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1. Describing of the Measuring Method

1.1. Traceability chart and the reference standard of CMI

The traceability chart for AC-DC current transféfetence is on Figure No. 1. For AC-DC
difference measurements.

In the first step two working standards (10mA/1\WBPMJTCSs) are characterized by a
reference standard (10mA/1VRM®PMJITC), calibrated in PTB. By using these two viragk
PMJTCs and current shunts the whole AC-DC curréferénce scale up to 20 A is derived.
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Fig. 1 CMI's traceability chart for AC-DC current transfe

Our reference standard is planar multijunctionrtrarconverter 1V/10mA/90 produced by
IPHT Jena, Serial No. 6 PTB/IPHT 1996. Its lasttration was at PTB in 2008.

1.2. AC-DC current transfer difference calibration of the travelling
standard at 10 mA

The reference standard (REF) and the travellingdstal (device under test, DUT) were
connected in series using CMI made series T coanéste Fig. 2).



The reference standard was at high potential aadrévelling standard was at low potential.
Both the input and the output of the travellingnstard were earthed. The output of the
reference standard was earthed.

The AC and DC currents of 10 mA were supplied diyeoy AC and DC voltage calibrators
and switched by an automatic switch. The switch wegle in METAS, Switzerland. Two
digital nanovoltmeters were used for measurememta&s output voltages.
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Fig. 2 Measurement system for 10 mA

The sequence of the measurements was: AC, DC+,D&:, AC with the time delay of 40
second between switching of an AC/DC voltage (eujren the switch and the reading of
TCCs output voltages. Averaging of the output \gatafor dc and ac results was made. Taking
the differences of the output voltages at AC and fDCthe reference (REF) and travelling
(DUT) standard, the ac-dc difference between th&sestandard®,,.,s was calculated:

_ UO_REF_AC _UO_REF_DC UO_DUT_AC _UO_DUT_DC
JMEAS = -

nREFUO_REF_DC nDUTUO_DUT_DC
The AC-DC transfer difference of travelling stardlat 10 mA d;g,,n Was got after adding
the known ac-dc transfer difference of the refeeestandardq :
O10ma = Omeas + ORer -

Each measurement sequence for one frequency weaateepl0 times and the mean value and
standard deviation were calculated.



1.3. AC-DC current transfer difference calibration of the travelling
standard at 5 A

The standards were connected in series using CMlensaries T connector. The AC a DC
currents were applied through the transconductangdifier which was alternately connected
to the DC and AC voltage source using automatetthvV@FMET (see Fig. 3).

In step up procedure up to 5 A (see Fig. 1) twosueaments were done for each current step.
First, the reference standard was placed at higkngal and calibrated standard at low
potential. Second, the positions of reference alithrated standard were interchanged. Final
value of AC-DC current difference of calibratedngtard was calculated as average of these
two measurements. During the measurements the amulithe output of the standard at low
position were earthed and also the output of thiedstrd at high position was earthed.

At 5 A was the travelling standard compared wite tieference standard as follows: The
reference standard was at high potential and #welling standard was at low potential. Both
the input and the output of the travelling standarte earthed. The output of the reference
standard was earthed.
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Fig. 3 Measurement system upto 5 A

The sequence of one measurement was: AC, DC+, AT, BC with the time delay of 40
second between switching of an AC/DC voltage on shétch and the output voltage of
PMJTCs measurement. Averaging of the output vodiaige ac and dc results was made.
Taking the differences of the output voltages at &@l DC for the reference (REF) and
calibrated (DUT) standard, the ac-dc differencevieen these two standards was calculated:

_ UO_REF_AC _UO_REF_DC UO_DUT_AC _UO_DUT_DC
5MEAS - U - U .
NeerYo rer Dc NpurYo pur be



The AC-DC transfer difference of tested standagg (for low or high potential position)
was got after adding the known ac-dc transfer wifiee of the reference standéggd :

OpuT = Omeas * Orer

Each measurement sequence for one frequency weateelplO times, the mean value and
standard deviation were calculated.

2. Ambient Conditions of the Measurement

Min Max
Ambient temperature / °C 22,4 23,4
Relative humidity / % 48 59
Pressure / hPa 963 986

3. Other Influence Parameters

Frequency of the measuring signal:

Nominal frequency

10Hz | 55Hz| 1kHz 10kHz| 20kHi 50kHE 100 kHz
Measuring
10,000 05 55,000 3 1,000 006 10,000 06d 20,000 12 50,000 3d 100,000 64
frequency
Expanded | 4 00 05| 00003 0,000 003,000 002| 0,00002 000002 0,000 02

uncertainty

4. Detailed Uncertainty Budget

Combined uncertainty for the calibration at 10 nrsAgiven by the following equation:
U?(J10ma) = u? (Orer ) + U2(55_DUT )"‘ u®(der-up )+ u*(conn)

+ U2(5FREQ)+ u®(Sremp )

where u?(J, ) is contribution of reference standard (PMJTC),
uz(JS_DUT) Is contribution of reproducibility of measured DYTAC-DC difference
(standard deviation),

u
u
u
u

2(0gr_yp) is contribution of measuring set-up,
2(3eonn ) is influence of used connectors,

2 JFREQ) is contribution of frequency dependence,
2(3.p ) is contribution of temperature dependence.

Uncertainty budget for the calibration at 10 mA#culated in Table 1.

Table 1 Uncertainty budget for the calibration @A



Contribution of frequency (kHz) Type A/B | Distribution
0,01 | 0,055 1 10 20 50 100
reference standard 15 15 15 15 15 15 15 B Normal
reproducibility 0,5 0,5 0,5 0,5 0,5 0,5 0,5 A Normal
frequency 0 0 0 0 0 0 0,1 B Normal
temperature 0,5 0,5 0,5 0,5 0,5 0,5 0,5 B Rectangular
connectors 0,2 0,2 0,2 0,2 0,2 0,2 0,2 B Normal
measuring set-up 1 1 1 1 1,5 2 2 B Normal
combined uncertainty (k=1) 2,0 2,0 2,0 2,0 2,2 2,6 2,6
expanded uncertainty (k=2) 4.0 4,0 4,0 4.0 4.4 5,2 5,2

Combined uncertainty for the calibration of DUT3@mA, 100 mA, 300 mA, 1 Aand5 A
(see the step-up scheme on Fig.1) is given bydih@fing equation:

u®(dpyr) = U2(5REF )+ U2(58_DUT )+ UZ(JSET—UP)+ u*(JeveL ) + U2(5CONN )

+u2(5FREQ)+u2(§I'EMP)’

where u?(J ) is contribution of reference standard,
uz(JS_DUT) is contribution of reproducibility of measured AR difference (standard

deviation),
JSET_UP) is contribution of measuring set-up,

JLEVEL) Is contribution of level dependence,

(Oconn ) is influence of used connectors,

2(5FREQ) is contribution of frequency dependence,
(3 )is contribution of temperature dependence.

Uncertainty budget for the step-up procedure iswtated in Table 2.



Table 2 Uncertainty budget for the step-up procedyrto 5 A

Current Reference | Calibrated Contribution of frequency (kHz) Type A/B | Distribution
standard | standard 0,01 {0,055| 1 10 20 50 | 100
reference standard 15 15 15 15 15 15 15 B Normal
10mA [PMJTCn.6| PMJTCn.1 reproducibility 3 1,7 1,7 1,7 1,7 1,7 1,7 A Normal
with level dependence 0 0 0 0 0 0 0 B Normal
30 mA frequency 0 0 0 0 0 0 0,1 B Normal
shunt temperature 0,5 0,5 0,5 0,5 0,5 0,5 0,5 B Rectangular
connectors 2 1,5 1,5 1,5 15 15 2 B Normal
measuring set-up 1 1 1 1 2 3 8 B Normal
combined uncertainty (k=1) 4,1 29 2,9 29 3,4 41 8,6
expanded uncertainty (k=2) 8 6 6 6 7 8 17
Current Reference | Calibrated Contribution of frequency (kHz) Type A/B | Distribution
standard | standard 0,01 [0,055| 1 10 20 50 | 100
reference standard 4,1 29 29 29 3,4 41 7,6 B Normal
30mA | PMJTCn.1| PMJTCn.4 reproducibility 3 1,7 1,7 1,7 1,7 1,7 2 A Normal
with with level dependence 2 2 2 2 2 2 2 B Normal
30 mA 100 mA frequency 0 0 0 0 0 0 0,1 B Normal
shunt shunt temperature 0,5 0,5 0,5 0,5 0,5 0,5 0,5 B Rectangular
connectors 2 1,5 15 1,5 15 15 2 B Normal
measuring set-up 1 1 1 1 2 3 8 B Normal
combined uncertainty (k=1) 59 4.4 4.4 4.4 5,0 5,9 12,2
expanded uncertainty (k=2) 12 9 9 9 10 12 24
Current Reference | Calibrated Contribution of frequency (kHz) Type A/B | Distribution
standard standard 0,01 |0,055| 1 10 20 50 | 100
reference standard 59 4.4 4,4 4.4 5,0 59 10,9 B Normal
100mA | PMJTC n.4 | PMJTCn.1 reproducibility 1,7 1,7 1,7 1,7 1,7 1,7 1,7 A Normal
with with level dependence 2 2 2 2 2 2 2 B Normal
100 mA 300 mA frequency 0 0 0 0 0 0 0,1 B Normal
shunt shunt temperature 0,5 0,5 0,5 0,5 0,5 0,5 0,5 B Rectangular
connectors 2 1,5 1,5 1,5 15 15 2 B Normal
measuring set-up 1 1 1 1 2 3 8 B Normal
combined uncertainty (k=1) 6,8 5,4 5,4 5,4 6,2 7,3 15,0
expanded uncertainty (k=2) 14 11 11 11 12 15 30




Current Reference | Calibrated Contribution of frequency (kHz) Type A/B | Distribution
standard standard 0,01 [0,055| 1 10 20 50 | 100
reference standard 6,8 5,4 54 54 6,2 7,3 13,4 B Normal
300mA | PMJTC n.1 | PMJTC n.4 reproducibility 5 1,5 15 1,5 15 15 1,5 A Normal
with with level dependence 2 2 2 2 2 2 2 B Normal
300 mA 1A frequency 0 0 0 0 0 0 0,1 B Normal
shunt shunt temperature 0,5 0,5 0,5 0,5 0,5 0,5 0,5 B Rectangular
connectors 2 1,5 15 1,5 15 15 2 B Normal
measuring set-up 1 1 1 1 2 3 8 B Normal
combined uncertainty (k=1) 9,0 6,3 6,3 6,3 7,2 8,4 17,3
expanded uncertainty (k=2) 18 13 13 13 14 17 35
Current Reference | Calibrated Contribution of frequency (kHz) Type A/B | Distribution
standard | standard 0,01 [0,055| 1 10 20 50 | 100
reference standard 9,0 6,3 6,3 6,3 7,2 8,4 15,5 B Normal
1A PMJTC n.4 | PMJTC n.1 reproducibility 7 4 4 4 4 4 4 A Normal
with with level dependence 2 2 2 2 2 2 2 B Normal
1A 5A frequency 0 0 0 0 0 0 0,1 B Normal
shunt shunt temperature 0,5 0,5 0,5 0,5 0,5 0,5 0,5 B Rectangular
connectors 2 1,5 1,5 1,5 15 15 2 B Normal
measuring set-up 1 1 1 1 2 3 8 B Normal
combined uncertainty (k=1) 11,8 79 7,9 79 8,8 10,1 | 19,7
expanded uncertainty (k=2) 24 16 16 16 18 20 39
Current Reference | Calibrated Contribution of frequency (kHz) Type A/B | Distribution
standard | standard 0,01 [0,055| 1 10 20 50 | 100
reference standard 11,8 7.9 7.9 7.9 8,8 10,1 | 17,7 B Normal
5A PMJTC n.1 | Travelling reproducibility 2 2 2 2 2 2 2 A Normal
with standard level dependence 2 2 2 2 2 2 2 B Normal
5A frequency 0 0 0 0 0 0 0,1 B Normal
shunt temperature 0,5 0,5 0,5 0,5 0,5 0,5 0,5 B Rectangular
connectors 2 1,5 15 1,5 15 15 2 B Normal
measuring set-up 1 1 1 1 2 3 8 B Normal
combined uncertainty (k=1) 12,4 8,6 8,6 8,6 9,6 11,1 | 21,5
expanded uncertainty (k=2) 25 17 17 17 19 22 43




5. Results of the Measurements

Measuring result:

Measured ac-dc current difference 710

Current at frequency
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHg 100 kiHz
10 mA 57 -0,1 0,7 1,0 1,7 2,7 7,5
5A 2 0 -2 -12 -23 -46 -70
Expanded uncertainty:
Expanded uncertainty / 0
Current at frequency
10 Hz 55 Hz 1 kHz 10 kHzl 20 kHz 50 kHg 100 kiHz
10 mA 4,0 4,0 4,0 4,0 4.4 5,2 5,2
5A 25 17 17 17 19 22 43
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Measurement Report of PTB

Measurement setup

The measurement setup and the build-up of the scales is described in detail in:
T. Funck, “Rebuilding of the Scales for AC-DC Transfer at PTB with Reduced Uncertainties
of Measurement” CPEM 2012 digest, July 2012.

Rebuilding of the Scales for AC-DC Transfer at PTB

with Reduced Uncertainties of Measurement

Torsten Fumnchk
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The transfer standard was connected in series with an appropriate PTB standard for ac-dc
current transfer difference using a special T-joint. This series connection was alternately
supplied with alternating current and direct current of different polarity. The output voltages
of both standards were recorded and the ac-dc current transfer difference of the transfer

standard was calculated.

The PTB standard used is described in detail in:
L. Scarioni, M. Klonz, and T. Funck “Quartz Planar Multijunction Thermal Converter as a

New AC-DC Current Transfer Standard Up to 1 MHz,” IEEE Trans. Instrum. Meas., vol. 54,
no. 2, pp 799 - 802, April 2005.



Definition of the measurand

The measurand is ac-dc current transfer difference &, which is defined as

— Idc
Idc

where I, is an rms ac current, and Iy is a dc current which, when reversed, produces the
same mean output response as the rms ac current.
Ac-dc current transfer differences are expressed in microamperes per ampere (MA/A) and a
positive sign indicates that an ac current larger than the dc current was required to produce

the same output response.

Measurement procedure

The measurement procedure using potential driven guarding is described in detail in:
T. Funck and M. Klonz “Improved Ac-dc Current Transfer Step-Up with New Current Shunts
and Potential Driven Guarding” IEEE Trans. Instrum. Meas., vol. 56, no. 2, pp 361 - 364,

April 2007

Reference standard

The reference standard used is considered to be a primary standard. This is described in

detail in:

L. Scarioni, M. Klonz, and T. Funck “Quartz Planar Multijunction Thermal Converter as a
New AC-DC Current Transfer Standard Up to 1 MHz,” IEEE Trans. Instrum. Meas., vol. 54,
no. 2, pp 799 - 802, April 2005.

Measurement results

Measurement Results of PTB:

Measured ac-dc current difference at frequency

10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA +6,6 HA/A|  -0,0pA/Al 0,1 uA/A +0,4 puA/Al +1,0 yA/A] +09 uA/A]  +2,3 LA/A
5A +1 HA/A +0 pA/A -0 pA/A -10 pA/A -20 pA/A -40 pA/A -50 pA/A
Expanded Uncertainties of PTB:
Expanded uncertainty at frequency
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA 1,8 HA/A 1,0 HA/A 0,7 uA/A 0,8 uA/A 0,9 uA/A 1,3 pA/A 2,0 yA/A
5A 6 HA/A 5 uA/A 5 uA/A 6 uA/A 7 uA/A 11 puA/A 17 uA/A
Measurement Frequencies of PTB:
Nominal frequency
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
Measured
frequency 10,00 Hz 55,00 Hz 1,000 kHz, 10,00 kHz| 20,00 kHz| 50,00 kHz| 100,0 kHz
Expanded 002Hz  002Hz 0002kHZ 002kHz 002kHz 002kHzZ  02kHz

uncertainty




Ambient conditions

Environmental parameters:

Min Max Remarks
Ambient temperature 21,5°C 24,8 °C U=0,2 °C
Relative humidity 45,0 % 59,8 % U=2%
Atmospheric pressure 991,8 hPa| 1021,2 hPa U unknown

Uncertainty budgets

The sources of uncertainty are described in detail in:
T. Funck, “Rebuilding of the Scales for AC-DC Transfer at PTB with Reduced Uncertainties
of Measurement” CPEM 2012 digest, July 2012.

At 10 mA the sources of uncertainty are:
+ the uncertainty of the calculable standard

+ the uncertainty of the comparison
» the standard deviation of measurements
» the deviation between different measurement setups

At 5 A the sources of uncertainty are:
» the uncertainty of the step-up, i.e. of the 5-A-standard

» the uncertainty of the comparison
» the standard deviation of measurements
» the deviation between different measurement setups

The detailed uncertainty budgets according to the “ISO Guide to the Expression of
Uncertainty in Measurement” look like this:




Uncertainty budgets for 10 mA

10 Hz
Parameter X, | Dxors | pistribution | ulx) | ¢ u(y) ul(y) Ny, UV
a, 0,3 pA/A normal 0,30 pA/A| 1 0,30 yA/A| 0,090 (LA/A)? 50| 1,620E-4 (WA/A)"4
e8 0,2 yA/A normal 0,20 pAVA| 1 0,20 uA/A| 0,040 (LA/A)? 50|  3,200E-5 (A/A)"4
Standard deviation 1,8 LA/A normal 0,52 pA/A| 1 0,52 yA/A| 0,270 (LA/A)? 11| 6,627E-3 (WLA/A)"4
Max.dev. from mean 1,0uA/A| rectangular | 0,58 pA/A| 1 0,58 LA/A| 0,333 (LA/A)?| 10.000 1,111E-5 (UA/A)M
0,86 pA/A| 0,733 (LA/AY? 79| 6,832E-3 (WA/A)M
1,71 pA/A k=2
55 Hz
Parameter X; Dx ors | pistribution |  U(x) c u(y) uAy) N UV o,
a, 0,1 pA/A normal 0,10 pA/A| 1 0,10 uA/A| 0,010 (LA/A)? 50| 2,000E-6 (LA/A)4
a 0,2 yA/A normal 0,20 pA/A| 1 0,20 A/A| 0,040 (LA/A)? 50|  3,200E-5 (LA/A)M
Standard deviation 0,7 pA/A normal 0,20 pA/A| 1 0,20 yA/A| 0,041 (LA/A)? 11| 1,516E-4 (WA/A)"
Max.dev. from mean 0,6 uA/A| rectangular 0,35 pA/A| 1 0,35uA/A| 0,120 (LA/A)?| 10.000 1,440E-6 (UA/A)M4
0,46 uA/A| 0,211 (UA/A)? 238| 1,870E-4 (WA/A)M
0,92 pA/A k=2
1000 Hz
Parameter X; Dx ors | Distribution |  u(x) G u(y) uAy) N, UHYIY
a, 0,1 pA/A normal 0,10 pA/A| 1 0,10uA/A| 0,010 (LA/A)? 50|  2,000E-6 (WA/A)"4
a 0,2 yA/A normal 0,20 pA/A| 1 0,20 yA/A| 0,040 (LA/A)? 50|  3,200E-5 (A/A)™4
Standard deviation 0,7 pA/A normal 0,20 pAVA| 1 0,20 uA/A| 0,041 (LA/A)? 11| 1,516E-4 (WA/A)"
Max.dev. from mean 0,2pA/A| rectangular | 0,12pA/A| 1 0,12pA/A| 0,013 (UA/A)?| 10.000|  1,778E-8 (LA/A)M
0,32 uA/A| 0,104 (LA/A)? 58| 1,856E-4 (LA/A)M
0,65 pA/A k=2
10.000 Hz
Parameter X Dx,ors | Distribution |  U(X) c u(y) uAy) N 7R (7
a 0,1 pA/A normal 0,10 pA/A| 1 0,10 A/A| 0,010 (LA/A)? 50| 2,000E-6 (LA/A)
a 0,2 yA/A normal 0,20 pA/A| 1 0,20 A/A| 0,040 (LA/A)? 50|  3,200E-5 (LA/A)™4
Standard deviation 0,2 yA/A normal 0,06 pA/A| 1 0,06 LA/A| 0,003 (LA/A)? 11| 1,010E-6 (WA/A)
Max.dev. from mean 0,5pA/A| rectangular | 0,29 pA/A| 1 0,29 uA/A| 0,083 (LA/A)?| 10.000|  6,944E-7 (ULA/A)M4
0,37 pA/A| 0,137 (UA/A)? 523| 3,570E-5 (UA/A)M
0,74 pA/A k=2
20.000 Hz
Parameter X; Dx,ors | Distribution |  U(x) c u(y) uy) Moty A7/
a 0,1 pA/A normal 0,10 pA/A| 1 0,10 A/A| 0,010 (LA/A)? 50| 2,000E-6 (LA/A)M
28 0,2 yA/A normal 0,20 pAVA| 1 0,20 yA/A| 0,040 (LA/A)? 50|  3,200E-5 (WA/A)"4
Standard deviation 0,7 pA/A normal 0,20 pAVA| 1 0,20 yA/A| 0,041 (LA/A)? 11| 1,516E-4 (WA/A)
Max.dev. from mean 0,5pA/A| rectangular | 0,29 pA/A| 1 0,29 uA/A| 0,083 (LA/A)?| 10.000|  6,944E-7 (LA/A)4
0,42 uA/A| 0,174 (LA/A)? 163 1,863E-4 (LA/A)M
0,83 pA/A k=2
50.000 Hz
Parameter X Dx;ors | Distribution |  U(X) [2 u(y) uy) [ [TR(07
a 0,5 pA/A normal 0,50 pA/A| 1 0,50 A/A| 0,250 (LA/A)? 50| 1,250E-3 (LA/A)4
a 0,2 yA/A normal 0,20 pA/A| 1 0,20 A/A| 0,040 (LA/A)? 50|  3,200E-5 (LA/A)M
Standard deviation 0,7 pA/A normal 0,20 pA/A| 1 0,20 UA/A| 0,041 (LA/A)? 11| 1,516E-4 (WA/A)™M
Max.dev. from mean 0,5uA/A| rectangular 0,29 yA/A| 1 0,29 uA/A| 0,083 (LA/A)?| 10.000|  6,944E-7 (LA/A)
0,64 pA/A| 0,414 (UA/AY? 120 1,434E-3 (LA/A)M
1,29 pA/A k=2
100.000 Hz
Parameter X; Dx ors | Distribution |  u(x) c ufy) uAy) [ UV o,
a, 0,7 pA/A normal 0,70 pAVA| 1 0,70 uA/A| 0,490 (LA/A)? 50|  4,802E-3 (WA/A)"4
a 0,5 uA/A normal 0,50 pA/A| 1 0,50 LA/A| 0,250 (LA/A)? 50| 1,250E-3 (WA/A)™
Standard deviation 1,5 uA/A normal 0,43 pA/A| 1 0,43uA/A| 0,188 (LA/A)? 11| 3,196E-3 (WA/A)"4
Max.dev. from mean 0,5pA/A| rectangular | 0,29 pA/A| 1 0,29 UA/A| 0,083 (LA/A)?| 10.000|  6,944E-7 (LA/A)M
1,01 pA/A| 1,011 (UA/A)? 110  9,249E-3 (LA/A)M
2,01 yA/A k=2




Uncertainty budgets for 5 A

10 Hz
Parameter X Dx ors | Distribution u(x) c ufy) uy) n,, UV,
Stepup 2,8 yA/A normal 2,80 pA/A| 1 2,80 pA/A 7,840 (LA/A)? 50 1,229E+0 (UA/A)M
a 0,5pA/A normal 0,50 pA/A| 1 0,50 pA/A 0,250 (LA/AY? 50 1,250E-3 (LA/A)M4
Standard deviation 1,7 yA/A normal 0,49 pA/A| 1 0,49 pA/A 0,241 (UA/A)? 11 5,273E-3 (WA/A)4
Max.dev. from mean 0,7 yA/A| rectangular 0,40 pA/A| 1 0,40 pA/A 0,163 (UA/A)?|  10.000 2,668E-6 (LA/A)M4
2,91 pA/A 8,494 (LA/A)? 58 1,236E+0 (LA/A)M4
5,83 pA/A k=2
55 Hz
Parameter X, Dx ors | Distribution U(x) 4 u(y) uiy) n,, UV,
Stepup 2,2pA/A normal 2,20 yA/A| A 2,20 pA/A 4,840 (LA/A)? 50 4,685E-1 (LA/A)M
d 0,5 pA/A normal 0,50 pA/A| 1 0,50 pA/A 0,250 (LA/A)? 50 1,250E-3 (LA/A)M4
Standard deviation 1,7 yA/A normal 0,49 pA/A| 1 0,49 pA/A 0,241 (UA/A)? 11 5,273E-3 (WA/A)M4
Max.dev. from mean 0,4 yA/A| rectangular 0,23 pA/A| 1 0,23 pA/A 0,053 (UA/A)?|  10.000 2,844E-7 (LA/A)M
2,32 yA/A 5,384 (LA/A)? 61 4,750E-1 (LAVA)M
4,64 pA/A k=2
1000 Hz
Parameter X, Dx ors | Distribution u(x) c u(y) Uiy) N, UAYIV
Stepup 2,2 yA/A normal 2,20 yA/A| 1 2,20 pA/A 4,840 (LA/A)? 50 4,685E-1 (LA/A)4
a, 0,5pA/A normal 0,50 pA/A| 1 0,50 pA/A 0,250 (LA/AY? 50 1,250E-3 (LA/A)4
Standard deviation 1,7 uA/A normal 0,49 pA/A| 1 0,49 pA/A 0,241 (LA/A)? 11 5,273E-3 (LA/A)4
Max.dev. from mean 1,2 pA/A|  rectangular 0,69 pA/A| 1 0,69 pA/A 0,480 (UA/A)?|  10.000 2,304E-5 (WA/AM
2,41 pA/A 5,811 (LA/A)? 4l 4,751E-1 (LA/A)4
4,82 pA/A k=2
10.000 Hz
Parameter X, Dx ors | Distribution u(x) c ufy) uiy) N, UAYIV
Stepup 2,2uA/A normal 2,20 pA/A| 1 2,20 pA/A 4,840 (LA/A)? 50 4,685E-1 (LA/A)4
a 0,5pA/A normal 0,50 pA/A| 1 0,50 pA/A 0,250 (LA/A)? 50 1,250E-3 (LA/A)M
Standard deviation 3,5pA/A normal 1,01 pA/A| 1 1,01 pA/A 1,021 (UA/A)? 11 9,474E-2 (WA/A)4
Max.dev. from mean 1,7uA/A|  rectangular 0,98 pA/A| 1 0,98 pA/A 0,963 (UA/A)?|  10.000 9,280E-5 (WA/A)4
2,66 pA/A 7,074 (LA/A)? 89 5,646E-1 (LA/A)M
5,32 pA/A k=2
20.000 Hz
Parameter X, Dx ors | Distribution u(x) 4 uyy) Uiy n,, UAYIV
Stepup 3,1pA/A normal 3,10 yA/A| 1 3,10 pA/A 9,610 (LA/A)? 50 1,847E+0 (LAVA)M
d 0,5 pA/A normal 0,50 pA/A| 1 0,50 pA/A 0,250 (LA/A)? 50 1,250E-3 (LA/A)M
Standard deviation 3,5pA/A normal 1,01 pA/A| 1 1,01 pA/A 1,021 (UA/A)? 11 9,474E-2 (WA/A)M
Max.dev. from mean 1,8 yA/A| rectangular 1,04 pA/A| 1 1,04 pA/A 1,080 (LA/A)?|  10.000 1,166E-4 (WA/A)M
3,46 pA/A| 11,961 (LA/A)? 74 1,943E+0 (UA/A)M
6,92 pA/A k=2
50.000 Hz
Parameter X, Dx ors | Distribution u(x) c u(y) Uiy) Ny, UAYIV
Stepup 4,6 yA/A normal 4,60 pA/A| 1 4,60 uA/A| 21,160 (LA/A)? 50 8,955E+0 (LA/A)M
a 0,5pA/A normal 0,50 pA/A| 1 0,50 pA/A 0,250 (LA/AY? 50 1,250E-3 (LA/A)M4
Standard deviation 7,0 yA/A normal 2,02 pA/A| 1 2,02 pA/A 4,083 (LA/A)? 11 1,516E+0 (UA/A)M4
Max.dev. from mean 3,4pA/A| rectangular 1,96 pA/A| 1 1,96 A/A 3,853 (LA/A)?|  10.000 1,485E-3 (UA/A)M4
542 pA/A| 29,347 (LA/A)? 82 1,047E+1 (WA/A)M
10,83 pA/A k=2
100.000 Hz
Parameter Xx, Dx or s | Distribution u(x) cC u(y) uiy) N, UAYIV g,
Stepup 7,5 uA/A normal 7,50 pA/A| 1 7,50 pA/A| 56,250 (LA/A)? 50 6,328E+1 (LA/A)M
a 1,0 uA/A normal 1,00 pA/A| 1 1,00 pA/A 1,000 (LA/A)? 50 2,000E-2 (LA/AYM
Standard deviation 11 pA/A normal 3,18 pA/A| 1 3,18 uA/A| 10,083 (UA/A)? 11 9,243E+0 (UA/A)M
Max.dev. from mean 3,6 UA/A| rectangular 2,08 pA/A| 1 2,08 pA/A 4,320 (UA/A)?|  10.000 1,866E-3 (UA/A)M4
8,46 pA/A| 71,653 (LA/A)? 4l 7,255E+1 (LA/A)M
16,93 pA/A k=2
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Extent of the Calibration

The AC-DC current difference was measured at the following frequencies: 10 Hz, 1 kHz, 10
kHz, 20 kHz, 50 kHz and 100 kHz. The measuring current was 10 mA for the multi junction
thermal converter alone and 5 A for the multi-junction thermal converter plus current shunt as-
sembly. Both measurements have been done with earthed device under test (“low” position in
the series assembly)

Measurement Procedure

At 10 mA, the travelling thermal converter was connected in series with a reference planar mul-
ti-junction thermal converter (FMJTC) previously calibrated by a primary laberatory (BEV). This
converter is the basis for a step up procedure leading to the determination of the AC-DC differ-
ence of a current standard suitable for measurements at 54. This standard was used for the
calibration of the travelling device at the 5A level. The standards for the step-up consist of 2
PMJTCs used in conjunction with a set of shunts manufactured by the Swedish National Me-
trology Laboratory (SP). The setup measures the following guantity;

Voeae +Vocao ¥ Voot ¥ Voe1- y
1 7 AC2 1 = A0
8, =0 +—x—=2 -
m Vocae +Voca- m, Vocre + ¥y
2 >

Where:

&, and &, are, respectively, the AC/DC current difference of the UUT and reference converiers,

Vs, and V... are, respectively, the output voliages responses of the UUT and reference
converters to equal positive current inputs,

Vi, and V. _ are, respectively, the output voltages responses of the UUT and reference
converters to equal negative current inputs,

¥, and V. are, respectively, the output voltages responses of the UUT and reference con-

AC2 ACl
verters to equal AC current inputs,
n,and », are respectively, the exponent of the input-output characteristic of the UUT and refer-

ance convertars.

The nominal magnitudes and rms value of, respectively. the DC and AC current inputs are the
same. The measurand, &, .as defined above can be shown to be equivalent to the definition

given in the technical protocol of the comparison.

The output voltages were measured with two voltmeters using the potential-driven output circuit
technigua to reduce reversal errors. A 2F capacitor was connected at the input of the voltmeter
measuring the reference output {the UUT had a built-in capacitor at its voltage output). The
measurement at the 10mA level was performed in voltage mode, applying an appropriate volt-
age to the reference and travelling standard, connected in series using a current-tee. At the 5A
level, a transconductance amplifier was used to generate the input current.

The frequencies were measured at the voltage output of the calibrator using a calibrated univer-
sal counter and found to be nominal to better than £0.1%.
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Measurement Conditions

The temperature was measured using a calibrated thermometer with the probe placed in close
proximity of the UUT. The humidity was measured with a probe mounted in a fixed location of
the room where the measurements were carried out. The measurement conditions were as fol-

lows:

T(°C) H (%) date
10 mA 234 394 10.08.2012
5A 235 384 19.08.2012

The distribution of ambient temperature and relative humidity are assumed to be uniform about
the mean value within £0.5 °C and 5% respectively.

Current Measurement Results

Measured ac-de current difference (WAfA) at frequency

Current

10 Hz 58 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA 7.1 06 0.4 0.6 0.7 1.6 25
S5A ‘ 1.5 0.0 2.0 -58.0 -18.9 =409 -51.7

Current Uncertainty of Measurement

Expanded uncertainty (uAJA) at frequency

Current

10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA B.3 83 8.3 83 83 8.3 94
5A 12.4 9.9 9.2 10.4 12.3 21.2 31.4
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Frequency Measurement Results

Measured frequency
10 Hz 55 Hz 1 kHz 10 kH=z 20 kHz 50 kHz 100 kHz
measured 10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
expanded 0.01 Hz 0.08 Hz 1Hz 10 Hz 20 Hz 50 Hz 100 Hz
uncertainty
Uncertainty budget:
frequency in Hz
10 ils] 100 10000 | 20000 | 50000 | 100k
current (4] 0.01
raf. std. uncertainty
including drift 4 4 4 4 4 4 4
currant (&) 004
ref: TFMJZ pooled st, dev, AN[ 02 01 041 0.1 01 01 01
leakage currants B R| 06 0.3 0.8 04 ( 04 | 02 | 02
UUT.PTC 17 "n" factor BR| 10 [ 10 10 10 | 10|10 | 10
level dep. of ref. TVC BR| 00 0o 0.0 0.0 an 0.4 0.0
frequency B.R| 0.0 0.0 0.0 00 [ 00 | 00 | 00
reproductivility of setup AN | 01 0.0 0.0 0.0 0.0 01 0.3
Std. uncertaindy 4.1 4.0 4.1 4.0 4.0 4.0 4.1
Uss 8.3 8.3 8.3 83 [ 83 | 83 | 94
freguancy in Hz
10 55 1000 | 10000 | 20000 | 50000 | 100k
cument [A) g
ref. std. uncertainty 54 49 4.6 48 | 52 | 74 | 98
current (&) 5
ref TEMJZ shunt 54 5P | pooled st dev, AMN| 03 0.4 0.3 D5 | &3 | 02 | 02
leakage currents B.R| 08 0.3 0.2 16 | 1.5 | 65 | 47
LILT: PTG 17 + 'n" factor B.R| 10 1.0 10 1.0 1.0 1.0 1.0
shunt 54 BEY level dep. of ref, TVC B.R| 20 0.5 0.0 0o | 00 0.0 0.0
frequency B.R| 00 0o 0.0 0.0 0.0 0.0 0.0
reproductivility of setup AN | 01 0.2 0.1 04 [ 06 | 03 | 04
Std. uncartainiy 6.0 49 4.6 5.1 55 | 99 | 138
Uss 124 | 89 9.2 104 | 123 | 212 | M4

Notes: in the above tables, A, N means type A with normal distribution, B, R means type B with rectangular distribu-

tion. Uss is computed mulliplying lhe standard uncertainty with the coverage factor,
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The effective degrees of freedom for each uncertainty component and the coverage factors are
shown in the following tables.

frequency in Hz
10 55 | 1000 | 10000 | 20000 | 50000 | 100k

current (&) 0.01

pooled st dev. AN |30 30 30 30 30 a0 30
leakage cumenis BR| = 8 ~ e = 5 -~
"n" factor BR| = | = @ | w | w | ©
level dep. of TVO BR| = e = m =0 ea =
frequency B.R| = i b o o i i
reproductibility of setup ANl B 5 ] 5 5 5 5

Effective degrees of freedom 35 33 35 34 i H 8

Coverage factor 204 204 204 204 204 204 2H
frequency.in Hz

10 ] 2 1000 | 10000 | 20000 [ 50000 | 100k
current (A G
pooied si. dev AN | 18 54 o4 L) 26 36 36
laakage curents B.R| = = a4 @ = e o
-nu [ﬂﬂtﬂr B' H ] = L] -] =5 = S
voltage dep. ofref. TVC B,R | = s w0 = = w o
frequ&aw E' R ] o ] o a =] a
reproductibility of setup AN 3 9 g g L ] 6

Effective degrees of freadom 21 52 63 40 g 14 9
Caverage facior 208 201 200 202 226 215 2.3

The reported uncertainty of measurement is stated as the combined standard uncertainty multi-
plied by a coverage factor as specified. The measured value (y} and the associated expanded
uncertainty (U} represent the interval (y £ U) which contains the value of the measured quantity
with a probability of approximately 95 %. The uncertainty was estimated following the guidelines
of the ISO (GUM:1895).

The measurement uncertainty contains contributions originating from the measurement stand-
ard, from the calibration method, from the environmental conditions and from the object being
calibrated. The long-term characteristic of the object being calibrated is not included.
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Appendix 1: Stepping procedure

TEMJ2 calibration BEV at 10 mA
10 A~
T
TEM.J shunt 20 mA
. __—20mA
TFMJ2 shunt 50 mA
50 MA—_
T
TEMJ1 shunt 100 mA
2 _40UmA
TEMJZ shunt 200 mA
200 A~
TFEMJ1 shunt 500 mA
___500mA
‘é_'_,_
TEMJZ shunt 1 A
TA——
-\_g_
TEMJT shunt 2 &
___—3A

TEMJZ shunt 5 A
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Appendix 2: Uncertainty budget for the stepping procedure

Frequency in Hz
10 55 1000 | 10000 | 20000 | 50000 | 1004
from BEV calibration current (4) 001 [ I
standard; TFMJ2 standard uncertainty 40 | 40 | 40 40 | 40 | 40 40
Step n. 1 current (4) 001 ' '
ref: TFMJ2 pooled st dev, AMN| 06 | 05 | 04 | 04 | 04 | 05 03
UUT: TFMJ1 shunt 20 m&  |zakage curments BR| 03 | 02 | 05 | 02 | 03 | 0.1 0.1
"n" factor BR[| 05 | 05 | 05 | 05 | 056 | 05 | 05
lzvel dep. of TVC B.R| 20 05 0.0 0.0 Q.0 0.0 0.0
frequency B.R| 00 DO | 0O | 0O | 0D | 00 | OO
reproductbility of sefup A N | 0.2 03 03 0.2 02 01 01
standard uncerlainty 42 | 41 | 40 | 40 40 40 | 40
Uss 84 | 81 8.1 8.1 8.1 8.1 8.0
Frequency in Hz
10 | 55 | 1k | 10k | 20k | 50k | 100k
previous step: curment (4) 0.0 '
standard uncertainty 42 | 41 | 40 | 40 | 40 | 40 | 40
Step n. 2 current [A) 0.0z
ref: TFMJ1 shunt 20 m&  poalad st. dev, AN 10 14 0.8 F Q.7 09 05
UUIT: TFMJ2 shunt 50 mA&  leakage currents BBN| OB | 04 | 04 | 08 | OF | 15 | 20
"n" factor BR[| 95 | 05 | 05 | 05 | 05 | 05 | 05
level dep. of TVC BR[| 20 | 05 | 00 | 00 | 00 | 00 | Q0
frequency B.R| 00 | 00 | OO | 00 | 00 | 00 | 00
reproductibility of setup A N | 04 0.3 0.z 06 04 11 16
standard uncertainty 45 | 44 | 44 42 | 41 | 44 | 45
Uss 9.1 §7 | 83 | 83 | 83 | 88 | 9.0
Frequency in Hz
10 ] 1k 10k | 20k | S0k | 100k
previous step: current (&) 002
standard uncertainty 45 | 44 | 41 42 | 41 44 | 45
Stepn.3 current (A4) 0.05 i '
ref. TFMJ2 shunt S0 mA  pooled st dev. AN|H 08 | 04 | 05 | 04 | 04 | 04 | 04
UUT: TFM leakage cuments BEM| 03 | 04 | 03 | 08 | 17 | 35 | &5
shunt 100 mA "n" factor BR| 05 | 05 | 05 | 05 | 05 | 05 | 05
level dep. of TVC BR| 20 | 05 0.0 0.0 0.0 0.0 0.0
frequency BR 00 | 00 | 00 | 0.0 0.0 00 | 40
reproductibility of setup AN 03 | 03 | 03 | 0B 15 28 | 441
standard uncertainly 4.8 44 | 42 4.3 45 5.5 6.9
LU 95 | 8.8 | 84 | 85 | 81 | 1.0 | 137
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Frequency in Hz
_ | 10 | 55 | tk | 10k | 20k | S0k | 100k
previous step: current (A) 0.05
standard uncertainty 4.8 4.4 4.2 43 4.5 55 | 639
Stepn. 4 current (4) 01
ref: TFMJ1 shunt 100mA&  pooled st dev. AN| 07 | 06 | 0B | 08 | 08 05 | 05
UUT: TFMJZ leakags cumrents BN | 03 | 01 0.3 | 1.1 15 | 28 | 4.0
shunt 200 ma "n" factor BR| 05 | 05 | 05 | 05 | 05 05 | 05
level dep. of TVC B.R| 20 05 0.0 0.4 0.0 0.0 0.0
frequency BR| 00 | 0O | OO | OO | 00 [ 00 | 00
reproductibility of setup - AN | 02 03 0.3 0.4 04 16 23
standard unceriainty 5.0 4.5 43 4.4 4.8 6.0 1.6
Uss 99 89 8.5 8.9 9.5 | 120 | 152
Freguency in Hz
10 55 1k 10k | 20k | 50k | 100k
previous stap: current (A) 04
standard uncertainty 50 | 45 | 43 | 44 | 48 | BO | TE
Stepn. 5 curent (A) 02 |
ref TFMJZ shunt 200 mA  pooled st dev. AN| OB 0.6 0.9 09 0.8 08 10
UUT: TFMJA leakage currents BN | 01 07 | 045 1B 0.5 11 0.3
shunt 500 ma "n" factar BR| 05 0.5 0.5 0.5 1E 05 05
level dep. of TVC BR| 20 0.5 0.0 0.0 0.0 0.0 0.0
frequency E.R| 00 0.0 0.0 0.0 0.0 0.0 0.0
reproductibility of setup AN | 03 04 0.3 0.4 L& 0.8 0.8
sfandard uncernginty 5.1 4.6 44 | 48 49 B.1 T.7
Uss 103 | 91 | 88 | 94 | 98 | 123 | 154
| Frequency in Hz
I 10 55 1k 10K 20k | S0k | 100K
pravious stao: current (A) B2
standard unceriainty | 54 4.6 4.4 4.6 44 6.1 1.7
Stepn. & current {A) 0.5
ref: TEMJ1 shunt 500mA  pooled st. dev, AN, 04 | 04 | D5 | D5 | D4 | D5 | 04
LUT: TFMJZ shunt 1 A leakage cuments BWN| 03 | 08| 03 | 03 | 03|06 |14
"n" factor BR| 05 | 05| 05| 05 | 05| 05| 05
level dep. of TVC BR| 20 0.5 0.0 0.0 0.0 0.0 0.0
frequency BER| QO | QO | 0D | QO | DO | 0O | OO
reproductibility of setup AN | 02 05 0.4 0.2 02 D4 09
slandard uncerainty | 5.3 4.6 45 | 46 439 6.2 7.8
Uss | 10.6 | 9.3 8.8 8.2 88 | 124 | 156
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Frequency in Hz
10 55 1k 10k | 20k | S0k | 100k
previous siep: current (A) 0.5
standard uncartainty 5.3 4.6 4.5 46 4.9 6.2 7.8
Stepn.7 current (A) 1
ref: TFMJ2 shunt 1 A pealed st. dev. AN 12 03 0.5 05 1) 0.5 08
UUT: TFMJT shunt 2 A lzakage curmrants BN| 03 | 08 | 01 05 | 092 | 1.1 | 08
"n" factor BR| DS | 05 | 05 | 08| 5] 05 | 0B
level dep. of TVC BR| 20 | 05 [ 00 | 00 | QO | 00 | QO
frequency BR| OO | 00 (00| 00| QO] 00| QO
reproductibility of setup  A/N| 03 | O4 | 02 | 04 | 07 | 08 | 13
standard uncertainty 56 | 47 [ 45 | 47 | 50 | 63 | &0
Uss 114 24 2.0 94 | 101 | 126 | 1589
Frequency in Hz
10 55 1k 10k | 20k | 50k | 100k
previous step: current (A} ]
standard uncertainty 56 | 47 | 45 | 47 | 50 | 63 | &0
Stepn. 8 curent (A} 2
ref TFMJ1 shunt 2.4 pooled st dev. ANl 0B | 10 | 06 | 08 | 08 | 08 | 06
UUT: TEMJ2 shunt 5 A leakage cumants BN | 04 0z | o1 0.8 1.1 46 | 69
"n" factor BR{ 05 0.5 0.5 0.5 0.5 0.5 0.5
level dep. of TVC BR| 20 | 05 | 00 | 00 [ 0O | 00 | QO
frequency BR{ 00 Q.0 Q.0 0.0 0a 0.0 00
reproducibility of setup AM| 03 | 04 | 02 | 05 05 25 | 43
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Report on measurement results from
JV measurements on the EURAMET-
K.12 AC-DC difference audit devices.

Definition of Measurand
AC-DC current transfer difference is defined as

where |, is the rms ac current, and lq4c is a dc current which, when reversed, produces the same mean
output response as the rms ac current. Differences are expressed in uA/A, and a positive sign signifies
that more ac than dc current was required for the same output response.

Description of the measurement setup

In the measurement setup in Figure 1, a current shunt, a Thermal Voltage Converter (TVC) or a
combination of a current shunt and a TVC can be compared to the AC-DC current transfer difference
of either a reference shunt, a reference TVC or a combination of the two.

The main components of the measurement setup are

e A DCvoltage source, typically a Fluke 5700A calibrator

e An AC voltage source, typically a Fluke 5700A calibrator

e A relay switch with relay driver unit and GPIB interface

e A Clarke-Hess 8100 transconductance amplifier

e Two HP/Agilent 3458A Digital Multimeters (DMM) to read the DC output of the TVCs

e Common Mode Rejection (CMR) filters to stop AC noise from entering the DMMs

e Shunt and TVC as reference

e “Tee” for series connection of reference and Object under test

e Two isolation power transformers in cascade to reduce the common mode capacitance of
the “High” side of the setup to the surroundings

e A high-frequency isolation transformer and two GPIB extenders to provide an isolated GPIB
to the “High” DMM

e A commercially available PC with GPIB interface, running a LabView program to control the
whole measurement setup, including initialization, parameter setup, timing between
readings, reading data, computing the AC-DC difference and writing results to a log file.

