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Abstract—To assess the reliability of DC energy measurement 

equipment on board trains, a setup was developed to characterize 

current transducers under realistic operating conditions. The 

operating principle is based on a current ratio measurement 

technique. The reference sensor is a high-precision zero-flux 

current transducer in combination with a broadband high-

precision current shunt. The influence of AC distortion on this 

reference sensor was found to be within a few parts in 106 using an 

initial version of the setup, in which AC distortion was applied 

through a separate winding.  

A revised version of the setup employs a programmable 

electronic load to apply dynamic currents up to 600 A. The setup 

was used to characterize a 100 μΩ high-current shunt resistor. The 

effect of dissipative heating on the DC transresistance error was 

around 0.03 %, with a settling time of about half an hour. The 

short-term intrinsic current dependence was also around 0.03 %. 

The effect of AC distortion was within a few parts in 106. The 

intrinsic current dependence and the onset of the heating effect 

were also observed when exposing the sensor to a dynamic current 

profile that was recorded during a trip between two successive 

underground train stations on Metro de Madrid. 

These results demonstrate that the setup described in this paper 

is very effective for characterizing DC current sensors for 

practical railway applications. Future work will concentrate on 

even more demanding current signals, such as chopped signals, 

and on other types of sensors and measurement systems. 

 
Index Terms—Current measurement, current sensors, current 

transducers, measurement standards, measurement techniques, 

measurement uncertainty, precision measurements 

 

I. INTRODUCTION 

ARKET liberalization in railway transportation and the EU 

target of 50 % reduction of CO2 emission by 2030 have 

set the need to accurately measure the energy consumption of 

individual trains. In railway systems, energy reduction can be 

realized by different means, such as regenerative braking, 

energy-efficient driving, reduction of traction losses, 

optimization of comfort functions, energy metering, smart 

power management and renewable energy micro-generation 

[1]. In all cases, accurate and reliable measurement of the 

amount of consumed, regenerated or stored energy is essential 

to quantify the actual reduction obtained. 

European legislation requires that energy billing is based on 

measurement equipment on board trains by 2019 [2]. However, 
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due to harsh operating conditions such as arcing caused by non-

ideal pantograph to overhead line contacts, extreme 

temperatures, and rapid acceleration and deceleration of the 

train, accurately measuring the current on-board trains is 

challenging. These harsh conditions create all kinds of electrical 

distortion influencing the measurement of electrical parameters 

on board trains.  

The so-called energy measurement function (EMF) that 

should be implemented on board trains provides the 

measurement of the consumed and regenerated energy of a 

traction unit, as set out in [3]. The EMF consists of a voltage 

measurement function, a current measurement function and an 

energy calculation function. The voltage and current 

measurement functions include voltage and current transducers, 

respectively, as well as data-acquisition units. This paper 

focuses on the current measurement function for DC traction 

supply systems, that measures the DC current taken from and 

returned to the contact line system.  

To verify and test current measuring equipment under 

realistic operating conditions as described above, a traceable 

measurement setup is developed to calibrate and characterize 

DC current sensors, or complete DC current measurement 

chains, under adjustable non-ideal conditions. Using this setup, 

non-ideal operating conditions can be simulated for railway 

applications, but also for other electrical systems used in 

transportation, such as for aircraft, ship propulsion or road 

vehicles. 

Literature shows that monitoring of dynamic and highly 

distorted signals for AC or DC high-current applications has 

been investigated before (see, e.g., Refs. [4]-[7]). Nevertheless, 

no reference setup has been developed to provide traceability to 

international measurement standards for calibrations of the 

equipment used to measure such dynamic and distorted signals. 

Until now, traceable calibration systems for high-current 

measurement systems have only been presented for static 

signals (see, e.g., Refs. [8],[9]). For example, work on a testbed 

like the system described in this paper, which has been 

performed in parallel recently [6], does not show traceability of 

the reference current sensor under distorted conditions. 

In previous work [10], a setup was described comparing two 

transducers measuring the same DC current, whereas one was 

exposed to a superimposed AC ripple distortion as well. In this 

paper we explain how the results are used to extend the setup to 

include more general non-ideal signals. The operating principle 

of the setup is explained, and its capabilities are demonstrated. 
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Measurement results are presented characterizing a DC high-

current shunt by means of direct comparison to a high-precision 

reference sensor.  

