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Participants

JV represented by Dr. Helge Malmbekk (coordinator) and Kare Lind
Phone: +47 64 84 84 27

E-mail: hma@justervesenet.no

Measurement period: June 2013 — November 2013 and June 2014

PTB represented by Dr.-Ing. Torsten Funck

Phone: +49 (531) 592 21 30

E-mail: Torsten.Funck@ptb.de

Measurement period: December 2013 — January 2014

Scope

Justervesenet (JV) has produced a set of Current Shunts to be used as Current Transfer Standards
with nominal values ranging from 30 mA to 20 A. The Current Shunts were developed as part of the
EMRP project “Power & Energy” in which one set of shunts would be made available for comparison
between NMls. The Shunts have been designed for operation together with 90 Q planar multi-
junction thermal converters, where a nominal current input will produce a voltage drop of about 1V
across the shunt.

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

where |, is the rms ac current, and 4 is a dc current which, when reversed, produces the same mean
output response as the rms ac current. Differences are expressed in pA/A, and a positive sign
signifies that more ac than dc current was required for the same output response.

Travelling Standards

The traveling standards (see Figure 1) consist of 8 JV AC-DC current shunts with nominal operating
current values of 30 mA (#1212043), 100 mA (#1212036), 300 mA (#1301008), 1 A (#1301009), 3 A
(#1301001), 5 A (#1212023), 10 A (#1301022) and 20 A (#1301017). The shunts are produced at
NOTE NORGE AS located at Kjeller, Norway, based on a design made by JV.
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Figure 1: The current shunts viewed from the output side. The 20 A shunt has UHF input connector, while all
the others have N connectors.

Measuring Conditions

e If the AC-DC difference of the connected thermal converters is not known, the contribution
of the thermal converters must be eliminated by switching the positions of them and
averaging the results.

e The results must either be averaged from measurements of the shunt in both “Lo” and “Hi”
position, or if it is to be measured only in the “Lo” position, the asymmetry of the setup must
be accounted for in the uncertainty budget.

e At least 1 hour should be allowed for stabilization after the first application of current, and
sufficient delay time should be used between successive applications of alternating and
direct current.

e Recommended ambient conditions are 2311 °C and a relative humidity of 455 %.

Measurement Procedure
The AC-DC difference of each Shunt is measured at its nominal current and the following frequencies:

10 Hz, 20 Hz, 55 Hz, 110 Hz, 400 Hz, 1 kHz, 5 kHz, 10 kHz, 20 kHz, 50 kHz and 100 kHz.

In addition the 5 A and 20 A Shunts were measured at 3 A and 10 A, respectively, by JV.

Results

The following tables are a summary of the results, stated in pA/A, with calculated uncertainties (k=2).
At the start of the measurement, there was a slight misunderstanding between the participants,
leading PTB to measure at 120 Hz instead of 110 Hz. The difference is expected to be small, and
should be well covered by the uncertainty range of the results.



Results from PTB

Table 1: AC-DC difference (uLA/A)

30mA |[100mA |(300mA |1A [3A 5A 10A [20A

10 Hz 0.3 0.4 -0.4 1.6 -0.2 |1 -2 -1
20 Hz -0.3 -0.3 -1.2 -0.2 [-0.1 |1 0 -1
55 Hz 0.2 0.3 -0.7 0.3 0.1 2 1 0
120 Hz 0.0 0.4 -0.4 0.3 0.0 1 0 -1
400 Hz -0.3 -04 -1.0 0.3 0.4 2 0 0

1 kHz 0.0 0.4 -0.6 -0.3 |0.2 1 0 0

5 kHz 0.0 0.3 -0.8 0.1 -04 |0 0 0
10 kHz -0.7 -0.5 -0.5 -0.8 [-0.8 |0 0 0
20 kHz -0.1 0.2 -2.5 -2.7 |-1.7 |-2 -6 -4
50 kHz -1.4 0.9 -4.7 4.7 |-5 -7 -17 -12
100 kHz -3.6 0.7 -7.0 -4 -7 -8 -18 |-6
Table 2: Calculated uncertainties (WA/A, k=2)

30mA |[100mA (300mA |1A |3A 5A 10A (20A

10 Hz 3.4 3.4 4.4 4.4 |5.2 11 20 22
20 Hz 3.4 3.4 4.4 4.4 |5.2 11 20 22
55 Hz 1.8 1.8 2.4 26 |[3.6 11 20 22
120 Hz 1.8 1.8 2.4 24 3.6 11 20 22
400 Hz 1.8 1.8 2.4 26 [3.6 11 20 22
1 kHz 2.0 2.0 2.4 24 3.6 11 20 22
5 kHz 1.9 1.9 2.4 26 [3.6 11 20 22
10 kHz 1.7 1.7 2.4 24 3.6 11 20 22
20 kHz 1.9 1.9 3.6 3.6 |56 11 26 30
50 kHz 2.4 2.4 5.4 5.6 |8.0 12 38 44
100 kHz 4.2 4.2 5.4 8.8 |15 24 70 86




Results from JV
Table 3: AC-DC difference (UA/A)

