each phase as follows:

(1) Three-Element Measurements (Three-Phase, Four-Wire):
= + +P P P Pvar var var vart 1 N 2 N 3 N

(2) Two-Element Measurements (Three-Phase, Three-Wire):
= +P P Pvar var vart 1 2 3 2

where
Pvart = total gross generator vars on primary (high) side of voltage and current transformers, kvar

Pvar1−N = phase 1 vars measured using voltage difference between phase 1 and neutral, and current in phase 1, kvar
Pvar2−N = phase 2 vars measured using voltage difference between phase 2 and neutral, and current in phase 2, kvar
Pvar3−N = phase 3 vars measured using voltage difference between phase 3 and neutral, and current in phase 3, kvar
Pvar1−2 = phase 1 vars measured using voltage difference between phases 1 and 2, and current in phase 1, kvar
Pvar3−2 = phase 3 vars measured using voltage difference between phases 3 and 2, and current in phase 3, kvar

3-6 POWER FACTOR

Power factor can be measured directly using a multifunction power analyzer or calculated from measurements of
apparent power, active power, RMS voltage, RMS current, and vars as in paras. 3-6.1 and 3-6.2.

3-6.1 Three-Phase, Three-Wire Power System

(a) Calculation From Active and Reactive Power. The most accurate value of power factor can be calculated using the
corrected primary side measurements of active and reactive power as follows:

=
+

PF
watts

watts vars

t

t t
2 2

where
PF = total power factor

varst = total vars
wattst = total watts

If power factor is calculated using this method, direct measurement of reactive power is recommended using a
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:
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where
PF = total power factor

watts1–2 = true power phase 1 to 2
watts3–2 = true power phase 3 to 2

(c) Calculation 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.

=PF
active power

apparent power

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

= +V A V AVA
3

2
( )1 2 1 3 2 3

(2) Unbalanced or Balanced Three-Wire System

= + +V A V A V AVA
3

3
( )1 2 1 2 3 2 3 1 3

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 multi-
function power analyzer or calculated frommeasurements of active power, RMS voltage, RMS current, and vars using the
following equation:

= = =
+

PF
true power

apparent power
watts
VA

watts

watts vars

t

t

t

t t
2 2

where
PF = total power factor

varst = total vars for three phases
VAt = total volt-amps for three phases

wattst = total watts for three phases

3-7 EXCITER POWER

The equations provided so far are typically used to determine the gross output from an electrical generator. If a
requirement of the test is to determine total output of an entire generating unit or plant, then additional measurements
are necessary. One commonauxiliary component is the generator exciter. The amount of power supplied or consumedby
the excitermay be needed in order to calculatewhat the net shaftmechanical output of the turbine shaftmay be, or itmay
be needed for the calculation of the net power plant output.
The first thing that is needed is to determine the source of the power supplied to the exciter. On many turbines/

generators, the mechanical power supplied to the exciter is supplied by the same turbine shaft that turns 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.
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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.

= × × ×P V I3 PF
1 000exc

where
1 000 = 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

Pexc = 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 located at
the low side of the exciter transformer. If so, the exciter transformer losses, both load and no-load losses, must be
calculated using the transformer design loss data. The exciter losses would be computed using the above equation
but with currents, voltages, and power factor measured at the low side of the exciter transformer.
Excitation systems employing rectifiers or pulse width modulation will cause nonsinusoidal (distorted) current and

voltage waveforms that can increase the uncertainty in this power computation method. Power factor is especially
difficult to measure with distorted waveforms. To minimize the error, measurements should be made with true
RMS instruments, either analog or digital, with sufficient bandwidth (in the kilohertz range for an analog meter)
or sample rate (tens or hundreds of thousands of samples per second for a digital meter) to handle the high frequency
distortion components.
Theexcitation transformer itself canhelp reduce the currentwaveformdistortionbyactingasa low-pass filter. Voltage,

current, and power factor measurements on the high side of the transformer will encounter less distortion. Also, the
measurements will take into account the transformer losses that otherwisewould be difficult to estimate accurately due
to the distortion. This is the preferred method of determining exciter power since it measures the actual power coming
from the generator bus.
Modern electronic polyphase power and energy meters, either portable or permanently installed, can simplify this

process. Most use either digital sampling or analog multiplication with sufficient bandwidth to account for distortion
products and compute the power in each phase of the three-phase circuit rather than use an average of the three phases.

3-7.2 Derivation From Field Voltage and Current

Power supplied to the exciter can be estimated by calculating the power output by the exciter and correcting for an
assumed AC-to-DC conversion efficiency using the following equation:

=
×

×
P

V I
1 000 ACDCexc

field field

where
1 000 = conversion factor from watts to kilowatts
ACDC = AC-to-DC conversion efficiency factor
Ifield = field current, DC amps
Pexc = exciter power, kW

Vfield = field voltage, VDC

TheAC-to-DC conversion efficiency factor is approximately 0.975butmayvary. Contact the generatormanufacturer or
consult the design documentation for the correct factor.
This straightforwardmethodeliminates theneed todealwithdistortedACwaveformssinceall signals areDC. Losses in

the exciter transformermust still be estimated, however, and in the presence of distortedwaveformswill be higher than
those computed from the transformer design loss data.
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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 power transformer.

= + +P P P Pexc field rect xfmr

where
Pexc = exciter power, kW
Pfield = generator field power, kW
Prect = rectifier power, kW
Pxfmr = excitation transformer power loss, kW

Generator field power is easily calculated from the DC voltage and current applied to the field winding.

= ×
P

V I
1 000field

field field

where
1 000 = conversion factor from watts to kilowatts

Ifield = field current, DC amps
Pfield = generator field power, kW
Vfield = field voltage, DC volts

Rectifier power is the power lost in the excitation rectifier. It is calculated from field current and the voltage drop of the
rectifier. Rectifier voltage drop will vary from system to system. Consult the manufacturer for the correct voltage drop
value.

= ×
P

I V
1 000rect

field rect

where
1 000 = conversion factor from watts to kilowatts

Ifield = field current, DC amps
Prect = rectifier power, kW
Vrect = rectifier voltage drop, DC volts

Excitation transformer power is the power lost in the excitation transformer. It is determined from the transformer
manufacturer’s test or design data for the transformer.

= × + ×
i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzzP P

V
V

P
I
Ixfmr lossNL

actualSec

ratedSec

2

lossFL
actualSec

ratedSec

2

where
IactualSec = transformer secondary current, amps, measured at secondary
IratedSec = transformer rated secondary current, amps, from transformer data
PlossFL = transformer short circuit losses, kW, from transformer data (also called full-load losses)
PlossNL = transformer no-load losses, kW, from transformer data
Pxfmr = excitation transformer power, kW

VactualSec = 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 after the
generatorgrosselectrical outputmeteringCTs.Thispowercanusuallybemeteredat thebreaker feeding theauxiliarybus
using the following equation and inputs:

= × × ×V I
Aux

3 PF
1 000

where
1 000 = conversion factor from watts to kilowatts

3 = 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 metering equipment used for main
generator output measurements can be used.

3-9 ELECTRIC MOTOR POWER MEASUREMENT

Some ASME PTCs require the determination of power supplied to electric motors.When necessary, power supplied or
consumed by electrical motors or low-voltage station service busses may be determined using the following methods.

3-9.1 Power Meter Method

Aconvenientmethod for determining theelectrical power input to anelectricmotor is touse aportable powermeter or
power analyzer. This type of instrument will measure the motor input voltage and current simultaneously and calculate
the true electrical power in watts or kilowatts.
The power analyzer can also provide other measurement parameters, such as VA, var, power factor, and frequency.

Somepoweranalyzerswill permitmeasuringanddisplayingall threecurrentsandvoltagesof a three-phasemotor.This is
very useful for checking the electrical balance condition of the motor.
When connecting the power meter to the motor circuit, follow the instrument manufacturer’s wiring and connection

diagrams. This is especially important for the three-phase connections. In most cases, the voltage and current measure-
ment connectionswill need tobedonewithout disconnecting themotor from the electrical circuit. Use extremecaution to
ensure operator safety when making these connections.

(a) Voltage Connections. Before making the voltage connections, confirm the supply voltage rating and voltage
measurement ranges of the powermeter.Most powermeters or power analyzers canmake direct voltagemeasurements
up to600VRMSor1000VRMS. If themotor supplyvoltage ishigher than the instrumentmeasurement range, aVTwill be
required.
Voltage connections canusually bemade at themotor supply busor contractor/starter panel. (Connection at themotor

terminal may not be possible due to safety considerations.) Make the voltage connections in accordance with the instru-
ment manufacturer’s instructions. For a three-phase, three-wire supply to a motor, connect the voltages in a line-to-line
configuration. For a two-wattmetermeasurementmethod, only two voltageswill be needed. A typical voltage connection
wouldbe fromA toBandC toB. If thepower analyzerwillmeasure all three voltages ona three-wire system, then connect
all three, typically A to B, B to C, and C to A, or as indicated by the instrument manufacturer.

