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1.0 Introduction

The Rogowski coil is an easily implemented diagnostic for measuring the time rate of change of
current in a pulsed power apparatus. In addition to the simplicity of construction, its principal
advantage is that it can be employed in almost any geometry, as long as the sensing coil makes a
complete path that encloses the current being measured. This document begins by providing a brief
explanation of how the Rogowski coil works. The fundamental physics is followed by descriptions
of how to design, build, and install a shielded Rogowski coil. This article concludes with a short
discussion of signal processing strategies.

2.0 Rogowski Coil Principles of Operation

Rogowski coil operation is based on Ampere’s circuital law which states that the line integral of
the vector, H, around any closed path is equal to the current passing through the surface bounded
by that path. Note that this is a very general statement which places no restrictions on the length
or shape of the path. Mathematically, Ampere’s law can be written as

szﬁ-dl‘ (1)

where the Dot product of H and dl results in integrating the component of H parallel to the line
element dl. Experimentally, this integral can be approximated by a summation of the form

n
I = ZH,f ol )
1

where HyP is the measured component of H parallel to the path element 4l at the point k and the
summation is over all the measurement points. Unfortunately, this relationship isn’t particularly
helpful as there is no simple experimental way to measure H. However, differentiating Eqn. 2 with
respect to time gives a more useful relationship

- B

Z el 3)

where the k indices have be dropped for clarity and free space is assumed so that B = o H. Eqgn.
3 is useful because there is a simple experimental way to measure B-dot as shown in Fig. 1.

i
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Figure 1: B-dot measurement diagram 1. B-dot can be measured at equally spaced points from the voltage on the
terminals of small, equal-area loops.

At each of the n measurement points a small wire loop of area A is placed and the loop is
oriented with its normal vector parallel to the path. In the presence of a time varying magnetic field
avoltage Vi is developed on the terminals of each loop. Then Egn. 3 can be rewritten as

l n
Vi 4
MOAZk (@)

Two important assumptions were made in going from Eqn. 3 to Eqn. 4. First, that all of the loops
have the same area A and, second, that the loops are equally spaced along the path. This allowed
dl and A to be moved outside the summation.

Q

I =

The next simplification is to perform the summation in Eqn. 4 experimentally as shown in Fig. 2.
All of the loops are now connected in series and the resulting terminal voltage V(t) is the desired
measurement of I-dot.

V()

7
’

\AII loops

connected
in series

Figure 2: B-dot measurement diagram 2. Summation of the loop voltages can be achieved by connecting the loops
in series.

At this point we almost, but don’t quite, have a Rogowski coil. Examining Fig. 2 one sees that in
addition to all of the small measurement coils the entire conductor makes one large loop in space.
If there should happen to be a time-dependent B field passing through this large loop, a false signal
will be added to the desired measurement. The final step, as shown in Fig. 3, is to thread the output
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conductor back through the center of the measurement coils. This extra loop cancels out false
signals, and completes the basic Rogowski coil.

I
A

-DQQ‘E:: V(b)
\ Return conductor

through center
of all loops

Figure 3: B-dot measurement diagram 3. Passing the output conductor back along the center of the coils prevents the
Rogowski from generating false signals from external B fields passing axially through the large loop.

3.0 Basic Rogowski Coil Design, Fabrication, Installation, and
Shielding

3.1 Rogowski Coil Design

The need for a return conductor passing through the measurement coils has led to the almost
universal use of coaxial cable for the fabrication of Rogowski coils. Stripping off the outer jacket
and the shield braid from a length of coaxial cable provides a pristine uniform diameter
polyethylene cylinder to wind the coil on and a cable center conductor for the return conductor.
The formula for calculating the Rogowski response is basically Eqn. 4 which can be rewritten in a
more useful form as

2
. mTr, .
vi)=Mmi=HlT | )

where M is the mutual inductance between the current source and Rogowski, e is the effective
radius of the coil winding and p is the pitch of the winding, i.e., the distance between turns.

Two convenient forms of the relation for M are as follows:

_(2mny?

M x 1077 M[H], r[m]. p[m] (6)
M = 0.10 (27;%)2 M[nH], r[mm]. p[mm] (7

The design procedure is as follows:

1. Estimate the maximum I-dot that will be measured and the amplitude of the desired
electrical signal. Dividing the desired signal voltage by I-dot gives the required M for the
Rogowski.

3
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2. Select a coax cable type and a size of magnet wire with which to wind the Rogowski.