II. CURRENT SENSORS 

A. Types of current sensors 

Two types of current sensors can be distinguished. The first 

type of sensor converts current to voltage, such as for example 

a current shunt for DC systems, or a Rogowski coil for AC 

systems. For these types of sensors, the transresistance or 

transimpedance value is the relevant parameter to be 

determined, defined as the ratio between the output voltage and 

the input current for DC or AC systems, respectively. 

The second type of sensor converts a high input current to a 

much lower output current, such as for example a zero-flux 

current transducer [11] with current output for DC systems, or 

a current transformer for AC systems. For these types of 

sensors, the current ratio between input (or primary) current and 

output (or secondary) current is the relevant parameter to be 

determined. For these current-to-current transducers, an 

auxiliary high-precision current shunt can be used to convert 

the secondary current to voltage to be able to perform accurate 

measurements, or for direct comparison to current-to-voltage 

sensors. For simplicity, in this paper the combination of a 

current-to-current sensor and an auxiliary current shunt will be 

considered a current-to-voltage sensor. 

B. Definition of the measurand 

In this paper, the error is the deviation from the nominal 

value of the current ratio or transresistance, expressed as a 

relative value with respect to the nominal value. For a current-

to-current sensor that converts a primary current 𝐼𝑝 to a 

secondary current 𝐼𝑠, the current ratio error is defined as 

ε =
𝑛 ∙ 𝐼𝑠

𝐼𝑝

– 1 , (1) 

where 𝑛 is the nominal current ratio of the current sensor. The 

transresistance error of a current-to-voltage sensor, that 

converts an input current 𝐼𝑖𝑛 to an output voltage 𝑉𝑜𝑢𝑡, is 

defined as 

ε =
𝑉𝑜𝑢𝑡

𝑅𝑛𝑜𝑚 ∙ 𝐼𝑖𝑛

– 1 , (2) 

where 𝑅𝑛𝑜𝑚 is the nominal transresistance value of the sensor.  

In case of a current-to-voltage sensor that is compared to a 

current-to-current sensor, the same input or primary current 𝐼𝑖𝑛 

or  𝐼𝑝 is sent through both sensors in series. Hence, from the 

definitions (1) and (2) one can derive that the error of the device 

under test (DUT), 𝜀𝑑𝑢𝑡, can be expressed in terms of the ratio 

of the two measured secondary currents 𝐼𝑠
𝑟𝑒𝑓

 and 𝐼𝑠
𝑑𝑢𝑡 or output 

voltages 𝑉𝑜𝑢𝑡
𝑟𝑒𝑓

 and 𝑉𝑜𝑢𝑡
𝑑𝑢𝑡, the nominal current ratios of the 

reference sensor and the sensor under test 𝑛𝑟𝑒𝑓 and 𝑛𝑑𝑢𝑡 or the 

nominal transresistance values 𝑅𝑛𝑜𝑚
𝑟𝑒𝑓

 and 𝑅𝑛𝑜𝑚
𝑑𝑢𝑡 , and the error of 

the reference sensor, 𝑟𝑒𝑓. For the situation described in this 

paper, in which a current-to-voltage sensor is compared to a 

current-to-current sensor, the corresponding equation reads 

𝑑𝑢𝑡 = 1 –  𝑛𝑟𝑒𝑓 · 𝑅𝑛𝑜𝑚
𝑑𝑢𝑡 ∙

𝐼𝑠
𝑟𝑒𝑓

𝑉𝑜𝑢𝑡
𝑑𝑢𝑡 + 𝑟𝑒𝑓 , (3) 

where the equality holds up to first order in the ratio errors. 

Hence, the transresistance error of the sensor under test can be 

read directly from the measured ratio of the secondary current 

and output voltage after a simple correction for the ratio error 

of the reference sensor. Note that (3) can be rewritten as  

𝑑𝑢𝑡 = 1 –
𝑅𝑛𝑜𝑚

𝑑𝑢𝑡

𝑅𝑛𝑜𝑚
𝑟𝑒𝑓

∙
𝑉𝑜𝑢𝑡

𝑟𝑒𝑓

𝑉𝑜𝑢𝑡
𝑑𝑢𝑡 + 𝑟𝑒𝑓 , (4) 

where now the combination of the current-to-current reference 

sensor and the auxiliary current shunt resistor 𝑅𝑎𝑢𝑥 is 

considered a current-to-voltage sensor having a transresistance 

equal to 𝑅𝑛𝑜𝑚
𝑟𝑒𝑓

=  𝑅𝑎𝑢𝑥 / 𝑛𝑟𝑒𝑓. 