Guarding and grounding scheme is essential in the setup. The front panel of the transconductance
amplifier is connected to the guards of the voltage sources, which are operated in external guard
mode.



On the “Low” side of the setup, the guard of the “Low” DMM is connected to the “Low” side of the
“Tee”, using the cable shields and housing of CMR filter in a “daisy-chain” fashion as illustrated in
Figure 1. The chassis of the "Low” DMM is grounded via the power cord ground conductor and the
GPIB cable shield. The input LO side of the DMM is connected to the DMM guard using front panel
button “Guard to LO”.

On the “High” side of the setup, the guard of the “High” DMM is connected in the same way to the
“High” side of the “Tee”. In addition, the chassis of the “High” DMM, is connected to the guard of this
DMM. Total capacitance between “High” DMM chassis and surroundings is approximately 100 pF, as
opposed to the higher capacitance between guard and chassis of the DMM. AC current leakage
between DMM input and the chassis+guard of the DMM is in this way reduced to approximately the
same level as on the “Low” side of the setup. This improves the setup symmetry. The input LO side of
the DMM is connected to the DMM guard using front panel button “Guard to LO”.

3458A Shunt  Shunt 3458A
| e b e
i Yawraw T |l Lot
Lo{ J{ JI{ ][ ] [¥ v U e
G =1 T 1™ e

Guard

ﬁ Chassis
ISO-
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GPIB
Interface

-~
Ferrite- Gnd Hi| Lo HT[/_ILo + Gnd

Relay ChOOke Switch CHS8100 @ @ ISO-

driver : trafo
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Extender

230V
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Figure 1: A schematic description of the measurement setup.

Reference standards

Three 90 Q Planar Multi-junction Thermal Voltage Converters (TVC 21, TVC 14 and TVC 18) were
operated in the measurements. In the case of the 10 mA measurements, a self-made 30 mA nominal
current radial shunt (JV30mA), with calculable AC-DC difference was connected to the reference TVC.
For the 5 A measurements, a self-made 5 A current shunt (JV5A), with an AC-DC difference
determined in a step-up calibration from the reference shunt JV30mA, was operated in combination
with the reference TVC.



Statement of traceability
TVC 21 and TVC 14 were calibrated by PTB in January - February 2011.

Description of the measurement procedure
10 mA

The PTC 17 traveling standard for 10 mA was measured in the setup described in the previous
section. On the “high” side of the setup, a 90 Q TVC is connected to the JV30mA shunt, so that the
reference TVCis in voltage mode. The PTC 17 TVC, positioned at the “low” side, is connected in series
to the combination of shunt and TVC on the “high” side, thereby operating in current mode.
Measurements from two separate reference TVCs was compared and averaged in the reported
values.

5A

The combination of PTC 17 and B3A 5A current shunt was compared against the same TVCs as for the
10 mA standard, with the reference standards in the “high” position. A self-made 5A nominal current
shunt (JV5A) is connected to the reference TVC so that the TVC operates in voltage mode. As a
consistency check, an additional TVC (TVC 18) was calibrated in voltage mode against one of the
calibrated TVCs (TVC 14), and then used in combination with JV5A to measure on the traveling
standard. This gave the same result as for the two separate measurements with the two calibrated
TVCs. The reported value, is an average of these three different measurement setups.

Details for the measurement procedure
The procedure is essentially the same as that described in detail by Knight/Legg/Martin [1],[2] and
Rydler [3],[4].

The measurement starts by determining the scale factors, which describes the sensitivity for
variations in input current for the reference and the test device. This is done by performing a series
of measurements at 1 kHz AC current, where the current is varied +0.5% in relation to the nominal
measuring current. A series of 13 measurements are performed and a curve-fitting algorithm is
applied to compensate for temperature drift and offset in the detectors. The scale factor is applied to
convert the measured (DC) signal to input currents (ACims).

Further, for each frequency, the AC current is adjusted to within 100 ppm of the DC current
measured with the TVCs. The magnitude of the AC-DC difference is measured in a series of 13
measurements with equal waiting times between the measurements, typically 60 s. The sequence of
the 13 measurements are AC, DC+, AC, DC-,...,AC

For each measurement, the reading from the detectors is triggered at the same time. The 13
measurements are converted into input currents with the scale factors. Subsequently, the difference
between the readings. The same curve-fitting, as mentioned above, is applied to these 13 differences
and the magnitude of the AC-DC difference between the reference standard and the test device is
calculated for the respective frequency.



The 13 pairs of readings results in many degrees of freedom in the determination of the AC-DC
difference. Thus, a standard deviation in this difference can be determined. The absolute AC-DC
difference of the test device is finally calculated from the measured AC-DC difference and the known
AC-DC difference of the reference standard.

Ambient conditions
The temperature was kept at 23+1°C with a relative humidity of 43+5%.

Measurements Results
The data are as shown in the tables below:

Measurement current 10 mA Measurement current 5 A
AC-DC diff. | Exp. Uncert. AC-DC diff. | Exp. Uncert.
Frequency Hz HA/A HA/A Frequency Hz pHA/A HA/A
10 9 5 10 1 11
55 1 3 55 0 7
1000 0 3 1000 0 7
10000 1 3 10000 -8 7
20000 1 3 20000 -17 7
50000 1 3 50000 -35 8
100000 1 5 100000 -45 11

Expanded uncertainties are calculated uncertainties (k=2). The most important contributions to
uncertainties are the TVCs uncertainty, its power dependency, the reference shunt’s uncertainty, and
for 5 A, the accumulated step-up uncertainty.

Detailed uncertainties

The two tables below, show the specific contributions to the expanded uncertainties in the results
above. A detailed description of the components is given in the appended uncertainty budget. All of
the components consist of type B uncertainties, except the standards deviation s, which is of type A
uncertainty.

To simplify the tables, the proper notation of e.g. u(&rvc), u(Sivrsoma), €tc. was omitted. The expanded
uncertainty in the result is the root of the sum of squares for all the individual components in the
tables, for their respective frequency and current.



10 mA

Frequency (Hz) TVC | JVR30OMA | s T | sf | DMMnoise | CMRR | KMR | lin | dist | x | ind
10 1 0.5 0.37|10.1|04 1 0.1 0.1 15| 0.2 1101
55| 0.5 0.1 0.34|0.1|04 1 0.1 01 |05| 02 (03] 0.1
1000| 0.5 0.1 0.32|0.1|0.4 1 0.1 01 |03] 02 (03] 0.1
10000| 0.5 0.2 0.33|0.1|04 1 0.1 0.1 (03] 02 (03] 0.1
20000| 0.5 0.3 0.30|0.1|0.4 1 0.1 01 |03]| 02 (03] 0.1
50000| 0.5 0.4 0.40(0.2 |04 1 0.1 01 (03] 02 (04 0.1
100000| 1.5 0.6 0.33|0.2|0.4 1 0.1 01 |04]| 02 |06 0.1
5A
Frequency (Hz) | TVC14 JV5A s T | sf | DMMnoise | CMRR | KMR | lin | dist | x | ind
10 1 4.6 0.1410.1(04 1 0.1 0.1 1.5] 0.2 1] 01
55| 0.5 3.0 0.12|0.1|0.4 1 0.1 01 |05]| 02 [03] 0.1
1000| 0.5 2.9 0.38/0.1|0.4 1 0.1 01 (03] 02 (03] 0.1
10000 0.5 2.9 0.17/0.1 (04 1 0.1 0.1 |03] 0.2 (03] 0.1
20000| 0.5 3.1 0.20(0.1|0.4 1 0.1 01 |03] 02 (03] 0.1
50000| 0.5 35 0.17|0.2|0.4 1 0.1 01 (03] 02 (04 0.1
100000| 1.5 4.8 0.20|0.2|0.4 1 0.1 01 |03]| 02 |06 0.1

[1] Knight, R.B.D.; Legg, D.J. and Martin, P.: "Digital "bridge" for comparison of AC-DC transfer
instruments", IEE Proc., 138(3), pp.169-175, 1991.

[2] Martin, P. and Knight, R.B.D.: "Components and systems for AC/DC transfer at the ppm level",
IEEE Trans. Instr. Meas., IM-32, pp.63-72, 1983.

[3] Rydler, Karl-Erik: "Automatiserat matsystem for kalibrering av termoomvandlare"”, SP Rapport
1991:37, SP, Fysik och Elteknik, Box 857, S-501 15 Boras, Sverige.

[4] Rydler, Karl-Erik: “Nogrann métning av vaxelstrom” 1994
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Model equation and uncertainty in AC step-up with JV current shunts
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Measurement function
The AC-DC difference § for an object at step N and frequency j can be expressed as:
N N N N N N N N N N
OobjN,j = Oref1j + Z o745 + Z OKMRi,j + Z Otinij + Z Olinsi,j + Z Osfij + Z DM Mnoisei,j + Z dCMRRi,j + Z Odisti,j + Z Oindi,j + Z Oxi,j (1)
i=1 i=1 i=1 i=1 i=1 i=1 i=1 i=1 i=1 i=1

where all of the components are described below. All partial derivatives are equal to 1, e.g.

OdobiN,j O0dobiN,j
X = 1’ 2 =1 2
0ref1,j ori,j (2)

as all the separate parts in the function are assumed to be independent. All expectation values are 0, except from d,¢f1,; and dx arR;j. The combined uncertainty
at step N and frequency j can then be expressed as:

N N N N N N N N N

N N
2 .2 2 2 2 2 2 2 2 2 2 2 2
Usoping — Worepr,j + Z Usr; + Z Us g rrrij + Z Usyini ; + Z Usinsi; + Z Usp;j + Z US ot Mnoisei,j + Z UscrirRi,j + Z U gisei, + Z Ui, ; + Z Uy, 5 + Z Sij (3)
=1 =1 =1 =1 =1 =1 =1 =1 =1 =1 =1



Specific contributions

w(Ores) — Uncertainty in the reference (TVC + shunt).

The AC-DC current difference is deduced from the AC-DC voltage difference, and the value is set to 3 ppm
based on this.! If it is only the current shunt, which is characterized, the contribution is reduced by inter-
changing the position of the TVCs, such that it is only the calculated AC-DC difference of the reference shunt,
which contributes. The remaining contribution from the TVC is related to linearity, and is thus covered in 0y ;-
u(dr) — Uncertainty related to AC' leakage in the ”T-piece”.

As there is a non symmetrical current leak from the ”T-piece”, there is an uncertainty related to the de-
termination of the AC-DC difference. This contribution can, after extensive investigations, be quantified to
0.1 ppm in all steps for frequencies < 20 kHz. By interchanging the ”high” and ”low” position, this can be
reduced to < 0.5 ppm at 100 kHz, where it is proportional to the frequency in the rage 50 — 300 kHz.?
u(dxnmr) — Uncertainties from Knight-Martin-Rydlers method for curve fitting.

This contribution is considered to be less than 0.1 ppm.

w(yin) — Uncertainty from linearity/power dependency in the TVC.

Planar multi-junction thermal converters are used within 20 - 100 % of its current level, with a contribution
of less than 0.1 ppm. At frequencies below 300 Hz, and down to 10 Hz, the contribution increases inversely
proportional to the frequency. This leads to contributions of 1.5 ppm, 1 ppm and 0.5 ppm at 10 Hz, 20 Hz and
45/55 Hz, respectively. At 300 Hz, and above, the contribution is set to 0.3 ppm.

w(dpins) — Uncertainty from the linearity/power dependency of the reference current shunt

Contribution from the power dependency of the reference current shunt during step-up calibration. Funck
and Klonz® have shown that the power dependency of the JV shunts are below 0.3 ppm from 3:1 steps at
100 mA and 100 kHz, decreasing with frequency. At a 5:1 step, (5 A against 1 A) the JV shunts were esti-
mated to have a 3.5 ppm uncertainty at 100 kHz.

u(bsf) — Uncertainty from scale factor of the TVC.

This contribution is considered to be 0.4 ppm.

w(dpMMnoise) — Uncertainty related to noise, drift and non linearity in the DMM and measurement setup.
Based on experience, this contribution is considered to be 1 ppm.

u(donmrr) — Uncertainty due to a finite Common-mode suppression of the DMM.

This contribution is considered to be less than 0.1 ppm.

u(0gist) — Uncertainty from distortion of the AC curve shape.

This contribution has been calculated to be 0.2 ppm at 2 A and 5 kHz, proportional to frequency and current

by applying a calibrator as the current source. When operating a CH8100 transconductance amplifier below
200 % of its range up to 100 kHz, and below 100 % up to 300 kHz, this constitutes less than 0.2 ppm.

M. Klonz, dr.- ing. Thesis 1987. Entwicklung von Vielfachtermokonvertern zur genauen Riickfithrung von Wechselgréssen auf
aquivalente Gleichgrossen

2K. Lind, J. H. Espedalen, and H. Slinde. ”Optimizing the Series Connection of Thermal Converters For AC-DC Current
Difference Calibration-Improved Model.” Precision Electromagnetic Measurements Digest, 2004 Conference on. IEEE, 2004.

3Torsten Funck and Manfred Klonz. *Improved AC-DC current transfer step-up with new current shunts and potential driven
guarding.” Instrumentation and Measurement, IEEE Transactions on 56.2 (2007): 361-364.



w(0jng) — Contribution from mutual induction from current to voltage side.
When operating our self-designed JV current shunts, this contribution is less than 0.1 ppm for all frequencies.
u(0z) — Step-up uncertainty related to non symmetric stray current in the measurement setup.

This contribution has been considered to be < 0.5 ppm up to 50 kHz, < 1 ppm at 100 kHz and < 2 ppm
at 300 kHz. By interchanging "high” and ”low” position in the measurement setup, this will be partly canceled
out. The contributions will then be < 0.2 ppm, < 0.5 ppm and 1 ppm, respectively.

s — Standard deviation for a measurement series.

The measurement program calculates a standard deviation for each frequency in a measurement series, from
the Knight-Martin-Rydlers method for curve fitting. The standard deviation of all measurement series, at the
same frequency, is then averaged and compared to the a calculated standard deviation of the AC-DC difference
result of the measurement series. The largest of these two numbers is then divided by the square root of the
number of measurement series, and is used as s; ;.
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1. SCOPE

Comparison of AC-DC current transfer standards at 10 mA and 5 A currents and
frequencies 10 Hz, 55 Hz, 1 kHz, 10 kHz, 20 kHz, 50 kHz and 100 kHz. Parameter to be
measured is the ac-dc transfer difference that is defined as:

Where |4 is ac current and Iy is dc current which, when reversed, produces the same
mean output response as the rms ac current lc.

2. PERIOD OF MEASUREMENTS

The measurements have been performed at TUBITAK UME in the period of 09.11.2012—
05.12.2012.

3. TRAVELING STANDARDS

The travelling standard for the current of 10 mA is a Planar Multi-Junction Thermal
Converter (PMJTC), manufactured by IPHT Jena with the following nominal parameters:
Rated Input Current: 10 mA

Heater Resistance: 90 Q

Thermocouple Resistance: 7.6 kQ

Output Voltage at Rated Current: approx. 100 mV

The 5 A travelling standard comprises a 147 mQ coaxial shunt (Serial No B3A) connected
in parallel to the PMJTC described above. The shunt has been manufactured at BEV.
The main parameters are as follows:

Current Shunt, Serial No B3A:

Nominal Resistance 147 mQ

Input Connector type N (female)

Output Connector type N (male)

4. AMBIENT CONDITIONS

The comparison measurements have been performed in TUBITAK UME Voltage
Laboratory which has the environmental conditions given below:

Temperature : (23x1) °C
Relative Humidity : (45 £10) %

During the comparison measurement, the environmental temperature and relative humidity
have been measured by UME temperature-humidity monitoring system.

5. MEASUREMENTS PRECAUTIONS

The traveling standard has been allowed to stabilize in laboratory conditions, which is
under control for one day after their arrival to Voltage Laboratory of TUBITAK UME.



Traveling standards were measured for the “Lo” position. Both input and output of the
traveling standards were earthed during measurements.

After application of the current, minimum 25 minutes were allowed for stabilization.

6. AC-DC CURRENT TRANSFER SYSTEM of TUBITAK UME

Ac-dc current transfer system of TUBITAK UME is based on PMJTCs and ac-dc current
shunts. Primary group consists of four PMJTC with heater resistance of 90 OHM and
nominal current of 10 mA. One of the converters is calibrated in PTB and used to check
other standards in the group. Higher currents are established through a step up procedure
by using suitable PMJTC — ac-dc shunt combinations. Used ac-dc shunts are homemade
and commercial and are attached to the PMJTCs with heater of the 90 OHM. Step-up
measurements scheme is given in Figure 1.

10 mA h PMJTC

25mA + MJTC 50mA + MJTC
25 mA
50 mA
250mA + MJTC < 100 A 100mA + MJTC
250 mA
A\ 4
500mA + MJTC 500 MA > 1A + MJTC
1A
5A + MJTC N 25 A 25A + MJTC
l 5A
10A + MJTC > 20A + MJTC
10A

Figure 1. Ac-dc current transfer step-up measurements in TUBITAK UME



7. MEASUREMENT SET-UP of TUBITAK UME

Measurement set-up used in TUBITAK UME for ac-dc current transfer is shown in
Figure 2.

Switch
AC source DC Source

e N .

L

Transconductance Amp

Guard NN o Guard
L L L o4 L L L o L
Voltmetre  H H H T T° H H * i Voltmetre
TVC  Shunt Shunt TVC

Figure 2. Measurement set-up for ac-dc current measurements in TUBITAK UME

AC and DC calibrators (Fluke 5700A) are used to produce voltages delivered through a
fast switch to a transconductance amplifier (CH 8100) and converted to the necessary
currents. Outputs of the standards are monitored with nanovoltmeters, Keithley 182, which
are modified to have a guard and connected in order to drive guards at the potentials of
the ac-dc standards. Measurements are performed automatically using a PC and
homemade software.

8. MEASUREMENT METHOD

Measurement procedure begins with warming up and determination of the sensitivity
coefficients of the transfer standards at working current. Then, ac and dc currents,
adjusted to produce the same (within 50 ppm tolerance) output of test converter, are
applied in ac, dc-, ac, dc+, ac sequence and outputs of both converters are measured with
nanovoltmeters. Each current is applied for 90 seconds period before reading the outputs
of the converters.

AC-DC difference of the test device at each cycle is calculated by using formula bellow:

dt :ds_'_Edm_ Eacs_ Edct_ E

ns ><Edcs nt ><Edc’r

act




Where;

o ac-dc transfer difference of the test transfer standard

ds ac-dc transfer difference of the reference transfer standard

Eacs output emf of the reference transfer standard when applied AC current

Edcs average output emf of the reference transfer standard when applied forward and
reverse DC current

Eact output emf of the test transfer standard when applied AC current

Edct average output emf of the test transfer standard when applied forward and

reverse DC current

Ns, N sensitivity parameters of reference and test transfer standard

At each frequency twelve measurements of ac-dc transfer difference are performed and
final result is given as mean value of these measurements.



9. MEASUREMENT RESULTS

Ac-dc transfer difference:

Measured ac-dc current difference (LA/A)

Current at frequency
10 Hz 55 Hz 1 kHz 10kHz | 20 kHz | 50 kHz | 100 kHz
10 mA 6.9 0.1 0.1 0.2 0.3 1.6 3.0
5A -1 0 0 -11 -21 -43 -65
Expanded Uncertainty:
Expanded Uncertainty (LA/A)
Current at frequency
10 Hz 55 Hz 1 kHz 10kHz | 20kHz | 50 kHz | 100 kHz
10 mA 4.7 3.3 3.3 3.3 3.3 4.0 6.0
5A 12 8 8 8 9 12 21
Measurement Frequency:
Nominal Frequency
Current
10 Hz 55 Hz 1 kHz 10kHz | 20kHz | 50 kHz | 100 kHz
Meas. 9.99985 | 54.9991 | 999.984 | 9.99984 | 19.9997 | 49.9992 | 99.9984
Frequency Hz Hz Hz kHz kHz kHz kHz
Expanded
Uncertainty 10 pHz/Hz
Environmental parameters:
Minimum | Maximum Remarks
Ambient temperature (°C) 23.10 23.87
Relative humidity (%) 38.2 51.0




10.UNCERTAINTY BUDGET

Model function of the measurements is

d; = dgitr + darire + Ches + drep + Oeon + dsys

where;
o AC-DC transfer difference of test transfer standard
det |AC-DC transfer difference of reference transfer standard
daiit | AC-DC transfer difference due to drift of reference transfer standard
dasr | AC-DC transfer difference between test and reference transfer standard
dep |AC-DC transfer difference due to the repeatability during comparison
d.on |AC-DC transfer difference due to the connectors and connections
dsys |AC-DC transfer difference due to the measurement system

Uncertainty Budget for 10 mA

Contribution of:

Standard Uncertainty (LA/A) at frequency Type A Distri-

orB bution

10 Hz 55 Hz 1kHz 10 kHz 20 kHz 50 kHz 100 kHz

Reference Standard, k=1 2.0 1.5 1.5 1.5 1.5 1.5 2.0 Type B Normal

Drift of the Standard 0.3 0.2 0.2 0.2 0.2 0.5 0.8 Type B Rect.
Standard Deviation 0.5 0.5 0.5 0.5 0.5 0.5 0.5 Type A | Normal
Repeatability 1.0 0.3 0.3 0.3 0.3 0.5 15 Type A | Normal
Measurement System 1.0 0.5 0.5 0.5 0.5 0.8 1.0 Type B Rect.
Connectors 0 0 0 0 0 0,5 1.0 Type B Rect.

Standard Uncertainty, k=1 2.3 1.6 1.6 1.6 1.6 1.6 3.0

Expanded Uncertainty 4.7 3.3 3.3 3.3 3.3 4.0 6.0

Eff. deg. of freedom: 70 62 62 62 65 71 73




Uncertainty Budget for 5 A

Contribution of: Standard Uncertainty (LA/A) at frequency TZ)?% A El:‘:'ltc:'n
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz

Reference Standard, k=1 5.0 3.5 3.5 3.5 3.5 5.0 10.0 Type B | Normal
Drift of the Standard 0.5 0.5 0.5 0.5 0.5 1.0 2.0 Type B Rect.
Standard Deviation 1.0 0.8 0.8 0.8 0.8 0.8 0.8 Type A | Normal
Repeatability 1.0 0.5 0.5 0.5 1.0 2.0 3.0 Type A | Normal
Measurement System 1.0 0.5 0.5 0.5 0.5 0.8 1.0 Type B Rect.
Connectors 0 0 0 0 0 0.5 1.0 Type B Rect.
Standard Uncertainty, k=1 6 4 4 4 4 6 10
Expanded Uncertainty 12 8 8 8 9 12 21
Eff. deg. of freedom: 56 55 55 55 57 57 58
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General Information

This report describes the method and the results of the measurements performed at GUM from the 7th
January to the 23th January 2013 as part of the EURAMET Key International Comparison of AC-DC
Current Transfer Standard.

The measured parameter isthe AC-DC transfer difference of traveling standard.

The travelling standard for the current of 10 mA is a Planar Multi-Junction Therma Converter Type
PTP/IPHT Serial Number PTC 17 manufactured by IPHT Jena.

The travelling standard for the current of 5 A is the converter described above and 147 mQ coaxia
shunt Serial Number B3A manufactured at BEV connected in paralld to it.

The Reference Standard and Statement of Traceability

The GUM reference standard is 1 Volt Therma Voltage Converter Model 84506, Serial Number
0943500001688, and connected in parale to it Primary Alternating Current Shunts. Model HCS-1A
P/N 81554 and Model HCS-1E P/N 81668-001, used respectively for the current of 10 mA and the
current of 5 A.

They dl are manufactured by Holt Instrument Laboratories.

The GUM reference standard 1 Volt Thermal Voltage Converter Modd 84506 and Primary
Alternating Current Shunts Model HCS-1 were cdibrated in PTB in 2012 year — Calibration
Certificate of 25-10-2012, calibration mark 20080PTB12 to 20086PTB12.

Definition of M easurand

AC-DC current transfer difference of travelling standard is defined as:

where

lacisan rms ac current, and

Idc isadc current which produces the same mean output response as the rms ac current.

Differences are expressed in microampers per ampere (MA/A) and a positive sign signifies that more
ac than dc current was required for the same output response.

M easur ement setup

Calibrator Fluke 5720A was the current source of the system in case of 10 mA for frequencies 10 Hz,
55 Hz, 1 kHz and 10 kHz and in case of 5 A for frequencies 55 Hz, 1 kHz and 10 kHz.

Calibrator Fluke 5220A was the current source of the system in case of 10 mA for frequency 10 kHz,
and in case of 5 A for frequency 10 Hz.

Output EMF of the traveling standard was measured by the Datron 1281 digital multimeter.

Output EMF of GUM reference standard was measured by the Keithley 2182 nanovoltmeter.

The AC-DC transfer difference was measured for the “L " position of the travelling standard.

The input of the travelling standard has been connected in series with input of the GUM reference
standard by means of a serial T-connector.

Schemes of measurement system and its connections are shown at Fig. 1 and Fig. 2.
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Fig. 2. Scheme of measurement system and its connections for 5A.

M easur ement Procedure

In order to run comparison the dual-channel method was used.
Measurement was automated using LabView program and was performed as 16 sequences for every
current value for every frequency.
The input of the travelling standard has been connected in series with input of the GUM reference
standard by means of a serid T-connector. AC and DC currents in the proper sequence have been
applied to standards. Every sequence contains 5 steps (signals from calibrator) in the following order:
IAC; +|DC1 IAC, 'ch, IAC- Each g@ |asted 60 seconds.
Averages of modules of output values both compared standards have been calculated for each
sequence and inserted into the formula which defines the AC-DC transfer difference of the traveling

standard 4,,

where:

Esac - ESDC_ Exac- E

Ay =+ 4, + 4, =—E

nS >4ESDC

XDC +A2+A3
nX >4EXDC

Exac — output voltage value of calibrated converter when input AC input signal is given,




Expc — output voltage value of calibrated converter when input DC input signal is given,
Esac — output voltage value of reference standard converter when input AC signal is given,
Esoc — output voltage value of reference standard converter when input DC signal is given,
ny — characteristic parameter of calibrated converter,

ns — characteristic parameter of reference standard converter,

4, — measurement difference as a result obtained on measurement setup,
4, — correction from not reproducible results of series of measurements,
4, — AC-DC transfer difference of GUM standard (standard converter correction).

The measurements were carried out for both serial T-connector positions. The same number of repeats
were performed for every of both positions. The final result is considered as average for both positions
and uncertainty component from serial T-connector is eliminated.

Table 1. The Measurements Results

Current Measured AC-DC current difference (LA/A) at frequency
10 Hz 55 Hz 1kHz 10kHz 20 kHz

10 mA 8,3 0,5 0,8 -3,3 3.9
5A -2,5 -2,4 -4.5 -20,3 -
Current Expanded Uncertainty (LA/A) at frequency

10 Hz 55 Hz 1kHz 10 kHz 20 kHz
10 mA 4,7 3,8 39 45 4.4
5A 12,4 12.3 12,5 12,6 -

Eff. deg. of freedom:
Current 10Hz 55 Hz 1KHz 10KkHz 20 KHz
10 mA 439 248 211 239 100
5A 11483 22068 16216 16825 -
Nominal Freguency at 10 mA
Current 10Hz 55 Hz 1KHz 10KkHz 20 KHz
Mezs. 9,999917 54,999565 0,9999920 9,999921 19,999998
Frequency
Expand_ed 0,000010 0,000050 0,0000011 0,000011 0,000022
Uncertainty
Nominal Frequency at 5 A

Current 10 Hz 55 Hz 1kHz 10 kHz 20 kHz
Mezs. 9,999931 54,999565 0,9999920 9,999921 -
Frequency
Expanded 0,000010 | 0,000050 | 0,0000011 0,000011 -
Uncertainty

The Ambient Conditions of the M easur ement

The measurements have been performed in a shielded cage at the temperature from 22,1 °C to 23,4 °C
(except 5 A for 55 Hz to 10 kHz where limits of temperature were from 21,6 °C to 23,2 °C) with
uncertainty = 0,1 °C and relative humidity from 44,1 % to 57,7 % with uncertainty + 0,4 %. Ambient
conditions were measured every 5 minutes during the converters measurements.

The values of these parameters were recorded during the period of the measurements.




The Uncertainty Budget

Three uncertainty contributions are taken under account:

u(Anm) — uncertainty of measurement,
u(A;) — contribution from measuring set-up calculated by type B evaluation,
u(A,) - contribution fromreproducibility calculated by type A evaluation,

U(As) - contribution from reference standard (calibration certificate) calculated by type B evaluation,

Because

then u(A;) could be presented as

D. = ESAC - ESDC _ EXAC - EXDC
1

nS ><ESDC

rlX ><EX DC

u(D,) =u(D,)? +u(D,)? +u(D,)?

U(D,) =6 MU(Egn)? +¢,7 MU(Esp)? +¢2 ()2 +C2 WU(Eypd)? + 6 U(Eyp)? +62 u(n, )2

where ¢; + Cg - sensitivity coefficients.

Then uncertainty of measurement:

UD,) =62 MD)? +G2 MExnd? +6,2 MEupd? +67 XN 6 MUEp +67 B +67 0N ) G2 UDy)?

where c; + Cg- sensitivity coefficients

Table 2. Uncertainty budget

Quantity Estimate Std. Probability Sensitivity coefficient Standard
uncertainty | distribution uncertainty
contribution
X X u(x) G uiy)
D dy u(dy) normal =1 Crru(dy)
_ _ 1
Esac €sac U(Esac) trapezoidal G = C1-U(Esac)
nS ><ESDC
. _Eyc® 1 0
Esoc €soc u(esoc) trapezoidal C, = — § £ 7. C2'U(Espc)
S soC @
E Epcd®e 10
Ns Ns u(ny) normal C, =8¢ g %Z Ca-U(Nns)
SDC Ns g
_ _ 1
Exac €xac U(exac) trapezoidal Gy N < Ca-U(Exac)
X XDC
E e u(expc) trapezoidal Cs = Exac aeé_l 9 CsU(Expc)
DC DC & 5° DC
e nX EXDC2 ﬂ
E oc- E.pc 21 0
N Ny u(ny) normal Cy = —A—0C g—zz Ce-U(My)
EXDC nx %)
Ds A3 u(ds) normal cs=1 Cg-U(d3)
DM AM u(él\/l)




Table 3. Uncertainty budget (10 mA, 10 H2)

Quantity Estimate Std. uncertainty | Probability Sensitivity Standard
digtribution coefficient uncertainty
contribution
X X u(x) G u(y)

D, 0 HA/A 93E-07  A/A|  hormal 1 93107  A/A
Esac 1,71371722E-02 Y 15E-08 V trapezoidal 31,815 LV| 48107 VIV
Esoc 1,71381674E-02 % 1,5E-08 V trapezoidal -31,813 V| -48107 VNV

Ns 1,83401 VIV 43E-03 VN normal 1,727E-05 VIV  7,4-10°® VIV
Exac 8,51040897E-02 \Y 4,8E-08 \Y, trapezoidal -581 1V -2,8-107 VIV
Exoc 8,51365296E-02 \Y% 48E-08 V trapezoidal 581 1V| 28107 VIV

Ny 2,020768 VIV 83E-04 VIV normal -9,331E-05 V/NNV| -7,7.10° VNV

D, 6 HA/A 2E-06 AIA normal 1 2.10° AIA

8.3

Dwv (average of both  pA/A 2,3 HA/A

positions)

Table 4. Uncertainty budget (10 mA, 55 Hz)

Quantity Estimate Std. uncertainty | Probability Sensitivity Standard
digtribution coefficient uncertainty
contribution
Xi X u(x) G ui(y)

D, 0 pA/A 87E-07 AIA normal 1 8,7-107 A/A
Esac 1,71395385E-02 Y 1,5E-08 Y trapezoidal 31,812 w | 48107 VNV
Esoc 1,71398779E-02 \Y 1,5E-08 Y trapezoidal 31,811  WV| -48107 VN

Ns 1,83401 VIV 4,3E-03 VIV normal 5887E-06 V/V| 253.10% VNV
Exac 8,52787577E-02 \Y 4,8E-08 Y trapezoidal -5,803 w | -2,79-107 VNV
Exoc 8,52793821E-02 % 4,8E-08 v trapezoidal 583 UV | 279107 VN

Ny 2,020768 VIV 8,3E-04 VIV normal -1,793E-06  V/V| -1,49:10° VNV

D; -5 LA/A 1,5E-06 A/A|  normal 1 1510°  A/A

0,5

Duv (average of both pA/A 19 pA/A

positions)

Table 5. Uncertainty budget (10 mA, 1 kHZ

Quantity Estimate Std. uncertainty Probability Sensitivity Standard
digtribution coefficient uncertainty
contribution
X X u(x) G ui(y)

D, 0 RA/A | 92E-07  A/A normal 1 9,210  A/A
Esac 1,714109E-02 V 15E-08 V trapezoidal 31,809 WV 48107 VN
Esoc 1,714121E-02  V 15E-08 V trapezoidal -31,809 1V -48107 VN

Ns 1,83401 VIV 43E-03 VIV normal 2,222E-06 VIV 96:10° VNV
Exac 8528192E-02 V 48E-08 V trapezoidal -6,393 1V 31107 VNV
Expc 8,528329E-02  V 48E-08 V trapezoidal 6,393 WV 31107 VIV

Ny 2,020768 VIV 83E-04 VNV normal -4,773E-06 VIV -4-10° VNV

D, -4 uwA/A| 15E-06  A/A normal 1 1510°  A/A

0,8

Duv (average of both  pA/A 1,9 pA/A

positions)




Table 6. Uncertainty budget (10 mA, 10 kHz)

Quantity Estimate Std. uncertainty Probability Sensitivity Standard
distribution coefficient uncertainty
contribution
Xi X u(x) G uiy)

D, 0 WA/A | 99E-07  AIA normal 1 99107 A/A
Esac 1,712562E-02 V 15E-08 V trapezoidal 31810 WV 48107 VN
Esoc 1,714070E-02 V 15E-08 V trapezoidal -31,782 WV -48107 VN

Ns 1,83401 VIV 43E-03 VN normal 2,616E-04 VIV 1,1-10° VNV
Exac 8,520028E-02 V 4,8E-08 \Y trapezoidal -5,803 w 28107 VN
Exoc 8,527825E-02 V 48E-08 V trapezoidal 5,80 w 28107 VNV

Ny 2,020768 VIV 83E-04 VIV normal -2,24E-04 VIV 11,9107 VNV

D, -1 uwA/A | 15E-06  AIA normal 1 1,510°  A/A

-3,3
Duv (average of both  pA/A 2,3 pA/A
positions)
Table 7. Uncertainty budget (10 mA, 20 kHz)
Quantity Estimate Std. uncertainty Probability Sensitivity Standard
distribution coefficient uncertainty
contribution
X X u(x) G ui(y)

D, 0 uwA/A| 1,3E06  A/A normal 1 1,310°  A/A
Esac 1,715324E-02  V 15E-08 V trapezoidal 31,886 WV 48107 VN
Esoc 1,714758E-02  V 15E-08 V trapezoidal -31,897 LV -48-107 VIV

Ns 5,5E-03 VIV 55E-03 VIV normal -9,866E-05 V/V -5,4-107 VIV
Exac 8,540050E-02 V 48E-08 V trapezoidal 6,405 1LV -3,1-107 VIV
Exoc 8,537166E-02 V 48E-08 V trapezoidal 6,407 1V 31107 VNV

Ny 1,1E-03 VIV 1,1E-03 VNV normal 1,010E-04 VN 1,1.107 VNV

D; 3 pwA/A|  15E-06  A/A normal 1 1510%  A/A

39
Dwv (averageof pA/A 2,2 pA/A
both positions)
Table 8. Uncertainty budget (5A, 10 H2)
Quantity Estimate Std. uncertainty Probability Sensitivity Standard

distribution coefficient uncertainty

contribution

Xi % u(x) G uiy)

D, 0 pA/A | 11E-06  A/A normal 1 1,1.10°  A/A
Esac 1,6923E-02 V 15E-08 V trapezoidal 33105 1V 5.107 VIV
Espc 1,6920E-02 V 15E-08 V trapezoidal -33111 WV 5107 VIV

Ns 1,78526 VIV 6,1E-03 VIV normal -5,869E-05 V/V -3,6-10" VIV
Exac 4,8695E-02 \Y; 45E-08 V trapezoidal -10,822 WV 49107 VIV
Expc 4,8670E-02 \% 4,5E-08 \% trapezoidal 10,831 wv 4,9-107 VIV

Ny 1,898502 VIV 32E-03 VNV normal 1,423E-04 VNV 460" VNV

D, 14 HA/A 6E-06 AIA normal 1 6-10° AIA

-2,5

DY (average of both  pA/A 124 HA/A

positions)




Table 9. Uncertainty budget (5A, 55kHz)

Quantity Estimate Std. uncertainty Probability Sensitivity Standard
distribution coefficient uncertainty
contribution
Xi X u(x) G uiy)

D, 0 WA/A | 92E-07  AIA normal 1 92107  A/A
Esac 1,6930785E-02 V 15E-08 V trapezoidal 33083 WV 5107 VIV
Esoc 1,693079E-02 V 15E-08 V trapezoidal -33082 1LV 5107 VNV

Ns 1,78526 VIV 6,1E-03 VIV normal 8,812E-06 VIV 54-108 VIV
Exac 4,8683908E-02 V 45E-08 V trapezoidal -10,823 1V 49107 VN
Expc 4,8669945E-02 V 45E-08 V trapezoidal 10,83 WV 49107 VIV

Ny 1,898502 VIV 32E-03 VNV normal 7,960E-05 V/V 25107 VIV

D, -4 uA/A |  BE-06 AIA normal 1 6:10°  A/A

2,4
Duv (average of both  pA/A 6,2 pA/A
positions)
Table 10. Uncertainty budget (5A, 1kHz)
Quantity Estimate Std. uncertainty Probability Sensitivity Standard
distribution coefficient uncertainty
contribution
X X u(x) G u(y)

D, 0 RA/A | 10E-06  A/A normal 1 1.10°  A/A
Esac 1,695E-02 \Y 15E-08 V trapezoidal 33065 WV 5107 VIV
Esoc 1,694E-02 \Y 15E-08 V trapezoidal -33074 UV 5107 VIV

Ns 1,78526 VIV 6,1E-03 VIV normal -9,004E-05 VIV 55107 VIV
Exac 4,869E-02 v 45E-08 V trapezoidal -10,820 1LV -49-107 VIV
Exoc 4,868E-02 v 45E-08 V trapezoidal 10,082 WV 49107 VN

Ny 1,898502 VIV 32E-03 VNV normal 6,942E-05 V/V 21107 VNV

D, -4 uA/A |  BE-06 AIA normal 1 6:10°  A/A

-4,5
Dwv (average of both  pA/A 6,2 pA/A
positions)
Table 11. Uncertainty budget (5A, 10kHz)
Quantity Estimate Std. uncertainty Probability Sensitivity Standard
distribution coefficient uncertainty
contribution
X X u(x) G u(y)

D, 0 HA/A 1E-06 AIA normal 1 1.10%  A/A
Esac 1,695E-02 v 15E-08 V trapezoidal 33064 LV 5107 VN
Esoc 1,694E-02 \Y 15E-08 V trapezoidal -33085 1LV 5107 VIV

Ns 1,785260 VIV 6,1E-03 VIV normal -1,983E-04 VIV 1,2:10° VNV
Exac 4,873E-02 v 45E-08 V trapezoidal -10816 1LV -49-107 VIV
Exoc 4,870E-02 v 45E-08 V trapezoidal 10,816 1V 49107 VIV

Ny 1,898502 VIV 32E-03 VIV normal 2,088E-04 VIV 6,7-10°7 VIV

D, 17 uA/A |  BE-06 AIA normal 1 6-10°  A/A

-20,3

Dwv (average of both  pA/A 6,3 pA/A

positions)




Notes:

1. u(esac), U(esac), U(esac), U(esac) — any of these uncertainties has trapezoidal distribution
obtained by convolution of the two rectangular distributions (resolution and short term stability
components).

2. u(ng), u(ns) - any of these uncertainties has normal distribution obtained by convolution of the
two rectangular distributions (resolution and short term stability components) and one dominant
normal distribution (reproducibility component).
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1. Introduction

The measurement procedure used at IPQ, described in this report, was performed in agreement with the
instructions provided in the comparison technical protocol and according to the best measurement
uncertainties. Values of AC-DC current transfer differences of each standard are presented only up to
20 kHz, because at 5 A level that's laboratory limit capability and at 10 mA level, at the time of

measurements, it was not possible to make all the necessary build up above 20 kHz.

2. Travelling Standards

The circulating AC-DC transfer standard used for this comparison at the current of 10 mA was a Planar
Multi-Junction Thermal Converter, type PTP/IPHT, serial number PTC 17, from IPHT Jena, with following

nominal parameters:

Rated input current: 10 mA
Heater resistance: 90 Q
Thermocouple resistance: 7.6 kQ

Output voltage at rated current: =100 mV

The circulating AC-DC transfer standard used for this comparison at the current of 5A includes a
147 mQ coaxial shunt connect in parallel to the PMJTC. This shunt was manufactured at BEV with serial

number B3A and has the following parameters:

Nominal resistance: 147 Q
Input connector: type N (female)
Output connector: type N (male).

3. Measurement Conditions
The AC-DC current transfer difference of each standard is defined as:

Ipe —1
5 = -Ac — ‘nc
Ipc

where: l5c —is the rms AC current

Ipc — is the DC current which when reversed produces the same mean output voltage of the

thermal standard as the | c.

The travelling standards were measured at several frequencies, aiming at our lowest uncertainty level and

corresponding to the goal of the comparison.
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The measurements were performed in a thermo regulated laboratory. The ambient conditions were
monitored during the measurements and the temperature and humidity limits are indicated in Table 1 and

graphically presented in Figure 1.

Table 1 - Temperature and humidity limits:

Min Max Expanded uncertainty
Ambient Temperature (°C) 20,10 22,51 0,03
Relative Humidity (%) 44,5 57,8 0,2
[ RH

25— ; ;i ] ] 7 a0

19 .................................................................................................................................................... 32
18 = ; 3 : ; : 20
11022013 14022013 16022013 18022013 20022013 22022013 23022013
21:00:00 0:00:00 0:00:00 0:00:00 0:00:00 0:00:00 1:00:00

Figure 1 - Ambient conditions monitored during the measurements
(RED line: temperature - GREEN line: relative humidity).

4. Measurement Set-up, Procedure and Traceability Scheme

The travelling standards were compared with the standards which constitute IPQ’s primary and reference
set of standards for AC-DC current transfer.

The primary standards are 10 mA Multifunction’s Thermal Converters MJTC's, built into brass housings
and traceable to PTB.

The reference standards are formed with several MJTC'’s and SJTC’s mounted in a similar way and each of
them associated to a commercial shunt (Fluke model A40 or A40A), covering ranges up to 20 A.

The IPQ measurements were carried out with a comparator, whose simplified schematic diagram is
represented in Figure 2. With this comparator and allowing at least a half-an-hour for the stabilization of all
the equipment, the difference in the AC-DC differences of the transfer standards was measured for each

test current and at each frequency value. Each measurement cycle follows the sequence of applying AC,

3/8



EURAMET EM-K12 IPQ Report

DC’, AC, DC and AC. When the current is switched from AC to DC or vice-versa, the output of the

transconductance amplifier is short circuited.

AC and DC Sources &

Amplifier

Nanovoltmeter

TC test shunt H TC standard
_I [~
[ ] [ ]
Filter Filter
Differential Absolute

Nanovoltmeter

Figure 2 — IPQ AC-DC measuring setup.

Applied frequency signal was characterised to monitor the deviations from the nominal values and the

frequency stability of the AC Source. The corresponding values and the Allan deviation stability are

indicated in Table 2.

Table 2 — Frequency values:

Nominal Frequency

Current
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
Measurement Frequency (Hz) | 9,999 937 | 55,000400 | 0,999976 | 9,99976 | 19,9995
Allan Deviation-T=64s 6,6E-05 6,7E-05 4,0E-05 1,9E-04 2,1E-03
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5. Results and Uncertainties of the Measurements

The results of the series of measurements provided by the several comparisons between the travelling
standards and our reference standards are given in Table 3 and the corresponding expanded uncertainty is

presented in Table 4.

Table 3 — Measurement results:

Measured AC-DC current difference (uA/A) at frequency
Current
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA -4 -14 -12 -1 29
5A -4 -3 -26 -209 -239
Table 4 — Expanded uncertainty:
Current Expanded Uncertainty (LA/A) at frequency
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA 40 18 16 17 18
S5A 61 31 32 35 31

The detailed uncertainty budget in accordance with the principles of 1ISO Guide to the Expression of
Uncertainty in Measurement - GUM, including the evaluation and distribution for every component and an
evaluation of the coverage factor is presented in Table 5 and Table 6. The standard uncertainty is the

combined type A and type B uncertainties.