3. Measure the diameter of the coax cable insulation and the diameter of the wire. Then the
effective radius Re = (coax diameter + wire diameter)/2. (For example, winding #26 AWG
wire on RG223 coax results in Re = 1.64 mm)

4. Using the formula for M, calculate the required winding pitch, p.

This is all straightforward, except when it isn’t. What if the required pitch is really long or really
short?

A long winding pitch is generally not acceptable because it does not sample the B field often
enough to make the summation in Egn. 2 an accurate approximation of the integral in Eqn. 1. It is
generally desirable to have at least 10 turns on the Rogowski coil and even more if the B field has
a complex shape, e.g., the field around non-circular conductors. So what is the solution? First, try
increasing the acceptable signal voltage. A signal voltage up to 500 V is practical as it can be
attenuated with commercial attenuators. Voltages above 500 V may damage attenuators or
integrators.

A second option is to use a coax cable with a smaller diameter. Since pitch decrease as the square
of the cable diameter this could be very effective. BUT DON’T DO IT. Essentially all of the small
diameter coax, e.g., RG174, have a STEEL wire core. The flux in this steel core affects the
Rogowski coil output and can produce large anomalous signals when the steel saturates. If a
smaller diameter is needed, use copper hook-up wire with thick insulation or put some small heat
shrink tubing on a piece of copper wire.

What if the calculated winding pitch is very small? There is nothing intrinsically wrong with this,
but it is very tiresome winding 100+, uniformly spaced turns on a Rogowski coil. The obvious
option in this case is to accept a smaller signal. With modern oscilloscopes a signal amplitude of
100 mV is generally acceptable. However, if the environment is electrically noisy or if you intend
to passively integrate the signal, larger voltages will be needed.

An alternative in this case is to use a larger diameter coaxial cable. Or, if the winding pitch only
needs to be increased by a factor of 2 or so, apply one or more layers of heat shrink tubing over
the selected coax cable to increase its diameter.

3.2 Rogowski Coil Fabrication

Start by determining the length required for the Rogowski coil. If the coil is not mounted in a
fixture, then the length can be chosen arbitrarily. If the Rogowski is required to fit in a groove, for
example, in a shield enclosure, then the length must be calculated carefully so that the resulting
coil forms an accurate closed loop when installed.

Next, remove the cable jacket and the shield braid as shown in Fig. 4. Trim approximately 3 mm
of the polyethylene insulation off the end to expose the center conductor.

4
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Figure 4: Preparations for making a Rogowski coil from a coaxial cable.

Lay the stripped cable out straight on a bench; use some tape at the ends if necessary. Using
a reasonably accurate ruler make marks on the polyethylene insulation at intervals of one
winding pitch. Start at the edge of the exposed shield braid and work to the free end. It is best to
use a fine point Sharpie for marking, however an ordinary ball point pen will suffice if care is
exercised during winding not to rub off the marks.

Prepare the wire that will be used to wind the Rogowski coil by removing the insulation for a
length of about 1.5”. Clamp the un-stripped portion of the cable in a small bench vise. The stripped
portion should extend out horizontally with the marks on the insulation facing up. Wrap the cleaned
end of the winding wire a few times around the exposed shield braid and solder in place. The wire
should leave the shield braid aligned with the marks. Wind the wire in a uniform spiral around the
cable insulation so that each turn passes over a mark.

When the winding nears the end of the cable it is necessary to stop and prepare the wire for its
final connection. The recommended procedure is to stop winding about one turn from the end and
clamp the cable and winding wire in a bench vise so that the wire cannot unwind. Then cut the
wire about %2 longer than needed to complete the winding. Strip the insulation off the last 1 of
the wire. Then carefully complete the final winding turn and wrap the bare wire 2 or 3 times around
the exposed center conductor. Solder the connection and carefully trim off any excess wire and
center conductor. Termination of the winding can be accomplished without the bench vise if one
is particularly dexterous.

The last fabrication step is to apply a layer of heat shrink (HS) tubing over the coil. Select a HS
tubing diameter that will shrink firmly against the winding. For the commonly used RG223 cable
a HS diameter of %4” works well. Cut a length of HS tubing that extends an inch of so over the
cable jacket and about 17 past the end of the Rogowski. Start shrinking the tube as the cable end
and work toward the free end. At the free end, heat the tubing that extends beyond the Rogowski
coil and, before it can cool, compress the excess tubing with a pair of smooth jaw pliers to form a
flat tab. This serves the dual purpose of insulating the end of the Rogowski and providing a
convenient tab that can be used, along with a couple of small cable ties, to hold the Rogowski in a
well-formed loop.

