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HIGH-CURRENT MEASUREMENT TECHNIQUES
J. D. Ramboz and D. R. Flach
Abstract

The measurement of very high ac currents presents special problems in
the selection of current sensors, instrumentation, and techniques. This
report discusses initial test results for Rogowski coils and high-capacity
current shunts often used to measure large ac currents. Eight Rogowski
coils of three sizes and ratings were tested at a nominal current of
1000 A. The coils were compared against an NBS precision air-core mutual
inductor to obtain a measure of complex sensitivity, positional
sensitivity, gap-separation sensitivity (for the split-coil types), and
proximity effects of the return conductor and of ferromagnetic material.
The shunt was tested to assess the proximity effects of the return
conductor and of ferromagnetic material. It was concluded that the
particular Rogowski coils tested would not have measurement uncertainties
of less than a few percent unless extreme care was taken in their
calibration and subsequent use. The measurements for the shunt suggest
somewhat less proximity effect than those for the coils. A digital
oscilloscope was evaluated for possible use as a transient recorder. The
effective number of bits, the differential linearity, and the response to a
step function were determined.

Keywords: ac current measurement; calibration; current shunts; digital
oscilloscope; high current; Rogowski coils.

1. INTRODUCTION

The goal of this overall effort is to study the feasibility of accurate
measurement of very high currents, up tc 400,000 amperes, having short durations
in the millisecond time intervals. Such currents are used in welding
processes. Development of measurement techniques, development of measurement
apparatus, and the evaluation of both hardware and software used for the
measurement and evaluation of high-pulsed currents are being pursued.

This report discusses the first efforts to assess some of the
characteristics of commercial hi%h-current measuring instruments, namely
Rogowski-type air-core coils [1]*, and separately, a high-current, low-impedance
shunt. Test currents used were steady-state sinusoidal and limited to
2000 amperes. Also investigated was a digital-oscilloscope measurement system
which may prove useful as a transient recording and display device for future
efforts.

The Rogowski coils investigated were commercial units and are of a simple
toroidal design. A1l have an air core and generate an output voltage directly
proportional to the time rate-of-change of current, as

= N 9o
i
where ey is the coil's output voltage, N is the number of turns on the coil, ¢

is the magnetic flux produced by a current in a conductor and t is time. This
can also be expressed in MKS units as

INumbers in brackets refer to the literature references listed at the end of
this report.
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where ug is the permeability of the core, W is the core width, N is the number
of turns on the toroid, a and b are the inside and outside diameters of the
toroid, i is the current and t is time [2]. As can be seen, the output is the
time derivative of the current scaled by a constant. An electronic integrating
circuit is used to process the coil's output. The output of the integrator is
then directly proportional to current.

A variety of coils were selected for test. Two basic types were available;
one was of a fixed geometry and the other was a split, hinged arrangement such
that the toroid could be opened, placed around a current-carrying conductor, and
snapped shut to its operating position. The table below gives the dimensions of
the coils and the types. The coils are each arbitrarily designated by a letter
which is used hereafter to identify the coil.

Table 1. Coil identification, size and type
(Size refers to the inside diameter of the toroid "window".)

Designation Size Type
cm inches
A 12 .4 5.0 Split
B 1e.] 5.0 Split
c 127 5.0 Fixed
D 6.4 £.5 Split
E 6.4 2.5 Split
F 6.4 2:5 Split
G 6.4 2.5 Fixed
H 2D 3.0 Split

One high-current shunt was tested to assess such effects as proximity to
high-current return conductors, proximity to ferromagnetic materials, and output
potential lead placement. The shunt tested has a nominal resistance of
10-° ohms and a maximum current rating of 30,000 amperes with a duty cycle of
t.5%.

The oscilloscope tested utilizes digital sampling and storage techniques to
record an electrical event. The oscilloscope can be remotely operated via an
IEEE 488 bus by a suitable controller. Parameters such as noise, signal-to-
noise ratio, differential linearity, and step response were measured.

The test results for the Rogowski coils show that current measurement could
be relied upon to within a few percent over a wide variety of conditions. For
measurements with uncertainties in the range of a few tenths of one percent,
very tight control of the testing and calibration conditions would have to be
maintained. The test results for the shunt indicate that care must be taken
regarding the routing of both the high-current conductors and the potential
output leads in order to keep errors below a few tenths of one percent.