30mA - 20A- [20A@ [ 5A@
30mA | Control | 100mA | 300mA 1A 3A 5A 10A 20A |Control| 10A 3A
10 Hz 0.3 0.2 -0.5 -0.6 -0.7 -0.3 0 -1 0 1 1 0
20 Hz 0.1 0.3 0.2 -0.1 0.2 0.7 0.2 1 1 0.6
55 Hz 0.1 0.0 -0.2 -0.5 -0.8 -04 0.0 -0.2 0.2 0.1 0.0 0.0
110 Hz 0.0 -0.1 -04 -0.6 -0.4 0.0 -0.1 -0.1 0.1 -0.1
400 Hz 0.0 0.0 0.1 -0.1 -0.2 0.0 -0.6 0.0 -0.1 0.0 -0.2 -0.6
1 kHz 0.0 0.0 0.0 -0.1 -04 -0.2 0.1 0.1 0.4 0.2 0.2 0.0
5 kHz -0.1 0.1 -0.3 -0.6 0.0 -04 0.4 0.5 0.4 -0.3
10 kHz -0.2 0.1 -0.7 -0.6 -0.3 0.2 0.2 0.8 0.7 -0.1
20 kHz -0.3 -04 0.5 -0.9 -0.3 -0.1 0.3 0.6 2.3 2.3 2.4 0.4
50 kHz -0.8 1.2 -3.4 -1.8 -2.3 -2.4 -1.5 4.7 5 -2.8
100 kHz -1.7 -2.2 2.2 -5.0 -2.1 -3.3 -5 -2 10 10 10 -6
Table 4: Calculated uncertainties (LA/A, k=2)
20A@ | 5A@
30mA | 100mA | 300mA 1A 3A 5A 10A 20A 10A 3A
10 Hz 5.3 6.1 7.5 8.6 10 10 11 12 12 10
20 Hz 4.4 4.9 6.0 6.9 8.2 8.4 9.2 10 10 8.4
55 Hz 3.4 3.7 4.5 5.1 6.4 6.6 7.2 7.9 8.2 6.6
110 Hz 3.4 3.7 4.5 5.1 6.4 6.6 7.2 7.9 8.2 6.6
400 Hz 3.3 3.5 4.3 4.9 6.2 6.4 7.0 7.6 7.9 6.4
1 kHz 3.3 3.4 4.2 4.8 6.1 6.3 6.9 7.6 7.8 6.3
5 kHz 3.4 3.4 4.2 4.9 6.2 6.4 6.9 7.6 8.2 6.4
10 kHz 3.4 3.5 4.3 4.9 6.2 6.3 7.0 7.6 8.2 6.3
20 kHz 3.4 3.5 4.3 4.9 6.2 6.7 7.2 8.0 9.0 6.7
50 kHz 3.5 3.7 4.5 5.0 6.4 7.4 8.0 9.3 11 7.4
100 kHz 3.8 4.0 4.9 5.5 7.6 10 11 13 15 10

Comparison of the results
From the tables above, the degree of equivalence E, can be calculated as:

) -6
E, = |6prB—0 VI

’
2 2
(uprptujy)

where 8prg)py is the reported AC/DC difference and uprg,y is the calculated uncertainty (k = 2). As can

be seen from Figure 2, the E,, value is below 0.4 for all the measured points in the comparison.




Table 5: Degree of equivalence E,

30 mA 100mA [300mA |1A 3A 5A 10A 20A
10 Hz 0.01 0.12 0.03 0.24 0.01 0.09 0.06 0.06
20 Hz 0.06 0.10 0.18 0.01 0.04 0.02 0.01 0.08
55 Hz 0.04 0.13 0.03 0.20 0.07 0.16 0.06 0.01
120 Hz 0.00 0.12 0.00 0.16 0.05 0.08 0.01 0.04
400 Hz 0.07 0.12 0.19 0.10 0.05 0.21 0.00 0.00
1 kHz 0.01 0.11 0.10 0.02 0.06 0.07 0.00 0.02
5 kHz 0.03 0.04 0.10 0.12 0.06 0.03 0.02 0.02
10 kHz 0.13 0.16 0.04 0.03 0.07 0.01 0.01 0.03
20 kHz 0.05 0.08 0.28 0.39 0.19 0.18 0.24 0.20
50 kHz 0.15 0.06 0.18 0.39 0.26 0.32 0.40 0.37
100 kHz 0.34 0.27 0.28 0.18 0.22 0.10 0.22 0.19
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Figure 2: Degree of equivalence between the measurements in the comparison, from table 5.

The figures below, show detailed graphs of the results presented in tables 1-4.
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Summary of results and conclusion

The measurements were conducted according to plan, and no unexpected incidents were reported.
Comparison of the results show that for frequencies below 10 kHz, the results are virtually the same.
Above 10 kHz, it appears as if there is a systematic deviation between the two laboratories, which is
most prominent for the two highest currents. The measurements from PTB, above 10 kHz, show an
inductive behavior, relative to the JV measurements, which leads to a tendency for negative AC-DC
difference. The fact that the deviation increases quite linearly with frequency, indicates that the
deviation is due to a systematic difference between the laboratories. However, the results are well
within the uncertainties from both laboratories for all points. A clear explanation for the deviation
cannot be given at the present time, but plans are being made for a deeper investigation of this
effect, which likely arises from the difference in choice of reference shunts' and/or the guarding’ of
the measurements equipment.

A control measurement was performed on two of the shunts (30 mA and 20 A) after return from PTB.
Both shunts showed very small or no deviation from the first measured values.

In the appendix, reports from both participants are included, where a detailed description of the
uncertainties are given.

'Lind, K., Sorsdal, T., & Slinde, H. (2008). Design, modeling, and verification of high-performance AC—
DC current shunts from inexpensive components.Instrumentation and Measurement, IEEE
Transactions on, 57(1), 176-181.

? Funck, T., & Klonz, M. (2007). Improved AC-DC current transfer step-up with new current shunts and
potential driven guarding. Instrumentation and Measurement, IEEE Transactions on, 56(2), 361-364.



