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Abstract—Existing current sensors suffer from insufficient
measurement bandwidth or large insertion area to continuously
monitor the switching transient current of wide-bandgap devices.
A combinational Rogowski coil concept is proposed here, where
the self-integrating region of a shielded Rogowski coil is com-
bined with its differentiating region. The overall measurement
bandwidth is effectively extended by the self-integrating region.
The design methodology for the shielded Rogowski coil, especially
the parasitic elements and error analysis, is discussed. Finally,
a prototype is demonstrated with a sensitivity is 5.0 m{2 and a
bandwidth of 200 MHz. The measurement in a SiC power module
double pulse shows it can faithfully capture the transient current
while introducing little interference.

Index Terms—Current sensor, Rogowski coil, SiC MOSFET,
double pulse test

I. INTRODUCTION

Wide-bandgap devices exhibit much faster switching speed
than Silicon counterparts. Recent packaging improvements
have enabled smaller and smaller power loop inductance
for SiC MOSFET power modules [1], [2]. The switching
transient oscillation frequency determined by the parasitic
capacitance and inductance is therefore also increased. In order
to capture the current waveform faithfully, the current sensor or
probe must possess sufficiently high measurement bandwidth.
Furthermore, because the switching transient performance of
SiC MOSFETs is highly dependent on the power loop parasitic
inductance [3], the insertion inductance due to the extra power
loop area to accommodate the current sensor must be small.

Resistive current shunts can achieve very high bandwidth
up to several GHz but are limited to pulse operation and not
capable of continuous measurement due to heat dissipation
[4], [5]. Current transformers can also achieve up to 250
MHz measurement bandwidth but the cross-sectional area is
quite large due to the magnetic core saturation limitation
[6]. Rogowski coils are another widely used type of current
sensor based on the Faraday’s induction low [7]. The helix
coil directly measures the derivative of the current, which is
then reconstructed by a passive or active integrating circuit
[8]. The state-of-the-art commercial Rogowski coil has a
small cross-sectional area but the measurement bandwidth
is only 50 MHz. A two-turn Rogowski coil with up to
225 MHz bandwidth is demonstrated in [9], but numerical

Fig. 1. Simplified schematic of a shielded Rogowski coil.

integration with oscilloscope is required. [10] proposed an
integrated Rogowski coil for a GaN power stage but the exact
measurement bandwidth is not provided.

On the other hand, shielded Rogowski coils can exhibit self-
integrating characteristic and a linear gain within a relatively
high frequency region [11]. A simplified schematic of the
shielded Rogowski coil is shown in Fig. 1. Instead of a single
return turn going through the center of the coil, a layer of
copper shielding covers the entire coil from outside. The
parasitic capacitance between the helix coil winding and the
shielding can achieve integration in the high frequency range
[8], [12]. In the aforementioned literature, the cross-sectional
areas are relatively large and therefore unsuitable for SiC
MOSFET measurement.

In this paper, the combinational Rogowski coil concept
is proposed, which utilizes both the self-integrating and
differentiating regions of a shielded Rogowski coil. The
measurement bandwidth is greatly increased, while the cross-
sectional area is kept small to minimize the extra inser-
tion inductance. The design and fabrication methodology is
discussed, including the parasitic element model and error
analysis due to eccentricity and tilting. Network analyzer
measurements verify the measurement bandwidth of hand-
made prototypes is extended to 200 MHz. Double pulse tests
with a SiC MOSFET power module further shows the coil can
faithfully capture the waveform while introducing little extra
parasitic inductance.
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Fig. 2. Shielded Rogowski coil cross-sectional view.
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Fig. 3. Distributed element circuit model of a shielded Rogowski coil.

II. SHIELDED ROGOWSKI COIL SELF-INTEGRATING
CHARACTERISTICS AND PARASITICS MODEL

A. Self-integrating characteristics

A more detailed view of the shielded Rogowski coil cross
section is shown in Fig. 2. The helix coil winding is wound
around a donut shaped amagnetic core. The winding major and
minor radii are denoted as R and r, respectively. The winding
is wrapped around an insulator with a thickness of g. Finally,
the copper shielding is attached all around the insulator. The
copper shielding is connected to one end of the winding. The
other terminal and shielding are terminated with a loading
resistance of R;.

