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Abstract 
The National Metrology Institute of Colombia (INM) uses high accuracy calibrators (such as Fluke 5720A/5730A) as AC current reference 
standards. We describe the implementation at INM of AC-DC current transfer standards by single junction thermal converters (SJTC) to 
improve the accuracy of AC measurements and give traceability to the International System of Units (SI) within the country. We describe 
the measurement model, present the uncertainty budget estimation accordingly to the Guide to the Expression of Uncertainty in 
Measurement (GUM) and analyze the effect of temperature and electrostatic on measurements. Expanded uncertainties between 68 µA/A 
and 2.6 mA/A were obtained for the calibration of high accuracy calibrators and transconductance amplifiers for currents from 5 mA to 20 
A (40 Hz to 5 kHz). The obtained measurement results are compatible with calibration results from the National Metrology Institutes like 
Centro Nacional de Metrología from Mexico (CENAM) and Accredited International Laboratories like Fluke.      
 
Keywords: AC-DC current transfer standard; single junction thermal converter; thermal current converter, alternating current (AC); 
calibration; traceability. 

 
 

Calibración de fuentes de corriente AC de alta exactitud por medio 
de convertidores térmicos de unión simple en el INM 

 
Resumen 
El Instituto Nacional de Metrología de Colombia (INM) cuenta con calibradores de alta exactitud (como los Fluke 5720A/5730A) como 
patrones de referencia de intensidad de corriente alterna (AC). En este artículo describimos la implementación en el INM de un patrón de 
transferencia de corriente AC-DC basado en convertidores térmicos de unión simple (SJTC) para mejorar la exactitud de las mediciones 
de AC y dar trazabilidad al Sistema Internacional de Unidades (SI) dentro del país. Realizamos una descripción del modelo de medición, 
presentación del presupuesto de incertidumbre de acuerdo con la Guía para la Expresión de la Incertidumbre de Medida (GUM) y un 
análisis de los efectos térmicos y electrostáticos en las mediciones. Se obtuvieron incertidumbres entre 68 µA/A y 2.6 mA/A para la 
calibración de calibradores de alta exactitud y amplificadores de transconductancia, para intensidades de corriente desde 5 mA hasta 20 A 
(40 Hz a 5 kHz). Los resultados de medición obtenidos son compatibles con los resultados de calibración de Institutos Nacionales de 
Metrología como el Centro Nacional de Metrología de México (CENAM) y de Laboratorios Internacionales Acreditados como Fluke. 
 
Palabras clave: patrón de transferencia AC-DC; convertidor térmico de unión simple; convertidor térmico de corriente; intensidad de 
corriente alterna (CA); calibración; trazabilidad. 

 
 
 

1. Introduction 
 
Electrical quantities are quite important in modern life; energy 

production and distribution, air and terrestrial transport industry, 
manufacturing processes, the military industry, research and 
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academy, amongst others, require high accuracy electrical 
measurements. The National Institute of Metrology of Colombia 
(INM) is in charge of industrial and scientific metrology within 
the country, and is responsible for the safekeeping and 
maintenance of measurement standards for physical quantities [1]. 
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Standards for electrical quantities went from electro-
chemical devices in the early twenties to quantum experiments 
in the past decades. In 1988, the CIPM (International Committee 
for Weights and Measures) set exact values for the Josephson 
and Von Klitzing constants (used for establishing the Josephson 
Effect and Quantum Hall Effect as primary standards –quantum 
standards- for DC voltage and DC resistance, respectively) and 
recommended laboratories to base their standards on these 
values with their associated uncertainties from January the 1st, 
1990 [2].  These standards are extremely accurate (with relative 
uncertainties of about 0.001 µV/V [3] for DC voltage and 0.0001 
µΩ/Ω for DC resistance [4]), repeatable and internationally 
available [5]. Electrical quantum standards and the experimental 
progress in determining the fundamental constants [6] has 
played an important role in the new SI revision [7]. 

The Ampere is the base unit of electric current and can be 
derived from the Josephson and Quantum Hall Effects 
(through the Ohm’s ratio between current, resistance and 
Voltage) for DC values, but not for AC. Currently, the link 
between AC electric quantities and the SI units are AC-DC 
Transfer Standards [8]. These standards are based on thermal 
converters (TC) that can have either a single junction (SJTC) 
or multiple junctions (MJTC). A SJTC consist of a heater 
element with a thermocouple attached to its mid-point by a 
small electric insulating bead, placed within a vacuum glass 
as it is shown in Fig. 1.  

The operational principle of transfer standards is based on 
thermal effects; when a known (standard) DC current flows 
through the heater, energy is dissipated in the form of heat and 
the thermocouple measures the temperature as a DC voltage 
output. Then, an unknown AC current is applied and the DC 
voltage response of the thermocouple is also measured as shown 
in Fig. 2. If the RMS (Root Mean Square) value of the applied 
signals is the same, the same power is expected to be dissipated 
on the heater and also the same thermocouple voltage response. 
However, SJTC are affected by thermoelectric effects such as 
Peltier and Thomson heating [9], that causes a deviation from 
the ideal behavior known as the AC-DC transfer difference of 
the thermal converter.  

The combination of a SJTC and a current shunt is known 
as a Thermal Current Converter (TCC), and it can be used to 
calibrate high accuracy instruments, such as calibrators and 
8.5 digit multimeters.  

 

  
Figure 1. Schematic of a Single Junction Thermal Converter (based on [8]) 
and picture of two SJTC in series taken from INM AC-DC current transfer 
standard.  
Source: The Authors 

 
Figure 2. AC-DC Current Transfer Standard operational principle. 
Source: The Authors 

 
 
Currently at INM, AC current is disseminated through 

high accuracy Calibrators -such as Fluke 5720A and 5730A- 
for currents up to 2 A and a Transconductance Amplifier -
Clarke Hess 8100- for currents between 2 A and 20 A. A 
transconductance amplifier is a device capable of delivering 
a current proportional to the input voltage. High accuracy 
instruments in the range from 5 mA to 20 A [10] require 
calibration methods that can provide better uncertainties. The 
AC current calibration of those instruments requires the 
implementation of calibration procedures based on AC-DC 
current transfer standards.  

This research work describes the calibration procedure 
developed by INM based on TCC with SJTC donated by PTB 
(Physikalisch-Technische Bundesanstalt, National 
Metrology Institute of Germany). These TCC have AC-DC 
current transfer differences from 2 µA/A to 27 µA/A with 
uncertainties from 30 µA/A to 120 µA/A, according to 
measurement results from CENAM. The procedure 
described in this work allows the AC current calibration of 
calibrators from 5 mA to 2 A (40 Hz to 5 kHz) with 
uncertainties from 68 µA/A to 151 µA/A, and the calibration 
of transconductance amplifiers from 2 A to 20 A (at 40 Hz to 
5 kHz) with uncertainties from 0.49 mA/A to 2.6 mA/A. The 
calibration procedure also applies for other AC current 
sources that require better uncertainties than the ones 
obtained from a direct measurement with a standard 
multimeter. 

 
2. Materials and methods 

 
This study shows the implementation of two calibration 

setups using SJTC as thermal transfer standards for the 
calibration of high accuracy calibrators and transconductance 
amplifiers. The calibration scope is 5 mA – 20 A (from 40 Hz 
to 5 kHz).  

