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Accurate DC Current Ratio Measurements
for Primary Currents up to 600 A

Gert Rietveld, Senior Member, IEEE, Jan H. N. van der Beek, and Ernest Houtzager, Senior Member, IEEE

Abstract— A setup based on a direct current (dc) comparator,
typically employed in high-current low-resistance calibrations,
has been developed for the accurate calibration of dc current
ratios for dc currents up to 600 A. For primary currents
above 100 A, multiple turns of the primary conductor are made
through the device under test. A full uncertainty analysis reveals
that the 1 part in 10° total expanded uncertainty (k = 2) in a
calibration of a zero-flux device is limited by the behavior of the
device, in particular the instability and sensitivity to the position
of the primary current conductor.

Index Terms— Current comparator, current measurements,
current scaling, current transformers, dc current, measurement
uncertainty, metrology, precision measurement.

I. INTRODUCTION

CCURATE measurements of large direct current (dc)

are important for heavy industry, where high dc cur-
rents are, for example, used in production of aluminum and
other electrochemical processes. Another important applica-
tion is metering in dc electricity grids. High voltage dc links
are increasingly being used to transport large amounts of
energy over long distances and for connecting islands and
offshore wind parks to the main electricity grid via under-
water cables [1]. Furthermore, dc currents are used in science,
especially for the generation of very strong magnetic fields,
such as used at Conseil Européen pour la Recherche Nucléaire.
Control of these fields requires dc current measurements at the
best uncertainty levels [2]-[4].

A frequently used method for the accurate measurement of
dc currents relies on shunts: low-ohmic resistors with down
to uQ values that convert the dc current into a dc voltage.
The problem with this approach is heating of the shunt due to
power dissipation of the high current that is to be measured.
When using this approach in practice, a balance needs to
be found between a significant signal voltage and limited
power dissipation [5]. Especially for very large dc currents
this becomes a problem since the output voltage scales linearly
with current whereas the dissipation increases with the square
of the current.

A second method for the accurate measurement of large
dc currents scales this current down to lower values using a
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dc current transformer (DCCT) [6], [7]. This smaller current
then again can be converted to a voltage, however, now a
higher ohmic resistor can be used with less dissipation in the
resistor. Presently, several commercial devices are available
based on the DCCT technique [8]." This technique allows
for reaching relative accuracies in the parts per 10° range,
with even better nonlinearities. For calibration of such devices,
reference setups with uncertainties of 1 part in 10° or better
are required.

This paper describes a new facility for accurate calibration
of commercial DCCTs and other dc current ratio devices
designed for the measurement of large dc currents. First, the
general measurement approach is described, which is a variant
of a technique used in low resistance measurements at high
currents, followed by details of the implementation of the
method. Subsequently, measurement results are presented on
the calibration of a commercial dc current ratio device using
the new setup as well as the uncertainty in this measurement.
In the conclusion, we summarize the results and indicate
how the setup can also be used for absolute dc current
measurements.

II. MEASUREMENT APPROACH

The best uncertainties in current ratio calibrations are
achieved with cryogenic current comparators (CCCs) [9].
Their accuracy relies on the use of the perfect diamagnetism of
superconductors, the so-called Meissner effect, together with
superconducting quantum interference devices (SQUIDs) as
sensor of the magnetic flux generated by the ampere-turn
unbalance of the currents to be compared with each other.
Whereas CCCs are typically designed for operation at currents
of 1 A and below, an application up to 100 A has also
been reported [10]. However, since CCCs require cryogenic
liquids for their operation they are not very convenient for
regular calibration of dc current ratio devices. In addition, the
calibration of large dc currents does not require the ultimate
magnetic flux sensitivity that SQUIDs provide.