(b) Current Connections. A convenient and safe way to make the current measurements is to use a clamp-on or split-
core CTwith the powermeter. CTsmust 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.
If a clamp-oncurrentprobe isnotused, thesecondaryoutputof aCTshouldbeshortedor switched inusingasliding link

when connecting the measuring instrument. Continuity through the meter should be verified before removing the short
or opening the sliding link. Before disconnecting themeasuring instrument,make sure the CT secondary is shorted or the
sliding link is closed. Extremely high and dangerous voltages can develop inside a CTwhen 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 motor is connected to a variable speed drive or variable frequency drive (VFD), it is important to use a power

meter or power analyzer designed tomake accuratemeasurements on this type of device. The voltage output of a VFD is a
pulse width modulated (PWM) waveform. Both the voltage and current waveforms of a PWM-type inverter contain
harmoniccomponents toahighorder. Thepower inadistortedwaveformis the total sumof theproductsof theequivalent
frequency or harmonic components in a given voltage/current waveform. The power meter or power analyzer must be
capable of measuring all the high frequency components of the voltage and current waveforms. To do this, the power
analyzermust have a digitizing rate fast enough to sample the high frequency components. A typical digitizing ratewould
be100,000samplesper second. Thebandwidthof thepoweranalyzer shouldbe100kHzorhigher.Manygeneral purpose
power meters are designed to work on a sine wave only and will not make accurate measurements on a PWM-type
waveform.

3-9.2 Calculated Method

When apowermeter is not available, the input power of an electricmotor can be estimated bymakingRMSvoltage and
current measurements. The measurements can be made with handheld instruments, such as clamp-on ammeters and
multimeters, and a power factor meter is available. This method is not suitable 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:

= × × ×P V I3 PF
1 000m

where
1 000 = conversion factor from watts to kilowatts

3 = value that accounts for use of phase-to-phase voltage
I = average RMS phase current
PF = power factor, as a decimal
Pm = three-phase motor power in kW
V = average line-to-line RMS voltage

Measurement of V, I, and PF for all three phases should be made and the average values used for the calculation. This
applies to the voltage, current, and power factor measurements. The voltage, current, and power factor measurements
can usually be made at the motor starter supply bus or contractor/starter panel or breaker.
For an inductionmotor, the voltagemeasurements can bemadewith a true RMShandheld digitalmultimeter. Measure

each line-to line voltage, and average the three readings.
Motor current canbemeasuredwith a clamp-onammeter. Currentmeasurements canusually bemadeby clamping the

jawsof the ammeter around the cables at themotor starterbox. It is important tomake sure the currentbeingmeasured is
the actual motor current. If power factor correction capacitors are used, make sure the currents are measured between
the motor and capacitor bank. Measure each of the phase currents and use the average value for calculating the motor
power.
The accuracy of a clamp-on ammeter is typically based on its full-scale range. Therefore, 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.
Whenusing clamp-on ammeters, it is very important tomake sure the jaws are completely closed and alignedproperly.

This is essential to ensure that the magnetic circuit of the CT is properly completed for the most accurate measurement.
When clamping a cablewith tight clearances, the jaws can stick partially openor be skewed. This can cause a considerable
measurement error. Make sure the jaws are fully closed and aligned before making current measurements.

ASME PTC 19.6-2018

16

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME PTC 19
.6 

20
18

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


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 powermeasurements. 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 nameplate. This ratio of currents provides an indication of motor load. If the motor has less than a 50%
load, this estimated value of the power factor cannot be used.
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Section 4
Power Meters

4-1 TYPES OF METERS

The following are the five types of electrical metering equipment that may be used to measure electrical energy:
(a) wattmeters
(b) watt‐hour meters
(c) varmeters
(d) var‐hour meters
(e) power factor meters
Thismetering equipmentmay be a single functionmeasuring instrument or amultifunction precision power analyzer

capable of making all of the measurements in one instrument. Single or polyphase metering equipment may be used.
However, if polyphase equipment is used, it is recommended that the output from each phase be available.

4-2 CATEGORIES OF INSTRUMENTATION

This Section will classify instrumentation by accuracy and application. The instrumentation employed to measure a
variable will have a different required accuracy depending upon the use of the measured variable and on how the
measured variable affects the final result. For purposes of this discussion, variables include voltage, current, active
apparent and reactive power and energy, power factor, and frequency.

4-2.1 Test Instruments

This category of instruments provides the highest accuracymeasurements. They are typically installed only during the
testing and calibrated prior to the testing. These could be single or multifunction instruments that measure any of the
variables listed above. These instruments are thepreferred sourceofmeasurementsused to calculateASMEperformance
test results because they contribute the least uncertainty to the result.

4-2.2 Station Instruments

This category of instruments may include the permanently installed plant instrumentation if it is calibrated to the
required accuracy level before testing. This could include station or unit gross generator outputwatt-hourmeter, switch-
board and panel meters, transducers, and other permanently installed plant metering. These instruments could be used
as the source of measurements to calculate the performance test results if they contribute an acceptable level of uncer-
tainty to the result. As with temporary test instruments, the output from these meters must be compensated for instru-
ment transformer errors and line losses, either internally or externally using raw values.

4-2.3 Performance Monitoring Instruments

Since performancemonitoring involvesmeasuring the change in values, the absolute accuracy of instruments used for
monitoring relative changes in electrical parameters is of less critical importance. Most systematic or bias errors in these
measurements are typically consistent, so primarily, the random errors contribute to the uncertainty of the relative
change in the measurement. In this case, plant transducers or other permanently installed instruments may be used for
determining the change in electrical parameters fromone time period to another, assuming that the following conditions
are repeatable:

(a) load on the metering circuit
(b) environmental conditions surrounding the meter
(c) unchanged 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.
The clamp-on ammeter is based on the principle that a current-carryingwire produces amagnetic field, the strength of

which is in direct proportion to the strength of the current. Clamp-on ammeters have a CTwith “jaws” that can be opened
and clamped around the current-carrying wire. The measuring circuit may be an analog-type meter using a moving coil
iron-vanemechanismcalledaD’Arsonvalmovement.Otherdesignsof clamp-onammetersmayhaveadigital readout.The
digital instrument has an electronic circuit and amagnetic field detector device, such as a Hall-effect sensor to determine
the field strength.
Typical accuracy of a clamp-on ammeter is about 2%. Elements that cause the reduced accuracy 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

This category of instruments may include permanently installed plant instrumentation or other portable instruments
that havenot been calibratedbefore testing. These instrumentsmaybeused formeasuredvariables that donot enter into
the calculation of the performance test result. These variables are measured throughout a test period to ensure that the
required test conditions are not violated.

4-3 WATTMETERS

Wattmeters 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.
Should the total active electrical energy (kilowatt‐hours) be desired, the average power must be multiplied by the
test duration in hours.
Wattmeters measuring gross active generation should have an uncertainty equal to or less than 0.15% of reading. For

ClassAhigh-accuracymeasurements, single-phasewattmeters areavailable that have anuncertainty equal toor less than
0.10%of reading. Theoutput fromthewattmeter shouldbe sampledwith a frequencyhigh enough to attain an acceptable
precision considering thevariationof thepowermeasured.A general guideline is a frequencyof at least onceevery15sec.

4-4 WATT-HOUR METERS

Watt‐hourmetersmeasure cumulative active energy (kilowatt‐hours) during a test period. Themeasurement of watt‐
hoursmust be divided by the test duration in hours to determine average active power (kilowatts) during the test period.
For Class A high-accuracy measurements, single-phase wattmeters are available that have an uncertainty equal to or

less than 0.10% of reading. Watt‐hour meters measuring gross active generation should have an uncertainty equal to or
less than 0.15% of reading.
The resolution of induction-type watt‐hour meters is often so low that high inaccuracies can occur over a typical test

period.Often,watt‐hourmeterswill have an analog or digital outputwith a higher resolution thatmaybeused to increase
the resolution. Some watt‐hour meters will often also have a pulse-type output that may be summed over time to
determine an accurate total energy during the test period.
For disk-typewatt‐hourmeterswith no external output, the disk revolutions can be timed and counted during a test to

increase resolution. Some electronic watt-hourmeters also display blinking lights or LCD elements, which correspond to
disk revolutions that can be timed to determine the generator electrical output.
Another technique for improving the precision of thewatt-hourmeter 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) At the 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 thewatt-hour reading that themeter nowdisplays. 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 result is the averagewatts during the test
period.
NOTE: Some stopwatches roll over towhole seconds after 30min or 1 h. It may be beneficial to record the final readings in the last few
minutes before this amount of time has elapsed.

It also is recommended that instantaneous readings also be recordedperiodically during the test period as backupdata
to determine the random uncertainty and verify the validity of the final result.
An electronic digitizingmultifunction power analyzerwith an integration function forwatt-hourmeasurements could

be used to overcome some of the limitations and inaccuracies of induction and disk-type watt-hour meters. This type of
analyzer can provide an auto scale feature to provide high-resolution measurements. They can also provide very high-
accuracy power measurements and high-accuracy timing function for accurate watt-hour calculations. In addition, an
analog or digital output can be provided.