Shunt measurements at PTB

For ac-dc current transfer, the following current transfer standards are used at PTB:

*  From 20 mA to 300 mA shunt resistors made up from four to six parallel resistors
mounted in a star configuration directly on a type N or GR 874 connector

*  From 500 mA to 10 A commercially available shunts made by Holt

* Between 20 A and 100 A commercially available shunts made by Fluke

All shunts are of coaxial design to minimize inductive coupling and are designed to provide a
nominal output voltage of 1 V or 0.8 V for nominal currents above 10 A. Each shunt is
equipped with a 90 Q planar multijunction thermal converter (PMJTC) as the actual transfer
device. For the small currents the loading due to the parallel connection of the PMJTC was
taken into account when designing the shunts resistance value.

A single quartz PMJTC with 117 Q heater resistance operated between 20 mA and 40 mA is
used to calibrate the standards rated from 20 mA to 100 mA in the first upward step. From
here three step-up chains are made up: The first consisting only of the 200 mA standard, the
second running from 300 mA via 1 Aand 3 A to 10 A and the third chain consisting of the
standards for 500 mA, 2.5 A, 5 A, and 20 A. Also 50 A and finally 100 A are in this chain.

The actual shunt comparison measurements were carried out as follows:

1. The shunt under calibration was equipped with a 90 Q PMJTC, which was used as a
voltage transfer standard and had been calibrated at 1 V before.

2. This shunt-PMJTC combination was calibrated with the usual ac-dc current transfer
calibration procedure using the ac-dc transfer difference of the current transfer
standard, Os |, and the measured difference Jp:

Ox = 5s_| + Op

3. From the such measured ac-dc transfer difference of the shunt-PMJTC combination
the ac-dc transfer difference of the PMJTC, s u, was subtracted to obtain the ac-dc
transfer difference of the shunt alone:

Oshunt = 5s_| +0p - 5s_u

The measurements are traceable to the realization of ac-dc transfer difference at PTB.

To calculate the uncertainties of measurement, the following sources of uncertainties are
considered:

* (s 1), the uncertainty of the current transfer standard used

* u(dvwr), the uncertainty due to the low frequency ripple
* u(ds u), the uncertainty of the voltage transfer standard used

* U(dp), the uncertainty of the difference measurement
* u(om), the uncertainty due to different measurement stations
* U(da), the uncertainty due to the standard deviation of the measurements
* U(dp), the uncertainty due to the power dependence
(
(

So the full model equation makes up as:
Oshunt = Os_| + Op + Om + Oa + Op + OLF — Os_u

Since the model equation is a sum and all partial uncertainties are of normal distribution, a
simple root of sum of squares can be used for evaluation of the uncertainties.



Dates and environmental conditions
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JV-30mA  #1212043

JV-100mA  #1212036

JV-300mA  #1301008

10Hz 20 Hz 55Hz 120Hz 400 Hz 1 kHz 5 kHz 10kHz 20kHz 50kHz 100 kHz

u(s;, ) 1,2 1,2 0,58 0,58 0,58 0,58 0,58 0,58 0,58 0,93 1,3
u(o,) 0,05 0,16 0,25 0,14 0,14 0,52 0,28 0,05 0,13 0,02 0,06
u(o,) 0,50 0,50 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,40 0,50
u(s,) 0,28 0,24 0,12 0,12 0,20 0,08 0,26 0,06 0,33 0,31 0,08
u(d,) 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10
u(o.) 0,50 0,50 0 0 0 0 0 0 0 0 0
u(d ) 1,0 1,0 0,55 0,55 0,55 0,55 0,55 0,55 0,55 0,55 1,6
u(d) 1,7 1,7 0,90 0,88 0,89 1,0 0,94 0,86 0,93 1,2 2,1

10Hz 20 Hz 55Hz 120Hz 400 Hz 1 kHz 5 kHz 10kHz 20kHz 50kHz 100 kHz

u(s ) 1,2 1,2 0,58 0,58 0,58 0,58 0,58 0,58 0,58 0,93 1,3
u(o,) 0,12 0,09 0,45 0,07 0,23 0,01 0,15 0,16 0,06 0,05 0,24
u(s,) 0,50 0,50 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,40 0,50
u(®,) 0,19 0,46 0,11 0,23 0,38 0,46 0,27 0,11 0,15 0,12 0,12
u(o;) 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10 0,10
u(o) 0,50 0,50 0 0 0 0 0 0 0 0 0
u(o; ) 1,0 1,0 0,55 0,55 0,55 0,55 0,55 0,55 0,55 0,55 1,6
u(d) 1,7 1,8 0,98 0,89 0,97 0,98 0,91 0,88 0,87 1,2 2,1

10Hz 20 Hz 55Hz 120Hz 400 Hz 1 kHz 5 kHz 10kHz  20kHz 50kHz 100 kHz

u(s; ) 1,8 1,8 0,83 0,83 0,83 0,83 0,83 0,83 0,85 0,89 1,8
u(s,) 0,25 0,28 0,35 0,08 0,21 0,19 0,18 0,23 0,10 0,22 0,06
u(o,) 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 1,0
u(s,) 0,18 0,20 0,16 0,16 0,18 0,22 0,15 0,14 0,18 0,15 0,19
u(o;) 0,50 0,50 0,50 0,50 0,50 0,50 0,50 0,50 1,5 2,5 0,5
u(d,) 0,50 0,50 0 0 0 0 0 0 0 0 0
u(ds ) 1,0 1,0 0,55 0,55 0,55 0,55 0,55 0,55 0,55 0,55 1,6
u(d) 2,2 2,2 1,2 1,2 1,2 1,2 1,2 1,2 1,8 2,7 2,7