Oscilloscope tests indicate that the unit tested met the manufacturer's
specifications, but even so, might serve only in a limited way for the further
precision measurement of pulsed currents.

2. ROGOWSKI COIL MEASUREMENTS
2.1 Comparison Bridge Circuitry

A ratio transformer bridge was configured as shown in figure 1. The
primary current I was sensed by two coils and a step-down current transformer.
The reference coil, made by NBS, feeds its output to an accompanying set of
electronics, which gives an output voltage e,. The coil under test feeds its
output to its set of electronics producing an output voltage eyx. Both e,
and ey are directly proportional to the current I flowing through the two
coils. Current I also flows through a 5000:5 ampere step-down current
transformer which, with the use of a 0.1-ohm shunt, gives a measure of primary
current.

} ®n
NBS o NBS Mutual -
Ref. C Inductor
Coil Electronics |—e
Tuned f (+k)
" Detector K
E '—L
V4 Bl
Coil =
- Test
Under =
Test ¢ Electronics 3
ax
5000:5 Ampere
Current Transformer
53 E§m1gﬁ“'°
S vl
p——o0

Figure 1. Bridge circuit for comparing the output voltage ey, to the reference
voltage ep.

The complex ratio of the two voltages can be derived from the ratio
transformer setting k the value of R, and the value of C, when the bridge is
balanced. The voltage ratio magnitude fex/9n| can be expressed as

x k (1)

Ay

where w is 2nf and all other terms are as described above. The frequency f was
normally set to about 50 Hz to avoid line-frequency beat problems.



The phase solution can be expressed as
¢ = tan=[(1/k)/wRC] + /2 radians. (2)

The NBS mutual inductor electronics package has a precision voltage divider
and phase adjustment built into it. These controls were set so that the
magnitudes of the voltages ey and e, were approximately equal. This then
makes k = 0.5 nominally and gives the bridge maximum sensitivity. The phase
adjustment on the electronics package has a small and limited range used for
final bridge balancing. The gross phase balance is accomplished by selecting
proper values for R and C. A typical value for R was 10,000 ohms, while values
for C ranged from about 0.0001 to 0.02 uF, depending on which coil was being
tested. The final phase angle is then the sum of the phase shifts as determined
by eq (2) and the phase setting of the mutual inductor electronics.

The absolute sensitivity of the coil under test was not measured. The
desired information from the test was what changes occurred in the coil's output
for changes in test configuration (coil position relative to the center
conductor, for example). Because only changes of the measurand were being
sought, gains and phase shifts due to the electronics and residual phase errors
of the bridge become unimportant. As described in each test portion of this
report, a reference test condition was selected and all other measurements for
that group of data were related to the data of the referenced condition.

The bridge could easily be balanced with a resolution of the ratio
transformer setting of 1 part in 50,000 giving a voltage ratio resolution of
about 0.002%. Typically, balances were made to only 1 part in 5000 because the
changes due to varying test conditions did not warrant the extra resolution.
Phase balance resolution was about *0.03 mrad for most of the tests.

For proper operation of the bridge, it is necessary that the output
voltages epn and ex be of approximately opposite phase. This was generally
accomplished by physically arranging the orientation of the coil on the
high-current center conductor. For the split-coils, this phase could be
reversed by physically reversing the coil so that the current would be flowing
in the opposite direction through the coils' windows. On the solid coils; it
was necessary to either reverse the coils' orientation or reverse the electrical
output of the test electronics. Because none of the coils tested gave any
markings of coil polarity (i.e., no "marked terminal" as is common practice of
current transformers), this determination of polarity was one of trial and
error.

The test current I was typically set to 1000 amperes, and, for some tests,
ranged from 100 to 2000 amperes. A digital voltmeter measured the voltage Vi
across the 0.1-ohm shunt as shown in figure 1. It was unnecessary to test at
exact primary currents inasmuch as none of the sensing coils, electronics,
bridge, etc. were grossly nonlinear. As long as ratio of the two coils' outputs
was being measured with the bridge, the primary current could be varied
considerably with no serious degradation of the test results.

