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Abstract— This paper discusses the possibility of using a multi-
objective optimization workflow to design Rogowski coil current
sensor and optimize its performance. Seven geometrical
parameters can be used as design variables to maximize objective
functions such as sensor bandwidth and sensitivity. Based on the
electrical lumped parameter model of the Rogowski coil, the
sensor geometry is optimized combining a genetic algorithm (GA)
in Matlab and a finite element (FE) electromagnetic model in Q3D
Ansys. To validate the proposed design approach, a compact
current sensor with very high bandwidth (up to 300 MHz) is
designed, prototyped, tested, and compared with a suboptimal
design (up to 100 MHz). Experimental results prove the validity
and optimality of the sensor model used for the design.

Keywords— Rogowski coil, current measurement, magnetic field
sensor, wide bandwidth, current sensor, finite element method

I. INTRODUCTION

With the emerging of wideband gap (WBG) devices, power
electronic converters can achieve unprecedented levels of power
density and switching frequency. Playing a critical role for the
evaluation of switching characteristics, current monitoring for
power system optimization, current control for closed loop
circuit and overcurrent protection, current sensors are expected
to reach the MHz range bandwidth to capture the current
waveform faithfully for the power converters with megahertz
switching frequency [1]. Furthermore, due to the higher power
density, more compact structures and packaging technique
improvements, power modules has been widely used in the
power converters [2]-[9]. With the limited space and
complicated electromagnetic environment within the modules,
current sensors are required to have smaller size, competitive
structures and strong noise immunity for neater integration
without compromising sensing accuracy and reliability [10]-
[13]. In addition, the switching transient oscillations, cross talk
and overshoot are determined by the power loop parasitic
capacitance and inductance, therefore it is vital for the current
sensor to be nonintrusive with its stray inductance as small as
possible [14],[15]. Besides all the above mentioned, galvanic
isolation, wide measurement range, highly robustness in harsh
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environments and low cost are also need to be taken into account
depending on the applications.

There are several commonly used high-bandwidth current
sensor [1],[16]. Current shunt resistors are popular because of'its
low cost and easy integration, and suitable for high current and
high bandwidth up to GHz, but they introduce high parasitic
inductance to the power loop and result in power loss in the
power circuit [17]. They also don’t have galvanic isolation.
Current transformers can ensure the galvanic isolation and
bandwidth can achieve up to 250 MHz, but they suffer from flux
saturation and size limitations for compact WBG applications
due to the magnetic core characteristics [18]. Rogowski coils are
currently drawing more attention because of its potentially broad
bandwidth, small volume, high accuracy, and ease of integration
[19]-[23]. From traditional helical to common print-circuit-
board (PCB) implementations, most of research focus on the
winding shape and integrator design, but little on the
optimization of Rogowski coil, since most of the designs are
only based on an equivalent circuit of the parasitic parameters
that are intrinsic to it, which makes it hard to represent and
predict all its characteristics in a comprehensively way. Thus, it
involves a great amount of non-optimized experimental trial to
appropriately select the geometry that will achieve the desired
bandwidth and sensitivity. Besides, all the structures of
Rogowski coil are in the toroidal or square shape, which is not
convenient to integrate into the modules and power circuit
[23],[24].

This paper continues to use a novel structure for current
sensor in [25]. It is nonintrusive and easy to be integrated into a
power stage or modules. Numerical integration or analog
integration can both be applied. Based on the structure, Finite
Element Method (FEM) simulations are executed in Ansys Q3D
combining with a genetic algorithm in Matlab to investigate the
effects that the geometrical parameters have on the Rogowski
coil key performances: bandwidth and sensitivity. This method
allows the simulation of complex coil and primary current
conductor geometries, including parasitic inductance and
capacitance. Therefore it is possible to simulate the complete
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system with reasonable computational cost (less than 2
minutes for each simulation).

In the following, first, the novel structure and modeling of
the current sensor are briefly introduced, and boundary
conditions for simulation are demonstrated. Then an
automated design workflow is proposed to optimize the
sensor geometry, which include: the sensor electrical lumped
parameter model, the finite element electromagnetic model
and the genetic algorithm optimization. All the workflow is
implemented in the Matlab environment. Finally, to check the
validity of the proposed method, experimental validations of the
optimization group compared with control group based on
double pulse test are presented.