Table 5 — Uncertainty budget calculated for the nominal current value of 10 mA:

Standard Uncertainty (uA/A) at frequency

Contribution of: Type AorB Distribution

10 Hz 55 Hz 1 kHz 10 kHz 20 kHz
Refe.rence standard: TC at 20 3 3 3 3 B Gaussian
nominal current
Setup procedure 1,7 1,2 0,8 0,9 0,8 B Rectangular
Standard deviation of 08 43 12 16 39 A Gaussian
measurements
Dependence with current ) 05 0,5 0,5 0,5 B Rectangular
level
Depenfjence with . 1 1 1 1 1 B Rectangular
potential of the housing
Standard unc: 20 9 8 8 9
Expanded unc: 40 18 16 17 18
Coverage factor k: 2 2 2 2 2
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Table 6 — Uncertainty budget calculated for the nominal current value of 5 A:

Standard Uncertainty (LA/A) at frequency

Contribution of: Type Aor B Distribution

10 Hz 55 Hz 1 kHz 10 kHz 20 kHz
Refe.rence standard: TC at 30 15 15 15 15 B Gaussian
nominal current
Setup procedure 1,7 1,2 0,8 0,9 0,8 B Rectangular
Standard deviation 3,8 3,7 4,8 8,4 3,8 A Gaussian
measurements
Dependence with current 3 ) ) ) ) B Rectangular
level
Depenfience with . 1 1 1 1 1 B Rectangular
potential of the housing
Standard unc: 30 16 16 17 16
Expanded unc: 61 31 32 35 32
Coverage factor k: 2 2 2 2 2
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Appendix 1: Summary of Results

EURAMET Key international Comparison of AC-DC Current Transfer Standards
EURAMET.EM-K12

Institute: Portuguese Institute for Quality
Date of measurements: from 12" to 22" February 2013

Measurement Results:

Measured AC-DC current difference (uA/A) at frequency
Current
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA -4 -14 -12 -1 29
5A -4 -3 -26 -209 -239

Expanded Uncertainty:

Current Expanded Uncertainty (LA/A) at frequency
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA 40 18 16 17 18
S5A 61 31 32 35 31

Measurement Frequency:

Nominal Frequency
Current
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz | 100 kHz
Measurement Frequency (Hz) | 9,999 937 | 55,000400 | 0,999 976 9,99976 | 19,9995
Allan Deviation-1=64s 6,6E-05 6,7E-05 4,0E-05 1,9E-04 2,1E-03

Environmental Parameters during the measurements:

Min Max Expanded uncertainty
Ambient Temperature (°C) 20,10 22,51 0,03
Relative Humidity (%) 44,5 57,8 0,2

7/8




EURAMET EM-K12 IPQ Report

Appendix 2: Summary of Uncertainty Budget
EURAMET Key international Comparison of AC-DC Current Transfer Standards

EURAMET.EM-K12

Institute: Portuguese Institute for Quality
Date of measurements: from 12" to 22" February 2013

Measurement Current: 10 mA

Standard Uncertainty (uA/A) at frequency

Contribution of: Type AorB Distribution
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz

Refe'rence standard: TC at 20 8 8 8 8 B Gaussian

nominal current

Setup procedure 1,7 1,2 0,8 0,9 0,8 B Rectangular

Standard deviation of 0,8 43 12 16 39 A Gaussian

measurements

Dependence with current ) 0,5 0,5 0,5 0,5 B Rectangular

level

Dependenc.e with potential 1 1 1 1 1 B Rectangular

of the housing

Standard unc: 20 9 8 8 9

Expanded unc: 40 18 16 17 18

Coverage factor k: 2 2 2 2 2

Measurement Current: 5A

o Standard Uncertainty (uA/A) at frequency o

Contribution of: Type AorB Distribution
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz

Refe.rence standard: TC at 30 15 15 15 15 B Gaussian

nominal current

Setup procedure 1,7 1,2 0,8 0,9 0,8 B Rectangular

Standard deviation 3,8 3,7 48 8,4 3,8 A Gaussian

measurements

Dependence with current 3 5 ) 5 5 B Rectangular

level

Depen<':|ence with . 1 1 1 1 1 B Rectangular

potential of the housing

Standard unc: 30 16 16 17 16

Expanded unc: 61 31 32 35 32

Coverage factor k: 2 2 2 2 2
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1. Measurement setup and reference standard

The travelling standards have been compared with the CEM reference standards. The comparison has been
made comparing the outputs of the reference and the travelling standard applying the same ac and dc current
to both by means of series connection to a current source. For 10 mA measurements a voltage source was
adjusted to provide 10 mA. For the 5A measurements a transconductance amplifier was used to provide the
nominal 5 A. According with the protocol al the measurements has been performed with the travelling
standard in the Lo position with both its input and output earthed. To measure the output of the travelling
thermal converter the provided adapter Cannon female to UHF twin female was used.

For the 10 mA reference a PTB/IPHT Planar Multijunction Thermal Converter calibrated by PTB at 10 mA
was used. For the 5A, a combination of a5 A shunt cage design and a PTB/IPHT PMJTC was used. The
reference value was obtained by means of a build-up, starting from the PTB calibrated 10 mA standard. The
chain was 10 mA-20 mA, 20 mA-50 mA, 50 mA-100 mA, 100 mA-200 mA, 200mA-500 mA, 500 mA- 1 A,
1A-2Aand2A-5A.

2. Definition of the measurand
The ac-dc current transfer differences of the travelling standards have been measured.

Ac-dc current transfer differenceis defined as

where
lac iISarms ac current. The applied current was near sinusoidal
l4c IS @ dc current which, when reversed, produces the same mean output response as the rms ac
current. A positive sign signifies that more ac than dc current was required for the same output
response.

The transfer difference was measured with both itsinput and output earthed.

The 10mA standard was a Planar Multi-Junction Thermal Converter, Type PTB/IPHT Serial Number PTC
19, manufactured by IPHT Jena.

The 5 ampere travelling standard comprises a 147 mQ coaxia shunt (Serial No B3A) connected in parallel to
the PMJTC (Serial No PTC 19). The shunt has been manufactured at BEV.
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3. Measurement procedure

The reference standard and the travelling standard have been compared using the CEM procedure CEM-PT-
0076- “Comparison of current thermal converter by the two channels method”. There were two deviations
from this procedure. All the measurement has been performed with the travelling standard in the “LO”
position. In the normal procedure the shunt position are interchanged and the mean value of the two positions
Is considered. A correction has been evaluated and included in the uncertainty budget. For PMJTC a 1uF
filter is connected in parallel with the output of the thermal converter. This filter was not used for the PMJTC
travelling standard because it internally has a 2uF capacitor connected in parallel with its output.

The two converters to be compared are series connected to a current source. The output response of each
thermal converter to a sequence of ac, dc+, ac, dc, ac is separately measured by using two DMM Agilent
3458.

For the 10 mA measurement, two Fluke-5700 calibrators are used for DC and AC sources. Vacuum relays
are used to switch from ac and dc. For 5A a Clark-Hess transconductance amplifier is used. The
transconductance amplifier is driven by two F-5700 for ac and dc using the vacuum relays switch.

To measure the output of the travelling thermal converter the provided adapter Cannon female to UHF twin
female was used. The“LO” output was connected to the “LO” input using the cable connection provided with
the thermal connector. The “LO” input was connected to earth. The screen of the output cable was also
connected to the “LO” in the therma converter side and to the guard of the DMM in other side. No
connection was made to the screen of the adapter.

The input “LO” of the reference thermal converter was connected to the “HI” of the current source. The LO
of the output was aso connected to this point. The screen of the output cable at the thermal converter side
was also connected to this point and to the guard of the DMM at the other side.

A computer was used to control the switch, the Fluke sources, and the DMMs. A IOTECH bus isolator was
used for the connections.

At least 30 minutes after applying the current source to the thermal converters was waited before starting the
measurement sequence. The first step in the measurements for each standard was the measurement of the
sensibility of the travelling PMJTC. This was measured by aternatively applying dc current sources with
known values above and below the nominal current and measured the output variation.

Once the sensibility was obtained sequences of ac, dc+, ac, dc-, ac are applied. The delay time between
successive applications of ac and dc source was about 80 s. At the end of this time the computer takes the two
DMM readings simultaneously.
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From the outputs of the thermal converters corresponding to the ac and dc sources the difference in the ac-dc
difference between the reference and the travelling standard is computed. From that, the ac-dc difference of
the travelling standard is obtained.

Switch
AC Source
Transcond.
j‘ Amplifier
DC Source
11
<>
TVC 1 TVC 2

L X% —L%_l_v T O 1 =
B i v
1
Shunt 1 = Shunt 2
| Filter | current | Adapt. |
H [{Guard Guard [ H.
DMM1 DMM?2

4. Traceability
The 10 mA reference standard is traceable to PTB.

The 5 A reference standard was in-house obtained by means of a build-up starting from the PTB calibrated
10 mA standard. The chain was 10 mA-20 mA, 20 mA-50 mA, 50 mA-100 mA, 100 mA-200 mA, 200 mA-
500 mA, 500 mA-1A,1A-2A and 2 A-5A.
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5. Ambient conditions

During the measurements the ambient conditions were the following:

Temperature; 23°C £ 1°C
Humidity: 50 % HR £ 5 HR%

6. Results

10 mA standard, PTC 19:

Frequency ac(;dc transfer Exp_anded
(kHz2) ifference Uncertainty (95 %)
(MATA) (& HATA)

0.01 7.6 4.2

0.055 0.1 35

1 -0.1 3.5

10 -0.2 35

20 -0.2 3.7

50 0.9 3.8

100 2.0 4.4

5 A standard, PTC 19 + Shunt 5 A (No B3A):

Frequency ac;jc transfer Exp_anded
(kHz2) ifference Uncertainty (95 %)
(MA/A) (& HA/A)

0.01 1.9 17

0.055 -2.0 9.9

i -0.5 9.9

10 -9.4 11

20 -17.5 13

50 -37.1 18

100 -50.0 24

CEM-F-0095-00
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Frequency measurements:

Frequency Measured Expanded
(kHz) (kHz) Uncertainty (95 %)
0.01 0.010 00 +0.05 %
0.055 0.054 999 +0.01 %

1 1.0000 +0.01 %
10 10.000 +0.01%
20 20.000 +0.01 %
50 49.999 +0.01 %
100 99.998 +0.01 %

7. Uncertainty budget

For each comparison the ac-dc difference is obtained form the reference according to the following equation:

dt :ds +d|f +Cdrift +CLF +CLEV +CDM1+CDM2 +Cn +CM +Cf +Cdis +CTt +CTS +

+CHR5+CHRt +CCon +Cawm+C

CEM-F-0095-00

guard

ac-dc difference of the thermal converter under test.
ac-dc difference of the standard thermal converter.
Measured difference between Standard and test.

Drift Correction of the standard.

Low fregquency correction of the Thermal converter level dependence.
Level dependence correction of the shunt

Linearity correction of DM1

Linearity correction of DM2

Correction of the sensitivity of the thermal converters
Reproducibility correction

Correction for frequency variation

Correction for ac signal distortion
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Ch Correction for temperature influence over test
Cr Correction for temperature influence over standard
Cirs Correction for Humidity influence over standard
Cir Correction for Humidity influence over test
Ceon Correction due to the connectors
Cagm Correction due to uncompensated “T” asymmetry
Cuard Correction due to not perfect guarding
2,2 2 2 2 2 2 2 2 2 2 2 2 2 2
udt - uds + udif + qurm + ucu: + uCM + UCLEV + ucDW + ucDMz + ucn + uCM + ucf + quIS + uCn + ucTs +

2
CH

2 2 2 2
+ + + + +
us _+ug, +u Uc_ +ug

Ccon ‘guard

The uncertainties due to the humidity and temperature influence and frequency variation over the CEM
standard were considered negligible. The possible influence of the temperature and humidity and frequency
variation over the travelling standards were not included in the uncertainty estimation.

Uncertainty for 10 mA PTB/IPHT Serial Number PTC 19,

Current Uncertainties Frequencies (kHz) Type Degrees of

(A) 0.01 0.055 1 10 20 50 100 freedom
Uss 1.5 1.5 1.5 1.5 1.5 1.5 1.5 B oo
Ucdritt 1.0 1.0 1.0 1.0 1.0 1.0 1.0 rectangular o0
Ucpmi 0.2 0.2 0.2 0.2 0.2 0.2 0.2 rectangular o0
Ucpm2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 rectangular o0
Ucn 0.2 0.0 0.0 0.0 0.0 0.0 0.0 rectangular 0
Ucdis 2.0 0.2 0.2 0.2 0.2 0.2 0.2 rectangular o0

0.01 | ucaym 0.5 0.5 0.5 0.5 1.0 1.0 1.0 | rectangular %
Ucquard 0.1 0.1 0.1 0.5 0.5 1.0 1.1 rectangular oo
Uccon 0.1 0.1 0.1 0.1 0.2 0.3 0.6 rectangular o0
Ua 0.1 0.1 0.1 0.1 0.1 0.1 0.1 A 17
Um 1.0 1.0 1.0 1.0 1.0 1.0 2.0 rectangular o0
Utest 2.1 1.7 1.7 1.8 1.8 1.9 2.2
Utest (k=2) 4.2 3.5 3.5 3.5 3.7 3.8 4.4
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Build up process:

Calibration of the 20 mA standard against the 10 mA standard:

Current (A) | Uncertainties FEGILENETES (<)
0.01 0.055 1 10 20 50 100
U10mA 15 15 1.5 15 15 1.5 15
Ucdrift 1 1 1 1 1 1 1
Ucdm1 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ucdm2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ucn 0.51 0.07 0.00 0.09 0.30 0.52 0.84
Ucdis 2 0.1 0.1 0.1 0.1 0.1 0.1
0.01 | Ucasym 2 0.5 0.5 1 1 2 2
| Ucguard 0.2 0.2 0.2 0.5 0.5 1 1
Uccon 0.2 0.2 0.2 0.1 0.2 0.2 0.5
UciEV 0.5 0.5 0.5 0.5 1 1 15
UcLF 2 0 0 0 0 0 0
Ua 0.49 0.31 0.29 0.32 0.38 0.64 0.39
Um 1.00 1.00 1.00 1.00 1.00 1.00 2.00
U20mA 3.36 1.82 1.80 1.92 2.28 3.07 4.17
Calibration of the 50 mA standard against the 20 mA standard:
Current (A) | Uncertainties FEGILENETES (<)
0.01 0.055 1 10 20 50 100
U20mA 3.4 1.8 1.8 1.9 2.3 3.1 4.2
Ucdrift 1 1 1 1 1 1 1
Ucdm1 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ucdm2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ucn 0.38 0.01 0.06 0.06 0.04 0.32 0.89
Ucdis 2 0.1 0.1 0.1 0.1 0.1 0.1
0.02 | Ucasym 2 0.5 0.5 1 1 2 2
| Ucguard 0.2 0.2 0.2 0.5 0.5 1 1
Uccon 0.2 0.2 0.2 0.1 0.2 0.2 0.5
UciEv. 1 1 1 1 1.5 1.5 2
UcLE 2 0 0 0 0 0 0
Ua 0.39 0.54 0.47 0.49 0.47 0.51 0.67
Um 1.00 1.00 1.00 1.00 1.00 1.00 2.00
UsomA 4.06 2.18 2.14 2.32 2.70 3.58 4.78
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Cdlibration of the 100 mA standard against the 50 mA standard:

Current (A) | Uncertainties Eiegtiensieskihiz)
0.01 0.055 1 10 20 50 100
UsomA 4.1 2.2 2.1 2.3 2.7 3.6 4.8
Ucdrift 1 1 1 1 1 1 1
Ucdm1 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ucdm2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ucn 0.16 0.02 0.01 0.17 0.30 0.68 1.16
Ucdis 2 0.1 0.1 0.1 0.1 0.1 0.1
0.05 | Ucasym 2 0.5 0.5 1 1 2 2
| Ucquard 0.2 0.2 0.2 0.5 0.5 1 1
Uccon 0.2 0.2 0.2 0.1 0.2 0.2 0.5
UciEV. 15 15 15 15 2 2 3
UcLE 2 0 0 0 0 0 0
ua 0.30 0.34 0.35 0.21 0.17 0.21 0.33
Uwm 1.00 1.00 1.00 1.00 1.00 1.00 2.00
U100mA 4.70 2.53 2.50 2.70 3.14 4.09 5.47
Cdlibration of the 200 mA standard against the 100 mA standard:
Current (A) | Uncertainties Eiegtesiesl(iz)
0.01 0.055 1 10 20 50 100
Uz00mA 4.7 25 25 27 3.1 4.1 5.5
Ucdrift 1 1 1 1 1 1 1
Ucdm1 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ucdm2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ucn 0.29 0.02 0.02 0.01 0.18 0.63 1.88
Ucdis 2 0.1 0.1 0.1 0.1 0.1 0.1
0.1 | Ucasym 2 0.5 0.5 1 1 2 2
| Ucquard 0.2 0.2 0.2 0.5 0.5 1 1
Uccon 0.2 0.2 0.2 0.1 0.2 0.2 0.5
UciEv 2 2 2 2 25 25 4
UcLE 2 0 0 0 0 0 0
Ua 0.51 0.27 0.28 0.22 0.32 0.31 0.55
Uwm 1.00 1.00 1.00 1.00 1.00 1.00 2.00
U200mA 5.33 2.94 2.91 3.13 3.63 4.63 6.34
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Cdlibration of the 500 mA standard against the 200 mA standard:

Frequencies (kHz)

Current (A) | Uncertainties
0.01 0.055 1 10 20 50 100
U200mA 5.3 2.9 2.9 3.1 3.6 4.6 6.3
Ucdrift 1 1 1 1 1 1 1
Ucdm1 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ucdm2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ucn 0.33 0.02 0.11 0.29 0.20 0.12 0.99
Ucdis 2 0.1 0.1 0.1 0.1 0.1 0.1
0.2 | Ucasym 2 0.5 0.5 1 1 2 2
| Ucquard 0.2 0.2 0.2 0.5 0.5 1 1
Uccon 0.2 0.2 0.2 0.1 0.2 0.2 0.5
Uclev 2.5 2.5 2.5 2.5 3 3 5
UcLE 2 0 0 0 0 0 0
Ua 0.61 0.33 0.36 0.37 0.40 0.44 0.60
Um 1 1 1 1 1 1 2
UspomA 5.97 341 3.39 3.63 4.18 5.20 7.25
Cdlibration of the 1 A standard against the 500 mA standard:
Current (A) | Uncertainties ARG ES (1)
0.01 0.055 1 10 20 50 100
UspomA 6.0 34 34 3.6 4.2 5.2 7.3
Ucdrift 1 1 1 1 1 1 1
Ucdm1 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ucdm2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ucn 0.26 0.01 0.03 0.02 0.04 0.14 0.27
Ucdis 2 0.1 0.1 0.1 0.1 0.1 0.1
05 | Ucasym 2 0.5 0.5 1 1 2 2
| Ucguard 2 0.5 0.5 1 1 2 2
Uccon 0.2 0.2 0.2 0.5 0.5 1 1
UciEv 3 3 3 3 35 35 6
UcLE 2 0 0 0 0 0 0
Ua 0.28 0.10 0.26 0.33 0.42 0.24 0.41
Um 1 1 1 1 1 1 2
Uia 6.69 3.94 3.93 4.21 4.81 5.90 8.34
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Cdlibration of the 2 A standard against the 1 A standard:

Current (A) | Uncertainties ARG ES (1)
0.01 0.055 1 10 20 50 100
Uia 6.7 3.9 3.9 4.2 4.8 5.9 8.3
Ucdrift 1 1 1 1 1 1 1
Ucdm1 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ucdm2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ucn 0.21 0.13 0.04 0.03 0.08 0.29 0.54
Ucdis 2 0.1 0.1 0.1 0.1 0.1 0.1
1 | Ucasym 2 0.5 0.5 1 1 2 2
| Ucguard 2 0.5 0.5 1 1 2 2
Uccon 2 0.5 0.5 1 1 2 2
Uclev 2.5 2.5 2.5 2.5 3 3 7
UcLE 2 0 0 0 0 0 0
ua 0.5 0.3 0.3 0.2 0.2 0.3 0.3
Uwm 1 1 1 1 1 1 2
Uza 7.38 4.32 4.31 4.64 5.28 6.53 9.58
Cdlibration of the 5 A standard against the 2 A standard:
Current (A) | Uncertainties ARG ES (1)
0.01 0.055 1 10 20 50 100
Uza 7.4 4.3 4.3 4.6 5.3 6.5 9.6
Ucdrift 1 1 1 1 1 1 1
Ucdm1 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ucdm2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ucn 0.28 0.05 0.03 0.06 0.05 0.81 2.25
Ucdis 2 0.1 0.1 0.1 0.1 0.1 0.1
2 | Ucasym 2 0.5 0.5 1 1 2 2
| Ucguard 2 0.5 0.5 1 1 2 2
Uccon 2 0.5 0.5 1 1 2 2
UciEv 3 3 3 3 35 4 8
UcLE 2 0 0 0 0 0 0
Ua 0.64 0.67 0.84 0.55 0.90 1.32 0.60
Uwm 1 1 1 1 1 3 3
Usa 8.08 4.80 4.82 5.15 5.88 7.57 11.07
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Uncertainty for 5 A travelling standard, shunt 5 A (No B3A) + PTC 19:

Current Ve es Frequencies (kHz) Type Degrees of
(A 0.01 |0.055| 1 10 | 20 | 50 100 freedom

Usa 8.08 4.80 4.82 5.15 5.88 7.57 11.07 B o0
Ugdritt 1 1 1 1 1 1 1 B 0
Ucdm1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 rectangular 0
Ucdmp 0.2 0.2 0.2 0.2 0.2 0.2 0.2 rectangular ©
Ucn 0.22 0.11 0.00 128 | 2.87 | 547 6.15 rectangular 0
Ucdis 2 0.1 0.1 0.1 0.1 0.1 0.1 rectangular oo

S Ucasym 3 1 1 1 2 3 4 rectangular 0
Ucquard 2 0.5 0.5 1 1 2 2 rectangular 0
Uccon 2 0.5 0.5 1 1 2 2 rectangular 0
Ua 0.24 0.33 0.47 0.34 | 033 | 056 0.41 A 17
Upm 1 1 1 1 1 3 3 rectangular 0
Utest 8.55 4.93 4.96 537 | 6.33 | 8.76 12.11
Usest (k=2) 17.1 9.9 9.9 10.7 | 12.7 | 175 24.2
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Appendix 3: Summary of Results
EURAMET Key International Comparison of AC-DC Current Transfer Standards
EURAMET.EM-K12

Institute: CEM

Date of measurements: March 2013

Remarks:

M easurement Results:

Measured ac-dc current difference (UA/A)

Current At frequency

10 Hz 55 Hz 1kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA 7.6 0.1 -0.1 -0.2 -0.2 0.9 2
5A 1.9 -2 -0.5 -9.4 -17.5 -37.1 -50.0
Expanded Uncertainty:

Expanded Uncertainty (uA/A)

Current At frequency

10 Hz 55 Hz 1kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA 4.2 3.5 3.5 3.5 3.7 3.8 4.4
5A 17 9.9 9.9 11 13 18 24
Measurement Frequency:

Nominal Frequency

10Hz 55 Hz 1kHz 10 kHz 20 kHz 50 kHz 100 kHz
Measured 10.00 Hz | 54.999 Hz | 1.000 0 kHz | 10.000 kHz 20.000 kHz | 49.999 kHz 99.998 kHz
frequency
Expanded 0.05% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01%
uncertainty
Environmental parameters:

Min Max Remarks

Ambient temperature (°C) 22.8 23.7
Relative humidity (%) 48.7 54.0
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Appendix 4: Summary of Uncertainty Budget
Institute: CEM

Date: March 2013
Measurement Current: 10 mA

Cu(x;ent Contribution e s Frfquenc;eos (kHZ)Z g = G Type Distribution
Uss 1.5 1.5 1.5 1.5 1.5 1.5 15 B Normal
Ucdrift 1.0 1.0 1.0 1.0 1.0 1.0 1.0 rectangular
Ucpm1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 B rectangular
Ucpmz 0.2 0.2 0.2 0.2 0.2 0.2 0.2 B rectangular
Ucn 0.2 0.0 0.0 0.0 0.0 0.0 0.0 B rectangular
Ucdis 2.0 0.2 0.2 0.2 0.2 0.2 0.2 B rectangular

0.01 | ucasym 0.5 0.5 0.5 0.5 1.0 1.0 1.0 B rectangular

Ucquard 0.1 0.1 0.1 0.5 0.5 1.0 1.1 B rectangular
Uccon 0.1 0.1 0.1 0.1 0.2 0.3 0.6 B rectangular
Ua 0.1 0.1 0.1 0.1 0.1 0.1 0.1 A Normal
Um 1.0 1.0 1.0 1.0 1.0 1.0 2.0 B rectangular
Utest 2.1 1.7 1.7 1.8 1.8 1.9 2.2
Utest (k=2) 4.2 3.5 3.5 3.5 3.7 3.8 4.4

Measurement Current: 5 A

Cu(x;ent Uncertainties ain | aies Flrequenf(l)es (kgé) = G Type Distribution
Usa 8.08 4.80 4.82 5.15 5.88 7.57 11.07 B Normal
Ucdrift 1 1 1 1 1 1 1 B rectangular
Ucdma 0.2 0.2 0.2 0.2 0.2 0.2 0.2 B rectangular
Ucdma 0.2 0.2 0.2 0.2 0.2 0.2 0.2 B rectangular
Ucn 0.22 0.11 0.00 1.28 | 2.87 | 547 6.15 B rectangular
Ucdis 2 0.1 0.1 0.1 0.1 0.1 0.1 B rectangular

S Ucasym 3 1 1 1 2 3 4 B rectangular

Ucquard 2 0.5 0.5 1 1 2 2 B rectangular
Uccon 2 0.5 0.5 1 1 2 2 B rectangular
Ua 0.24 0.33 0.47 034 | 033 | 056 0.41 A Normal
Um 1 1 1 1 1 3 3 B rectangular
Utest 8.55 4.93 4.96 537 | 633 | 876 12.11
Utest (k=2) 17.1 9.9 9.9 10.7 | 12.7 | 17.5 24.2
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BULGARIAN INSTITUTE OF METROLOGY (BIM)
NATIONAL CENTRE OF METROLOGY (NCM)
LABORATORY ELECTROMAGNETIC MEASUREMENTS

Measurement Report

EURAMET Key International Comparison of AC-DC Current Transfer Standards
EURAMET.EM-K12

1. Definition of the ac-dc current transfer difference

The ac-dc current transfer difference & of a transfer standard is defined as:

o1 = (Iac - Idc) / Ide

where:
Iac is the rms value of the ac input current
Idc is the dc input current, which when reversed produces the same mean output voltage of the

thermal converter as the ac current.

2. Description of the measurement set-up

The measurement set-up, which is used for measurement of AC-DC difference, is complex of the
following instruments: multifunction calibrators Fluke 5720, used as AC and DC source, two
nanovoltmeters Keithley 2182A, Amplifier Clarke Hess 8100 and MKP-2 swithching system.

The reference standard used for 10 mA is PMITC (90 Q) and for 5 A — another PMIJTC (90 Q) with
shunt Fluke A40.

The standard and UUT are connected in series with coaxial Tee connector and adaptor for the link to 2-
terminal thermal converter and Fluke shunt. The output voltages of both thermal converters are
measured with the nanovoltmeters. Parallel at the output of the reference standard is put capacitor
approximately 2 pF.

3. Description of the measurement procedure

The potential driven gards method is used. The measuring sequence is DC+, AC, DC-, AC; .... The
time between switching is 90 s and 60 s. Between 150 and 245 measurements (in series of 12 and 40
observations) of AC-DC difference are used for calculation of the mean value and standard deviation of
the mean.

4. Traceability
The reference standard is traceable to BEV. The standard for 5 A is traceable to reference standard by
step-up procedure.

5. Ambient conditions

The temperature was from 22,62 °C to 23,62 °C.

1(7)



2(7)

The humidity was from 41,2 %rh to 55,5 %rh.

6. Measurement results

The detailed uncertainty budgets for 10 mA, 1 kHz and 5 A, 100 kHz are given in Appendix 1.
Summary of the measuring results and expanded uncertainty are given in Appendix 2 (Appendix 3 from
the Technical protocol).

The uncertainty contributions are summarised in the uncertainty budgets in Appendix 3 (Appendix 4
from the Technical protocol).

07.10.2013 Responsible person:
/Radoslava Hadzhistoykova/



Appendix 1: Detailed of uncertainty budgets

EURAMET Key International Comparison of AC-DC Current Transfer Standards

EURAMET.EM-K12

Institute: BIM

Date of mesurements: 02.07. - 31.07.2013

Uncertainty Budget 10 mA, 1 kHz

3(7)

. Standard Sensitivity .
. Uncertainty . . Uncertainty
Quantity Distribution X; Uncertainty \Z coefficient Contributio
u(x;) ¢
n u(y)

AC-DC difference of
reference standard, &, Normal 0 2 50,00 1 2
MA/A
Drift of reference standard | Rectangular 0 0,0 infinity 1 0,0
Repeated measurement, &, Normal 0,03 02 2430 1 0.2
MA/A
ll)easurement set-up, dset- Rectangular 0,0 1,4 infinity 1 1,4
- reproducability Rectangular 0,0 0,4 infinity 1 0,4
- resolution, linearity of . .
the NVM and scale factors Rectangular 0,0 0,3 infinity 1 0,3
- different set-up Rectangular 0,0 0,6 infinity 1 0,6
- EMI Rectangular 0,0 1,0 infinity 1 1,0
- connectors and adapters | Rectangular 0,0 0,5 infinity 1 0,5
AC-DC Difference of PTC

19, 5, uA/A Normal 0,03 2,4 109

Confidence
Level= 95,45% k= 12,0000
Result= 0,0 U= 49




Uncertainty Budget 5 A, 100 kHz,

4(7)

Uncertainty Standard Sensitivity | Uncertainty
Quantity R X; Uncertainty V; coefficient | Contribution
Distribution

u(x;) ci ui(y)
AC-DC difference of
standard (from step-up Normal 3 18 50,00 1 18
procedure)
Drift of the standard Rectangular 0 0,0 infinity 1 0,0
Repeated measurement, Normal -68,41 0,3 149,0 1 0,3
HA/A
Measuring set-up, HA/A Rectangular 0,0 8,1 infinity 1 8,1
- reproducibility Rectangular 0,0 2,0 infinity 1 2,0
- resolution, linearity of . .
the NVM and scale factors Rectangular 0,0 0,9 infinity 1 0,9
- different set-up Rectangular 0,0 7,6 infinity 1 7,6
- EMI Rectangular 0,0 1,0 infinity 1 1,0
- connectors and adapters Rectangular 0,0 1,0 infinity 1 1,0
Frequency dependence Rectangular 0,0 2,2 infinity 1 2,2
Temperature dependence Rectangular 0,0 0,4 infinity 1 0,4
AC-DC Difference of
PTC 19+shunt B3A, &, Normal -65,27 19,8 74
MA/A

Confidence
Level = 95,45% k= 12,0344
Result= -65 = 40




Appendix 2: Summary of results

EURAMET Key International Comparison of AC-DC Current Transfer Standards

EURAMET.EM-K12

Institute: BIM

Date of mesurements: 02.07. - 31.07.2013

Remarks:

Measurement Results:

5(7)

Current Measured ac-dc current difference (WA/A) at frequency
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA 7 -0,1 0 0,6 -0,7 2,4 -3
5A 1 -2 6 -2 -11 -31 -65
Expanded Uncertainty:
Current Expanded Uncertainty (LA/A) at frequency
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA 14 3,1 4,9 5,0 4,9 7,2 13
5A 36 26 26 24 24 28 40
Measurement Frequency:
Current Nominal Frequency
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
Meas. Frequency 9,99998 | 54,99992 0,9999987 | 9,999987 | 19,99997 | 49,99994 | 99,99987
Expanded Uncertainty 1,5E-05 | 4,1E-05 5,8E-04 5,8E-06 1,2E-05 | 2,9E-05 5,8E-05
Environmental parameters:
Min Max Remarks
Ambient temperature (°C) 22,37 23,62
Relative humidity (%) 41,2 55,5




Appendix 3: Summary of uncertainty budgets

EURAMET Key International Comparison of AC-DC Current Transfer Standards

EURAMET.EM-K12

Institute: BIM

Date of mesurements: 02.7.2013 - 31.07.2013

6(7)

Remarks:
Measurement Current: 10 mA
Standard Uncertainty (LA/A) at frequency Type
Contribution of: 10 20 50 100 A or Distribution
10Hz | 55Hz | 1kHz KHz 1Hz KHz KHz B
AC-DC difference of
reference standard, pA/A 6 2 2 2 2 3 6 B Normal
Drift of the standard 0 0 0 0,6 0,6 B Rectangular
Ezszawd measurement, 0,3 02 | 02 02 | 02 | 02 | 02 A Normal
Measuring set-up, HA/A 2,8 1,6 1,4 1,4 1,3 1,9 1,8 B Rectangular
- reproducibility 0,5 0,3 0,4 0,2 0,2 0,3 0,7 B Rectangular
- resolution, linearity of the
NVM and scale factors 0,3 0,3 0,3 0,3 0,3 0,3 0,3 B Rectangular
- different set-up 1,6 0,5 0,6 0,7 0,5 1,5 0,7 B Rectangular
- EMI 1 1 1 1 1 1 1 B Rectangular
- connectors and adapters 2,0 1,0 0,5 0,5 0,5 0,5 1,0 B Rectangular
Standard unc. 6,6 2,5 2,4 2,5 2,4 3,6 6,3
Expanded unc. 14 5,1 5,0 4,9 4,9 7,2 13
Coverage factor k 2,03 2,00 2,00 2,00 2,00 2,00 2,04




7(7)

Measurement Current: 5A
Contribution of: Standard Uncertainty (LA/A) at frequency Type

10 20 50 100 A or Distribution

0Hz | SSHz | TkHz |y vy, | kb | kHz | B

AC-DC difference of standard 17 13 12 11 12 13 13 B Normal
(from step-up procedure)
Drift of the standard 0 0 1,2 0,0 0,6 B Rectangular
Repeated measurement, 03 | 04 0,2 02 | 03 | 03 0,3 A Normal
HA/A
Measuring set-up, HA/A 3,2 2,5 2,8 1,6 2,2 3,6 8,1 B Rectangular
- reproducibility 1,8 1,7 1,5 0,8 1,3 1,6 2,0 B Rectangular
- resolution, linearity of the
NVM and scale factors 0,9 0,9 0,9 0,9 0,9 0,9 0,9 B Rectangular
- different set-up 1,0 0,8 1,9 0,2 0,9 2,9 7,6 B Rectangular
- EMI 1 1 1 1 1 1 1 B Rectangular
- connectors and adapters 2,0 1,0 0,5 0,5 0,5 0,5 1,0 B Rectangular
Frequency dependence 0,0 0,0 0,0 0,0 0,0 2,0 2,2 B Rectangular
Temperature dependence 0,4 0,4 0,4 0,4 0,4 0,4 0,4 B Rectangular
Standard unc. 17,4 12,9 12,5 11,8 11,8 13,9 19,8
Expanded unc. 36 26 26 24 24 28 40
Coverage factor k& 2,05 2,05 2,05 2,05 2,05 2,04 2,03




EURAMET Key International Comparison of AC-DC Current Transfer Standards

EURAMET.EM-K12, report of Hungary, MKEH

Detailed description of the measurement setup and the reference standard,

The reference standard of MKEH is a series of FIAK® type shunts with a Fluke A55 type thermal
converter.

A Fluke5700A calibrator was used as the sourcénefeixcitation current for AC and for Dc too. At 5A
level a Fluke 5725 amplifier was used to produeeetkcitation current.

The output voltage of the reference standard wassored by a Keithley 182 nanovoltmeter.

The output voltage of the travelling standard wasasured by a Keithley 2182A nanovoltmeter. The
Adapter UHF twin to Cannon 10SL-4S was used. Thaliehouse of the travelling standard (PMJTC)
was connected to ground. The metallic house ofdfexrence standard (Fluke A55) was connected to the
high output binding post of the source (Fluke570fYAFluke 5725A) . The inner point of the thermal
converters (or the appropriate point of shuntsfgtveas connected together. This connection wafiad s
as possible.

I I Fluke5700

/LE = calibrator

Keithley =Standardg uuT Keithley
182 2182

Our A40 type shunts were calibrated at the freqeesn$0,100,1000,3000,10000 and 20000Hz.

The value of the AC-DC difference at 55 Hz wasnotéated.

The Fluke calibrator can provide AC current ud@iHz, so we could perform the measurement only at
the frequencies of 55Hz, 1000Hz and 10kHz in tireecut mode of the calibrator.

The Fluke5700A can produce maximum 50mA as a velsmurce and it can work up to 1MHz. This
capability was used to perform measurements at AlBynsetting the calibrator as voltage source but a
series resistor 120Dwas connected to the high side binding post.

At first in current mode at 1kHz without the seniatistor the nominal 10mA excitation was appliad a
we measured the output voltage of the thermal abenge Later the excitation voltage was set toldghe
same output with the series resistor in the voltagele of the calibrator. We did the comparisonthis
setup at the frequencies of 55, 1000, 10000 an6@92.

A HART1620 instrument was used to measure the amhpe&rameters.
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Definition of the measurand:;

AC-DC current transfer difference is defined as

0= (lac - Ind) / lpc,

where

Iac is an rms AC current, and

Ioc is a DC current which, when reversed, producesdnee mean output response as the rms
AC current.

Positive sign signifies that more AC than DC cutneas required for the same output response.

Detailed description of the measurement procedure;

We are assuming that the output voltage of therthbeconverter, in a small range, is calculable hey t
next formula:

Uow = A *B(F) * I

Where

* A(t) does not depend on the frequency and on the ilgual but it represents all other
dependence. We handle it as a function of the thhowever we know that really it comes
principally from the changing of the temperature.

* B(f) is the frequency dependant part of the model. mkeasurand AC-DC transfer difference is
its behavior.

* ljy the input current of the thermal converter

* mis the exponent. It is used for interpolation.

PMJTC shows near parabolic characteristicnt’is nearly 2.
Our standard is a single junction converter. Itimesnaller than 2.
Applying two excitations causing the same outputcae write that:

U, = Altl) * B(DC) * 1 7. = A(t2) * B(f) * I I
AW*B(C), _,
A(2) * B(f) DC AC

5. [AQ*B(DC)
T At2) *B(f)

The above formula gives to us the practical valti&.oUnfortunately we are not able to apply the
different excitation at the same time. The mearetohthe excitation with DC i&l and the mean time of
the excitation with AC at the frequentis t2. TheA(t) functions are not the parts of the definition. yhe
show that the converter can change between then@asurements with the two excitationsA(f1) and
A(t2) are significantly different this will cause eriarthe result.

MKEH EM-K12 2



Our conception is to perform a series of measurémvigh alternating the two different excitationsttéy
finishing the data collection we will have a serggsoutput voltage values for each excitation. Véweh
the optimistic assuming that howewft) functions can change significantly during theadedllection
but this functions are flat and we can interpothtar values between the given times. Of coursecave
not separate the three factofsg,U) of the product. We can interpolate the valuehef dutput voltage of
the converters only.

Example:

DC excitation was applied in times: t1,t3,t5,t7,tBe measured voltages are: UD1,UD3...UD9
AC excitation was applied in times: t2,t4...18, theanured voltages are:UA2,UA4...UA8
t1,t2,t3...t8,t9 is a monotonic series.

A second order polynomial function will be fitteorfthe measured values with DC at t1,t3...19 .
This function will be calculated for the times #,tt8. The interpolated values are Ud2,Ud4...Ud8.

A second order polynomial function will be fitteorfthe measured values with AC at t2,t4,t6,t8.
This function will be calculated for the times 8t¥. The interpolated values are Ua3,Ua5,Ua7.

Ud2 means the output voltage of the converter wbaldlbeen measured in time t2 with DC excitation.
Ua5 means the output voltage of the converter whaftibeen measured in time t5 with AC excitation.

Now we have 7 pair of values for the times t2,t8:t46,t7,t8. Each pairs consist of one measuredoae
interpolated value for the same time. Our compptegram calculates the natural logarithm of therat
of the two output voltage values for the 7 times.

At t2:
I, =In(Ud2/UA2) =In(a(t2)/ At2))+In(B(DC)/B(f))+m*In(IDC/1(f))

At t5:
|, =In(UD5/Ua5) = In(A(5)/a(t5)) +In(B(DC)/ B(f))+m* In(IDC /1 (f))

a(t) means the interpolated value Aft).

We have seen above that:
52 [AD*B(OO) _,
A(t2) * B(f)

In(1+0)= |n(B(DC)j/m
B(f)

len(B(DC)J/m
B(f)

The last step is an approximation established erktlowledge thad is very small.

The second element of the calculated 7 valués &f. Is give us the flash of hope to calculate the value
of the AC-DC difference but the formulas have aibeing and an ending part to disturb our hoping.

The first element is nearly zero. It is the ratfdle experienced value and the interpolated vafu(t)
function for the same time. We know that interpolatis not perfect but the residuals will the
contribution of the uncertainty so this beginniragtpwill be neglected.

The third element comes from the ratio of the sewarrent at DC and at AC. To handle this part a& u
our standard thermal converter with the same eimitas the (UUT) unit under test.
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The above mentioned quantities will be measuredcatailated for the standard converter too. Divgdin
the valued with the exponent of the characteristic giveshesvalues:

U, =In(B,(DC)/B,(f))/m, +In(IDC/1(f))
E =In(B.(DC)/B.(f))/m. +In(IDC/1(f))

* ks the index of the point
* E and U show that the object is the standard (Bjadothe unit under test (UUT).
« mg and ny is the exponent of the two converters

The difference of the above two quantities :

E, -U, =In(B,(DC)/B,(f))/m, —In(B.(DC)/ B (f))/ m¢

As it was shown above the first part is the AC-Dansfer difference of the standard converter aed th
second part is the AC-DC transfer difference efthiUT.
We can calculate the result as

5|((JUT =5E _Ek +Uk
« oFis the AC-DC transfer difference of the standarcbading it's calibration certificate

« T is the AC-DC transfer difference of the UUT
¢ Kkis the index

The result is the average of the’" values.This method was developed to eliminatepthgsible error
source coming from that the converter can changedss applying the AC and DC excitation because of
the changing of the temperature or other contritsutdp to this point we assumed that the excitaison
constant through the measurement. This would beirdoaunded optimistic so we should have been
indexedIDC andI(f) quantities.

The set olUy and the set dEx quantities are influenced by the variation of 1B I(f) . Fortunately the
appropriate pair of this values contains the sab@y and I(f)x so their difference, the result of the
measurement is nearly free from this effect.

The computer program calculates the average anstaheard deviation of theJUg and ¢V"y values.
Usually the standard deviation of U and E is sigaiitly larger than the standard deviation Bf'd This
shows to us that Jand E pairs strongly correlated values and this methawl eliminate significant
disturbances as the finite reproducibility of toeise.

The measurements were executed under computepkortie program was developed in TESTPOINT.
The steps of the program:

The user gives the reference standard, the megslavels, the measured object identifiers andr thei
safety limitations. The program calculates comrnmits for the both converters and it checks tisé dif
measuring levels. User can modify some parameatargltience the measuring strategy. After thisisgtt
the measuring procedure is ready to start. Beftagirsg there is a possibility to check the seflipe
program pops up a window and the read values df bahovoltmeters are drawn on automatic scaling
graphs. Only the recent 50 (or other) values aoeveh The user can handle the calibrator by hand. We
can monitor the setting up of the thermal voltagettle knocking of objects can produce significant
changing in the thermal voltage in the case of &@thections. After finding the setup appropriagee w
can start the automatic measurement.

At first the program sends 5000 ppm higher valughtocalibrator than the desired measuring level. |
this state the converters are warm up but the gaahis to fix the range of the nanovoltmeters.
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Next step is the measuring of the near charadteonétthe converters. Two significantly differemvils
are applied. They are typically nominal+4000ppm aachinal-4000ppm.
The exponent of the characteristic is calculated.

U()th+ — IIn+ :(1+£j =1+2*m*
UOut. . l1-¢
(UOUL—UOUL+UOUL

UOut_

_(UOut, -UOut_
UOut_

)

j=1+2*m*£

}Q*a

Where W+ and Wy are the output voltage of the thermal convertertii@ excitation of b+ and |-
which are the nominal current + and — the relasiep ofe .

After the determination of the exponents for botnwerters the next step is the AC-DC difference
measurement at the desired frequencies.

In the following we will show the program stepsiogans of the log files generated by the program. Fo
error tracing and to help the validation procedine program writes a long and detail log. It'susture

is very simple. It records in special lines thertgtg of the program and the starting of the mamle
with cross-links to the working log.