III. MEASUREMENT SETUP FOR STATIC SIGNALS 

A. Principle of operation 

The basis of the measurement setup to characterize DC 

current sensors under distorted operating conditions lies in a 

current ratio measurement technique initially developed for 

comparing AC current transformers [8]. The operating principle 

of the setup is to compare the sensor under test to a reference 

sensor that is calibrated using a primary reference setup [9] and 

therefore traceable to international measurement standards. 

When the two sensors are connected in series to measure the 

same input current, the ratio of their output voltages can be used 

to determine the transresistance error of the sensor under test by 

means of equation (4). The harsh operating conditions can be 

mimicked by applying various non-ideal test signals. 

In the initial version of the setup, only static test signals can 

be applied, composed of a DC current with or without AC 

distortion [10]. Furthermore, the sensor under test needs to 

 

 

 

Fig. 1:  Schematic of the initial measurement setup to compare two current 

sensors, labeled 1 and 2, at a DC current IDC with AC distortion IAC. Both sensors 
consist of a zero-flux current transducer, with NP-turns primary winding and 

NS-turns secondary winding, in combination with an auxiliary broadband high-

precision shunt resistor (RS). The AC distortion is applied through a separate 
NT-turns primary winding. The output voltage of both sensors is measured using 

a high-precision digital voltmeter (DVM). 
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contain a zero-flux current transducer when AC distortion is 

applied. The corresponding schematic is shown in Fig. 1. The 

DC primary current is generated by means of a 100 A DC 

current source and is applied to the primary winding of the two 

sensors to be compared. The AC distortion is induced using a 

separate winding through the sensor under test.  

B. Sampling ratio measurements 

The ratio of the output voltages of the two sensors to be 

compared is measured using two high-precision digital 

voltmeters (DVM), either in DC voltage mode for DC voltages, 

or in sampling mode using an asynchronous sampling 

technique [12] when measuring AC distorted signals.  

For AC distorted signals the DC component is defined as the 

zero-frequency component of the Fourier spectrum, which is 

equal to the average of all samples in the sampling time 

window. To avoid spectral leakage and thus low-frequency AC 

modulation of the DC component and measurement errors, the 

signal is resampled using spline interpolation at a rate that is an 

integer multiple of the repetition rate of the AC distortion 

waveform. 

When using the asynchronous sampling technique, the 

aperture time of the sampling voltmeters used is set to 100 μs 

with a sampling rate of 8 kS/s, taking 12000 samples in a single 

reading using a moving average of 10 readings. In DC voltage 

mode, 3 measurements are performed per second.  

Using asynchronous sampling, the voltage ratio can be 

determined with an accuracy of better than 2 parts in 106, which 

is limited by the linearity of the voltmeters [8]. 

C. Current sensors to be compared 

The sensor under test in this initial setup, labeled 1 in Fig. 1, 

is in fact meant to be used as reference sensor in a revised setup 

as described in the next chapter, allowing for different 

distortion signals and other types of transducers. This sensor is 

a high-precision zero-flux current transducer with a nominal 

ratio of 1500:1, a 900 A maximum primary current and 1 MHz 

bandwidth, in combination with a broadband 1 A current shunt 

to convert the output current to voltage. The DC current ratio of 

this zero-flux current transducer and the intrinsic current 

dependence over a wide range of input currents were 

determined with an accuracy of 1 μA/A (k = 2) using a direct 

current comparator bridge that is originally designed for high-

current low-resistance calibrations [9]. The broadband 1 A 

current shunt was designed to have very low AC-DC difference 

for frequencies up to 100 kHz [13] and calibrated at DC using 

standard resistance calibration techniques with an accuracy of 

better than 1 μΩ/Ω (k = 2). The high bandwidth of both zero-

flux current transducer and current shunt are necessary to allow 

for dynamic current signals, as further discussed in Section V.  

As a second sensor, labeled 2 in Fig. 1, a similar zero-flux 

current transducer is used with a nominal ratio of 600:1 and 

60 A maximum primary current, in combination with a 

broadband high-precision 100 mA current shunt. This zero-flux 

current transducer is stable within the time of measurement, but 

only accurate to the level of 200 μV/V. This sensor is used as a 

stable reference for this measurement to verify the behavior of 

the first transducer under AC distortion. 