Assuming the primary side conductor is placed at the center
of the coil, the equivalent distributed element circuit model
for the shielded Rogowski coil is then shown in Fig. 3. The
coil self-inductance is denoted as L, the winding-to-shielding
parasitic capacitance C|,, the turn-to-turn capacitance C};, the
AC impedance of the winding Z;, and the mutual inductance
between primary and Rogowski coil M. The superscript prime
represents the per-unit-length value in Fig. 3. Assuming the
AC resistance Z! and turn-to-turn capacitance Cj, can be
neglected, the transfer impedance Z; is then given by [11],

7 Vv M 1 0
T L R~ jZy "t cot (wy/LsCy)’
where Zy = é—q is the wave impedance of the coil.

A transfer impedance example over the frequency spectrum
is shown in Fig. 4. The transfer impedance clearly shows
distinctive behavior in different frequency regions. In the lower
frequency, the coil appears differentiating. Inspecting (1), in
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Fig. 4. Transfer impedance of a shielded Rogowski coil.

the lower frequency spectrum, when Z; Lot (w \/ﬁCQ) >
Rl_l, the coil output appears differentiating like a normal
Rogowski coil,

Zy ~ jwM. 2)

As the frequency get higher, Fig. 4 shows that the coil
output becomes linear. When Z; Leot (w,/LSC’g) < Rl_l,
the output of the coil will be proportional to the primary side
current and appears linear or self-integrating,

RiM
VAR I 3

Because of the periodic nature of the cot function, the linear
response region appears in many frequency bands in the higher
frequency spectrum. The first frequency band immediately
after the differentiating region can be used for current sensing
purpose. The primary side current signal starts being distorted
at the first oscillation point, and the rest of the high frequency
spectrum cannot be used to reconstruct the current signal. The
start and end frequency of the first self-integrating band can
be found by equating the previous frequency band conditions,

Ry
VLs/Cy
2n\/LsCy ’

7 — arctan —-L2

VLs/Cy
27/ LsCy '

In later designs, it is shown that typically BWy > BW,
therefore,

arctan

BWp, = “)

BWy = &)

R

arctan ——= <L . (6)

L./C,
Thus, the bandwidth expressions can be further simplified,

R

BWp, ~ —— 7
L 27TLS ) ( )

1
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B. Parasitics model

Because the shielded Rogowski coil’s performance is
directly determined by its parasitic elements, analytical models
for these parasitic elements can greatly facilitate the optimiza-
tion of the coil design. The per-unit-length mutual inductance
M’ can be written as,

poN (VE+7—VR—71)°
2l ’

M = ®

where [,, is the wire length of the winding. Unfortunately,
there is no explicit closed-form solution to [,,. But it is trivial
to obtain by integrating the parametric form of a helix coil,

27 2 2
dy dz
= | \/ + (%) +(dt) o

where x(t),y(t), z(t) are the parametric form of the toroidal

(10)

helix coil,
x(t) = (R + rcos(nt)) cos(t), (11)
y(t) = (R + rcos(nt)) sin(t), (12)
z(t) = rsin(nt). (13)

The per-unit-length winding-to-shielding capacitance C;
can be approximated by the wire over ground plane capac-

itance, )
TE,€Q

!
Cg = acosh - (14
where €, is the relative permittivity of the insulation material,
and R, is the wire radius of the winding.

The per-unit-length self inductance L/, is more challenging
to calculate accurately. In [11], it is estimated by summing
the helix coil inductance and the wire over ground plane

inductance,
N2
L’s:‘u(; (R—\/R2 )—i-goacosh(éq). (15)

However, considering the high frequency proximity effect,
the magnetic field distribution crowds towards the insulator
as the frequency gets higher. So it is difficult to have an
accurate estimation of the self inductance L/ over a wide
range of frequencies. On the other hand, the assumption that
the helix coil inductance and the wire over ground plane
inductance are magnetically orthogonal clearly overestimate
the total inductance. According to (3), (7) and (8), the linear
transfer impedance, lower and higher bandwidth will all be
underestimated.