3.3 Installation
The basic instructions for installing a Rogowski coils are: “loop it around the current conductor,
line up the ends to close the loop and fix it in place.” However, as always, there are potential issues.
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These issues arise if the assumptions made in going from Ampere’s law to the Rogowski coil are
not valid.

One of those assumptions is that the B field at a point along the path is equal to the average value
of B over aloop of area A. This is true if B is uniform and is reasonably accurate if B varies linearly
across the area A. However, the field around a conductor falls a 1/R, which is not linear except
over short distances. Without going into the mathematical details, the result of this nonlinear
dependence is that there will be errors in the calculated Rogowski calibration of order (r/R) where
r is the radius of the measuring coil and R is the distance of the coil from the current source.

For a typical Rogowski made with RG223 with r=1.64 mm, the calibration can be off by 5% if the
Rogowski loop is less the 64 mm (2.5”) in diameter. It is important to understand that this is NOT
an issue of errors in the signal. The output voltage will always be proportional to I-dot. The
problem is that the calibration constant may not be the calculated value and, furthermore, may
change depending on the position of the loop thereby losing one of the advertised advantages of
the Rogowski coil.

The second assumption that affects the calibration of Rogowski coils is that the spacing between
measurement points (the pitch p) is small enough that the B field measured by the loop, times p,
is an accurate approximation to the integral of B along the path. For typical Rogowski
measurements around a circular conductor, the B field along the path is nearly constant and pitch
is not usually a concern. However, when measurements are made of non-circular conductors there
can be an issue. Figure 5 shows a Rogowski coil deployed to measure the current in rectangular
busbar. The magnetic field in this geometry is quite non-uniform in the region near the corners.

Regions of

nonuniform B ‘\
=~ N
)
.

Figure 5: Rogowski coil on rectangular busbar. Regions of non-uniform B can affect the Rogowski response unless
care is taken with the design of loop diameter and pitch.

It is difficult to estimate the errors that may occur here because they are geometry dependent.
Because the B field varies not only with distance from the corner but also with distance around the
corner, both the winding pitch and the winding diameter are important. As a rule of thumb one can
use the criterion above, that is, that the diameter of Rogowski winding should be less than 10 %
of the distance to the corner and, added to that, that the winding pitch should be comparable to the
winding diameter. Because the winding pitch has to be constant along the entire length of the
Rogowski, the small pitch needed near the corners often make a true Rogowski impractical is
situations like that shown in Fig.5. In that case a Rogowski-like coil can be permanently installed
and calibrated in situ. This will give usable measurements with the caveat that the calibration may
have some time dependence due to current diffusion into the corners.
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4.0 Practical Considerations: Shielding, Termination, Rise time, and
Signal Processing

4.1 Shielding

Rogowski coils are very vulnerable to noise induced be external electric fields. A time varying
external E field that terminates on the winding will induce a current flow directly into the output
cable. To reduce or eliminate this electrical noise it is important to shield the entire Rogowski coil
from external fields. The most effective form of shielding is to either place the Rogowski in a
flange, Fig.6a, in a slot with a cover, Fig 6b, or to mount the Rogowski in a conducting fixture that
can be installed around the current source Fig. 6¢.

Gap for field
entrance

I
A a)

Gap for field I
entrance —\ A
b)

(0]
.
O
L

Gap for field

entrance A
I | C)
I%II Tel

Figure 6: Rogowski coil shielding techniques: a) in a mounting flange, b) recessed in a plate with a cover, ¢) in a
separate holder. In all cases, care must be taken to provide an azimuthal opening for the B field to reach the
Rogowski ¢

In either case, there must be an open, azimuthal slot that allows the B field to enter into the
region containing the Rogowski coil. The slot can be very thin and long to exclude electric fields.
A gap of even 0.005” is sufficient if provisions are made to prevent it from shorting. Typically a
gap of 0.020” is adequate if its depth is 0.1”” or more.

Of the three configurations shown in Fig. 6 the two shown in 6a and 6b are preferable because the
Rogowski output cable can pass out through the flange into a field-free region. With the
configuration 6c¢, the output cable is exposed to fields within the apparatus. In this case it is
important to use a double shielded cable such as RG223 to minimize noise pickup by the output
cable.
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If there is no practical means to install the Rogowski coil inside a shield, the Rogowski can be
wrapped in copper foil with the foil connected to the cable shield. This still requires an azimuthal
opening for the B field, usually in the form of some electrical tape insulating the region where the
foil wrap overlaps. With a foil shielded Rogowski, the output cable should be grounded securely
to the apparatus ground, e.g., passing through a BNC bulkhead fitting, before being connected to
a recording instrument. Electric fields can induce large currents in the foil shield that should not
be allowed to enter the recording instrument ground.

