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1 Abstract 

The COOMET.EM-S26 (1715) supplementary comparison of national standard instruments in 

the field of magnetic flux density and magnetic flux measurements by sensing coils has been organized 

within the CCEM framework to test the abilities of the metrology institutes to measure magnetic flux 

density and magnetic flux. 

Five NMIs participated in the supplementary comparison COOMET.EM-S26 (1715). Ural 

Research Institute for Metrology (UNIIM) (since 2020 it has been called Affiliated Branch of 

D.I.Mendeleev Institute for Metrology (VNIIM-UNIIM)), Russian Federation, acted as the 

coordinating laboratory of the comparison. 

The comparison on DC magnetic flux density and magnetic flux was carried out through the 

measurement of the coil constant of transfer standard coils. In general, very good agreement of the 

results has been observed. 

 

2 Introduction 

At a meeting at the UNIIM in Ekaterinburg on the 11th and 12th of October 2016 between the 

representatives of UNIIM (Russia), РТВ (Germany), NIM (China), the decision was made to carry out 

a supplementary comparison for the measurements of magnetic flux density and magnetic flux of a DC 

magnetic field. 

Two work items have been defined:  

 First: the results of the measurements shall demonstrate the degree of equivalence between the 

laboratories. 

 Second: the capability of the measurement equipment shall be compared. 

CMC classification numbers: 

10.2.1 Magnetic flux: flux meter, flux etalon 

10.2.2 DC magnetic flux density and applied magnetic field strength: magnetic flux density 

meter, magnetic field strength meter 
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3 Participants 

 

Table 1. The list of participants of comparisons 

№  NMI Address 
NMI 

abbreviation 
Contact person E-mail, tel, fax 

1 Ural Scientific 

Research 

Institute for 

Metrology 

(since 2020 

Affiliated 

Branch of the 

D.I.Mendeleev 

Institute for 

Metrology  

Russia,  

620075, 

Yekaterinburg, 

Krasnoarmeyskaya 

Str, 4 

VNIIM-

UNIIM, 

in this report is 

indicated as 

UNIIM 

Tatiana 

Maslova 

E-mail: 

sergey.serdjukov@gmail.

com 

Tel: +7 343 217-29-24 

Fax: +7 343 350-60-26 

2 Physikalisch-

Technische 

Bundesanstalt 

Germany, 

38116  

Braunschweig 

Bundesallee 100  

PTB Martin 

Albrecht 

E-mail:  

martin.albrecht@ptb.de 

 

3 Czech 

Metrology 

Institute 

Czech Republic, 

Praha 5 

15072 

V Botanice 4 

CMI Michal Ulvr E-mail: 

mulvr@cmi.cz 

4 National 

Physical 

Laboratory 

 

United Kingdom, 

Hampton Road, 

Teddington, 

Middlesex, 

TW11 0LW 

NPL Stuart Harmon E-mail: 

stuart.harmon@npl.co.uk 

5 National 

Institute of 

Metrology  

China, 

100013, Beijing 

No.18 Bei San 

Huan Dong Lu 

NIM Jian He E-mail: 

hejian@nim.ac.cn 

Tel: +86 10 64525432 

 

4 Organization of the comparisons 

4.1 Organization of the comparisons 

The comparison is carried out by a circulation scheme. The transfer standard was produced by 

UNIIM (Russia) and measured with State Primary Standard (GET 198-2017). After initial 

measurements at UNIIM the samples were sent to: 1. PTB, 2. CMI, 3. NPL, 4. NIM, and after this 

returned to UNIIM for final measurements to establish the stability. After measurements the data were 

sent to UNIIM for evaluation of the comparison results. 

 

4.2 The transfer standard 

Reference standard of the magnetic flux unit is a set of 4 cylindrical measuring coils of 

different diameters. The measuring coils are cylindrical frames made of quartz glass, on which 

mailto:sergey.serdjukov@gmail.com
mailto:sergey.serdjukov@gmail.com
mailto:martin.albrecht@ptb.de
mailto:michael.hall@npl.co.uk
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windings with a whole number of turns of copper wire are applied. The frames with the windings are 

placed coaxially in protective cylinders of larger diameter. The gaps between the cylindrical frame and 

the protective cylinder at both ends of the coil are closed. A thermal sensor is mounted in the space 

between the coil and the protective cylinder. The coils are applied with tension, excluding their 

spontaneous movement. Each measuring coil is packed in a wooden case, ensuring its safety during 

transportation. 