4-5 VARMETERS

Varmeters measure instantaneous reactive power. The instantaneous reactive power must be measured frequently
during a test run and averaged over the test run period to determine average reactive power (kilovars) during the test.
Should the total reactive electrical energy (kilovar‐hours) be desired, the average power must be multiplied by the test
duration in hours.
Varmeters 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 is a
functionof the variation of thepowermeasured. A general guideline is a frequency of at least onceperminute. In any case,
the resulting effect on power factor uncertainty should not exceed 0.005 PF.

4-6 VAR-HOUR METERS

Var‐hourmetersmeasure reactive energy (kilovar‐hours) during a test period. Themeasurement of var‐hoursmust be
divided by the test duration in hours to determine average reactive power (kilovars) during the test period.
Var‐hour meters measuring generator output should have an uncertainty equal to or less than 0.5% of range. In any

case, the resulting effect on power factor uncertainty should not exceed 0.005 PF.
The resolution of var‐hourmeter output is often so low that high inaccuracies can occur over a typical test period. The

same methods described above for improving the precision of watt-hour meters may be employed for var-hour meters.

4-7 POWER FACTOR METERS

Power factor may be measured directly using a three-phase power factor transducer when balanced load and
frequency conditions prevail. Power factor transducers should have an uncertainty equal to or less than 0.005 PF
of the indicated power factor. An electronic multifunction power analyzer with a power factor measurement function
may also be used. Certain types of power analyzers offer a function for measurement of total power factor on an unba-
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 themeasuring 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 tomeet 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 instrumentsmustmeet the uncertainty requirements of the testmeasure-
ment. The instruments should be calibrated against a standard instrument of the same type that is a wattmeter against a
standardwattmeter 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 theNational 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 theaccuracyof theunit under test (UUT) and theestimated calibrationuncertainty. TUR includesotherpotential
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 specific discipline.
For power meters that produce analog output, calibration shall include full-loop calibration from the source inputs to

the output method that will be used during the test.

4-8.1 Wattmeter and Watt-Hour Meter Calibration

Wattmeter and watt‐hour meters are calibrated by applying power through the test power meter and a power meter
standard simultaneously. 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.
Electrical test instruments shall becalibratedbefore the test. It is recommendedthat the instrumentsbecalibratedafter

the test in order to verify that the meter calibration has not drifted and that the uncertainty of the meter meets test
requirements. In addition, post-test calibrations should be performed if the calibration has expired before the end of the
test or if a problem is suspected to have developed during shipping or during the test.
Portable instruments shall be calibrated in a controlled laboratory environment. In calibrating a wattmeter or a watt-

hourmeter, first determine the ranges of voltage, current, and power factor overwhich the instrumentmustmaintain its
rated accuracy. Then provide high accuracy sources that establish all the combinations of these parameters needed to
verify acceptable meter performance. The AC sources used for calibrating wattmeters and watt-hour meters must have
knownvaluesof uncertainty for amplitude, frequency, andphaseangle of thevoltageand current. TheACsourcesused for
calibration could be individual voltage and current standards as long as they have the capability of being synchronized
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
separate single-phase meters shall not be used unless they can be calibrated three-phase.
Whencalibratingwatt‐hourmeters, an accurate sourceof timemeasurementmustbe included.Theaverageoutput can

be multiplied by the calibration time interval to compare against the watt‐hour meter output.
Wattmeters should be calibrated and adjusted at the electrical line frequency specified by the instrument manufac-

turer. Often, the manufacturer of highly sensitive instruments will specify calibration and adjustment at some other
frequency than line frequency inorder toavoidany inducederrors fromelectrical fields. These strayelectrical fields could
come from other instruments, power supplies, and lighting sources. After proper calibration and adjustment, a perfor-
mance test of the wattmeter could be made at the electrical line frequency at which the tests will actually be performed.
Wattmeter standards should be allowed to have power flow through them prior to calibration to ensure the device is

adequately “warm.” The standard should be checked for zero reading each day prior to calibration.

4-8.2 Varmeter and Var‐Hour Meter Calibration
In order to calibrate a varmeter or var‐hourmeter, onemust either have a var standard or awattmeter standard and an

accurate phase angle-measuring device. Also, the device used to supply power through the standard and test instruments
must have the capability of shifting phase to create several different stable power factors. These different power factors
create reactivepower over the calibration rangeof the instrument. A calibration source as specified above forwattmeters
could be used for varmeter and var-hour meters.
Should a varmeter standard be employed, the procedure for calibration outlined above forwattmeters should be used.

Should awattmeter standard andVA and/or phase-anglemeter be used, simultaneousmeasurements from the standard,
phase-anglemeter, and test instrument shouldbe taken. Thevar levelwill be calculated from the averagewatts andphase
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 varmetersmaybeparticularly sensitive to frequency. In this case, the varmeter should
be used within 0.5 Hz of the calibration frequency.
When calibrating var‐hourmeters, an accurate source of timemeasurementmust 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

5-1 PURPOSE

Connections andmeasurements of the voltage and current necessary for the determination of power are seldommade
directly in high voltage and current circuits due to the magnitude and danger of the voltage and currents involved.
Instrument transformers are used for the purpose of

(a) reducing the voltages and current to values that canbe convenientlymeasured, typically to ranges of 120Vand5A,
respectively

(b) insulating the metering instruments from the high voltage that may exist on the circuit under test
Instrument transformer practice is described in detail in IEEE C57.13.
For a Class A or Class B power measurement, correctly rated current and voltage transformers (VTs) of at least 0.3%

accuracy class (metering type) shall be used for the tests.When required, instrument transformers shall be calibrated for
correction of ratio and phase-angle errors prior to the test over the ranges of voltage, current, and burden expected to be
experienced during the test. Ratio correction factor corrections should be applied for the actual burdens that exist during
the test. Actual volt-ampere (VA) burdens shall be determined either by calculation from lead impedances and the VA
ratings of the connected meters or by direct measurement.
Instrument transformer accuracy ratings are typically specified in terms of accuracy class. Accuracy class for revenue

metering is based on the requirement that the transformer correction factor of the VT or of the current transformer (CT)
shall be within specified limits when the power factor (lagging) of the metered load has any value from 0.6 to 1.0 under
specified conditions as established in IEEE C57.13. The limits of transformer correction factor for a standard 0.3%
accuracy class VT (at 90% to 110% rated voltage) is 0.997 minimum and 1.003 maximum. The limits of transformer
correction factor for a standard0.3%accuracy class CTat 100%rated current is 0.997minimumand1.003maximumand
at 10% rated current is 0.994 minimum and 1.006 maximum.
For performance testing of newer plants, factory test calibration data of the instrument transformers may be used for

determining the ratio and phase-angle correction factors. However, recalibration may be required if the CT or VT is
subjected to abnormal operating conditions, particularly exposure to direct current, opened circuitry of a CT secondary,
shorted circuitry of a VT secondary, and/or a primary ground fault condition. Further investigation should be performed
if any of these events have occurred in order to verify that transformer characteristics have not changed.
The impedances in the transformer circuits must be constant during the test. Protective relay devices or voltage

regulators shall not be connected to the CTs used for the test. When VTs are used for both protection and metering
functions, the metering circuit shall be separately fused. Normal station instrumentation may be connected to the test
transformers if the resulting total burden is known and within the rated burden of the instrument transformers for the
range of calibration data.

5-2 VOLTAGE TRANSFORMERS

VTs measure either phase-to-phase voltage or phase-to-neutral voltage. The VTs serve to convert line or primary
voltages (typically exceeding 480V) to a lower or secondary voltage safe formetering (typically 120V for phase-to-phase
systems and 69 V for phase-to-neutral systems). For this reason, the secondary voltage measured by the VT must be
multiplied by a turns ratio to calculate the primary voltage that actually exists in the primary circuit.
VTs are available in severalmeteringaccuracy classes. ForClassAorClassBpowermeasurements, 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 frequencywith zero burden, andwith themaximum standard burden forwhich 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.
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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

CTsmeasure 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
measuredby theCTsmustbemultipliedbya turns ratio to calculate theprimarycurrent that actually exists in theprimary
circuit.
CTs are available in severalmetering accuracy classes. CTs shall beoperatedwithin their ratedburden rangeduring the

test and should be operated near 100% of rated current to minimize instrument error. For Class A or Class B power
measurements, 0.3% or better accuracy class CTs shall be used. For Class A power measurements, each CT shall be
calibratedper IEEEC57.13.Accuracy tests shall consist of ameasurementof ratio andphaseangle at approximately100%
and at 10% of rated current, when energized at 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.
For Class B1 or Class B2powermeasurements, accuracy test resultsmaybe used from factory type (design) tests in the

determination of turns ratio and phase-angle correction factors. Type tests are commonly performed on at least one
transformer of each design group and thatmay have a different characteristic in a specific test. Permanently installed CTs
are almost exclusively used for ASME performance tests since it is impractical to install temporary test CTs in a typical
generator isothermal bus.
Ratio and phase-angle correction factors are typically very small near rated current outputs for CTs; however, if the

ratio or phase-angle correction factor is expected to exceed 0.02% at actual test conditions, actual correction factors
should be applied. If either correction factor is estimated to be less than 0.02%, it can be neglected but should be included
in the test uncertainty analysis.
CAUTION: Lethal voltage will be developed at the CT secondary terminals if left open-circuited while energized.