II. MODELING AND DESIGN SPECIFICATIONS

A. Modeling of the Proposed Rogowski Coil

Fig. 1 (a) shows the sketch of the being optimized Rogowski
coil structure [25]. The primary current I, is carried by the
conductor, a Q-shaped brass tube with an extended part, which
can be easily integrated within the power circuit or modules. The
coil inside the tube, wound on a 3D printed ABS plastic
supporter, senses the varying magnetic field generated by the
primary changing current, thus resulting in a voltage, notated as
Ueny, in the windings. According to the Ampere’s law (1) and
Faraday’s law (2):

) =~
Ni(t) _uojéB(t) dl (1)
do . N?2-A di
U(t):NE:N.fB(t)dA:TUOE (2)

where N is the number of turns, / is the distance along the coaxial
coil, and 4 is the cross-section for the windings. Based on (2),
the induced voltage U.ny is proportional to the changing rate of
the primary current:
di N%-A
Uemp = Ma, M = Yo 3)

where M is defined as the mutual inductance between the
primary current conductor and the secondary Rogowski coil.
Therefore, the primary current can be retrieved by integrating
the induced voltage U.,. M serves as an indicator for the
sensitivity of the Rogowski coil design, which implies the
amplitude of the measurement signal displayed on an
oscilloscope.

A simplified, lumped parameter model of the proposed
Rogowski coil is shown in Fig. 1 (b). It consists of electromotive
force Ue.ms, which is induced by the changing primary current,
self-inductance of coil L., series resistance R, parasitic
capacitance C..yand terminal resister Ry. After the simulation
and bandwidth investigation, it is noticed that parasitic
resistance R; can be neglected for its little effect for the
bandwidth design. Therefore, the transfer function of this model
can be simplified as shown in (4):
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Fig.1. (a) Sketch of a basic inductive current sensor; (b) Modeling of the
proposed Rogowski coil.

TABLEL BOUNDARY CONDITIONS OF DESIGN VARIABILITIES
Size Limitation
Variations
Minimum(cm) Maximum(cm)
@ Length of coil M_L / 10
@ Diameter of air-core / 1
supporter M D
@ Number of turns (V) 2 20
@ Wire radius (Ryire) 0.005 0.025
® Distance between coil
and tube (Diso) 0.01 0.1
® Tube thickness 0.1 0.3
@ Pitch 2.1*@ O/
Helix radius (R.i1) 1.8*@ @/2-®-®
® Aperture 0.005

The second order system is commonly described in the
Laplace domain as follows:

k
G(S) =

()
1 g2, 20,
woZ S+ W, S+1
where k is the gain of the system, wy is the angular frequency
and { is the damping ratio. The terminal resistor is designed to
avoid the overshoots near its resonant frequency, thus Rr is
determined when the damping ratio ( is 1 for a critically damped
system. In the design, the parasitic inductance L., capacitance
Ceoir can be extracted from Ansys Q3D extractor, then Ry can be
calculated according to the transfer function (5) with {=1. The
bandwidth is defined at the 3 dB point in its transfer function.
This paper mainly focuses on the coil geometry design and off-
line digital integration is used as an auxiliary.

B. Design Specifications of Simulation

To define the current sensor geometry, there are 7 design
parameters: number of turns(V); Pitch, which is the distance
between two turns; helix radius (Rc.i1), which is the size of the
air-core supporter; wire radius (Rir.), Which is the thickness of
the coil’s conductor; isolation distance between coil and tube
(Diso); tube wall thickness; Aperture, which is the size of the slot
on the copper tube. Consider the size constraints for
applications, the maximum length of the Rogowski coil M L is
defined as 10 cm and the maximum diameter of the air-core
supporter M D is set to 1 cm. Based on the size limitation and
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Fig.2. Simulation environment diagram.

physical association in reality, the boundary conditions of all the
design variabilities are shown in TABLE 1.