Environmental conditions are controlled in the laboratory 
to guarantee calibration results. Temperature and relative 
humidity are controlled to 23°C ± 1°C and 45% ± 15% 
respectively. Atmospheric pressure is measured with 
variations within 752 hPa ± 5 hPa. Temperature and relative 
humidity were measured using the Thermo-Hygrometer 
Fluke 1620A and atmospheric pressure was measured by the 
GE Druck DPI 142 Barometric Indicator. 
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Figure 3. Calibration setup for high accuracy alternating current sources 
between 5 mA to 2 A.  
Source: The Authors. 

 
 

 
Figure 4. Calibration setup for high accuracy alternating current sources 
between 2 A to 20 A.  
Source: The Authors. 

 
 

2.1  Calibration setup of high accuracy calibrators 
 
As shown in Fig. 3, this setup is composed of the 

instrument under calibration (IUC), a standard DC current 
source (calibrators Fluke 5720A / 5730A), the set SJTC-
Shunt as the AC-DC current transfer standard (from 5 mA to 
2 A), and a nanovoltmeter (Agilent 34420A) as a standard to 
measure the SJTC output voltage.  

 
2.2  Calibration setup of Transconductance Amplifiers (TA) 

 
This setup, presented in Fig. 4, is composed of the IUC, a DC 

current source standard, the transconductance amplifier Clarke 
Hess 8100, the set of SJTC-Shunt resistor as the AC-DC current 
transfer standard (from 2 A to 20 A) and a nanovoltmeter (Agilent 
34420A) as a standard to measure the SJTC output voltage.  

It is important to note that for both calibration setups, the 
instrument under calibration in its AC current function was used as a 
standard in its DC current function; the DC current standard should 
have better specifications than the unknown AC current source.  

 
2.3  Measurement process 

 
All the equipment was warmed up according to the user’s manual 
recommendations. Setups shown in Fig. 3 and Fig. 4 were carried 

 
Figure 5. Measurement process to calibrate high accuracy AC current 
sources.  
Source: The Authors. 

 
 

out to calculate the AC-DC current transfer difference (𝛿𝛿) of 
the measurement system. 𝛿𝛿  is calculated from the output 
voltage of the SJTC according to the sequence current 
applied as presented in eq. (1); where 𝐼𝐼𝑎𝑎𝑎𝑎1 = 𝐼𝐼𝑎𝑎𝑎𝑎2 = 𝐼𝐼𝑎𝑎𝑎𝑎3 is 
the unknown AC current and 𝐼𝐼𝑑𝑑𝑎𝑎− and 𝐼𝐼𝑑𝑑𝑎𝑎+ are the negative 
and positive reference DC currents applied, equivalent to the 
RMS value of the unknown AC current. Each current is 
applied for 60 s and then the SJTC voltage response is 
registered.  

 
𝐼𝐼𝑎𝑎𝑎𝑎 →  𝐼𝐼𝑑𝑑𝑎𝑎− →  𝐼𝐼𝑎𝑎𝑎𝑎 →  𝐼𝐼𝑑𝑑𝑎𝑎+ → 𝐼𝐼𝑎𝑎𝑎𝑎 (1) 

 
The AC-DC current transfer difference –as a deviation 

from the ideal response of the SJTC– is shown in eq. (2); 
where 𝐸𝐸𝑎𝑎𝑎𝑎���� and 𝐸𝐸𝑑𝑑𝑎𝑎����� are the average SJTC output voltages for 
the applied AC and DC currents from eq. (1), where 𝑛𝑛 is the 
thermal transfer index –a parameter from the model of the 
output voltage of a TC as presented in eq. (14) – and 𝑚𝑚 is the 
number of measurements.     

 

𝛿𝛿 =  
1
𝑚𝑚�

𝐸𝐸𝑎𝑎𝑎𝑎(𝑚𝑚)��������
 
–𝐸𝐸𝑑𝑑𝑎𝑎(𝑚𝑚)��������

𝑛𝑛𝐸𝐸𝑑𝑑𝑎𝑎(𝑚𝑚)��������

𝑚𝑚

𝑖𝑖=1

 (2) 

 
The measurement process is presented in Fig. 5; where 

𝐼𝐼𝑑𝑑𝑎𝑎 is the nominal current applied, 𝐸𝐸1 and 𝐸𝐸2 are the SJTC 
output voltages measured to calculate the 𝑛𝑛 index. A 
LabVIEW application was developed to automate this 
measurement process. This application performs the 
configuration of the instruments, saves calibration data in a 
specified folder and displays a real time graph of the SJTC 
voltage response. A different application was used to register 
environmental conditions.  

 
2.4  Measurement model 

 
According to the International Vocabulary of Metrology 

[11], a measurement model is a mathematical relation 
amongst all quantities known to be involved in a 

SJTC 
Pre-heating  

 

Calculation of 
index 𝑛𝑛 

Measurement 
of AC-DC 

current transfer 
difference 𝛿𝛿  

A DC current 𝐼𝐼1 = 1.005 ∗ (0.99 ∗ 𝐼𝐼𝑑𝑑𝑎𝑎) 
is set for 30 minutes (𝐼𝐼𝑑𝑑𝑎𝑎 < 1 𝐴𝐴) or 1 hour 
(𝐼𝐼𝑑𝑑𝑎𝑎 > 1 𝐴𝐴) to heat the SJTC-Shunt.    

Once the heating time is achieved, 𝐸𝐸1 is 
registered and 𝐼𝐼2 = 0.995 ∗ (0.99 ∗ 𝐼𝐼𝑑𝑑𝑎𝑎) 
is applied for 60 s. Then, 𝐸𝐸2 is measured 
and the 𝑛𝑛 index is calculated according to 
eq. (15) 

SJTC output voltages are registered 
according to the sequence of current 
shown in eq. (1). This sequence is 
repeated 10 times for each current value 
at its corresponding frequency to 
calculate 𝛿𝛿 according to eq. (2). 
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measurement. In this research work, the measurement model 
is defined in eq. (3); where the error 𝐸𝐸 is the measurand –
quantity intended to be measured–, 𝐼𝐼𝑎𝑎𝑎𝑎_𝑖𝑖𝑖𝑖𝑑𝑑 is the value 
displayed by the high accuracy AC current source and 𝐼𝐼𝑎𝑎𝑎𝑎_𝑟𝑟𝑟𝑟𝑟𝑟 
is the reference AC current. 

 
𝐸𝐸 =  𝐼𝐼𝑎𝑎𝑎𝑎_𝑖𝑖𝑖𝑖𝑑𝑑 − 𝐼𝐼𝑎𝑎𝑎𝑎_𝑟𝑟𝑟𝑟𝑟𝑟 (3) 

 
A transconductance amplifier’s output current is defined 

as the product of an input voltage (𝑉𝑉𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎) and the amplifier’s 
transconductance (𝐺𝐺), as shown in eq. (4).  The input voltage 
value should be corrected accordingly to its calibration 
certificate (𝛿𝛿𝑉𝑉𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎).  

 
𝐼𝐼𝑎𝑎𝑎𝑎_𝑖𝑖𝑖𝑖𝑑𝑑 = 𝐼𝐼𝑎𝑎𝑎𝑎_𝑔𝑔𝑟𝑟𝑖𝑖 = 𝐺𝐺 ∗ (𝑉𝑉𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎 + 𝛿𝛿𝑉𝑉𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎) (4) 

 
Eq. (5) is used to determine 𝐼𝐼𝑎𝑎𝑎𝑎_𝑟𝑟𝑟𝑟𝑟𝑟 by using a standard 

DC current source and current thermal transfer standards. 𝛿𝛿 
is the measured AC-DC current transfer difference and 𝛿𝛿𝑎𝑎𝑟𝑟𝑟𝑟𝑐𝑐  
is the difference reported in the calibration certificate.  

