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Abstract:

There are agrowing number of current clamp meters and current clamp accessory devices
gppearing in the cdibration workload capable of measuring currents up to 1000 Amps AC and
DC. In the past users have atempted to make their own current coils to enable calibration
sources with 10A outputs to provide stimuli adequate to calibrate these devices close to their full
scale vaues, often without success. A compact current coil set was introduced as an accessory
to arecent new 'universal’ calibrator product to provide accurate sourcing of currents up to
1000A for clamp devices.

This paper discusses error sources and congtraints on practical current coil design, describes
measurements made to confirm performance of examples of the find design, and discusses how
to avoid mideading results when using such current coilsin practice.

Introduction:

It is not uncommon for the cdlibration of current clampmeters to be performed with the use of
current coils - there are very few sources capable of directly outputting currents in the region of
500 - 1000A, thetypica vaues required for cdibration of these instruments. Many laboratories
have 'home made coils which they use with varying degrees of success. Aswill beillusrated
later in this paper, there are many potentia sources of error from the coil design, the clampmeter
under test, and the source which users may not be fully aware of and can lead to unexpected
results or unredlistic accuracy clams - errorsin the region of 2% can eadily be encountered.
One of the design requirements for a recently design 'universd’ calibrator was to provide
capability to address both AC and DC clamp meters with a complementary solution of a
cdibrator and purpose designed current coil accessory.



Workload anaysis revealed that the mgjority of clamp meters are used and cdibrated at
currents up to 1000A but only & power line frequencies, with afew applications involving
measurements at higher frequencies, usudly at lower current levels. This suggested a design
target of providing 1000A at 65Hz extending to 200A at 440Hz from the coil/calibrator
combination would satisfy workload requirements. Accuracy specification is 0.2% for the cail,
applicable to both current transformer and Hall sensor clampmeter types.

Theoretica consderations and practical requirements present conflicting requirements - to avoid
magnetic field fringing effects alarge coil is needed which increases inductance but space
limitations and source drive capability require alow inductance, compact solution. The solution
chosen was to design a pair of physicaly smdl 10 and 50 turn coilsin asingle robust unit with
integra magnetic shielding, dlowing a very compact design to meet eectricd and magnetic
performance requirements.

Coil Design Influences:

AC current clampmeters have been part of the cdibration workload for many years. They are
effectively current transformers with the current carrying conductor to be measured forming the
primary and awinding around ajaw and closing mechanism forming a secondary. Thejaw is
composed of a suitable magnetic core materia which completes the magnetic circuit when
closed. Introduction of semiconductor Hall Effect sensors afew years ago made it possible to
employ smilar techniques to congtruct current clampmeters which respond to both DC and AC
currents. However, the older current transformer (CT) and newer Hall sensor clamp meters
present different loads which the current coils and their source must be designed to cope with.
Hall based devices are typically much higher inductance than the CT types and are more
sengtive to magnetic field non-uniformity and interference within the clamp area, the result of
design differences needed to accommodete the Hall sensor within the jaw magnetic circuit. CT
devices can aso have a sengtivity to magnetic fidd non-uniformity and interference within the
clamp arealif the jaw mechanism significantly increases the reluctance of the magnetic circuit, by
effectivedy introducing an air gap.

Both types of damp require an essentidly uniform magnetic field in the region of the jaws (as
would be created by an infinite sraight conductor) to avoid mideading results with clamps
incorporating low reluctance magnetic circuits which are more sengtive to field non-
uniformity/interference and positioning within the jaw. The current coil must create a magnetic
fiedd equivaent to asingle conductor from a number of turns carrying alower current. Inevitably
the conductors must form aloop which will cause the field to digtort - the smaller the coll
dimengons the larger the distortion (non-uniformity). Practical space limitations in aworking cd
lab environment limit the Sze of coils, and weight is aso an important factor.