III.  OPTIMAL AUTOMATED DESIGN

To obtain good current sensor performance, the two of the
most important attributes are bandwidth and sensitivity.
Bandwidth is obtained according to the transfer function as
mentioned in section II. According to Faraday’s law, to retrieve
the primary current /,;:

1
Ipri = Mf Upy dt (6)

Specification of Variables:
MnimNmaxaRwireimim Rwireimaxa PitChminy PitChmax
TubeThicknessin, TubeThicknessm,y, Apertureyin,Aperture,y
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Fig.3. Flowchart for the optimization algorithm.

In real applications, the higher bandwidth, the better the
current waveform can be reconstructed; the higher sensitivity M,
the easier to measure the signals U,.;, which is also easier for the
integrator design, since the signal-to-noise ratio (SNR) will be
larger. However, there is a compromise between these two
attributes.

By considering the tradeoff between the bandwidth and the
sensitivity, an optimization algorithm based on a multi-objective
stochastic population-based optimization algorithm (NSGA-II
embedded in MATLAB environment) combining with finite
element method in ANSYS is developed to find the optimal
combinations of design variables shown as the diagram in Fig.2.
In the genetic algorithm, a population of randomly generated
combination of 7 design variables to the optimization objectives
is evolved toward better solutions by an iterative process. With
the population in each iteration called a generation. A new
generation is formed according to the fitness of individuals
stochastically selected from the current population. Commonly,
the algorithm terminates when either a maximum number of
generations has been produced, or a satisfactory fitness level has
been reached for the population.

To minimize the computational cost of the simulation, three
environment variations: segment per turn for the Q-shaped brass
tube, polygon segment for the windings and region pad
percentage for the vacuum region of the simulation boundary,
are investigated to keep the simulation time less than 2 minutes
per loop. With the simulation, the polygon segment and region
pad percentage don’t affect the simulation time significantly.
Finally polygon segment and region pad percentage are set up
as 20 with 0.53% error for Bandwidth and 1.42% error for
mutual inductance, polygon segment is set up as 6 with 0.2%
error for Bandwidth and 0.8% error for mutual inductance to
minimize the simulation time to 1.23 minutes per iteration.

As shown in the flowchart in Fig. 3, based on the boundary
conditions and initial values of the design variables, Matlab will
call for Ansys Q3D to draw the geometry of the Rogowski coil
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Fig.4. Geometrical parameters’ effects on objectives.
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Fig.5. Optimized simulation results.

and do the simulation to extract parasitic parameters to calculate
the bandwidth and mutual inductance through Application
Programming Interfaces (APIs). Once the performance indexes
are calculated, a fitness function shown as in (7) is applied to
evaluate the solution.

, 1 1
Min (Bandwidth’ﬁ) @)

The iterative optimization terminates when it reaches the
maximum generation. In this algorithm, the generation and
population are defined as 50 and 100, respectively.

To have a better understanding of how all the seven design
variables affect the design objectives, Fig.4 summaries the
simulation results. The effect of number of turns N on the
bandwidth and mutual inductance can be seen in the first graph:
with the increasing of N, bandwidth is decreasing and mutual
inductance is increasing. The most significant trends are
highlighted with a solid red line for mutual inductance and a
solid blue line for bandwidth. Similarly, Pitch and Helix radius
Reoir also have a dominant effect on the performance indexes.
However, for Wire radius R,;., Distance between coil and tube
Diso, Tube thickness and Aperture, there is a broad data
dispersion, which means that these design variables don’t have
a significant effect on the design objectives. Principally, it is
worth noting that there is always a tread off between the
bandwidth and mutual inductance.

To find the optimization points for the two design objectives,
all the simulated scenarios results (colored marked dots) are
shown in Fig.5. Each dot marker corresponds to a different
combination of the seven geometry parameters. It is obvious that
there is compromise between the bandwidth and the sensitivity.
The optimal design points (black marker dots) form the Pareto-
front, which are considered optimal solutions. On this curve in
Fig. 5, it is possible to maximize bandwidth at the expense of
sensitivity or maximize sensitivity at the expense of bandwidth,
but they cannot be both improved at once. The selected
optimization point is the one that offers good compromise
between bandwidth and sensitivity (red marker dot).
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Fig.6. Experimental Setup