 
𝐼𝐼𝑎𝑎𝑎𝑎_𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐼𝐼𝑑𝑑𝑎𝑎���� ∙ (1 + 𝛿𝛿 + 𝛿𝛿𝑎𝑎𝑟𝑟𝑟𝑟𝑐𝑐) (5) 

𝐼𝐼𝑑𝑑𝑎𝑎���� =
(𝐼𝐼𝑑𝑑𝑎𝑎+ − 𝐼𝐼𝑑𝑑𝑎𝑎−)

2  
(6) 

 
𝐼𝐼𝑑𝑑𝑎𝑎���� is the standard DC current calculated as an average 

between the positive and negative corrected DC currents 
(𝐼𝐼𝑑𝑑𝑎𝑎+ and 𝐼𝐼𝑑𝑑𝑎𝑎−) as shown in eq. (6), these values are derived 
from the nominal applied DC current 𝐼𝐼𝑑𝑑𝑎𝑎 with their respective 
errors 𝐸𝐸𝑖𝑖𝑑𝑑𝑎𝑎+ and 𝐸𝐸𝑖𝑖𝑑𝑑𝑎𝑎− as shown in eq. (7) and eq. (8). 

 
𝐼𝐼𝑑𝑑𝑎𝑎+ = 𝐼𝐼𝑑𝑑𝑎𝑎 − 𝐸𝐸𝑖𝑖𝑑𝑑𝑎𝑎+ (7) 
𝐼𝐼𝑑𝑑𝑎𝑎− = −𝐼𝐼𝑑𝑑𝑎𝑎 − 𝐸𝐸𝑖𝑖𝑑𝑑𝑎𝑎− (8) 

 
Replacing eq. (7) and eq. (8) in eq. (6) leads to a 

simplified expression for 𝐼𝐼𝑑𝑑𝑎𝑎���� as shown in eq. (9).   
 

𝐼𝐼𝑑𝑑𝑎𝑎���� =  𝐼𝐼𝑑𝑑𝑎𝑎 −
𝐸𝐸𝑖𝑖𝑑𝑑𝑎𝑎+ − 𝐸𝐸𝑖𝑖𝑑𝑑𝑎𝑎−

2  
(9) 

 
When the standard DC current is set by a 

transconductance amplifier, 𝐼𝐼𝑑𝑑𝑎𝑎+ and 𝐼𝐼𝑑𝑑𝑎𝑎− are defined in 
terms of the amplifier’s transconductance 𝐺𝐺 and the standard 
DC input voltage 𝑉𝑉𝑑𝑑𝑎𝑎  as shown in eq. (10) and eq. (11). 𝐸𝐸𝑉𝑉𝑑𝑑𝑎𝑎+ 
and 𝐸𝐸𝑉𝑉𝑑𝑑𝑎𝑎− are the reported errors of the standard voltage 
source for positive and negative values respectively.    

 
𝐼𝐼𝑑𝑑𝑎𝑎+ = 𝐺𝐺 ∗ (𝑉𝑉𝑑𝑑𝑎𝑎 − 𝐸𝐸𝑉𝑉𝑑𝑑𝑎𝑎+)−𝐸𝐸𝐼𝐼𝑑𝑑𝑎𝑎+ (10) 
𝐼𝐼𝑑𝑑𝑎𝑎− = 𝐺𝐺 ∗ (−𝑉𝑉𝑑𝑑𝑎𝑎 − 𝐸𝐸𝑉𝑉𝑑𝑑𝑎𝑎−)−𝐸𝐸𝐼𝐼𝑑𝑑𝑎𝑎− (11) 

 
Replacing eq. (10) and eq. (11) in eq. (6) leads to a 

simplified expression as shown in eq. (12); where 𝛿𝛿𝐼𝐼𝑑𝑑𝑎𝑎 
represents the uncertainty due to the specifications of the 
standard DC current source and is included just for the 
uncertainty analysis.  

 
𝐼𝐼𝑑𝑑𝑎𝑎���� =  𝐺𝐺𝑉𝑉𝑑𝑑𝑎𝑎 + 𝛿𝛿𝐼𝐼𝑑𝑑𝑎𝑎 −

𝐺𝐺 ∗ (𝐸𝐸𝑉𝑉𝑑𝑑𝑎𝑎+ − 𝐸𝐸𝑉𝑉𝑑𝑑𝑎𝑎−)
2

−
𝐸𝐸𝑖𝑖𝑑𝑑𝑎𝑎+ − 𝐸𝐸𝑖𝑖𝑑𝑑𝑎𝑎−

2
 (12) 

 
In eq. (13), 𝛿𝛿 is defined in terms of 𝐸𝐸𝑎𝑎𝑎𝑎���� and 𝐸𝐸𝑑𝑑𝑎𝑎����� that are 

the SJTC average output voltages for each current applied 

from the sequence presented in eq. (1). 𝐸𝐸𝑎𝑎𝑎𝑎���� and 𝐸𝐸𝑑𝑑𝑎𝑎����� are 
corrected accordingly to the calibration certificate of the 
nanovoltmeter. 

 

𝛿𝛿 =
𝐸𝐸𝑎𝑎𝑎𝑎����� − 𝐸𝐸𝑑𝑑𝑎𝑎�����
𝑛𝑛𝐸𝐸𝑑𝑑𝑎𝑎�����  

(13) 

 
The thermal transfer index 𝑛𝑛 comes from the TC 

thermocouple output voltage model as shown in eq. (14), 𝑘𝑘 is 
a constant that depends on each TC and  𝐼𝐼 is the applied 
current; the theoretical value of 𝑛𝑛 due to Joule heat [12] is 2. 

 
𝐸𝐸 = 𝑘𝑘𝐼𝐼𝑖𝑖  (14) 

 
Clearing 𝑛𝑛 from eq. (14) leads to the expression in eq. 

(15); (18) 𝐸𝐸1 and 𝐸𝐸2 are the SJTC voltage response to the 
input currents 𝐼𝐼1 and 𝐼𝐼2 (as defined in Fig. 5).  

 

𝑛𝑛 =
log �𝐸𝐸1𝐸𝐸2

�

log �𝐼𝐼1𝐼𝐼2
�

 (15) 

 
When a transconductance amplifier is the standard DC 

current source, 𝐼𝐼1 and 𝐼𝐼2 are defined as shown in eq. (16) and 
eq. (17). In this case, 𝑉𝑉1 and 𝑉𝑉2 are the corrected standard 
voltages applied to the amplifier to generate 𝐼𝐼1 and 𝐼𝐼2. 𝛿𝛿𝐼𝐼1 and 
𝛿𝛿𝐼𝐼2 are the DC current correction for 𝐼𝐼1 and 𝐼𝐼2.  

 
𝐼𝐼1 = 𝐺𝐺𝑉𝑉1 + 𝛿𝛿𝐼𝐼1 (16) 
𝐼𝐼2 = 𝐺𝐺𝑉𝑉2 + 𝛿𝛿𝐼𝐼2 (17) 

 
Finally, the measurement model is defined in the general 

form in eq. (18) and eq. (19).   
 