As an alternative to CCCs, room-temperature current
comparators (RTCCs) can be used that exploit a ferromagnetic
core with flux modulation techniques [11]. RTCCs can
achieve uncertainties in the parts per 10% range, which
is by far sufficient for covering industrial needs. Even
though RTCCs still are complex instruments, they can be
readily automated and thus are very suitable for performing
regular calibrations. The main applications of RTCCs are
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Fig. 1. Schematic of the high-current dc current ratio measurement bridge
based on a RTCC (bottom dashed box). This dc current comparator balances
the dc currents Iy and Ig in the two arms of the bridge. The top dashed box
indicates the DUT, a dc current ratio instrument (e.g., based on a dc current
comparator technique). The resistors Ry and Ry are used to convert the
secondary currents to a measurement voltage. The bridge unbalance is detected
with a nanovoltmeter.

in resistance measurements [12]-[14] and current ratio
calibrations [6], [7], [15], [16]. The setup described in this
paper applies a commercially available RTCC for the provision
of traceability of large dc currents. It is based on a low-ohmic
resistance bridge developed earlier [17], designed for the
dc measurement of low-ohmic resistors and high current
shunts.

A schematic of the adapted version of the setup suitable for
the calibration of dc current ratio devices is given in Fig. 1.
In the regular resistance bridge, a high current passes through
the unknown resistor and compares the resulting voltage with
the voltage across a reference resistor Ry in the other arm
of the bridge. In the adapted dc current ratio calibration bridge,
the high current passes through the unknown dc current ratio
device and its low current output is converted to a voltage
using an auxiliary resistor R;. This voltage is again com-
pared with that across the reference resistor Rs. A significant
difference with respect to the resistance bridge is that both
resistors Ry and R; carry small currents and thus suffer less
from dissipation effects.

The dc current ratio calibration bridge is effectively
comparing the unknown current ratio 4 of the device under
test (DUT) with the calibrated reference ratio r.. of the
dc current comparator in the measurement bridge. Using the
ampere-turn balance

Iy - Ny = I - Ny (1)

that is maintained by the internal feedback loop in this
comparator (see Fig. 1), the unknown dc current ratio r4 of
the DUT can be expressed as [18]

ra =Tree - (Ry/Rgq) + Vaun/(Ra - 1) (2)

with Vo the reading of the voltage null detector in the
bridge.

When the unknown ratio r4 is nominally equal to 7, the
values of Ry and Ry should be taken equal. More generally,
the nominal ratio of R;/R; should equal the nominal
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oil bath

Fig. 2. Photograph of the setup, showing the oil bath containing R; (left),
the DUT and the primary conductors, the measurement rack (back), and the
water cooling (right). The rack contains the high-current source I, voltage
null detector, current meter, current comparator, and Ry.

ratio of ry/re. In this case, the voltage reading of the null
detector Vpy remains small, making the second term on the
right hand side in (2) small. The measurement uncertainty
then will mainly depend on the calibration of the resistors
R, and R,;, and of the ratio r.. of the internal dc current
comparator.

IIT1. IMPLEMENTATION OF THE METHOD

A 19 rack contains the main elements of the setup: the
current comparator with winding ratio 7. and internal 100 mA
current source, a high current source for generating Iy,
a current meter for measurement of Iy, and a nanovoltmeter
for measurement of the bridge unbalance. The measurement
of I; is needed to determine I, in the second term on the right
hand side in (2).

Special attention was paid to grounding and shielding in
the setup. The low-current part of the setup is grounded at
the low terminal of the nanovoltmeter (see Fig. 1). The exact
grounding point of the primary current circuit is less critical
and was placed at one of the output terminals of the I, current
source. All connections in the secondary low-current circuit of
the setup are made with twisted-pair high-quality measurement
cables. This minimized thermal voltages in the secondary
circuit, and connecting the cable shields to the central ground
point furthermore minimized electromagnetic interference and
pickup of unwanted signals.