5-4 INSTRUMENT TRANSFORMER CONNECTIONS

For generator gross powermeasurements, connections for voltage- and current-measuring instruments shall bemade
on thegenerator sideof step-up transformersas close to thegenerator terminals as possible. Current connections shall be
madeon thegenerator side of any external connectionsof thepower circuit bywhichpower canenter or leave this circuit.
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 desirable to
check the whole arrangement of instruments for stray fields.
In order 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 (including
any fuses) shall always be taken into account, either by direct voltage drop measurement or calculation. A suggested
method for determining these corrections is discussed in subsection5-7. An example for applying the correction is shown
in Nonmandatory Appendix A.

5-5 CALIBRATION REQUIREMENTS

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

5-5.1 VT Calibration

For Class A or Class B powermeasurements, eachVT shall be calibrated per IEEEC57.13. 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 publication1 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 associatedwith 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.
Corrections for actual VTperformance require that known transformer performancedata be available at aminimumof

twopoints.Onesetofdata shouldbeprovidedat zeroburdenandanotherprovidedatoneotherburden that ishigher than
the test burden.
NOTE: Standard rated burdens for VTs are designated as follows:

0 = 0 VA
W = 12.5 VA, PF = 0.10
X = 25.0 VA, PF = 0.70
M = 35.0 VA, PF = 0.20
Y = 75.0 VA, PF = 0.85
Z = 200.0 VA, PF = 0.85
ZZ = 400.0 VA, PF = 0.85

Modernmetering circuits used for performancemeasurements have very low burdens— typically no greater than 25
VA; therefore, for the purposes of performance testing, VTs with ratings as low as 75 VA should be sufficient. However, if
existing station VTs are used for the test, these VTs may be rated as high as 200 VA. If permanent plant metering and
instrumentation are connected during performance testing, the total burdens can be greater than 75 VA, especially 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
(c) secondary volts
(d) ratio correction factor or error at 0 VA
(e) ratio correction factor or error at rated burden
(f) 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 0.9975 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 and rated
burdensmust bebetween0.997and1.003 andwithin a 0.3%accuracy class parallelogram. This is not theuncertainty but
merely the accuracy class of the transformer. The uncertainty of the transformer can be calculated as shown in Section 7.

5-5.2 CT Calibration

Small errors exist inCTperformance sincepart of theprimary current required tomagnetize the core is not available as
a secondary side current. The amount of exciting current required depends on the magnetic flux required to force the
secondary current through the secondary impedance. This current and subsequently the CT error would increase as the
impedance of the secondary burden increases. However, in order to compensate for these core losses, the transformer
may be compensated by including extra turns ofwire to provide a zero ratio error at someparticular value of current and
burden. Similar compensation is made for phase-angle errors.
For Class A power measurements, each CT shall be calibrated per IEEE C57.13. Accuracy tests shall consist of a

measurement of ratio and phase angle at approximately 100% and 10% of rated current, when energized at rated
frequency with zero burden, andwithmaximum standard burden for which the transformer is rated at its best accuracy
class. Themethod 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 publication2 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
minimum of two points at 100% and 10% of the rated current and at maximum standard burden.
The standard rated burdens formetering class CTs are designated as follows, all at 0.9 power factor and corresponding

to 5 A rated secondary current:
Symbol Rated Burden
B-0.1 2.5 VA, 0.1 Ω burden
B-0.2 5.0 VA, 0.2 Ω burden
B-0.5 12.5 VA, 0.5 Ω burden
B-0.9 22.5 VA, 0.9 Ω burden
B-1.8 45.0 VA, 1.8 Ω burden

The typical burden rating of the CT for power plant application is B-1.8 or B-0.9.
The CT ratio for a generator circuit is normally selected with primary rated current very close to the circuit rating.

Therefore, the accuracy and phase-angle test data at 100% rating of the CT could be used for estimating the correction
factors and to allow for a difference in connected burden. To be classified as a 0.3% accuracy class CT, the correction
factors at 100% rated current must be between 0.997 and 1.003. This does not mean that the uncertainty of the current
producedby the transformerhasanuncertaintyof0.3%. It simplymeans that theerrorof thecurrentwill not exceed0.3%
if no corrections are applied for its known characteristics or calibration data.
CT burdens required for correction of CT ratio correction factors during performance tests are usually determined on-

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

5-5.3 Ratio Error Modeling of Instrument Transformers3

Calibrationsof instrument transformersaccording to IEEEC57.13areusually performed in a shopor lab.However, CTs
andVTsmayalsobecalibrated in-situ,while theunit is off-line. Conventional testingmethodsapplyaknownsignal onone
sideof a transformer and read theoutput signal on theother side. This canbe time-consuming and require the injectionor
measurement of very high voltages or current.
Becauseof thedifficulties of testingCTs in the field, specialized instrumentation andmodellingmethods are sometimes

used for CT testing. The concept of modeling a CT requires the nameplate data on the CT and burdens of the primary and
secondary circuitry, including the following:

(a) excitation current
(b) secondary current
(c) secondary core voltage
(d) main inductivity of the core
(e) magnetic losses of the core
(f) turns ratio
(g) wiring resistance
(h) resistance of the secondary turns
(i) resistance of the metering burden
(j) inductivity of the metering burden
Using amodel, the effects of various currents and phase angles can be simulated, and predicted ratio correction factors

can be calculated.

2 NISTMeasurementServices:ACalibrationService forCurrentTransformers,NISTSpecial Publication250-36, JohnD.RambozandOskarsPetersons,
U.S. Department of Commerce, June 1991.
3 “A Revolution in Current Transformer Testing,” Benton Vandiver, PowerGrid International, August 2012.
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5-6 CORRECTION OF VT ERRORS

Twomethods 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 “Farbermethod” exists,whichdetermines theVTcorrection 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 J. 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.
If the actual calibration data for a particular VT is not available, typical VT calibration data for that type or model

number of that VTmay be usedwith higher uncertainty. Based on the GEManual of Instrument Transformers, Operation
PrinciplesandApplication Information(GET-97D), copyright1950byGE, the ratio correction factormayvaryamaximum
of ±0.002, and phase angle may vary a maximum of ±7 min from the typical curve values. Therefore, the uncertainty of
using a typical ratio correction factor for an uncalibrated VT of the same type can be assumed to be 0.2%.

5-6.1 VT Burden Measurements

DeterminationofactualVTburdens requires themeasurementof voltage, current, andphaseanglebetween thevoltage
and current on each metering element. Each phase voltage and current across or through the secondary windings of the
VT circuit should bemade at a point near the VT secondary fuses or in the initial VT junction box, before any point where
current 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 unit controls, any inadvertent opening of
the circuit during connection or use of these meters may cause a unit trip. To avoid this possibility, it is highly rec-
ommended thatmeasurement of current bemadewith clamp-onmeters and that corrections for phase angle and power
factor be neglected. A sample uncertainty analysis using an assumed power factor of 0.85 rather than an actual power
factor of 1.0 and a phase angle of −0.5min instead of +0.5min resulted in an error of only 0.006%. Therefore, the effect of
this assumption on the overall test uncertainty will be minimal.
The number and method of voltage and current measurements depends on the type of power metering system being

used. If the two-element method is being used, then voltage should be measured phase-to-phase, and current is only
needed in twoof the threephases. If the three-elementmethod isbeingused, voltagemustbemeasured for eachphase-to-
neutral and current measured in each phase.
Meters used tomeasureVTvoltage should display trueRMSACvoltage, have an accuracy of at least 1%, and a precision

of at least 0.1 VAC. Expected voltages for phase-to-phase measurements are between 110 VAC and 120 VAC. Expected
readings for phase-to-neutral voltages are between 67 VAC and 70 VAC.
Metersused tomeasureVTphase currents shouldhaveavery lowrange.TypicalVTcurrents arebetween0ACampand

0.25ACampperphase. Asdiscussedabove, it is highly recommended that a clampon type currentmeterbeused for these
measurements. If a nonclamp on type of meter is used, check the current meter fuses and continuity through the current
meter 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 themost precise method for correcting VT output for ratio correction factor and
phase-angle displacement between primary and secondary volts. The equation provided for the determination of ratio
correction factor at the performance test burden is as follows:

= + [ + ]B
B

RCF RCF RCF cos( ) sin( )c
c

t
d t c d t c0 (5-6-1)

