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This paper introduces a new methodology for obtaining high voltage DC measurements
traceability to the International System of Units (SI) at the Egyptian National Institute
for Standards (NIS). The traceability has been achieved via the NIS automated 10 V DC
Josephson Voltage Standard (JVS). A 100 kV DC voltage divider with a nominal voltage ratio
of 10,000:1 is being used with its display in parallel with a high sensitive digital voltmeter.
The traceability has been realized by calibrating this digital voltmeter via the JVS system
and then it has been used to calibrate the divider display readings. Moreover, the divider
ratio has been accurately calibrated using a traceable calibrator source on its high voltage
side and the calibrated digital voltmeter on its low voltage side. Accurate and traceable
high voltage values have been obtained associated with their expanded uncertainties.
Highly improved uncertainties have been achieved using this new calibration technique.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Accurate high voltage measurements are required by
the electric power industry for instrumentation, metering,
and testing applications. DC high voltage has several appli-
cations including high voltage cables testing, X-ray gener-
ators, electron microscopes, electro-static precipitators,
particles accelerator in nuclear physics, and dielectric test-
ing [1]. For long distance power transmission, economic
studies proved that high voltage DC transmission is
preferred to AC one [2]. For these usages, accurate
measurements are required on the output voltage of high
voltage sources. DC high voltage measurements is done
through several methods, the series resistance micro-
ammeter, the resistance potential divider, the generating
voltmeter and the sphere gaps are all possible methods;
however a high voltage divider remains the most common
method to measure the high voltage output of a high DC
voltage source [3].

In this work, the NIS Josephson primary standard [4–8]
for the DC volt has been used to provide traceability for
100 kV high DC voltage measurements to the SI units. This
is achieved by calibrating a HP 3458A high precision digital
voltmeter (DVM) up to 10 V via JVS; then this high precise
DVM is placed in parallel with the display of a Phenix High
Voltage divider (KVM100) with a full range of 100 kV DC.

The Fluke 5720A calibrator which is traceable to the SI
units by a recent DKD accredited calibration certificate is
used to produce 1 kV at the high voltage side of the Phenix
divider, while the voltage at the low voltage side is mea-
sured via the HP 3458A DVM; this is done to accurately
determine the Phenix divider transformation ratio (TR). A
Haefely Trench 100 kV DC source of one/two stages
(PZT100) is used to supply the high voltage side of the
KVM100 with a voltage up to 100 kV, the Phenix display
reading as well as the DVM readings are recorded.
The measurement of the DVM is then multiplied by
the estimated transformation ratio to determine the
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Fig. 1. Arrangement for TR estimation of the KVM100.
Fig. 2. Calibration of the HP 3458A DVM via the JVS system.
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corresponding high voltage DC readings. The sources of
uncertainty and the uncertainty budget have been esti-
mated. Enhanced uncertainties have been obtained in this
traceable calibration.
2. Estimation of the transformation ratio

In determining the voltage transformation ratio of the
Phenix KVM100 several methods might be used, the binary
step up method [9] is one method that relies on a sequence
of steps that combine and separate the used dividers to
accurately determine the values of the used resistors.
One other method is to use a turn’s ratio meter that can
estimate the turns’ ratio of the voltage divider at different
test voltages. In this paper, the TR of the KVM100 has been
determined. The 5720A calibrator supplies the high voltage
side of the KVM100 with 1000 VDC, while the DVM is mea-
suring its output voltage from the low voltage side termi-
nals. The TR is estimated from the equation:
TR ¼ VCalibrator

VDVM
ð1Þ
Fig. 3. Phenix divider and input source.
where VCalibrator is the actual value of the calibrator voltage
and VDVM is the actual value of the average for 40 DVM
voltage readings corresponding to the calibrator voltage,
Fig. 1 shows the arrangement for the Phenix divider turns’
ratio estimation. Table 1 lists the actual values of the cali-
brator, DVM and the estimated TR as well. The calibration
of Fluke 5720A calibrator was performed through compar-
ison of known values against its output readings. Basis is
the realization of units in the PTB-Germany. The calibra-
tion results of the calibrator are within a confidence level
of 95%. The temperature and relative humidity of the cali-
bration laboratory were adjusted and fairly controlled to
(23 ± 1) �C and (50 ± 10%) respectively.
Table 1
Transformation Ratio (TR).

VCalibrator VDVM (TR)

999.983 V 0.100235 V 9976.488011
3. Calibration of the HP 3458A DVM

During the calibration process, the best possible fre-
quency for the NIS JVS system has been investigated by
applying the function of the system ‘‘Arbitrary Voltage’’.
The automatic process of the JVS system includes the step
selection and the microwave power adjustment. In order to
calibrate the HP 3458A DVM, it has been connected to the
‘‘EXTERNAL VOLTMETER’’ of the JVS electronics unit as
shown in Fig. 2. The system has different modes of
Fig. 4. Phenix display and HP3458A DVM.