DC current ratio devices typically use a modulation
technique for scaling the primary current to a lower value.
To prevent that unavoidable residual modulation currents
in the device output current affect the measurement uncer-
tainty, a nanovoltmeter with a high normal mode rejection
ratio (NMRR) and sufficient integration time has to be used.
The Agilent 34420 nanovoltmeter used in our bridge has
a specified NMRR of at least 80 dB, and was set to an
integration time of 20 power line cycles (400 ms), so that
even if residual modulation currents amount up to a few parts
in 10° of the main current, this will not significantly affect the
measurement uncertainty.

The measurement rack is located in a temperature-controlled
shielded room that also contains the reference resistor Ry and
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Fig. 3. (a) Parallel configuration of the six conductors Ti,...,Tg

through the DUT to create an effective single turn (detail of Fig. 2).
(b) and (c) Configuration for creating 3 turns and 6 turns, respectively.

an oil bath with the resistor R; (see Fig. 2). Special attention
is paid to the configuration and temperature control of the
high-current carrying conductors. Further details of the setup
are given in the following sections.

A. Measurement for Currents Above 100 A

The present high dc current source in the setup is a
low-noise linear supply (Hewlett Packard model 6672A) that
can generate I, currents up to 100 A at a maximum compli-
ance voltage of 20 V. To calibrate DUTs at higher currents,
multiple turns of the primary I, current lead are made through
the center hole of the DUT [19]. With N; primary turns
through the DUT, the effective current seen by the device
is Ny - I, ampere-turns (A-t). In practice, the limit in effective
current that can be realized with this method will be set
by among others the amount of turns Ny that physically
fit through the center hole of the DUT, and the maximum
compliance voltage of the high-current source. By selecting the
proper diameter of the primary current conductors, it should
be possible to find an optimum where both effects together
form a limiting factor. So far, the maximum current tested in
our setup is equivalent to 600 A-t (6 turns at 100 A). With
the 1.2-mQ current conductors depicted in Fig. 3, neither the
DUT inner hole dimensions nor the compliance voltage of the
current source was a limiting factor.

To easily realize different numbers of primary turns,
six conductors are placed though the DUT with the begin-
ning and end of each conductor located close to each other.
The conductors have a fixed mechanical position throughout
the calibration with respect to the DUT, both in the DUT
central hole as well as the distance of the return current
conductors from the DUT. With copper strips the conduc-
tors can be either configured all in parallel (single turn),
in series—parallel (two or three turns), or in series (six turns).
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Fig. 3(a) shows how the single-turn configuration is realized.
Here, all + connections of each conductor are connected to
the + connection of the current source, and similarly for the
— connections.

Fig. 3(b) and (c) shows the configurations of the copper
strips for the realization of 3 and 6 turns, respectively. In all
cases, the current through each individual conductor is equal,
except for small differences caused by contact resistances.
Since each side of the DUT has three return conductors
(see Fig. 2), the arrangement of the return current always is
essentially symmetric with respect to the DUT.

B. Selection of Measurement Resistors

The selection of the resistor values of Ry and R; depends
on the current ratios to be calibrated. For the typical large
currents that are to be calibrated, 10 A and higher, the current
comparator reference ratio re. is set to 1:1000. With the
reference resistor Ry taken as 1 Q, the dissipation in R; is
not exceeding 10 mW up to the maximum primary current I,
of 100 A. If the DUT also has a nominal ratio of 1:1000, R, is
taken as 1 Q as well.

For DUTs with different dc current ratios, the value of Ry
is adjusted such that the R;/Ry ratio equals the ratio ry/rcc.
For calibrations above 100 A, when multiple primary turns
are used for the DUT, the value of R; has to be reduced
accordingly. So for a DUT with r; = 1 1500 and
1,3, and 6 primary turns, respectively, the nominal value
of R; that is to be used becomes 1.50, 0.50, and 0.25 Q,
respectively. In practice, these resistance values are real-
ized via parallel and series—parallel connection of several
model 4020B Leeds & Northrup 1 Q resistance standards
placed in an oil bath with temperature stability of a few
millikelvin over 1 week. Low-ohmic connections between the
current terminals of these resistors are realized with solid
copper strips, and attention is paid to achieve a well-defined
four-terminal resistance value.