JV-1A

JV-3A

JV-5A

#1301009

#1301001

#1212023

10Hz 20 Hz 55Hz 120Hz 400 Hz 1 kHz 5 kHz 10kHz 20kHz 50kHz 100 kHz

u(s, ) 1,8 1,8 0,83 0,83 0,83 0,83 0,83 0,83 0,85 0,89 1,8
u(s,) 0,02 0,12 0,29 0,10 0,12 0,14 0,36 0,19 0,02 0,19 0,10
u(o,) 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 1,0
u®,) 0,27 0,14 0,40 0,27 0,53 0,29 0,42 0,37 0,24 0,40 0,37
u(%;) 0,50 0,50 0,50 0,50 0,50 0,50 0,50 0,50 1,5 2,5 3,5
u(d) 0,50 0,50 0 0 0 0 0 0 0 0 0
u(o; ) 1,0 1,0 0,55 0,55 0,55 0,55 0,55 0,55 0,55 0,55 1,6
u(d) 2,2 2,2 1,3 1,2 1,3 1,2 1,3 1,2 1,8 2,8 4,4

10 Hz 20 Hz 55 Hz 120 Hz 400 Hz 1 kHz 5 kHz 10 kHz 20 kHz 50 kHz 100 kHz

u(S; ) 2,3 2,3 1,6 1,6 1,6 1,6 1,6 1,6 2,3 3,0 5,1
u(d,) 0,22 0,04 0,01 0,03 0,04 0,08 0,07 0,16 0,28 0,04 0,14
u(o,) 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 0,30 1,0
u(d,) 0,23 0,11 0,23 0,09 0,13 0,12 0,26 0,25 0,08 0,16 0,15
u(o;) 0,50 0,50 0,50 0,50 0,50 0,50 0,50 0,50 1,5 2,5 5,0

u(o,) 0,50 0,50 0 0 0 0 0 0 0 0 0
u(S ) 1,0 1,0 0,55 0,55 0,55 0,55 0,55 0,55 0,55 0,55 1,6
u(d) 2,6 2,6 1,8 1,8 1,8 1,8 1,8 1,8 2,8 4,0 7.4

10Hz 20 Hz 55Hz 120Hz 400 Hz 1 kHz 5 kHz 10kHz  20kHz 50kHz 100 kHz

u(s ) 2,3 2,3 1,6 1,6 1,6 1,6 1,6 1,6 2,3 3,0 5,1
u(d,) 0,35 0,06 0,10 0,04 0,00 0,12 0,37 0,41 0,38 0,26 0,20

u(6y) 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0 2,0 3,0
u(s,) 0,29 0,32 0,29 0,28 0,47 0,34 0,29 0,50 0,36 0,32 0,27

u(%,) 5,0 5,0 5,0 5,0 5,0 5,0 5,0 5,0 5,0 5,0 10

u(d) 0,50 0,50 0 0 0 0 0 0 0 0 0
u(o; ) 1,0 1,0 0,55 0,55 0,55 0,55 0,55 0,55 0,55 0,55 1,6
u(d) 57 5,7 5,4 5,4 5,4 5,4 5,4 5,4 5,6 6,2 12



JV-10A

JV-20A

#1301022

#1301017

10Hz 20 Hz 55Hz 120Hz 400 Hz 1 kHz 5 kHz 10kHz 20kHz 50kHz 100 kHz

u(s, ) 8,6 8,6 8,4 8,4 8,4 8,4 8,4 8,4 11 16 31
u(d,) 0,02 0,06 0,11 0,25 0,18 0,32 0,07 0,12 0,13 0,21 0,14
u(s,) 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,5 3,0
u(3,) 0,3 0,2 0,2 0,3 0,3 0,3 0,3 0,2 0,3 0,2 0,2
u(%;) 5,0 5,0 5,0 5,0 5,0 5,0 5,0 5,0 8,0 10 15
u(d) 0,50 0,50 0 0 0 0 0 0 0 0 0
u(o; ) 1,0 1,0 0,55 0,55 0,55 0,55 0,55 0,55 0,55 0,55 1,6
u(d) 10 10 9,8 9,8 9,8 9,8 9,8 9,8 13 19 35

10 Hz 20 Hz 55 Hz 120 Hz 400 Hz 1 kHz 5 kHz 10 kHz 20 kHz 50 kHz 100 kHz

u(s ) 8,6 8,6 8,4 8,4 8,4 8,4 8,4 8,4 11 16 31
u(d,) 0,01 0,03 0,01 0,25 0,27 0,31 0,53 0,21 0,45 0,16 0,35
u(o,) 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,5 3,0
u(d,) 0,1 0,2 0,2 0,2 0,1 0,1 0,2 0,1 0,2 0,2 0,1

u(o,) 7,0 7,0 7,0 7,0 7,0 7,0 7,0 7,0 10 15 30

u(o,) 0,50 0,50 0 0 0 0 0 0 0 0 0
u(S ) 1,0 1,0 0,55 0,55 0,55 0,55 0,55 0,55 0,55 0,55 1,6
u(d) 11 11 1 11 11 11 11 11 15 22 43