The major difference in nominal operating currents of the two 

transducers is largely compensated by looping the DC primary 

conductor 10 times through the primary winding of the first 

transducer. DC currents up to 60 A are then sent through the 10-

turns primary winding of the latter transducer (effectively 

resulting in primary DC currents up to 600 A) and through the 

single-turn winding of the second transducer.  

The AC distortion, with effective rms magnitudes up to 24 A, 

is applied exclusively to the first transducer by means of a 

separate 24-turns winding. An isolation transformer is used to 

avoid possible DC offsets in the AC circuit that would not be 

sensed by the second transducer, thus erroneously changing the 

ratio of the DC output readings. 

IV. RESULTS OF THE SETUP FOR STATIC SIGNALS  

For the setup indicated in Fig. 1, AC distortion signals were 

applied with rms magnitudes of 24 A for frequencies up to 

1 kHz, whereas for higher frequencies the rms magnitude was 

decreased to 8 A at 3 kHz to satisfy the compliance limit of the 

transconductance amplifier used to generate the distortion 

current. Measurements were performed at different frequencies 

for effective DC currents of 600 A and 100 A. The same AC 

distortion current is used in both cases, such that for the DC 

current of 600 A the relative level of distortion is 6 times lower 

than for 100 A (i.e., 4 % as compared to 24 %, respectively). 

The transresistance error due to the AC distortion current on 

the DC output voltage of the reference transducer is presented 

in Fig. 2. The error bars show the standard deviation of the 

mean when using the moving average of the individual 

readings. When applying a DC current of 600 A, the AC 

distortion seems to have negligible effect, as can be seen in the 

   

   
Fig. 2. Relative effect of an AC distortion current on the DC output voltage 
of the reference transducer for a DC current of 600 A (upper curve) and 100 A 

(lower curve). The same AC distortion current is applied in the two cases. 
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upper graph in Fig. 2. When reducing the applied DC current to 

100 A and keeping the same amplitude of the AC distortion, 

however, a minor effect can be observed in the lower graph, 

though without a clear trend.  

From these observations, it can be concluded that the 

influence of severe AC distortion on the DC output reading of 

the reference transducer is within 5 parts in 106.  

The total uncertainty of the reference transducer when used 

under distorted conditions is determined by the DC calibration 

using the primary reference setup [9], the influence of the AC 

distortion as described in this Section, the accuracy of the 

voltmeter ratio, and the standard deviation of the measurements 

(type A uncertainty). The total uncertainty budget for a DC 

input current of 600 A is shown in Table I; the total expanded 

uncertainty is 6.5 µΩ/Ω (k=2). For DC currents down to 100 A 

the total uncertainty will be slightly larger, but still well within 

10 µΩ/Ω (k=2).  

V. MEASUREMENT SETUP FOR DYNAMIC SIGNALS 

A. Principle of operation 

The idea of the improved setup is to be able to measure 

current sensors not exclusively based on zero-flux current 

transducers. At the same time, by means of this setup one 

should be able to apply a broader range of test signals. The 

operating principle and the sampling technique is similar to the 

initial setup described in Section III. 

Fig. 3 shows the schematic of the revised measurement 

setup. The DC primary current 𝐼𝑝, sent through the two sensors 

to be compared, is generated by means of a 900 A high-power 

DC current source and modulated using a programmable DC 

electronic load 𝑍𝑙𝑜𝑎𝑑  that is connected in series. The load can 

be programmed to simulate various load profiles with unipolar 

currents up to 600 A with frequency components up to 20 kHz. 

Examples relevant for railway applications are DC current with 

AC distortion (ripple), DC current varying with time, or user-

defined waveforms. In this way, the device under test can be 

characterized under conditions that resemble normal operation 

conditions for the current sensor, found in traction units or in 

other electrical systems in transportation applications. 

Please note that by adapting the setup, any combination of 

current-to-current and current-to-voltage sensors can be 

compared by adding or removing proper auxiliary high-

precision shunts. In fact, even complete current measuring 

systems including readout ammeter or voltmeter can be 

characterized when leaving out the second DVM. 

B. Current sensors to be compared 

In this paper, the working principle of the revised 

measurement setup will be demonstrated using the setup shown 

in Fig. 3. The current sensor under test in this case is a high-

current shunt with resistance 𝑅𝑑𝑢𝑡 of nominally 100 μΩ, 

designed for operation for currents up to 300 A and equipped 

with an active cooling fan.  