 

5.  Description of the method of measurement 

During the comparisons measurements are carried out using the measurement standards of the 

National Metrological Institutes (NMI). 

5.1 Preparation of the transfer standard for measurements 

Before taking measurements, the reference standard must be kept at ambient conditions for at 

least 3 hours. Recommended temperature during measurements: (23 ± 3) 
o
C. Measurement conditions 

must be specified in the measurement report. 

 

5.2 Measurements of the transfer standard 

The measuring coil is placed in a region of homogeneity of the device that creates a magnetic 

field (electromagnet, Helmholtz coil). Ensure perpendicularity of the end surface of the coil, on which 

there is one screw of copper alloy, to the magnetic induction power lines. Carry out a measurement of 

the measuring coil constant Ksw, Wb/T (m
2
), at least 10 times and calculate the arithmetical mean. 

 

6.  Processing of results 

Processing of measurement results obtained from the comparisons carried out with the use of 

the Guidelines for data evaluation of COOMET supplementary comparisons 

(COOMET R/GM/19:2016). 

In processing the experimental data the following characteristics were calculated: 

Weighted mean 

- supplementary comparisons reference value 𝑋𝑟𝑒𝑓 by the formula: 

𝑋𝑟𝑒𝑓 =
∑

𝑋𝑖
𝑢2(𝑋𝑖)

𝑁
𝑖=1

∑
1

𝑢2(𝑋𝑖)
𝑁
𝑖=1

,                                                          (1) 

where 𝑋𝑖 – results of the supplementary comparisons of the i-th participant of the comparisons, 

Wb/T (m
2
); 

𝑢(𝑋𝑖) – declared standard uncertainty of the i-th participant of the comparisons, Wb/T (m
2
); 

N – the number of the participants of comparisons; 
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- standard uncertainty of the reference value of the supplementary comparisons 𝑢(𝑋𝑟𝑒𝑓), 

Wb/T (m
2
), by the formula: 

 

𝑢(𝑋𝑟𝑒𝑓) = √

1

∑
1

𝑢2(𝑋𝑖)
𝑁
𝑖=1

 ,                                                             (2) 

 

Median 

- supplementary comparisons reference value 𝑋𝑟𝑒𝑓 by the formula: 

𝑚𝑒𝑑(𝑥) = {

1

2
(𝑥𝑚/2

′ + 𝑥𝑚

2
+1

′ ) , 𝑚 𝑒𝑣𝑒𝑛

𝑥(𝑚+1)/2
′ ,                  𝑚  𝑜𝑑𝑑

},                             (3) 

 

𝑢2(𝑚𝑒𝑑(𝑥)) =
𝜋

2𝑚
𝜎̂2,                                           (4) 

 

𝜎̂ = 1.483𝑚𝑒𝑑(|𝑑𝑖|),                                           (5) 

where 𝑑𝑖 = 𝑥𝑖 − 𝑚𝑒𝑑(𝑥). 

 

- value of Ẽn criterion by the formula 

𝐸̃𝑛 =  
|𝑥𝑖− 𝑥𝑟𝑒𝑓|

2 √𝑢2(𝑥)+𝑢2(𝑥𝑟𝑒𝑓)−2𝑐𝑜𝑣(𝑥,𝑥𝑟𝑒𝑓)
,   (6) 

  where 𝑐𝑜𝑣(𝑥, 𝑥𝑟𝑒𝑓) = 0. 

 

The declared standard uncertainties are judged as confirmed if equation  

𝐸̃𝑛 < 1,                                                                         (7) 

is satisfied for i-th participant of the comparisons. 

It is suggested to use the median as a robust estimation of the reference value for coils #1 and 

#4 for the following reasons 

- 𝜒𝑜𝑏𝑠
2 > 𝜒0.05,𝑚−1

2  in this case the data is inconsistent; 

- uncertainty values differ slightly; 
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- there is one extreme value according to the criterion. 

The results of processing of results obtained are shown in Tables 2 to 5. 

The results of the participants of the comparison are presented in Appendices A to E. 

7 Evaluation of the results 

7.1  Analysis of the results of the comparisons shows that the data of national metrological institutes 

participating in comparisons can be recognized as consistent, which is an objective confirmation of the 

declared uncertainties. 

7.2 The inconsistency of the data obtained on coil №4 is associated with a significant temperature 

dependence of the coil constant and requires additional studies. 