𝐸𝐸 = 𝐼𝐼𝑎𝑎𝑎𝑎_𝑖𝑖𝑖𝑖𝑑𝑑 − 𝐼𝐼𝑑𝑑𝑎𝑎���� ∙ (1 + 𝛿𝛿 + 𝛿𝛿𝑎𝑎𝑟𝑟𝑟𝑟𝑐𝑐) (18) 
 

𝐸𝐸 = 𝐼𝐼𝑎𝑎𝑎𝑎_𝑖𝑖𝑖𝑖𝑑𝑑 − 𝐼𝐼𝑑𝑑𝑎𝑎���� ∙ �1 +
𝐸𝐸𝑎𝑎𝑎𝑎�����

 −𝐸𝐸𝑑𝑑𝑎𝑎�����

𝑛𝑛𝐸𝐸𝑑𝑑𝑎𝑎����� + 𝛿𝛿𝑎𝑎𝑟𝑟𝑟𝑟𝑐𝑐� 
 
(19)  

 
2.5  Uncertainty estimation 

 
The uncertainty budget is estimated accordingly to the 

Guide to the Expression of Uncertainty in Measurement – 
GUM [13]. The combined standard uncertainty of the error in 
the AC current source is defined in eq. (20) and their 
corresponding sensitivity coefficients are presented in Table 1. 

 
𝑢𝑢𝑎𝑎2(𝐸𝐸) = 𝐶𝐶12𝑢𝑢2�𝐼𝐼𝑎𝑎𝑎𝑎_𝑖𝑖𝑖𝑖𝑑𝑑�+ 𝐶𝐶22𝑢𝑢2(𝐼𝐼𝑑𝑑𝑎𝑎����) + 𝐶𝐶32𝑢𝑢2(𝐸𝐸𝑎𝑎𝑎𝑎�����)

+ 𝐶𝐶42𝑢𝑢2(𝐸𝐸𝑑𝑑𝑎𝑎�����) + 𝐶𝐶52𝑢𝑢2(𝑛𝑛)
+ 𝐶𝐶62𝑢𝑢2(𝛿𝛿) + 𝐶𝐶72𝑢𝑢2(𝛿𝛿𝑎𝑎𝑟𝑟𝑟𝑟𝑐𝑐) 

(20) 

 
The standard uncertainty due to 𝐼𝐼𝑎𝑎𝑎𝑎_𝑖𝑖𝑖𝑖𝑑𝑑 is in general zero 

as it corresponds to the setting value of the device under 
calibration. However, when a transconductance amplifier is 
used, other variables play an important role as presented in 
eq. (4) and the uncertainty for the reference voltage source 
should be considered as presented in eq. (21). 𝑢𝑢(𝛿𝛿) is the 
Type A uncertainty and 𝑢𝑢(𝛿𝛿𝑎𝑎𝑟𝑟𝑟𝑟𝑐𝑐) is the uncertainty due to 
traceability where cert stands for calibration certificate.        
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𝑢𝑢2�𝐼𝐼𝑎𝑎𝑎𝑎_𝑖𝑖𝑖𝑖𝑑𝑑� = 𝐶𝐶82𝑢𝑢2(𝑉𝑉𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎) + 𝐶𝐶92𝑢𝑢2(𝛿𝛿𝑉𝑉𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎) (21) 
 
The uncertainty associated with the standard DC current 

𝑢𝑢(𝐼𝐼𝑑𝑑𝑑𝑑���) is presented in eq. (22) for the calibration of high 
accuracy calibrators, and in eq. (23) for transconductance 
amplifiers. This uncertainty estimation is based on the 
models presented in eq. (9) and eq. (12). 𝑢𝑢(𝛿𝛿𝐼𝐼𝑑𝑑𝑎𝑎) in eq. (23) 
is the uncertainty due to the amplifier specification in DC 
current. This variable is used just for the uncertainty 
estimation but not for the 𝐼𝐼𝑑𝑑𝑎𝑎���� calculation.     

 
𝑢𝑢2(𝐼𝐼𝑑𝑑𝑎𝑎����) = 𝐶𝐶102𝑢𝑢2(𝐼𝐼𝑑𝑑𝑎𝑎) + 𝐶𝐶112𝑢𝑢2(𝐸𝐸𝑖𝑖𝑑𝑑𝑎𝑎+)

+ 𝐶𝐶122𝑢𝑢2(𝐸𝐸𝑖𝑖𝑑𝑑𝑎𝑎−) 
(22) 

 
 

𝑢𝑢2(𝐼𝐼𝑑𝑑𝑎𝑎����) = 𝐶𝐶132𝑢𝑢2(𝑉𝑉𝑑𝑑𝑎𝑎) + 𝐶𝐶142𝑢𝑢2(𝛿𝛿𝐼𝐼𝑑𝑑𝑎𝑎)
+ 𝐶𝐶152𝑢𝑢2(𝐸𝐸𝑣𝑣𝑑𝑑𝑎𝑎+) + 𝐶𝐶162𝑢𝑢2(𝐸𝐸𝑣𝑣𝑑𝑑𝑎𝑎−)
+ 𝐶𝐶172𝑢𝑢2(𝐸𝐸𝑖𝑖𝑑𝑑𝑎𝑎+) + 𝐶𝐶182𝑢𝑢2(𝐸𝐸𝑖𝑖𝑑𝑑𝑎𝑎−) 

(23) 

 
The combined standard uncertainty for the thermal 

transfer index 𝑛𝑛 is presented in eq. (24). Note that 
uncertainties associated with the amplifier input voltage eq. 
(16) and eq. (17) should be taken into account for the case of 
transconductance amplifier.        

 
𝑢𝑢2(𝑛𝑛) = 𝐶𝐶192𝑢𝑢2(𝐸𝐸1) + 𝐶𝐶202𝑢𝑢2(𝐸𝐸2) + 𝐶𝐶212𝑢𝑢2(𝐼𝐼1)

+ 𝐶𝐶222𝑢𝑢2(𝐼𝐼2) 
(24) 

 
Finally, the expanded uncertainty was estimated 

accordingly to eq. (25) where 𝑘𝑘 is the coverage factor 
calculated on the basis of the required level of confidence, 
which usually is 95% for a t-Student distribution with 
effective degrees of freedom as presented in eq. (26), the 
Welch-Satterthwaite formula. 

 
𝑈𝑈 = 𝑘𝑘 ∗ 𝑢𝑢𝑎𝑎 (25) 

 
In eq. (26) 𝑢𝑢𝑖𝑖 are the standard uncertainty components from the 

measurement model and 𝑣𝑣𝑖𝑖 their associated degrees of freedom. 
 

𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟 =
𝑢𝑢𝑎𝑎4(𝑦𝑦)

∑ 𝑢𝑢𝑖𝑖4(𝑦𝑦)
𝑣𝑣𝑖𝑖

𝑁𝑁
𝑖𝑖=1

 (26) 

 
3.  Results and discussion 

 
3.1  Measurement results 

 
Measurement results for the calibration of the Fluke 

5720A Calibrator up to 2 A are shown in Table 2. Each 
AC current value was calibrated at 5 different frequencies: 
40 Hz, 55 Hz, 60 Hz, 1 kHz and 5 kHz; however, not all 
of them are presented on the table due to the similarities 
in results obtained at low frequencies. Table 3 shows the 
measurement results for the calibration of the 
transconductance amplifier Clarke Hess 8100 from 2 A to 
20 A. In the analysis below, TUR stands for Test 
Uncertainty Ratio. 

Table 1.  
Uncertainty sources of the measurement model and their corresponding 
sensitivity coefficients.  