The equation provided for the determination of phase angle at the performance test burden is as follows:
= + [ ][ × × ]B B/ cos( ) RCF sin( )c c t d t c d t c0

where
Bc = the burden at which RCF and PACF will be calculated for the performance test condition, VA
B0 = zero burden, VA
Bt = the burden at the calibration test point (typically at VT rated burden atwhich RCF and PACFwill be calculated

for the performance test condition), VA
RCFc = ratio correction factor at Bc
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RCFd = RCFt − RCF0
RCF0 = ratio correction factor at B0
RCFt = ratio correction factor at Bt (typically at rated burden)

Θt = power factor at Bt, deg
Θc = power factor at Bc, deg
γc = phase angle at Bc, rad
γd = γt − γ0
γ0 = phase angle at B0, rad
γt = phase angle at Bt, rad

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

If the small deviations in power factor and phase angles between performance test burden and rated burden are
neglected, the equation for ratio correction factor reduces to the following:

= + [ + ]B
B

RCF RCF RCF cos(0) sin(0)c
c

t
d d0 (5-6-2)

= + [ × + × ]B
B

RCF RCF RCF 1 0c
c

t
d d0 (5-6-3)

= + [ ]B
B

RCF RCF RCFc
c

t
d0

Substituting RCFt − RCF0 for RCFd yields the following equation, which is simply a linear interpolation of the RCFs
between theVTcalibration testpointsat the ratedburdenandat zeroburden,basedon theburdenat theperformance test
point:

= + [ ]B
B

RCF RCF RCF RCFc
c

t
t0 0

If the small deviations in power factor and phase angle between performance test burden and rated burden are
neglected, the equation for phase angle for the performance test burden reduces to the following:

= + [ ][ ]B B/ cos(0) RCF sin(0)c c t d d0

= + [ ]B B/c c t d0

Substituting γt − γ0 for γd yields the equation
= + ×B B( / ) ( )c c t t0 0

This is simply a linear interpolation of the phase angles between the VT calibration test points at rated and zero
burdens, based on the burden at the performance test point.
VT phase-angle correction factor (VTPACFc) is determined as follows:

= ( ( )VTPACF cos )/cosc cprimary primary

where
VTPACFc = VT Phase-Angle Correction Factor at Bc
Θprimary = measured 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 testmetering element shall also be corrected for voltage drops from theVTs to the testmeters.
Voltage measurements should be made to a reading resolution of 0.01 V or better using two AC RMS voltmeters with an
accuracy of at least 0.05 VAC each or better. For three-phase, four-wire, three-elementmetering circuits, voltages should
bemeasured fromeach phase to neutral. For three-phase, three-wire, two-element circuits, voltages should bemeasured
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 twometers. 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 meter.

Step 2. Measure the voltage at the secondary outputs of the VT and the voltage at the input to the test meter simul-
taneously, using the two meters. Integrate or average at least ten readings over a minimum of 1 min.

Step3. Subtract thevoltmeteroffset readings takenwith thehigher readingmeter toobtain the correctedvoltage at that
location.

Step 4. Subtract the corrected integrated/average voltage at the meter from the voltage at the VT to obtain the voltage
drop.

Step5. Thevoltagedropcorrection factor is equal to the ratio of thevoltage at theVTdividedby thevoltage at themeter.
NOTE:Thevoltagedropcorrection factormustbeanumberequal toorgreater than1.0. If the indicatedvoltagedropcorrection factor is
less than 1.0, there is a problem with the readings. If the voltage drop is less than the combined uncertainty of the meters, assume a
voltage drop correction factor of 1.0. Otherwise, attempt to determine the cause of the problem, and repeat the measurements.

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

5-8 CORRECTION OF IRON-CORE CT ERRORS

As discussed earlier, errors in CT performance may exist due to core excitation current that varies with actual
secondary burdens. Compensation may be included to produce zero correction factors at a rated burden. Actual
secondary burden is generally constant with load so the amount of current required for excitation is also constant.
Therefore, as total current increases, the error due to excitation current becomes less significant. If the actual secondary
burden is close to the rated burden, the ratio error can be 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.
IEEE C57.13 for instrument transformers contains several methods for calibrating CTs in which the maximum uncer-

tainties allowed are ±0.1% for ratio correction factors and ±0.9 mrad (3 min) for phase-angle error. If the CTs are
calibrated and corrections are applied for ratio correction factor as discussed above, the maximum uncertainty of
the current inputs to a power meter used for an ASME performance test should not exceed the uncertainty of the
CT calibrations as shown above.
If typical CT-type calibration data are used, the variation of calibration corrections for a sample of meters of this type

should be used as an added uncertainty. Based on the GE Manual of Instrument Transformers, Operation Principles and
Application Information (GET-97A), copyright 1950 by GE, the ratio correction factor may vary ±0.002, and phase angle
may vary ±7 min from the curve values. Therefore, the uncertainty of using a typical ratio correction factor for an
uncalibrated CT of the same type can be assumed to be 0.2%.

5-8.1 Calculation of CT Phase-Angle Correction Factors

If higher precision is desired, the CT phase-angle (β) data that are available from the factory tests may be used for
estimating the CT phase-angle correction factor (CTPACFc).

= +( ( )CTPACF cos )/cosc primary primary

where
CTPACFc = CT phase-angle correction factor at Bc
Θprimary = measured circuit’s primary side power factor angle

Refer to Nonmandatory Appendix A for a sample calculation.
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5-8.2 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. This causes a displacement between the power factor measured on the secondary side of instrument trans-
formers and the truepower factor. If significant, a phase-angle correction factor shouldbeapplied for this error. Theerror
in VT phase-angle is represented by the Greek letter γ and is positive when the voltage across designated secondary
terminals leads the voltage across the corresponding terminals on the primary side. This represents the phase shift
between the voltage phase angle on the secondary side of the VT versus the actual voltage phase angle on the high voltage
side. The CT will also introduce a phase shift error. The error in CT phase angle is designated by the Greek letter β and is
positivewhen the current leaving a designated secondary terminal leads the current entering the corresponding primary
side terminal. The power meter will also introduce a phase shift error, designated by the Greek letter α.
The truephase angle,Θ, between theprimary current andprimary voltage is obtainedbyadding thephase-angle errors

of the power meter, VT, and CT to the indicated phase angle, Θs, as follows:
= +s

Power factor on the primary side of the instrument transformers is calculated as follows:
= +PF cos( ) cos( )s

For each phase, the phase-angle correction factor is calculated as follows:

= +
PACF

cos ( )
cos

s

s

5-10 PRECAUTIONS IN THE USE OF INSTRUMENT TRANSFORMERS

Extreme care should also be used when connecting generation metering to plant voltage and CT circuits. Connections
shouldpreferablybemadewhen theunit is off-line. If connectionordisconnectionof testmetering is tobemadewhen the
unit is on-line,provisionsshouldbemade topreventopeningof thecurrent circuit andshortingof voltagecircuits. Theuse
of test blocks, sliding link terminal strips, or knife switches are recommended. Shorting or opening of inputs to plant
metering while the unit is on-line may cause a unit trip.

5-11 UTILIZATION OF STATION INSTRUMENT TRANSFORMERS

Existing station voltage or CTs may be used for the test if they meet the requirements of this Supplement.
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Section 6
Net Power Output

6-1 INTRODUCTION

If a test requires obtaining a net active or reactive power value for an electrical power generating unit, the total unit
powercanbemeasureddirectlyor calculatedbymeasuring thegrosselectrical activeandreactivepowerof all generators
involved and by subtracting all auxiliary active and reactive power consumed by the unit. This Section provides guidance
for either the direct measurement or the calculation of these values at a remote delivery point located on the high side of
the main power transformers.

6-2 DIRECT MEASUREMENT OF NET POWER

Transmission line voltages may be as high as 750 kV. Nevertheless, it is possible to directly measure net active and
reactive power supplied to a remote delivery point using high-voltage instrument transformers. If instrument trans-
formers do exist at this point, active and reactive power can be measured on the low voltage secondary side of these
transformersusing the sametechniquediscussed inSection3.These typesof instrument transformersareveryexpensive
but do provide a direct measurement of power delivered to the remote point. No corrections for power transformer or
transmission 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 and the
delivery of station service power to the power plant. In this case, both delivered and received power should be determined, and the net
power is calculated by subtracting the power delivered to the plant from the power received from the plant.

6-3 CALCULATION OF NET POWER

Net power supplied to a remote delivery point can also be calculated from gross power and gross station service
readings measured on the low side of main and auxiliary power transformers. In this case, gross power outputs and
auxiliary power inputs must be corrected for transformer and transmission line losses as discussed below. Net power
delivered to the remote delivery point is calculated by subtracting the station service leaving the delivery point from the
sum of the gross generator power received at the remote delivery point.