The laboratory data recorded for each test included the following
information:



Test coil identification

Data and time of test

Test current (I)

NBS/mutual inductor electronics divider setting
NBS/mutual inductor electronics phase shifter setting
Bridge resistance (R)

Bridge capacitance (C)

Ratio transformer setting (k)

Frequency (f)

Test condition, position, orientation, etc.

The information was generally evaluated so that solutions to egs (1) and
(2) were done by computer assistance. (The program and documentation are
available upon request.)

2.2 Positional Sensitivity Tests

A series of tests was performed on each of several current-sensing coils to
determine the effects of the position of the high-current conductor relative to
the sensing coil. The coil was mounted on a 3.2-cm (1.25-inch) diameter rod
which was the high-current conductor. This passed at right angles through the
coil's window. For the larger diameter coils (coils A through G), it was
possible to move the coil to several positions to determine if the location of
the conductor had any effect on the output.

When testing the 12.7-cm (5-inch) coils, data was collected in 17 separate
positions: eight positions when the inside of the coil rested against the
center conductor at angular intervals of 45°; eight positions midway radially
between the center of the coil and the inside edge at angular intervals of 45°;
and one position at the center of the window.

Fewer positional possibilities exist for the smaller diameter coils. (coils
D through G). The 6.4-cm (2.5-inch) coils were tested similarly to the 12.7-cm
coils except only the outside eight positions and the central position were
used, eliminating the eight intermediate radial positions. The 3.2-cm center
conductor occupies a larger proportion of the window for the 6.4-cm coils than
for the 12.7-cm coils leaving fewer meaningful positions available.

For the 2.5-cm (l-inch) coil (coil H), no positional tests were done
because a 2.5-cm conductor was used which allowed no relative movement.
A smaller conductor could not be used for the test currents of 1000 amperes
because of conductor heating.

The output from the coil-under-test was compared to a reference coil by a
ratio transformer bridge previously discussed. The voltage ratios (also
proportional to the current sensitivity ratio) of the two coils were measured
for a variety of test coil positions discussed above. For the final analysis,
the data for each of the positions were compared to the data obtained at the
center of the coil and the percentage difference calculated. Table 2 below
gives the results for the coils tested. The maximum difference for any two
positions is noted as well as the maximum difference for any position relative
to the central position.



Table 2. Test results for the positional sensitivity tests for coil A.

Coil Designation Maximum Difference Maximum Difference
(%) Re1at1ve(t? Center
%

12.7 cm (5 inch) split (A) 7.2 -4.0
(B) 3.7 +2.4
12.7 cm (5 inch) fixed (C) 1:d -0.9
6.4 cm (2.5 inch) split (D) 1.9 -1.3
(E) 1.4 +1.4
(F) 1.6 -0.9
6.4 cm (2.5 inch) fixed (G) 0.6 +0.5
2.5 cm (1 inch) split (H) -——- -—-

The largest differences were measured on the larger coils, namely the
12.7-cm coils, with accordingly smaller differences measured for the smaller
coils. In all instances, the split coils showed larger differences than the
fixed coils.

It should be noted that the manufacturer of the coils states that the
high-current conductor should occupy at least 40% of the coil's window area.
This condition was not met during these tests. It is apparent that as the
high-current conductor becomes a larger proportion of the window area, less
relative positioning can occur until at the limit of equal diameters, no
difference can exist. Table 3 below shows the diameters for the windows, the
high-current conductor, and the percentage of the window area which is occupied
by the high-current conductor.

Table 3. Diameters of coil windows and high-current conductor,
and the percentages of the window occupied by the conductor.

Coil Designation Inside High-Current % of Window
Diameter Conductor Occupied
cm inch cm inch

A,B,C Split & Fixed 3.5 5 3.2 125 6

0,E,F,G Split & Fixed 6.4 - 2.5 3.2 1.25 25

H Split 2.5 1 2.5 1 100

The high-current conductor occupied less than 40% of the window area for
all coils except coil H. The diameter necessary for the conductor to be at
least 40% of the window area can be calculated from the following expression
(for circular cross-sectional conductors):

de > 0.632 dy, (3)

where dc is the diameter of the high-current conductor, and dy is the
diameter of the window. The minimum diameters dc to satisfy the 40%