The reference current sensor in the revised setup is the 

combined zero-flux current transducer and auxiliary high-

precision current shunt 𝑅𝑎𝑢𝑥 investigated in the previous 

chapter. Since in this study the typical currents are a few times 

smaller than the 900 A maximum input, a two-turn primary 

winding is used to increase the effective input current to 600 A 

when applying 300 A to the shunt under test, for two reasons, 

i.e., for demonstrating operation of the setup for currents up to 

600 A, and for increasing the sensitivity of the sensor. 

VI. RESULTS OF THE SETUP FOR DYNAMIC SIGNALS 

Various measurements have been performed to characterize 

the current shunt under test, as described more extensively in a 

separate publication [14]. These measurements were designed 

to isolate the influence of the stability of the shunt, intrinsic 

current dependence, response to dynamic loading, and the 

effect of AC distortion.  Specific tests for other applications, 

such as using chopped signals, can be performed as well. 

To calibrate the transresistance value of the current shunt 

under test and to investigate the possible effect of self-heating, 

the transresistance error is measured at a DC current of 270 A. 

As can be seen in Fig. 4, after settling for about half an hour, 

the final value is about 0.03 % lower than the value found 

directly after switching on the current. By investigating the 

corresponding individual current recordings of the two sensors, 

it is observed that the drift is caused by the shunt, whereas the 

reference sensor shows no drift at all, as expected. Note that this 

effect of self-heating is adjacent to the influence of the external 

temperature, which is less than 5 parts in 106 per degree Celsius 

according to the manufacturer specifications, corresponding to 

another 0.03 % for a realistic temperature range between -20 C 

and +40 C. 

Table I: Uncertainty budget of the reference sensor at 

600 A DC when used under distorted conditions. 

Uncertainty 

component 

Uncertainty 

contribution 

(µΩ/Ω) 

k-

factor 

Standard 

uncertainty 

 (µΩ/Ω) 

Primary standard 1.0 2 0.5 

Effect AC distortion 5.0 3 2.9 

Voltmeter ratio 2.0 3 1.2 

Standard deviation 2.5 1 2.5 

Total (k=2) 6.5 2 3.3 

 

 

 
 

Fig. 3:  Schematic of the measurement setup to characterize a DC current sensor 

using dynamic current signals. The device under test here is a high-current shunt 
(Rdut). The reference current sensor consists of a zero-flux current sensor in 

combination with an auxiliary high-precision shunt resistor (Raux). 
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In a separate measurement, the current dependence caused by 

intrinsic properties of the shunt other than dissipation has been 

determined. To do so, the electronic load is programmed with a 

chopped current profile in which the current is alternately 

switched on for 5 seconds and switched off for 10 seconds. The 

current level is increased by 30 A with each step to a maximum 

of 270 A. The whole sequence is repeated 5 times, with several 

minutes in between. From the results, shown in Fig. 5, it can be 

seen that the transresistance error increases with decreasing 

current. The largest error deviates by 0.03 % from the smallest 

error measured at the largest current, which resembles the value 

obtained before the heating sets in (as can be read from Fig. 4). 

The standard deviation of the measurements, shown as error 

bars in the figure, is typically a few parts per million only, 

which is not noticeable in the figure. 

To mimic realistic operating conditions, a waveform is used 

that resembles the power consumption of a real traction unit. 

For this measurement we used current data recorded at the 

pantograph of a traction unit traveling between successive 

underground stations of Metro de Madrid. The corresponding 

loading patterns are programmed into the memory of the 

electronic load. Both sensors can follow the dynamic behavior 

of the current. As expected, Fig. 6 reveals that the 

measurements resemble the behavior observed in Fig. 5, that is, 

the error increases with decreasing current. The onset of the 

heating effect can also be observed between 33 s and 43 s, in 

which the applied current is approximately constant whereas 

the transresistance error shows a minor decrease. Hence, the 

effect of the dynamics of the current waveform are covered by 

the effect of dissipation and the intrinsic current dependence 

already investigated. Alternatively, one might argue that when 

calibrating the current shunt under realistic dynamic conditions, 

the effect of dissipation and intrinsic current dependence are 

included. Note that this observation can be considered a cross-

check of the ability of the reference sensor for correctly 

measuring dynamic DC signals. 

To determine the effect of AC distortion on the current 

shunt, the electronic load is programmed with DC signals with 

and without additional AC component. From the measurements 

described in the previous section it was concluded that the 

sensor used as reference in the revised measurement setup is not 

influenced by AC distortions to within a few parts in 106. From 

the measurements described here it was found that, to within 

the error bars representing the standard deviation of the 

measurements of a few parts in 106, the current shunt under test 

shows no dependence on the frequency or amplitude of the AC 

distortion either. 