Table 2. The results of processing the experimental data obtained on the coil №1 

№ Country NMI 

Measurement 

result, 

Wb/Т (m
2
) 

Standard 

uncertainty, 

Wb/Т (m
2
) 

Relative 

extended 

uncertainty,% 

Ẽn Conclusion 

1 Russia UNIIM 0.26550 0.00027 0.20 0.51 < 1 

2 Germany PTB 0.26517 0.00020 0.15 0 < 1 

3 
Czech 

Republic 
CMI 0.26539 0.00013 0.10 0.49 < 1 

4 
United 

Kingdom 
NPL 0.26502 0.00012 0.09 0.34 < 1 

5 China NIM 0.26471 0.00019 0.14 0.88 < 1 

Median 0.26517 0.00018 Reference value 

Weighted mean 0.26504 0.00006  

Checking the compatibility of results 

𝜒𝑜𝑏𝑠
2  𝜒0.05,𝑚−1

2  m 𝜒𝑜𝑏𝑠
2 > 𝜒0.05,𝑚−1

2  

12.04 9.49 5 inconsistent 
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Table 3. The results of processing the experimental data obtained on the coil №2 

№ Country NMI 

Measurement 

result, 

Wb/Т (m
2
) 

Standard 

uncertainty, 

Wb/Т (m
2
) 

Relative 

extended 

uncertainty,% 

Ẽn Conclusion 

1 Russia UNIIM 0.52258 0.00052 0.20 0.75 < 1 

2 Germany PTB 0.52412 0.00039 0.15 0.89 < 1 

3 
Czech 

Republic 
CMI 0.52307 0.00026 0.10 0.54 < 1 

4 
United 

Kingdom 
NPL 0.52371 0.00024 0.09 0.60 < 1 

5 China NIM 0.52317 0.00026 0.10 0.36 < 1 

Median 0.52317 0.00045  

Weighted mean 0.52338 0.00013 Reference value 

Checking the compatibility of results 

𝜒𝑜𝑏𝑠
2  𝜒0.05,𝑚−1

2  m 𝜒𝑜𝑏𝑠
2 > 𝜒0.05,𝑚−1

2  

9.89 9.49 5 inconsistent 

 

Table 4. The results of processing the experimental data obtained on the coil №3 

№ Country NMI 

Measurement 

result, 

Wb/Т (m
2
) 

Standard 

uncertainty, 

Wb/Т (m
2
) 

Relative 

extended 

uncertainty,% 

Ẽn Conclusion 

1 Russia UNIIM 1.2043 0.0012 0.20 0.53 < 1 

2 Germany PTB 1.2041 0.0009 0.15 0.58 < 1 

3 
Czech 

Republic 
CMI 1.2030 0.0006 0.10 0.01 < 1 

4 
United 

Kingdom 
NPL 1.2036 0.0013 0.21 0.24 < 1 

5 China NIM 1.2020 0.0006 0.10 0.70 < 1 

Median 1.20360 0.00025  

Weighted mean 1.20298 0.00035 Reference value 

Checking the compatibility of results 

𝜒𝑜𝑏𝑠
2  𝜒0.05,𝑚−1

2  m 𝜒𝑜𝑏𝑠
2 < 𝜒0.05,𝑚−1

2  

5.64 9.49 5 consistent 
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Table 5. The results of processing the experimental data obtained on the coil №4 

№ Country NMI 

Measurement 

result, 

Wb/Т (m
2
) 

Standard 

uncertainty, 

Wb/Т (m
2
) 

Relative 

extended 

uncertainty,% 

Ẽn Conclusion 

1 Russia UNIIM 19.030 0.019 0.20 0.59 < 1 

2 Germany PTB 19.013 0.016 0.17 0.30 < 1 

3 
United 

Kingdom 
NPL 18.943 0.038 0.40 0.64 < 1 

4 China NIM 18.983 0.009 0.10 0.34 < 1 

Median 18.998 0.020 Reference value 

Weighted mean 18.994 0.007  

Checking the compatibility of results 

𝜒𝑜𝑏𝑠
2  𝜒0.05,𝑚−1

2  m 𝜒𝑜𝑏𝑠
2 > 𝜒0.05,𝑚−1

2  

8.29 7.81 4 inconsistent 
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Figure 1 – The results of the comparison of the measurement of constant coil № 1 



9 

UNIIM PTB CMI NPL NIM

0,5210

0,5215

0,5220

0,5225

0,5230

0,5235

0,5240

0,5245

0,5250
C

o
il

 c
o

n
st

an
t,

 W
b

/T
 (

 m
2
 )

 Xref

 NMI

 Xref-U

 Xref+U

 
Figure 2 – The results of the comparison of the measurement of constant coil № 2 
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Figure 3 – The results of the comparison of the measurement of constant coil № 3 
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Figure 4 – The results of the comparison of the measurement of constant coil № 4 

 

8 Conclusions 

 

1. Fulfillment of equation (7) confirms agreement between the measurement results  and 

estimated uncertainties of the coil constants declared by NMIs. The corresponding rows of 

measurement capabilities (CMCs) can be judged as confirmed. 