The other lines have the next columns:

The mean time in seconds from the start

The nominal value of the excitation signal, inteshtle produce by the calibrator as output.
The frequency in kHz

The average of the output voltage of the Standanderter in mV

The standard deviation of the output voltage ofStendard converter in mV
The average of the output voltage of the UUT in mV

The standard deviation of the output voltage ofWhEl in mV

The time was spent to collect the above data in sec

The ambient temperature in °C

10 The relative humidity in %

CoNooGOhrWNE

The sample below shows that the warming up happébeti74 s

The exponent measurement was performed 234...600 s

The first measurement of AC-DC difference at atietpy of 55Hz, was performed 653...1401 s
The second measurement of AC-DC difference atquéecy of 55Hz, was performed 1364...2131 s
The first measurement of AC-DC difference at a ety of 1000Hz, was started 2093 s

Started, 2013.08.08 17:06:54,C:\Em-k12\AcCwrk0.csv, 1987,AC/DCcurrent shunt Compare V0.4.5
75, 5.025, 1.000, 7.422478, 1.3E-05, 50. 626481, 1.2E-04, 73.2,
100, 5.025, 1.000, 7.422456, 1.7E-05, 50. 627153, 8.1E-05, 25.4,23.07, °C ,39, %
116, 5.025, 1.000, 7.422439, 1.2E-05, 50. 627394, 9.0E-05, 16.2,23.07, °C ,38.8, %
141, 5.025, 1.000, 7.422458, 1.5E-05, 50. 627825, 8.3E-05, 25.7,23.06, °C ,38.6, %
158, 5.025, 1.000, 7.422498, 1.4E-05, 50. 628107, 4.4E-05, 16.1,23.06, °C ,38.5, %
174, 5.025, 1.000, 7.422538, 1.9E-05, 50. 628181, 5.3E-05, 16.1,23.05, °C ,38.4, %

COMPARE AC/DC TRANSFER,LogFile:,C:\Em-k12\AcCwrk0.c sv, 1991 ,DateTime: ,2013.08.08 17:10:12,UUT
234, 4.98, 1.000, 7.313732, 1.2E-05, 49. 731456, 7.9E-05, 39.5,23.05, °C ,38.4, %
273, 5.02, 1.000, 7.410723, 1.1E-05, 50. 528881, 5.3E-05, 36.2,23.03, °C ,38.2, %
305, 4.98, 1.000, 7.313946, 1.6E-05, 4 9.7321, 6.1E-05, 28.6,23.02, °C ,38.1, %
337, 5.02, 1.000, 7.410896, 1.7E-05, 50. 529356, 1.1E-04, 29.1,23, °C ,37.9, %
363, 4.98, 1.000, 7.314072, 1.3E-05, 49. 732412, 9.9E-05, 22.8,23,°C ,37.9, %
392, 5.02, 1.000, 7.410973, 7.9E-06, 50. 529356, 7.0E-05, 25.9,23,°C ,37.9, %
425, 4.98, 1.000, 7.314138, 1.6E-05, 49. 732406, 5.6E-05, 30.1,23.02, °C ,38.1, %
450, 5.02, 1.000, 7.410981, 1.3E-05, 5 0.5293, 8.7E-05, 22.3,23.06, °C ,38.8, %
486, 4.98, 1.000, 7.314063, 2.4E-05, 49 .73202, 5.4E-05, 32.8,23.07, °C ,39.2, %
522, 5.02, 1.000, 7.410893, 1.1E-05, 50. 528913, 7.0E-05, 33.2,23.1, °C ,40.1, %
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565, 4.98, 1.000, 7.313929, 1.3E-05, 49 .73186, 6.1E-05, 39.5,23.11, °C ,40.8, %

600, 5.02, 1.000, 7.410669, 1.3E-05, 50. 528493, 8.5E-05, 32.2,23.12, °C ,42, %
653, 5, 0.000, 7.361488, 1.5E-05, 50. 120794, 9.7E-05, 47.8,23.12, °C ,42.8, %
686, -5, 0.000, 7.360579, 1.2E-05, 50. 120906, 1.1E-04, 30.7,23.13, °C ,43.7, %
739, 5, 0.055, 7.363733, 2.4E-05, 50. 143375, 8.3E-05, 46.4,23.14, °C ,44.3, %
777, -5, 0.000, 7.360481, 1.3E-05, 50. 120053, 5.0E-05, 32.9,23.12, °C ,44.3, %
822, 5, 0.000, 7.361236, 1.7E-05, 50. 119537, 7.0E-05, 42.2,23.1, °C ,44.1, %
873, 5, 0.055, 7.363629, 2.3E-05, 50. 142356, 9.3E-05, 45.2,23.06, °C ,43.7, %
926, 5, 0.000, 7.361241, 1.8E-05, 50. 119531, 9.2E-05, 48.0,23.03, °C ,43.3, %
956, -5, 0.000, 7.360372, 1.3E-05, 50. 119587, 1.1E-04, 27.1,22.98, °C ,42.6, %
1035, 5, 0.055, 7.363613, 2.2E-05, 50. 142669, 8.5E-05, 73.4,22.97, °C ,42.5, %
1093, -5, 0.000, 7.360425, 1.5E-05, 50. 119638, 7.8E-05, 52.3,22.93, °C ,41.8, %
1125, 5, 0.000, 7.361255, 8.1E-06, 50. 119393, 5.7E-05, 29.1,22.92, °C ,41.5, %
1181, 5, 0.055, 7.363706, 1.7E-05, 50 14252, 8.3E-05, 50.1,22.93, °C ,41.2, %
1239, 5, 0.000, 7.361393, 1.4E-05, 50. 119375, 9.0E-05, 53.0,22.95, °C ,40.8, %
1271, -5, 0.000, 7.360547, 1.3E-05, 50. 119506, 8.3E-05, 28.6,22.97, °C ,40.3, %
1316, 5, 0.055, 7.363823, 1.7E-05, 50 14195, 1.3E-04, 39.7,22.98, °C ,40.1, %
1364, -5, 0.000, 7.360637, 1.7E-05, 50. 119344, 7.9E-05, 42.7,22.99, °C ,39.8, %
1401, 5, 0.000, 7.361458, 1.4E-05, 50 .11868, 6.5E-05, 33.7,22.99, °C ,39.7, %
1448, 4.998836, 0.055, 7.361015, 3.1E-05, 50. 117575, 5.6E-05, 41.4,23, °C ,39.5, %
1488, 5, 0.000, 7.361547, 1.4E-05, 50. 117981, 6.3E-05, 34.7,22.99, °C ,39.2, %
1518, -5, 0.000, 7.360695, 1.7E-05, 50. 118475, 7.5E-05, 26.6,22.99, °C ,39.1, %
1577, 4.998836, 0.055, 7.360916, 2.3E-05, 50. 116713, 7.0E-05, 53.5,23, °C ,39.1, %
1652, -5, 0.000, 7.360415, 1.5E-05, 50. 117327, 5.7E-05, 69.9,23.04, °C ,40.2, %
1685, 5, 0.000, 7.361095, 1.2E-05, 50. 116413, 9.9E-05, 30.3,23.07, °C ,41.7, %
1742, 4.998836, 0.055, 7.360355, 3.4E-05, 50. 115037, 6.0E-05, 50.6,23.09, °C ,42.6, %
1815, 5, 0.000, 7.360496, 1.8E-05, 50. 114931, 1.0E-04, 67.9,23.12, °C ,43.6, %
1844, -5, 0.000, 7.359539, 1.7E-05, 50. 114469, 8.5E-05, 25.6,23.18, °C ,44.9, %
1899, 4.998836, 0.055, 7.359698, 2.3E-05, 50. 113038, 6.0E-05, 49.2,23.19, °C ,45.1, %
1947, -5, 0.000, 7.359236, 2.4E-05, 50. 113331, 9.2E-05, 43.5,23.2, °C ,45.8, %
1989, 5, 0.000, 7.359952, 9.1E-06, 50. 112619, 7.3E-05, 38.6,23.18, °C ,45.6, %
2049, 4.998836, 0.055, 7.359306, 2.5E-05, 50. 111556, 7.9E-05, 54.3,23.15, °C ,45.2, %
2093, 5, 0.000, 7.359785, 1.4E-05, 50. 111825, 9.0E-05, 38.0,23.12, °C ,44.6, %
2131, -5, 0.000, 7.358879, 1.7E-05, 50. 111753, 5.0E-05, 34.9,23.1, °C ,44.1, %
2197, 5, 1.000, 7.360202, 1.3E-05, 50. 119312, 4.8E-05, 60.5,23.07, °C ,43.7, %

The sample above shows that the different measuntsnaee overlapped. The subsequent measurement
uses the same +DC and -DC points. The first taHinine second to start the data collection..

We have to make known the voltage measuring styaiethe program.

The program uses FIFO (First Input First Outpuglestnemory areas to store the values coming fram th
nanovoltmeters. The length of the FIFO was usually That means the last 30 value arrived form the
nanovoltmeters was stored in the memory. After esh read the present set of values was analyzed b
different methods to decide whether it is stabdize it is necessary to wait for more new data. The
waiting time was limited but usually the limitatievas not activated.

The above log-example shows that the elapsed tiasediferent in the different lines and this timaswv
significantly longer if a significant change happédnn the excitation.

Here we call the attention that the second measmeof AC-DC difference at 55Hz was executed with a
little correction in the AC excitation. The detailthis correction method will be described later.
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A sample of the working log is shown below.

Started, 2013.08.08 17:06:54,C:\Em-k12\AcClong0.csv ,10462,AC/DCcurrent shunt Compare V0.4.5

COMPARE AC/DC TRANSFER

DateTime: ,2013.08.08 17:10:12,C:\Em-k12\AcClong0.c sv, 10470
ETALON: ,25

Manufacturer: ,FLUKE

Type: ,A40 5A

Ident: ,4321

DeviceUnderTest: ,24
Manufacturer: ,IPHT+Bev

Type: ,N0:34 Pmjtc+Em-k12 shunt
Ident: ,B3A

MaxInputCurrent: ,5.1

Owner: ,BEV

OrderNumber: ,EM-K12

EnvironmentConditions:
Tempr. Humy: ,23.05, °C ,38.4, %
LineVoltage: ,227.5V

ProgramSettings:
AvgFifoLength: ,30
FifoAvgFrom% : ,50
PntRepeat : ,5
MainRepeat : ,4
ExpDelt : ,4000

MeasureingCurrent ; ,5A

MainLoop 0, 17:10:12, 195, 23.05,°C,38.4 , %,Comment for log

Exponents : Etalon | UUT, 1.63387, 0.00019, 1.971 60, 0.00020,UDC E/V, 7.411, 50.528
0.055,++, 1.1, 2.17,#E, 381.3, 1.15,#U, 458.1, 3.47,#D, 232.9, 232.9,
0.055,-+-, 1.0, 0.40,#E, -12.6, 3.54, #U, -17.4, 3.12,#D, -8.3,224.6,
1.000,+-+, -0.1, 1.66,#E, 129.3, 3.01, #U, 154.9, 1.79,#D, 78.9, 78.9,
1.000,-+-, 1.8, 4.74,#E, -1.3, 9.78,#U, -5.2, 3.82,#D, -1.7, 77.1,
10.000,+-+, -8.6, 3.74,#E, -907.2, 4.00, #U, -1077.9, 8.97,#D, -551.0,-551.0,
10.000,-+-, -10.0, 4.62,#E, 22.4, 6.86, #U, 46.8, 9.33,#D, 18.7,-532.3,

MainLoop 1, 18:33:38, 5201, 23.12, °C ,48.3 , %,Comment for log

Exponents : Etalon | UUT, 1.63360, 0.00019, 1.971 78, 0.00022,UDC E/V, 7.403, 50.494
0.055,+-+, 2.8, 3.67,#E, 27.5, 5.70, #U, 30.3, 3.82,#D, 16.1, 240.7,
0.055,-+-, 0.1, 5.60,#E, -4.1, 6.72,#U, -5.2, 4.53,#D, -2.6,238.1,
1.000,+-+, 3.4, 3.78,#E, 11., 5.35,#U, 7.3, 3.69,#D, 5.4, 825,
1.000,-+-, 2.0, 4.63,#E, 114, 7.11,#U, 9.8, 144,#D, 6.0, 885,
10.000,+-+, -10.3, 4.74,#E, 5.1, 5.61, #U, 26.5, 6.61,#D, 8.3,-524.0,
10.000,-+-, -11.4, 3.58,#E, -25.5, 4.83,#U, -8.2, 4.63,#D, -9.9,-533.9,!

MainLoop 2,19:53:46, 10009, 23.14,°C ,51.1 , %,Comment for log

Exponents : Etalon / UUT, 1.63345, 0.00024, 1.971 52, 0.00034,UDC E/V, 7.401, 50.455
0.055,+-+, 1.0, 2.62,#E, -1.0, 242,#U, -3.1, 6.29,#D, -1.1,237.0,
0.055,-+-, 0.9, 2.47,#E, -1.9, 4.64,#U, -4.0, 7.23,#D, -1.6,235.4,
1.000,++, 1.4, 5.88,#E, 104, 6.25,#U, 9.9, 535#D, 5.7, 94.2,
1.000,-+-, 2.7, 241,#E, -20.6, 3.76, #U, -30.1, 1.92,#D, -14.0, 80.3,
10.000,+-+, -9.5, 3.22,#E, -8.38, 5.88,#U, 8.1, 5.85,#D, -0.6,-534.5,
10.000,-+-, -9.7, 3.38,#E, -11.9, 5.80, #U, 4.8, 5.12,#D, -2.4,-536.9,

MainLoop 3,21:17:29, 15032, 23.05, °C ,47.2 , %,Comment for log

Exponents : Etalon | UUT, 1.63357, 0.00018, 1.971 71, 0.00030,UDC E/V, 7.400, 50.444
0.055,+-+, 1.0, 3.01,#E, -1.6, 6.09, #U, -1.6, 4.55,#D, -0.9,2345,
0.055,-+-, 0.4, 4.38,#E, -1.2, 6.53, #U, -2.2, 3.07,#D, -0.9, 233.6,
1.000,++, 1.5, 4.48,#E, 1238, 6.02, #U, 12.5, 3.15,#D, 7.1, 874,
1.000,-+-, 4.0, 5.12,#E, 13.9, 8.55,#U, 8.9, 4.46,#D, 6.5, 93.9,
10.000,+-+, -9.9, 3.98,#E, 2.7, 7.08, #U, 22.7, 5.56,#D, 6.6,-530.3,
10.000,-+-, -10.1, 1.22,#E, 2.7, 7.83,#U, 223, 5.09,#D, 6.5,-523.9,

MainLoop 4,22:42:13, 20116, 23.04, °C ,47.7 , %,Comment for log

Exponents : Etalon | UUT, 1.63342, 0.00021, 1.971 45, 0.00037,UDC E/V, 7.400, 50.439
0.055,+-+, 0.6, 3.36,#E, -1.8, 6.20, #U, -0.8, 4.24,#D, -0.8,23238,
0.055,-+-, 0.4, 5.00,#E, -1.1, 6.17, #U, -2.1, 2.75,#D, -0.9, 232.0,
1.000,++, 3.0, 3.33,#E, -20.5, 3.56, #U, -30.7, 2.35,#D, -14.1, 79.8,
1.000,-+-, 0.1, 3.41,#E, 114, 4.65,#U, 13.7, 3.03,#D, 7.0, 86.8,
10.000,+-+, -10.8, 7.55,#E, -27.3, 1 3.75,#U, -11.6, 8.42,#D, -11.3,-535.2,
10.000,-+-, -10.8, 2.00,#E, 7.5, 428, #U, 28.8, 4.95,#D, 9.6,-525.6,

COMPARE AC/DC TRANSFER
DateTime: ,2013.08.09 00:10:50,C:\Em-k12\AcClong0.c sv, 10997

The beginning part of this sample contains the lssordzation lines, the description of the standand
the UUT, the IEEE488 address of the nanovoltmetensnected to them, and some parameters
determine the data collecting strategy.

MKEH EM-K12 7



PntRepeat : so many of times will be repeated gh@yang of one excitation, It is the number of data
points for the interpolation with the fitted polym@l function. It is 5 in the shown sample.

MainRepeat: so many of times will be repeated thlerheasurement procedure at one given level of
excitation. It is 4 in the shown sample.

The results coming from the cycle signed as MaimL@are not used. The main goal of this cyclehs t
first level correction of the source, the Fluke5&@librator.
The cycle starts with the Exponent measuremenst Trteasurement is performed with the repeating of
the different excitation a PntRepeat number of $inlehe same interpolation method is used as it was
described above. The average value and the staddaration ofmis in the lines for the Standard and for
the UUT. The final part of this line contains th€ Butput voltage of the converters however thisiesl
are not necessary later.
The following lines contain partially processedues to get the result. All values are in pA/A exdée
frequency which is given in kHz.

* The frequency

» The sign of the applied DC sequence

* The difference between the Standard and UUT AC+@&a@sfer

» The standard deviation of the above value

e #E means standard (Etalon)

* The average dtk values

* The standard deviation &k values

*  #U means UUT

* The average dilk values

* The standard deviation bfk values

* #D means difference

* The modification of level correction applied indhuycle

» The full level correction for this frequency

The level correction:
In the MainLoop 0, at 0.055 kHz we can find thetrt&o lines.

0.055,+-+, 1.1, 2.17,#E, 3813, 1.15 ,#U, 458.1, 3.47,#D, 232.9, 232.9,
0.055,-+-, 1.0, 0.40,#E, -12.6, 3.54 J#U, -17.4, 3.12,#D, -8.3,224.6,

The first line we find E=381.3 and U=458.1

The measured exponents werez=i63387 and gur=1.97160,

So we can calculate the result as Ui E/me=233.37-232.35=1.02

We can see that the result is the little differentéwo large numbers. A relative small changinghe
value of the large numbers can cause large chamgitige result. This means that the sensitivitytfor
exponent can be large.

The value of (U/mgyt+ E/mE) /2 which is (233.37+232.35)/2=232.9 gives us ¢berection which will
make E and U move to near zero. It was applietiensecond line and we can see that the correctsn w
successful.

At starting the level corrections have the valu€.othe first correction at 0.055 kHz is 232.9 émel full
correction is 232.9 too. The next line shows that second modification of the correction was -§18 a
the full correction become 224.6 ppm.

The little difference between the shown calculateomd the values in the log sample comes from that
while the program is running it calculates the wesalirom the joined pairs dik and Uk values to
eliminate the mentioned effects, so it calculatest the differences or the sum Bk andUk values and
then calculate the average, to get the result badevel correction. Now we did it in reverse order
because the individual valueskik andUk are not known yet.
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The explained measurement procedure was repeat@tlaer of times.

Different arrangements were tried to examine whetlere is significant effect coming from the mutua
inductance between the current wires and voltagasaorement loops. A perpendicular N type
male/female connector angle was inserted to pertbrsnexperiment. We could not detect any significa
effect of the arrangement for the result so finallthe measurement results were handled unifariiiig
very little differences became the part of the peyincertainty.

At 10mA some measurements were performed by thag®Mworking mode of the source (Fluke5700) to
reach the 20 kHz frequency. A series resistor wasiected to simulate current source. At the freqigsn
below 20 kHz each type (current mode and voltagdewaith resistor) were performed too. We could not

detect any significant different between the twoetpf measurements. Finally all the results were
handled uniformly.

A statement of traceability, if the national standard is not considered to be a
primary standard; otherwise a description how the own value was
determined,;

We do not have primary standard.
Our reference standard was calibrated in NPL.

Unfortunately the certificate of our standard dowd contain data at 55Hz frequency. The AC-DC
difference and the uncertainty were interpolatedHts point.

The certificate is shown on the following pages.
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Certificate of Calibration

11 CURRENT SHUNTS
AND THERMAL ELEMENT

For Mr Andras Jakab,
Orszagos Mévéstigyi Hivatal,
National Office of Measures,
H-1535,
Budapest P1.919.
Hungary.

Order Number: PF 40579 dated 29th July 1995
Manufacturer: ] Fluke Mig Co.

Ranges: 10, 24, 30, 50, 100, 200, 300 and 500 mA
1,Zand 5 A

Calibration Dates: 19th June 1995 to 28th June 1995

The thermal transfer element and each shunt in turn were tested on direct and alterna ting
current.  The black terminal of each shunt was connected to earth throughout the
measuramenis.

Measurements were obtained at an air temperature of 23 + 1°C.

The uncertainties in the reporfed values have been estimated by combining, where
appropriate, the individual uncertainties in quadrature, at a confidence level of at least 95%.
These values are given in Table 1.

They relate only to the measured value and carry no implication regarding the stability of the
instrument.

Table 2 gives the differences between the alternating and direct currents required to give the
same cutput when successively applied to the input connector. The direct current was taken
as the mean of values obtained with forward and reverse polarities. A positive sign indicates
a higher value of alternating current was required to produce the same output.

Reference: DESA/07/95/020 e Page 1 of 2

Diate of issue: 29th September 1995 Signed: for Director

Checked by: /1

o Name:  Dr ,{{h_:@; Jones

RIS TSI Vi
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NATIONAL PHYSICAL LABORATORY

Continuation Sheet

Uncertainty to at least 95% Confidence Level, pom

- Applied Frequency / kliiz

Current : : :
A 0.04 0.1 _ 1 3 0 20
5 20 30 : 20 20 200 | 30
2 20 ' 25 20 20 20 | 3
1 10 _ 20 Z 15 15 15 1 35
05 15 : 25 . 15 20 20 L 35
03 %} 25 . w o 20 35
0.2 15 15 - 15 15 10 35
01 10 10 : 15 10 0 f 35
0.05 10 ' 10 10 10 10 | 10
0.03 10 Z 20 15 10 0 | 10
e T B e e e B
001 20 L 15 | 15 B 15

AC/DC Difference, ppm

Shunt Serial - Frequency / kHz
Range | Number ' '
A 0.04 0.1 1 3 10 20
5 4321 0 a1 Lo IET R BT +30
2 3835 | 46 9 4 6 | 46 +38
t s | 3| a1 | s | o2 | o |
05 | w66 | 2 9 | s a1 | s
0.3 3762 | +2 10 2 5 3 +16
.2 3734 +3 -5 -2 -1 +4 +21
0.1 a5 |- 4 b2 |4 R Y
005 | 4388 | -4 0 1 +1 W14 | 428
0.03 | 4156 1 7 3 a2 a8 | -2
002 | 347 | 9 4 5 12 6 6
0.01 | 4074 7 5 % 9 -4 +2
Reference: DESAN7/95/020 Page 2 of 2
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The measurement results;

Measurement Results

Measured ac-dc current differenged(A) at

10Hz [55Hz | 1kHz | 10kHz| 20kHZ 50 kHz o
10 mA - -4.7 -4.9 -4.5 -0.1 - -
5A i 55 9.1 -20.5 - i i

Expanded Uncertainty:

Expanded Uncertainty

Current (LA/A) at frequency
10 Hz 55Hz | 1kHz 10 kHz 20 kHz | 50 kHz &l(_)lg
10 mA - 21 18 23 19 - -
SA - 28 23 24 - - -

The ambient conditions of the measurement: the temperature and the
humidity with limits of variation;

Environmental parameters:

Min Max Remarks
Ambient temperature (°C)| 22.62 24.18
Relative humidity (%) 34.5 58.8

Measurement Frequency:

Nominal Frequency
Current 100
10 Hz 55 Hz 1 kHz 10 kHZ7 20kHz 50 kHﬁHz
Meas. Frequency - 55.0006| 1.000011} 10.00011{ 20.00022 - -
Expanded 5e-6 5e-6 5e-6 5e-6
Uncertainty
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The complete uncertainty budget

Values are given in pA/A

Calibration of the travelling standard at 10mA

55Hz | 1kHz | 10kHz | 20kHz | type | Distribution | Degree of
freedom

Comparison uncertainties 0.4 0.3 0.4 0.4 A Gaussian | 61,61,61,43
Assembly ,cables, connectors | 0.58 | 0.58 | 0.58 1.15 B | Rectangular 0
Calibration uncertainty of| 9 7.5 10 7.5 B Gaussian o0
standard
Interpolation  of  standard | 0.58 - - - B | Rectangular 0
value
Stability of standard | 5.20 | 5.20 | 5.20 | 5.20 B | Rectangular 0
(0.5pA/Alyear)
Bead capacitor 0 0.06 | 0.58 1.15 B | Rectangular 0
Combined standard | 10.4 | 9.1 11.3 9.3 Gaussian o0
uncertainty
Expanded uncertainty (k=2) 20.9 | 18.3 | 22.6 18.6 Gaussian
Effective degree of freedom >100 | >100 | >100 | >100
Calibration of the travelling standard at 5A

55Hz | 1kHz | 10kHz | 20kHz | type | Distribution | Degree of

freedom

Comparison uncertainties 0.1 0.1 0.2 - A Gaussian | 85,85,85,-
Assembly ,cables, connectors 0.58 | 0.58 | 1.73 - B | Rectangular 0
Calibration uncertainty  of | 13 10 10 - B Gaussian 0
standard
Interpolation of standard value 0.58 - - - B | Rectangular 0
Stability of standard | 5.20 | 5.20 | 5.20 - B | Rectangular o0
(0.5pA/Alyear)
Stray mutual inductances - 0.29 | 2.89 - B | Rectangular 0
Combined standard uncertainty | 14.0 | 11.3 | 11.8 Gaussian
Expanded uncertainty (k=2) 28.0 | 22.6 | 23.5 Gaussian
Effective degree of freedom >100 | >100 | >100

Budapest 18 October 2013

Hungarian Trade Licensing Office, MKEH
Hungarian Trade Licensing Office, MKEH

Metrology Authority

MM‘Y)‘ Tiocr

Németh Tibor
metrologist

Section of Thermophysical, Electrical and Optical Measurements

tel.: +36 1 4585-897
fax: +36 1 4585 -823
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Title of Report: Results of NSAI National Metrology Laboratory’s participation in EURAMET Key
Comparison of AC-DC Current Transfer Standards (EURAMET.KM-K12)

Date of Report: 19 Jan 2014

Report by: Oliver Power

Approved by: Paul Hetherington, Manager NSAI NML

1. Introduction

This report presents the results of the NSAI National Metrology Laboratory’s (NSAI NML) participation in
the EURAMET International Key Comparison of AC-DC Current Transfer Standards (EURAMET.EM-K12).
The results reported are based on measurements made by NSAI-NML over the period 07 to 28
November 2013. NSAI NML’s purpose in participating in the comparison is to provide evidence to
support its CMC entries for AC current measurement (NSAI NML does not have CMC entries for AC-DC
current transfer measurements).

Due to AC current sourcing limitations, the 5 A measurements are limited to an upper frequency

of 20 kHz.

This report presents a brief description of NSAI NML’s measurement set-up and measurement

procedure, a statement of traceability, the measurement results, and a statement of the uncertainties.

Page 1 of 12



2. Measurement Set-up

Figure 1 shows a schematic of the measurement set-up used for the 10 mA measurements.

Voltage o
Source e
AC/DC Current
TCC Shunt
CL AD/DC

"?ﬁ/ U T U ’@’Q Transfers

Standard

®O0

NVM DVM

Figure 1 Schematic of measurement set-up for 10 mA measurements

A voltage calibrator (Wavetek 4808) is used to provide DC and AC currents. The current is passed
through two thermal current converters (TCCs), connected in series. The TCC on the high side of the
comparator comprises a 30 mA current shunt (JV design) connected across an AC-DC transfer standard
(Fluke 792A), whose output is measured by a digital multimeter (Wavetek 1281). This TCC acts as a
transfer standard.

A substitution measurement technique is used whereby a reference TCC (Holt HCS-1 Current Shunt and
84506 Thermal Converter) and the TCC under test are connected in turn to the low side of the
comparator and compared with the transfer standard TCC. The output of the reference TCC or the TCC
under test is measured using a nanovoltmeter ( Agilent 34420A). Both the input and the output of the
TCC connected to the low side of the comparator are grounded, as shown in the figure. The TCC
connected to the low side of the comparator is compared to the transfer standard TCC by
simultaneously measuring their outputs.

Control of the voltage calibrator and acquisition of the DVM and NVM readings are handled by a PC.

.'l‘_{\_

,‘s Page 2 of 12
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The measurement set-up for the 5 A measurements, shown schematically in figure 2, is similar to that
used for the 10 mA measurements.

VOItage 0—J O Transconductance ©
Source e o Amplifier @
AC/DC Current AC/DC Current
TCC Shunt Shunt
L. AD/DC
A o}
Y () () Transfer g
= Standard
Ie} O
’ NVM DVM ¢
=
Figure 2 Schematic of measurement setting for 5 A measurements

A voltage calibrator and transconductance amplifier (Wavetek 4808 and 4600) are used to provide DC
and AC currents. The current is passed through two thermal current converters (TCCs), connected in
series. The TCC on the high side of the comparator comprises a 10 A current shunt (JV design) connected
across an AC-DC transfer standard (Fluke 792A), whose output is measured by a digital multimeter
(Wavetek 1281). This TCC acts as the reference TCC transfer standard.

The TCC under test, comprising a thermal converter and shunt, is connected to the low side of the
comparator. The output of the this TCC is measured using a nanovoltmeter ( Agilent 34420A). Both the
input and the output of the reference TCC are grounded as shown in the figure. A direct comparison is
made between the reference TCC and the TCC under test by simultaneously measuring the outputs of
the TCCs.

Control of the voltage calibrator and acquisition of the DVM and NVM readings are handled by a PC.

T Page 3 0f 12
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3. Measurement Procedure
The method used to compare a pair of TCCs is the same for both the 10 mA and the 5 A measurements.

The test current (DC) is applied to the TCCs for at least 30 minutes prior to beginning the measurements.
The test currents are then applied in the sequence +DC, -DC, AC, +DC and -DC. The magnitudes of the
currents are adjusted so that the output of a TCC does not vary by more than 1 part in 10* for the +DC,
-DC and AC inputs. A settling time of 60 s is allowed after switching the current. After the outputs of the
TCCs have settled, they are recorded, together with corresponding timestamps, for a period of about
100 seconds.

Second order polynomials are fitted to the +DC values, the —DC values, and the AC values. The fit
parameters are used to predict the value of the +DC, -DC and AC outputs of the TCCs at the mid-point (in
time) of the transfer. The difference in the AC-DC current transfer differences of the TCCs is then
calculated using:

~AC £DC ~AC [£DC
:EY - E _Ex - Ex

ISRV S

dx'dY

where d is the AC-DC current transfer difference of the TCC, nis the sensitivity of the TCC, E“Cis the

predicted TCC output at the mid-point of the transfer when AC current is applied and E°° is the mean
of the predicted TCC outputs at the mid-point of the transfer when +DC and —DC currents are applied.
The subscripts X and Y refer to the TCCs connected to the lower and the upper arms of the comparator,
respectively.

The TCC sensitivities had been measured previously by measuring the change in the output of the TCC
for a known (1 part in 10%) change in input.

A measurement set, for each test frequency, comprised three AC-DC transfers. Six measurement sets
were obtained for the 10 mA and the 5 A devices over the course of the measurement period.
4. Traceability

Measurement traceability for the reported results is obtained as follows:

Quantity Device NMI Certificate Number
Holt HCS-1 Current
Current AC-DC Shunt and 84508 Justervesenet 13/6485-7
Difference
Thermal Converter
Current AC-DC JV-NT-160-160-10A Justervesenet 13/6485-3
Difference Current Shunt
Voltage AC-DC Fluke 792A METAS 21204803
Difference
T,

S Page 4 of 12
&7 NSAI :

Mational Metrofogy Laboratory




5. Ambient Conditions

A continuous record of the ambient temperature and relative humidity in the laboratory space during
the measurement period was maintained. The complete record is shown below.

Elesstrical Stds Lab (D Number=§, Serial Mo=0413-019337}
£l T T i
i i
= ! '
o :
B |
- - '_'i'""-'JI"'"""_""""" ':'""""_"""""""'_'i" = """:'_""""""'""""""""
T3 i | i =
é e "'%" “"'"""r""“'"T'““L"'"""""""“""_% TTETTT T "J_'"'"" T |
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E"'C'T £oaid |, \ T(q--—-------l‘r------- feoogo - 1’# T EEEPy ---l“r---'
) l‘ I '5]‘, il
It AN ol ww f'*wm N MJM.__L.
: i e
e : :
" i i
: :
T2 mm e e e e e e e e e e e e e e e e e —————
- : :
e 2 1Y INrvs LM L5 18 Ve et 2 1T T R Aifwrn arn Iy
23
— Hareed hrubamsars LeLFrivked 10 45000 a0
The summary data are as follows:
Parameter Minimum Value Maximum Value Mean Value

Ambient Temperature

21.1°C*

23.6°C

22.4°C

Ambient Relative Humidity

21%RH

49%RH

32%RH

*Note that this minimum temperature did not occur while measurements were underway. The

minimum temperature when measurements were being carried out was 21.7 °C.

\—l-"
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6. Measurement Results

6.1 10 mA Measurement Results
Date Current AC-DC Difference (mA/A)
10Hz | 55Hz | 1kHz | 10kHz | 20kHz 50 kHz 100 kHz
7Nov 2013 | +10 +2 +3 +3 0 -6 -19
8 Nov 2013 +7 +4 +4 +2 -2 -6 -17
8 Nov 2013 +6 +4 +4 +3 +2 -3 -18
11 Nov 2013 +9 +5 +5 +3 -1 -5 -6
13 Nov 2013 +9 +3 +3 +3 +3 +4 -18
15Nov 2013 | +10 +3 +3 +1 -1 -6 -17
Mean Values
10Nov2013 [ +8 | +4 | +4 [ +2 | 0o [ -4 | -16
Expanded Measurement Uncertainty (95% Coverage Factor) (mA/A)
10Hz | 55Hz | 1kHz | 10kHz | 20kHz 50 kHz 100 kHz
50 30 30 47 103 200 410
6.2 5 A Measurement Results
Date Current AC-DC Difference (nA/A)
10Hz | 55Hz | 1kHz | 10kHz | 20kHz | 50 kHz** | 100 kHz**
25 Nov 2013 +3 +4 +1 -5 -13 - -
25 Nov 2013 +4 +3 +1 -6 -13 - -
26 Nov 2013 +1 +3 +1 -4 -12 - -
27 Nov 2013 0 +5 +4 -10 -19 - -
27 Nov 2013 -1 +4 +6 -7 -19 - -
28 Nov 2013 -1 +6 +2 -9 -20 - -
Mean Values
26Nov2013 | +1 | +4 [ +3 [ -7 [ -16 [ - e

Expanded Measurement Uncertainty (95% Coverage Factor) (mA/A)

10Hz | 55Hz | 1kHz | 10kHz | 20kHz | 50 kHz** | 100 kHz**
185 73 73 120 230 - -
** No measurements were made at 5A/50 kHz and 5A/100 kHz
6.3 Frequency
Nominal Value 10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
Deviation from Nominal 0.0mHz | -02mHz | -4mHz | -0.04Hz | -0.08Hz | -0.19Hz | -0.4Hz
Meas. Uncertainty 0.1lmHz | 0.1mHz | 1mHz | 0.01Hz | 0.02Hz | 0.05Hz 0.1 Hz
.1‘*-_{’1‘-‘_
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7. Analysis of Measurement Uncertainty
7.1 10 mA Measurements
7.1.1 Measurement Equation

For the comparison of the unknown TCC with the transfer standard TCC, we have:

1 a%Ac _ EDC 0 1 &éAc _ EDC 0
dX - dT :—ﬁ%:' _§XA—DCx:+eL ..... (11)
n; ET 9 Ny Ex (%]

where d is the AC-DC current transfer difference of the TCC, nis the sensitivity of the TCC, EAC is the
predicted TCC output at the mid-point of the transfer when AC current is applied and E®C is the mean
of the predicted TCC outputs at the mid-point of the transfer when +DC and —-DC currents are applied,
e, isan error correction term to account for leakage effects. The subscripts T and X refer to the transfer
standard and the unknown TCCs respectively.

Similarly, for the comparison of the reference TCC with the transfer standard TCC, we have:

c o) AC _ EDC §
d.-d _ 1 gEfC-Ef ° 1 &) el = ..(12)
EF 5 m& EX 5
nT g 'R R 7]

where the subscript R refers to the reference TCC and the primed quantities indicate that the
measurement conditions for the transfer standard TCC and for the leakage effect are not exactly the
same as for the comparison with the unknown TCC.

Taking the difference of (1.1) and (1.2) we have:

AC DCO AC DC
d, =d, +i —EE;-i Sul % 1.p 4D +e, (13)
DC T DC
Er @ = g M

where D; represents the difference in the transfer standard’s output term, D, is the difference in the
leakage correction term and e,, is an artificially introduced correction term, with a nominal value of
zero, which takes account of the non-reproducibility of the measurement.
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7.1.2  Input Quantities and Associated Standard Uncertainties

AC-DC current transfer difference of reference TCC (d): The best estimate of this quantity is its most
recently certified value. The associated standard uncertainty is a combination of the uncertainty of the
certified value and uncertainty components due to drift and measurement conditions. The resultant
standard uncertainty, which is frequency dependent, is given in the following table:

(Standard Uncertainty of d) x 10°

10Hz | 55Hz | 1kHz | 10kHz | 20kHz | 50kHz | 100 kHz
17 8 8 10 8 10 50

Sensitivity of reference TCC (N ): This quantity was measured during the measurement period. The
associated relative standard uncertainty is 2%.

&éAc _ EDPC g
Reference TCC output g%: This quantity is obtained from the predicted outputs of the
R [
reference TCC at the mid-point of the transfer which, in turn, are obtained from the NVM readings. The

guantities EQC and ERDC are negatively correlated, so that any uncertainties due to the zero offset and

range error of the NVM can be ignored. The standard uncertainty of the quantity is obtained from the
data scatter and the differential linearity of the NVM. The standard uncertainty is assigned a value of
20 x 10° at 10 Hz and 10 x 10°® at all other test frequencies.

Sensitivity of unknown TCC ( Ny ): This quantity was measured during the measurement period. The
associated relative standard uncertainty is 2%.

oE/C-EXO L . .
Unknown TCC output g% =: This quantity is obtained from the predicted outputs of the
X %]
unknown TCC at the mid-point of the transfer which, in turn, are obtained from the NVM readings. The

quantities EQC and EQC are negatively correlated, so that any uncertainties due to the zero offset and

range error of the NVM can be ignored. The standard uncertainty of the quantity is obtained from the
data scatter and the differential linearity of the NVM. The standard uncertainty is not dependent on
frequency and is assigned a value of 10 x 10°® for all frequencies.

Sensitivity of transfer standard TCC (n; ): This quantity was measured during the measurement period.
The associated relative standard uncertainty is 2%.

S h,
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Difference in transfer standard TCC outputs ( D; ): The best estimate of this term is the value obtained
from the DMM readings. Due to negative correlations uncertainties due to zero offset and range error

E DC ¢C 1qPC

—are almost

of the DMM are negligible. Also, since the terms é

T

2}

identical, the effect of the differential linearity of the DMM is also negllglble. The main source of
uncertainty is therefore due to data scatter and the standard uncertainty is estimated to be 2 x 10°.

Difference in leakage correction (D, ):This quantity was assigned a value of zero. The associated

standard uncertainty is frequency dependent and is estimated to range from 10 x 10°° at low frequencies
to 200 x 10° at 100kHz.

Non-reproducibility of measurement result (e,, ). This quantity is taken to have a value of zero, by

definition. Its standard uncertainty is estimated from the results of repeated measurements. It is found
to be less than 5 x 107 for all frequencies.

7.1.3 Sample Uncertainty Budget

The following sample uncertainty budget refers to a test frequency of 1 kHz.

: Standard Sensitivity Uncertainty Degrees of
Input Quantity Uncertainty Coefficient Contribution Type AorB Freedom
dq 8 mv/V 1 (mavw)*? 8 MV/A B > 10*
Nk 0.036 M\V/W -10 m\VA (MWW 0 mA/A > 10"
‘EAQC - IéRDC 0 4
é o = 10 mv/V 0.55 (MV/W)* 6 mA/A B >10
ER Q
Ny 0.04 M\V/W 7 mAV/A (MWV/W) ! 0 mA/A B >10°
&EQC - EEC 0 4
é e | 10mv/V -0.5 (mMv/W)* -5 mA/A B > 10
EX ﬁ
n, 0.02 m\V/W -1 mA/A (MWWt 0 mA/A B > 10"
D, 2 mv/V 1 2 mA/A B > 10"
e D, 10 mA/A 1 10 mA/A B > 10"
€y 2 mA/A 1 2 mA/A A 5
Combined Standard Uncertainty 15 mA/A >10*
Expanded Uncertainty (95% Coverage Probability) 30 mA/A
.'r? \
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7.2 5 A Measurements
7.2.1 Measurement Equation

For the comparison of the unknown TCC with the reference TCC, we have:

AC DC 0 AC DC
-d _igE DCE i- iEEE—DcETJ’e +te, .. (2.1)
Exr g Nx E &

where d is the AC-DC current transfer difference of the TCC, nis the sensitivity of the TCC, E*Cis the

predicted TCC output at the mid-point of the transfer when AC current is applied and E®C is the mean
of the predicted TCC outputs at the mid-point of the transfer when +DC and —-DC currents are applied,

and e _is an error correction term to account for leakage effects. R and X refer to the reference and the
unknown TCCs respectively.

The reference TCC comprises the JV 10 A reference shunt and the Fluke 792A AC-DC transfer standard.
Since the resistance of the shunt is much lower than the input resistance of the AC-DC transfer standard,
the AC-DC transfer difference of the shunt-TVC combination can be taken to be:

d, =d, +dq - (22)

where d,, is the AC-DC voltage transfer difference of the AC-DC transfer standard, and dS is the AC-DC
transfer difference of the shunt.

The measurement equation is therefore:

EAC EDCO E EDC
dy =d, +dg +i T;-i =X X Tt +e, -(2.3)
Ex g N Eyx 4

where, as before, e,, is an artificially introduced correction term, with a nominal value of zero, which
takes account of the non-reproducibility of the measurement.
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/ 5 NSA| Page 10 of 12
)

Mational Metrofogy Laboratory

y

k



7.2.2  Input Quantities and Associated Standard Uncertainties

AC-DC voltage transfer difference of reference TVC (d,, ): Since the Fluke 792A was not operating at a

point for which certified AC-DC voltage transfer difference values were available, it was necessary to
characterise the instrument at the measuring point. The standard uncertainties of the AC-DC voltage
transfer differences are given in the following table:

(Standard Uncertainty of d,, ) x 10°

10Hz | 55Hz | 1kHz | 10kHz | 20 kHz
90 30 30 30 50

AC-DC transfer difference of reference current shunt (dg): The best estimate of this quantity is its most

recently certified value. The associated standard uncertainty is a combination of the uncertainty of the
certified value and uncertainty components due to drift and measurement conditions. The resultant
standard uncertainties are given in the following table;

(Standard Uncertainty of d,, ) x 10°

10Hz | 55Hz | 1kHz | 10kHz | 20 kHz
14 14 14 14 19

Sensitivity of reference TCC (ng): This quantity was measured during the measurement period. The
associated relative standard uncertainty is 2%.

aéAc _ EPCH
Reference TCC output é%: This quantity is obtained from the predicted outputs of the
R 2
reference TCC at the mid-point of the transfer which, in turn, are obtained from the DVM readings. The

guantities EQC and EF?C are negatively correlated, so that any uncertainties due to the zero offset and

range error of the DVM can be ignored. The standard uncertainty of the quantity is obtained from the
data scatter and the differential linearity of the DVM. The standard uncertainty is not dependent on
frequency and is assigned a value of 10 x 10° for all frequencies.

Sensitivity of unknown TCC ( Ny ): This quantity was measured during the measurement period. The
associated relative standard uncertainty is 2%.
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aEéAc - EDPCH
Unknown TCC output g%: This quantity is obtained from the predicted outputs of the
X (%]
unknown TCC at the mid-point of the transfer which, in turn, are obtained from the NVM readings. The

quantities EQC and EQC are negatively correlated, so that any uncertainties due to the zero offset and

range error of the NVM can be ignored. The standard uncertainty of the quantity is obtained from the
data scatter and the differential linearity of the NVM. The standard uncertainty is not dependent on
frequency and is assigned a value of 10 x 10°® for all frequencies.

Leakage correction (e, ): This quantity was assigned a value of zero. The associated standard uncertainty

is frequency dependent and is estimated to range from 20 x 10° at low frequencies to 100 x 10° at
20kHz.

Non-reproducibility of measurement result (e,, ). This quantity is taken to have a value of zero, by

definition. Its standard uncertainty is estimated from the results of repeated measurements. It is found
to be less than 3 x 107 for all frequencies.

7.2.3 Sample Uncertainty Budget

The following sample uncertainty budget refers to a test frequency of 1 kHz.

. Standard Sensitivity Uncertainty Degrees of

Input Quantity Uncertainty Coefficient Contribution Type AorB Freedom

d, 30 mv//V 1 (mvwW)* 30 mA/A B > 10"

dg 14 mi/A 1 14 miV/A B >10*

Nk 0.02 m\V/W -4 mA/A (MAV/W) 0 mA/A B > 10"
‘EAQC - IéRDC 0 4
é o = 10 mV/V 1 (mvw)*! 10 mA/A B >10

E

R [}

Ny 0.04 M\V/W 10 mAVA (MWW 0 mA/A B > 10"

&EQC - EEC 0 4
e | 10mv/V -0.5 (mMv/W)* -5 mA/A B > 10
E
X [}

e 10 mA/A 10 mA/A B > 10"

e, 1 mA/A 1 m\V/A A 5
Combined Standard Uncertainty 36 mA/A > 10"
Expanded Uncertainty (95% Coverage Probability) 72 mA/A
.'r"'_fnl'\.
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AC-DC Current Transfer Standards

Summary

This report presents the results of the regional EURAMET.EM-K12 Key International Comparison
carried out at VVSL, the Netherlands in December 2013.

The project concerns AC-DC current transfer devices used for current measurements in the range of
10 mA and 5 A at frequencies from 10 Hz to 100 kHz.

The pilot laboratory of this Key comparison is Austria (BEV), supported by the Technical Research
Institute of Sweden (SP), Laboratoire National de Métrologie et d'Essais, France (LNE) and the
Norwegian Metrology Service Justervesenet (JV).
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AC-DC Current Transfer Standards

1

Introduction

In 2009 the EURAMET Technical Committee for Electricity and Magnetism decided to organise a
regional key comparison of current transfer standards, this in order to link the National Metrology
Institutes to the key comparison CCEM-K12,

Today alternating current measurements to frequencies as high as 100 kHz are carried out by nearly all
national measurements institutes of the European community to meet the demand of industry.

CPIM and the Regional Metrology Organisations, RMO stimulates mutual recognition of reference
standards used by these measurements and for this reason the EURAMET-K12 is organised.

The travelling standards were provided by the pilot laboratory, Austria and consisted of one current
converter and a combination of current shunt with thermal converter.

The travelling standard is thoroughly characterized by the pilot laboratory before it was sent to the
different participants. They investigated the effects of several parameters on the ac-dc error.

Also drift of the travelling standard during the comparison loop will be registered. All these
preparations will contribute to realize a good agreement between the results of measurements at
national levels.

The results mentioned in this report represent the activities executed by the Department of Calibration
& Reference Materials as part of VVSL, Dutch Metrology Institute (the national measurement standards
laboratory of the Netherlands), and will be accomplished in accordance with the EURAMET
Guidelines on Conducting Comparisons.
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AC-DC Current Transfer Standards

2.1

2.2

Intercomparison at VSL

The travelling standards

The travelling standards for this EURAMET key comparison are a Planar Multi-Junction Thermal
Converter with a current range of 10 mA and a coaxial current shunt with readout converter for the
range of 5 A. Both converters (10 mA and readout) are the same item.

The measurements at both ranges have to be carried out at the frequencies 10 Hz, 55 Hz, 1 kHz,
10 kHz, 20 kHz, 50 kHz and 100 kHz.

Details of the 10 mA travelling standard :

Manufacturer : IPHT, Jena

Type : PTP/IPHT

Serial number : PTC 19

Current range : 10 mA

Heater resistance : 90 Q

Thermocouple resistance : 7.6 kQ

Nominal output voltage 100 mv

Input connector : type N female

Output connector : type Cannon 10SL-4S male

Notel: Inthe supplied Technical Protocol (ver. 14. May 2012) the serial number was mentioned as
number 17 instead of 19.
Note2: An internal capacitance of 2.2 uF is soldered in parallel to the output.

Details of the 5 A travelling standard :

Manufacturer : BEV, Austria
Type : coaxial

Serial number : B3A

Current range : 5A

Nominal resistance : 147 mQ
Input connector : type N female
Output connector : type N male

We checked the heater and thermocouple resistance and the isolation resistance between the input and
output of the PTC19. They were as expected.

The VSL standards for current measurements

Our primary standards for current measurements are the JV-NT set, manufactured at Justervesenet (JV)
and calibrated by Physikalisch-Technische Bundesanstalt (PTB). This set consists of seven shunts with
ranges of 30 mA, 100mA, 300mA, 1 A, 3 A, 5 A en 10A. For this current comparison we used our
JV-NT 30 mA and JV-NT 5 A types.

