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Abstract

Standard resistors that are used to measure current and are designed to dissipate relatively high
levels of power are known as current shunts. This paper will discuss some of the many different
types of single range current shunts in use today, and describe self-heating effects and errors
associated with specific current shunt designs.

The importance of the length of time it takes for some shunts to reach both temperature
equilibrium and resistance equilibrium will be discussed. Because of the effects of non-uniform
temperature distribution, these are not the same length of time for some shunts and may depend
on the location of the temperature sensor. Other topics include how errors in measuring current
shunts can be reduced by making symmetric, low-resistance connections and considering how
the current distribution and the placement of the potential terminals affect the measurement.

1. What is a Current Shunt?

In general, standard resistors are measured at 10 mW or less to reduce self-heating and for quick
stabilization of the measurements. The drift characteristics of the resistor are more predictable at
low power and the level of uncertainties is reduced significantly. These resistors are generally
sealed and if used at 1 W or above, a change in the value and drift characteristics will occur.

Resistors used for higher currents are not sealed but expose the resistive element. This
Reichsanstalt design [1,2] was commercialized by the Otto Wolff Company” in Berlin and is
preferred for low value (less than 1 Q) high power (greater than 0.1 W) resistors. It is generally

* Quantum Electrical Metrology Division, Electronics and Electrical Engineering Laboratory. NIST is part of the
Technology Administration, U.S. Department of Commerce. Official contribution of the National Institute of
Standards and Technology, not subject to copyright in the United States.

# Certain commercial equipment, instruments, or materials are identified in this paper to specify the experimental
procedure adequately. Such identification is not intended to imply recommendation or endorsement by the National
Institute of Standards and Technology, nor is it intended to imply that the materials or equipment identified are
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known that these resistors should be used in stirred oil to aid in cooling and prevent a permanent
change in value, which will occur if used in air at the rated current.

A current shunt is a resistor that is designed to dissipate high levels of power in air. The majority
of standard precision shunts were designed to dissipate 90 W to 100 W at full current with a
typical 400 nQ/Q total change from minimum to maximum current. Figure 1 shows the
difference in size and construction of a Reichsanstalt standard resistor rated at 1 W and two
ribbon current shunts rated at 100 W, all of which are a nominal value of 10 mQ The smaller
resistor at center is of the NBS-Type design [1,2] shown for size comparison only.

Figure 1. Example of 10 mQ 100 amp ribbon shunts and 10 mQ Reichsanstalt resistor element.
2. Construction of Current Shunts

There are basically two different type of construction for precision current shunts as shown in
Figure 2. There is the ribbon shunt, which is constructed with a continuous strip of resistive
material with one or more folds. The other type is the parallel element shunt, which has several
bars of resistive material attached to large copper or brass blocks on each end with the potential
terminals closest to the parallel elements. When the heavy current leads are attached to the large
blocks they must be connected so that the current will flow evenly through each of the parallel
elements.
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Figure 2. Shown from left to right are a 0.1 QO / 15 A ribbon shunt, a 0.01 Q /100 A
ribbon shunt, a 10 uQ /3000 A parallel element shunt, and a 100 nQ / 1000 A
parallel element shunt.

The resistance/temperature curve is found by measuring the shunt at several different current
levels and plotting the equilibrium points. Equilibrium is obtained when the temperature and
resistance of the shunt reach a steady state at the current level being measured. The precision
resistance material Manganin [1], an alloy of Copper, Manganese, and Nickel is the material that
is used in most high current shunts. Figure 3 shows the Manganin resistance/temperature curve
for a 1500 A parallel element shunt. The resistance change at low temperature is about 16
(u€Y/Q) / °C then decreases before peaking close to 55 °C. Figures 4 and Figure 5 show different
behaviors of Manganin current shunts as measured at NIST. Similar behaviors were described in
reference 3. Figure 6 shows the resistance/temperature curve of a parallel element shunt of an
unknown type of copper alloy. Equilibrium at maximum current occurs at a higher temperature
than would be expected of Manganin.
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1500 Amp Parallel Element Shunt (Nominal Value 40 mQ)
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Figure 3. Equilibrium curve for the parallel element Manganin 1500 A shunt
shown in Figure 2 (third from the left) shows the resistance/temperature curve
peaking around 55 °C. The resistance change is about 16 (u€/Q) /°C at low
temperature.

100 Amp Single Range Ribbon Shunt (Nominal Value 10 mQ)
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Figure 4. Equilibrium curve for the ribbon type Manganin 100 A shunt shown in
Figure 2 (second from the left) shows the resistance/temperature curve peaking
around 41 °C. The resistance change is about 11 (u€2/Q) / °C at low temperature.
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100 Amp Single Range Ribbon Shunt (Nominal Value 10 mQ)
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Equilibrium curve for the ribbon type Manganin 100 A shunt shown in Figure 1 (far

right) shows the resistance/temperature curve does not reach a maximum. This shunt has about
25 (nQ/Q) / °C slope in first portion of the equilibrium curve.
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1000 Amp Single Range Shunt (Nominal Value 100 mQ)
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Figure 6. Equilibrium curve for the parallel element 1000 A shunt shown in Figure 2 (far right)
of an unknown copper alloy. This shows the resistance/temperature curve does not reach a
maximum at the rated current. This shunt has about 24 (uQ/Q) / °C slope in first portion of the

equilibrium curve.
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3. Temperature Sensors

In the past, shunts were calibrated at specific currents and temperature was not measured.
Resistance equilibrium was reached at a specific current level and then the resistance reported for
that current. A need for improved uncertainty for shunt calibration required measurement of the
element temperature. The most cost effective way to accomplish this task is to attach a
thermocouple [4] to the shunt element.