Shunt SN I f| 10Hz 20 Hz 55Hz | 120Hz | 400Hz | 1kHz 5kHz | 10kHz | 20kHz | 50kHz | 100 kHz
5310 03 0,3 0,2 0,0 0,3 0,0 0,0 0,7 0,1 1,4 36
JV-80mA - #1212043 - B0mMA | Lo ety 17 1,7 0,90 0,88 0,89 1,0 0,94 0,86 0,93 1,2 21
5*10¢ 04 0,3 03 0,4 20,4 0,4 03 0,5 0.2 0,9 0,7
JV-100mA #1212036  100MA | oo jpy| 1.7 1,7 0,90 0,88 0,89 1,0 0,94 0,86 0,93 1,2 21
3*10° -0, 1,2 0,7 0,4 1,0 20,6 0,8 0,5 25 47 7,0
JV-300mA #1301008  300mA | ine keqy| 22 22 1,2 1,2 1,2 1,2 1,2 1,2 1,8 27 27
53109 16 0,2 03 0,3 0,3 0,3 0,1 0,8 2,7 47 -4
JV-IA L #1301009 1A s jet)| 22 22 1,3 1,2 1,3 1,2 1,3 1,2 1,8 238 4.4
53*10° 0,2 0,1 0,1 0,0 0,4 0,2 0,4 0,8 1,7 5 7
JV-BA - #1301001 A | s er) 26 26 1,8 1,8 1,8 1,8 1,8 1,8 28 4,0 7,4
53*109 1 1 2 1 2 1 0 0 2 7 -8
JVOA - #1212023 SA ) s (et)| 57 57 5.4 5.4 5.4 5.4 5.4 5.4 56 6,2 12
53109 2 0 1 0 0 0 0 0 6 7 18
JV-0A - #1301022 10A | e i) 10 10 10 10 10 10 10 10 13 19 35
53*109 R 0 R 0 0 0 0 4 12 6
JV-20A #1301017 20A | e get)| 11 11 11 11 11 11 11 11 15 22 43




Shunt calibration at JV

The current shunts have been calibrated with self-made current shunts! together with 90 € planar multi-junction thermal converters (TVC), where a
nominal current input will produce a voltage drop of about 1 V across the shunt. Traceability of the reference shunts is accomplished by a step-up
calibration from a 30 mA current shunt with computable AC-DC difference. The contribution of the TVC is eliminated by averaging the results from
the two combination of TVC and shunt, while the reference shunt is in “high” position. Asymmetrical contribution of the setup is reduced by averaging
the results of the TVC + shunt in both “high” and “low” position. In total, this procedure average the results of the two shunts and two TVC in four
combinations.

Uncertainty in current step-up with shunts

The AC-DC difference at step N and frequency j can be expressed as:

N N N N N N N N N N
SobjNg = Orefj + 2 0mij + O OkMRij+ > Otinij + Y Otinsij + O Osfij + O ODMMnoiseij + Y OCMRRi,j + Y Odistij + Y Oindij + Y 0wy (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
d—1 J— 2
per;  Ooriy (2)

All expectation values are 0, except from 6,¢r1,; and dxargi,;- The total 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 — Woresr, +Z Usr, ; +Z Us g rr R g +Z Ustini,; +Z Usinsi g +Z Ussri s +Z US patMnoisei,; +Z Uscrrrri,j +Z Us gisti,; +Z US;nai +Z Ui, +Z 84,
=1 =1 =1 =1 =1 =1 =1 =1 =1 =1

i=1
(3)



Specific contributions

u(0pef) — 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 interchanging the position of the TVCs, such that it is only the calculated AC-DC differ-
ence of the reference shunt, which contributes. The remaining contribution from the TVC is related to
linearity, and is thus covered in d;;,. For the step-up of the reference shunts, the linearity of the shunts
are also considered, and coveres in dj;,5. For direct comparison with a calibrated reference shunt with
the same nominal value, and at nominal current, the contribution from the linearity is expected to be
very small, and is not included in the uncertainty of the object, but included in the uncertainty of the
reference.

u(d7) — 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 determination 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(dxmr) — Uncertainties from Knight-Martin-Rydlers method for curve fitting.

This contribution is considered to be less than 0.1 ppm.

u(d1in) — 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.

u(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 estimated to have a 3.5 ppm uncertainty at 100 kHz.

u(0s¢) — Uncertainty from scale factor of the TVC.

This contribution is considered to be 0.4 ppm.

w(dprMmnoise) — 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(dgist) — 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 transcon-
ductance amplifier below 200 % of its range up to 100 kHz, and below 100 % up to 300 kHz, this
constitutes less than 0.2 ppm.

w(ding) — 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(dy) — 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 di-
vided by the square root of the number of measurement series, and is used as s; ;. In the measurements
conducted in this comparison, standard deviations are typically in the range 0.1 - 0.3 ppm.

Date and environment

The shunts were calibrated during a time period from 22.06.2013-22.11.2013 and control measurements,
as well as the full range of the 20 A were performed during the time period 06.06.2013-24.06.2014.
During this time, the temperature was kept at 23 °C £1 °C with a relative humidity of 45% + 5%.

Notes

K. Lind, T. Sersdal, and H. Slinde. ”Design, modeling, and verification of high-performance AC-DC current shunts
from inexpensive components.” Instrumentation and Measurement, IEEE Transactions on 57.1 (2008): 176-181.

2Klonz, M. dr.- ing. Thesis 1987. Entwicklung von Vielfachtermokonvertern zur genauen Riickfithrung von Wech-
selgrossen auf dquivalente Gleichgrossen

3Lind, K., 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.

4Torsten 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.



Results

The following two tables are a summary of the results stated in pA/A with calculated uncertainties:

AC/DC difference in pA/A

30mA | 30mA* | 100mA | 300mA | 1A | 3A | 5A | 10A | 20A | 20A* | 20A** | 5 AX**
10 Hz 0.3 0.2 -0.5 -0.6 -0.71-031] O -1 0 1 1 0
20 Hz 0.1 0.3 0.2 -0.1] 0.2 | 0.7 | 0.2 1 1 0.6
55 Hz 0.1 0.0 -0.2 -0.5 |-08]-04 |00 |-02| 02| 0.1 0.0 0.0
110 Hz 0.0 -0.1 -0.4 -0.6 | -0.4 | 0.0 | -0.1 | -0.1 0.1 -0.1
400 Hz 0.0 0.0 0.1 -0.1 -0.2 | 0.0 |-06 | 0.0 | -0.1 0.0 -0.2 -0.6
1 kHz 0.0 0.0 0.0 -0.1 -041(-021{ 01101 | 04 0.2 0.2 0.0
5 kHz -0.1 0.1 -0.3 -0.6 | 0.0 | -0.4| 04 | 0.5 0.4 -0.3
10 kHz -0.2 0.1 -0.7 -06|-031] 02| 02 | 0.8 0.7 -0.1
20 kHz -0.3 -0.4 0.5 -0.9 -031-011] 03| 06 | 2.3 2.3 24 0.4
50 kHz -0.8 1.2 -3.4 -1.8 | -23 | -24 | -15 | 4.7 ) -2.8
100 kHz | -1.7 -2.2 2.2 -5.0 -211-33 1] -5 -2 10 10 10 -6
Calculated uncertainties in uA/A (k = 2)
30mA | 100mA | 300mA | 1A | 3A | 5A | 10A | 20A | 20A** | HA***
10 Hz 5.3 6.1 7.5 86| 10 | 10 | 11 12 12 10
20 Hz 4.4 4.9 6.0 6.9 82|84 | 9.2 10 10 8.4
55 Hz 3.4 3.7 4.5 51164166 | 72 | 7.9 8.2 6.6
110 Hz 3.4 3.7 4.5 5116466 | 72 | 7.9 8.2 6.6
400 Hz 3.3 3.5 4.3 49162 64| 70 | 7.6 7.9 6.4
1 kHz 3.3 3.4 4.2 48 16.1 /63| 69 | 7.6 7.8 6.3
5 kHz 3.4 3.4 4.2 49162 |164| 69 | 7.6 8.2 6.4
10 kHz 3.4 3.5 4.3 49162 63| 70 | 7.6 8.2 6.3
20 kHz 3.4 3.5 4.3 49162 67| 7.2 | 80 9.0 6.7
50 kHz 3.5 3.7 4.5 50164 |74 80 | 9.3 11 7.5
100 kHz 3.8 4.0 4.9 5.5 1 7.6 | 10 11 13 15 10

*Return control measurements at JV.

**Measured current was 10 A.
***Measured current was 3 A.




Detailed uncertainties for each calibration

30 mA #1212043 - I = 30 mA

s | u(dres) | u(dr) | u(dsy) | w(OpMMnoise) | u(dcmrr) | w(Oxmr) | u(Sin) | u(ddist) | u(0z) | u(dina) | u(d)(k =2)
10 Hz 0.07 1.6 0.10 0.40 1.0 0.10 0.10 1.5 0.20 1.0 0.10 5.3
20 Hz 0.07 1.4 0.10 0.40 1.0 0.10 0.10 1.0 0.20 0.80 0.10 4.4
55 Hz 0.08 1.2 0.10 0.40 1.0 0.10 0.10 0.50 0.20 0.30 0.10 3.4
110 Hz | 0.06 1.2 0.10 0.40 1.0 0.10 0.10 0.50 0.20 0.30 0.10 3.4
400 Hz | 0.06 1.2 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 3.3
1 kHz 0.08 1.2 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 3.3
5 kHz 0.07 1.2 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 3.4
10 kHz | 0.07 1.2 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 3.4
20 kHz | 0.11 1.2 0.11 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 3.4
50 kHz | 0.07 1.3 0.16 0.40 1.0 0.10 0.10 0.30 0.20 0.40 0.10 3.5
100 kHz | 0.09 1.4 0.22 0.40 1.0 0.10 0.10 0.30 0.20 0.60 0.10 3.8
100 mA #1212036 - I = 100 mA
s | u(Oref) | w(0r) | u(dsf) | w(ODMMnoise) | w(0cmRrR) | W(OrMR) | wW(0n) | W(dist) | w(dz) | u(dina) | u(d)(k = 2)
10 Hz 0.06 2.2 0.10 0.40 1.0 0.10 0.10 1.5 0.20 1.0 0.10 6.1
20 Hz 0.05 1.8 0.10 0.40 1.0 0.10 0.10 1.0 0.20 0.80 0.10 4.9
55 Hz 0.06 1.3 0.10 0.40 1.0 0.10 0.10 0.50 0.20 0.30 0.10 3.7
110 Hz | 0.14 1.3 0.10 0.40 1.0 0.10 0.10 0.50 0.20 0.30 0.10 3.7
400 Hz | 0.11 1.3 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 3.5
1 kHz 0.06 1.2 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 3.4
5 kHz 0.06 1.2 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 3.4
10 kHz | 0.08 1.3 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 3.5
20 kHz | 0.05 1.3 0.11 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 3.5
50 kHz | 0.06 1.4 0.16 0.40 1.0 0.10 0.10 0.30 0.20 0.40 0.10 3.7
100 kHz | 0.05 1.6 0.22 0.40 1.0 0.10 0.10 0.30 0.20 0.60 0.10 4.0




300 mA #1301008 - I = 300 mA

s | u(Opef) | w(or) | u(dss) | u(DMMnoise) | u(dcmrr) | W(OrmR) | w(diin) | w(0dist) | u(0z) | w(0ing) | w(0)(k = 2)
10 Hz 0.05 3.1 0.10 0.40 1.0 0.10 0.10 1.5 0.20 1.0 0.10 7.5
20 Hz 0.06 2.5 0.10 0.40 1.0 0.10 0.10 1.0 0.20 0.80 0.10 6.0
55 Hz 0.05 1.9 0.10 0.40 1.0 0.10 0.10 0.50 0.20 0.30 0.10 4.5
110 Hz | 0.06 1.9 0.10 0.40 1.0 0.10 0.10 0.50 0.20 0.30 0.10 4.5
400 Hz | 0.06 1.8 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 4.3
1 kHz 0.06 1.7 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 4.2
5 kHz 0.06 1.7 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 4.2
10 kHz | 0.05 1.8 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 4.3
20 kHz | 0.05 1.8 0.11 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 4.3
50 kHz | 0.05 1.9 0.16 0.40 1.0 0.10 0.10 0.30 0.20 0.40 0.10 4.5
100 kHz | 0.05 2.1 0.22 0.40 1.0 0.10 0.10 0.30 0.20 0.60 0.10 4.9