6-3.1 Power Transformer Losses

Since thepower loss for the step-up/down transformers cannot be accuratelymeasured in the field but only calculated,
it is necessary to use the results of the transformerperformance tests conducted in the factory. Normally, the factory tests
determining the power loss are conducted at 0% and 100% rated load of the transformer and at various voltages. To
calculate the actual power loss during the test in the field, values of the voltage and current at the high side of the
transformer should be measured and recorded. The corrections are done using the methodology described in IEEE
C57.12.90.
The losses through a transformer are determined by the following equation:

= +Loss Loss LossTOTAL NO-LOAD LOAD

where
LossLOAD = transformer load losses, kW

LossNO-LOAD = transformer no-load losses, kW
LossTOTAL = total transformer losses, kW

LossNO-LOAD 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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= +L LLossLOAD 1 CORR 2 CORR

where
L1 CORR = I2R losses, corrected to reference conditions, kW
L2 CORR = stray load losses, corrected to reference conditions, kW

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:

= × × × +
+

+
+
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where
K = voltage correction ratio, dimensionless
L1 = I2R losses from factory test report at rated load with rated winding temperature (TR), kW
L2 = stray load losses from factory test report at rated load and rated winding temperature (TR), kW
n = load correction ratio, dimensionless

TK = transformer material correction factor (copper = 234.5°C)
TM = average winding temperature at prevailing ambient temperature from calculation below, °C

TMC = average winding temperature, corrected to reference ambient temperature from calculation below, °C
TR = rated winding temperature from factory test report, °C

To determine n and K, use the following equations:

= i
k
jjj y

{
zzzn test load

rated load

2

=
i
k
jjjjj

y
{
zzzzzK

rated voltage
test voltage

2

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

= +i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

P P P
test load

PF PF
MEAS

MEAS

LINE LOSS AUX MEAS

MEAS

where
PAUX MEAS = measured auxiliary loads, if any, between power measurement and low side of the transformer, kW
PLINE LOSS = line losses between power measurement and low side of the transformer, kW

PMEAS = measured power at the generator terminals, kW
PFMEAS = generator power factor at test conditions, dimensionless

= × ×Vtest voltage VT Ratio 3MEAS

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, TM, use the following equation (from IEEE C57.12.90):
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= +T T TM C OM

where
TC = 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

TC is determined by the following equation:

= × i
k
jjj y

{
zzzT T test load

rated loadC O
m2

where
m = 1.0 for main step-up transformer
x = 0.8 for auxiliary transformer

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

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

tions are used:
= +T T T T( )MC M A AM

where
TA = ambient temperature at rated conditions (conditions upon which transformer losses are based, from factory

test report), °C
TAM = measured ambient temperature, °C

6-3.2 Line Losses

Line losses are conductor losses from themain transformer high voltage terminals to the switchyard interface point. In
addition, there are conductor losses in the bus connection from the generator terminals to the main transformer low
voltage terminals. The method for calculating the losses is specified in paras. 6-3.2.1, 6-3.2.2, and 6-3.2.3.

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

= ×
P

I R3( )
1 000
L L

LINE LOSSES
2

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

PLINE LOSSES = three-phase line losses, kW
RL = average 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 and the
length of the transmission line. The temperature effect of the conductor resistance from the manufacturer’s reference
temperature data to the actual operating temperature is relatively small and can be neglected. However, if temperature
correction is desired, determine the conductor resistance at the conductor actual operating temperature (at the average
operating current and site ambient temperature) from the manufacturer data for the conductor.

6-3.2.2 Bus Losses From the Generator Terminals to the Low-Voltage Terminals of theMain 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 inmetallic 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 themain transformer high voltage terminals to the remote delivery point are calculated from the
following equation:

= ×
P

I R3( )
1 000
L L

LINE LOSSES
2

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

PLINE LOSSES = three-phase line losses, kW
RL = average resistance of each line or phase conductor(s)

(1) Typical conductor resistance data are as follows:
(-a) 0.1172 Ω/mile at 25°C, or 0.1172 (100/5,280) = 0.0022197 Ω/100 ft.
(-b) 0.1398 Ω/mile at 75°C, or 0.1398 (100/5,280) = 0.0026477 Ω/100 ft.
(-c) For conductor temperatures between 25°C and 75°C, the resistance value could be linearly extrapolated. For

example, conductor resistance at 50°C is 0.0022197 + [(0.0026477 − 0.0022197)/(75 − 25)] × (50 − 25) = 0.0022197 +
0.000314 = 0.0024337 Ω/100 ft

(2) For an average RMS line current of 800 A, the line losses determined from the equation in (a) and the data in (1)
(-a) through (1)(-c) are the following:

(-a) at 25°C conductor temperature = 4.261 kW/100 ft of three-phase lines
(-b) at 75°C conductor temperature = 5.083 kW/100 ft of three-phase 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 are
supplied by the manufacturer.

Data Type Resistance, R, μΩ/ft Current, I, A Duct Length, L, ft Loss [(I2 × R × L)/1 000], kW
Conductor 1.0517 11 000 100 12.725
Enclosure 0.645 11 000 100 7.805
Total loss per phase … … … 20.53

(2) For a three-phase system, the loss would be 20.53 × 3 = 61.6 kW for the assumed 11,000-A current and 100-ft
length.
NOTE: The enclosure losses are due to the induced current from the conductor and depend on the geometry of the conductors and
enclosures. Themanufacturerof thebusductnormallyprovides the conductor andenclosure loss/resistancedata todetermine thebus
duct losses at specified operating currents and length of the bus duct installation, as illustrated above.

6-4 NET PLANT POWER FACTOR

Net plant power factor can be measured directly or calculated from the net active and reactive power values deter-
mined either measured directly or calculated as discussed above. If measured directly, net plant power factor can be
determined using the same techniques discussed in subsection 3-6 by connection to the high-voltage instrument trans-
former used for the direct measurement of active power. If calculated from gross low side measurements of active and
reactive power, net plant power factor should be calculated using the net high side values of active and reactive power as
delivered to the 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 be corrected for transformer losses as discussed below.

6-5 POWER RELATIONSHIPS BETWEEN PRIMARY AND SECONDARY WINDINGS OF MAIN POWER
TRANSFORMER

The turns ratio of themain 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 secondaryminus whatever power is consumed by the
transformer in the formof losses. There are three different types of losses in a transformer. One is copper loss, or I2R loss.
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This is the loss due to theDC resistance in the primary and secondarywindings. 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.

=P P PS P L

where
PL = power loss in the transformer
PP = power delivered to the primary by the generator source
PS = power delivered to the load by the secondary

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

= ×T
P
P

100e
out

in

where
Pin = total input power to the transformer

Pout = total output power delivered to the load
Te = transformer efficiency, %

Large commercial power line transformers typically have an efficiency of 99.7% or better.
Power factor or vars on the high sidebasedonmeasurements on the lowside canbedeterminedbasedon the following

two 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.
Begin by measuring the input power and input vars to main power transformer on the low-voltage side using an

appropriate wattmeter and varmeter. Then calculate the output power of the main power transformer.
= ×P P T /100eout in

Use theactual value for transformerefficiencyof themainpower transformer if it is available. If it is not available, usean
estimated value of 99.7% or higher.
Calculate the total input power factor using the total watt and var values.

= + =P P PPF / ( ) (var ) /VAin in in
2

in
2

in in

Next, calculate the total input VA from the known values of total watts and PF.
= PVA /PFin in in

Given that the volt-amps across the transformer is unchanged, yields the following:
=VA VAin out

Calculate the output power factor.
= PPF /VAout out out

Calculate output var.

= Pvar (VA ) ( )out out
2

out
2
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Section 7
Test Uncertainty

7-1 UNCERTAINTY CALCULATION REQUIREMENTS

All uncertainty estimates shall bemade inaccordancewith thedefinitions andprocedurespresented inASMEPTC19.1,
Test Uncertainty. The necessary inputs and calculations are summarized in the following paragraphs.

7-1.1 Uncertainty of the Result, UR

The PTC uncertainty requirement is for estimates to bemade at the 95% confidence level, whichmeans that there is a
95% probability that the true test result lies within a ±UR band around the test point. For most cases with a sufficient
number of data points, the expanded uncertainty, UR, equals 2uR, where uR = (bR

2 + sR2)0.5.
(a) bR = systematic standard uncertainty of the result

=
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(b) sR = random standard uncertainty of the result
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7-1.2 Sensitivity, Θ
Sensitivity is the instantaneous rate of change in a result due to the change in a parameter. Itmay be determined by one

of two methods.

7-1.2.1 Analytical Determination of Sensitivity. If there is a known relationship between the result, R, and its para-
meters, Xi [R = f(X1, X2, etc.)], then the sensitivity can be calculated by partial differentiation. Thus

= R X/ i

7-1.2.2 Numerical Determination of Sensitivity. Each parameter in the data may be incremented a small amount to
determine its effect on the result. In this case

= R X/ i

ΔXi should be as small as possible to avoid large nonlinear effects, and it is advisable to do both plus and minus ΔXi to
assess the nonlinearity.