Another limitation with respect to AC gpplications is the impedance presented to the source of
the combination of the current coil and the clampmeter. The voltage developed across the cail is
the product of current and impedance - the dominant effect being inductance, producing a
compliance voltage increasing with frequency. The caibrator which these coils accompany has
the highest inductive load drive capability for any commercia product of itstype: ableto drive
20A at DC with compliance voltages up to 4V and up to 20A AC from 10Hz to 10kHz into a
700mH load with compliance voltages up to 2.5V RMS. Effect of coil winding resistance on
compliance voltage and coil temperature rise are dso congderations - particularly when a
compact design is required which implies the use of winding material of low cross sectiond area
and consequently higher resistance.

Thetotal impedance (Z) seen by the source driving the coilsis given by:

&Z &= {Rit + [2Pf(Leoit + Lotamp)] 33 °°

where Ry isthe coil resstance, L isthe coil inductance, Lgamp IS the clamp meter inductance
Seen &t the coil terminals, and f is the frequency.

A smadller coil will reduce the inductance and hence the voltage drive capability required from
the source. The clampmeter contributes and increases the inductance by modifying the magnetic
circuit with the additiond iron (usudly) of its damp/sensor mechanism. Unfortunately smdler
coils suffer greeter fied ditortions which leed to the results varying with the positioning of the
clampmeter with respect to the coil, and some clamps with poor magnetic circuits will give
incorrect results in any position.

Design Implementation:

The technique employed in the coils under consideration to overcome the fidld uniformity
difficulties and produce a compact usesble coil is magnetic shidding. The dlassic circular cail is
modified to a square shape, providing the most convenient form with a uniform field on each
sde and alowing smpler magnetic shielding arrangements with the smdlest loop areato
accommodate the clamp. By gpplying magnetic shidding the field on the fourth sde where the
clamp jaw will be located is protected from interfering fields due to the other portions of the
windings. Consequently the field on the fourth Sde dosdy resembles that from an ided infinite
conductor.

The coil design isdepicted in Figure 1, showing the final product as supplied to customers.
There are two dectrically and magnetically separate coils providing ratios of x10 and x50,
physcaly integrated into a single unit. A number of lower current (up to 200A) clampmeters
have asmdl jaw areamaking it difficult to provide sufficient turns of adequate cross sectiond
areain the space available, for example fifty turns cgpable of carrying 20A - hence the provision
of aten turn coil able to accommodate smaller clamps. The 'measurement’ area where clamps



under test are intended to be applied are clearly visble as the area where the coil thickness
reduces to alow access by the clampmeter jaws. In addition to dlowing the coils to be used
with varying sizes of clamp jaws, this feature ensures the user dway's gpplies the clampmeter
under test to the portion of the coil where the magnetic field is uniform.

Design Confirmation:

Confirmation of the coil desgn must address two issues: the ability of the design to produce a
field equivaent to a single conductor carrying the current to be smulated, and the interaction
between coil and clampmeter where clampmeter magnetic circuit shortcomings could influence
results. The former isreatively smple, and isto some extent taken care of by the laws of
physics. The second is more complex and involves an understanding of the effects described
above.

The approach taken was to produce a practical redlization of an ided coil and compare results
obtained with a suitable clamp type sensor capable of sufficient resolution to results obtained
with the fina coil design and the same sensor. To explore dampmeter positioning and sray field
sengitivity it was necessary to make use of the 'worse' examples of clampmeter design - an
interesting reversd of norma evauation philosophy of usng the very best equipment available!.
Obvioudy, this testing required the sourcing of the coil input current, which aso presents some
chdlenges.

The 'ided coil' was congtructed as a400mm diameter circular coil of 10 turns presenting an
impedance of 110nH in series with 68m\W, and another of 300mm diameter circular coil and

50 turns, presenting an impedance of 1.4mH in series with 160mw. Both are constructed from
insulated flat strip copper windings. At these diameters, the field may be considered as
aufficiently uniform and free from interference from the other 'side’ of the coil and alow
assessment of the effectiveness of the magnetic screening of the compact designs. However such
aload is difficult to drive from available cdibration sources - its impedance requires sources
cgpable of driving compliance voltages somewhat higher than those that commercia calibration
equipment are capable of. Sources were specialy congtructed and included the use of high
current transformers energized from variacs (varigble transformers) driven from a synthesized
mains power supply. Since the mgjor use of dampmetersisa power line frequenciesthis
offered a convenient source for much of the testing, however work was aso undertaken at other
frequencies using specidly engineered sources.