1 A #1301009-1=1A

s | u(0ref) | u(dr) | u(dsr) | w(dpMMnoise) | u(dcmrr) | u(Oxmpr) | wW(din) | u(daist) | u(dz) | w(ding) | u(d)(k = 2)
10 Hz 0.08 3.7 0.10 0.40 1.0 0.10 0.10 1.5 0.20 1.0 0.10 8.6
20 Hz 0.09 3.0 0.10 0.40 1.0 0.10 0.10 1.00 0.20 0.80 0.10 6.9
55 Hz 0.06 2.2 0.10 0.40 1.0 0.10 0.10 0.50 0.20 0.30 0.10 5.1
110 Hz | 0.14 2.2 0.10 0.40 1.0 0.10 0.10 0.50 0.20 0.30 0.10 5.1
400 Hz | 0.16 2.1 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 4.9
1 kHz | 0.07 2.1 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 4.8
5 kHz | 0.08 2.1 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 4.9
10 kHz | 0.06 2.1 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 4.9
20 kHz | 0.06 2.1 0.11 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 4.9
50 kHz | 0.06 2.2 0.16 0.40 1.0 0.10 0.10 0.30 0.20 0.40 0.10 5.0
100 kHz | 0.07 2.4 0.22 0.40 1.0 0.10 0.10 0.30 0.20 0.60 0.10 9.9




3 A #1301001 -1=3 A

s | u(Opef) | w(or) | u(dss) | u(DMMnoise) | u(dcmrr) | W(OrmR) | w(diin) | w(0dist) | u(0z) | w(0ing) | w(0)(k = 2)
10 Hz 0.19 4.5 0.10 0.40 1.0 0.10 0.10 1.5 0.20 1.0 0.10 10
20 Hz 0.18 3.8 0.10 0.40 1.0 0.10 0.10 1.0 0.20 0.80 0.10 8.2
55 Hz 0.19 3.0 0.10 0.40 1.0 0.10 0.10 0.50 0.20 0.30 0.10 6.4
110 Hz | 0.08 3.0 0.10 0.40 1.0 0.10 0.10 0.50 0.20 0.30 0.10 6.4
400 Hz | 0.10 2.9 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 6.2
1 kHz 0.19 2.8 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 6.1
5 kHz 0.24 2.8 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 6.2
10 kHz | 0.20 2.9 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 6.2
20 kHz | 0.19 2.9 0.11 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 6.2
50 kHz | 0.18 3.0 0.16 0.40 1.0 0.10 0.10 0.30 0.20 0.40 0.10 6.4
100 kHz | 0.18 3.6 0.22 0.40 1.0 0.10 0.10 0.30 0.20 0.60 0.10 7.6
5A #1212023 -1 =3 A
s | w(pres) | w(0r) | u(dss) | w(OprMnoise) | W(0cmrr) | w(OrmR) | w(0ins) | w(diin) | w(daist) | u(dz) | w(0ing) | u(d)(k =2)
10 Hz 0.38 4.6 0.10 0.40 1.0 0.10 0.10 1.0 1.5 0.20 1.0 0.10 10
20 Hz 0.39 3.8 0.10 0.40 1.0 0.10 0.10 1.0 1.0 0.20 0.80 0.10 8.4
55 Hz 0.41 3.0 0.10 0.40 1.0 0.10 0.10 1.0 0.50 0.20 0.30 0.10 6.6
110 Hz | 0.17 3.0 0.10 0.40 1.0 0.10 0.10 1.0 0.50 0.20 0.30 0.10 6.6
400 Hz | 0.15 2.9 0.10 0.40 1.0 0.10 0.10 1.0 0.30 0.20 0.30 0.10 6.4
1 kHz 0.48 2.9 0.10 0.40 1.0 0.10 0.10 1.0 0.30 0.20 0.30 0.10 6.4
5 kHz 0.45 2.9 0.10 0.40 1.0 0.10 0.10 1.5 0.30 0.20 0.30 0.10 6.4
10 kHz | 0.46 2.9 0.10 0.40 1.0 0.10 0.10 1.5 0.30 0.20 0.30 0.10 6.4
20 kHz | 0.45 3.1 0.11 0.40 1.0 0.10 0.10 1.5 0.30 0.20 0.30 0.10 6.7
50 kHz | 0.48 3.5 0.16 0.40 1.0 0.10 0.10 2.0 0.30 0.20 0.40 0.10 7.5
100 kHz | 0.45 4.8 0.22 0.40 1.0 0.10 0.10 2.0 0.30 0.20 0.60 0.10 10