2. Results of the comparisons (reported results of measuring of the coil constant, accompanied 

by expanded uncertainty) confirms equivalence of standards of units of the magnetic flux density and 

magnetic flux belonging to VNIIM-UNIIM (Russia), РTB (Germany), CMI (Czech Republic), NPL 

(United Kingdom), NIM (China). 
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Appendix A 
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Appendix B 

 

SUPPLAMENTARY  

COMPARISON OF NATIONAL STANDARD INSTRUMENTS FOR 

MAGNETIC FLUX DENSITY AND MAGNETIC FLUX BY SENSING COILS 

Report of AG2.51 of the PTB: 

Measurement using Helmholtz-coil and dc-field 
The dimensions of the coils were too large to place them in the electromagnet providing 

sufficient homogeneity. For this reason and because we wanted to use the same coil for dc and ac 

measurements the coil area is detected using a NMR-calibrated Helmholtz-coil and a calibrated current 

source ADCMT 6245 for the generation of the field. The Helmholtz-coil current was commutated to 

reach the two field directions. The flux was measured using a calibrated fluxmeter MPS EF5.  

The results of the dc measurements were calculated using our evaluated software for flux 

measurements and winding area. The uncertainty was calculated by the same software in conformance 

with the GUM with a coverage factor k=2. Temperature 23,5°C. 

 

coil number Winding area 

in m
2
 

uncertainty in 

m
2
 

relative 

uncertainty in 

%, k=2, level of 

confidence 95% 

1 0,26517 0,00040 0,15 

2 0,52412 0,00079 0,15 

3 1,2041 0,00180 0,15 

4 19,013 0,03200 0,17 

 

Method of the calculation of the result and uncertainty 

 

𝐴 =
𝛥𝐵𝑆

𝛥𝜑
 

 

 

Model 

𝐴 =
𝛥𝐵𝑆

𝛥𝜑
⋅ 𝑐𝑜𝑠 𝜙 ⋅ 𝑘𝐹𝑒𝑙𝑑 ⋅ 𝑘𝐷𝑟𝑖𝑓𝑡 ⋅ (1 + 𝛼 ⋅ 𝛥𝑇) 

 

𝐴  Winding area of the DUT 

𝛥𝐵𝑆  difference of the flux density of the source 

𝛥𝜑  flux difference measured using a fluxmeter 

𝜙  angle of the coil in the field 

𝑘𝐹𝑒𝑙𝑑  correction factor for the differences in the field 

𝑘𝐷𝑟𝑖𝑓𝑡  factor for the drift of the fluxmeter in both directions 

𝛼  temperature coefficient of the DUT 

𝛥𝑇  error of the measured temperature 
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Analysis of the uncertainty 

Uncertainties of the measured values, sensitivity coefficients contribution to the standard 

uncertainty 

 

Xi 𝑢(𝑥𝑖) ci ui(y) 

xi 𝑢(𝑥𝑖) 𝛿𝐶𝑋

𝛿𝑥𝑖
 

𝑐𝑖 ⋅ 𝑢(𝑥𝑖) 

𝛥𝐵𝑆 𝑢(𝛥𝐵𝑆) 𝐴

𝛥𝐵𝑆
 𝑢(𝛥𝐵𝑆)