IKR-EURAMET.EM-K12_2014/ JD
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AC-DC Current Transfer Standards

2.3

Details of the reference JV-NT shunts :

Manufacturer : Justervesenet, Norwegian

Type : JV-NT

Serial number : 009 Serial number : 002
Current range : 30 mA Current range : 5A
Nominal resistance : 42 Q Nominal resistance : 0.2Q
Input connector : type N female

Output connector : type N male

For readout of the voltages across the shunts we made use of two of our Planar Multi Junction Thermal
Converters (PMJTC’s). Both converters are manufactured at the Physikalisch-Technische
Bundesanstalt and their corrections are included in the PTB-certificate of the JV-NT set.

Details of the reference standards for readout :

Manufacturer : PTB

Type : PMJTC

Voltage range : 1V

Serial number : 1 Serial number : 2
Heater resistance : 94 Q Heater resistance : 88 Q
Thermocouple resistance : 14.3kQ Thermocouple resistance : 14.9 kQ
Nominal output voltage 100 mv

Input connector : type N male

Output connector : type Cannon 10SL-4S male

Measurement method

The measurements have been performed at our operating system, called OS4 which was made
available for AC-DC measurement to 100 kHz. The system has build-in facilities to obtain settings for
compensation of several parameters, see also chapter 3.

Thel0 mA travelling standard (PTC19) is measured against the VSL reference AC-DC standard JV-
NT 10 mA in combination with the readout converter (PM1) on operating system 4. For this low
current measurement it was possible to directly apply the source to the standards.

The 5 A travelling standard (B3A+PTC19) is measured against the VVSL reference AC-DC standard
JV-NT 5A in combination with the readout converter (PM2) also on operating system OS4. For this
high current measurement it was necessary to apply an extra amplifier between the source and the input
of the standards. Because of the limited bandwidth of this amplifier these measurements could only be
realized to frequencies at the maximum of 20 kHz.

The measurements determine the AC-DC error of the DUT by measuring the difference between the
REF and the DUT and correcting for the error of the reference, all realised by the use of a step-down
procedure.

IKR-EURAMET.EM-K12_2014/ JD Page 6 of 20



AC-DC Current Transfer Standards

The AC-DC transfer difference is defined as :

5 _ Iac — Idcavg

| 1
dcavg
Where:
) AC-DC transfer difference (LA/A)
lac RMS value of the supplied alternating current (A)
ldcavg average of a positive and a negative supplied direct current to produce the same

output voltage as the current I, (A)

A positive sign for the AC-DC transfer difference indicates that more ac current than dc current is
needed for the same output voltage.

Calibration of the devices under test with the VSL references.

We started with the calibration of the 10 mA converter PTB19 (DUT) against the
JV-NT30mA/PMJTC-1 (REF). The reference value including readout converter was determined by
PTB. The uncertainties mentioned in related certificate were the starting point of the calculation of the
overall uncertainties at the 10 ma level. The input connections were made free in the air and not with a
connection box to avoid current leakage to earth. To check if there were systematic errors in the
measurements we also made some measurements with one of our three-dimensional Multi Junction
Thermal Converters (MJTC’s) in its current mode.

The case of the PTC19 (= low input) converter was grounded at the input low and connected to the low
of the source. The lows of the output voltages of both converters, PTC19 and PMJTC-1 were also
connected to the central earth and the low inputs of the measuring system.

Figure 1 shows the set-up of this measurement.

Figure 1. JV30mA_ PM1 against PTC19 10 mA.
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AC-DC Current Transfer Standards

The measuring current of 10 mA was directly supplied by both of our Fluke 5720A’s sources, one for
DC and one for AC. In total 15 runs were made over several days with a frequency range of 10 Hz, 55
Hz, 1 kHz, 10 kHz, 20 kHz, 50 kHz and 100 kHz. Temperature and relative humidity were constantly
monitored during the measurements.

Traceability 10 mA measurements

( ™

JV30mA_PM1
Cert PTB

10 mA 10 mA

™ - ™
[ 3D-MJTC7 check PTC19

After the 10 mA measurements we started with the 5 A measurements with our reference shunt

JVNT5A_PM2 against the travelling standard BEV5A _PTC19. The PTC19 first used as 10 mA con-
verter now functioned as readout converter over the shunt.

The reference value of our reference shunt including readout converter was determined by PTB. The
uncertainties mentioned in related certificate were the starting point of the calculation of the overall
uncertainties at the 5 A level. For this current range we used our Fluke 5220A amplifier. The
measurements have been performed at frequencies 10 Hz, 55 Hz, 1 kHz, 10 kHz and 20 kHz. Higher
frequencies at this range were not possible because of the limited bandwidth of this amplifier. To check
if there were systematic errors at this current level we made extra measurements with a shunt of our
Holt HCS set. The input cables were twisted to avoid the magnetic fields as good as possible.
Temperature and relative humidity were constantly monitored during the measurements.

Figure 2 shows the set-up of this measurement.

Figure 2. JVNT5A_PM2 against BEV5A_PTC19.
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HCS5A_PM1
Cert PTB

check

Traceability 5 A measurements

-

JVNT5A PM?2
Cert PTB

A 4

\\

-
.| BEV5A_PTC19

5A

-

IKR-EURAMET.EM-K12_2014/ JD

Page 9 of 20



AC-DC Current Transfer Standards

3 Measurement set-up

The measurements were carried out on the VSL operating system OS4. Figure 3 gives a good overview
of this system. The measurement set-up consists of an AC source (Fluke 5720A) and a DC source (a
second Fluke 5720A). Both sources are floating and internally guarded to give the system the
possibility of grounding at one point. The alternating or direct signal is in turn connected to the shunts
by an AC-DC switch. Depending on the current range a transconductance amplifier (Fluke 5220A) is
inserted between the switch and the shunts. Its operation is controlled via IEEE interfacing of the

computer.
™ r ™
IEEE AC source DC source IEEE
Fluke 5720A Fluke 5720A
floating with int. GRD floating with int. GRD
AC-DC GPIB
switch 4861 ICS
DR B ]
1 -
T / RH-sensor '\ Amp“fler
J I == c.gnd
[ Reference ;[ DUT
| toc.gnd | toc.gnd
Uth Uth
HMP233 Keithley 182 Keithley 182
| |o o
> 3
DATA > >
IEEE r— IEEE
L Computer

Figure 3. Current measurement set-up realised on VVSL operating system OS 4.

The outputs of the thermal element of both transfer standards (Uth) are simultaneously read with two
nV-meters. Because of the importance of the temperature and relative humidity these parameters are
continuously monitored during the measurement. The data of all the meters is collected by the computer
and transferred to AC-DC differences.

The central point of grounding is chosen on the place where the low terminal of the DUT is connected
to the low of the current source. The low’s of outputs voltages (Uth) are floating, so these points are
connected to the central ground. Also all the guards of the connecting cables are on one side tied with
the central grounding point.

Before the actual measurement starts, determination of the sensitivity of both standards will take place.
Together with this parameter and a DC-characterization, which delivers a DC-average point, the AC
adjustment at a certain frequency is started. After this action a sequence of DC+, AC(freql), DC-,
AC(freql), DC+,.... is supplied to the input of the standards. The length of the sequence depends on the
chosen number of cycles. The AC-DC differences will be calculated from the differences in Uth of the
standards between the average of supplied DC+ / DC- and AC(freql). Next step is the AC-adjustment
of the next frequency (freq2) and supplying a new sequence with this frequency.
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4.1

4.2

4.3

Measurement results

Environmental conditions

The measurements were performed under the following conditions:
Ambient temperature :(237+x10)°C

Relative humidity (41+£10)%

The temperature and relative humidity were monitored during the measurements with a sensor, which
was placed near the standards. The results are corrected for both the measured parameter variations.
The measurements have been carried out in December 2013 and January 2014.

Measuring frequency

The aim for the accuracy of the supplied input signal was the frequency to be within 1 % of nominal. A
Keithley 2000 in frequency measurement mode was used to check this. The results and the expanded
uncertainties of these measurements are reported in the summary of results (appendix 1) of this report.

References & Transfer measurement results

The results of the transfer measurements of the used reference standards and the travelling standard are
shown in the next tables. Table 1 represents the values and uncertainties of the reference standards.
The values and their uncertainties come directly from the PTB certificate and include the differences of
the readout converters of the shunts.

Table 1. AC-DC values and their uncertainties of the used references

JV30mA_PM1 | Unc.(k=2) | JVNT5A_PM2 | Unc.(k=2)
Range: 30 mA 5A
Sn: 009/1 002/2
Cert: 3189/3185PTB08 3192/3186PTB08
Freq. (kHz) (LATA) (LATA) (HATA) (HATA)
0.01 0 3 0 15
0.055 0 3 0 15
1 -1 3 1 15
10 1 3 -1 15
20 3 3 -2 15
50 8 3
100 16 3
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The results of the measurements on the 10 mA-level between JV30mA PM1 and PTC19 are summa-
rized in table 2. The second and third column shows the differences between both standards and their
standard deviations, composed by 15 measurements on different days.

The last two columns represent the result of the device under test (PTC19), corrected for the differences
of the reference including associated uncertainties.

Table 2. AC-DC differences of PTC19 10 mA with reference JV30mA PM1

Dut: PTC19 std.dev. PTC19 Unc.(k=2)
Ref: JV30mA _PM1

Input: 10 mA

Freqg. (kHz) (LA/A) (LA/A) (LA/A) (LA/A)

0.01 6.0 1.6 6.0 18.3

0.055 0.3 1.0 0.3 18.2

1 0.4 0.8 -0.6 18.1

10 5.7 1.7 6.7 19.5
20 6.8 0.8 9.8 30.8
50 7.3 0.6 15.3 48.2
100 18.3 0.9 34.3 98.4

Next table shows the results of the measurements on the 5 A-level between JVNT5A_PM2 and
BEV5A_PTC19. The second and third column shows here the differences between these 5 A standards
and their standard deviations, composed by several cycles with in total 70 measurements.

The last two columns represent the result of the device under test (BEV5A_PTC19), corrected for the
differences of the reference include associated uncertainties.

Table 3. AC-DC differences of BEV5A PTC19 with reference JVNT5A PM2

Dut: BEV5A_PTC19| std.dev. |BEV5A_PTC19| Unc.(k=2)
Ref: JVNT5A_PM2
Input: 5A
Freq. (kHz)|  (MAVA) (LA/A) (LA/A) (HA/A)
0.01 -0.7 0.9 -0.7 23.7
0.055 0.6 1.0 0.6 23.7
1 0.0 0.8 1.0 23.7
10 -9.3 1.0 -10.3 28.2
20 -21.2 19.1 -23.2 50.5

In the next chapter we show how all the uncertainties contributions are included in the calculations of
the expanded uncertainty.
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Uncertainty calculations

The uncertainty budgets mentioned in this report are based on the reference publication EA-4/ 02
Expression of the Uncertainty of Measurement in Calibration which is in agreement with the
recommendations of the Guide to the Expression of Uncertainty in Measurement.

The different contributions to the uncertainty budget are schematic summarized in figure 4.

Schematic summary of the uncertainty budget according to EA-4/02

var.of environment

software calculations

reproducibility unc. of value ref(s) resolution
leak level dependence stab.dut
set-up drift stab.ref
System uncertainty Uncertainty REF Std. Dev. of measurement

Total uncertainty

Coverage factor (k=2)

Expanded uncertainty

fig. 4. Expression of the contributions to the expanded uncertainty budget of AC/DC measurements.
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For determination of the AC-DC difference of the device under test counts now the following equation:

aDUT = 5REF + dlevel + ddrift + (d‘n,REF - d‘n,DUT)'dS + dset-up + drepr + dIealk

OReF AC-DC difference of the reference

Oiever current level dependence of the AC-DC difference
dgrife long term drift of the reference

ds determination of the sensitivity (relative)

Oset-up set-up of the measurement

Orepr reproducibility of the measurement

Oieax influence of leakage currents

"d" stands for contributions which are not measured during the measurement itself. They have a value
of 0 (if absolute) and 1 (if relative) and only a standard uncertainty contribution is added here. Because
these contributions are rectangular , they are transferred to normal distributions by:

Unorm= Urect

\3

Description of the different contributions:

- The uncertainty in current level of the AC-DC difference for the reference consists of the
difference between input current of calibration and the current used during the measurement.

- The long-term drift was estimated to zero for both standards because of the very short time
between calibration and using the value in the measurement.

- The uncertainty in the determination of the sensitivity is supposed to be always less than 1%. This
contribution is mainly determined by the magnitude of the AC-DC difference.

- Set-up contribution is the summarized influence of the remaining uncertainty caused by used
cables, connectors, grounding, environmental conditions, offsets, response differences and
linearity.

It is estimated by acquired experience with this kind of measurements.

- The reproducibility of the measurement was determined by a second measurement on a later point
of time.

- Leakage currents caused by parasitic capacitances, most contributions at small current
measurements.

The following table, based on the EA-4/ 02 publication, shows for example the determination of the
AC-DC difference and the corresponding uncertainty at 10 kHz in the 10 mA range.
All other frequencies and ranges are mentioned in table 5 and 6 of this report.
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Table 4. AC-DC difference with uncertainty of PTC19 on 10 mA-level at 10 kHz.

Quantity Estimate |Uncertainty| Probability | Sensitivity | Uncertainty
distribution | coefficient | contribution
OREE 1.0 15 normal 1 15
ievel 0 3.0 rectangular 1 1.7
Aarite 0 0.0 rectangular 1 0.0
Om,REF - 5m,DUT 5.7 1.7 normal 1 1.7
ds 1 0.057 rectangular 5.7 0.033
Oset-up 0 15.0 rectangular 1 8.7
repr 0 6.0 rectangular 1 3.5
ieak 0 1.0 rectangular 1 0.6
Sbur 6.7 UroraL 9.8
Uexp=2) 19.5

Table 5. K12 Uncertainty calculation for PTC19 at 10 mA with the standard JV-NT 30mA shunt (incl. PMJTC1).

Freq (kHz) Urer U(éﬂl) Ulevel Ugritt 5m(R'D) Us Uset—up Urepr Uleak UroraL UEXP(k:Z)
Distribution|| Normal [ Normal || Rectang. [ Rectang. Rectang. || Rectang. || Rectang. || Rectang.
JVNT30mA 10 to 30 mA 10 mA PTC19| PTC19
(UAJA) (UAJA) (UAJA) (UAJA) || (uAJA) (%) (UAJA) || (uA/A) || (UAJA) || (UAIA) || (UAJA)
0.010 1.5 1.6 3 0 6.0 1 15 2 0 9.2 18.3
0.055 15 1.0 3 0 0.3 1 15 2 0 9.1 18.2
1 15 0.8 3 0 0.4 1 15 2 0 9.1 18.1
10 15 1.7 3 0 5.7 1 15 6 1 9.8 195
20 15 0.8 3 0 6.8 1 25 8 2 15.4 30.8
50 1.5 0.6 3 0 7.3 1 40 10 5 24.1 48.2
100 1.5 0.9 3 0 18.3 1 80 25 15 49.2 98.4

Table 6. K12 Uncertainty calculation for BEV5A PTC19 at 5 A with the standard JV-NT 5 A shunt (incl. PMJTC2).

Freq (kHz) Urer1 U(&n) Ulevel Ugrift &T](R-D) Us Uset-up Urepr Uleak UroraL UEXP(k:Z)
Distribution | Normal | Normal || Rectang. [ Rectang. Rectang. || Rectang. || Rectang. || Rectang.
JV-NT 5A 5At05A 5A B5A PTC19 [| BSA PTC19
freq.(kHz) || (UA/A) || WA/A) || (UAJA) || (UA/A) || (UA/A) (%) (UAJA) || (UAJA) || (UAJA) (UA/A) (UA/A)
0.010 7.5 0.9 0 0 0.7 1 15 5 0 11.8 23.7
0.055 7.5 1.0 0 0 0.6 1 15 5 0 11.9 23.7
1 7.5 0.8 0 0 0.0 1 15 5 0 11.8 23.7
10 7.5 1.0 0 0 9.3 1 20 5 0 14.1 28.2
20 7.5 19.1 0 0 21.2 1 25 5 0 25.2 50.5
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Urer
U(om)
Ulevel
Urift

SM(R-D) :

Us

Uset-up

Urepr

UIeak

UTOTAL

Uexpi=2) !

Uncertainty of the current reference; k=1
Experimental standard deviation of the measurement
Uncertainty caused by change in current-level; calibration current of reference to calibration current of dut; estimated
The long-term drift of the used standard; estimated as zero unless known values, no uncertainty added
The measured difference between the reference and the device under test
The accuracy of linearisation of the operating point; considered that 1% of the difference between REF and DUT
will always be enough as uncertainty contribution.
set-up of the measurement system; estimated uncertainties caused by used cables, connectors, grounding, environmental
conditions, offsets, response differences and linearity. If one of the included contributions forms a substantial part
it will be mentioned separately.
reproducibility of the measurement
influence of leaking currents caused by parasitic capacitances
The total uncertainty, calculated as root of the sum of the squares

The expanded uncertainty, calculated as twice the total uncertainty
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6 Conclusions

The measurements for the Euramet. EM-K12 key comparison performed at VVSL were satisfying but not
without some obstacles. Some of our normally used current sources got unstable after a power failure
and also our normally used operating system for current calibrations was not completely reliable.
Therefore we had to modify our other measuring system which normally is used for voltage. After this
delay we were able to realize a lot of useful measurements. The agreement between measurements
results at different times, setups and with different standards was good in relation to their related
uncertainties.

This comparison will give us the opportunity to show our equivalence to other National Measurement
Institutes in Europe in the field of measuring AC-DC current transfer differences. The results and
further research will provide us to upgrade the values and uncertainties of our standards for current in
the future.
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8 Appendices

Appendix 1. Summary of results

EURAMET Key International Comparison of AC-DC Current Transfer Standards
EURAMET.EM-K12

Please send this information by e-mail also to martin.garcocz@bev.gv.at.

Institute: VSL, Dutch Metrology Institute
Date of measurements:  December 23, 2013 until January 08, 2014

Remarks: 5 A measurements only to 20 kHz

Measurement results:

Measured ac-dc current difference (LA/A)
Current at frequency
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA 6.0 0.3 -0.6 6.7 9.8 15.3 34.3
5A -0.7 0.6 1.0 -10.3 -23.2

Expanded uncertainty:

Expanded uncertainty (LA/A)
Current at frequency
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA 18.3 18.2 18.1 195 30.8 48.2 98.4
5A 23.7 23.7 23.7 28.2 50.5
Measurement frequency:

Nominal frequency

10Hz | 55H:z 1kHz | 10kHz | 20KHz | 50kHz | 100 kHz
Meas. frequency 10000 | 5500 | 1.0000 | 10.000 | 19.999 | 50.00 | 100.00
Expanded 0.10 0.10 0.10 0.10 0.10 0.10 0.10
uncertainty (%)

Environmental parameters:

Min Max Remarks
Ambient temperature (°C) 23.6 23.7 Measured 1 meter from dut
Relative humidity (%) 41.0 41.2 Measured 1 meter from dut
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Appendix 2. Summary of uncertainty budget

EURAMET Key International Comparison of AC-DC Current Transfer Standards
EURAMET.EM-K12

Please also send this information by e-mail also to martin.garcocz@bev.gv.at.

Institute: VSL, Dutch Metrology Institute
Date: February 21, 2014
Remarks: 5 A uncertainties only to 20 kHz

Measuring current: 10 mA

Contribution of: Standard uncertainty (LA/A) Type A | Distribution
at frequency or B

10Hz | 55 Hz | 1 kHz | 10 kHz | 20 kHz | 50 kHz | 100 kHz
Reference 15 15 15 15 15 15 15 B N
Standard deviation | 1.6 1.0 0.8 1.7 0.8 0.6 0.9 A N
Level dependence 1.7 1.7 1.7 1.7 1.7 1.7 1.7 B R
Drift 0.0 0.0 0.0 0.0 0.0 0.0 0.0 B R
Sensitivity 0.0 0.0 0.0 0.0 0.0 0.0 0.1 B R
Setup 8.7 8.7 8.7 8.7 144 23.1 46.2 B R
Reproducibility 1.2 1.2 1.2 35 4.6 5.8 14.4 B R
Leakage 0.0 0.0 0.0 0.6 1.2 2.9 8.7 B R
Standard unc: 9.2 9.1 9.1 9.8 154 24.1 49.2
Expanded unc: 18.3 18.2 18.1 195 30.8 48.2 98.4
Coverage factor k: 2 2 2 2 2 2 2

Measuring current: 5 A

Contribution of: Standard uncertainty (LA/A) Type A | Distribution
at frequency orB

10 Hz | 55 Hz | 1 kHz | 10 kHz | 20 kHz
Reference 7.5 7.5 7.5 7.5 7.5 B N
Standard deviation | 0.9 1.0 0.8 1.0 19.1 A N
Level dependence 0.0 0.0 0.0 0.0 0.0 B R
Drift 0.0 0.0 0.0 0.0 0.0 B R
Sensitivity 0.0 0.0 0.0 0.1 0.1 B R
Setup 8.7 8.7 8.7 11.5 14.4 B R
Reproducibility 2.9 2.9 2.9 2.9 2.9 B R
Leakage 0.0 0.0 0.0 0.0 0.0 B R
Standard unc: 11.8 11.9 11.8 14.1 25.2
Expanded unc: 23.7 23.7 23.7 28.2 50.5
Coverage factor k: 2 2 2 2 2
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Teddington Middlesex UK TW11 OLW Telephone +44 20 8977 3222

Test Report

CURRENT SHUNTS
10 mA Serial No. PTC 19
5 A Serial No. B3A

This test report may only be published in full, unless permission for the publication of an approved extract has been obtained in writing from
the Managing Director. It does not of itself impute to the subject of test any attributes beyond those shown by the data contained herein.

COMPARISON TITLE EURAMET Key International Comparison of AC-DC
Current Transfer Standards

COMPARISON NUMBER Euramet.EM-K12

PILOT LABORATORY Federal Office of Metrology and Surveying
BEV
Arltgasse 35
A-1160 Vienna
Austria

DATE OF MEASUREMENT 17 January 2014 to 29 January 2014

The objective of this comparison is to demonstrate the capabilities of the NMI’s in Europe in
the area of AC-DC Current Transfer measurements.

Quantity to be measured:

The quantity to be measured and reported on is the AC-DC current transfer difference of both
current shunts at applied current levels of 10 mA and 5 A at frequencies up to 100 kHz.

AC-DC current transfer difference is defined as

5= Iac - Idc
Idc

where

I, is an rms ac current, and
I is a dc current which, when reversed, produces the same mean output response as the rms

ac current.

Differences are expressed in microamperes per ampere (@A/A) and a positive value signifies
that more ac than dc current was required for the same output response.

NPLT01-06/07
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NATIONAL PHYSICAL LABORATORY

Continuation Sheet

CURRENT SHUNTS
10 mA Serial No. PTC 19
5 A Serial No. B3A

Travelling Standards

10 mA Current Shunt Serial No. PTC 19
Rated Input Current: 10 mA

Heater Resistance: 90 Q
Thermocouple Resistance: 7.6 kQ

Output Voltage at Rated Current:  approx. 100 mV
5 A Current Shunt Serial No. B3A
Nominal Resistance: 147 mQ

Input Connector: type N (female)
Output Connector: type N (male)
Measurement Method

The primary standard is a Multi-Junction Thermal Converter (MJTC) with a known AC/DC
Transfer error. This MJTC is rated at 50 mA and is used to calibrate NPL current shunt
standards up to 20 A using a build-up technique. The MJTC was then used to calibrate a 10
mA single-junction thermal converter (SJTC).

Measurements were made in a temperature controlled environment. At NPL, all of the
standards are measured in an RF shielded laboratory. The heat load in this laboratory is kept
to a minimum allowing the measurements to be made in a stable environment. The ambient
temperature and relative humidity during the measurement period were measured to be
23 + 1°C and 40 + 10 % respectively.

The outputs from a DC and AC calibrator are fed into a 4 terminal switch box, the output of
which was connected to the input of a transconductance amplifier. The output of this
amplifier was connected, using a series box, linking the inputs of both the travelling standard
and the NPL standard by means of a low loss co-axial cable.

The travelling standard was connected to the “low” side of the series box and both the input
and output of the travelling standard were connected to the measurement earth of the system.

The measurements were made using the "digital bridge" as described in References 1 and 2.
Thermal transfer device outputs are prone to drifting. Measurement of the AC/DC transfer
difference at NPL are made under computer control, to allow switching between AC and DC
to take place at regular, precise intervals. Sufficient readings can be made to allow curve
fitting routines to be applied to allow for high order drifts. The following measurement
sequence is used:

ac —dcg— ac — dc, — ac — dcg— ac — de, — ac — deg— ac — de, — ac
The results are fitted to an expression of the form:

y=A+Bt+CEf+D?F
Reference: ED.11/14/01/EtA 558.087 Page 2 of 9
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Continuation Sheet

CURRENT SHUNTS
10 mA Serial No. PTC 19
5 A Serial No. B3A

where A can take the values 44, 4r or Ag corresponding to inputs of ac, dcy (forward) and dc,
(reversed), respectively, and ¢ represents the time interval of the measurements. B, C and D
are constants.

Since it is the change in the output between ac and dc rather than the absolute value of the
output which is important, most of the voltage from the thermocouple can be backed—off
using a low noise milli-volt DC source. The residual signal is amplified using a commercial
high resolution amplifier and the resulting signal measured using a high resolution DMM. In
this way the mV output signal can be measured to the sub—nanovolt level required.

The measurements are then carried out using the digital bridge. The two DMM’s are read by
the computer via the IEEE488 bus. The readings are normalised so that changes in the
outputs are related to changes in the inputs. After applying the curve-fitting routines, the
relative AC/DC difference between the two devices is calculated by the computer. Such a
procedure gives all the advantages of using a conventional analogue bridge to compare the
outputs but obviates the need to perform the sort of manual bridge-balancing techniques
normally needed to compare non-linear devices such as thermal converters.

The AC/DC transfer error is given by:

AC/DC Transfer Error = — (A - w]

It can be seen that this differs from the conventional expression for the AC/DC transfer error, in
that, it is the difference between the AC and DC inputs required to give the same thermocouple
output. Provided its transfer errors are small and the DC reversal errors are small then any
difference between the above expression and the conventional definition is of the second order.
That is, the error in the result will only amount to 1 ppm even if the transfer error, the reversal
error or the difference between the supplies was 0.1%. A positive AC/DC transfer error means
that the AC supply needs to be greater than the DC supply to give the same thermocouple
output.

Measurement traceability

All measurement results quoted within this report were made using equipment where there is
an unbroken traceability chain to UK national standards held and maintained by NPL.

Reference: ED.11/14/01/EtA 558.087 Page 3 of 9
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Measurement conditions

Continuation Sheet

CURRENT SHUNTS
10 mA Serial No. PTC 19
5 A Serial No. B3A

Figure 1. details the measurement set up used at NPL.

AC Supply

> Relays

Thermal
Element

ductance
Amplifier

Transcon-

DVM

DC Supply

Current Shunt

Current Shunt

/

Series Box

Figure 1. NPL Measurement Set-Up

Thermal
Element

DVM

As required in the protocol, the travelling standard was connected to the ‘lo’ side of the

measurement circuit.

measurement earth.

The ambient temperature was measured to be 23 £ 1°C.

Both the input and output of the shunt were connected to the

The AC-DC current transfer difference of each travelling standard was measured at its
nominal current and at the following frequencies:

10 Hz, 55 Hz, 1 kHz, 10 kHz, 20 kHz, 50 kHz and 100 kHz.

A check of both the input and output resistances of the shunts was performed to confirm
figures as indicated on Page 2.

Reference: ED.11/14/01/EtA 558.087
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The applied frequencies from the AC voltage calibrator were measured using a calibrated
frequency counter and the results are detailed in Table 1.

Table 1 - Calibrator Frequency Calibration
Calibrator Frequency | Measured Frequency| Error | Uncertainty
Hz Hz pPpm pPpm
10 9.999 998 -0.2
55 54.999 98 -0.4
1000 999.999 5 -0.5
10 000 9 999.996 -0.4 4.3
20 000 19 999.994 -0.3
50 000 49 999.98 -0.5
100 000 99 999.96 -0.4

The reported expanded uncertainty given in Table 1 is based on a standard uncertainty
multiplied by a coverage factor k£ = 2, providing a coverage probability of approximately 95%.

Reference: ED.11/14/01/EtA 558.087 Page 5 of 9
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CURRENT SHUNTS
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The pictures below show the measurement setup at both current levels (Figues 2 & 3), the
calibrator & switch box (Figure 4) and a close up of the series box used (Figure 5).

Figure 4. Calibrator & Switch Box Figure 5. Close Up of Series Box

Reference: ED.11/14/01/EtA 558.087 Page 6 of 9
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The reported expanded uncertainties given in Table 2 are based on a standard uncertainty
multiplied by a coverage factor £ = 2, providing a coverage probability of approximately 95%.

Table 3 gives the differences between alternating and direct currents required to give the same
output when successively applied to the input connector of the travelling standard. The direct
current was taken as the mean of values obtained with forward and reverse polarities. A
positive sign indicates a high value of alternating current was required to produce the same

output.

Table 2 Uncertainty providing a coverage probability of approximately 95%, uA/A

Applied

Current Shunt F Hz
UIT unf Current requency,
Serial Number| (A) 10 55 1000 | 10000 | 20000 | 50 000 | 100 000
PTC 19 0.01 +11 +11 +11 +12 +14 +15 +22
B3A 5 + 55 +22 +21 +19 +28 +42 + 94
Table 3 AC/DC Difference, pA/A
Current Shunt Applied Frequency, Hz
Current
Serial Number| (A) 10 55 1000 | 10000 | 20000 | 50 000 | 100 000
PTC 19 0.01 2 2 1 -1 -3 -8 -7
B3A 5 -26 1 -6 -15 -27 -58 -44
Reference: ED.11/14/01/EtA 558.087 Page 7 of 9
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5 A Serial No. B3A

Uncertainty Budgets
Table 4 - Break Down of Uncertainty Calculations for Current Level of 10 mA
Divisor | 10Hz | 55Hz | 1kHz | 10 kHz | 20 kHz | 50 kHz | 100 kHz
Freq Dependant Bridge Errors [Normal 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Typical Scatter Rectangular | 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Freq Dependant Bridge Errors [Normal 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Typical Scatter Rectangular 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Level Dependancy Rectangular [ 0.6 0.0 0.0 0.0 0.0 0.0 0.0
Network/Potential of Housing [Rectangular | 3.0 3.0 3.0 4.0 5.0 6.0 10.0
Repeatability Normal 14 1.0 1.2 1.2 1.4 1.5 1.2
rss x2 10.8 10.6 10.6 11.9 134 15.0 219
Degrees of Freedom >1000 | >1000 | >1000 | >1000 | >10600 | >1000 | >1000
Table 5 - Break Down of Uncertainty Calculations for Current Level of 5 A
Divisor | 10Hz | 55Hz | 1kHz | 10kHz | 20 kHz | 50 kHz |100 kHz
Build Up Uncertainty Normal 11.0 7.7 9.4 7.8 8.1 10.3 13.3
Level Dependancy Rectangular | 24.0 6.0 0.0 0.0 0.0 0.0 0.0
Network/Potential of Housing |Rectangular | 3.5 3.5 35 3.5 10.0 15.0 40.0
Freq Dependant Bridge Errors [N ormal 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Typical Scatter Rectangular 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Repeatability Normal 5.5 1.6 1.2 3.0 4.5 10.3 19.9
rss x2 54.6 21.5 20.7 18.6 27.6 42.0 93.4
Degrees of Freedom >1000 [ >1000 | >1000 | >1000 | >870 >175 >300
Uncertainty Statement

The reported expanded uncertainties in Tables 4 and 5 are based upon a standard uncertainty
multiplied by a coverage factor of k£ = 2, providing a coverage probability of approximately
95%. The quoted uncertainties given in Tables 1, 2, 4 and 5 apply only to the measured values
and do not carry any implication as to the long-term stability of the devices under test.

Reference: ED.11/14/01/EtA 558.087
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1. Measurement setup and reference standards

The measurement results reported below have be&rrped in a screened laboratory with
environmental parameters regulated within the 8rag given in Table 5.

Calibration of ac-dc current transfer standardsMatrosert has been performed by an
automated measurement system consisting of a stalid-thermal voltage converter (TVC) as
the reference ac-dc transfer standard, ac curhemits, a current source generating dc and ac
currents, a multimeter measuring the output voltgee TVC.

As the reference standard and device under testdsbe grounded during the measurements,
the substitution method with the high-stability ibedtor Fluke 5720A/5725A as a current
source has been used. The current of 5 A at 10rétpuéncy has been generated with the
transconductance amplifier Wavetek 4600.

The reference standards and equipment used ingasurement are given below.

Reference standards:

Ac-dc transfer standard Fluke 792 s/n 8600001
Ac current shunt Fluke 792A-7004 s/n 040510.01
Ac current shunt Fluke A40-10mA s/n 8586001
Ac current shunt Fluke A40A-5A s/n 8586013

Ac current shunt Fluke A40A-10A s/n 8586014

Measurement equipment and software:

Calibrator Fluke 5720A s/n 9781214
Transconductance amplifier Fluke 5725A s/n 1189016
Transconductance amplifier Wavetek 4600 s/n 44928
Multimeter Agilent 3458A s/n MY45047495

Software ac-dci 5720 3458 v2.0, Metrosert

Measured ac-dc current transfer standards (BEV):
Multi junction thermal converter, PTP/IPHT s/n PMJT9
Current shunt, BEV s/n B3A

2. Definition of measurand
Ac-dc current transfer differen@as defined as:

6 _ IgeIgc
Iac

where

lac— IS @an rms ac current, and

l4c — is a dc current which, when reversed, produtesame mean output response as the rms
ac current.

Differences are expressed in microamperes per anfpévA) and a positive ac-dc difference
o indicates that more alternating than direct curisnrequired to produce the same TVC
output.

3. Measurement procedure

The measurement procedure described below has bewmated by software “ac-



dci_5720 3458 v2.0” developed at Metrosert.

The ac and average dc currents of the calibratee teeen adjusted to produce the same
output of the reference TVC with the uncertairky2) from 8 pA/A to 26 pA/A depending
on the measurement frequency and output value.

At least an hour has been allowed TVCs to warm-iip the nominal current applied.

Each ac-dc difference is averaged from 20 measursmaccording to the measurement
sequence given in Figure 1, where the ac point A€ located between DC+ and DC-
measurement points. Delay time around 70 secondsbkan used between successive
applications of the DC and AC currents.

200 sec

200 sec ‘ 200 sec

Ac-dcdifference 61

Figure 1. Timing diagram for the ac-dc differenceasurement sequence.

The ac-dc differences are calculated for both egfee and transfer TVCs and subtracted from
each other cancelling the ac-dc difference of thléoator. The resulting ac-dc differendg
assigned to the transfer standard is obtained thenfiollowing equation:

Out = Oa — OB + Oref,
where

oa — the ac-dc difference measured by the refereneg, T
os — the ac-dc difference measured by the transfez, TV
oref — the ac-dc difference of the reference TVC frown ¢alibration certificate.

4. Traceability

Ac-dc current transfer measurements of AS Metraserttraceable to measurement standards
of SP Technical Research Institute of Sweden. €ference TVC Fluke 792 has a calibration
certificate MTePX26444-K02--K07.

5. Measurement results

Table 1. Measurement results.

Measured ac-dc current difference (LA/A)
Current at frequency
10 Hz 55 Hz 1 kHz 10 kHz
10 mA 6 0 -1 -17
5A 6 -9 -9 -12




Table 2. Expanded uncertainty.

Expanded uncertainty (LA/A)
Current at frequency
10 Hz 55 Hz 1 kHz 10 kHz
10 mA 28 13 12 33
5A 36 19 19 55

Table 3. Measurement frequency at 10 mA current.
Nominal frequency

10 Hz 55 Hz 1 kHz 10 kHz
Meas.
f 10,000 55,001 1,000017 10,00017
requency
Expanded 0,005 0,001 0,000001 0,00001
Uncertalnty

Table 4. Measurement frequency at 5 A current.
Nominal frequency

10 Hz 55 Hz 1 kHz 10 kHz
Meas.
f 10,000 55,001 1,000017 10,00017
requency
Expanded 0,001 0,001 0,000001 0,00001
uncertainty

Table 5. Environmental parameters.

Min Max Remarks
Ambient temperature (°C 22,5 24,5 -
Relative humidity (%) 30 50 -

6. Uncertainty budget

The uncertainty budget is composed in accordanttetive principles of the ISO Guide to the
Expression of Uncertainty in Measurement, includiegrees of freedom (D.o.F.) for every
component and calculation of the coverage factor.

The main contributors to the uncertainty budgetliated below:

Uret_crt— the ac-dc difference of the reference standard the calibration certificate,
Uret stb— lONg-term stability of the reference standard,

Uref ind— the ac-dc difference indicated by the referestaadard,

Uyt ind — the ac-dc difference indicated by the transtamdard,

Urep — reproducibility of the measurement,

Ucur_sto— Short-term stability of the current source,

Usmm_10— Stability and linearity of the multimeter at th@ V range,

Udgmm_100— Stability and linearity of the multimeter at th@0 mV range.



Table 6. Uncertainty budget. Measurement curréhtnA.

Contribution of; Standard UncertaintyA/A) Type A | Distri- | D.o.F.
at frequency orB bution

10 Hz 55 Hz 1kHz| 10 kHz
Ac-dc difference 10 mA reference standard 6,5 35 5 3 35 B Normal Inf.
Long-term stability 10 mA reference standard 2,9 92| 29 2,9 B Rect. Inf.
Indicated ac-dc difference 10 mA reference 0.4 01 01 0.4 A Normal 19
standard
Indicated ac-dc difference 10 mA transfer 0.8 0.4 03 0.4 A Normal 19
standard
Reproducibility 11,5 3,0 1,9 15,6 B Rect. Inf.
Short-term stability current source 2,9 2,9 2,9 29 B Rect. Inf.
Stability and linearity multimeter range 10 0,8 ,80 0,8 0,8 B Rect. Inf.
it\a/lblhty and linearity multimeter range 100 0.6 06 06 06 B Rect. Inf.
Standard unc: 13,9 6,3 5,8 16,5
Expanded unc: 27,8 12,6 11,6 33,0
Coverage factok: 2 2 2 2

Table 7. Uncertainty budget. Measurement curreit: 5

Contribution of: Standard UncertaintyA/A) Type A | Distri- | D.o.F.
at frequency orB bution

10 Hz 55 Hz 1kHz| 10 kHz
Ac-dc difference 5 A reference standard 11,5 6 6 6 B Normal Inf.
Long-term stability 5 A reference standard 2,9 29 29 2,9 B Rect. Inf.
Indicated ac-dc difference 5 A reference A Normal 19
standard 0,4 0,2 0,5 0,2
Indicated ac-dc difference 5 A transfer A Normal 19
standard 1,7 0,2 0,8 0,2
Reproducibility 11,5 3,0 3,0 26,0 B Rect, Inf.
Short-term stability current source 5,8 5,8 5,8 58 B Rect. Inf.
Stability and linearity multimeter range 1 V 0,2 20, 0,2 0,2 B Rect. Inf.
Stability and linearity multimeter range 100
mv y y 9 0.9 0.9 0.9 0.9 B Rect. Inf.
Standard unc: 17,6 9,4 9,4 27,5
Expanded unc: 35,2 18,8 18,8 55,0
Coverage factok: 2 2 2 2

Andrei Pokatilov
AS Metrosert

28.03.2014
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Report on the EURAMET Key Comparison of AC-DC
Current Transfer Standards, EURAMET.EM-K12

1 Introduction

The ac-dc difference of the travelling standard has been determined by comparison with
the ac-dc transfer standards of SP Technical Research Institute of Sweden, during the
period 27 March -8 April 2014. The 10 mA travelling standard was a Planar
Multijunction Thermal Converter (PMJTC), Serial Number PTC 19, and the 5 A
travelling standard was a 0.15 [] coaxial shunt, Serial NoB3A manufactured by BEV
used together with the PMJTC.

2 Ac-dc current transfer standards of SP

The SP realisation of ac-dc current transfer difference at the primary level 10 mA is based
on three different methods depending on the frequency band. At medium frequencies
around 1 kHz the realisation is based on the fast reversed dc method (FRDC). Around 1
kHz the ac-dc current transfer difference of a 3-dimensional Multijunction Thermal
Converter (MJTC) of PTB type is assumed to depend only on the dc-effects due to Peltier
and Thomson [1]. At low frequencies the ac-ac(1 kHz) transfer difference of the MJTC is
determined by a special comparison to a resistor with large thermal time constant [2]. At
high frequencies the ac-ac(1 kHz) transfer difference of a single junction converter
(SJTC) is modelled by its reactive and loss components [3].

For higher currents and frequencies of 1 kHz and higher the ac-dc transfer difference of
the number of shunt/PMJTC combinations are determined by a step-up procedure,
comparing adjacent ranges. The low frequency behaviour is determined by the ac-ac(1
kHz) transfer difference of the two PMJTCs by the method mentioned above [2] together
with the assumption that the shunts do not contribute at frequencies <1 kHz. Earlier some
steps have been checked by a measuring system that allows comparison of thermal
current converters with a ratio of 2:1 without introducing any error due to level
dependence with good agreement at frequencies up to 1 kHz [4].

The level dependence of the ac-ac(1 kHz) transfer difference at low frequencies is
proportional to the power in the PMJTC. The level dependence of the ac-ac(1 kHz)
transfer difference of the PMJTCs at high frequencies is determined by comparison to
SJTCs in both voltage and current mode.

3 Measuring system

The comparison of the travelling standard and the standards of SP was made by an
automated measuring system, Fig. 1. In the measuring system the inputs of the two
transfer standards are connected in series by a current T-connector, manufactured by SP.
The transfer standard on high potential is guarded to maintain the same defined
measuring conditions as the transfer standard on the grounded side [5]. The ac-dc
difference of the travelling standard is measured on the grounded side and with the centre
of the T-connector as the reference plane. As can be seen in the uncertainty budget the
influence of the T-connector is negligable so the measured ac-dc difference will be the
same if the reference plane is at the input connector of the PMJTC (10 mA) or shunt (5
A), respectively.
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Fig. 1. Automated measuring system for comparison of ac-dc current transfer standards.

Low measuring currents are generated by voltage generators in series with a resistor.
High currents are generated by a transconductance amplifier.The ac- and dc-voltages are
applied using a switch with a switching time less than 1 ms.

To eliminate errors due to different potentials the system is made symmetric by using a
guard so that input low and output low of each transfer standard is on equal potential, Fig
2. On the high potential side are the low terminal of the output voltage, the screen of the
back off voltage source and the nanovoltmeter (i e nanovoltamplifier+DVM) case
guarded to the same potential as the low input terminal of the transfer standard.
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Ground potential ) Current sources Guard potential

Fig 2. Circuit diagram of the guard arrangement.

After minimum 30 min warm up, the measurement starts by determining the scale factors
of the transfer standards. At each frequency the rms-value of the ac-current is then
adjusted to within 110" of the dc-current. Ac- and dc-current is applied consecutively
and the differences between the output voltages of the transfer standards and the back-off
voltages are amplified with nV-amplifiers and measured by digital voltmeters. The ac-dc
transfer difference is determined by computation.

Errors in the measured values due to drift in the output voltages and the back-off voltages
are minimised by using a symmetric measuring sequence: DC*, AC, DC~. Errors in the
measured values due to instability of the input currents are minimised by simultaneous
triggering of the DVMs.



4 Measuring conditions

4.1 General

The ac-dc current difference of the travelling standards is measured at 10 mA and 5 A,
respectively. The ac-current was of practically sine wave form and the frequencies were
nominal within £0,01%. The ambient temperature was 23+19C and the relative humidity
45+10 %. The input low and the output low of the travelling standards were connected to
the grounded side of the T-connector, which was the common ground point. The output
of the travelling standards have had a large capacitive load. Care has been taken to keep
the ambient space free from disturbing electromagnetic fields and draught and to avoid
fast air pressure changes in the laboratory.

4.2 Definition of the measurand
The ac-dc current transfer difference is defined as:

where

l.c IS an RMS ac current, and

l4 is a dc current which, when reversed, produces the same mean output response as the
RMS ac current.

Differences are expressed in microamperes per ampere (#A/A) and a positive sign
signifies that more ac than dc current was required for the same output response.

5 Measurements on the travelling standard

Initial check of input, output and isolation resistances of the TC’s were made in
accordance with the Technical Protocol:

TC Rin R out R in-out
s/n PTC19 97,6 ohm | 7,7 kohm | >200 Mohm

The ac-dc current transfer difference of the travelling standards of the EURAMET.EM-
K12 has been measured by comparison to the standards of SP. At 10 mA the standard
used is a 3-dimensional multijunction thermal converter (MJTC) and at 5 A the standard
is a current shunt in combination with a planar multijunction thermal converter (PMJTC).
A summary of the results is given in table 1.

Table 1. Measured ac-dc current transfer difference and expanded uncertainty of the
travelling standards in pA/A.

Measured ac-dc transfer difference and expanded uncertainty in
HA/A at the frequency
C'\lj'rerzzt Quantity 10 Hz | 55 Hz | 1kHz | 10 kKHz |20 kHz | 50 kHz | 100 kHz
10 mA Measured ac-dc diff. 6,3 0,4 0,1 0,4 0,4 1,2 2,0
Expanded uncertainty | 3,2 2,2 1,5 2,0 2,0 2,4 3,4
5 A Measured ac-dc diff. 1,3 0,0 0,3 -84 |-18,3 -38 -51
Expanded uncertainty | 4,8 4,2 3,8 4,2 50 10 15




6 Uncertainty of the ac-dc current transfer standards of SP

The measurement uncertainty of the ac-dc transfer standards of SP at the current levels
and frequencies required for the EURAMET.EM-K12 key comparison are given in table
4, a detailed analysis is given in appendix A.