Table 2
Uncertainty budget of calibrating the DVM via the JVS system at 10 V range.

Uncertainty sources Standard uncertainty Probability distribution Divider Ci Uncertainty contribution

Repeatability of the DVM calibration results 1.50E–7 V Normal 1 1 1.50E–7 V
Resolution of the DVM calibration results 5.00E–9 V Rectangular

ffiffiffi

3
p

1 2.89E–09 V

Nano-voltmeter gain error voltage 1.00E–8 V Rectangular
ffiffiffi

3
p

5.77E–9 V

Thermal emf 5.00E–9 V Rectangular
ffiffiffi

3
p

1 2.89E–09 V

Voltage due to leakage current 1.00E–7 V Rectangular
ffiffiffi

3
p

1 5.77E–8 V

Environmental effect 5.00E–7 V Rectangular
ffiffiffi

3
p

1 2.89E–07 V

Uncertainty of supra VOLT control system 1.00E–9 V Normal 1 1 1.00E–9 V
Combined standard uncertainty ±3.3E–7 V
Effective degrees of freedom 1
Expanded uncertainty at confidence level 95% (k = 2) ±660 nV

Table 3
Uncertainty budget of Phenix KVM100 divider calibration at 1 kV range.

Uncertainty sources Standard uncertainty Probability distribution Divider Ci Uncertainty contribution

Repeatability of DVM readings 3.67E–6 V Normal 1 1 3.67E–6 V
Resolution of the DVM 5.00E–6 V Rectangular

ffiffiffi

3
p

1 2.89E–6 V

Drift of the DVM since last calibration 4.07E–4 V Rectangular
ffiffiffi

3
p

1 2.35E–4 V

Uncertainty of calibrating the DVM via the JVS 3.30E–7 V Normal 1 1 3.30E–7 V
Uncertainty of calibrator 2.30E–2 V Normal 1 1 2.30E–2 V
Drift of the calibrator since last calibration �2.10E–2 V Rectangular

ffiffiffi

3
p

1 �0.012 V

Combined standard uncertainty ±0.026 V
Effective degrees of freedom 1
Expanded uncertainty at confidence level 95% (k = 2) ±0.052 V

Table 4
Uncertainty budget of 100 kV range calibration.

Uncertainty sources Standard uncertainty Probability distribution Divider Ci Uncertainty contribution

Repeatability of DVM readings 2.219E–3 V Normal 1 1 2.219E–03 V
Resolution of the DVM 5.00E–7 V Rectangular

ffiffiffi

3
p

1 2.89E–7 V

Drift of the DVM since last calibration 2.112E–3 V Rectangular
ffiffiffi

3
p

1 2.112E–3 V

Repeatability of Phenix display readings 2.274E–3 V Normal 1 10000 22.74 V
Resolution of the Phenix display 5E–4 V Rectangular

ffiffiffi

3
p

10000 2.89 V

Phenix divider uncertainty 2.6E–2 V Normal 1 1 2.6E–2 V
Uncertainty of calibrating the DVM via the JVS 3.3E–7 V Normal 1 1 3.3E–7 V
Combined standard uncertainty ±22.923 V
Effective degrees of freedom 1
Expanded uncertainty at confidence level 95% (k = 2) ±45.85 V

Table 5
Actual values of the voltages from 1 to 10 kV and their expanded
uncertainties for one stage input.

Nominal
values
(kV)

Measured
values
(kV)

Actual
values
(kV)

± Expanded
uncertainty
(V)

± Expanded
uncertainty
(%)

1 1.009 1.004 0.638 0.064
2 2.007 2.002 1.154 0.058
3 3.005 2.997 1.834 0.061
4 4.016 4.004 2.325 0.058
5 5.004 4.990 2.838 0.057
6 6.005 5.989 3.738 0.062
7 7.015 7.002 4.144 0.059
8 8.005 7.974 4.420 0.055
9 9.006 8.985 5.051 0.056

10 9.999 9.968 5.677 0.057

Table 6
Actual values of the voltages from 1 to 10 kV and their expanded
uncertainties for two stages input.

Nominal
values
(kV)

Measured
values
(kV)

Actual
values
(kV)

± Expanded
uncertainty
(V)

± Expanded
uncertainty
(%)

1 1.015 1.012 0.655 0.065
2 2.004 1.997 1.273 0.064
3 2.977 2.969 1.765 0.059
4 4.047 4.033 2.275 0.056
5 5.003 4.992 3.169 0.063
6 6.007 5.989 3.897 0.065
7 7.012 6.996 4.277 0.061
8 8.038 8.012 4.504 0.056
9 9.009 8.987 5.051 0.056

10 10.006 9.977 5.804 0.058
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operation, predefined within the software. For this task,
the function of the system ‘‘External Voltmeter’’ has been
applied.