C. Stray Fields

Since dc current ratio devices rely on sensing the magnetic
flux generated by the primary current applied to them, they
can exhibit an unwanted sensitivity to external stray fields
as well. The extent to which external fields affect the accuracy
of the calibration of these devices strongly depends on among
others their design and (shielding) construction, the quality
of the magnetic materials used, and on the configuration of
the primary current conductors during the calibration. The
effect of the primary current conductor configuration first of
all includes their positioning in the central hole of the DUT:
special attention should be paid to centering the current con-
ductors in the middle of this hole, since off-centric positioning
may lead to local saturation of the magnetic sensing core.
Furthermore, the primary return current should be sufficiently
far away from the DUT and moreover be symmetric with
respect to the DUT. As can be observed in Fig. 2, this is
realized in our setup by having 3 return conductors on each
side of the DUT at the same, relatively large, distance. In this
way, the stray fields of the return currents at the location
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of the DUT are small and furthermore they more or less
cancel out.

D. Environment

All measurements are performed in a shielded room with
the temperature controlled to (23.040.2) °C and the humidity
controlled to (45 &= 5)%. Additional water cooling is arranged
for keeping the primary conductor at the position of the DUT
at the temperature of the environment. The cooling water is
flowing through flexible silicon tubes that are running through
the center hole of the DUT between the current conductors
and the DUT. To reach a more homogeneous temperature at
the inner wall of the DUT center hole, copper foil is wrapped
around the total of current conductors and cooling tubes.

During a calibration, the temperature is measured at several
locations using a thermistor-based temperature monitoring
system with an overall measurement uncertainty of
20 and 45 mK (k = 2) for measurements in oil and
air, respectively. These locations include the environment, the
copper foil containing the current conductors and cooling
tubes in the center hole of the DUT (mentioned in the
previous paragraph), and the resistors Ry and R;. For each
current and each primary turn configuration, the temperature
of the cooling water is adjusted such that the temperature of
the primary conductor at the location of the DUT is within
1 °C equal to 23 °C.

E. Measurement Sequence

A calibration of the DUT starts with making the primary
conductor configuration, as shown in Fig. 2. Then, the dc cal-
ibration current is applied and the water cooling adjusted to
have a primary conductor temperature of approximately 23 °C.
The right nominal value of Ry is realized and subsequently Ry
and Ry are calibrated separately against a 1 Q reference stan-
dard using a separate current comparator bridge. In principle,
some time could be gained by directly calibrating the
ratio Rj/ Ry, since it is this ratio that enters the determination
of the unknown r4 according to (2), but then no information
is obtained on the individual stability of R; and R;.

The actual calibration of the DUT is done using a slightly
adapted version of the measurement software described
in [17]. To minimize the effect of thermal voltages, current
reversal (sequence +I, —I, +1I) is used to determine ry
at a certain current /. The most significant change to the
measurement software is that the value of r4 can also be sepa-
rately determined for positive and negative currents (sequence
0,+1,0 and 0, —1, 0, respectively, to still minimize the effect
of thermal voltages). In this way, the differences in ratio errors
for positive and negative currents can be determined.

At the end of the measurements, R; and R, are calibrated
again to determine any drifts due to instabilities or temperature
changes.