Uncertainty 
source Unit Sensitivity Coefficient 

𝐼𝐼𝑎𝑎𝑎𝑎_𝑖𝑖𝑖𝑖𝑑𝑑 A 𝑑𝑑1 = 1 
 

𝐼𝐼𝑑𝑑𝑎𝑎���� A 𝑑𝑑2 = −�1 +
𝐸𝐸𝑎𝑎𝑎𝑎���� − 𝐸𝐸𝑑𝑑𝑎𝑎����
𝑛𝑛𝐸𝐸𝑑𝑑𝑎𝑎���� + 𝛿𝛿𝑎𝑎𝑟𝑟𝑟𝑟𝑐𝑐� 

 

𝐸𝐸𝑎𝑎𝑎𝑎���� V 𝑑𝑑3 = −
𝐼𝐼𝑑𝑑𝑎𝑎����
𝑛𝑛𝐸𝐸𝑑𝑑𝑎𝑎���� 

 

𝐸𝐸𝑑𝑑𝑎𝑎���� V 𝑑𝑑4 =
𝐼𝐼𝑑𝑑𝑎𝑎���� 𝐸𝐸𝑎𝑎𝑎𝑎����

𝑛𝑛𝐸𝐸𝑑𝑑𝑎𝑎����2
 

 

𝑛𝑛 - 𝑑𝑑5 =
𝐼𝐼𝑑𝑑𝑎𝑎���� (𝐸𝐸𝑎𝑎𝑎𝑎���� − 𝐸𝐸𝑑𝑑𝑎𝑎����)

𝑛𝑛2𝐸𝐸𝑑𝑑𝑎𝑎����  

 

𝛿𝛿 𝐴𝐴/𝐴𝐴 𝑑𝑑6 = −𝐼𝐼𝑑𝑑𝑎𝑎���� 
 

𝛿𝛿𝑎𝑎𝑟𝑟𝑟𝑟𝑐𝑐 𝐴𝐴/𝐴𝐴 𝑑𝑑7 = −𝐼𝐼𝑑𝑑𝑎𝑎���� 
 

𝑉𝑉𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎 𝑉𝑉 𝑑𝑑8 = 𝑑𝑑9 = 𝐺𝐺 
 

𝐼𝐼𝑑𝑑𝑎𝑎 𝐴𝐴 𝑑𝑑10 = 1 
 

 
𝐸𝐸𝑖𝑖𝑑𝑑𝑎𝑎+ 

 
𝐴𝐴 𝑑𝑑11 = 𝑑𝑑17 =  −

1
2

 

 
𝐸𝐸𝑖𝑖𝑑𝑑𝑎𝑎− 

 
𝐴𝐴 

𝑑𝑑12 = 𝑑𝑑18 =  
1
2

 
 

𝑉𝑉𝑑𝑑𝑎𝑎 𝑉𝑉 𝑑𝑑13 = 𝐺𝐺 
 

𝛿𝛿𝐼𝐼𝑑𝑑𝑎𝑎 𝐴𝐴 𝑑𝑑14 = 1 
 

𝑬𝑬𝒗𝒗𝒗𝒗𝒗𝒗+ 𝑉𝑉 𝑑𝑑15 = −
𝐺𝐺
2

 
 

𝑬𝑬𝒗𝒗𝒗𝒗𝒗𝒗− 𝑉𝑉 𝑑𝑑16 =
𝐺𝐺
2

 
 

𝐸𝐸1 𝑉𝑉 
𝑑𝑑19 =

𝐸𝐸1−1

𝑙𝑙𝑙𝑙𝑙𝑙 �𝐼𝐼1𝐼𝐼2
�
 

 

𝐸𝐸2 𝑉𝑉 
𝑑𝑑20 =

−𝐸𝐸2−1

𝑙𝑙𝑙𝑙𝑙𝑙 �𝐼𝐼1𝐼𝐼2
�

 

 

𝐼𝐼1 𝐴𝐴 𝑑𝑑21 =
−𝑙𝑙𝑙𝑙𝑙𝑙 �𝐸𝐸1𝐸𝐸2

� (𝐼𝐼1−1)

𝑙𝑙𝑙𝑙𝑙𝑙2 �𝐼𝐼1𝐼𝐼2
�

 

 

𝐼𝐼2 𝐴𝐴 𝑑𝑑22 =
−𝑙𝑙𝑙𝑙𝑙𝑙 �𝐸𝐸1𝐸𝐸2

� (𝐼𝐼2−1)

𝑙𝑙𝑙𝑙𝑙𝑙2 �𝐼𝐼1𝐼𝐼2
�

 

Source: The Authors. 
 
 

3.2  Results compatibility 
 
TUR is a relation between the accuracy of the instrument 

under test and the calibration uncertainty; this parameter is 
used to evaluate if an uncertainty obtained by a given method 
is suitable to calibrate some type of equipment. For our 
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Table 2.  
Measurement results for the calibration of Fluke 5720A calibrator.  

Range Nominal value 
Relative error ± 

expanded uncertainty 
(µA/A) 

TUR 

22 mA 5 mA / 40 Hz 7 ± 74 2.6 
 10 mA / 40 Hz -12 ± 69 2.3 
 20 mA / 40 Hz -13 ± 83 1.7 
 5 mA / 1 kHz 5 ± 74 2.6 
 10 mA / 1 kHz -11 ± 68 2.3 
 20 mA / 1 kHz 7 ± 83 1.7 
 5 mA / 5 kHz -71 ± 74 4.2 
 10 mA / 5 kHz -43 ± 69 3.7 
 20 mA / 5 kHz -3 ± 85 2.7 
220 mA 30 mA / 40 Hz -14 ± 102 2.0 
 100 mA / 40 Hz -22 ± 92 1.6 
 200 mA / 40 Hz -15 ± 94 1.4 
 30 mA / 1 kHz -19 ± 102 2.0 
 100 mA / 1 kHz -21 ± 91 1.6 
 200 mA / 1 kHz -13 ± 95 1.4 
 30 mA / 5 kHz -159 ± 105 3.0 
 100 mA / 5 kHz -81 ± 94 2.5 
 200 mA / 5 kHz -51 ± 97 2.3 
2.2 A 0.3 A / 40 Hz -70 ± 145 2.6 
 1 A / 40 Hz -59 ± 120 2.5 
 2 A / 40 Hz -63 ± 150 1.9 
 0.3 A / 1 kHz -62 ± 145 2.6 
 1 A / 1 kHz -53 ± 120 2.5 
 2 A / 1 kHz -63 ± 150 1.9 
 0.3 A / 5 kHz 147 ± 146 4.9 
 1 A / 5 kHz 107 ± 123 4.3 
 2 A / 5 kHz -33 ± 151 3.3 

Source: The Authors. 
 
 

Table 3.  
Measurement results for calibration of the Clarke Hess 8100 
transconductance amplifier.  

Range Nominal value 
Relative error ± 

expanded uncertainty 
(mA/A) 

TUR 

20 A 

2 A / 55 Hz 0.0 ± 2.6 2.1 
3 A / 55 Hz 0.1 ± 1.9 2.1 
5 A / 55 Hz 0.0 ± 1.2 2.1 
10 A / 55 Hz 0.03 ± 0.72 2.1 
20 A / 55 Hz 0.04 ± 0.49 2.0 
2 A / 60 Hz 0.1 ± 2.6 2.1 
3 A / 60 Hz 0.1 ± 1.9 2.1 
5 A / 60 Hz 0.0 ± 1.2 2.1 
10 A / 60 Hz 0.03 ± 0.72 2.1 
20 A / 60 Hz 0.04 ± 0.49 2.0 
2 A / 400 Hz 0.1 ± 2.6 2.1 
3 A / 400 Hz 0.1 ± 1.9 2.1 
5 A / 400 Hz 0.0 ± 1.2 2.1 

10 A / 400 Hz 0.01 ± 0.72 2.1 
20 A / 400 Hz 0.01 ± 0.49 2.1 

2 A / 1 kHz 0.2 ± 2.6 2.1 
3 A / 1 kHz 0.1 ± 1.9 2.1 
5 A / 1 kHz 0.1 ± 1.2 2.1 
10 A / 1 kHz 0.05 ± 0.72 2.1 
20 A / 1 kHz 0.01 ± 0.49 2.1 
2 A / 5 kHz 0.1 ± 2.6 2.1 
3 A / 5 kHz -0.1 ± 1.9 2.1 
5 A / 5 kHz -0.1 ± 1.2 2.1 
10 A / 5 kHz -0.04 ± 0.72 2.1 
20 A / 5 kHz -0.06 ± 0.49 2.1 

Source: The Authors. 
 