III. TILTING AND ECCENTRICITY ERROR ANALYSIS

A. Mutual inductance error

Given the parasitic element models in the previous section, it
is already possible to formulate an optimization problem on the
Rogowski coil design. However, conventional differentiating
Rogowski coils suffer from eccentric and tilting errors because
of nonuniform or sparse winding [13].

Ideally, the primary side conductor is placed at the center
of the Rogowski coil and perpendicularly to the coil plane.
However, in reality, the primary side conductor can be tilted
and placed at an angle 6 with regard to the normal of the coil
plane, as shown in Fig. 5. The actual mutual inductance can
be found by summing the mutual inductance of each turn, and
the expression is given in (16). The number of turns is denoted
as N,and a = 2% - represents the spanning angle of each turn.

Assuming R = 10.0 mm, » = 0.39 mm and g = 0.48
mm, the sweep of number of turns NV, tilt angle 6 and the
resulting much inductance M over the ideal case M is shown
in Fig. 6. When the tilting angle is small # < 60°, the mutual
inductance variation is negligible. However, as the tilt angle
becomes larger, higher number of turns IV clearly shows better
mutual inductance consistency. Specifically, with N > 30, the
maximum variation is within 10%. Also note that with very
large tilt angle 8 > 80°, the variation of mutual inductance
across different number of turns N shows a somewhat periodic
behavior. Therefore, it is possible to choose a number of turns
value between the peak and valley points that achieves the
lowest variation.

Another non-ideal case occurs when the primary side
conductor is placed off-center or eccentrically, as shown in
Fig. 7. Similarly, the actual mutual inductance can be found
by summing the mutual inductance of each turn. Under the
same parameter assumptions as before, the eccentric distance
AR is swept to understand its impact on the mutual inductance
variation. The sweeping result is shown in Fig. 8. Same as the
tilting error, the error due to eccentricity becomes negligible
when the number of turns is large. Specifically, when the
number of turns N > 30, the maximum variation is very small
and less than 1%.

In conclusion, the mutual inductance variation analysis
shows it is preferable to have a higher number of turns. Given
the previous parameter assumptions, it is best if the number
of turns N > 30. The error analysis essentially provides
a parameter boundary for the coil design. The final coil
design parameters are listed in Table I, and its high frequency
performance is shown in Fig. 4.

o ZN:/RJrr Nyl cos 0 . (16)
27 = JR-r :L’\/l — sin? 0 sin? ia - \/sin2 0 cos? iav + cos?
N R+r .
140 R — ARcosia
M= 21 — (v — R)?- d 17
2 ; /R_r (- k) R?2 + AR?2 —2RARcos i . an
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Fig. 5. Tilted primary side conductor in Rogowski coil.

Fig. 8. Variation of mutual inductance when primary side conductor is
eccentric.

B. High frequency behavior distortion

Note that in (1), it is assumed that each segment of the
distributed circuit shares the same per-unit-length parameters.
While this is true for the self inductance L/ and winding-
to-shield capacitance C?, it is trivial to see that the mutual
inductance M’ distribution becomes uneven when the primary
side conductor is not placed perpendicularly at the center. To
understand the impact from eccentricity to the high frequency
behavior, the distributed circuit model is created in SPICE.
Each turn is represented as a segment in the distributed circuit.

The transfer impedance Z; with different eccentric angle 0
and eccentric distance AR is shown in Fig. 9. In Fig. 9(a),
when the primary side conductor is placed perpendicularly at
the center of the coil, the high frequency behavior is exactly
the ideal case shown in Fig. 4. The higher measurement
bandwidth is around 540 MHz. However, as the primary
side conductor moves away from the center, as shown in
Fig. 9(b) and Fig. 9(d), where AR = 0.3R and AR = 0.8R
respectively, the high frequency behavior becomes distorted.
The effective higher bandwidth decreased to around 230 MHz
by looking at the +3 dB point. Furthermore, comparing
Fig. 9(b) and Fig. 9(c), where the eccentric angle § = 90°
and 6 = 180° respectively, the high frequency distortion also
depends on the eccentric angle. The case where # = 90° is
clearly much worse than the case where 6 = 180°.