Table 4. Expanded uncertainty of the ac-dc transfer difference at 10 mA and 5 A of the
standards of SP

Expanded uncertainty in pA/A at the frequency

Current |10 Hz |55Hz | 1kHz| 10 kHz |20 kHz | 50 kHz | 100 kHz

10mA | 24 1,6 1,0 1,6 1,6 1,8 2,4

5A 4,2 3,8 3,6 4,0 4,8 8,4 14

7 Uncertainty of the travelling standard

The ac-dc current transfer difference of the travelling standard 3y is determined as:

01 =0a+0g + 8¢ + 05+ dp (1)

where

oA indicated ac-dc transfer difference between the travelling standard and the
standard of SP

Og correction for the error in the indicated ac-dc transfer difference due to the
measurement set-up, excluding T-connector

d¢ correction for the error in the indicated transfer difference due to the T-connector

O ac-dc transfer difference of the standard

dp drift of the standard
The variance of the ac-dc transfer difference u?(8+) is
U*(3r) = U*(3a) + U*(88) + U*(Sc) + U*(3s) + U*(8o) (2)

Indicated ac-dc transfer difference (6,): The indicated value is the mean of a set of
determinations of the ac-dc transfer difference between the standard and the test. The
standard uncertainty u(d,) is the standard deviation of the mean. Normal distribution.

Measurement set-up (6g): The correction g is estimated to zero. The following sources
of uncertainty are considered to contribute to the uncertainty of the correction: non-
linearity and resolution of nV-amplifiers and DVMs, non-linearity of the drift in output
voltages and back-off voltage sources, the uncertainty in the scale factors and non-ideal
guarding. Normal distribution.

T-connector (6¢): The correction d¢ is estimated to zero. The uncertainty is estimated
based on the modelling and measurement of the inductance, capacitance and conductance
of the T-connector. Rectangular distribution.



Ac-dc transfer difference of the standard (ds): The ac-dc transfer differences of the
standard of SP. The standard uncertainty is from the realisation and the step-up
procedure. Normal distribution.

Drift of the standard (8p): The correction Jq IS estimated to zero. The uncertainty due to
the drift of the ac-dc transfer difference is estimated. Rectangular distribution.

The uncertainties due to the following reasons are estimated to be negligible: difference
in ac- and dc-current levels, dc-current level, ac-current frequency, reversal errors, non-
pure spectra of ac- and dc-sources, common mode currents, switching time and time
constants of the transfer standards, external fields, temperature and relative humidity in
the laboratory.

The uncertainty budgets of the travelling standards at 10 mA and 5 A are given in table 5
and 6.



Table 5. Uncertainty budget of the travelling standard at 10 mA. The effective degrees of freedom is >80.

Quantity u Standard uncertainties in pA/A at frequency Effective degrees of freedom
10Hz | 55Hz | 1kHz | 10kHz | 20kHz | 50kHz |100kHz | 10Hz | 55Hz | 1kHz | 10 kHz | 20 kHz | 50 kHz | 100 kHz

1:1 comparison

Ac-dc difference 10 mA u(ds) 1,2 0,8 0,5 0,8 0,8 0,9 1,2 200 200 200 200 200 200 200
Drift of standard u(dp) 0,3 0,2 0,2 0,2 0,3 0,4 0,5 20 20 20 20 20 20 20
Indicated ac-dc difference u(dp) 0,1 0,1 0,1 0,1 0,1 0,1 0,2 4 4 4 4 4 4 4
Measurement set-up u(dg) 1 0,7 0,5 0,5 0,5 0,7 1 20 20 20 20 20 20 20
T-connector u(dc) 0 0 0 0 0 0 0,1 100 100 | 100 100 100 100 100
Standard uncertainty 10 mA | u(d7) 1,6 1,1 0,75 1,0 1,0 1,2 1,7 106 98 85 167 175 130 118
Expanded uncertainty U=2u| 32 2,2 1,5 2,0 2,0 2,4 3.4
Table 6. Uncertainty budget of the travelling standard at 5 A. The effective degrees of freedom is >200.

Quantity u Standard uncertainties in pA/A at frequency Effective degrees of freedom

10Hz | 55Hz | 1kHz | 10kHz | 20kHz | 50kHz |100kHz | 10Hz | 55Hz | 1kHz | 10 kHz | 20 kHz | 50 kHz | 100 kHz

1:1 comparison

Ac-dc difference 5 A u(ds) 2,1 1,9 18 2,0 2,4 4,5 7,0 200 200 200 200 200 200 200
Drift of standard u(dp) 0,6 0,4 0,4 0,4 0,6 0,8 1,0 20 20 20 20 20 20 20
Indicated ac-dc difference u(du) 0,1 0,1 0,1 0,2 0,2 0,2 0,3 4 4 4 4 4 4 4
Measurement set-up u(dg) 1 0,7 0,5 0,5 0,5 0,7 1 20 20 20 20 20 20 20
T-connector u(dc) 0 0 0 0 0 0 0 100 100 100 100 100 100 100
Standard uncertainty 5 A u(o7) 2,4 2,1 1,9 2,1 2,5 4,6 7,1 217 232 235 234 234 220 216
Expanded uncertainty U=2u| 48 42 3,8 42 5,0 10 15
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A0 Appendix A. Uncertainty analysis of the standards of SP

Al Introduction

The SP realisation of ac-dc current transfer difference at the primary level 10 mA is based on three
different methods depending on the frequency band. At medium frequencies around 1 kHz the
realisation is based on the fast reversed dc method (FRDC). Around 1 kHz the ac-dc current transfer
difference of a MJTC is assumed to depend only on the dc-effects due to Peltier and Thomson [1]. At
low frequencies the ac-ac(1 kHz) transfer difference of MJTC is determined by a special comparison
to a resistor with large thermal time constant [2]. At high frequencies the ac-ac(1 kHz) transfer
difference of a single junction converter (SJTC) is modelled by its reactive and loss components [3].

For higher currents and frequencies of 1 kHz and higher the ac-dc transfer difference of the number of
shunt/PMJTC combinations are determined by a step-up procedure, comparing adjacent ranges. The
low frequency behaviour is determined by the ac-ac(1 kHz) transfer difference of the two PMJTCs by
the method mentioned above [2] together with the assumption that the shunts do not contribute at
frequencies <1 kHz. Earlier some steps have been checked by a measuring system that allows
comparison of thermal current converters with a ratio of 2:1 without introducing any error due to level
dependence with good agreement at frequencies up to 1 kHz [4].

The level dependence of the ac-ac(1 kHz) transfer difference at low frequencies is proportional to the
power in the PMJTC. The level dependence of the ac-ac(1 kHz) transfer difference of the PMJTCs at
high frequencies is determined by comparison to SJTCs in both voltage and current mode.

A2 Model of the SJTC ac-ac(1 kHz) current transfer difference at >1 kHz
The ac-ac(1 kHz) current transfer difference of a SJTC, 6s;rc, IS modelled as:

dsytc = OcaL T Op + Om (A1)
where

SceL = RyG + ©°[0,5(R,C)* - LC] (A2)
6b = Rth/g + (mRth)2/8 (A3)
and

Om is correction for the error in the ac-ac(1 kHz) transfer difference due to mismatch
o) angular frequency = 2n*frequency

other symbols according to Fig Al.

The model has been verified by comparison of six TC with different parameters and by PSpice
simulation [6].

The variance of the measured ac-dc transfer difference u’(3s;rc) is:

U*(Sssrc) = U (Scal) + UP(Sp) + U%(Sw) (A4)

Fig Al. Model of single junction thermal converter for ac-ac(1 kHz) current transfer difference
realisation.
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A3 Model of the MJTC ac-dc current transfer difference
The measured ac-ac(1 kHz) current transfer difference of the MJTC at frequencies >1 kHz, dyyrcs1k, IS
modelled as:

dmitcs1k = Oa 1 dg + ¢ + Osyrc (A5)

where

oA indicated ac-ac(1kHz) transfer difference between the standard SJTC and the test MJTC

OB correction for the error in the indicated transfer difference due to the measurement set-up,
except T-connector

d¢ correction for the error in the indicated transfer difference due to the T-connector

ds;re ac-ac(1 kHz) transfer difference of the standard SITC

and the ac-dc current transfer difference of the MITC, dytc, IS modelled as:

dmtc = Opc + OLF + OmiTes1k (AB6)
where
dpc is the ac-dc transfer difference of the MJTC due to dc-effects, Peltier and Thomson

OLF ac-ac(1 kHz) transfer difference of the MJTC due to low frequency effects at frequencies < 1
kHz, which is level dependent
dmites1k ac- ac(l kHz) transfer difference of the MJTC at frequencies >1 kHz

The ac-dc transfer difference of the MJTC due to dc-effects has been measured by FRDC [1]. The ac-
ac(1 kHz) transfer difference of the MJTC at frequencies <1 kHz is determined by a special
comparison to a resistor with large thermal time constant [2].

The variance of the measured ac-ac(1 kHz) transfer difference u?(Syyrcs1) i

U(Bmuresik) = U(3a) + U*(3g) + U*(Sc) + U (Ssyrc) (A7)

and the variance of the ac-dc transfer difference uz(SMJTC) is

UZ(SMJTC) = UZ(SDC) + UZ(SLF) + UZ(SMJTC>1k) (A8)

A4 Model of the step-up procedure used for frequencies >1 kHz
Starting from the primary level the ac-dc transfer difference of the shunt/PMJTC combinations at
frequencies >1 kHz are determined by a step-up procedure comparing adjacent ranges.

The ac-dc transfer difference at frequencies >1 kHz, d1si31,, Of the test shunt/PMJTC at nominal
current level is determined as:

Or>1k = 0a +0g + 85 + d1p (A9)

where

oA indicated ac-dc transfer difference between the standard, MJTC in the first step and then
shunt/PMJTC, and the test shunt/PMJTC

Op correction for the error in the indicated ac-dc transfer difference due to the measurement set-

up, including T-connector
s ac-dc transfer difference of the standard



12 Appendix A

OLp correction for the error in the ac-dc transfer difference of the test due to possible level
dependence when changing from the current level of the measurement to the nominal current
level.

The variance of the ac-dc transfer difference uz(STzlk) is

U(Bran) = U*(3a) + U*(88) + U*(3s) + U*(810) (A10)

A5 Model of the ac-dc transfer difference of shunt/PMJTC
The ac-dc transfer difference ot of the test shunt/PMJTC is determined as:

01 = Or=1k + OuF (Al1)

where

Ors1k  ac-dc transfer difference the test shunt/PMITC at nominal current level and frequencies >1
kHz

OLF ac-ac(1 kHz) transfer difference of the PMJTC due to low frequency effects at frequencies < 1
kHz, which depends on the shunt and the level [2]

The variance of the ac-dc transfer difference u?(3-) is

u?(87) = U*(B1s1) + UP(BLF) (A12)
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A6 Uncertainty budget

Quantity u Standard uncertainties in pA/A at frequency Effective degrees of freedom

10Hz | 55Hz | 1kHz | 10 kHz |20 kHz | 50 kHz | 100 kHz | 10Hz | 55 Hz | 1 kHz | 10kHz | 20 kHz | 50 kHz | 100 kHz

Ac-dc current diff realisation, 10

mA

SJTC at frequencies >1 kHz

Reactive and loss components u(dceL) 0 0 0 0,05 200 200
Heater to couple loss u(dy) 0 0 0,05 0,1 200 200
Mismatch u(dm) 0 0 0 0 200 200
Ac-ac(1 kHz) difference SJTC u(dsyrc) 0,00 0,00 0,05 0,11 200,0 200,0 200,0 | 294,1
MJTC at frequencies >1 kHz

Ac-ac(1 kHz) difference SITC u(dsytc) 0,00 0,00 0,05 0,11 200,0 200,0 200,0 | 294,1
Indicated ac-dc difference u(da) 0,2 0,2 0,2 0,3 4 4 4 4
Measurement set-up u(dg) 0,5 0,5 0,7 1 200 200 200 200
T-connector u(d¢) 0 0 0 0,1 200 200 200 200
Ac-ac(1 kHz) difference MJTC u(dmiTes1k) 0,54 0,54 0,73 1,05 118,0 118,0 177,2 | 176,2
Ac-dc differnce of MJTC

Ac-ac(1 kHz) difference MJTC u(dmiTcs1k) 0,54 0,54 0,73 1,05 118,0 118,0 177,2 | 176,2
Dc-effects u(dpc) 0,5 0,5 0,5 0,5 0,5 0,5 0,5 200 200 200 200 200 200 200
Low frequency effects u(d.r) 1 0,5 200 200

Ac-dc differnce of MJTC u(dmyrc) 1,12 0,71 | 0,50 0,73 0,73 0,88 1,17 294,1 | 400,0 | 200,0 | 284,55 284,5 320,1 | 253,0
Standard uncertainty 10 mA u(d19ma) 1,2 0,8 0,5 0,8 0,8 0,9 1,2 294 400 200 284 284 320 253
From 10 mA to 20mA

1:1 comparison

Ac-dc difference MJTC 10 mA u(ds) 0,5 0,8 0,8 0,9 1,2 200 284 284 320 253
Indicated ac-dc difference u(da) 0,2 0,2 0,3 0,5 0,5 2 2 2 2 2
Measurement set-up u(dg) 0,5 0,5 0,5 0,7 1 100 100 100 100 100
Level dependence u(d.p) 0 0 0 0 0 20 20 20 20 20
Ac-dc difference frequency >1 kHz u(drs1x) 0,73 0,73 0,73 0,96 0,99 1,24 1,64 167,8 | 167,8 | 167,8 301,6 157,0 67,3 146,3
Low frequency effects u(d ) 1 0,5 0 0 0 0 0 200 200

Ac-dc diff shunt/PMJTC 20 mA u(d7) 1,24 0,89 | 0,73 0,96 0,99 1,24 1,64 352,0 | 304,4 | 167,8 | 301,6 157,0 67,3 146,3
Standard uncertainty 20 mA u(d0ma) 1,3 0,9 0,8 1,0 1,0 1,3 1,7 352 304 167 301 157 67 146
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Quantity u Standard uncertainties in uA/A at frequency Effective degrees of freedom

10Hz | 55Hz | 1kHz | 10 kHz |20 kHz | 50 kHz | 100 kHz | 10Hz | 55 Hz | 1 kHz | 10kHz | 20 kHz | 50 kHz | 100 kHz
From 20 mA to 50mA
1:1 comparison
Ac-dc difference 20 mA u(ds) 0,8 1,0 1,0 1,3 1,7 167,0 | 301,0 157,0 67,0 146,0
Indicated ac-dc difference u(da) 0,2 0,2 0,3 0,5 0,5 2 2 2 2 2
Measurement set-up u(dg) 0,5 0,5 0,5 0,7 1 50 50 50 50 50
Level dependence u(d.p) 0 0 0 0 0 20 20 20 20 20
Ac-dc difference frequency >1 kHz u(Srs1x) 0,96 0,96 0,96 1,14 1,16 1,56 2,03 192,1 | 192,1 | 192,1 309,8 153,9 75,0 158,0
Low frequency effects u(d ) 1 0,5 0 0 0 0 0 200 200
Ac-dc diff shunt/PMJTC 50 mA u(d7) 1,39 1,09 | 0,96 1,14 1,16 1,56 2,03 392,0 | 289,2 | 192,1 | 309,8 153,9 75,0 158,0
Standard uncertainty 50 mA u(ds50ma) 1,4 1,1 1,0 1,2 1,2 1,6 2,1 392 289 192 309 153 75 158
From 50 mA to 100mA
1:1 comparison
Ac-dc difference 50 mA u(ds) 1,0 1,2 1,2 1,6 2,1 192 309 153 75 158
Indicated ac-dc difference u(da) 0,2 0,2 0,3 0,5 0,5 2 2 2 2 2
Measurement set-up u(dg) 0,5 0,5 0,5 0,7 1 20 20 20 20 20
Level dependence u(d.p) 0 0 0 0 0 20 20 20 20 20
Ac-dc difference frequency >1 kHz | u(d1>1x) 1,14 1,14 1,14 1,32 1,33 1,82 2,38 182,2 | 182,2 | 182,2 | 2814 152,9 83,4 156,8
Low frequency effects u(d.F) 1 0,5 0 0 0 0 0 200 200
Ac-dc diff shunt/PMJTC 100 mA u(d7) 1,51 1,24 1,14 1,32 1,33 1,82 2,38 3710 | 251,1 | 182,2 | 2814 152,9 83,4 156,8
Standard uncertainty 100 mA u(d100ma) 1,6 1,3 1,2 1,4 14 1,9 2,4 371 251 182 281 152 83 156
From 100 mA to 200mA
1:1 comparison
Ac-dc difference 100 mA u(ds) 1,2 1,4 1,4 1,9 2,4 182 281 152 83 156
Indicated ac-dc difference u(da) 0,2 0,2 0,3 0,7 1,0 2 2 2 2 2
Measurement set-up u(dg) 0,5 0,5 0,5 0,7 1 20 20 20 20 20
Level dependence u(d.p) 0 0 0 0 0 20 20 20 20 20
Ac-dc difference frequency >1 kHz | u(dr>1x) 1,32 1,32 1,32 1,50 1,52 2,14 2,79 1954 | 1954 | 1954 | 2877 163,0 72,9 79,0
Low frequency effects u(d ) 1 0,5 0 0 0 0 0 200 200
Ac-dc diff shunt/PMJTC 200 mA u(d) 1,65 1,41 1,32 1,50 1,52 2,14 2,79 366,8 | 250,8 | 1954 | 287,7 163,0 72,9 79,0
Standard uncertainty 200 mA u(d200ma) 1,7 15 1,4 15 1,6 2,2 2,8 366 250 195 287 163 72 79
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Quantity u Standard uncertainties in uA/A at frequency Effective degrees of freedom

10Hz | 55Hz | 1kHz | 10 kHz |20 kHz | 50 kHz | 100 kHz | 10Hz | 55 Hz | 1 kHz | 10kHz | 20 kHz | 50 kHz | 100 kHz
From 200 mA to 500mA
1:1 comparison
Ac-dc difference 200 mA u(ds) 1,4 1,5 1,6 2,2 2,8 195,0 | 287,0 163,0 72,0 79,0
Indicated ac-dc difference u(da) 0,2 0,2 0,3 0,7 1,0 2 2 2 2 2
Measurement set-up u(dg) 0,5 0,5 0,5 0,7 1 20 20 20 20 20
Level dependence u(d.p) 0 0,05 0,1 0,25 0,5 200 200 200 200 200
Ac-dc difference frequency >1 kHz | u(d1>1x) 1,50 1,50 1,50 1,59 1,71 2,43 3,18 2143 | 214,3 | 2143 | 299,8 178,7 75,6 76,6
Low frequency effects u(d ) 1 0,5 0 0 0 0 0 200 200
Ac-dc diff shunt/PMJTC 500 mA u(d7) 1,80 1,58 1,50 1,59 1,71 2,43 3,18 369,0 | 261,1 | 214,3 | 299,8 178,7 75,6 76,6
Standard uncertainty 500 mA u(ds500ma) 1,8 1,6 1,5 1,6 1,8 2,5 3,2 369 261 214 299 178 75 76
From500 mAtol A
1:1 comparison
Ac-dc difference 500 mA u(ds) 15 1,6 1,8 2,5 3,2 214 299 178 75 76
Indicated ac-dc difference u(da) 0,2 0,2 0,3 0,7 1,0 2 2 2 2 2
Measurement set-up u(dg) 0,5 0,5 0,5 0,7 1 20 20 20 20 20
Level dependence u(d.p) 0 0,1 0,2 0,5 1 200 200 200 200 200
Ac-dc difference frequency >1 kHz | u(d1>1x) 1,59 1,59 1,59 1,69 1,90 2,73 3,64 2339 | 2339 | 2339 | 3165 198,1 85,7 90,6
Low frequency effects u(d.F) 1 0,5 0 0 0 0 0 200 200
Ac-dc diff shunt/PMJTC 1 A u(d7) 1,88 1,67 1,59 1,69 1,90 2,73 3,64 384,6 | 279,1 | 2339 | 316,5 198,1 85,7 90,6
Standard uncertainty 1 A u(d14) 1,9 1,7 1,6 1,7 1,9 2,8 3,7 384 279 233 316 198 85 90
Froml1Ato2 A
1:1 comparison
Ac-dc difference 1 A u(ds) 1,6 1,7 1,9 2,8 3,7 233 316 198 85 90
Indicated ac-dc difference u(da) 0,2 0,2 0,3 0,7 1,0 2 2 2 2 2
Measurement set-up u(dg) 0,5 0,5 0,5 0,7 1 20 20 20 20 20
Level dependence u(d.p) 0 0,2 0,4 1 2 200 200 200 200 200
Ac-dc difference frequency >1 kHz | u(dr>1x) 1,69 1,69 1,69 1,79 2,03 3,13 4,44 253,4 | 253,4 | 253,4 | 3415 231,0 112,1 | 1429
Low frequency effects u(d ) 1 0,5 0 0 0 0 0 200 200
Ac-dc diff shunt/PMJTC 2 A u(ét) 1,96 1,76 1,69 1,79 2,03 3,13 4,44 400,0 | 296,9 | 2534 | 3415 231,0 112,1 | 1429
Standard uncertainty 2 A u(d,4) 2,0 1,8 1,7 1,8 2,1 3,2 4,5 400 296 253 341 231 112 142
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Quantity u Standard uncertainties in uA/A at frequency Effective degrees of freedom
10Hz | 55Hz | 1kHz | 10kHz |20 kHz | 50 kHz | 100 kHz | 10 Hz | 55Hz | 1kHz | 10 kHz | 20 kHz | 50 kHz | 100 kHz
From2 Ato5A
1:1 comparison
Ac-dc difference 2 A u(ds) 1,7 1,8 2,1 3,2 4,5 253,0 | 341,0 231,0 112,0 142,0
Indicated ac-dc difference u(da) 0,2 0,2 0,3 0,7 1,0 2 2 2 2 2
Measurement set-up u(dg) 0,5 0,5 0,5 0,7 1 20 20 20 20 20
Level dependence u(d.p) 0,05 0,5 1 2,5 5 200 200 200 200 200
Ac-dc difference frequency >1 kHz | u(d1>1x) 1,78 1,78 | 1,78 1,94 2,40 4,18 6,87 2742 | 2742 | 274,2 | 408,0 3431 2415 | 340,2
Low frequency effects u(d ) 1 0,5 0 0 0 0 0 200 200
Ac-dc diff shunt/PMJTC 5 A u(d7) 2,05 1,85 | 1,78 1,94 2,40 4,18 6,87 417,1 | 316,3 | 274,2 | 408,0 343,1 2415 | 340,2
Standard uncertainty 5 A u(dsp) 2,1 1,9 1,8 2,0 2,4 4,2 6,9 417 316 274 408 343 241 340
A7 Summary of uncertainty budget
10Hz | 55Hz | 1kHz | 10 kHz |20 kHz | 50 kHz | 100 kHz
Expanded uncertainty 10 mA U=2u 2,4 1,6 1,0 1,6 1,6 1,8 2,4
Expanded uncertainty 5 A U=2u 4,2 3,8 3,6 4,0 4,8 9 14
Effective degrees of freedom 10 mA >200 | >200 | >200 | >200 >200 | >200 >200
Effective degrees of freedom 5 A >200 | >200 | >200 | >200 >200 | >200 >200
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1. Definition of the Measurand

Ac-dc current transfer difference is defined as

where

lac IS @an rms ac current, and

lac is a dc current which, when reversed, produces the same mean output
response as the rms ac current.

Differences are expressed in microamperes per ampere (LA/A) and a positive
sign signifies that more ac than dc current was required for the same output
response.

2. Travelling Standards
The travelling standard for the current of 10 mA is a Planar Multi-Junction Thermal

Converter (PMJTC), Type PTP/IPHT Serial Number PTC 19 (replacement of PTC
17), manufactured by IPHT Jena. It has the following nominal parameters:

Rated Input Current: 10 mA
Heater Resistance: 90 Q
Thermocouple Resistance: 7.6 kQ

Output Voltage at Rated Current:approx. 100 mV

The Thermal Converter has a type N (female) input connector and a type Cannon
10SL-4S (male) output connector. An internal capacitance of 2.2 uF is soldered in
parallel to the output.

The 5 ampere travelling standard comprises a 147 mQ coaxial shunt (Serial No B3A)
connected in parallel to the PMJTC (Serial No PTC 19 as described above). The
main parameters are as follows:

Current Shunt, Serial No B3A:

Nominal Resistance 147 mQ
Input Connector type N (female)
Output Connector type N (male)

3. Ambient Conditions

Room temperature: 23°C + 1°C
Relative Humidity: 45% + 10%

4. BEV- Standards
10 mA - Low Frequency:

In the frequency range from 10 Hz to 1 kHz a PMJTC (S.N."PTC10"; 93.1 Ohms;
manufactured at IPHT Germany) was used as standard.



10 mA - High Frequency:

In the frequency range from <1 kHz to 100 kHz a Single Junction Thermal Converter
("SJIb19", 27.8 Ohms, manufactured at Best U.S.A.) has been used to determine the
High- Frequency response.

S5A:

In the frequency range from 10 Hz to 100 kHz a combination of a PMJTC
(S.N."PTC10"; 93.1 Ohms; manufactured at IPHT Germany) and a parallel Resistor
(S.N.“B4A"; 109 mQ; manufactured at BEV, Austria) has been used as standards.

5) Traceability

The primary value at the level 10 mA for AC/DC current at BEV is considered as an
own independent value and has been evaluated in three steps:

1) Determination of the frequency independent thermo-electric effects:
A FRDC- source has been rent from METAS, Switzerland, and both U-TE and
I-TE effects of different thermal converters were measured [1].

2) Determination of the Low Frequency errors in the range 10 Hz to 1 kHz:
The Low Frequency behaviour of two PMJTC’s with series- and parallel-
resistors was determined using [2].

3) Determination of the High Frequency errors in the range >1 kHz to 1 MHz:
A model has been developed which includes all known sources of error to
calculate the High Frequency errors of two Single Junction Converters.
Measurements have been performed to evaluate the model — parameters [3].

A Stepup with home- made shunts combined PMJTC’s was used then to determine
the ac-dc transfer difference for currents up to 100 A.

6) Measurement setup

A Low Capacitive Tee connector has been fabricated to connect the travelling
standards with the standards of BEV at both current levels (Picture 1).

Picturel: coaxial tee connector

Two different measurement- circuits were used for Low- respectively High
frequencies:
The circuit for frequencies up to 1 kHz includes a filter at the output of the converters.



Both outputs of the converters are grounded.
The circuit for frequencies < 1 kHz is a potential driven circuit as shown in Figure 1.
The nanovoltmeters are connected to the PC via a fibre optic link.

Calibrator DC Calibrator AC
nanovoltmeter A switching | | nanovoltmeter B
unit

Choke
|.
__II |
O -O
converter A current tee converter B
connector

Figure 1: potential driven measurement circuit

Instruments used:
Calibrators: Fluke 5700
Datron 4808
Nanovoltmeters:  Keithley 182
Amplifier: Clarce & Hess 8100
GPIB-isolators: I/O-Tech 488F
Transferswitch: BEV < 5ms, 1000 V, AC/DC and polarity
Filter: BEV, 10 Hz to 40 Hz, 3-stage double Twin,180 dB
Software: BEV, MS-Visual Basic




6) Measurement procedure

The measurements have been performed automatically, controlled by a PC with a
home-made software.

Sensitivity coefficient: has been measured at the beginning of the comparison for
both thermal converters in the whole used current- range. Both values were put into
the software at the beginning of each measurement.

Warm-up time: more than 60 min with nominal current

The AC current was fitted to the mean of DC current of both polarities for equal
output response of the TC within better than 20 pA/A.

The measurement sequence was AC1 - DC plus - DC minus - AC2. A minimum of 20
measurements per point were conducted.

At the current level 10 mA the calibrators acted in voltage mode. The proper voltage
level to achieve 10 mA through the converters was computed; no amplifier was used.

After completing the measurements the software calculates mean and standard-

deviation for each point. All single readings are stored in a text-file for later
corrections, if necessary.

7) Measurement results

The AC/DC current transfer difference in pA/A is:

10 Hz 55 Hz 1 kHz 10kHz | 20kHz | 50 kHz | 100 kHz
10 mA 6,4 0,1 0,3 0,5 0,7 1,3 2,1
5A 1 0 0 -11 -21 -37 -49
8) Measurement uncertainty
The measurement uncertainty for a confidence level of 95 % in pA/Ais:
10 Hz 55 Hz 1 kHz 10kHz | 20kHz | 50 kHz | 100 kHz
10 mA 2,2 2,2 2,2 2,2 2,4 2,6 3,4
5A 2 2 2 9 9 10 13




9) Uncertainty calculation

Uncertainty budgets for 10 mA and 5 A for the travelling standards:

Measurement Current : 10 mA

frequency BEV | Std. NVM | NVM | sensi sum sum
[Hz] basic | Dev. T- 1 tivity (different| k=1 k=2
value Connect| Reprod NVM [DC effects
10 mA ucability
normal | normal rect. rect. rect. rect. rect. rect. rect.
¥ 39 ¥ ¥ ¥ ¥ ¥ ¥ ¥
10 0.50 | 0.26 | 0.00 0.29 | 052 | 0.63 | 0.00 | 0.00 0.29 1.1 2.2
55 0.50 | 0.26 | 0.00 0.29 | 052 | 0.63 | 0.00 | 0.00 0.29 1.1 2.2
1000 0.50 | 0.26 | 0.00 0.29 | 052 | 0.63 | 0.00 | 0.00 0.29 1.1 2.2
10000 0.45 | 0.26 | 0.00 0.29 | 052 | 0.63 | 0.00 | 0.00 0.29 1.1 2.2
20000 0.45 | 0.26 | 0.06 0.29 | 052 | 0.63 | 0.00 | 0.46 0.29 1.2 2.4
50000 0.45 | 0.26 | 0.09 0.29 | 052 | 0.63 | 0.00 | 0.69 0.29 1.3 2.6
100000 0.45 | 0.26 | 0.14 0.29 | 052 | 0.63 | 0.00 | 1.27 0.29 1.7 3.4
Measurement Current : 5 A
frequency | BEV | Std. NVM [ NVM |sensi sum | sum
[HZ] basic | Dev. T- 1 2 | tivity different k=1 | k=2
value Connect| Reprod NVM |DC effects
50A ucability
normalnormall rect. rect. | rect. | rect. | rect. | rect. rect.
¥ 39 ¥ ¥ ¥ ¥ ¥ ¥ ¥
10 0.27 | 0.25 0.00 0.29 0.17 | 0.77 | 0.00 0.00 0.29 1.0 2.0
55 0.27 | 0.25 0.00 0.29 0.17 | 0.77 | 0.00 0.00 0.29 1.0 2.0
1000 0.27 | 0.25 0.00 0.29 0.17 | 0.77 | 0.00 0.00 0.29 1.0 2.0
10000 4.34 | 0.25 0.00 0.29 0.17 | 0.77 | 0.01 0.00 0.29 4.5 9.0
20000 4.34 | 0.25 0.00 0.29 0.17 | 0.77 | 0.02 0.46 0.29 4.5 9.0
50000 4.60 | 0.25 0.00 0.29 0.17 | 0.77 | 0.06 0.69 0.29 4.8 9.6
100000 6.05 | 0.25 0.00 0.29 0.17 | 0.77 | 0.10 1.27 0.29 6.3 12.6
10) Additional parameters:
Measurement Frequency:
Nominal Frequency
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
'\H"fas' Frequencyin | 160001 | 54.999 |1000.004 | 10000.04 | 20000.08 | 50000.1 | 100000.4
Exﬁ";”ded Uncertainty | 4 5001 | 0.0005 | 0.01 01 0.2 05 1




Environmental parameters:

Min Max Remarks
Ambient temperature in °C 22.4 23.6
Relative humidity in % 42 52

Uncertainty calculation for the Stepup scheme from 10 mA to 5 A:

frequency Std. | T- Rep.-NVMNVMsensi-{diff.| DC [sum
[HZ] basis|Dev.|con.duc. | 1 | 2 |tivity NVM] eff.| k=1
normpnormirect. rect.|rect.[rect.| rect. [rect.rect.norm
effective
degrees
of
19 freedom
Step 1. (PTC10)-(SJb19)
10000 0.45[0.42]0.00/0.29]0.52|0.39| 0.17 |0.00|0.29{1.19| 1175
20000 0.45|0.42]0.00{0.29/0.52|0.39] 0.17 |0.00|0.29]/1.19| 1175
50000 0.45[0.42]0.06/0.29]0.52|0.39| 0.17 |0.46|0.29{1.28| 1561
100000 0.45[0.42]0.23|0.29]0.52|0.39| 0.17 |1.27]0.29{1.76| 5560
Step 2: (PTC10)-(PTC11+B20mA)
10000 1.19[0.400.00{0.29 |0.39/0.36| 0.15 |0.00|0.29{1.53| 3929
20000 1.19[0.400.00/0.29 ]0.39/0.36| 0.15 |0.00|0.29{1.53| 3929
50000 1.28[0.40|0.06/0.29 |0.39|0.36| 0.15 |0.46/0.29/1.66 | 5526
100000 1.760.40|0.14/0.29 |0.39|0.36| 0.15 |1.27|0.29|2.37 | 22962
Step 3: (PTC11+B20mA)-(PTC10+B30mA)
10000 1.53[0.36|0.00/0.29 |0.18/0.64| 0.15 |0.00|0.29{1.88 | 14442
20000 1.53]0.36|0.00/0.29 0.18/0.64| 0.15 |0.00|0.29{1.88 | 14442
50000 1.66 |0.36 |0.00/0.29 |0.18|0.64| 0.15 |0.46/0.29/2.04 | 20220
100000 2.3710.36]0.06/0.29 |0.18]0.64| 0.15 |1.27|0.29/2.91 | 82761
Step 4: (PTC10+B30mA)-(PTC11+B50mA)
10000 1.88(0.36|0.00/0.29 |0.56|0.20| 0.15 |0.00|0.29{2.13| 23960
20000 1.88[0.36(0.00/0.29 |0.56|0.20| 0.15 |0.00|0.29{2.13| 23960
50000 2.0410.36 ]0.00{0.29 |0.56|0.20| 0.15 |0.46/0.29/2.32 | 33884
100000 2.91/0.36|0.00{0.29|0.56|0.20| 0.15 |1.27]0.29|3.33 | 142309
Step 5: (PTC11+B50mA)-(PTC10+B100mA)
10000 2.13]0.34|0.00/0.29|0.28|0.56| 0.15 |0.00|0.29/2.37 | 47604
20000 2.13]/0.34|0.00/0.29|0.28|0.56| 0.15 |0.00|0.29/2.37 | 47604
50000 2.32]0.34]0.00{0.29|0.28|0.56| 0.15 |0.46/0.29/2.59 | 67480
100000 3.33[0.34]0.00{0.29|0.28|0.56| 0.15 [1.27]0.29|3.71 | 284932
Step 6: (PTC10+B100mA)-(PTC11+B200mA)
10000 2.3710.4210.00/0.290.45|0.25| 0.15 |0.00]0.29|2.55| 24839
20000 2.3710.42]0.00{0.29|0.45|0.25| 0.15 |0.00|0.29|2.55| 24839
50000 2.5910.42]0.00{0.29|0.45|0.25| 0.15 |0.46/0.29/2.80 | 35599
100000 3.71[0.42]0.00]0.29]0.45|0.25] 0.15 |1.27|0.29{4.04 | 154664




frequency Std. | T- Rep.-NVMNVMjisensi-|diff.| DC |sum
[HZ] basis|Dev.|con.duc. | 1 | 2 |tivity NVM| eff.| k=1
normjnormirect./rect.|rect.[rect.| rect. |rect.rect.norm
effective
degrees
of
19 freedom
Step 7: (PTC11+B200mA)-(PTC10+B300mA)
10000 2.55/0.34]0.00/0.29|0.16|0.49| 0.15 |0.00/0.58|2.76 | 87092
20000 2.55]0.34]0.00/0.29|0.16]0.49| 0.15 |0.00/0.58|2.76 | 87092
50000 2.80]0.34]0.00{0.29]0.16|0.49| 0.15 |0.46|0.58|3.02 | 124773
100000 4.040.34|0.00/0.29 |0.16/0.49| 0.15 |1.27]|0.58|4.36 | 541315
Step 8: (PTC10+B300mA)-(PTC11+B500mA)
10000 2.760.58]0.00/0.29(0.45|0.17| 0.16 |0.00/0.87|3.05| 14306
20000 2.760.58]0.00/0.29(0.45|0.17| 0.16 |0.00/0.87|3.05| 14306
50000 3.02]0.58]0.00/0.29]0.45|0.17| 0.16 |0.46|0.87|3.31| 20079
100000 4.360.58|0.00/0.29 |0.45|0.17| 0.16 |1.27|0.87|4.72| 82409
Step 9: (PTC11+B500mA)-(PTC10+B1A)
10000 3.05[0.36]0.00/0.29]0.24/0.45| 0.15 |0.00|0.87|3.28 | 134609
20000 3.05[0.36]0.00/0.29]0.24/0.45| 0.15 |0.00|0.87|3.28 | 134609
50000 3.31[0.36|0.00{0.290.24/0.45| 0.15 |0.46|0.87|3.56 | 187057
100000 4.7210.36 |0.00/0.29 |0.24/0.45| 0.15 |1.27|0.87|5.04 | 746568
Step 10: (PTC10+B1A)-(PTC11+B2A)
10000 3.28|0.4910.00{0.290.43|1.18| 0.15 |0.00|1.15/3.95| 78916
20000 3.28(0.4910.00{0.290.43|1.18| 0.15 |0.00|1.15/3.95| 78916
50000 3.56[0.49]0.00/0.29]0.43|1.18| 0.15 |0.46|1.15{4.21 | 102058
100000 5.04[0.49]0.00/0.29]0.43|1.18| 0.15 |1.27|1.15|5.64 | 328253
Step 11: (PTC11+B2A)-(PTC10+B4A)
10000 3.95[0.27]0.00/0.29]0.05|0.15] 0.15 |0.00|1.73[4.34 1299144
20000 3.95[0.27]0.00/0.29]0.05|0.15] 0.15 |0.00|1.73|4.34 1299144
50000 4.21)0.27|0.00/0.29 |0.05|0.15| 0.15 |0.46|1.73|4.60 |1644220
100000 5.64[0.27]0.00/0.29]0.05|0.15| 0.15 |1.27|1.73]6.05 4923813

[1] M. Klonz, T. Spiegel, R. Zirpel, B.D. Inglis, G. Hammond, H. Sasaki, K. Takahashi and B.
Stojanovic, “Measuring thermoelectric effects in thermal converters with a fast reversed dc”, IEEE
Trans. Instrum. Meas., Vol. 44, pp. 379-382, Apr. 1995.
[2] K.-E. Rydler, V. Tarasso, “A method to determine the low frequency behaviour of thermal
converters”, CPEM Conference Digest, p. 358 (2002).
[3] M. Garcocz, G. Heine: “AC-DC Current Transfer Difference at BEV”, Conf. proc. CPEM’08, p.32-33
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1. Measurement Setup:

Calibration System
Fluke 5720A
Lo Hi

GP-1IB Bus
LabVIEW Input
Current
Program
y_—— N _
: ' vut  HE° Pl standard
TCC TCC
LI Hi Lo LI
GP-IB Bus to :  Outpute.m.f = GP-IB Bus to
LabView program - H LabView program

v
Fluke Fluke
350384 25084
DMMM DMMM

New program using labVIEW software has been performed to automatically calibrate
the unit under test (U.U.T) Therma Current Converter (TCC). A simplified schematic
diagram of the automated calibration system is shown in the figure. This system
consists of a highly accurate (Fluke 5720A) programmable Calibration System to
precisely source both aternating and direct currents, and two devices with similar
rating current TCCs; the first is the reference standard TCC and the second is the
U.U.T are connected in series. In addition, two similar recently calibrated high
sensitive 8.5 digits (Fluke 8508A) digital multimeters to measure the output emfs of

the two devices.

va



2. Reference Standar ds:

For 10 mA:

The reference standard is multijunction thermal converter. Itsratingis1V, 10 mA. It
is manufactured at PTB, Germany.

For 5A:

The reference standard is single junction thermal converter connected in parallel with
current shunt. Itsrating is 5A. It is manufactured at PTB, Germany.

3. Definition of the M easurand:

At each frequency from 10 Hz to 10 kHz, the ac-dc difference measurements are
made by recording the output emfs of the two devices at the same sequence of inputs:
ac, dc’, dc, ac for the U.U.T TCC. Twenty ac-dc differences have been computed at
equal intervals of input currents at the rated value. Noting that, 30 minutes warming
up for the 10 mA TCC, and 1 hr. for the 5 A TCC are elapsed by the LabVIEW
program at the beginning. In addition, 60 seconds for the settling time before
recording the emfs from the two DMMSs. The ac-dc difference of each TCC (dt) at
each frequency is calculated from the equation:

a = ﬁ_ﬂ
nsEds ntEdt

+ds ()

Where, s is the ac-dc transfer difference of the reference standard unit, Exs and E4 are
the output emfs for the ac input current while, Egs and E4 are the mean emf values for
forward (dc’) and reverse (dc) test currents for the standard and the U.U.T

respectively. ns and n; are the n-factor of the standard and the U.U.T TCCs.

4. Description of the M easurement Procedur es:
1. Connect the circuit as shown in the Figure.
2. Wait 30 min. for range 10 mA, and 1 hr. for range 5A to warm up the TCCs.

3. Apply the r.m.s value of the rating ac current to the input terminals of the
standard TCC and the U.U.T TCC. Wait the settling time before recording the
results from the both DMM’ s and then record the output e.m.f.

4. Apply the positive value of the current of the stable dc source to the input
terminal of the standard TCC and the U.U.T TCC. Also wait the settling time
before recording the results from the both DMM’s.
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5. By reversing the polarity of the dc source currents, the negative value of the
current of the stable dc source is applied to the input terminal of the standard
TCC and the U.U.T TCC. Also wait the settling before recording the results from
the both DMM’s.

6. The r.m.s value of current is applied again to the input terminal of the TCCs
and records the outputs.

7. The values of ac-dc difference (d;) of the U.U.T TCC is determined from
equation (1).

8. Repeat the steps from 3 to 7 for 20 times and cal cul ate the ac-dc difference (d)
for each time and take the average.

5. Traceability:
Our standards are traceable to PTB, Germany.

6. M easurement Results:

Measured ac-dc current difference (mA/A)
Current at frequency
10Hz 55Hz | 1kHz 10kHz
10 mA 3.92 0.39 1.3 1.77
5A | - 1.07 5.38 12.64

Expanded Uncertainty:

Expanded Uncertainty (mA/A)
Current at frequency
10Hz | 55Hz | 1kHz 10 kHz
10 mA 7.4 7.2 7.2 7.2
5A | - 28.4 28.2 28.2

7. Environmental Conditions:

It was highly considered during the calibration that the interferences from high field
strengths were completely avoided. Also, temperature and relative humidity of the
calibration laboratory were adjusted and fairly controlled to (23 +1) °C and (50% =+
5%) respectively.
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8. Complete Uncertainty Budget:

10 mA at 10 Hz frequency as an example

: Standard . Uncertainty
uncertanty | ncertainty, Probavility | py; i ey Pegreeof | contribution,
Sources (AVA) distribution Ci Freedom (AVA)
Repeatability 1.03 Normal 1 1 19 1.03
Standard TCC
Calibration 2 Normal 2 1 ¥ 1
DC Current
Calibration 3.6 Normal 2 1 ¥ 18
Level
Dependence 0.5 Rectangular | +/3 1 ¥ 0.29
Connectors 5 Rectangular | +/3 1 ¥ 2.9
Freq.
Calibration 0.18 Normal 2 1 ¥ 0.09
Combined standard uncertainty: +3.7 (mMA/A)
Effective degrees of freedom: ¥
Expanded Uncertainty at confidence level 95%, (k = 2): +7.4 (mA/A)

4/4
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LNE report on EURAMET EM-K 12 comparison

1 Introduction :

From August 20" to September 16", LNE performed measurements in the frame of
the EURAMET EM-K12 comparison on current AC-DC thermal converters. These
measurements consisted in the calibration of the travelling standards against LNE reference
standards. The travelling standards were :

a planar multijunction thermal converter, serial number PTC 19, developed by
PTB and manufactured by IPHT Jena, for measurement at a current of 10 mA,;
the planar multijunction thermal converter, serial number PTC 19, connected
in parallel with a 147 mW coaxia shunt, serial number B3A, for measurement
at acurrent of 5 A. The shunt has been manufactured at BEV.

These standards have been provided by BEV.

2 Definition of the measurand :

The quantity to be measured is the AC-DC current transfer difference of the travelling
standards. This quantity, noted d, is defined as :

d= Lac - loc (1)
I DC
where:
Iac isan RMS AC current applied to the thermal converter ;
Ipc, the DC current which, when reversed, produces the same output response
of the thermal converter as | ac.

AC-DC current differences are expressed in microamperes per ampere (MA/A) and a
positive sign signifies that more AC current than DC current was required for the same output
response.

M easurements had to be performed under currents of 10 mA and 5 A at frequencies of
10 Hz, 55 Hz, 1 kHz, 10 kHz, 20 kHz, 50 kHz and 100 kHz.

3 AC-DC current transfer standards of LNE :

The AC-DC current transfer standards of LNE are two PTB-IPHT 10 mA planar
multijunction thermal converters, each of them associated with a set of shunts covering all the
domain up to 20 A. These shunts have been developed and manufactured by the Norwegian
Nationa Metrology Institute JV [1].

The AC-DC difference of the LNE standards has been determined by a step-up
procedure consisting in calibrating each standard against a standard already calibrated and
then using it as the reference standard to calibrate an other standard in the next step of the
procedure. In this procedure, each standard is calibrated at a current lower than its nominal
current and then used at its nomina current in the next step. The starting point of the step-up
isa3-D PTB multijunction converter which AC-DC difference has been established from [2].



4 Measuring system :

The diagram of the measuring system used at LNE to calibrate AC-DC current thermal
convertersisgivenin figure 1.

Switch AC-DC
J__ Source LiC Source D 1
Amplificateur
de
transconductance
1 |
TC II}{II
1 kohm "-.-"ré f
. ]
1 ]
TC réf. 1 kahm b
x
J_ 1 |

Figure 1 : Diagram of the measuring system used to calibrate AC-DC current thermal
converters.