The'ided’ coil and ‘compact’ coil under test were series connected and comparative
measurements made with various clamp devices. Clamp probes intended for use as voltmeter
accessories provided one means of measurement and allowed the use of higher resolution
measurements. Where clampmeter devices of limited resolution were used the current was
adjusted to operate the device a aone least significant digit boundary to provide maximum



discrimination. Measurements with magnetic field probes were dso made to investigete field
digtortion and interference,

M easurements were made throughout the frequency range, including both the ten and fifty turn
cails, and results showed that field uniformity was good. Nevertheless, some clamp designs have
an inherent sengtivity which is present even with asingle sraight conductor and results will vary
with positioning. Users must be aware of such effects, which are discussed in the following
section.

Practical Use of Coils:

It is clear from the foregoing that there are anumber of pitfals for the unwary attempting to
make use of current coils for cdibration of clampmeter type instruments. Many result from the
use of ingppropriate coils, particularly when ‘homemade coils are involved and the users have
not gppreciated the consequences of the eectrical and magnetic effects involved.

One of the most common problems arise from use of coils with sources not specifically designed
to operate with them, the inductance of the coil/clampmeter combination may well cause the
source to oscillate and give wildly unexpected results. More commonly, it is the compliance
voltage developed across the coil/clampmeter combination that is the problem. Frequently the
source will be unable to drive the load - the voltage devel oped across the coil/clampmeter
impedance will exceed the limits of the source. This may cause the source's protection circuitry
to detect an out of limits condition and produce an error or warning message, or Smply to
switch off the output, depending on the design and sophigtication of the source.

Over compliance conditions (too much voltage across the load) can result in errors from a
number of factors. The two most likely are ditortion of the Sgnd (typicaly clipping of an AC
waveform) and the effect of load regulation. Load regulation is seen as a variation of output
current with load, and is a consegquence of a practical current source having a non-infinite output
impedance. Thisload regulation (or compliance) error istypicaly included in equipment
specification to acertain leve of load, but if the specified loading conditions are exceeded, even
though the source may continue to function, the accuracy will be degraded.

Modern sources are usualy more sophisticated and incorporate overcompliance detectors
which warn the user. Unfortunately some well known modern caibration sources do not
incorporate such features and continue to supply output current but with severely degraded
accuracy and no indication to the user that results may carry excessve inaccuracies.

Even with a cdibrator/coil combination specifically design to address the workload encountered
in the modern cdibration laboratory, it is possible to encounter some unexpected resultsif users
are not aware of the factors that influence successful calibrations. A few of the Hall type
clampmeters that are available today have particularly high inductance that can cause the
source's compliance voltage detectors to warn the user that the limit is being exceeded. If itis



not possible to supply sufficient current at the frequency desired, say 1000A at 65Hz, an
dternative gpproach isto calibrate the clampmeter's zero to full range linearity a alower
frequency, such as 40Hz, and then to check for frequency flatness at alower current leve, for
example 750A on the 1000A range. Performing checks at lower frequency is, in fact, amuch
better test, as linearity problemsin clamp meters are generdly more evident at low frequencies
than a midband frequencies.

The effect of conductor positioning and sengitivity to interfering fields are factors which influence
achievement of correct results for both usage and calibration of clampmeters. Some clamp
devices have dignment markers on the jaws to assist users in positioning the current carrying
conductor in the optimum position. When using current coils the users must pay regard to such
features of individua clamp devices and to correct dignment with the coils. The correct position
Isto maintain the coil windings centraly within the jaws with the plane of the jaw perpendicular
to the coil windings and the body of the clamp device in line with the body of the coil. Even
though the design of the current coils described substantialy reduce the dependency on
positioning for the maority of clamp devices, it isimportant for optimum aignment to be used
for highest accuracy and repesatability. Figure 2 depicts correct alignment.
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Figure 1. Ten turn and fifty turn coil assambly.

Positioning of the coil within the clamp should take account of any alignment marks on the jaws
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Figure 2. Correct coil and dampmeter dignment.