𝐴

𝛥𝐵𝑆
 

𝛥𝜑 𝑢(𝛥𝜑) 
−

𝐴

𝛥𝜑
 

)( u
𝐴

𝛥𝜑
 

𝜙 𝑢(𝜙) 1) 2,5 ⋅ 10−4 ⋅ 𝐴 

𝑘𝐹𝑒𝑙𝑑 𝑢(𝑘𝐹𝑒𝑙𝑑) 𝐴

𝑘𝐹𝑒𝑙𝑑
 )( Feldku

𝐴

𝑘𝐹𝑒𝑙𝑑
 

𝑘𝐷𝑟𝑖𝑓𝑡 𝑢(𝑘𝐷𝑟𝑖𝑓𝑡) 𝐴

𝑘𝐷𝑟𝑖𝑓𝑡
 )( Driftku

𝐴

𝑘𝐷𝑟𝑖𝑓𝑡
 

𝛼 𝑢(𝛼) 𝐴 ⋅ 𝛥𝑇

1 + 𝛼 ⋅ 𝛥𝑇
 )(u

𝐴⋅𝛥𝑇

1+𝛼⋅𝛥𝑇
 

𝛥𝑇 𝑢(𝛥𝑇) 𝐴 ⋅ 𝛼

1 + 𝛼 ⋅ 𝛥𝑇
 )( Tu 

𝐴⋅𝛼

1+𝛼⋅𝛥𝑇
 

1) Assumption: < 2°; according to GUM < 2,5
.
10

-4
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Alternative method using Helmholtz-coil and ac-field 
For the second method to measure the winding area an ac measuring equipment was used. This 

method is not evaluated until now. We try to evaluate it during the comparison. 

A coil with a measured coil constant and frequency response is used to create an ac field which 

is detected using the coils under test. The extrapolation of the amplitude over the frequency to dc is 

calculated. From this value the winding area is calculated.  

 

coil 

number 

Winding 

area 

In m
2
 

uncertainty 

in m
2
 

relative 

uncertainty 

in %, k=2, 

level of 

confidence 

95% 

1 0,26482 0,00027 0,2 

2 0,52244 0,00052 0,2 

3 1,19993 0,00120 0,2 

4 18,426 0,03700 0,4 
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Appendix C 

Supplementary comparison of national standard 

instruments in the field of magnetic flux density and 

magnetic flux measurements by sensing coils 
 

 

 

1 General Information 
 

 

Laboratory name: UNIIM – Affiliated Branch of the  

D.I. Mendeleyev Institute for Metrology 

620075, Russia, Yekaterinburg, 

Krasnoarmeyskaya Str, 4 

 

Authors: T.I. Maslova, E.A. Volegova,  

S.V. Serdyukov, A.S.Volegov 

 

Report date: 

 

 

 

Laboratory ambient temperature: 

 

 

Dates of measurement: 

 

 

Comparison transfer standards:  

Description: 

 

Set of four cylindrical sensing coils 

Serial numbers: 

 

№ 1, № 2, № 3, № 4 

Coil constant range: 0,26 m
2
 to 19 m

2
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2 Introduction 

This report details are as part of a supplementary comparison in the area of the 

measurement of magnetic flux density and magnetic flux by sensing coil transfer 

standard. The aim of this comparison is to test the principle techniques and methods 

implemented by the NMIs of the countries participating. Additionally, to determine the 

degree of equivalence of the measurement standards between the NMIs. 

 

Ambient conditions 

- temperature  

- humidity  

3 Experimental Details 

DC voltage integration method was used to determine the coil constant for the standard 

search coils. A magnetic flux density was produced in an electromagnet and measured 

using an NMR magnetometer, and an NMR resonance frequency was measured using 

an external frequency meter with quantum frequency measure. The search coil was 

connected to a calibrated integrator to determine the magnetic flux density when the 

flux is changed.  

The search coil is fixed in the uniformity zone of the electromagnet. The uniformity 

zones are 12 cm in the range 0.1–1.5 T and 7 cm in the range 1.5–2 T.  

 A magnetic flux density 0.9 T was produced in an electromagnet, the integrator was 

zeroed, and then a magnetic flux density 1.0 T was produced in an electromagnet.  

The coil constant was determined from the change in magnetic flux measured by the 

integrator and the change in magnetic flux density measured by the NMR magnetometer 

and the external frequency meter with quantum frequency measure. 

Calculation of coil constant (Ks) is obtained by using following equation: 

𝐾𝑆 =
Φ

𝐵1 − 𝐵2
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Measurement results 

Search coil № 
Measured search coil 

constant Ks, Wb/T 

Expanded uncertainty, 

% 

1 0.26550 0.2 

2 0.52258 0.2 

3 1.2043 0.2 

4 19.030 0.2 

 

Uncertainty budget 

Source of uncertainty 
Type of 

uncertainty 

Value 

(%) 
 

sensitivity 

coefficient 

std. 

uncertainty 

(%) 

Standard of magnetic 

flux density 
B 0.001 1 2 0.002 

Standard of magnetic 

flux 
B 0.1 1 1 0.1 

Influence of 

homogeneity of 

magnetic flux density 

standard 

B 0.001 1 1 0.001 

Repeatability A 0.01 1 1 0.01 

Standard uncertainty - - 1 - 0.10 

Expanded uncertainty - - 2 - 0.20 
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Appendix D 
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Appendix E 
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