5 A #1212023-1=5 A

s | u(Opef) | w(or) | u(dss) | u(DMMnoise) | u(dcmrr) | W(OrmR) | w(diin) | w(0dist) | u(0z) | w(0ing) | w(0)(k = 2)
10 Hz 0.12 4.6 0.10 0.40 1.0 0.10 0.10 1.5 0.20 1.0 0.10 10
20 Hz 0.12 3.8 0.10 0.40 1.0 0.10 0.10 1.0 0.20 0.80 0.10 8.4
55 Hz 0.12 3.0 0.10 0.40 1.0 0.10 0.10 0.50 0.20 0.30 0.10 6.6
110 Hz | 0.11 3.0 0.10 0.40 1.0 0.10 0.10 0.50 0.20 0.30 0.10 6.6
400 Hz | 0.13 2.9 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 6.4
1 kHz 0.12 2.9 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 6.3
5 kHz 0.12 2.9 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 6.4
10 kHz | 0.15 2.9 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 6.3
20 kHz | 0.12 3.1 0.11 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 6.7
50 kHz | 0.11 3.5 0.16 0.40 1.0 0.10 0.10 0.30 0.20 0.40 0.10 7.4
100 kHz | 0.12 4.8 0.22 0.40 1.0 0.10 0.10 0.30 0.20 0.60 0.10 10
10 A #1301022-1=10 A
s | w(res) | w(or) | u(dsf) | w(OpMMnoise) | W(O0cmrR) | w(OrmR) | w(0un) | w(0aist) | w(dz) | u(bina) | u(d)(k = 2)
10 Hz 0.21 5.1 0.10 0.40 1.0 0.10 0.10 1.5 0.20 1.0 0.10 11
20 Hz 0.19 4.2 0.10 0.40 1.0 0.10 0.10 1.0 0.20 0.80 0.10 9.2
55 Hz 0.18 3.4 0.10 0.40 1.0 0.10 0.10 0.50 0.20 0.30 0.10 7.2
110 Hz | 0.32 3.4 0.10 0.40 1.0 0.10 0.10 0.50 0.20 0.30 0.10 7.2
400 Hz | 0.31 3.3 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 7.0
1 kHz 0.17 3.2 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 6.9
5 kHz 0.17 3.2 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 6.9
10 kHz | 0.16 3.3 0.10 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 7.0
20 kHz | 0.21 3.4 0.11 0.40 1.0 0.10 0.10 0.30 0.20 0.30 0.10 7.2
50 kHz | 0.23 3.8 0.16 0.40 1.0 0.10 0.10 0.30 0.20 0.40 0.10 8.0
100 kHz | 0.30 5.2 0.22 0.40 1.0 0.10 0.10 0.30 0.20 0.60 0.10 11




20 A #1301017-1=20 A

s | u(Opef) | w(or) | u(dss) | u(DMMnoise) | u(dcmrr) | W(OrmR) | w(diin) | w(0dist) | u(0z) | w(0ing) | w(0)(k = 2)
10 Hz 0.24 5.6 0.10 0.4 1.0 0.1 0.1 1.5 0.2 1.0 0.1 12
20 Hz 0.28 4.7 0.10 0.4 1.0 0.1 0.1 1.0 0.2 0.8 0.1 10
55 Hz 0.25 3.7 0.10 0.4 1.0 0.1 0.1 0.5 0.2 0.3 0.1 7.9
110 Hz | 0.25 3.7 0.10 0.4 1.0 0.1 0.1 0.5 0.2 0.3 0.1 7.9
400 Hz | 0.25 3.6 0.10 0.4 1.0 0.1 0.1 0.3 0.2 0.3 0.1 7.6
1 kHz 0.27 3.6 0.10 0.4 1.0 0.1 0.1 0.3 0.2 0.3 0.1 7.6
5 kHz 0.27 3.6 0.10 0.4 1.0 0.1 0.1 0.3 0.2 0.3 0.1 7.6
10 kHz | 0.24 3.6 0.10 0.4 1.0 0.1 0.1 0.3 0.2 0.3 0.1 7.6
20 kHz | 0.22 3.8 0.11 0.4 1.0 0.1 0.1 0.3 0.2 0.3 0.1 8.0
50 kHz | 0.25 4.5 0.16 0.4 1.0 0.1 0.1 0.3 0.2 0.4 0.1 9.3
100 kHz | 0.24 6.4 0.22 0.4 1.0 0.1 0.1 0.3 0.2 0.6 0.1 13
20 A #1301017-1=10 A
s | u(dres) | u(or) | u(dsp) | w(OpMMnoise) | w(dcmrr) | w(Oxmr) | w(duns) | w(0iin) | w(0aist) | w(0z) | w(ding) | u(0)(k =2)
10 Hz 0.21 5.6 0.10 0.4 1.0 0.1 0.1 1.0 1.5 0.2 1.0 0.1 12
20 Hz 0.22 4.7 0.10 0.4 1.0 0.1 0.1 1.0 1.0 0.2 0.8 0.1 10
55 Hz 0.25 3.7 0.10 0.4 1.0 0.1 0.1 1.0 0.5 0.2 0.3 0.1 8.2
110 Hz | 0.20 3.7 0.10 0.4 1.0 0.1 0.1 1.0 0.5 0.2 0.3 0.1 8.2
400 Hz | 0.16 3.6 0.10 0.4 1.0 0.1 0.1 1.0 0.3 0.2 0.3 0.1 7.9
1 kHz 0.28 3.6 0.10 0.4 1.0 0.1 0.1 1.0 0.3 0.2 0.3 0.1 7.8
5 kHz 0.21 3.6 0.10 0.4 1.0 0.1 0.1 1.5 0.3 0.2 0.3 0.1 8.2
10 kHz | 0.25 3.6 0.10 0.4 1.0 0.1 0.1 1.5 0.3 0.2 0.3 0.1 8.2
20 kHz | 0.27 3.8 0.11 0.4 1.0 0.1 0.1 2.0 0.3 0.2 0.3 0.1 9.0
50 kHz | 0.26 4.5 0.16 0.4 1.0 0.1 0.1 3.0 0.3 0.2 0.4 0.1 11
100 kHz | 0.20 6.4 0.22 0.4 1.0 0.1 0.1 3.5 0.3 0.2 0.6 0.1 15