For automatic operation, the data acquisition of the
connected DVM is realized via GPIB bus. Twenty one data
points in each DC range (from 100 mV to 10 V) of the
DVM have been carried out. The Josephson voltage, the
voltage measured by the DVM, and their standard devia-
tions are calculated from ten measurements.
Table 7
Actual values of the voltages from 20 to 100 kV and their expanded
uncertainties for one stage input.

Nominal
values
(kV)

Measured
values
(kV)

Actual
values
(kV)

± Expanded
uncertainty
(V)

± Expanded
uncertainty
(%)

20 19.994 19.945 9.866 0.049
30 30.067 29.989 15.144 0.050
40 40.040 39.877 20.385 0.051
50 50.128 49.956 24.139 0.048
60 60.051 59.867 29.545 0.049
70 70.084 69.900 31.686 0.045
80 80.104 79.828 36.387 0.045
90 90.096 89.751 41.414 0.046

100 100.118 99.786 45.855 0.046

Table 8
Actual values of the voltages from 20 to 100 kV and their expanded
uncertainties for two stages input.

Nominal
values
(kV)

Measured
values
(kV)

Actual
values
(kV)

± Expanded
uncertainty
(V)

± Expanded
uncertainty
(%)

20 19.932 19.880 10.133 0.051
30 30.051 29.971 15.261 0.051
40 39.952 39.776 20.559 0.051
50 50.013 49.823 25.087 0.050
60 60.122 59.895 30.192 0.050
70 70.084 69.899 31.686 0.045
80 80.052 79.730 36.216 0.045
90 90.135 89.775 40.988 0.046

100 100.073 99.764 45.196 0.045

Fig. 5. Percentage error deviation when using o
4. Calibration of the KVM100

The Phenix KVM100 consists of a high voltage divider
and 4½ digit LCD display (with both low and high voltage
ranges). Its two main parts are connected by connecting
cables. The calibrated HP 3458A DVM is used as a reference
standard to calibrate the KVM100. Fig. 3 shows the Phenix
KVM100 divider connected to the PZT100 DC source of
one/two stages. Fig. 4 shows the KVM100 display (under
calibration) connected to the standard DVM. By applying
the divider ratio, the actual values of the input high volt-
ages from 1 kV to 10 kV (at the low range) and from
20 kV up to 100 kV (at the high range) have been acquired.
5. Calibration results

The uncertainties of the calibration results of the DVM
via the JVS system up to 10 V, the Phenix KVM100 divider
and the Phenix KVM100 display results up to 100 kV DC
have been investigated. The uncertainty budgets have been
evaluated for all calibrations. All components of the com-
bined standard uncertainty (Type A and Type B) have been
taken into consideration. The expanded uncertainty has
been calculated by using the coverage factor k = 2, to give
a level of confidence of approximately 95% according to
the ISO GUM [10,11]. The uncertainty budget of calibrating
the DVM via the JVS system at 10 V range is listed in Table
2. Table 3 shows the uncertainty budget of Phenix divider
calibration at 1 kV range while the uncertainty budget of
calibrating the 100 kV range is illustrated in Table 4.
According to the uncertainty budgets, the repeatability of
the Phenix display readings is the dominate uncertainty
component. The actual values of the voltages from 1 kV
up to 10 kV (low range) and their expanded uncertainties
for both input stages are listed in Tables 5 and 6 respec-
tively. Tables 7 and 8 illustrate the actual values of the
voltages from 20 kV up to 100 kV (high range) and their
expanded uncertainties for one stage and two stages
respectively.

Although some other factors including divider
temperature rise, Corona discharge and power coefficient
ne/ two stages’ source for 1–10 kV range.



Fig. 6. Percentage error deviation when using one/two stages’ source for 20–100 kV range.

H.M. Abdel Mageed et al. / Measurement 58 (2014) 269–273 273
might affect the uncertainty budget of Phenix KVM100
calibration; still these factors have neglected effect com-
pared to the dominant one owed to the repeatability of
the Phenix display readings.