 

measurement results, TUR varied from 1.4 to 4.9, which 
means that the uncertainty obtained is better than the 

specification of the device under calibration. The higher TUR 
was obtained for values at 5 kHz for Fluke 5720A, this is 
because the calibrator specifications are higher at this 
frequency compared to frequencies below 5 kHz. For the 
transconductance amplifier, the calibration uncertainty is, in 
general, two times better than the instrument accuracy 
specifications as shown in Table 3.  

Measurement results were also within specifications for 
all values. Fig. 6 shows the error and its associated 
uncertainty compared to the specifications of the Fluke 
5720A calibrator.  

 

  
Figure 6. Error and its associated uncertainty for 0.3 A / 5 kHz (left) and 200 
mA / 1 kHz (right) for Fluke 5720A.  
Source: The Authors. 

 
 

  
Figure 7. Comparison of calibration results for 20 mA / 1 kHz (left) and 2 A 
/ 5 kHz (right).  
Source: The Authors. 

 
 

Table 4.  
Calibration results reported by CENAM and Fluke and compatibility 
(normalized error 𝐸𝐸𝑖𝑖) with our results.  

Institution Nominal value Relative error ± 
uncertainty (µA/A) 𝐄𝐄𝐧𝐧 

Fluke 20 mA / 40 Hz 0 ± 42 0.14 
 20 mA / 1 kHz 15 ± 42  0.08 
 20 mA / 5 kHz 10 ± 61 0.12 
 200 mA / 40 Hz -10 ± 42 0.05 
 200 mA / 1 kHz 10 ± 56 0.21 
 200 mA / 5 kHz -20 ± 71 0.26 
 2 A / 1 kHz -55 ± 70 0.05 
 2 A / 5 kHz 0 ± 123 0.17 
CENAM 5 mA / 1 kHz -10 ± 53 0.17 
 10 mA / 1 kHz -2 ± 35 0.12 
 20 mA / 1 kHz 8 ± 65 0.00 
 5 mA / 5 kHz -27 ± 53  0.50 
 10 mA / 5 kHz 13 ± 35 0.73 
 20 mA / 5 kHz -5 ± 65 0.03 
 30 mA / 1 kHz -10 ± 65 0.08 
 100 mA / 1 kHz -6 ± 66 0.13 
 200 mA / 1 kHz -3 ± 66 0.08 
 30 mA / 5 kHz -133 ± 65 0.21 
 100 mA / 5 kHz -29 ± 66 0.45 
 200 mA / 5 kHz -8 ± 66 0.37 
 0.3 A / 1 kHz -77 ± 66 0.09 
 1 A / 1 kHz -66 ± 68 0.10 
 2 A / 1 kHz -39 ± 68 0.15 
 0.3 A / 5 kHz 160 ± 66 0.08 
 1 A / 5 kHz 20 ± 68 0.62 
 2 A / 5 kHz -12 ± 68 0.13 

Source: The Authors. 
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The compatibility of the measurement results was 
analyzed by means of the normalized error (𝐸𝐸𝑖𝑖). Table 4 
presents the CENAM and Fluke measurement results and 
normalized errors between those results and the ones 
obtained by the INM for the calibrator Fluke 5720A. We 
obtained 𝐸𝐸𝑖𝑖 less than 1 for all the compared values, which 
means that our results are compatible with the results of 
CENAM and Fluke as shown in Fig. 7.  

No compatibility analysis was performed for calibration 
results of the transconductance amplifier as we do not have 
calibration results from external institutions or National 
Metrology Institutes for this instrument. 

 
3.3  Temperature effects 

 
Measurement results show that the SJTC output voltage and 

temperature measured near the calibration setup are inversely 
related. Fig. 8 and Fig. 9 show the SJTC output voltage response 
to the current sequence applied presented in eq. (1), and the 
temperature variation at calibration setup; a negative linear 
relationship between voltage and temperature is observed. The 
voltage pattern in Fig. 8 shows a voltage drift which may be due 
to the temperature difference between the SJTC internal 
thermocouple and variations in the external temperature. Table 5 
and Table 6 present the maximum temperature delta during 
calibration for different values, the Pearson correlation 
coefficient ρ and the sample Pearson correlation coefficients 𝑟𝑟1 , 
𝑟𝑟2  and 𝑟𝑟3  between a linear regression of temperature, and the 
SJTC output voltage. Noisy SJTC output voltage (signal that 
does not present a periodic response as the signal presented in 
Fig. 8) and measurements with atypical data as shown in Fig. 11 
and Fig. 12 were not included for the correlation analysis.  

Pearson correlation coefficient ρ was calculated between 
the SJTC output voltage data and the data obtained from a 
linear regression of the setup temperature measured during 
calibration. Some values of ρ denoted moderate or even a 
weak linear relationship between voltage and temperature –
for example, results in Fig. 8 have ρ = −0.64 – although it 
is evident that there is a strong negative linear relationship.  

This is because the SJTC output voltage fluctuates due to its AC-
DC current transfer difference. For this reason, sample correlation 
coefficient 𝑟𝑟1  evaluates the correlation between temperature and the 
SJTC output voltage response to 𝐼𝐼𝑑𝑑𝑎𝑎+,  𝑟𝑟2 evaluates the correlation 
between temperature and the SJTC output voltage response to 𝐼𝐼𝑑𝑑𝑎𝑎− 
and 𝑟𝑟3  evaluates the correlation between temperature and the SJTC 
output voltage due to 𝐼𝐼𝑎𝑎𝑎𝑎 according to eq. (1). 

 

 
Figure 8. SJTC output voltage response and temperature during calibration 
(20 mA / 40 Hz).  
Source: The Authors. 

 
Figure 9. SJTC output voltage response and temperature during calibration 
(1 A / 40 Hz).  
Source: The Authors.  

 
 

 
Figure 10. SJTC output voltage response and temperature during calibration 
(20 A / 55 Hz).  
Source: The Authors. 

 
 
For the value 20 mA / 40 Hz 𝑟𝑟1 = 𝑟𝑟2 = 𝑟𝑟3 = −0.99, 

which represents a strong negative linear relationship 
between temperature and voltage. In this case 𝑟𝑟1 , 𝑟𝑟2  and 𝑟𝑟3  
allow a more reliable correlation analysis.     

In some measurements, temperature changed abruptly as 
presented in Fig. 10. In this case, two linear regressions of 
temperature were made: when temperature rises and when 
temperature drops. The arrow shows a change in voltage drift 
when temperature drops. 

Results presented in Table 5 and 6 show that temperature 
variation near the experimental setup led to variations of the 
SJTC voltage drift. Therefore, it is important to avoid 
significant changes in temperature that could lead to changes 
in voltage and the measured AC-DC current transfer 
difference. 

 
Table 5.  
Maximum setup temperature variation and Pearson correlation coefficients 
– Data obtained from calibrator Fluke 5720A calibration.  