4.2 Termination

cThe Rogowski coil is effectively a short circuit at one end of the output cable. If the other end of
the cable is connected to a high impedance oscilloscope input, the cable will support long-lasting
reflections that corrupt the signal.

The general practice is to deal with this by,

1. Connecting to a 50 Q scope input. However, the maximum voltage allowable may be
limited by the oscilloscope settings.
2. Install a 50 Qterminator on the cable and connect to a standard 1 MQ input. This is
generally preferable.
3. Using a commercial passive integrator with a 50 Qinput resistance.
As an alternative, it is possible to internally terminate the Rogowski as shown in Fig.7. In this case
the output cable can be directly connected to a 1 MQ input without risking cable reflections. There
is a downside to internal termination. If the output cable is inadvertently connected to a 50 Q input,
the response of the Rogowski is cut in half. This is the same behavior exhibited by Pearson current
transformers which are internally terminate.

G8660006— )

50 Q

Figure 7: Rogowski coil termination diagram. A Rogowski coil can be internally terminated for use with a high
impedance scope input. However, if used with a 50 Q input, the signal will be reduced by Y%.

4.3 Risetime

There are two effects which limit the rise time achievable with a Rogowski coil; internal
inductance and transit time. The effect of internal inductance is easily understood. Referring to
Fig. 8, the Rogowski coil can be represented as an inductor Lr in series with a 50 Q resistor and
coupled to the current to be measured by a mutual inductance M. The rise time of the output signal
is limited to Lr/50 Q.
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I
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Figure 8: Rogowski coil rise time. The rise time of a Rogowski coil is limited be the self-inductance of the coil, not
by the calculated mutual inductance. Long Rogowski coils with many turns have a slower risetime.

The rise time of a Rogowski coil depends on both winding pitch and total length, unlike
the responsivity which depends only on winding pitch. In general, Rogowski coils have
acceptably fast rise times. For example, a RG223 Rogowski loop that is 3” in diameter with a
winding pitch of 5 mm has an inductance of 110 nH and, thus, a risetime of 2.2 ns.

Rise time can become an issue when trying to measure small signals. The signal generated by a
Rogowski is proportional to 1/p while the inductance, proportional to N2, increases as 1/p?. Adding
turns to increase the signal will rapidly degrade the risetime. A better approach is to increase the
diameter of the Rogowski winding. The risetime will still increase, but only linearly with the output
signal amplitude and not as the square.

Transit time also effects the risetime of the Rogowski output. When there is an instantaneous rise
in the current being measured a voltage step appears simultaneously all along the length of the
Rogowski coil. This induced voltage must then propagate along the coil to the output cable. The
induced signal propagates in both directions along the coil so one half of the signal travels to the
shorted end where it reflects and travels back to the output. As a result the output signal is spread
out over two transit times of the Rogowski coil.

Without going into the details of the analysis, the Rogowski coil looks like a transmission line with
impedance Zr. The one-way transit time is approximately Lr/Zr. Typical RG223 Rogowski coils
have Zr ~ 170 Q. The example coil mentioned above with Lr = 110 nH has a two-way transit time
of ~ 1.3 ns. Combining the 2.2 ns L/R time and the 1.3 ns transit time gives a predicted risetime of
2.55 ns, so transit time is not very important in this case. There are cases where transit time can be
important, but that is beyond the scope of this memo.

4.4 Signal Processing

There are two common ways of recording the output of the Rogowski coil: (1) directly to obtain a
record of I-dot, or (2) after passive integration to obtain a record of the current. Each method has
its advantages and disadvantages.

Direct recording of the I-dot signal is particularly advantageous when working with apparatus or
experiments where the behavior is uncertain. For example, measurements of the current in plasma
experiments. Unusual behavior is often evident in short transient signal that have negligible effect
on the recorded current but are easily seen in the I-dot waveform. The primary disadvantage of
recording I-dot is that post-processing of the recorded waveform by numerical integration is
required to obtain a current waveform. Another potential disadvantage is that the I-dot signal
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sometimes has a large dynamic range, making it difficult to accurately record with 8 or 10 bit
digitization.