IV. MEASUREMENT RESULTS

To evaluate the capabilities of the dc current ratio calibration
setup, it was used to calibrate a commercial dc current
ratio device. The specific device selected was a Liaisons
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TABLE I
MEASURED RATIO DEVIATION OF A COMMERCIAL DC CURRENT RATIO
INSTRUMENT AS A FUNCTION OF POSITION OF THE PRIMARY CURRENT
CONDUCTOR WITHIN THE CENTRAL HOLE OF THE DEVICE

Conductor position Ratio deviation
[10°® from nominal]

Top 1.0

Right 0.7
Bottom -0.6

Left -0.5
Average 0.2
Centre 0.4

Electroniques Mecaniques model IT-600 S with nominal
primary current range of 0-600 A [8], [20]. It is calibrated at
90, 300, and 600 A, respectively. The device is based on the
zero-flux principle and has a nominal current ratio of 1:1500.
The recommended burden (Ry) is 1.0 Q, however, it must
not exceed 2.5 Q, corresponding to a maximum output com-
pliance voltage of 1 V at 600 A primary current. In the
present calibration, the maximum value of R; was 1.5 Q
(see Section III-A), and the resulting output compliance volt-
age was either 90 or 100 mV which is well below the specified
1 V maximum.

The following sections describe the results of the calibration
of the dc current ration device and the associated verification
measurements.

A. External Fields

When aiming for calibration uncertainties in the parts per
109 range, it is important to verify the effect of stray fields
on the DUT, as well as the effect of the precise geometry
of the magnetic fields generated by the primary current. The
exact size of this effect depends on the magnetic properties
of the internal magnetic core of the DUT and other details
of its mechanical and electrical designs, and may manifest
itself in two different ways. First of all, the calibration results
may depend on the position of the primary current through
the central hole of the DUT. If the primary current conductor
is not exactly located in the middle of the DUT central hole,
the magnetic fields generated by the current conductor will
vary over the diameter of the DUT sensing element. Material
inhomogeneities and imperfections in the (magnetic) shielding
of the DUT sensing element may subsequently result in a
different effective current ratio. In a more extreme situation,
the magnetic core of the DUT may even become locally
magnetized. To minimize the occurrence of such an effect in
the present calibration, the DUT was switched OFF and ON
before each measurement, to execute its initial demagnetiza-
tion procedure. A second effect of the sensitivity to primary
current field geometry is that the calibration results may
depend on the configuration and distance of the return current
conductors with respect to the DUT.

To quantify these effects for the DUT in the present
calibration configuration, at the end of the calibration, the
sensitivity of the DUT to the positioning of the primary
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current conductors within the 25.4-mm central hole of the
DUT is verified. The results of a test at 90 A current with all
six conductors in parallel (see Fig. 3) are presented in Table I.
The bundle of six conductors has a total diameter of
around 15 mm. As can be observed in Table I, a significant
variation of around 1.5 parts in 10° is found over the four
conductor positions around the perimeter of the central hole.
However, the average of the four measurements agrees very
well within 0.2 part in 10° with the ratio deviation measured
in the middle of the DUT central hole. This indicates that the
effect of primary current conductor position for this particular
DUT is well below 1 part in 10° when the conductor is
reasonably carefully located in the middle of the DUT hole.

As a further test of the sensitivity of the DUT to external
stray fields, the distance of the return current conductors
with respect to the DUT has been reduced by roughly a
factor of two, from 55 to 30 cm, without changing the
position of the primary current conductors through the central
hole of the DUT. The measurement results for these two return
current conductor configurations agreed within the 0.1 part
in 10° noise in each of the two measurements.

From the results of these two tests, we conclude that the
effect of external stray fields on the calibrated ratio for this
particular DUT, in the primary current conductor configuration
used in the calibration, is less than 3 parts in 107.

B. Multiple Primary Conductor Turns

As a second step in the calibration process, the scaling or
step-up using multiple primary turns is verified. This is done
by comparing the DUT readings obtained with different turns
but at the same ampere-turn signal: 1 turn at 90 A versus
3 turns at 30 A and 3 turns at 100 A versus 6 turns at 50 A.
The different number of turns is realized, as described in
Section III-A, using the connection panel shown in Fig. 3.
It is important to note that the position of the primary current
conductors in the central hole of the DUT does not change
when changing the number of turns this way, nor does the
position of the return current conductors. Therefore, only the
effect of the scaling is measured and no additional effects
caused by changing current conductor position come into play.