Given the high frequency distortion, it is obvious that the
actual usable bandwidth of the shielded Rogowski coil is
lower than the ideal value in Fig. 4. This means enough
higher bandwidth margin must be kept to ensure the final

Fig. 6. Variation of mutual inductance when primary side conductor is tilted.

Fig. 7. Eccentric primary side conductor in Rogowski coil

TABLE I. Shielded Rogowski coil design parameters

Parameter Value actual bandwidth is sufficient. On the other hand, it also
No. of Turns N 34 . . . . .

Major Radius R 10.00 mm suggests that if applicable, placing the primary side conductor
Minor Radius r 0.39 mm ideally at the center could significantly increase the overall
Insulation Gap g 0.48 mm bandwidth. Also note that this means the winding turns must
Load Resistance R; 2.00

be evenly distributed, otherwise the uneven mutual inductance
distribution would also distort the high frequency behavior.
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Fig. 10. Combinational Rogowski coil prototype with thin wires and heat-
shrink tube.

i
(o O

Fig. 11. Non-inverting integrator circuit for analog signal processing.

IV. COIL FABRICATION AND VERIFICATION
A. Colil fabrication

The aforementioned coil is hand built with very thin wires
and heat-shrink tubes due to the material availability. The
Rogowski coil core is taken from the insulation of a thin wire
(AWG24) after stripping the center conductors out. The helix
coil winding is made from even thinner wire (AWG32) wound
around the insulation core. The insulation gap between the
winding and the shielding is made from heat-shrink tube. The
heat-shrink tube wall thickness is 0.48 mm. Afterwards, an
layer of copper tape is wrapped around the heat-shrink tube.
One terminal of the helix winding is soldered to the shielding,
while the other terminal and the shielding is connected to
a SMA connector. The load resistor is directly soldered
between the legs of the SMA connector. Finally, a layer of
insulating tape is wrapped around the shielding for electrical
isolation. The prototype put into double pulse test to compare
its waveform from a commercial current probe (Tektronix
TCPO030A) is shown in Fig. 10.

B. Analog signal processing

The concept of combinational Rogowski coil is to utilize
both the differentiating and self-integrating region of a
shielded coil. The analog signal processing circuit involves
integrating the differentiating part, while directly output the
self-integrating part. The “hand-off” frequency is the lower
bandwidth of the self-integrating region as in (7). A simple
non-inverting amplifier circuit is capable of this behavior and
is shown in Fig. 11. The transfer function can be trivially

(d

Fig. 9. Rogowski coil eccentricity high frequency distortion: (a) 8 =
0° AR = 0: (b) 6 = 90°, AR = 0.3R: (¢) f = 180°, AR — 0.3g, lound tobe 1
(d) # = 90°, AR = 0.8R. G=1+ (18)

sRC"

However, note that the above behavior is still limited by the
op-amp’s bandwidth limit. The integrator is implemented with
LT6228, which has rail-to-rail output capability. The power
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Fig. 12. Non-inverting integrator circuit transfer function measurement.

Fig. 13. Measurement setup for the combinational Rogowski coil.

supply is £5.0 V. The transfer function measurement with
network analyzer is shown in Fig. 12. The op-amp circuit
shows integrating behavior for frequency components below
around 5 MHz, and linear O dB gain between 5 MHz and 250
MHz. Beyond 250 MHz, the output is limited by the op-amp’s
bandwidth and starts showing attenuating behavior.

C. Transfer impedance measurement

The transfer impedance measurement of the Rogowski coil,
on the other hand, is a lot trickier. A dedicated measurement
fixture is built from 3D-printed cylinder chambers, as shown in
Fig. 13. The cylinder chamber is wrapped around with copper
tape. The BNC cable outer shielding is stripped and connected
directly with the outside of the chamber. The center conductor
of the BNC cable is threaded through the center of the chamber
and connected to the chamber as well. Effectively, a coaxial
structure is created where the magnetic filed is restricted within
the chamber. The BNC cable is connected to the port 1 and
the Rogowski coil sensor output is connected to the port 2 of
the network analyzer.
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Fig. 14. Measurement chamber S1; measurement results showing possible
high frequency conversion problem.
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Fig. 15. Combinational Rogowski coil current sensor transfer impedance
measurement result.