The total uncertainty of the transresistance ratio of the current 

shunt under test when used under realistic conditions is 

determined by the reference sensor (Table I), dissipation, 

intrinsic current dependence, the influence of AC distortion, the 

accuracy of the voltmeter ratio, the temperature dependence, 

and the standard deviation of the measurements (type A 

uncertainty). The total uncertainty budget for a DC input 

current of 270 A is shown in Table II; the total expanded 

uncertainty is 0.05 % (k=2). For DC currents down to 30 A the 

total uncertainty will be similar. Note that if this current shunt 

is used in real railway applications, another 0.03 % (rectangular 

distribution) needs to be added due to its temperature 

coefficient of resistance. 

VII. SUMMARY AND CONCLUSIONS 

A measurement setup has been realized to characterize the 

DC output error of current sensors under realistic operating 

conditions for railway applications. In the initial setup, suitable 

only for static signals and for sensors containing zero-flux 

current transducers, an AC distortion was applied through a 

separate winding. This setup was used mainly to prove that the 

 

Fig. 4:  Measured transresistance error of the current shunt under test as a 

function of time after applying a static DC current of 270 A. 

 

Fig. 5: Measured transresistance error of the current shunt under test as a 

function of applied DC current for the chopped waveform described in the text.  

 

Fig. 6:  Measured transresistance error of the current shunt under test (black 
line, left axis) during a simulated segment of a trip of an underground traction 

unit with the corresponding DC current applied (grey line, right axis).  
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reference sensor used in a revised version of the setup, based on 

a programmable electronic load, was immune to AC distortion 

to within a few parts in 106. The total uncertainty of the 

reference sensor was found to be smaller than 10 µΩ/Ω (k=2).  

The revised setup employs a programmable electronic load, 

which makes it suitable to apply dynamic signals. The setup can 

deal with different types of current sensors or even complete 

current measurement systems. The current sensor under test is 

compared to a reference sensor, consisting of a high-precision 

zero-flux current transducer in combination with a broadband 

high-precision shunt resistor. Distorted operating conditions 

can be simulated for currents up to 600 A. 

For the specific sensor under test in this paper, a 100 μΩ 

high-current shunt designed for measurements with currents up 

to 300 A, the longer-term effect of dissipative heating was 

found to be around 0.03 % for an applied DC current of 270 A. 

The short-term intrinsic current dependence was found to be 

around 0.03 % as well when comparing the error at currents 

down to 30 A to the error determined at 270 A. The effect of 

AC distortion on the DC transresistance error was found to be 

within a few parts in 106, which is negligible when comparing 

to the other effects. The intrinsic current dependence and the 

onset of the heating effect were also observed when exposing 

the sensor to a dynamic current profile that was recorded during 

a trip between two successive underground train stations from 

Metro de Madrid. The total uncertainty of the reference sensor 

was found to be smaller than 0.05 % (k=2). However, it should 

be noted that the temperature in the laboratory was (23.0 ± 

0.5) C and the shunt was equipped with a cooling fan, whereas 

in practical railway applications the temperature can vary 

between, say, -20 C and +40 C, and active cooling of the 

shunt might be absent or less effective. 

The observed transresistance error of the high-current shunt 

investigated in this paper was around 0.10 %. The accuracy of 

the total energy measurement function of railway traction units, 

including current and voltage measurement and energy 

calculation, needs to be on the order of 0.2 % to 1 % [3]. Hence, 

when taking the uncertainty into account as well, the shunt 

under investigation would be just satisfactory for most metering 

applications on-board trains.  

The effect of AC distortion on the error of the shunt is shown 

to be negligible. It should be noted, however, that AC ripple 

might still influence the complete current measurement system. 

Modulation and spectral leakage might disturb the reading of 

the meter if it is not configured correctly. However, in this paper 

the focus is on current sensors only and the investigation of 

complete current measuring systems is left for future work.  

From the results presented here, we conclude that the setup 

described in this paper is very useful for characterizing DC 

current sensors for practical railway applications under realistic 

distortion conditions. Whereas in this paper the emphasis is on 

traceability of the measurements including uncertainty analysis, 

details on the use of the setup for practical applications are 

described more extensively elsewhere [14]. Future work will 

concentrate on even more demanding current signals such as 

chopped signals, and on the characterization of other types of 

transducers and complete current measurement systems. 
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