7-1.2.3 Relative Sensitivity. Since normally the uncertainty is a percent of the result and parameter uncertainties are
provided as percentages, relative sensitivities are calculated as shown in the following example:

= =R R X X X R R XRelative numerical ( / )/( / ) ( / )( / )i i i i

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 aremade at the 95% confidence level where Bx, the expanded systematic standard uncertainty, is equal to

B2 x. For each measurement, the individual contributing systematic uncertainties are combined to determine Bx by the
root sum squared method.
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=
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2 0.5

7-1.4 Random Standard Uncertainty

Parametermeasurements are influencedby several randomerror sources. This data scatter is evaluated by calculating
thestandarddeviation (STD), sx, normallydoneby thedataacquisitionsystem.The randomstandarduncertainty, sx, is the
STD of the mean, or

=s
s
Nx
x (7-1-1)

where
N = number of measurements (number of instruments multiplied by the number of readings)

7-1.5 Other Considerations

Two important effects, correlation and degrees of freedom, need to be evaluated, and ASME PTC 19.1 should be
consulted to assess them properly.

7-1.5.1 Correlation.Theestimates for systematic uncertaintiesmust consider the relationship among the instruments
used to measure the parameter. If they are all independent, which means they are not produced in the same batch at the
same factory, or are not calibrated against the same standard, etc., then the calculations proceed as outlined above. If,
however, the instruments are related, then the estimates for the systematic standard uncertaintymust bemodified. Since
this is a likely occurrence (e.g., VTs and CTs from the same batch, calibrated against the same standard), then the value of
bR is given by

= + + + + +
Ä
Ç
ÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑ( )( ) ( )b b b b b b b2 2 2R x x x x x x x x x1

2
2

2
3

2
1 2 1 3 2 3

1/2

1 2 3 1 2 1 3 2 3
(7-1-2)

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

7-1.5.2 Degrees of Freedom. The use of “2” to obtain the expanded systematic or expanded random uncertainty
assumes that a sufficient number of measurements has been made, nominally at least 30. If this number is considerably
less than 30, then ASME PTC 19.1 should be consulted to properly apply the Student’s t factor. For the systematic case,
which is based on best estimates, as a practicalmatter, there is uncertainty in these estimates, and concernwhether “2” is
really “2.2” may not be justified. Therefore, if the degrees of freedom are at least 10, the use of “2” should be acceptable.

7-2 POWER UNCERTAINTY CALCULATION

As shown in subsection 3-5, the power in each of the three phases, in kilowatts, is calculated from the following:

= × × × × × ×
PW

SW VTTR CTTR VTRCF VTVDCF CTRCF PACF
1 000x

x x x x x x x

where
1 000 = conversion factor from watts to kilowatts
CTRCFx = current transformer ratio correction factor
CTTRx = current transformer turns ratio
PACFx = phase-angle correction factor
PWx = calculated watts on the primary (high voltage) side of the voltage and current transformers, kW
SWx = measured watts on the secondary (low voltage) side of the voltage and current transformers, W

VTRCFx = voltage transformer ratio correction factor
VTTRx = voltage transformer turns ratio

VTVDCFx = voltage transformer circuit voltage drop correction factor

VTRCFx is calculated from the VT calibration data, using the following simplified equation:
= + B BVTRCF RCF ( / )RCFx c t d0

VTVDCFx comes from the voltage drop measurements and the following equation:
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= +VTVDCF 1 VTVD/V1x t

CTRCFx is obtained from the CT calibration curve.
PACFx corrects the phase shift and is calculated by the following equation:

= +PACF cos( )/cos( )x s s

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 themuch larger uncertainties associatedwith the
instrument transformers and powermetering. An examination of each of the correction factors provides some guidance
on its contribution to the measured power uncertainty.

(a) VTRCF: Inputs are low side volts and amps, measured very accurately in the wattmeter circuit; phase-angle error,
very small (in minutes); and calibration data. The uncertainty in the VTRCF is covered by the VT uncertainty. (Refer to
Nonmandatory Appendix D.)

(b) VTVDCF: The correction is in the fourth decimal place, so any error would be insignificant.
(c) CTRCF: This correction is covered by the CT uncertainty. (Refer to Nonmandatory Appendix D.)
(d) PACF: The major input is the wattmeter reading, covered by its uncertainty. The other angle measurements are

very small, with the result that the correction factor is also very small.
The application of the correction factors to accurately calculate the gross power (GP) is absolutely critical. However,

since the VTVDCF and PACF have negligible impact, the calculation for gross power uncertainty can be based on the
following summation of the power of the three phases:

= × ×
=

P CT VTGP ( )
i

i i i
1

3

7-2.1 Systematic Uncertainty and Correlation

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

= +
= = = +

( )B B B2gp
i

i p
i k i

i k ik
2

1

3 2

1

2

1

3

i

As an example, assume the following uncertainties:
(a) 0.1% for calibratedwattmeters. Typically, the quoted accuracy is 0.04%of reading plus 0.04%of range. As long as

the reading is 75% of range or higher, the 0.1% can be met.
(b) 0.1% for VTs, which must be calibrated.
(c) 0.15%forCTs.This level canbeachievedbyobtaininga typecalibration for the lotof0.3%accuracy transformersor

purchasing 0.15% class transformers.
Refer to Nonmandatory Appendix D for guidance in determining the uncertainties of instrument transformers.
With Θ = 1/3, since the phase powers are essentially equal, then

= + + + + + +

+ + + + +

Ä
Ç
ÅÅÅÅÅÅÅÅÅ

i
k
jjjj

y
{
zzzz

É
Ö
ÑÑÑÑÑÑÑÑÑ

( )B B B B B B B B B B B B

B B B B B B B B B B

3 3( ) 3( ) 2gp p p p p p p p
2 2

VT
2

CT
2

1 2 1 2 1 3 1 3 2 3 2 3 1 2 VT1 VT2

1 3 VT1 VT3 2 3 VT2 VT3 1 2 CT1 CT2 1 3 CT1 CT3 2 3 CT2 CT3

and
=B 0.206%gp

If they were not correlated, Bgp 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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7-2.2 Random Standard Uncertainty

With wattmeters, multiple readings are taken during the test, and a value for sx can be calculated. With watt-hour
meters, only one summation is obtained at the end of the test, and the time measurement required to calculate watts
should be accurate enough not to contribute any additional uncertainty. A 0.1-s error in a 30-min runwould be 0.0056%.
For this example, with wattmeters, the value of sgp 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
used to determine sxi .

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

(b) The sxi values are used to calculate sgp.

= =
Ä
Ç
ÅÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑÑ( )s s 0.033%gp i x

2 0.5

i

7-2.3 Gross Power Uncertainty

Bgp was determined on the 95% confidence level, and 2sgp would be needed to calculate the expanded gross power
uncertainty, Ugp.

= + = + × =
Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ( )U B s2 0.206 (2 0.033) 0.216%gp gp gp

2 2 0.5 2 2 0.5

Using this calculation method, typical gross power uncertainties for the three classes of tests can be determined (see
Table 7-2.3-1). The random contribution has been neglected.

7-2.4 Corrected Gross Power Uncertainty

For corrected power, the example defines corrections for power factor-related generator loss, hydrogen purity, and
hydrogenpressure. The sensitivities,ϴ′, for these corrections are determinedusing the procedure in para. 7-1.2.3 andare
listed inTable7-2.4-1.A relativeuncertainty,U, for eachwasassumedtobe1%,principallydue to theability toobtaindata
from the curves.
The uncertainty of the corrected power can nowbe calculated by the RSS value of the (ϴ′ ×U) products above plus that

for the Class A gross power (0.170%). The result is Ucgp = 0.171%.
Themagnitude of the correctionswould suggest that their impact on the overall power uncertaintywould beminimal.

However, the method is presented so cases where corrections are more significant can be properly evaluated.
The calculation of corrected gross power uncertainty shown here is intended to be an illustration of the calculation

process. Actual performance testing will use instruments with varying quality, calibration records, and random uncer-
tainties, leading to different Ucgp than in this example.

Table 7-2.3-1 Typical Gross Power Uncertainties for Test Classes

Test Class
Instrument Uncertainty

UgpWattmeter VT CT
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

Table 7-2.4-1 Gross Power Correction Uncertainties

Correction ΔR, kW R, kW ΔX X ϴ′ 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 lb/ft3 4.10 0.0035 1%

ASME PTC 19.6-2018

39

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME PTC 19
.6 

20
18

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


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 thebasic uncertainties related to the instrument’s ability to read the truevalue, there areother secondary

factors that may influence the total systematic uncertainty. Among these are the following:
(a) range and percentage of reading
(b) drift
(c) ability 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 assign an uncertainty

value. For a Class A test, selection and calibration of the instruments should eliminate any significant contribution from
these effects. For other tests, the parties to the test should agree upon which effects need to be evaluated and assign Bpx
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

In this sample calculation, gross generator electrical output will be determined for the power plant configuration
shown in Figure A-1-1. The electrical output of this plant is produced by a hydrogen-cooled generator rated at 250MVA,
0.85 PF, and 18 kV. Power from the generator is provided to a 230-kV switchyard through a main power step-up trans-
former over a 0.6-mile overhead transmission line. Power to plant auxiliary loads and the generator exciter are provided
by an auxiliary power transformer connected to the main generator bus. Auxiliary loads of 480 V are served through the
4 160-V bus by another step-down transformer.
For this example calculation, many of the tabulated numbers have been rounded off, which results in some slight

differences in the results that were calculated on a spreadsheet with no roundoff. Since the corrections are small, it is
important not to make any roundoffs until the final values are obtained.
In the event the gross generator electrical output is required to be corrected to design, rated, or guaranteed operating

conditions for evaluation of turbine/generator or overall unit performance, refer to Nonmandatory Appendix B for
methods that can be used for this analysis.