Passively integrating the Rogowski signal has the advantage of providing a quick-look at the
current waveform. Often, this is all that is needed, for example, in routine operation or testing.
There are two downsides to passive integration. First, the signal amplitude is reduced, particularly
for signals that require a long integration time. For the typical integrator circuit shown in Fig. 9;
the output voltage is

Vi@ = = 1) ®

where 7 = R, C; is the integration time. The ratio of the integrated voltage to the direct output
voltage, is displayed in Eqgn. 9.

Vi 1 ©)

VR a Ti
Assume the current pulse, I, has a duration of 100 ns and a rise time of 5 ns. To get a reasonably
accurate current waveform, assume a r value of 500 ns. Eqn. 10 demonstrates the significant
reduction in amplitude.

%} S5nsxl 1

— = (10)
Ve 500nsx! 100

The second downside is that the recorded signal is only approximately equal to the true current
because of integrator droop. An accurate expression for the signal voltage can be obtained by
solving the circuit equations for the integrator shown in Fig. 9.

avi(t) i (MI-V(®)

= 11

Ry
A
50 Q % G

Figure 9: A passive integrator circuit with a resistor RI and a capacitor CI has a signal droop time T = RI CL.
Typically RI>> 50 Q.

Integrating both sides of this Eqn. 11 with respect to time gives the correct expression for
the output voltage from the integrator.

M 1
%@=;4®—;IWGMT (12)

10
Approved for public release; distribution unlimited.



The second term on the RHS of the equation causes the recorded voltage to fall, or droop, below
the true current, hence the term “integrator droop.” Fortunately, this droop error can be corrected
exactly by post processing the recorded waveform. The droop error is equal to the integral of the
recorded waveform. Numerically integrating the recorded waveform, dividing by the integration
time constant, and adding to the recorded signal gives the true current.

Vi (6) + 1 fVI(T) dT = % 1(t) (13)
T T

Note that the accuracy of this correction does not depend on the droop being small. If one plans to
post-process the integrated waveform, there is no advantage to using a long integration time.
Rather, the selected integration time should be as short as practical, i.e., producing an acceptable
displayed waveform prior to processing.

The use of short integration time provides a “hybrid” approach to dealing with Rogowski signals
that have a large dynamic range. A classic example is recording a fast rising, long duration signal
with accurate resolution of both the rise and the flat top. For example, consider a 1 ps pulse with
a rise time of 10 ns and a flat top that needs to be measured with 5% accuracy. The peak I-dot
signal is ~1/10 ns while the signal from the flat top is ~0.05 1/1000 ns. The dynamic range of this
I-dot signal is 2000:1. With a typical 8 bit scope the best available resolution is 256:1 so there is
clearly an issue.

This issue can be addressed by passively integrating the signal with a short time constant; for
example, a 200 ns integrator can be used. Then the amplitude of the initial spike is reduced by 10
ns/200 ns and the dynamic range reduced from 2000:1 to 100:1, within the capability of an 8-bit
recorder. Although the recorded signal will be difficult to impossible to interpret directly, after
droop correction it will be a faithful record of the actual current waveform.

An alternative for dealing with large dynamic range signals is to record the signal on multiple
channels with a different attenuation on each channel. However, using this technique results in the
most sensitive channel being severely overdriven. The overdriven channel may not recover rapidly
enough to accurately record details of the small signal that follows.

Finally, an alternative way to obtain a current waveform is known as the “self-integrating”
Rogowski. Referring back to the Rogowski circuit shown in Fig. 8, replace the 50 Q resistor with
a very small resistance, for example, 0.1 Q. Then the rise time in our earlier example would
increase from 2.2 ns to 1100 ns. Why would one do this? Because the voltage across the 0.1 Q
resistor is proportional to I, in this case, and not I-dot. In the self-integrating configuration, the
current signal is also subject to droop, but with the integration time now being Lr/R. Achieving a
long integration time thus means increasing the self-inductance while reducing R as much as
practical. This design works and is occasionally used for very fast pulse measurements. An obvious
improvement to the self-integrating Rogowski would be the use of a ferromagnetic core to make
Lr very large. This works very well, and in fact, results in the well-known Pearson Current
Transformer.
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5.0 Conclusion

This article provides an overview of the implementation of Rogowski coils by AFRL’s Directed
Energy Directorate, High Power Electromagnetics Division. Practical designs, shielding
techniques, rise time considerations, and signal processing methods are detailed. This articles
serves to document effective techniques for shielded measurement of high rate of change currents
and extreme peak currents in compact pulsed power apparatuses.
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