The converters to compare are connected in series at the output of a transconductance
amplifier whose input can be connected to an AC or a DC voltage source by means of a
switch. Two precision nano-voltmeters measure directly the output voltages of the converters,
each of them loaded by a1 kWresistor. The result of the calibration is given by :

16 2V,, U 16 2V 0

Y=d -d, = g g — X214 2
" “ nréf é réf c+ +Vréf,c— ]-lél nx é X,c+ +VXC- ]-ug ( )
where:

dy isthe AC-DC difference of the converter to calibrate;
drer, the AC-DC difference of the reference converter ;
Nrer aNd Ny, characteristic constants of the reference converter and of the device
under test ;
Viga and Vxa Vvoltages measured by voltmeters Vg and Vi when the
converters are supplied by an AC current ;
Vigier and Vi, Voltages measured by voltmeters V¢ and Vx when the
converters are supplied by a DC current in the positive polarity ;
Vige- and Ve, voltages measured by voltmeters V¢ and Vyx when the
converters are supplied by a DC current in the negative polarity ;

The calibration procedureis asfollows:



AC and DC currents are successively applied to the converters in the sequence AC,
DC+, DC- AC, DC+, DC-, AC, DC+, DC-, AC and voltages measured by nano-voltmeters
Ve« and Vy each time recorded. From this set of data, quantities Vieta, Vxa, Vieicrs Vxcrs Viefc-
et Vi representing the output voltages of both converters in response to the AC and the DC
(in positive and negative polarities) currents corrected for drift are computed by the least
squares method. In this computation the drift is modelled by a third degree polynomial. The

result is finally calculated using (2). The scattering of the measured output voltages of the

converters around the polynomial modelling the drift is characterised by the standard
deviation associated with the result.

The fina result is the weighted average of four determinations of the AC-DC
difference of the travelling standard.

This procedureis fully automated and all calculations are made by the software.

A preliminary procedure allows determination of constants nye and ny.

5 Measurement results:

The results of the calibration of the travelling standards are reported in tables 1 and 2.

AC-DC difference and expanded uncertainty of PTC 19 at 10 mA

Frequency (kHz) 0,01 0,04 1 10 20 50 100
AC-DC difference (UA/A) 9,5 1,9 0,1 -0,2 0,9 2,3 3,4
Uncertainty [k = 2] (WA/A) 5,4 3,8 2,8 3,2 3 3,2 3,2

Table 1 : Calibration results at 10 mA.

AC-DC difference and expanded uncertainty of PTC 19 + shunt B3Aat 5 A

Frequency (kHz)

0,01

0,04

1

10

20

50

100

AC-DC difference (LA/A)

-11

1

]

-8

-4

-18

-23

Uncertainty [k = 2] (LA/A)

19

18

14

15

15

16

17

Table 2 : Cdlibration resultsat 5 A.

As LNE AC-DC current transfer standards are not calibrated at 55 Hz, the travelling

standards were measured at 40 Hz instead of 55 Hz.

Because of malfunction of the LNE set-up at 100 kHz, the travelling standards were
also calibrated at 99 kHz instead of 100 kHz.

During the measurements, the ambient conditions were :

Temperature : (23.0+ 0.5)°C;
Relative humidity : (50 + 10)°C.

6 Uncertainty budget :

M easurement uncertainty :

The following uncertainty components have been identified and taken into account :
Uncertainty components linked with the scattering of the measured output
voltages of the converters around the polynomial modelling the drift of the
system during the measurements. These components noted u(Viga), U(Vxa),
U(Vrerc+)s U(Vxer), U(Vrgre) and u(Vyc.) are computed by the software and used
to calculate the standard deviation associated with the result of each

determination of the AC-DC difference of the device under test.




Uncertainty component linked with the systematic error C; of voltmeter Vg
and C,; of voltmeter V. These errors are assumed to be equal to zero with an

uncertainty u(C;)=u(C,)=5.10"mV.
Uncertainty on values of characteristics nyet and ny : u(n., ) =u(n,) =5.10"*.

Uncertainty due to the adapter used to connect the converters. The value of this
component noted u(Ceonnect) iSgiven intable 3.

The difference between the RMS value of the AC current and the value of the
DC current applied to the converters can be as large as some tens of pA/A and
give rise to a measurement error taken into account by an uncertainty
component noted u(Cegarens) Whose valueis given in table 4.

Expression (2) has been established using the empiric relation V,, = 9.E;,
linking the output voltage Vo of a converter to the signal Ei, applied at its
input. This relation describes properly the behaviour of the converter only if
variations of Ej, and Vy; are very small. In case of large difference between the
reference converter and the converter under test, the difference between Vo
measured in response for an AC and a DC input can become substantial and be
at the origin of a measurement error. The associated uncertainty component

U(Cappro) i estimated to be of the order of u(C,,,,) =|Y|/20 where Y is the
measurement result (seerelation 2).

approx

Fréquency
(kHz) U(C connect) U(C egarrens)
0,01 0,1 1
0,04 0,1 1
1 0,2 0,3
10 0,3 0,5
20 0,3 0,5
50 0,5 0,5
100 0,5 0,5

Table 3 : Estimated standard uncertainties u(Ceomnect) 8Nd U(Cegaiens) (HA/A).

The complete mathematical model is the the following :

1 é 2(\/r ,a+C‘) l;' 1 é 2'(\/x,a +Cx‘) l;'
= g\/ - . B g‘\/ : - + Cconnect + CEgaITens + Capprox
nréf @ réf ,c+ +Vréf ,C- + 2Cj g nx @ X,C+ +Vx,c- + 2'ij g
= f (Vréf ,a’Vréf C+ ’Vréf ,C- ’Vx,a’vx,c+ ’Vx,c- ’Cj ’ij ’nréf ’nx’cconnect ’CEgaItens’Capprox)

where C; =C,, =C = Cryarens =C =0

‘connect approx

The relation giving uncertainty u(Y) of Y can be deduced from this model as follows :

.2 ,.2 .2 .2

e 29 0, ®q 0, et 0 ,

UZ(Y) = - 'uz(vr’ a)+ - u (Vr’ c+)+ - u (Vr’ c-)+ : u (an)
éﬂvréf a g . éwréf ,C+ Q « éﬂvréf ,C- g o éﬂvx,a ﬂ '

,.2 ,.2 L L

[5S] (0] e 0] e Oce (0]
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e Oee 0 e Oee 0
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The sum of the 12 first terms represents the variance associated to the result Y. The
sum of the other terms represents the type-B uncertainty ug(Y) of Y.

Thefinal result Y isthe wei ghted average of four determinations of Y and is given by:
1 ot Y,

Y:g‘ Ay O
i:1ui(Yi)

where Y; is the result of determination number i and ux(Y;) the standard deviation
associated with ;.

The associated type-A uncertainty u ( ) of the final result is obtained from :

(4)

The standard uncertainty u( ) of Y isfinally given by :

ulY)=Ju, (V) +uz(v) ()

In the tables below, values of u,(Y) and u, (Y) are reported for each measurement.

Uncertainty of LNE standards :

Corrections of LNE standards have been established by a step-up procedure in which
each standard was calibrated against an other standard aready calibrated and then served as
the reference in the next step of the procedure. The starting point was the LNE primary
current AC-DC transfer standard.

Uncertainties of LNE standards at all current level up to 5 A with measurement
uncertainty contribution are reported in table 4.




STEP-UP PROCEDURE 10 Hz 40 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
Primary standard Current : 10 mA
PTB 3D-MJTC Standard uncertainty : 2 1 1 1 1 1 1
Stepn°1 Current : 10 mA
Measurement uncertainty |Type A: 0,5 0,2 0,5 0,3 0,3 0,3 0,3
Type B: 1,0 1,0 0,4 0,6 0,6 0,7 0,7
Uncertainty arising from current dependence : 0,0 0,0 0,0 0,0 0,0 0,0 0,0
Resulting standard uncertainty : 2,4 15 1,3 1,3 1,3 1,3 1,3
Step n°®2 Current : 30 mA
Measurement uncertainty |Type A: 0,8 0,4 0,6 0,4 0,6 0,9 1,2
Type B : 1,0 1,0 0,4 0,6 0,7 0,8 1,0
Uncertainty arising from current dependence : 3,0 3,0 2,0 2,0 2,0 2,0 2,0
Resulting standard uncertainty : 4,1 3,6 2,6 2,6 2,6 2,8 2,9
Step n°®3 Current : 100 mA
Measurement uncertainty |Type A: 15 0,8 1,2 1,2 0,5 1,4 11
Type B : 1,0 1,0 0,4 0,6 0,6 0,7 0,7
Uncertainty arising from current dependence : 3,0 3,0 2,0 2,0 2,0 2,0 2,0
Resulting standard uncertainty : 5,5 4,9 3,6 3,6 3,4 3,8 3,8
Step n° 4 Current : 300 mA
Measurement uncertainty |Type A: 1,3 0,9 13 18 0,7 0,8 15
Type B: 1,0 1,0 0,4 0,6 0,6 0,7 0,7
Uncertainty arising from current dependence : 3,0 3,0 2,0 2,0 2,0 2,0 2,0
Resulting standard uncertainty : 6,5 6,0 4.4 4,6 4,1 4,5 4,7
Stepn°5 Current : 1A
Measurement uncertainty |Type A: 0,4 0,8 0,5 13 16 0,8 0,7
Type B: 1,0 1,0 0,4 0,6 0,6 0,7 0,7
Uncertainty arising from current dependence : 3,0 3,0 2,0 2,0 2,0 2,0 2,0
Resulting standard uncertainty : 7,3 6,9 4,9 5,3 5,0 51 53
Step n°® 6 Current : 3A
Measurement uncertainty |Type A: 0,7 1,6 0,5 1,1 1,8 0,9 0,9
Type B: 1,0 1,0 0,4 0,6 0,6 0,7 0,7
Uncertainty arising from current dependence : 3,0 3,0 3,0 3,0 3,0 4,0 4,0
Resulting standard uncertainty : 8,0 7,8 5,8 6,3 6,2 6,6 6,8
Stepn°7 Current : 5A
Measurement uncertainty |Type A: 11 1,0 1,7 1,4 0,3 0,7 1,2
Type B : 1,0 1,0 0,4 0,6 0,6 0,7 0,7
Uncertainty arising from current dependence : 4,0 3,0 3,0 3,0 3,0 4,0 4,0
Resulting standard uncertainty : 9,1 8,5 6,8 7,2 7,0 7,8 8,1

Table 4 : Uncertainty of LNE standards (LA/A).

Uncertainty of the 10 mA travelling standard PTC 19 :

Corrections of the 10 mA travelling standard have been established by direct
comparison with the 10 mA LNE standard. Uncertainty of the 10 mA travelling standard with
measurement uncertainty contribution are reported in table 5.

Travelling standard : PTC 19 10 Hz 40 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA LNE standard
Standard uncertainty : 2,4 1,5 1,3 1,3 1,3 1,3 1,3
Current : 10 mA
Measurement uncertainty |[Type A : 0,6 0,4 0,2 0,4 0,2 0,3 0,2
Type B : 1,0 1,0 0,4 0,6 0,6 0,7 0,7
Resulting standard uncertainty : 2,7 1,9 1,4 1,6 15 1,6 1,6
Expanded uncertainty (k = 2) 5,4 3,8 2,8 3,2 3,0 3,2 3,2

Table 5 : Uncertainty of the 10 mA travelling standard PTC 19 (LA/A).

Uncertainty of the travelling standard PTC 19 associated with the 5 A shunt B3A :

Corrections of the travelling standard PTC 19 associated with the 5 A shunt B3A have
been established by direct comparison with the 5 A LNE standard. Uncertainty of the 5 A
travelling standard with measurement uncertainty contribution are reported in table 6.

Travelling standard : PTC 19 + 5 A shunt B3A 10 Hz 40 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
5 A LNE standard
Standard uncertainty : 9,1 8,5 6,8 7,2 7 7,8 8,1
Current : 5A
Measurement uncertainty |[Type A : 0,8 0,9 1,1 0,5 0,6 0,7 0,7
Type B: 1,0 1,0 0,4 0,7 0,9 1,5 1,9
Resulting standard uncertainty : 9,2 8,7 7,0 7,3 7,1 8,0 8,4
Expanded uncertainty (k = 2) 19 18 14 15 15 16 17

Table 6 : Uncertainty of the travelling standard PTC 19 associated with the 5 A shunt

B3A (MA/A).
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1 Introduction

Trescal A/S operates the Danish national |aboratory for AC-electricity and RF & microwave
measurements. Together with DFM (Danish Institute for Fundamental Metrology in
Copenhagen) DPLE, Danish Primary Laboratory for Electricity, has been established. Both
laboratories are members of DANIAmet, which is a decentralized metrological organization of
Danish primary and reference laboratories nominated by the Danish Agency for Devel opment of
Trade and Inustry.
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2 Measuring System

The AC-DC current transfer difference d of atransfer standard is defined as:

d=tac - Inc
Ibc

where:

Iac  isthermsvalue of theinput AC current.
Ipc  isthevaue of theinput DC current which when reversed produces the same mean output
rmscurrent aslpc.

The AC-DC current transfer difference of the test object dyy; is calculated as:

o = Eacref - Epcyref  Eac,obj - Ebc,obj + g
0] - - I
J NrefEDC, ref NobjEDC, obj

Eac output currents at AC.
Epc  output currents at DC, averaged for reversed DC.
d  AC-DC current transfer difference of the reference standard.

n power coefficient determined from the output/input correlation of athermal transfer
standard, given by:

E=k(IR)"

By measuring the output voltages for input currents about 50 - 100 ppm below and above the
nominal input currents, the power coefficient n is determined from:

DE |
n= — —
E

DI

where DE and DI are the small changes of output and input values respectively. In thisway the
value of n was determined to be n = 2 for the travelling standard, which was used for the

calculation of dy; at al currents and frequencies.
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Three multijunction thermal converters, MJTC, of the “3-dim.” PTB type are used at the primary
level for currents between 10 mA to 2 mA [1]. The calibration is carried out in atwo-channel set-
up shown schematically in fig. 1. The reference standard and the DUT are connected to the
transconductance amplifier using a special T-adaptor. The special guarding due to the Hi-Lo
asymmetry of the set-up isshown in fig. 2. To reach higher current levels PTB/IPHT type planar
multijunction thermal converters, PMJTC, in combination with a series of Fluke A40 current
shunts (20 mA - 5 A) isused in a step-up procedure as depicted in fig. 3.

Computer
AC Cdlibrator DC Cdlibrator
Switch Box
Tranconductance
Amplifier
DMM Ref DUT DMM

Fig. 1: Measurement set-up for the measurement of the AC-DC transfer difference of athermal
transfer standard.

T-adaptor
Hi Hi
DMM Ref DUT DMM
j Lo Lo il
Ground potential B Guard potential
Lo| [|Hi
Current Source

Fig. 2: Diagram for guarding.



10 mA
MJTC >| SI+PMJTC1 10-20 mA
20 mA
S1+PMJTC1 S2+PMJTC2 20- 30 mA
30 mA
S2+PMJTC2 > S3+PMJTC1 30- 50 mA
50 mA
S3+PMJTC1 SA+PMJTC2 50 - 100 mA
100 mA
HSA+PMITC2 >| S5+PMJTC1 100 - 200 mA
200 mA
S5+PMJTC1 >| S6+PMJTC2 200 - 300 mA
300 mA
S6+PMJTC2 S7+PMJTC1 300 - 500 mA
500 mA
S7+PMJTC1 >| S8+PMJTC2 05-1A
1A
S8+PMJTC2 SO+PMJTC1 1-2A
2A
SO+PMJTC1 >| S10+PMJTC2 2-3A
3A
S10+PMJTC2 >| S11+PMJTC1 3-5A

5(1E

Fig. 3: Step-up procedure.

The AC-DC transfer difference of the travelling standards were measured at 10 mA and 5 A at
the frequencies 10 Hz, 55 Hz, 1 kHz, 10 kHz, 20 kHz, 50 kHz and 100 kHz.



The equipment used includes the following:

MJTC, of the“3-dim.” PTB type (190 ohm heater resistance) [1].

PMJTC, PTB/IPHT type (90 ohm heater resistance) & Fluke A40 5 A current shunt.
Datron 4000A calibrator used as DC source.

Fluke 5720 A calibrator used as AC source.

Hewlett Packard 34420 Nanovoltmeter used to measure the output voltage of the reference
standard.

Keithley 182 Nanovoltmeter used to measure the output voltage of the travelling standard.
Clarke Hess 8100 Transconductance Amplifier.

An automated AC-DC switchbox.

Travelling standards:
10 mA: PMJTC type PTB/IPHT, sn. PTC 17
5A: BEV 147 mW coaxia shunt, sn. B3A, connected in parallel to the PMJTC, sn. PTC 17.

In order to protect the travelling standards, measurements were carried out with the travelling
standards connected to the Lo side of the T-piece only, and therefore with both input and output
connected to earth at all times.

Before any measurement the reference standard and the travelling standard was allowed to warm-
up for 30 minutes with DC current applied.

After thisthe AC-DC transfer difference is determined by use of the measuring sequence AC -
DC+ - AC - DC-- AC, whichis chosen in order to compensate for errors due to drift of the
output voltage of transfer standards. After each switching event the thermal transfer standards are
allowed to stabilize for 30 seconds before taking five readings five seconds apart of both nV-
meters, so that every Epc, Epc+ and Epc_ isthe average five readings.

In order to minimize errors due to the non-linear output/input correlation of the transfer
standards, the first sequence is used to adjust the output of the AC calibrator, so that the AC-DC
difference measured at the output of the test object is minimized.

At each frequency and current the measurement sequence was repeated 12 times, and the
arithmetic mean and the corresponding experimental standard deviation is calcul ated.
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3 Measurement Result
The intercomparison was performed in alaboratory with stabilised environmental conditions

23°C = 1°C and 45 %RH £ 5 %RH. The minimum and maximum values recorded during the
measurements are given in the following table:

Table 1: Minimum and maximum temperature and humidity values.

Min Max Unc.
Ambient temperature / °C 22,7 234 1
Relative humidity / % 40,8 45,2 5

The measurements were performed with only weak air streams due to air-conditioning, and the
calibrators were placed with the air-cooling pointing away from the set-up.

The measured AC-DC transfer differences of the travelling standards at the required currents and

frequencies are given in the following table 2, while the measurement frequenciesincl.
uncertainty is shown in table 3.

Table 2: Measurement results.

Measured ac-dc current difference (mA/A)
Current at frequency
10Hz 55 Hz 1kHz 10 kHz 20 kHz 50kHz | 100 kHz
10 mA 3 0 0 0 1 5 10
5A —2 0 0 —4 -10 —24 -30

Table 3: Measurement frequency.

Current Nomina Frequency
10 Hz 55 Hz 1kHz 10 kHz 20 kHz 50 kHz 100 kHz
Meas. 10,00018 | 55,0010 | 1,000018 | 10,00018 | 20,0004 | 50,0009 | 100,0018
Frequency
Expanded
Uncertainty 100 ppm | 100 ppm | 100 ppm | 100 ppm | 100 ppm | 100 ppm | 100 ppm
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4 Uncertainty

The overall uncertainties of the measurement results are estimated in accordance with EA-4/02.
It has been distinguished between category A and B uncertainties. The category A uncertainty is
stated as the estimated value of the experimental standard deviation. Estimates of the category B
uncertainties are based either on experience or on stated specifications of the manufacturers.
Here the limits of errors are estimated. In this case a suitable population distribution is assumed
and the standard deviation is estimated by multiplying the error estimate with the corresponding
factor.

The expanded uncertainties (k = 2) of the measured AC-DC differences of the travelling
standards, consistent with the BIPM Appendix C entries, are stated in table 4, whereas table 5
contains the uncertainty budget for the AC-DC current transfer difference of the primary
standards as the starting point of the traceability chain [1].

Assuming that all the uncertainty contributions (u;) are uncorrelated the standard uncertainty u is
calculated as.

The expanded uncertainty U is determined by:

U=Kku

where the coverage factor k for a coverage probability of 95% is found from the effective number
of degrees of freedom ng; and a t-distribution:

Table 4: Expanded uncertainty (k = 2).

Expanded Uncertainty (mA/A)
Current at frequency
10 Hz 55Hz 1kHz 10 kHz 20kHz 50 kHz 100 kHz
10 mA 5 5 5 5 7 10 20
5A 18 18 18 22 27 45 70




Table 5: Uncertainty budget for AC-DC transfer difference d of the primary standards [1].

Contribution of: 10 Hz 55 Hz 1kHz 10 kHz Type A | Distri- Degrees
orB bution of
d Unc|d Unc|d Unc|d Unc freedom
Th.-¢l. effect, FRDC -003 02|-003 02]-003 02 |-003 02 |A Gaussk=1 | 10
Heater, dielectricloss | O 0 |0 0 0,02 005|006 005 |B Uniform ¥
Heater, capacitance 0 0 0 0 0 0,02 1|0 0,02 | B Uniform ¥
Heater, inductance 0 0 |0 0 0 002 |0 002 | B Uniform ¥
Leads, dielectric loss 0 0 |0 0 002 005 (01 005 (B Uniform ¥
Leads, capacitance 0 0 0 0 0 00210 0,02 | B Uniform ¥
Leads, inductance 0 0 |0 0 0 002 |0 002 | B Uniform ¥
Low frequency effect 31 3 0,6 1 0 0 0 0 B Uniform ¥
Connector & leads 0 010 01(005 01 (05 01 (B Uniform ¥
Comp. diff. standards 0 1 0 1 0 1 0 1 B Uniform ¥
AC-DC differenced 31 0,6 0,1 0,6
Standard unc. (k = 1): 19 0,9 0,7 0,7
Expanded unc. (k = 2): 38 18 14 14
Eff. Deg. Of freedom: | > 100 > 100 > 100 > 100
Table 5 - continued: Uncertainty budget for AC-DC transfer difference d of the primary
Standards [1].
Contribution of: 20 kHz 50 kHz 100 kHz Type A | Distri- Degrees
orB bution of
d Unc | d Unc | d Unc freedom
Th.-¢l. effect, FRDC -0,03 0,2 |-003 0,2 |-0,03 0,2 A Gaussk=1 | 10
Heater, dielectricloss | 0,14 0,05 | 042 005|091 05 B Uniform ¥
Heater, capacitance 0 0,02 ({0,010 002|003 03 B Uniform ¥
Heater, inductance 0 0,02 | -0,02 0,02 | -0,06 0,3 B Uniform ¥
Leads, dielectric loss 03 00508 005|197 05 B Uniform ¥
Leads, capacitance 0 0,02 1002 0,02 (009 03 B Uniform ¥
Leads, inductance 0 0,02 1001 002|004 03 B Uniform ¥
Low frequency effect 0 0 0 0 0 0 B Uniform ¥
Connector & leads 10 01 |197 03 |579 05 B Uniform ¥
Comp. diff. standards 0 15 1|0 2 0 3 B Uniform ¥
AC-DC difference d 14 33 8,7
Standard unc. (k = 1): 0,9 12 19
Expanded unc. (k = 2): 18 2,4 38
Eff. Deg. Of freedom: | > 100 > 100 > 100
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With the expanded uncertaintiesin table 5 as a starting point the uncertainty budget for the
calibration of the travelling standard at 10 mA is shown in table 6. The following tables, 7 - 17
show the additional and varying uncertainties for each step in the step-up procedureupto 5 A,
which means that those contributrions given in table 6 that remain unchanged for each step are
not reported again in the following tables. The resulting expanded uncertainty for each step is
used as the “Reference” contribution in the next step. Table 18 shows the uncertainty budget for

the travelling standard at 5 A.

The uncertainty of each frequency is = 100 ppm (k = 2), so that the uncertainty contribution due
to the frequency dependence may be neglected.

Table 6: Uncertainty budget, 10 mA, travelling standard - MJTC (ref)

10(15

Contribution of: unc. unc. unc. unc. TypeA | Distri- Degrees
10 Hz 55 Hz 1kHz 10 kHz orB bution of
freedom
Reference 38 1,8 1,4 1,4 B Gaussk=2 | > 100
Standard deviation 0,7 0,7 0,7 0,7 A Gaussk=1 | 11
Power coefficients 0,05 0,05 0,05 0,05 B Uniform ¥
Linearity (DMM'’s) 0,5 0,5 0,5 0,5 B Uniform ¥
Noise 1 1 1 1 B Uniform ¥
Resolution (DMM’s) 0,5 0,5 0,5 0,5 B Uniform ¥
T-adaptor 0,5 0,5 0,5 1 B Uniform ¥
Hi-Lo asymmetry 0,5 0,5 0,5 15 B Uniform ¥
Different references 1 1 1 1 B Uniform ¥
Standard unc. (k=1): | 23 16 15 17
Expanded unc. (k=2): | 4.6 32 30 34
> 100 > 100 > 100 > 100

Eff. Deg. Of freedom:




Table 6 - continued: Uncertainty budget, 10 mA, travelling standard - MJTC (ref)
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Contribution of: unc. unc. unc. TypeA | Distri- Degrees

20 kHz 50 kHz 100 kHz orB bution of
freedom

Reference 18 2,4 3,8 B Gaussk=2 | > 100

Standard deviation 0,7 0,7 0,7 A Gaussk=1 | 11

Power coefficients 0,05 0,05 0,05 B Uniform ¥

Linearity (DMM'’s) 0,5 0,5 0,5 B Uniform ¥

Noise 1 1 1 B Uniform ¥

Resolution (DMM’s) 0,5 0,5 0,5 B Uniform ¥

T-adaptor 2 5 10 B Uniform ¥

Hi-Lo asymmetry 3 5 10 B Uniform ¥

Different references 15 2 3 B Uniform ¥

Standard unc. (k=1): | 27 4,6 8,7

Expanded unc. (k =2): | 94 9,2 18

Eff. Deg. Of freedom: | > 100 > 100 > 100

Table 7: Additional/varying uncertainties, step-up 10 - 20 mA.

Contribution of: Standard Deviation | Step-up Mutual Inductance | Std. Uncertainty
Gauss k=1 Uniform Uniform k=1

10 Hz 0,7 1 0,2 2,7

55 Hz 0,7 1 0,2 21

1kHz 0,7 1 0,2 2,0

10 kHz 0,7 1 1 25

20 kHz 0,7 1 15 3.8

50 kHz 0,7 1 3 6,6

100 kHz 0,7 1 7 12,8




Table 8: Additional/varying uncertainties, step-up 20 - 30 mA.
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Contribution of: Standard Deviation | Step-up Mutual Inductance | Std. Uncertainty
Gauss k=1 Uniform Uniform k=1

10 Hz 0,7 1 0,2 3,0

55 Hz 0,7 1 0,2 25

1kHz 0,7 1 0,2 24

10 kHz 0,7 1 1 31

20 kHz 0,7 1 15 4,6

50 kHz 0,7 1 3 8,1

100 kHz 0,7 1 7 15,8

Table 9: Additional/varying uncertainties, step-up 30 - 50 mA.

Contribution of: Standard Deviation | Step-up Mutual Inductance | Std. Uncertainty
Gauss k=1 Uniform Uniform k=1

10 Hz 0,7 1 0,2 3.3

55 Hz 0,7 1 0,2 2,8

1kHz 0,7 1 0,2 2,8

10 kHz 0,7 1 1 35

20 kHz 0,7 1 15 54

50 kHz 0,7 1 3 9,4

100 kHz 0,7 1 7 18,4

Table 10: Additional/varying uncertainties, step-up 50 - 100 mA.

Contribution of: Standard Deviation | Step-up Mutual Inductance | Std. Uncertainty
Gauss k=1 Uniform Uniform k=1

10 Hz 0,7 1 0,2 3,6

55 Hz 0,7 1 0,2 3,2

1kHz 0,7 1 0,2 31

10 kHz 0,7 1 1 3.9

20 kHz 0,7 1 15 6,0

50 kHz 0,7 1 3 10,5

100 kHz 0,7 1 7 20,6




Table 11: Additional/varying uncertainties, step-up 100 - 200 mA.
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Contribution of: Standard Deviation | Step-up Mutual Inductance | Std. Uncertainty
Gauss k=1 Uniform Uniform k=1

10 Hz 0,7 1 0,2 3.8

55 Hz 0,7 1 0,2 34

1kHz 0,7 1 0,2 34

10 kHz 0,7 1 1 4,3

20 kHz 0,7 1 15 6,6

50 kHz 0,7 1 3 11,5

100 kHz 0,7 1 7 22,6

Table 12: Additional/varying uncertainties, step-up 200 - 300 mA.

Contribution of: Standard Deviation | Step-up Mutual Inductance | Std. Uncertainty
Gauss k=1 Uniform Uniform k=1

10 Hz 0,7 1 0,2 4,1

55 Hz 0,7 1 0,2 3,7

1kHz 0,7 1 0,2 3,7

10 kHz 0,7 1 1 4,7

20 kHz 0,7 1 15 7,1

50 kHz 0,7 1 3 12,5

100 kHz 0,7 1 7 24,5

Table 13: Additional/varying uncertainties, step-up 300 - 500 mA.

Contribution of: Standard Deviation | Step-up Mutual Inductance | Std. Uncertainty
Gauss k=1 Uniform Uniform k=1

10 Hz 0,7 15 0,2 4.3

55 Hz 0,7 15 0,2 40

1kHz 0,7 15 0,2 40

10 kHz 0,7 15 1 5,0

20 kHz 0,7 15 15 7,6

50 kHz 0,7 15 3 134

100 kHz 0,7 15 7 26,2




Table 14: Additional/varying uncertainties, step-up 0,5- 1 A.
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Contribution of: Standard Deviation | Step-up Mutual Inductance | Std. Uncertainty
Gauss k=1 Uniform Uniform k=1

10 Hz 0,7 2 0,2 47

55 Hz 0,7 2 0,2 43

1kHz 0,7 2 0,2 43

10 kHz 0,7 2 1 54

20 kHz 0,7 2 15 8,1

50 kHz 0,7 2 3 14,2

100 kHz 0,7 2 7 27,9

Table 15: Additional/varying uncertainties, step-up 1 - 2 A.

Contribution of: Standard Deviation | Step-up Mutual Inductance | Std. Uncertainty
Gauss k=1 Uniform Uniform k=1

10 Hz 1 3 0,2 5,2

55 Hz 1 3 0,2 49

1kHz 1 3 0,2 49

10 kHz 1 3 1 6,0

20 kHz 1 3 15 8.8

50 kHz 1 3 3 15,1

100 kHz 1 3 7 29,5

Table 16: Additional/varying uncertainties, step-up 2 - 3 A.

Contribution of: Standard Deviation | Step-up Mutual Inductance | Std. Uncertainty
Gauss k=1 Uniform Uniform k=1

10 Hz 1 5 0,2 6,1

55 Hz 1 5 0,2 59

1kHz 1 5 0,2 58

10 kHz 1 5 1 6,9

20 kHz 1 5 15 9,6

50 kHz 1 5 3 16,1

100 kHz 1 5 7 31,0




Table 17: Additional/varying uncertainties, step-up 3- 5 A.
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Contribution of: Standard Deviation | Step-up Mutual Inductance | Std. Uncertainty
Gauss k=1 Uniform Uniform k=1

10 Hz 1 7 0,2 75

55 Hz 1 7 0,2 7,3

1kHz 1 7 0,2 7,2

10 kHz 1 7 1 8,2

20 kHz 1 7 15 10,8

50 kHz 1 7 3 17,2

100 kHz 1 7 7 32,7

Table 18 Uncertainty budget, 5A, travelling standard.

Contribution of: Standard Uncertainty (mA/A) at frequency Type | Distri-
10 Hz 55 Hz 1kHz 10kHz |[20kHz |50kHz | 100 kHz g or | bution

Reference 14,9 144 144 16,3 215 34,4 65,3 B Gauss k=2

Standard deviation 1 1 1 1 1 1 1 A Gauss k=1

Power coefficients 0,05 0,05 0,05 0,05 0,05 0,05 0,05 B Uniform

Linearity (DMM’s) 0,5 0,5 0,5 0,5 0,5 0,5 0,5 B Uniform

Noise 1 1 1 1 1 1 1 B Uniform

Resolution (DMM’s) | 0,5 0,5 0,5 0,5 0,5 0,5 0,5 B Uniform

T-adaptor 0,5 0,5 0,5 1 2 5 10 B Uniform

Hi-Lo asymmetry 0,5 0,5 0,5 15 3 5 10 B Uniform

Different references | 1 1 1 1 15 2 3 B Uniform

Step-up 7 7 7 7 7 7 7 B Uniform

Mutual Inductance 0,2 0,2 0,2 1 15 3 7 B Uniform

Standard unc.: 8,6 84 84 9,3 11,8 18,3 34,2

Expanded unc.: 18 17 17 19 24 37 69

Coveragefactor k: | 2 2 2 2 2 2 2

[1] M. Klonz, “Entwicklung von Vielfachthermoconvertern zur genauen
Ruckfiihrung von Wechsel gréfien auf aquivalente Gleichgrofzen”, PTB-Bericht E
29, Fakultét fur Maschinenbau und Elektrotechnik, Technische Universitét Carolo
Wilhelmina, Braunschweig, 1987.
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1. Introduction

INRiM was one of the participants of the EURAMET Key International Comparisons of AC-
DC Current Transfer Standards: EURAMET.EM - K12. The measurements on the travelling
standard, composed of a thermal converter of PMJTC type having current nominal of 10 mA
and a coaxial current shunt of 5 A of current nominal, were performed during the period from
3/11/2014 to 24/11/2014. The travel standards arrived at INRiM from Trescal A/S (Denmark),
in good physical and working conditions, and were sent to SIQ (Slovenia) on 25/11/2014 after
being verified.

The electrical parameters of the thermal convert were measured after a day of stabilization once
the travel standard packing was placed within the primary ac-dc transfer laboratory. The input
and output resistance as well as the insulation resistance were about 93 Q, 7.3 kQ and 2 GQ,
respectively.

2. Description of the measurement setup and the reference standards

4.2. Measurement setup

The new measurement system used during the EURAMET.EM-K 12 international comparison is
suitable for direct comparison between thermal current converts and current standards, i.e.,
current shunts connected in parallel to thermal converters. It is fully automated and used for
realization, maintenance and dissemination of primary alternating current scale in a wide range
of currents ranging from 10 mA to 50 A and frequencies from 10 Hz up to 100 kHz. It performs
precise comparison in terms of ac-dc current transfer difference between the unknown/travelling
standard and the known standard. The measured quantity at a particular frequency is
o) =5Tsac_dc - 5Rsac_dc where Oyc-dc=lac-ldac/ldc 18 the ac-dc current transfer difference (TS is the
travelling/unknown standard and RS is the reference standard).

The measurement setup employs the following instruments:

Instrument type Quantity Model Notes
Programmable .
Multifunetion Calibrator 1 Wavetek 4808 DC Calibrator
Programmable .
Multifunction Calibrator 1 DATRON 4200A AC Calibrator
Control Unit “Electronics
Coaxial Switch 1 Home build corporation (ICS) model
4833~
Transconductance 1 Clarke-Hess 8100 Used from 10 mA up to
Amplifier SA
. Full-scale set to 10 mV
Nanovoltmeter 2 Keithley 2182A and 100 mV
Personal computer 1 HP workstation xw4000
Automatic control 1 Developed in
software Labwindows/CVI

A simplified schematic of the measurement setup is given in Fig. 1. The main current loop is
composed of a voltage controlled transconductance amplifier (TA), a current choke (Ch), a
T-current node (CN) which connects in series the devices to be compared: thermal converts
from currents from 5 mA up to 15 mA of three different models SJITC, 3D-MJTC and PMJTC;
current shunts connected in parallel with thermal converts of PMJTC type where SHs indicates
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the known standard whereas the unknown shunt to be calibrated is indicated with SHx. A
guarded arrangement has been employed in order to make negligibly small and equal any
leakage impedance. In order to reduce the differences depending on the potential between the
devices under comparison, all measurements are repeated by interchanging the position of the
devices with respect to the current node. The final result of the comparison, at the frequency f,
includes the average between the direct and reverse measurements and the calculation of the
uncertainty budged.

PMJTC,

ki

[
N/

SHg

CN

SH

s
N
(=]
L 3
<
PMJTC, %
GPIB (IEEE 488.2)

Fig 1. Measurement setup for ac-dc current transfer difference determination between current standards.

T

4.2. Reference standards

At INRiM, the reference standards for currents higher than 10 mA are made of coaxial shunts
connected in parallel to the Planar Multi-Junction Thermal Converter.
A group of thermal converts (TVCs) composed of a SJTC used as frequency standards, a
calculable 3D-MJTC and five PMJTC were employed for the realization of the traceability at
rated current of 10 mA. Table 1 reports the main electric parameters of the TVCs employed for
this purpose.
The route to establish the traceability at a rated current of 10 mA is based on a group of five
PMITCs and on the ability to track property the frequency behaviour of the ac-dc current
transfer difference (8;) of each converter of the group. For this purpose different approaches
have been pursued by checking the consistency of the results. It was also useful to introduce two
additional thermal converters: a calculable 3D-MIJTC for which the frequency dependence of
the ac-dc current transfer difference is calculable [1]; a SJITC under assumption that its ac-dc
current transfer difference is as flat as possible for frequencies beyond 10 kHz. The methods
employed are valid only for a certain frequency range band and may be divided as follows:
- from 10 Hz up to 100 Hz three different approaches are employed and their consistency
has been checked:
a) PMITCs compared directly against the 3D-MJTC at rated current of 10 mA (the ac-
dc current transfer difference of the 3D-MJTC has been computed theoretically [1]);
b) PMJTCs compared directly against the 3D-MJTC or between them by using the
principle of power adaptation [2] (one of the two thermal converts works at lower
power level by connecting a suitable resistor in parallel to the heater resistance);
¢) PMITC compared directly against a current shunt by using the sampling strategy;

4



- from 100 Hz up to 10 kHz: PMJTCs were compared against the calculable 3D-MJTC
(from 1 kHz up to 10 kHz the ac-dc current transfer difference of the 3D-MIJTC is
assumed zero);

- from 10 kHz up to 100 kHz: the PMJTCs were compared against the calculable 3D-MJTC
and between them at rated current of 10 mA. The frequency behaviour of the 3D-MJTC
and one of the PMJTC from 10 kHz up to 100 kHz has been verified by means of a SJTC
which is also used to verify the behaviour of PMJTCs. The discrepancy founded between
the model and the experiment was treated as a component of uncertainty in the overall
uncertainty budged.

The reference standards for current of 5 A are composed of coaxial current shunts connected in
parallel to specific PMJTCs, which work in voltage mode.

Table I reports the nominal parameters of the following reference standard employed at rated
current of 10 mA and 5 A, respectively.

Table I. INRIM reference standards employed for the realization of the traceability of alternating current at 10
mA level (\based on a group of thermal converters) and 5 A reference standards based on current shunts.

Thermal Output
Rated Input Heater Thermocouple voltage
Converters Frequency range . .
. Current Resistance resistance at rated
Serial No.
current
PMJ2 10 mA 10 Hz + 100 kHz 112.6 Q 11.9 kQ 103 mV
PMJ3 10 mA 10 Hz + 100 kHz 1184 Q 12.9 kQ 103 mV
PMJ4 10 mA 10 Hz +~ 100 kHz 93.7 Q 7.4kQ 100 mV
PMIJ29 10 mA 10 Hz + 100 kHz 93.7Q 7.5kQ 100 mV
PMJ30 10 mA 10 Hz + 100 kHz 93.9Q 7.9 kQ 100 mV
3D - MITC 15 mA 10 Hz + 100 kHz 190 Q 860 Q 100 mV
SJITC-18140 5 mA 10 kHz <+ 100 kHz 50 Q 25Q 7 mV
Rated Input Shunt Output voltage at
Current Shunt Current Frequency range Resistance rated current
Shunt Fluke
A40B _I1 (S. No 5A 10 Hz + 100 kHz 0.16 Q 800 mV
228066429)
Shunt Fluke
A40B 12 (S. No 5A 10 Hz <+ 100 kHz 0.16 Q 800 mV
142761358)

3. Definition of the measurand

Ac-dc current transfer difference is defined as:

.. — 1
_ ac dc
0= BT o)
de Eac:Edc

where: |5 1S an rms ac current; lqc is a dc current, when reversed, it produces the same mean
output response as the rms ac current (Eac=Eqc).
The definition (1) can be rewritten while taking the operating condition into account and [5] as:



g _Idc Eac _Edc

s-Eg @)

lac=ldc

I de Eac=Edc

The definition (2) is particularly suitable when the measurement system performs direct
comparison and the measured quantity is the difference between the ac-dc current transfer
difference of thermal converters.

4. Description of the measurement procedure

The measurement procedure is composed of several steps:

insertion of the standards to be compared into the measuring system: it consists in
connecting the current port of the current standards in series through a suitable home made
T-current node with the aim of reducing current leakage at high frequencies;

connection of the output connectors of the thermal converters TC; and TC,, supporting
electromotive force signals, to the input of digital nanovoltmeters NV; and NV;
symmetrization of each mesh voltage by connecting the low voltage (LV) terminals of the
nanovoltmeters NV, that operates at high voltage, to the respective potential voltage in
order to minimize leakage currents at higher frequencies due to parasitic capacitances;

The measurement procedure is performed automatically and a control program enables the
possibility of remotely controlling the measuring instruments by means of a Graphical User
Interface (GUI). The parameter namely initializing constants are inserted within the GUI as
follows:

Identification of the current standards;

Working current and AC frequencies of the standards to be compared;
Global heating time, typically in the range 30 min — 60 min;
Stabilization time, typically greater than 30 s;

Alignment factor, typically within 1 pV/V;

Measuring time, typically 40 s;

Number of ac-dc cycles, typically 10 consecutive measurements.

The measurement procedure consists in:

a)
b)

©)
d)

e)
f)

2)

h)

setting and switching on the DC and AC calibrators;

setting and switching on the transconductance amplifier at the value l4.(+) according to
the step-up level;

waiting for temperature stabilization of TVCs by monitoring its electromotive forces;
Aegle

Al/1

automatic alignment of Idc(') level to the l4.(+) level of the calibrator in DC by means of a
convergence algorithm;

automatic alignment of l,. level to the mean of l4(+) and l4(—) levels by means of a
convergence algorithm;

starting of the ac-dc transfer sequence (l,. - Idc(+) — e — Idc(') — ly); after each
commutation a stabilization time greater than 30 s occurs; the transfer sequence at a
specific frequency is repeated more than 10 times;

steps (f-g-h) are repeated at the following frequencies: 10 Hz, 55 Hz, 1 kHz, 20 kHz, 50
kHz, 100 kHz.

determination of the sensitivity at a specific working point in dc, S =



Steps (a-b-c-d-e-f-g-h) are repeated twice (direct and reverse measurements) with respect to the
interchange of the standards insertion in the current node.

4.2. Measurement at 10 mA level

The measurements at 10 mA level were performed by comparing directly the travelling standard
PMJTC namely PTC19-BEV with a group of INRiM thermal converts of PMJTC type having
the same rated input current as the travelling standard. The ac-dc transfer difference was
measured for the “Lo” position of the travelling standard and the connection to earth must
always be present in order to protect the output of the PMJITC. With reference to Fig. 2 the
PMIJTC,, to be compared are connected directly to the current node and their outputs are
connected to the respective digital nanovoltmeters DC-nV ;.

The ac and dc currents are provided by a transconductance amplifier (TA) controlled by means
of two multifunction calibrators imposed in AC and DC voltage mode. A coaxial switch allows
applying sequentially AC and DC voltage to the TA amplifier.

Fig. 2 shows the measurement setup employed for ac-dc current transfer difference
measurements at 10 mA current level.
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PMJTC, N
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Fig 2. Measurement setup for ac-dc current transfer difference measurements at 10 mA.

Table II, reports an example of three repeated comparisons performed at 10 mA level between
an INRiIM PMJTC ac-dc current standard (model PMJ4) and the ac-dc travelling current
PTC19-BEV standard. Some of the planar multi-junction thermal converters supplied by
INRiM, during the EURAMET.EM-K12, against which the 10 mA travelling standard was
compared is given in table I.



Table Il. Example of comparison between the ac-dc travelling current transfer standard (PTC19_BEV) and an ac-dc

current transfer (PMJTC_PMJ29) INRiIM at 10 mA current level.

Devices under
comparison

TC1 TC2

Measured quantity
(WAJA)

Frequency

10 Hz

55 Hz

1 kHz

10 kHz

20 kHz

50 kHz

100 kHz

PMJ29irim
(High)

PTC19gev
(Low)

_ GoH L
04 = O1c2 — Orcy
Date: 03/11/2014

0.85

0.28

0.46

0.28

0.61

0.65

0.74

u(8y)
(computed from a set
of 10 measurements)

0.16

0.18

0.12

0.19

0.10

0.20

0.23

PMJ29nrim

(High) PTC19gev

(Low)

_¢H L
5d - é‘TCZ - 5TCI
Date: 04/11/2014

0.77

0.06

-0.04

0.40

0.28

0.42

0.31

u(dy)
(computed from a set
of 10 measurements)

0.10

0.15

0.19

0.11

0.13

0.11

0.22

PMJ29nrim

(High) PTC19gev

(Low)

_¢H L
§d - 5TC2 - 5TC1
Date: 06/11/2014

0.71

-0.02

0.09

-0.04

0.38

0.26

0.98

u(d)
(computed from a set
of 10 measurements)

0.19

0.15

0.12

0.10

0.11

0.09

0.12

SPTCIQBEV - 8PMJ29,NR‘M

@ 10 mA

S0 =30}

(with n=3)

0.78

0.11

0.17

0.21

0.42

0.44

0.68

u(dw)
(computed from a set
of 3 repeated
measurements)

0.04

0.09

0.15

0.13

0.10

0.12

0.19

The INRiM standards against which the 10 mA travelling standard has been compared were
four, one 3D-MJTC and three PMJTCs. The PMITCs standards were chosen in order to have
the heater resistance as near as possible that of the travelling standard.
Table III, reports the final single comparison between the standard involved to assign the ac-dc

current transfer difference of the travelling standard.

Table I11. Results of the comparisons between the ac-dc travelling current transfer standard (PTC19_BEV) and the set
of standards INRiM used at 10 mA current level.