Nominal  
Value 

Δ temp. 
(oC) 𝛒𝛒 𝒓𝒓𝟏𝟏 𝒓𝒓𝟐𝟐 𝒓𝒓𝟑𝟑 

5 mA / 40 Hz 0.1 -0.90 -0.96 -0.91 -0.90 
5 mA / 1 kHz 0.04 -0.75 -0.74 -0.74 -0.86 

10 mA / 40 Hz 0.1 -0.96 -0.96 -0.97 -0.98 
10 mA / 5 kHz 0.09 -0.46 -0.90 -0.87 -0.91 
20 mA / 40 Hz 0.09 -0.64 -0.99 -0.99 -0.99 
20 mA / 1 kHz 0.05 -0.08 -0.81 -0.72 -0.73 
20 mA / 5 kHz 0.06 -0.11 -0.82 -0.95 -0.83 
30 mA / 40 Hz 0.08 -0.18 -0.99 -0.98 -0.96 
30 mA / 1 kHz 0.06 -0.18 -0.97 -0.95 -0.95 
100 mA / 1 kHz 0.15 -0.85 -1.00 -0.97 -0.96 
100 mA / 5 kHz 0.09 -0.41 -0.98 -0.94 -0.97 

1 A / 40 Hz 0.11 -0.88 -0.94 -0.97 -0.92 
2 A / 40 Hz 0.16 -0.90 -0.91 -0.90 -0.92 

Source: The Authors. 
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Table 6.  
Maximum temperature variation during measurements and Pearson 
correlation coefficients - Data obtained from Clarke Hess 8100 amplifier 
calibration.  

Nominal  
Value 

Δ temp. 
(oC) 𝛒𝛒 𝒓𝒓𝟏𝟏 𝒓𝒓𝟐𝟐 𝒓𝒓𝟑𝟑 

2 A / 400 Hz 0.33 -0.10 -0.85 -0.77 -0.66 
5 A / 1 kHz 0.88 -0.19 -0.95 -0.92 -0.94 
20 A / 55 Hz 0.47 -0.99 -0.99 -0.99 -0.99 

Source: The Authors. 
 
 

 
Figure 11. Atypical data due to electrostatic effects – Value 5 mA / 60 Hz.  
Source: The Authors. 

 
 

 
Figure 12. Atypical data due to electrostatic effects – Value 300 mA / 60 Hz.  
Source: The Authors.  

 
 

3.4  Electrostatic effects 
 
Measurements show that SJTC are sensitive to 

electrostatic effects; when laboratory staff brought closer to 
the calibration setup, there were changes in the voltage 
measured by the nanovoltmeter from a few microvolts (as 
observed in Fig. 11), to tenths of microvolts (as presented in 
Fig. 12), to even hundreds of microvolts. Electrostatic effects 
lead to atypical data and therefore to an increase of the 
measured AC-DC current transfer difference. A safety 
distance of about 3 m around the calibration setup was 
identified to avoid atypical data. A better alternative such as 
a shielded box could be used to protect the experimental 
setup from electrostatic effects. Measurements within the 
current intervals from 22 mA to 2.2 A show to be sensitive to 
electrostatic effects, more specifically at low frequencies (40 
Hz, 55 Hz and 60 Hz).   

 
3.5  Uncertainty budget analysis 

 
It is important to clearly identify the uncertainty budget 

to determine which uncertainty components are dominant 
and how it is possible to minimize them. The main 
components from the combined uncertainty of the error (eq. 
(20)) were weighted using eq. (27): where 𝑢𝑢𝑖𝑖(%) stands for 
the weight of the corresponding uncertainty component, 𝑢𝑢𝑖𝑖 

the uncertainty component and 𝑑𝑑𝑖𝑖 stands for the sensitivity 
coefficient accordingly to the measurement model from eq. 
(19).   

 

𝑢𝑢𝑖𝑖(%) =
𝑑𝑑𝑖𝑖2 ∗ 𝑢𝑢𝑖𝑖2

∑ 𝑑𝑑𝑖𝑖2 ∗ 𝑢𝑢𝑖𝑖2𝑖𝑖
𝑖𝑖=1

∗ 100 (27) 

 
Fig. 13 shows that for low currents (< 200 mA) the most 

significant uncertainty components were due to the standard 
DC current 𝑢𝑢(𝐼𝐼𝑑𝑑𝑎𝑎����), the AC-DC current transfer difference 
from the calibration certificate of the set SJTC-Shunt 
𝑢𝑢(𝛿𝛿𝑎𝑎𝑟𝑟𝑟𝑟𝑐𝑐) and the standard DC voltage meter 𝑢𝑢(𝐸𝐸𝑜𝑜𝑜𝑜𝑐𝑐) =
𝑢𝑢(𝐸𝐸𝑎𝑎𝑎𝑎����) + 𝑢𝑢(𝐸𝐸𝑑𝑑𝑎𝑎�����). Getting better uncertainties from the 
calibration certificate of the set SJTC-Shunt could lead to a 
global uncertainty reduction. The uncertainty component due 
to the nano-voltmeter was considerable high and it has a 
significant impact on the combined uncertainty.  

Uncertainty due to the estimation of 𝑛𝑛 was negligible for 
all values. Type A uncertainty 𝑢𝑢(𝛿𝛿) has a weight less than 1 
%, at all current intervals; atypical data should be discarded 
as it leads to errors in the measurement (due to an increased 
in 𝛿𝛿), an increase in type A uncertainty and, consequently, 
the expanded uncertainty. 

At higher currents (from 1 A to 20 A), as presented in Fig. 
14, the dominant uncertainty component was due to the 
standard DC current accuracy and its calibration certificate 
uncertainty.  

 
4.  Conclusions 

 
Our measurement results were compatible with 

international results from CENAM and Fluke; this means that 
our results are valid and that INM is able to provide 
traceability to SI for alternating electric current by AC-DC 
current transfer standards. The uncertainties obtained from 5 
mA to 20 A are suitable to calibrate high accuracy AC current 
sources such as calibrators Fluke 5720A and Fluke 5730A, 
and transconductance amplifiers. 

 

  
Figure 13. Uncertainty components for values 5 mA / 40 Hz (left) and 200 
mA / 1 kHz.  
Source: The Authors. 

 
 

  
Figure 14. Uncertainty components for values 1 A / 55 Hz (left) and 20 A / 
5 kHz.  
Source: The Authors. 
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AC-DC current transfer standards are sensitive to ambient 
conditions (such as temperature) and electrostatic effects; in 
general, there is a negative correlation between temperature and 
the SJTC output voltage. Abrupt changes in temperature should 
be avoided as it could change the SJTC output response leading 
to measurement errors. 

Electrostatic effects caused atypical data, it is recommended 
to use a shielding box or a shielding chamber to protect the 
measurement from electrostatic noise. If this is not possible, the 
calibration setup must be away from electrostatic noise sources; 
laboratory staff should be at least 3 m away from the 
measurement setup.    

As SJTC are based on thermal effects, it is also recommended 
to reduce the switching time between the unknown AC current 
and the standard DC current applied to the SJTC. Currently this 
switching time is about 2 s because the calibrator Fluke 5720A 
was both the instrument under calibration and the standard DC 
current. A switching system could improve the performance of 
TCs to a more stable thermal operational condition. 