Fig. 4 shows the results of these tests. In principle, no effect
should be seen since the DUT cannot discriminate the mag-
netic flux generated by a single conductor from the same
flux generated by multiple conductors. For the present DUT,
a small effect is seen, however, possibly related to the effect
of primary current conductor positioning described in the
previous section. The size of the effect is (0.54 £ 0.54) parts
in 10° and (0.23 4 0.28) parts in 10° (k = 2) for the 1 turn
versus 3 turns at 90 A-t test and for the 3 turns versus 6 turns
at 150 A-t test, respectively. The top graph of Fig. 4 shows that
the 1 turn versus 3 turn measurement has a somewhat worse
repeatability over several days (significantly worse than the
repeatability on a single day), leading to a larger uncertainty
in the determination of the deviation of this scaling step.

C. Calibration Results

The results shown in Fig. 4 already demonstrate the low
noise of the bridge and the good reproducibility in the current
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Fig. 4. Difference A between DUT calibration results achieved for different
primary conductor turns but with the same ampere-turn signal: 1 turn at
90 A versus 3 turns at 30 A (top) and 3 turns at 100 A versus 6 turns
at 50 A (bottom).
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Fig. 5. Calibration results of the 1:1500 ratio of a dc current ratio transformer
at 600 A-t (6 turns with 100 A current). Results are presented for reversed
current (sequence 4/, —1, 4-1; triangles), negative current (sequence 0, —1, 0;
squares), and positive current (sequence 0, 4/, 0; diamonds).

ratio measurements. Fig. 5 shows the calibration result of the
DUT at 600 A-t using 6 primary conductor turns.

This result includes corrections for the effect of the multiple
turns as well as corrections for temperature of Ry and R;. The
latter corrections arise from the different power consumptions
during the calibration of the resistors and their subsequent
use in the dc current ratio bridge. The temperature rise in
R; and R, for this calibration was around 20 and 200 mK,
respectively, which combined with the respective temperature
coefficients of +11 and —1.5 uQ/Q/K results in a total
correction of approximately —0.5 parts in 10%. The measured
deviation from nominal ratio at 600 A-t amounts to only
—0.6 parts in 10° for reversed currents and essentially equal
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TABLE II
UNCERTAINTY BUDGET FOR THE MEASURED RATIO DEVIATION
OF A COMMERCIAL DC CURRENT RATIO INSTRUMENT
AT 600 At BASED ON (3)

Quantity Value Standard Distribution | Uncertainty
Uncertainty Contribution
Feo 1.000000000-10° |  120-10™" normal 80-10"2
R, 1.000003820 Q 124-10° Q normal 83-10"2
Ry 0.249965350 Q | 68.9:10° Q normal 180-10™*
Bratio -142.300-10°¢ 250-107 normal 170-107"
Sration 0.0 57.7-10° rectangular 38-10"
Sicaling -770-10° 300-107 normal 200-10™"
Sstray 0.0 173-107 rectangular 120-107"
FouT 666.6662-107 360-10™2

(but slightly lower) values are found for positive and negative
currents.

V. MEASUREMENT UNCERTAINTY

For estimation of the uncertainty in the dc current ratio
calibrations, the following mathematical model is used:

routT = ree'(Rg/Na - Ra)
'(1 + Jratio + OratioB + 5scaling + 5stray) 3)

where Opaio is the measured bridge unbalance and 0B 1S
the corresponding systematic uncertainty in this unbalance.
The terms Jscaling and Jgray correspond to the uncertainties
related to the current scaling using multiple primary conductor
turns and the effect of stray fields, respectively, and have
been determined in the experiments described in Section IV.
The term Jraio includes the repeatability in the measurements
(as shown in Fig. 5), whereas Jraiiop is mainly determined by
the 2 nV uncertainty in the gain calibration of the nanovolt-
meter used as null detector. Since the null detector reading is
always less than 100 mV, this 2 nV uncertainty contributes
less than 1 part in 107 to the uncertainty budget.