Devices under
comparison
@ 10 mA

Measured quantity
(HA/A)

Frequency

10 Hz

55 Hz

1 kHz

10 kHz

20 kHz

50 kHz

100 kHz

SPTCIQBEV - 8PMJ4,NR‘M

%=;%&

(with n=3)

0.57

-0.01

0.00

0.33

0.08

0.39

0.52

u(dw)
(computed from a set
of 3 repeated
measurements)

0.10

0.05

0.05

0.05

0.12

0.21

0.23

8PTClQBEV - 6PMJ29|NR‘M

n 1 i
Om :;F5é

(with n=3)

0.78

0.11

0.17

0.21

0.42

0.44

0.68

u(dw)
(computed from a set
of 3 repeated
measurements)

0.04

0.09

0.15

0.13

0.10

0.12

0.19




8PTClQBEV - 8PMJ30.NR‘M

n
1 X
5. =15
. Z‘n ‘ 0.69
(with n=3)

0.03

-0.02

0.20

0.14

0.25

0.35

u(dw)
(computed from a set
of 3 repeated
measurements)

0.09

0.06

0.12

0.10

0.06

0.08

0.02

SPTCIQBEV - 83D-MJTC‘NR,M

@ 10 mA

3.60

Single measurements

-0.27

0.01

0.42

0.17

0.05

-0.71

u(Av)

(computed from a set
of 10 measurements)

0.18

0.18

0.15

0.12

0.14

0.18

0.19

The final assignment of the value of the travelling standard is computed starting from the ac-dc
current transfer difference of the INRiM standards involved. For low frequencies we also
perform a single measurement by employing the principle of power adaption, i.e., PTC19-BEV
operates at its full input power levels whereas the standard INRIM - the 3D-MJTC - is
connected in parallel with a low temperature coefficient resistor and operates near 19 % of its
input power level. Table IV summarizes the ac-dc current transfer difference assigned to the
travelling standards at rated current of 10 mA by using different from single determinations.

The final value was assigned as the mean of the single determinations.

Table IV. ac-dc current transfer differences of the PTC19-BEV assigned from the reference standards INRIM at rated

current of 10 mA.
Devices under comparison Frequency
Onknown Measurement method
standard | Reference standard 10Hz | 55Hz | 1kHz | 10kHz | 20 kHz | 50 kHz | 100 kHz
PTC19 PMJ4 \ri
(LOW‘)aEV (Higerm;M Direct comparison 550 | 0.09 | 0.04 0.48 0.49 1.25 1.86
PTC19BEV PMJ29 ki
(Low) (HigrlsRM Direct comparison 5.81 0.18 | 0.05 0.55 0.80 1.03 2.19
PTSLRVE;EV (High) Direct comparison | 5.92 | 0.14 | -0.05 | 030 | 0.51 | 1.08 | 1.60
PTC19¢y 3D-MITC e - i
(Low) (High) Direct comparison 590 | 0.23 | 0.01 0.42 0.56 0.92 1.24
F’T(Ec}fl) Mean value 585 | 020 | 0.01 | 044 | 059 | 1.07 1.72

4.2. Measurement at 5 A level

The measurements at 5 ampere level between the travelling standard (Serial No B3A connected
in parallel to the PMJTC (Serial No PTC19)) and maintained national INRiM standards were
performed at a rated current of 5 A. Table V(a) shows the INRiM standards employed during

the comparison. The measurement setup employed is reported in Fig. 1.




Table V(a). Standards involved for comparisons at 5 A rated current during the EURAMET.EM-K12.

5 ampere travelling 5 ampere maintained standards | Measurement Rated current le ﬁ_
standard by INRiM method scale
Coaxial shunt A40B-5A 11
(Serial No 228066429) Direct 5A 20 A
Coaxial shunt (Serial No connected in parallel to
B3A) connected in parallel PMITC (Serial No PMJ29)
to the PMJ TCCI ése“al No 1 Coaxial shunt A40B-5A_ 12
PTCI9) (Serial No 142761358) Direct - oA
connected in parallel to
PMITC (Serial No PMJ4)

INRIM standards at 5 A rated current are of Fluke design and are used for primary ac current
scale realization beyond 2 A.

Table V(b). Comparisons performed at rated current of 5 A .

Measured quantity
Fulll:?cale Oq = T)'(CZ - TSCI Rated current Frequency (kHz)

TC2 TCl 001 [055] 1 ] 10 [ 20 [ 50 | 100
20A | B3APTCIO(BEV) | A40B-5A_I1_PMJ29 5A 2500603 |-77]-17.7|-355 | -42.1
20A | B3APTCIO(BEV) | A40B-5A_12_PMI4 SA 26| -1.0]03|-79]-17.6 | -355 | -40.7

The differences reported in Table V(b) represent the mean values computed from a set of three
repeated measurements. The value assigned of the 5 ampere travelling standard (Serial No
B3A) connected in parallel to the PMITC (Serial No PTC19) is computed as the mean value of
both determination.

5. Statement of the traceability

At INRiM, the national standard of ac-dc current transfer standard is considered to be a primary
standard. It is composed of a group of thermal converters.

Table VI shows the construction of the traceability maintained by a group of ac-dc current
transfer based on thermal converters.
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Table VI. Standards employed for the construction of the traceability at 10 mA level.

Thermal Frequency Assignment Verification

Nominal parameters

converter range method method

3D-MJTC 10 Hz + 100 kHz

For  frequencies
from 10 Hz up to
100 Hz by direct
comparison  with
PMIJTC operating
Rated Input Current: 15 mA at reduced power
Heater resistance: 198 Q Theoretical level.
Thermocouple resistance: 860 Q calculation
Output voltage: 100 mV For  frequencies
beyond 20 kHz by
direct comparison
with SITC (single
junction  thermal
converter)

For  frequencies
from 10 Hz up to

Rated Input Current: 10 mA Direct .
. ; . . 100 Hz by direct
PMJITC Heater resistance: 90-111 Q 10 Hz = 100 kH comparison with comparison of
Thermocouple resist.: 7.5 — 12 kQ zs Z| 3D-MJTC and P
PMIJTCs at
Output voltage: 100 mV between them .
different  power
levels.

The steps employed for traceability construction at rated current of 10 mA level are as follows:

a)

direct comparison between the 3D-MJTC and SJTC from 10 kHz up to 100 kHz (in this
frequency range the ac-dc current transfer difference of the SJITC is considered to be as
flat as possible);

direct comparison between a 3D-MJTC and a group of 4 PMJTCs at rated current of
10 mA for frequencies ranging from 10 Hz to 100 kHz;

direct comparison between the elements of the PMJITC group at 10 mA rated input current
and currents ranging from 10 Hz to 100 kHz;

direct comparison between 3D-MJTC and the group of PMIJTCs performed at different
power levels by connecting in parallel low temperature coefficient resistors;

from the set of redundant measurements performed during b) and c) steps and resolving
the set of equations [L]-[0]=[Jy], where [L] is a rectangular matrix ((m+1)xn)

(m=number of comparison; n=number of elements) namely connection matrix with
elements (-1, 0, +1), [J] is a column matrix containing the ac-dc differences of the TVCs
and [04] is a column matrix containing the measured differences determined
experimentally. By using the last squares method, [2-3-4], one finds the best solution of
[L]-[61=[5,1;

by applying the step-up procedure, the calibration of maintained national standards is
performed up to 5 ampere level and beyond that. Fig. 3 reports an example of step-up
procedure performed at 1 ampere level where two unknown AC current standards of 2 A
nominal value are directly compared with two known AC current standards of 1 A
nominal value. The verification method consists in checking the triangle enclosure,
preferability below 1 pA/A level.

11



2A ¢ 2A

TDA2A-PMJ30 TDB2A-PMJ2
1A ¢ 1A
TDA1A-PMJ3 TDB1A-PMJ29

Fig. 3. Block diagram of cdmparisons performed at rated current of 1 A during the step-up procedure.

Fig. 4 reports the INRiM traceability chain based on step-up procedure for currents ranging
from 10 mA to 20 A.

20A . 10A . 5A
TVC & Shunt TVC & Shunt TVC & Shun

T

500mA __5 1A > 2A
TVC&Shunt ~ TVC&Shunt  TVC & Shu

T

200MA . 100mA 50 mA
C&Shunt  TVC&Shunt  TVC& Shun

T

20 mA » 30mA
TVC & Shunt TVC & Shunt

|

10 Hz < 3D-MJTC < 10 kHz |
10mA T I
PMJTCs (TVC) |
10 kHz < SJTC < 100 kHz |

b 1
Fig. 4. Step-up INRiM traceability chain for AC current ranging from 10 mA up to 20 A.

6. Measurement results

The 10 mA travelling standard is a Planar Multi-Junction Thermal Converter (PMIJTC), type
PTB/IPHT34 Serial No PTC19. It was compared with four thermal converters, one 3D-MJTC
and three PMJTC type PTB/IPHT Serial No PMJ2, PMJ3, PMJ29 and PMJ30. The
measurements are given in terms of mean value computed from the four comparisons.

The travelling standard for the current of 5 ampere is a coaxial shunt (Serial No B3A) connected
in parallel to the PMJTC (Serial No PTC19). It was compared with two coaxial shunts of 5
ampere type A40B-5A (Serial No 228066429 and No 228066374) calibrated by INRiM at 5 A
which are also connected in parallel with PMJ29 and PMJ4 thermal converters.

The tables below show the measurement results, expanded uncertainty and the measured
frequency of the travelling standard at 10 mA and 5 A rated currents.

Measurement Results:

12



Measured d ac-dc current difference (LA/A) at frequency
Current 10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA 5.8 0.2 0.0 0.4 0.6 1.1 1.7
S5A 3.7 -0.9 -0.6 -8.4 -18.3 -36.6 -48.7
Expanded Uncertainty:
Expanded Uncertainty (k=2) (LA/A) at frequency
Current 10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA 33 24 24 24 2.8 3.0 34
5A 6.5 5.6 4.3 5.8 7.1 10.3 16.0
Measurement Frequency:
Nominal frequency
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
I:i::iency 9.99962 | 54.9993 | 0.9999865 | 9.999865 | 19.99973 | 49.99933 | 99.99866
Expanded
Unc. (k=2) 4 2 0.5 0.5 0.5 0.5 0.5
(uHz/Hz)

7. Ambient conditions of the measurements

Measures were carried out during the 3 weeks from 3/11/2014 to 24/11/2014 at the ac-dc
primary transfer laboratory of INRiM, which is part of the complex shielded room laboratories
situated underground, which have automatic temperature control. The table below shows the
variations of temperature and relative humidity fluctuation within a period of 3 weeks in
November.

Min Max Remarks
. Maximum variation within
Ambient temperature (°C) 22.3 22.9
3 weeks in November
. . Maximum variation within
Relative humidity (%) 333 45.0
3 weeks in November

13



8. Uncertainty budget

The ac-dc transfer difference, in accordance with the method of comparison, is computed from
(1) as

04 =0, — 0, )

where ¢ is the ac-dc difference of the unknown TVC, and & of the known TVC,.
The ac-dc current transfer difference, o, is expressed as follow:

5:{|ac_|dc} E_{Eac_Edc}
ldc E $-Eqc I @

ac:Edc aczldc

where |, and |4 are the AC and DC currents, respectively; E,. and Eq4. are electromotive forces
and S the sensitivity. With respect to experiment in which the measured quantities are
electromotive forces and by inserting equation (2) into (1) the following operating equation is
obtained

s S X X
Eac B Edc . Eac - Edc

S S X X 15.=15
S 'Eac S 'Eac ac=ldc 3)

1 X =1}
ac— 'dc

5d=

In order to foster the condition l,.=l4. the term A = E,. - E4. is made small enough, typically
below 2 uV/V, by adjusting l,. near the mean value of l4(+) and l4(-); this condition is
performed automatically by means of a convergence algorithms with respect to the transfer
standard thermal converter TVC,. The known TVC; is connected to the TC1 nanovoltmeter and
the unknown standard TVC, to the TC, nanovoltmeter.

The comparisons between the primary ac-dc current standards of INRiM are made twice: i.e.,
during the step-up procedure the configuration in which TVC; is inserted to the high position of
the current node and TVC; is inserted to the low position of the current node is named direct
measurement, 5, ; the reverse measurement, s, consists in changing the position of standards

under comparison respect to the current node. The results carried out are given as the mean
value of both direct and reverse measures 5 = (52 + 55 /2.

Instead, according to the technical report of the EURAMET EM-K12, the travelling standard
during the measurements was inserted always in the low side of the measuring system and
compared against INRiM standards at 10 mA and 5 A and frequencies ranging from 10 Hz to
100 kHz.

According to the measurement model the value of the ac-dc transfer difference of the unknown
standards ¢, operating in current mode, and its standard uncertainty u(dy) at a specific current
step of the step-up current chain is computed as:

5 = &y+ 60"

u(s:)=u(e;)+ e ) @

Where the index, i, represents the step at higher current level and (i-1) is the index related to the
previous step.

Typically, the influence quantities that contribute to 63 determination during each step of the AC
current traceability chain are as follows:

5d =§A+5R+§P+5L+5M +5TC+§D+§CBL 5

14



end the standard uncertainty of u(¢d) is

U(5g) = U2(S0) + U2 (S8R ) +U2(8p) +UE (1) + U2 (Syp) + U2 (S7e) + U2 (8p) + U2 (Scpr )

A description of each component and assessment is given in Table VII.

(6)

Table VII. Uncertainty contributions taken into account of the measured difference between devices during the step-up

procedure.
Influence r
. Description Type Notes D.o.F
quantity
Standard deviation of
the mean calculated Computed from a set al least of 10
A - Normal 9
u(da) computed from a set al measurements
least 10 measurements
Computed from a set al least 4
Standard deviation of different measurements within a
u(dr) the mean of repeated | A -Normal | certain time period by removing and 3
measurements reinserting of the standards inside the
measuring setup
Exchanging the TCs with respect the
Potential difference B- current node position and computing
u(op) between the known and Rectaneular 1 ( 5D _ sRev 0
unknown TCs and/or g U(5p)=\/7(dsz
shunts 3
Computed as the half of the maximum
differences measured with different
shunts at different currents
Current-level effect B- 1 [ 55 _ gstep(i-1) o0
u(é) during the step-up Rectangular U@y ) =—=| 4+—0—
d V3 2
procedure
Computed as the half of the sum with
Measurement setup respect to interchange of the nV-
employed to measure B- meters.
u(om) the electromotive force Rectangular N PR UL o
of the thermal u(sL) = 5 5
converters
Computed according to the principle of
linear behavior of Joule heat dissipated
in the heater at low frequencies when
PMITC connected in parallel to the
“: Behavior of PMITC at B- current slhunt1 wo(rlks.betwa;an dliferent )
c) low frequencies Rectangular power —fevels — durng ¢ step-up
procedure.
U(dre) = RS 51§tceg(slr)1unt - 5TStceﬁ(slh_ulr2t
3 2
Computed as standard deviation of the
L . 3 (10 mA)
Deviation from mean of a certain number of
u(dp) . o A - Normal L .
different determinations determinations by using a group of
S 1(5A)
maintained standards
Contribute due to B-
U(OcgL) connectors and bad Rectangular From literature 2

leakages
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Measurement Current 10 mA:

The travelling standard PMJTC (Serial No. PTC19) was compared against four INRIM standards,
one 3D-MJTC and three PMJTCs (Serial No. PMJ4, PMJ29 and PMJ30).
The main uncertainty contributions involved during the comparison are:
U(ors): uncertainty of the reference standard(s) 10 mA of INRiM
U(Ocomparison Measurements): Uncertainty of the comparison measurements which can be decomposed into
the following components {U(J4), U(AR), U(Am), U(AL), U(SceL), U(dp)} as shown in Table VIII.

Table VIII. 10 mA, budget uncertainty from 10 Hz to 100 kHz.

Contribution of:

Standard Uncertainty (LA/A) at frequency

10 Hz

55 Hz

1 kHz

10 kHz

20 kHz

50 kHz

100 kHz

Type A
or B

Distribution

U(ORs-10ma):
Reference
standard(s) 10 mA
of INRIM

1.2

0.6

0.5

0.6

0.9

1.0

1.2

Normal

u(o,): Standard
deviation of the
mean of 10
measurements

0.2

0.2

0.2

0.2

0.2

0.2

0.2

Normal

u(dRr): Repeated
measurements

0.3

0.2

0.2

0.2

0.2

0.2

0.3

Rectangular

u(om):
Measurement
setup

0.1

0.1

0.1

0.1

0.1

0.1

0.2

Rectangular

u(op): Potential
difference

0.3

0.2

0.2

0.2

0.2

0.3

0.5

Rectangular

U(JcBL):
Connectors + bead
lackages

1.0

1.0

1.0

1.0

1.0

1.0

1.0

Rectangular

u(dp): Deviation
from different
determination

0.1

0.1

0.1

0.1

0.1

0.1

0.2

Normal

Standard unc.:

1.6

1.2

1.2

1.2

1.4

1.5

1.7

Expanded unc.:

3.3

24

2.4

24

2.8

3.0

34

Coverage factor k:

Measurement Current 5 A:

The travelling standard of 5 ampere was a coaxial shunt (Serial No. B3A) connected in parallel with

PMITC (Serial No PTC19)

which was compared against two INRIM standards classified as

A40B-5A 11 connected in parallel with PMJ29 and A40B-5A 12 connected in parallel with PMJ4.
The main uncertainty contributions at each frequency during the comparison are:
U(drs sa): total uncertainty resulting from AC current step-up procedure;
U(Ocomparison Measurements): Uncertainty of the comparison measurements which can be decomposed into
the following components {U(J4), U(Jr), U(Im), U(Sp), U(Src), U(AL), U(SceL)} as shown in table [X.
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Table IX. 5 A, budget uncertainty from 10 Hz to 100 kHz.

Standard Uncertainty (LA/A) at frequenc

Contribution of: y ) d Y Type A Distribution

10Hz | 55Hz | 1kHz [ 10kHz |20 kHz | 50 kHz [100 kHz| orB
U(drs): 5 A
INRIM standards 2.9 2.6 1.9 2.1 2.9 42 6.3 B Normal
u(oy): Standard
deviation of 10 0.3 0.2 0.2 0.2 0.2 0.2 0.3 A Normal
measurements
U(o): Repeated 02 | o1 | o1 | o1 | o1 | o1 | 02 A Normal
measurements
u(Sw):
Measurement 0.2 0.2 0.2 0.2 0.2 0.2 0.3 B Rectangular
setup
u(op): Potential
difference between 0.2 0.1 0.1 0.1 0.1 0.2 0.3 B Rectangular
standards
U(odp): Deviation
from different 0.8 0.2 0.2 0.2 0.3 0.5 0.7 A Normal
determination
u(é): Level 02 | 02 | 02 | 02 | 02 | 02 | o2 B | Rectangular
dependence
U(dcaL):
Connectors + bead 1.0 1.0 1.0 2.0 2.0 3.0 5.0 B Rectangular
lackages
U(rc): Low
frequency behavior | 0.8 0.1 0.0 0.0 0.0 0.0 0.0 B Rectangular
of PMITC
Standard unc: 33 2.8 2.1 2.9 3.5 5.1 8.0
Expanded Unc: 6.6 5.5 43 5.8 7.1 10.3 16.0
Coverage factor k: 2 2 2 2 2 2 2
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1 Introduction

In the December 2014 SIQ performed EURAMET international comparison of AC/DC current transfer
standards EURAMET.EM-K12. In this document are presented all relevant data regarding the
intercomparison and results along with the corresponding measuring uncertainty.

2 Reference standards

21 PMJTC

One planar multi-junction thermal converter (PMJTC), Type PTB/IPHT (s.n.: 28) was used as reference
AC/DC current transfer standard for current 10 mA and for measurement of output voltage from reference
5 A coaxial shunt. The PMJTC was periodically calibrated in PTB for its AC/DC current and voltage
transfer difference.

PMITC has the following parameters:

- input current: 10 mA,

- input voltage: 1V,

- output voltage: approx. 100 mV,
- heater resistance: approx. 90 Q.

2.2 Coaxial current shunt 5 A

For measurements at current 5 A the reference coaxial current shunt SIQ MU-5A (s.n.: SIQ07023) together
with the PMJTC described above were used. The reference coaxial current shunt has the following
parameters:

- design: coaxial cage design,
- rated input current: S5A,

- output voltage at rated current: approx. 715 mV

- nominal resistance: approx. 143 mQ.

The current shunt is periodically calibrated for its AC/DC transfer difference in PTB.
2.3  Multimeter HP 3458A

For reading the output voltage of PMJTC’s two digital multimeters HP 3458 A (s.n.: 2823A20702 and
US28028518) were used. Both are periodically calibrated at SIQ according to internal procedures.

2.4 Source

As current source voltage driven trans-conductance amplifier Clarke-Hess 8100 (s.n.: 266) was used. As
voltage source Fluke 5440B (s.n.: 4270011) for DC voltage and Fluke 5700A (s.n.: 5215008) for AC
voltage were used. Both universal calibrators are periodically calibrated in SIQ according to internal
procedures.

To switch between AC and DC voltage that was fed to trans-conductance amplifier an isolated driver unit
RBDK Type PIF8 (s.n: 3134) with 2-terminal switching unit RBDK Type TF2 (s.n.: 3136) were used.
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3 Measurement
3.1 Definition of measurand

AC/DC current transfer difference on input is defined as

S = Lac =1pc
Ipe
where
Lic rms ac current,
Inc dc current which, when reversed, produces the same mean output response as the rms ac current.

Differences are expressed in microamperes per ampere (LA/A) and a positive sign means that more ac than
dc current was required for the same output response.

3.2 Measurement setup

On the following figures are shown block diagrams for calibration of AC/DC current transfer standards
(Figure 3.1 for 10 mA — PMJTC and Figure 3.2. for 5 A—PMIJTC with 5 A current shunt).

computer
R —————— LPT GPIB
i isolated driver unit :
! Fluke 5440B RBDK PIF8 Fluke 5700A |
i Hi Lo GND G§D (Ext GRD=0) : Hi Lo GND GED(EXI GRD = 0ON) :
; ; oo 2-terminal switch | : ;
. : Lo RBDK TF2 8~ o] J[_A'B()R/?TORY GROUND |j__ '
' [ e e D S e e B ] i i - :
DMM 3458A ;‘ DMM 3458A
1—:; ‘L'o GU‘ARD(Open) | .: l-‘l; Lo GU:\RD(Opcn)
qp— : - ¥ qp—

current
T - piece

Figure 3.1: Setup for calibration of 10 mA current (PMJTC)

PMIJTC was calibrated at 10 mA in voltage mode. The voltage that generates 10 mA current over the
reference PMJTC and PMJTC under calibration was generated with two universal calibrators (Fluke
5440B for DC voltage and Fluke 5700A for AC voltage). To switch between AC and DC voltage two-
terminal switch was used. Output of the switch was connected directly to current T-piece. Reference
PMIJTC was connected to floating side of T-piece and PMJTC under calibration to grounded side. Output
of both PMJTCs was measured with two DMM’s (Agilent 3458A). Shielding of the cable that connects
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PMIJTC and DMM was connected to GUARD on DMM (GRD set to Open) and to input of the PMJTC.
Laboratory’s GROUND was connected to both calibrators GRD (GND and GRD was not connected and
both calibrators were set to EXT GRD). Laboratory’s GROUND was also connected to Lo terminal of the
switch (switch has common Lo for both inputs and output) and to the T-Piece.

computer
LPT GPIB
5 isolated driver unit
: Hi Lo GND GRD (Ext GRD) ¥ Hi Lo GND GRD (Ext GRD) :
, [ ® ! g
) pcupu|  2-terminalswitch | : |
. o RBDKTF2 & ----—-- _[LAIB(.)R/}TORY GROUND—}—J?_ .’
| St i B AR Eerrr et I |
1 ;. gl :
Hi Lo GUARD cn) : i Lo en
by 9T (Y T
qp— jrm S =
PMJTC %]: ref. current current : PMJTC
shunt [T shunt L
current
T - piece

Figure 3.2: Setup for calibration of 5 A current (PMJTC + 5 A current shunt)

To calibrate SA current (PMJTC with 5 A current shunt) the same setup as described above was used. The
only difference is that the trans-conductance amplifier Clarke Hess 8100 was used between the switch and
T-piece to generate AC and DC currents. Laboratory’s GROUND was connected aiso to the Lo input of
the trans-conductance amplifier.

When the current is applied to the measuring setup for the first time the time of stabilization was more than
30 minutes.

All readings from readout instruments are taken simultaneously over the GPIB.
3.3 Measurement procedure

A set of AC1, DC+, AC2, DC-, AC3 measurements was repeated five times. From each set an AC/DC
difference is calculated.

Three measured values are obtained in this way (minimum and maximum value from set of five was
abandoned) and the actual AC/DC difference is calculated as their mean, while the standard deviation is
used to calculate the type A uncertainty contribution.

At the beginning DC+, DC- and AC sequence is measured. On that basis first the generated DC- current is
correct in the way that the output at DC+ and DC- are equal, Then also the generated AC current is
corrected in the way that the output of the PMJTC at AC current is the same as it would be for the average
of DC+ and DC- current. In this way it is assured that the PMJTC’s are working as much as possible in the
same working point for all three voltages, DC+, DC- and AC.
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3.4 Traceability

Traceability is ensured over the accredited calibration of reference PMJTC and current shunts in foreign
PTB. For readout two calibrated reference multimeters HP 3458A are used. Multimeters are calibrated in

SIQ.

traceability of AC/DC voltage traceability of AC/DC current
transfer to the international level transfer to the international level
PMJTC,
PMJTC, HP 3458A reference coaxial current shunts
Intercomparison

(calibration of current shunt and PMJTC)

3.5 Ambient conditions

During the intercomparison the ambient conditions in the laboratory were within the limits;
- temperature: 23°C £ 2°C,
- relative humidity: 50 % £ 20 %.
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4 Results
Time of comparison: 01.12.2014 —12.12.2014

Measurement results:

Current Measured ac/dc current difference (WA/A) at frequency
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA 7 0 0 0 0 1 3
5A 2 0 1 -10 21 -46 -59

Expanded uncertainty:

Current Expanded uncertainty (uA/A) at frequency
10 Hz 55Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
10 mA 8 4 4 4 4 4 5
5A 14 13 13 13 13 6 %

Measurement frequency:

Nominal frequency
10 Hz 55 Hz 1 kHz 10 kHz 20 kHz 50 kHz 100 kHz
Measured 9,99997 54,9998 0,999997 9,99997 19,99994 49,9998 99,9997
frequency Hz Hz kHz kHz kHz kHz kHz
Expanded 0,00012 0,0007 0,000012 0,00012 0,00024 0,0006 0,0012
uncertainty Hz Hz kHz kHz kHz kHz kHz

Environmental parameters:

Min Max Remarks
Ambient temperature (°C) 22,3°C 23,4°C Two weeks min/max value
Relative humidity (%) 35% 42% Two weeks min/max value
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5 Measurement uncertainty

Parameters description:

d4vc  average value of measured ac/dc transfer differences,

st.dev. standard deviation of measured ac/dc transfer difference,

Js ac/dc transfer difference of reference shunt,

Omyrc ac/dc transfer difference of reference PMJTC,

urgss  uncertainty due to the resolution of DMM1,

urssy  uncertainty due to the resolution of DMM2,

urs  uncertainty due to the long term stability of reference current shunt,
Urp uncertainty due to the level dependence of the thermal converter,
ugrgp  uncertainty due to the reproducibility of the measurement,

Urp uncertainty due to temperature dependence.

51 10 mA@ 10 Hz

Mathematical model of measurement:

result
O ave 0,7 ppm
st.dev. 0,2 ppm [(value based on validation)

Effective

Standard Probability Sensitivity Uncertainty degr. of

Quantity Estimate uncertainty | distribution Div. coefficient contribution freedom

Xi Xi u(xi) ci uify) vi
O ave 0,7 ppm 0,2 ppm [normal 1 1 - 0,20 ppm 6
Os 6,0 ppm 2,0 ppm [normal 2 1 - 2,00 ppm 1E+99
U RESS 0 ppm 0,3 ppm |rectangular 1,73 1 - 0,29 ppm 1E+99
U RESX 0 ppm 0,3 ppm |rectangular 1,73 1 - 0,29 ppm 1E+99
uLrs 0 ppm 1,7 ppm [rectangular 1,73 1 - 1,73 ppm 1E+99
uLo 0 ppm 1,7 ppm [rectangular 1,73 1 - 1,73 ppm 1E+99
U rep 0 ppm 1,7 ppm [rectangular 1,73 1 - 1,73 ppm 1E+99
urc 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
Ox 6,7 ppm 3,7 ppm 687494
Expanded uncertainty of measurement: 7.4 ppm
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52 10mA@ 55Hz

Mathematical model of measurement:

result
b ave 0,2 ppm
st.dev. 0,2 ppm ](value based on validation)
Effective
Standard Probability Sensitivity Uncertainty degr. of
Quantity Estimate uncertainty | distribution Div. coefficient contribution freedom
Xi Xi u(xi) ci ui(y) vi
O ave 0,2 ppm 0,2 ppm |normal 1 1 - 0,20 ppm 6
Os 0,0 ppm 1,5 ppm [normal 2 1 - 1,50 ppm 1E+99
U RESS 0 ppm 0,3 ppm |[rectangular 1,73 1 - 0,29 ppm 1E+99
U RESX 0 ppm 0,3 ppm |rectangular 1,73 1 - 0,29 ppm 1E+99
uLTs 0 ppm 0,6 ppm |[rectangular 1,73 1 - 0,58 ppm 1E+99
uwo 0 ppm 0,6 ppm [rectangular 1,73 1 - 0,58 ppm 1E+99
uRrep 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
urc 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
Ox 0,2 ppm 1,9 ppm 53865
Expanded uncertainty of measurement: 3,9 ppm
53 10mA@1kHz
Mathematical model of measurement:
result
Oave -0,2 ppm
st.dev. 0,2 ppm |(value based on validation)
Effective
Standard Probability Sensitivity Uncertainty degr. of
Quantity Estimate uncertainty |distribution Div. coefficient contribution freedom
Xi Xi u{xi) ci ui(y) vi
O ave -0,2 ppm 0,2 ppm |normal 1 1 - 0,20 ppm 6
Os 0,0 ppm 1,5 ppm [normal 2 1 - 1,50 ppm 1E+99
U RESS 0 ppm 0,3 ppm |rectangular 1,73 1 - 0,29 ppm 1E+99
U RESX 0 ppm 0,3 ppm |rectangular 1,73 1 - 0,29 ppm 1E+99
uLTs 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
uwo 0 ppm 0,6 ppm [rectangular 1,73 1 - 0,58 ppm 1E+99
U RepP 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
urc 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
Ox -0,2 ppm 1,9 ppm 53865
Expanded uncertainty of measurement: 3,9 ppm
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54 10 mA @ 10 kHz

Mathematical model of measurement:

result
O ave 0,0 ppm
st.dev. 0,2 ppm ((value based on validation)
Effective
Standard Probability Sensitivity Uncertainty degr. of
Quantity Estimate uncertainty | distribution Div. coefficient contribution freedom
Xi Xi u(xi) ci ui(y) vi
5 ave 0,0 ppm 0,2 ppm |normal 1 1 - 0,20 ppm 6
Os 0,0 ppm 1,5 ppm |normal 2 1 - 1,50 ppm 1E+99
U RESS 0 ppm 0,3 ppm [rectangular 1,73 1 - 0,29 ppm 1E+99
U RESX 0 ppm 0,3 ppm [rectangular 1,73 1 - 0,29 ppm 1E+99
urs 0 ppm 0,6 ppm |[rectangular 1,73 1 - 0,58 ppm 1E+99
uwo 0 ppm 0,6 ppm |[rectangular 1,73 1 - 0,58 ppm 1E+99
U rRep 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
ure 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
Ox 0,0 ppm | 1,9 ppm 53865
Expanded uncertainty of measurement: 3,9 ppm
55 10 mA @ 20 kHz
Mathematical model of measurement:
result
O ave 0,1 ppm
st.dev. 0,2 ppm [(value based on validation)
Effective
Standard Probability Sensitivity Uncertainty degr. of
Quantity Estimate uncertainty | distribution Div. coefficient contribution freedom
Xi Xi u(xi) Ci ui(y) vi
O ave 0,1 ppm 0,2 ppm [normal 1 1 - 0,20 ppm 6
Os 0,0 ppm 1,5 ppm |normal 2 1 - 1,50 ppm 1E+99
U RESS 0 ppm 0,3 ppm |[rectangular 1,73 1 - 0,29 ppm 1E+99
URESX 0 ppm 0,3 ppm |[rectangular 1,73 1 - 0,29 ppm 1E+99
uLrs 0 ppm 0,6 ppm (rectangular 1,73 1T - 0,58 ppm 1E+99
) 0 ppm 0,6 ppm |[rectangular 1,73 1 - 0,58 ppm 1E+99
U Rep 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
ure 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
Ox 0,1 ppm 1,9 ppm 53865
Expanded uncertainty of measurement: 3,9 ppm
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56 10 mA@ 50 kHz

Mathematical model of measurement:

result
Oave 0,2 ppm
st.dev. 0,2 ppm |(value based on validation)
Effective
Standard Probability Sensitivity Uncertainty degr. of
Quantity Estimate uncertainty | distribution Div. coefficient contribution freedom
Xi Xi u(xi) ci ui(y) vi
0 ave 0,2 ppm 0,2 ppm (normal 1 1 - 0,20 ppm 6
Os 1.0 ppm 1,5 ppm |normal 2 1 - 1,50 ppm 1E+99
U RESS 0 ppm 0,3 ppm |rectangular 1,73 1 - 0,29 ppm 1E+99
U RESX 0 ppm 0,3 ppm [rectangular 1,73 1 - 0,29 ppm 1E+99
uLts 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
Ui 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
U Rep 0 ppm 0,6 ppm [rectangular 1,73 1 - 0,58 ppm 1E+99
ure 0 ppm 0,6 ppm |[rectangular 1,73 1 - 0,58 ppm 1E+99
O x 1,2 ppm 1,9 ppm 53865
Expanded uncertainty of measurement: 3,9 ppm
57 10mA @ 100 kHz
Mathematical model of measurement:
result
O ave 0,9 ppm
st.dev. 0,2 ppm [({value based on validation)
Effective
Standard Probability Sensitivity Uncertainty degr. of
Quantity Estimate uncertainty | distribution Div. coefficient contribution freedom
Xi Xi u(xi) Ci ui(y) vi
O ave 0,9 ppm 0,2 ppm [normal 1 1 - 0,20 ppm 6
Os 2,0 ppm 2,0 ppm [normal 2 1 - 2,00 ppm 1E+99
U RESS 0 ppm 0,3 ppm |[rectangular 1,73 1 - 0,29 ppm 1E+99
U RESX 0 ppm 0,3 ppm |rectangular 1,73 1 - 0,29 ppm 1E+99
uLts 0 ppm 0,6 ppm |[rectangular 1,73 1 - 0,58 ppm 1E+99
Ui 0 ppm 0,6 ppm |[rectangular 1,73 1 - 0,58 ppm 1E+99
U Rrep 0 ppm 0,6 ppm |[rectangular 1,73 1 - 0,58 ppm 1E+99
urc 0 ppm 0,6 ppm [rectangular 1,73 1 - 0,58 ppm 1E+99
Ox 2,9 ppm 2,4 ppm 115094
Expanded uncertainty of measurement: 4,7 ppm
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5A@ 10 Hz

5.8

Mathematical model of measurement:

result
O ave -0,6 ppm
st.dev. r 0,2 ppm |(value based on validation)
Effective
Standard Probability Sensitivity Uncertainty degr. of
Quantity Estimate uncertainty | distribution Div. coefficient contribution freedom
Xi Xi u(xi) ci ui(y) vi
O ave -0,6 ppm 0,2 ppm [normal 1 1 - 0,20 ppm 6
Os 1,8 ppm 6,0 ppm [normal 2 1 - 6,00 ppm 1E+99
Oorc 1,0 ppm 3,0 ppm |normal 2 1 - 3,00 ppm 1E+99
U RESS 0 ppm 0,3 ppm (rectangular 1,73 1T - 0,29 ppm 1E+99
U RESX 0 ppm 0,3 ppm [rectangular 1,73 1 - 0,29 ppm 1E+99
ucrs 0 ppm 0,6 ppm |[rectangular 1,73 1 - 0,58 ppm 1E+99
Uip 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
U ReP 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
urc 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
Ox| 2,2 ppm | 6,8 ppm 8122394
Expanded uncertainty of measurement: 13,6 ppm
5 5A@55Hz
Mathematical model of measurement:
result
O ave -0,5 ppm
st.dev. F 0,2 ppm [(value based on validation)
Effective
Standard Probability Sensitivity Uncertainty degr. of
Quantity Estimate uncertainty |distribution Div. coefficient contribution freedom
Xi Xxi u(xi) ci uify) Vi
Oave -0,5 ppm 0,2 ppm [normal 1 1 - 0,20 ppm 6
Os 0,0 ppm 6,0 ppm [normal 2 1 - 6,00 ppm 1E+99
Orc 1,0 ppm 2,0 ppm [normal 2 1 - 2,00 ppm 1E+99
U RESS 0 ppm 0,3 ppm |rectangular 1,73 1 - 0,29 ppm 1E+99
U RESX 0 ppm 0,3 ppm |[rectangular 1,73 1 - 0,29 ppm 1E+99
uLrs 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
ucwo 0 ppm 0,6 ppm |[rectangular 1,73 1 - 0,58 ppm 1E+99
U Rep 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
urc 0 ppm 0,6 ppm |[rectangular 1,73 1 - 0,58 ppm 1E+99
Ox 0,5 ppm 6,4 ppm 6470894
Expanded uncertainty of measurement: 12,9 ppm
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510 5A@ 1kHz

Mathematical model of measurement:

result
Oave -0,4 ppm
st.dev. 0,2 ppm |(value based on validation)
Effective
Standard Probability Sensitivity Uncertainty degr. of
Quantity Estimate uncertainty | distribution Div. coefficient contribution freedom
Xi xf u(xi) ci ui(y) vi
dave -0,4 ppm 0,2 ppm |normal 1 1 - 0,20 ppm 6
Os 0,0 ppm 6,0 ppm |normal 2 1 - 6,00 ppm 1E+99
Orc 1,0 ppm 2,0 ppm [normal 2 1 - 2,00 ppm 1E+99
U RESS 0 ppm 0,3 ppm |rectangular 1,73 1 - 0,29 ppm 1E+99
U RESX 0 ppm 0,3 ppm [rectangular 1,73 1 - 0,29 ppm 1E+99
ucLrs 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
uco 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
u rep 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
urtc 0 ppm 0,6 ppm jrectangular 1,73 1 - 0,58 ppm 1E+99
Ox 0,6 ppm 6,4 ppm 6470894
Expanded uncertainty of measurement; 12,9 ppm
511 5A@ 10 kHz
Mathematical model of measurement:
result
O ave -9,0 ppm
st.dev. 0,2 ppm |(value based on validation)
Effective
Standard Probability Sensitivity Uncertainty degr. of
Quantity Estimate uncertainty |distribution Div. coefficient contribution freedom
Xi Xi u(xi) ci ui(y) vi
dave -9,0 ppm 0,2 ppm |normal 1 1 - 0,20 ppm 6
Os 0,3 ppm 6,0 ppm |normal 2 1 - 6,00 ppm 1E+99
Orc -1,0 ppm 2,0 ppm [normal 2 1 - 2,00 ppm 1E+99
U RESS 0 ppm 0,3 ppm |[rectangular 1,73 1 - 0,29 ppm 1E+99
U RESX 0 ppm 0,3 ppm |[rectangular 1,73 1 - 0,29 ppm 1E+99
uLts 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
uLo 0 ppm 0,6 ppm |[rectangular 1,73 1 - 0,58 ppm 1E+99
U RepP 0 ppm 0,6 ppm [rectangular 1,73 1 - 0,58 ppm 1E+99
urc 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
Ox -9,7 ppm 6,4 ppm 6470894
Expanded uncertainty of measurement; 12,9 ppm
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Mathematical model of measurement:

result
O ave -20,3 ppm
st.dev. 0,2 ppm |(value based on validation)
Effective
Standard Probability Sensitivity Uncertainty degr. of
Quantity Estimate uncertainty ] distribution Div. coefficient contribution freedom
Xi Xi u(xi) ci ui(y) vi
0 ave -20,3 ppm 0,2 ppm |[normal 1 1 - 0,20 ppm 6
Os 1,5 ppm 6,0 ppm [normal 2 1 - 6,00 ppm 1E+99
Orc -2,0 ppm 2,0 ppm [normal 2 1 - 2,00 ppm 1E+99
U RESS 0 ppm 0,3 ppm |[rectangular 1,73 1 - 0,29 ppm 1E+99
U RESX 0 ppm 0,3 ppm |[rectangular 1,73 1 - 0,29 ppm 1E+99
ucrs 0 ppm 0,6 ppm |[rectangular 1,73 1 - 0,58 ppm 1E+99
uLp 0 ppm 0,6 ppm |[rectangular 1,73 1 - 0,58 ppm 1E+99
URrep 0 ppm 0,6 ppm |[rectangular 1,73 1 - 0,58 ppm 1E+99
urc 0 ppm 0,6 ppm [rectangular 1,73 1 - 0,58 ppm 1E+99
6x[ -20,8 ppm | 6,4 ppm 6470894
Expanded uncertainty of measurement; 12,9 ppm
513 5A@ 50 kHz
Mathematical model of measurement:
result
0 ave -40,7 ppm
st.dev. 0,2 ppm |(value based on validation)
Effective
Standard Probability Sensitivity Uncertainty degr. of
Quantity Estimate uncertainty | distribution Div. coefficient contribution freedom
Xi Xi u(xi) ci uify) vi
Oave -40,7 ppm 0,2 ppm |normal 1 1 - 0,20 ppm 6
Os 4,1 ppm 7,5 ppm |normal 2 1 - 7,50 ppm 1E+99
orc 9,0 ppm 2,0 ppm |normal 2 1 - 2,00 ppm 1E+99
U RESS 0 ppm 0,3 ppm |rectangular 1,73 1 - 0,29 ppm 1E+99
U RESX 0 ppm 0,3 ppm |[rectangular 1,73 1 - 0,29 ppm 1E+99
uLrs 0 ppm 0,6 ppm ([rectangular 1,73 1 - 0,58 ppm 1E+99
uco 0 ppm 0,6 ppm |[rectangular 1,73 1 - 0,58 ppm 1E+99
U Rrep 0 ppm 0,6 ppm |[rectangular 1,73 1 - 0,58 ppm 1E+99
urc 0 ppm 0,6 ppm |rectangular 1,73 1 - 0,58 ppm 1E+99
Ox -45,6 ppm 7,9 ppm 14317515
Expanded uncertainty of measurement: 15,7 ppm
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514 5 A@ 100 kHz

Mathematical model of measurement:

result
Oave -49,9 ppm
st.dev. 0,2 ppm [{value based on validation)

Effective

Standard Probability Sensitivity Uncertainty degr. of

Quantity Estimate uncertainty | distribution Div. coefficient contribution freedom

Xi Xi u(xi) ci ui(y) vi
0 ave -49,9 ppm 0,2 ppm |normal 1 1 - 0,20 ppm 6
Os 9,0 ppm 12,5 ppm |normal 2 1 - 12,50 ppm 1E+99
orc -18,0 ppm 3,0 ppm |normal 2 1 - 3,00 ppm 1E+99
U RESS 0 ppm 0,3 ppm [rectangular 1,73 1 - 0,29 ppm 1E+99
U RESX 0 ppm 0,3 ppm [rectangular 1,73 1 - 0,29 ppm 1E+99
uLts 0 ppm 0,6 ppm [rectangular 1,73 1 - 0,58 ppm 1E+99
uw 0 ppm 0,6 ppm [rectangular 1,73 1 - 0,58 ppm 1E+99
U rep 0 ppm 0,6 ppm [rectangular 1,73 1 - 0,58 ppm 1E+99
urc 0 ppm 0,6 ppm_|rectangular 1,73 1 - 0,58 ppm 1E+99
Ox -58,9 ppm 12,9 ppm (104320890
Expanded uncertainty of measurement;: 25,8 ppm
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6 Measurement uncertainty - summary

Measurement current: 10 mA

Standard taint A)at f Type A
Contribution of: tandard uncertainty (WA/A) at frequency ype A/ Distribution
10Hz | 55Hz | 1kHz | 10kHz | 20 kHz | 50kHz | 100 kHz | TypeB
Standard deviati
andard deviation |, , 0,2 0,2 0,2 0,2 0,2 0,2 A normal
of ac/dc difference
Unc. of TC f
ne.of PMITCfrom | 3,0 3,0 3,0 3,0 3,0 4,0 B normal
cerfiticate
Resoluti f
esolution on re 10 1,0 1,0 1,0 1,0 1,0 1,0 B rectangular
DMM
Resoluti T
esolution on UU 10 1.0 1,0 1,0 1,0 1,0 1,0 B rectangular
DMM
L t ili
ong term stability 3.0 10 1,0 1,0 1,0 1,0 1,0 B rectangular
of ref. current shunt
Level d
evel dependence of 3,0 1,0 1,0 1,0 1,0 1,0 1,0 B rectangular
thermal converter
R bl
eproducibility of 3,0 1,0 1,0 1,0 1,0 1,0 1,0 B rectangular
measurement
T
emperature 10 1,0 1,0 1,0 1,0 1,0 1,0 B rectangular
dependance
Standard
uncertainty: 3,7 1,9 1,9 19 1,9 19 2,4
Expanded
Uncertainty: 7,4 3,9 3,9 3,9 3,9 3,9 4,7
Coverage factor k : 2 2 2 2 2 2 2
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Measurement current: 5 A

Standard uncertainty (UA/A) at frequency Type A Distribution
Contribution of: 10 Hz 55 Hz 1 kHz 10 kHz | 20 kHz | 50 kHz | 100 kHz | or Type
Smndardqewanon 0,2 0.2 0.2 0,2 0.2 02 0.2 A normal
of ac/dc difference
.of ref. shunt
Unc. of ref. Shags 120 | 120 | 120 | 120 | 1220 | 150 | 250 B normal
from cerfiticate
Unc.of PMITC from | 4,0 4,0 4,0 4,0 4,0 6,0 B normal
cerfiticate
Resolution oyl | , 1,0 1,0 1,0 1,0 1,0 1,0 B |rectangular
DMM
Resolutionon UUT |, 1,0 1,0 1,0 1,0 1,0 1,0 B |rectangular
DMM
Long term stability | 1,0 1,0 1,0 1,0 1,0 1,0 B |rectangular
of ref. current shunt
Level dependence of
1,0 1,0 1,0 1,0 1,0 1,0 1,0 B rectangular
thermal converter
Reproducibility of |, 1,0 1,0 1,0 1,0 1,0 1,0 B |rectangular
measurement
Standard
uncertainty: 6,8 6,4 6,4 6,4 6,4 7,8 12,9
Expanded
Uncertainty: 13,6 12,8 12,8 12,8 12,8 15,7 25,8
Coverage factor k: 2 2 2 2 2 2 2
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