The measured AC-DC current transfer difference of the 
system was considerable high for some values. This could be 
improved by adjusting the output of the standard DC current 
source so that the SJTC output voltage is quite similar when 𝐼𝐼𝑑𝑑𝑎𝑎 
and 𝐼𝐼𝑎𝑎𝑎𝑎 are applied. This means that 𝐸𝐸𝑎𝑎𝑎𝑎���� and 𝐸𝐸𝑑𝑑𝑎𝑎����� would be so 
close that the uncertainty from the nanovoltmeter certificate 
would not be considered, only the short-term stability uncertainty 
according to the nanovoltmeter specifications will be included. 
This will lead to a reduction in the expanded uncertainty.  

The analysis of the uncertainty weights is a valuable tool to 
identify the dominant uncertainties accordingly to the 
measurement model and gives insights in how to reduce some 
uncertainty components. Fig. 14 shows that uncertainty due to the 
standard DC current source (𝑢𝑢(𝐼𝐼𝑑𝑑𝑎𝑎����)) has a significant impact on 
the uncertainty budget; to reduce this uncertainty component it is 
necessary to characterize the standard DC current source. By 
doing this, 𝑢𝑢(𝐼𝐼𝑑𝑑𝑎𝑎����) could be estimated from a regression model 
instead of using the specification from the current source leading 
to a reduction in the uncertainty.  

Getting a better traceable uncertainty will also lead to a 
reduction in the expanded uncertainty. 

Nowadays, TCC are composed of Planar Multi-junction 
Thermal Converters (PMJTC) with lower AC-DC Current 
Transfer Differences and uncertainties compared to SJTC, due to 
improvements in manufacture, leading to an error reduction 
derived from thermoelectric effects. Although SJTC have shown 
good results for AC current sources calibrations, the use of 
PMJTC would lead to better uncertainties.  

 
References 

 
[1] Ministerio de Comercio, Industria y Turismo. Por el cual se escinden unas 

funciones de la Superintendencia de Industria, y Comercio, se crea el 
Instituto Nacional de Metrología y se establece su objetivo y estructura. [en 
línea]. [Consltado: 09-15-2020]. Disponible en: 
http://www.secretariasenado.gov.co/senado/basedoc/decreto_4175_2011.
html. 

[2] Bureau International des Poids et Mesures – BIPM. Practical realization of 
units for electrical quantities. [Online]. [Accessed: 09-04-2020]. Available 
at: https://www.bipm.org/en/publications/mises-en-pratique/electrical-
units.html.  

[3] Jeanneret, B. and Benz, S., Application of the Josephson effect in electrical 
metrology. The European Physical Journal Special Topics. 172 1), pp. 181-
206, 2009. DOI: 10.1140/epjst/e2009-01050-6 

[4] Klitzing, K.V. Quantum hall effect: discovery and application. Annual 
Review of Condensed Matter Physics. 8(1), pp. 13-30, 2016. DOI: 
10.1146/annurev-conmatphys-031016-025148. 

[5] Fletcher, N., Rietveld, G., Olthoff, J., Budovsky, I. and Milton, M., 
Electrical units in the new SI: saying goodbye to the 1990 values. NCSLI 
measure, The Journal of Measurement Science, 9(3), pp. 30-35, 2014. DOI: 
10.1080/19315775.2014.11721692 

[6] Mohr, P.J., Newell, D.B. and Taylor, B.N., CODATA recommended 
values of the fundamental physical constants: 2014. Journal of Physical and 
Chemical Reference Data, 45(4), pp. 1-74, 2016. DOI: 10.1063/1.4954402 

[7] The General Conference on Weights and Measures (CGPM). On the 
revision of the International System of Units (SI). [Online]. [Accessed 09-
04-2020]. Available at: https://www.bipm.org/en/CGPM/db/26/1/.  

[8] Inglis, B., Standards for AC-DC Transfer. Metrologia. 29(1), pp. 191-199, 
1992. DOI: 10.1088/0026-1394/29/2/007 

[9] Widdis, F.C., The theory of peltier- and thomson-effect errors in thermal 
A.C.-D.C. transfer devices. Proceedings of the IEE - Part C: Monographs. 
109(16), pp. 328-334, 1962. DOI: 10.1049/pi-c.1962.0048.  

[10] Klonz, M. Current developments in accurate AC-DC Transfer 
measurements. IEEE Transactions on Instrumentation and Measurement, 
44(2), pp. 363-366, 1995. DOI: 10.1109/19.377853 

[11] Bureau international des poids et mesures – BIPM. International vocabulary 
of metrology – Basic and general concepts and associated terms (VIM), 
[Online], 2012. [Accessed 09-04-2020]. Available at: 
https://www.bipm.org/utils/common/documents/jcgm/JCGM_200_2012.
pdf.  

[12] Filipski, P.S., AC-DC Thermal transfer standars and calibrations, in: 
International Seminar on Electrical Metrology - VIII SEMETRO, 2009, 
João Pessoa, Brasil. SIM Training and Development on Electrical 
Metrology, João Pessoa, Brasil, 2009. 

[13] Bureau International des Poids et Mesures – BIPM. GUM: Guide to the 
expression of uncertainty in measurement, [Online], 2008. [Accessed 09-
04-2020]. Available at: https://www.bipm.org/ 
utils/common/documents/jcgm/JCGM_100_2008_E.pdf.  

 
 

C. Hernández, was born in Bogotá, Colombia, in 1987. He obtained a BSc. Eng. 
in Electronics Engineering and a MSc. in Electrical Engineering from Universidad 
Nacional de Colombia, in 2010 and 2016 respectively. Carlos focused his research 
work at the university on experimental and modeling of microbial fuel cells. He 
also has experience on solar photovoltaic systems, energy management systems, 
and developing instrumentation for measurement systems. He has worked at the 
academy and the telecommunications sector. In 2018, he joined the INM, at the 
AC and DC current Laboratory. He is currently working with AC-DC transfer 
standards for calibration of high accuracy AC current and voltage standards.  
ORCID: 0000-0002-2740-9880 
 
M. Sáchica, was born in Bogotá, Colombia, in 1987. He obtained the BSc. Eng. 
in Electronics from the District University Francisco José de Caldas, Bogotá, in 
2009, and the Sp. in Industrial Process Automation from the University of Los 
Andes, Bogotá, in 2012. In 2010, he joined the Metrology Group, from the 
Superintendence of Industry and Commerce, Bogotá (reorganized into the 
National Metrology Institute of Colombia, Bogotá, in 2011). In 2011 and 2012, he 
developed automation systems in hydrocarbon pumping stations. Since 2013, he 
has been with the National Metrology Institute of Colombia, where he has been 
involved in electrical metrology. 
ORCID: 0000-0003-3148-1153 
 
A. Martínez, was born in Bogotá, Colombia, in 1966. He obtained the BSc. in 
Physics from the Universidad Nacional de Colombia, Bogotá, in 1993. In 1994 he 
joined the Metrology Group, from the Superintendence of Industry and 
Commerce, Bogotá, where he was responsible for establishing the national voltage 
and resistance standards and since then has been involved in metrology and 
uncertainty measurement research. In 2012, he joined the National Metrology 
Institute of Colombia (INM), Bogotá, where he is the Coordinator of electrical 
metrology, temperature and humidity laboratories. He is the Second Team Leader 
of the INM Research Group in the development of measurement standards. 
ORCID: 0000-0002-9518-2454 


	1. Introduction
	2. Materials and methods
	2.1  Calibration setup of high accuracy calibrators
	2.2  Calibration setup of Transconductance Amplifiers (TA)
	2.3  Measurement process
	2.4  Measurement model
	2.5  Uncertainty estimation

	3.  Results and discussion
	3.1  Measurement results
	3.2  Results compatibility
	3.3  Temperature effects
	3.4  Electrostatic effects
	3.5  Uncertainty budget analysis

	4.  Conclusions
	References