A thermocouple is a thermoelectric sensor consisting of two dissimilar metals joined together at
one end, preferably welded. When the junction of the two metals is heated or cooled a
thermoelectric voltage is produced that can be correlated to temperature. There are EMF-
Temperature tables for the different types of thermocouples when used with a second, reference
junction, or there are electronic thermocouple readouts that have internal references. NIST
prefers to attach thermocouples to all high current shunts that are calibrated, so that a
resistance/temperature curve can be generated. NIST will attach a Type T (Copper-Constantan)
thermocouple free of charge. The thermocouple is attached with an epoxy to the center of the
ribbon or the center element of the shunt.

The resistance/temperature curve that is generated when using an attached thermocouple
provides more accurate temperature values and improved resistance uncertainties. This curve
allows the end user to measure current more accurately before the shunt reaches equilibrium.

4. Current Cable Connections

The connection of current leads is critical for shunt accuracy [5,6]. Figure 7 shows incorrect
current connections. The current is only conducting through the left side elements of the shunt.

Figure 7. Incorrect current cable connections for this type of parallel element shunt.
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In Figure 8, the solid circular dots illustrate the error in resistance that was measured at 350 A
after reaching equilibrium for the current connections shown in Figure 7. The open triangle
points with the solid regression line are the equilibrium curve using correct current cable
connections shown in Figure 9. The current is flowing through all the parallel elements evenly.
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Figure 8. Correct current cable connection equilibrium curve and results with incorrect
connection.

Figure 9. Correct current cable connections for this type of parallel element shunt.
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5. Applied Current Self-Heating Versus External Heating

Some shunts require several thousand amperes for proper calibration. Presently there is only one
commercial 2000 A system available to calibrate shunts. Some laboratories have developed an
alternative method of using an external source to heat the shunt. Is it possible to retain the same
uncertainties for the resistance/temperature curve with artificial heating?

In Figure 10, a 15 A ribbon shunt was measured with applied current after reaching equilibrium
to obtain the solid line with open triangles equilibrium curve. The shunt was then immersed in a
circulating oil bath. The current applied for the oil bath measurements was 100 mA so that no
self heating was introduced, and the temperature of the oil bath was varied. The open circles
with the dashed curve are the result of the heating of the shunt with circulating oil, and this
tracks the self-heating curve.
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Figure 10. 15 A ribbon shunt self-heating equilibrium curve vs. external heating curve.

In Figure 11, a 100 A ribbon shunt was measured with applied current to obtain the solid black
equilibrium curve with open triangles. The shunt was then immersed in a circulating oil bath.
The current applied for the external heating measurements was 3.16 A (100 mW) so that no self-
heating was introduced and the temperature of the oil bath was varied. The dashed curve with
open circles shows the results of the heating of the shunt with circulating oil. This again tracks
the self-heating curve but with the maximum difference of 8 pn/Q.
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100 Amp Single Range Ribbon Shunt (Nominal Value 10 mQ)
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Figure 11. 100 A ribbon shunt self-heating equilibrium curve vs. external heating curve.

The tests of external heating conducted to date indicate that direct heat in a circulating oil bath
can reproduce the equilibrium curve using applied current. The error seen in the 100 A shunt in
Figure 11 may result from the shunt being more evenly heated with the circulating oil on the
entire surface of the element. When heated only with applied current, air currents are flowing
continuously over the shunt element. The different parts of the resistive element will have
different temperatures in air. The temperature differences or gradient may cause a change in the
measured resistance.

In future tests we will heat the air around the shunt to see if the same equilibrium curve can be
obtained. It would be much more practical to use heated air rather than immersing shunts in oil.
Oil cannot be removed from all surfaces of the shunt and the heated oil residue could be a hazard
when full current is applied.

6. Summary

To achieve better uncertainties for high current shunts a resistance/temperature curve must be
generated. Accomplishing this requires permanently attaching a thermocouple to the resistive
element. Once the resistance/temperature equilibrium curve has been established the shape does
not change but the resistance will drift as does a typical resistance standard. The correct
connection of current cables to some high-current shunts is crucial in preventing errors in the
measured resistance values. Resistance/temperature equilibrium curves can be generated by self-
heating using applied current, and we will investigate how external heating may be used at or
near the uncertainties of self-heating.

2006 NCSL International Workshop and Symposium



References

1. R.F.Dziuba, "The NBS Ohm: Past-Present-Future," Proceedings of 1987 Measurement Science
Conference, Session No. VI-A, pp. 15-27, Jan. 29-30, 1987.

2. E.B.Rosa, "A New Form of Resistance Standard," Bulletin of the Bureau of Standards, Vol. 5, No.
3, Reprint No. 107, pp. 413-434, 1908-1909.

3. D. W. Braudaway, “Behavior of Resistors and Shunts: With Today’s High-Precision Measurement
Capability and a Century of Materials Experience, What Can Go Wrong?: IEEE Transactions on
Instrumentation and Measurement 1999, Vol. 48, No. 5, pp. 889-893.

4. R.M. Besancgon, "The Encyclopedia of Physics 3rd Edition," Van Nostrand Reinhold Co. Ltd., New York,
1985, pp. 1236-1239.

5. F.K. Harris, Electrical Measurements. New York: Wiley, 1952, pp. 220-224.

6. R.E. Elmquist, D. G. Jarrett, G. R. Jones, M. E. Kraft, S. H. Shields, R. F. Dziuba, "NIST Measurement
Service for DC Standard Resistors," Nat. Inst. Stand. and Tech. (U.S.), NIST Technical Note 1458, Jan.
2004.

2006 NCSL International Workshop and Symposium




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