IV. EXPERIMENTAL VALIDATION

A double pulse test was carried out to validate the proposed
optimization design of the Rogowski coil. The double pulse test
schematic and test bench is shown as Fig. 6 (a) and (b). The Q
copper tube is sitting between the upper and lower MOSFET
switch 1.2kV/63A SiC MOSFET (C2M0025120D) from CREE,
where the switching current have to go through. In experiment,
the upper switch works as a freewheeling diode. When the drain
current goes through the tube, the self-design Rogowski coil will
pick up the magnetic file and display the terminal voltage in the
oscilloscope directly through the SMA connector. This data will
be collected to do the off-line digital integration and is compared
to commercial Rogowski coil with 30 MHz bandwidth from
PEM for verification.

To validate the theoretical analysis, two combinations of
design variables consisting of the optimization group and
control group are tested on a double pulse test experiment with

10t Control group n i}
_ 0 13V
< i
50
S 1
-13V
-10 ~—éTumn off Turn on
51 Optimization group
3 i
5 0f
S
-6V
ST —eTurn off Turn on

21 22 23 24 25 26 27

Time (us)

Fig.7. Terminal voltage of Rogowski coil



TABLE I PARAMETERS OF COMPARISON GROUPS

L Comparison groups 3D Support of Rogowski Coil
Variations
Optimization group Control group Optimization group Control group
@ Number of turns(N) 4 9
@ Pitch 0.3 mm 0.5 mm
® Helix radius (Rci) 3 mm 2.5 mm
Mutual inductance(M) 14 nH 26 nH
Bandwidth 347 MHz 113 MHz
a DC bus voltage of 200V and a load current of 40 A. The — - — -
trol boptimal design before the optimization - 50— Digital integration 250~ Disital integration
contro grouP was a subop g L P AR < | === Commercial rogowski coil < |=== Commercial rogowski coil
process and is shown to check the validity of the optimization = 40 g40
group. When the mutual inductance is too low and bandwidth is § 30 £ 30
high, difficulty of iptegrator design wi}l increqse rapidly because < 20 £ 20
of the weak coupling between the primary side and secondary : 10 £ 10
side, therefore, there is no control group in high bandwidth and £ o . £ o |
10\7\{ mutual inductance areas. Since thq Ansys 51mu1at19n _shows )18 ” 922 »4 218 ” 2 4
mainly number of turns, Pitch and coil radius have significant 1 (us) t (us)
effect on the two objectives, the parameters of these two groups 50 50
are shown in TABLE II. < <
] ) ] % 40 % 40,
To restore the primary current, the voltage induced in the £ 30 £ 30 o ‘
terminal of the coil is processed as follows: 1) Subtracting of a 2 0 Digital integration g 20 Digital integration  ~
. . 1S Commercial rogowski coil S Commercial rogowski coil
DC component by Fast Fourier Transform (FFT) analysis of the c =
. ) i . . i £ 10 5 10
original signal; 2) Integrating the electromagnetic voltage; 3) e e
Compensating of the propagation delay; 4) Scaling of the 0 0
: . ! 25.8 26 262 264 218 22 222 224
amplitude of the integrated signal to an externally measured ¢ (us) ¢ (us)
current amplitude. The experimental results are shown in Fig.7 (@ (b)

and Fig. 8. The maximum terminal voltage U, is around 6 V
for optimization group, 13 V for control group, which matches
with the mutual inductance ratio 14:26 obtained from Ansys
simulation. The gain ratio of the digital integration to scale the
measurement up is 120:250, which further proved the feasibility
and effectiveness of the optimization method. In Fig. 8, the fully
reconstructed details of the current compared with the
commercial Rogowski coil verify that the bandwidth is high
enough for switching current.

V. CONCLUSIONS

In this paper, a multi-objective design optimization based on
the Rogowski coil geometry is presented. With the genetic
algorithm in Matlab combining the finite element
electromagnetic models in Q3D Ansys, the good compromise
between bandwidth and sensitivity can be optimized. Finally,
the experimental results for an optimal design compared with a
non-optimal design are validated under a double pulse test with
DC link voltage 200 V and drain current 40 A. All the
oscillations of the current during switching transient can be
reconstructed in details compared with the commercial
Rogowski coil.
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