It is clearly shown that the expanded uncertainties of
the low range measurements (from 1 kV to 10 kV) do not
exceed 0.06% of their values while, the high range uncer-
tainties (from 20 kV up to 100 kV) are within 0.05%.
Fig. 5 shows the deviation in the percentage error of the
100 kV Phenix readings when using one stage or two
stages’ supply up to 10 kV. The Percentage error (PE) is cal-
culated using the equation:

PE ¼ MV � AV
AV

� 100 ð2Þ

where MV and AV are the measured and actual voltage val-
ues respectively. Fig. 6 shows the deviation in the percent-
age error for the high voltage range of 20–100 kV. It clearly
appears that a supply with one stage transformer gives
lower PE all over the low range up to 10 kV. In the high
range the usage of one stage supply still gives better
results; however it is better to use a two stage supply for
the 100 kV as it gives less PE. Besides, it is preferred to
obtain the 100 kV from two stages to avoid stressing the
step up transformer by operating it on its full range.

6. Conclusion

A new calibration technique has been used at NIS for
disseminating the traceability to the high voltage DC mea-
surements (up to 100 kV). The traceability has been pro-
vided via the NIS DC Josephson primary standard.
Measurements have been carried out using a high voltage
meter (KVM100) at two different supply stages. The
KVM100 divider and its display have been accurately cali-
brated. The percentage error as well as calibration uncer-
tainties have been calculated for both input stages. The
uncertainty budget of the Phenix calibration shows that
the repeatability of its readings is the dominant affecting
factor. Therefore, all the other factors will not effectively
influence the total budget. The percentage error results
show that it is better to use a one stage supply for all DC
voltage values up to 90 kV, while it is better to use two
stages for the 100 kV value. The expanded uncertainty
has a maximum value of 0.06% for the low range measure-
ments (1–10 kV), while it decreases to about 0.05% for the
high range measurements (20–100 kV). Enhanced uncer-
tainty results have been attained using this calibration
methodology.

References

[1] C.K. Dwivedi, M.B. Daigavane, Multi-purpose low cost DC high
voltage generator (60 kV output), using Cockcroft–Walton voltage
multiplier circuit, Int. J. Sci. Technol. Educ. Res. 2 (7) (July 2011) 109–
119.

[2] Guizhen Wang, Qiuting Jia, Gang Cao, A measurement method of
high DC voltage, Electrical and Electronics Engineering Symposium
(EEESYM), 2012.

[3] J.R. Lucas, High voltage engineering, High Voltage Direct Curr. Trans.
(2001) 184–204 (Chapter 11).

[4] C.A. Hamilton, R.L. Kautz, R.L. Steiner, F.L. Lloyd, A practical
Josephson voltage standard at 1 V, IEEE Electron Dev. Lett. 6 (12)
(1985) 623–625.

[5] M. Schubert, T. May, G. Wende, H.-G. Meyer, A cross-type SNS
junction array for a quantum-based arbitrary waveform synthesizer,
IEEE Trans. Appl. Supercond. 15 (2) (2005) 829–832.

[6] Y. Tang, V.N. Ojha, S. Schlamminger, A.R. üfenacht, C.J. Burroughs,
P.D. Dresselhaus, S.P. Benz, A 10 V programmable Josephson voltage
standard and its applications for voltage metrology, Metrologia 49
(2012) 635–643.

[7] Hala M. Abdel Mageed, Ali M. El-Rifaie, Electrical metrology
applications of LabVIEW software, J. Software Eng. Appl. (2013)
113–120.

[8] Hala M. Abdel Mageed, Ali M. El-Rifaie, Electrical quantities in terms
of the international system of units, in: Processing World Congress
on Engineering 2013 Conference, 3–5 July, London, UK.

[9] Sang Hwa Lee, Kwang Min Yu, Jeon Hong Kang, Mun Seog Kim, Kyu
Tae Kim, A Josephson voltage-traceable DC high-voltage divider
evaluation using the binary step-up method, Measurement 45
(2012) 488–492.

[10] Uncertainty guide to the expression of uncertainty in measurement,
JCGM 100, 2008.

[11] <http://www.ukas.com/library/Technical-information/Pubs-Techni-
cal-Articles/Pubs-List/M3003.pdf>.

http://refhub.elsevier.com/S0263-2241(14)00348-0/h0005
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0005
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0005
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0005
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0005
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0015
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0015
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0020
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0020
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0020
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0020
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0025
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0025
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0025
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0030
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0030
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0030
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0030
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0030
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0035
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0035
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0035
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0045
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0045
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0045
http://refhub.elsevier.com/S0263-2241(14)00348-0/h0045
http://www.ukas.com/library/Technical-information/Pubs-Technical-Articles/Pubs-List/M3003.pdf
http://www.ukas.com/library/Technical-information/Pubs-Technical-Articles/Pubs-List/M3003.pdf

	Traceability of DC high voltage measurements using  the Josephson voltage standard
	1 Introduction
	2 Estimation of the transformation ratio
	3 Calibration of the HP 3458A DVM
	4 Calibration of the KVM100
	5 Calibration results
	6 Conclusion
	References