Network analyzers measure S-parameters directly and con-
version is required to transform them to Z-parameters,

2512 7
(1 =511)(1 — S22) — S12521 0

where Zy = 50 ). Because both the measurement chamber
and the Rogowski coil are electrically short, at low fre-
quencies, S11 = S = 1/£180°. However, especially for
the measurement chamber, its behavior appears more like an
inductor at higher frequencies. Looking at the measurement
results of Sy, it gets to 1£0° at around 540 MHz, as shown
in Fig. 14. Therefore, (19) shows the denominator gets close
to 0 around 540 MHz, meaning the S-to-Z conversion is only
trustworthy for frequency components below 200 MHz.

The final transfer impedance with the non-inverting inte-
grator connected to the Rogowski coil is shown in Fig. 15.
Looking at the +3 dB point, the frequency response is
relatively flat and around —42 dB) or 7.9 m2 up to around

Zy = (19)
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200 MHz. The flatness is not very good likely due to
the “hand-off” frequency not exactly accurate on the non-
inverting integrator. Another possible reason is the hand-made
Rogowski coil winding density is not well controlled, which
may result in non-flat high frequency response. Nevertheless,
this shows that the combinational Rogowski coil concept
can greatly extend the measurement bandwidth, even with
relatively crude hand-made coil.

D. SiC power module double pulse test

The combinational Rogowski coil is first compared with a
commercial current probe (Tektronix TCP0O030A, 160 MHz,
30 A) to verify the measurement is valid. The measure-
ment setup is shown i Fig. 10. The SiC power module
is CAS325M12HM2 (1.2 kV, 3.7mQ)from Wolfspeed. The
comparison between the Rogowski coil and the current probe
is shown in Fig. 16. Because the current probe can only
measure up to 50 A, the peak current is only around 45 A.
The waveforms look very similar between the probe and the
Rogowski coil. The noise content in the Rogowski coil is a
lot higher than the current probe, but the measurement range
of the Rogowski coil is much higher. Given the £5 V voltage
supply, the range is around +630 A.

Finally, to verify that the cross section is small enough that
no significant extra power loop inductance is introduced, the
double pulse test is performed with either just the Rogowski
coil or no current sensor at all. The experimental setup with
the Rogowski coil is shown in Fig. 17. A short copper foil
is used to connect the decoupling capacitors with the lower
device source terminal. When there is no Rogowski coil at
all, a flat copper foil is used to make the shorted connection
between them. The drain-source voltage V;s; waveforms in
these two conditions are compared against each other to verify
the insertion inductance, as shown in Fig. 18. The difference
in the drain-source voltage is very small. The oscillation
frequency shift from 27.1 MHz to 25.77 MHz. Therefore, the
extra insertion inductance is calculated to be within 2.4 nH.

V. CONCLUSIONS AND FUTURE WORK

The concept of combinational Rogowski coil is proposed in
this paper. The self-integrating region of shielded Rogowski
coils can be utilized to extend the overall measurement
bandwidth. The parasitic element models can facilitate the
coil design, while the error analysis on eccentricity and
tilting provides a design parameter boundary. The concept
is implemented by hand with heat-shrink-tube and thin
wires. Experimental prototypes demonstrate a measurement
bandwidth of more than 200 MHz. Measurement in double
pulse test also further confirms the extra insertion inductance
is minimal. Therefore, the combinational Rogowski coil proves
to be invaluable tool for measuring and monitoring the
switching transient current of SiC devices.

Future work will further try to improve the gain flatness, as
the gain fluctuates quite a bit in the high frequency. The hand-
built fabrication approach is also prone to error and variation,
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Fig. 16. Double pulse test waveform comparison between combinational
Rogowski coil and commercial current probe: (a) overall comparison; (b)
turn-on switching transient comparison.

Fig. 17. Double pulse test setup for verifying the extra insertion inductance.
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Fig. 18. Drain-source voltage difference with and without the Rogowski coil.

so implementation with automated fabrication process such as
printed circuit board is better for more controlled performance.
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