The uncertainties of Ry and Ry include contributions from
their calibration, stability, and temperature effects. The calibra-
tion is performed with a current-comparator resistance bridge
resulting in 1 part in 107 uncertainty. The corrections for
temperature effects on Ry and Ry are known with 5 part in
103 uncertainty. For Ry the most significant uncertainty comes
from the stability: the value of R; needs to be changed when-
ever the number of primary turns Ny is changed. It appears that
in practice the instability of the contact resistance of the copper
strips used to make the correct series/parallel configuration
of the 1 Q standards used for realizing R; (as described in
Section III-B) is the limiting factor in the determination of R,.
The low uncertainty in the determination of r. originates from
a thorough verification in which the 1:10 and 1:100 ratio
of this reference current comparator was compared with its
1:1000 ratio [21].

Table II gives the resulting uncertainty budget for the
600 A-t calibration shown in Fig. 5. The values of the
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Fig. 6. Calibration results of the 1:1500 ratio of a dc current ratio instrument
as function of applied equivalent current. Error bars indicate the combined
standard uncertainty in the measurements (k = 1; see Table II for an example
calculation).

standard uncertainties given in Table II are explained above;
the uncertainty contributions are calculated by multiplying
the standard uncertainties with their respective sensitivity
factors using (3). The uncertainty budget clearly shows that the
dominant contributions in the total 1.1 part in 10° expanded
uncertainty (k = 2) originate from the DUT: instability,
scaling, and position of the primary conductors. This is also
the case for the calibrations at 90 and 300 A-t where slightly
lower uncertainties are achieved. For a DUT with insignificant
contribution to the uncertainty, and well stabilized Ry, a best
expanded measurement uncertainty of 0.4 parts in 10° (k = 2)
can be achieved.

The final result of the calibration is shown in Fig. 6. It can
be seen that the results obtained at 90 and 300 A-t are
within 0.3 parts in 10° equal to those at 600 A-t, well within
the standard deviation of the measurements, showing that the
DUT has an excellent linearity over 15% up to 100% of its
full range.

VI. CONCLUSION

A setup has been developed for the accurate measurement of
dc current ratio devices up to 600 A primary current. The setup
is based on an existing low-ohmic resistance measurement
bridge and can operate up to 100 A. One of its unique features
is that it does not require the current ratio of the reference
within the setup to be equal to that of the DUT. This makes
the setup easy to use and flexible in its application.

At present, for calibration at currents above 100 A, mul-
tiple turns are applied through the DUT to increase the
effective current seen by the DUT. In this way, using, for
example, 6 turns, DUTs can be calibrated with an equivalent
current of 600 A. Calibrations at even higher currents can
be performed using a current source with higher maximum
current output and/or using more primary turns. In practice,
the maximum effective current that can be realized with the
latter method will be set by the amount of primary turns that
physically fit through the center hole of the DUT and the volt-
age compliance of the current source. Using current sources
with higher output ranges may add to higher relative ripple in
the current signal, which will lead to larger standard deviations
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in the measurements and possibly also to systematic errors
when the bandwidth of the DUT and the reference setup are
different.

The capabilities of the new setup have been evaluated by
calibrating a commercial dc current ratio device with nominal
primary current range of 0-600 A at 90, 300, and 600 A,
respectively. The deviation from nominal ratio at 600 A is
only (—0.6+ 1.1) part in 10° (k = 2), with similar values and
uncertainties at 90 and 300 A. The uncertainties are dominated
by imperfect behavior of the current ratio device; for better
devices, uncertainties of 0.4 parts in 10° can be achieved. This
is slightly better than the best uncertainties in dc current ratio
calibrations claimed previously [22] and comparable with a
recent claim [23].
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