A-2 GENERATOR OUTPUT METERING REQUIREMENTS

The electrical diagram shown in Figure A-1-1 represents a three-phase power systemwith a high impedance ground,
similar to the system shown in Figure 3-3-1, illustration (b). According to Blondel’s theorem, aminimumof twometering
elements are required to measure power for this type of system. However, if two metering elements were used, current
inputsononly twoof the threephaseswouldbeobtained. Inorder toobtain themost complete setofdataonall phases, the
three-element method was used for the test, as allowed in subsection 3-4.
The existing plant 0.3% accuracy class voltage transformers (VTs) were used for the test since they were calibrated

before installation and calibration datawere available on their particular performance. The existing VTs are connected in
a grounded wye configuration so each meter element was connected in a phase-to-neutral configuration.
The existing plant 0.3% accuracy class current transformers (CTs) were used since they were of a type that had a

predictable performance, even though actual calibration data were not available for each particular CT.
Data that will be used in this sample calculation are shown in Table A-2-1.

A-3 CORRECTIONS FOR INSTRUMENT TRANSFORMER BURDENS AND WIRING LOSSES

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

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 3 909 4 021 3 954 …
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

4,160 V-480 V
  Load center
  xfmr

Test
meter

Test
meter

Test
meter

Test
meter

Plant
metering

Test
meter

GEN

M

CTs
(2)

CTs
(2)

CTs
(2)

Medium
voltage motor

480 V
Loads

GEN
field

Excitation
xfmr

Excitation
system

CTs
(3)

4,160 V Bus

CTs
(3)

480 V Bus

2 VTs
4,200-120 V

10,000/5A

RES

O/H Line to switchyard

230-18 kV
Main power transformer

Generator connection
to main power transformer
(bus duct)

18-4.16 kV
Auxiliary

transformer

230 kV
Switchyard

1

2

3 1

2

3

3 VTs
18,000-120 V

Neutral
grounding 
xfmr and
resistor

Generator
250,000 KVA
0.85 PF
18 kV

ASME PTC 19.6-2018

42

ASMENORMDOC.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ASME PTC 19
.6 

20
18

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


A-3.1 VT Burden Measurements

Prior to the tests, voltage and currentmeasurementsweremade on the secondary side of each phase of the VT circuits
todetermine theactual burdenoneachVT.Voltagemeasurementsweremade fromphase toneutral oneachphaseusinga
true RMS AC voltmeter. Due to the danger of opening the VT circuit, and possible tripping the unit generator, current
measurements were made using a low range (0 mA to 1 000 mA) clamp-on current meter. Power factor (PFvt) 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

data originally supplied with the VTs.

A-3.2 VT Ratio Correction Factors

VT ratio correction factors (VTRCF) for each phase were calculated using the following equation from eq. (5-6-1):

= + [ + ]B
B

RCF RCF RCF cos( ) 0.000291 sin( )c
c

t
d t c d t c0

where
0.000291 = 1/3,438
3,438 = minutes of angle in one radian (180 × 60/π)

Bc = actual burden at which the RCF will be calculated, VA
B0 = zero burden, VA
Bt = burden at the upper calibration test point, VA

RCFc = ratio correction factor to be calculated at actual burden
RCFd = RCFt − RCF0
RCF0 = ratio correction factor at the zero burden calibration test point (from calibration data)
RCFt = ratio correction factor at the upper calibration test point burden (from the calibration data)

Θt = phase angle (deg) at the upper calibration test point (standard Z burden test point)
x = arccos (0.85)
x = 31.78833 deg

Θc = phase angle at the actual power factor (PFvt) at which the RCF will be calculated
x = arccos (PFvt)
x = arccos (0.85)
x = 31.78833 deg

γd = γt − γ0
γ0 = phase-angle error (min) at the zero calibration test point, from the calibration data
γt = phase-angle error (min) at the upper range calibration test point, from the calibration data

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 Ivt 260 25 310
Actual burden (Vs × Ivt/1 000), VA Bc 18.01 1.72 21.59
Power factor (assumed), ratio PFvt 0.85 0.85 0.85
Phase angle [arccos (PFvt)], deg Θc 31.7883 31.7883 31.7883

Table A-3.1-2 Example VT Calibration Data

Parameter Symbol Phase 1 Phase 2 Phase 3
Burden at calibration zero point, VA B0 0 0 0
Burden at upper cal. test point, VA Bt 200 200 200
Power factor at upper calibration test point, ratio PFt 0.85 0.85 0.85
Phase angle at upper calibration test point, deg Θt 31.78833 31.78833 31.78833
RCF at B0, ratio RCF0 0.9979 0.9982 0.9978
RCF at Bt, ratio RCFt 1.00105 1.00104 1.00110
Phase-angle error at B0, min γ0 0.5 0.4 0.5
Phase-angle error at Bt, min γt −0.46 −0.44 −0.49
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The ratio correction factor RCFc can now be calculated.

= + × [ × + × × ]
= + × [ × + × × ]

B B
B B

RCF RCF ( / ) (RCF cos(31.78833 31.78833) 0.000291 sin(31.78833 31.78833)
RCF ( / ) RCF cos(0) 0.000291 sin(0)

c c t d d

c t d d

0

0

For phase 1, the RCFc 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 calculated VT phase-angle errors (γc) at the measured burdens are calculated as follows. A sample calculation for
the phase-angle error for phase 1 is shown below:

= +
= +
=
=

B B( / )( )
0.5 (0.09005)( 0.46 0.5)
0.5 0.08645
0.4136 min (or 0.006893 deg)

c c t t0 0

A-3.4 CT Ratio Correction Factors

As explained earlier, existing plant CTs were used for the test, and typical “type” calibration data were used for their
analysis. 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 themagnitude of the current and the danger of accidentally opening

the CT circuit in any attempts tomeasure the current, the primary current from the test is in kilowatts, vars, and voltage.
The primary current was calculated to be about 4 000 A, or 40% of rated current, and the CT ratio correction factors
(CTRCFs) 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%primary
current, CT phase-angle errors (β) of +0.5 min are obtained for each phase from Figure A-3.4-2.

A-3.6 Phase-Angle Correction Factors

Using the phase-angle errors determined above, the primary side phase angle (Θ) between the current and voltage for
each phase are calculated, as shown in the following example for phase 1:

= +
= +
=

(8.922151 0 0.008333 0.006893)
8.92359 deg

s c

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 γc 0.4136 0.3928 0.3931

CT Correction Factors
CT percent of primary rated current, % … 39% 40% 40%
CT ratio correction factor (from calibration curve), min CTRCF 1.00017 1.00017 1.00017
CT phase-angle error (from CT calibration curve), min β 0.50 0.50 0.50

Phase-Angle Correction Factors
Phase angle (at measured secondary power factor), deg Θs 8.92215 10.7348 10.1986
Wattmeter phase-angle error (assumed), deg α 0.0 0.0 0.0
CT phase-angle error (in minutes from above/60), deg β 0.008333 0.008333 0.008333
VT phase-angle error (in minutes from above/60), deg γc 0.006893 0.006547 0.006552
True power factor angle (Θs − α + β − γc), deg Θ 8.9236 10.7365 10.2004
Phase-angle correction factor, deg PACF 0.999996 0.999994 0.999994
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where
α = wattmeter phase-angle error, assumed equal to zero, deg
β = CT phase-angle error, deg
Θ = true primary side phase angle, deg
Θs = measured secondary side phase angle, deg
γc = VT phase-angle error, deg

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

PACF PF/PF
cos /cos
cos (8.92359)/cos (8.922151)
0.999996

s
s

A-3.7 VT Voltage Drop Corrections
The testwattmeterswere located in a remotepanel; therefore, theremaybeavoltagedrop fromtheVT to theactual test

watt transducers. Table A-3.7-1 shows example measurements made using two true RMS AC voltmeters. The first step
was to record the voltagemeasured by bothmeters at a common location and to determine an offset difference between
the twometers.Voltmeter1was then left at theVT location, andVoltmeter2wasmoved to thewattmeter location.Voltage
measurements of 30 sec were then made between each phase to neutral simultaneously at each location and then
averaged. The readings at the wattmeters were corrected for the meter offset and subtracted from the readings at
the VTs. The differences between the readings were found to be 0.02, 0.04, and 0.06 VAC. Since the voltage at the
wattmeters is lower than at the VTs, the recorded watts and vars will be low, and a VT voltage drop correction
factor (VTVDCF) larger than one will be applied to convert the watt and var readings at the wattmeter location to
what it would have been had the meters been directly connected to the VTs.

Figure A-3.4-1 Sample CT Ratio Correction Factor Curve
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