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Abstract: Rogowski coils are inductive sensors based on Faraday’s and Ampere’s Laws to measure
currents through conductors without galvanic contact. The main advantage of Rogowski coils when
compared with current transformers is the fact that the core is air so they never saturate and the upper
cut-off current can be higher. These characteristics makes Rogowski coils ideal candidates to measure
high amplitude pulsed currents. On the contrary, there are two main drawbacks. On the one hand,
the output voltage is the derivative of the primary current so it has to be integrated to measure the
original signal; and, on the other hand, the transfer function is resonant due to the capacitance and the
self-inductance of the coil. The solution is the use of a passive integration with a terminating resistor
at the output of the sensor that splits the two complex poles and gives a constant transfer function for
a determined bandwidth. The downside is a loss of sensitivity. Since it is possible to calculate the
electrical parameters of the coil based on its geometrical dimensions, the geometry can be adapted to
design sensors for different applications depending on the time characteristics of the input current.
This paper proposes the design of Rogowski coils based on their geometric characteristics maximizing
the gain-bandwidth product using particle swarm optimization and adapting the coil to the specific
requirements of the application.

Keywords: Rogowski coils; particle swarm optimization; gain-bandwidth product; current
measurement; magnetic field measurement

1. Introduction

Among high frequency current measurement sensors, current transformers with ferrite cores
and Rogowski coils are the preferred solution especially due to their non-intrusive measurement
capability [1]. However, based on critical parameters such as: cost, bandwidth, sensitivity,
saturation, linearity, operating temperature, integrability, flexibility and isolation, and material
technology, Rogowski coils have been considered as the favorite tool in industrial applications [2].
Nowadays, Rogowski coils are being used in various measurement applications not only under
normal operation but as in fault situations such as AC and transient measurements, partial discharges,
ground faults, and relay protection tasks [2] with the capability of measuring the signals with frequency
ranging from few Hz up to several MHz and the amplitude of few Amperes to above kA. The physical
layout of the coil, signal processing, and signal integration are the important issues in the design of
these type of sensors [3]. A lot of work has been published on the design and analysis of Rogowski
coils and still there are various aspects that need to be explored further to improve its performance [1].

The selection of suitable geometrical parameters has been identified as an important aspect
regarding a proper operation and installation of the coil around the under test power component [4,5].
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These parameters determine the electrical parameters and significantly affect the measuring
performance of the coil in terms of its sensitivity and bandwidth. Higher sensitivity and wider
bandwidth are generally desired for a better design of the Rogowski coil sensor; however, changing
one geometrical parameter may affect the sensitivity and bandwidth in reverse manners: an increase
in sensitivity and decrease in bandwidth at the same time and vice versa [4]. Therefore, it is quite
challenging to develop a design of Rogowski coil that maximize the sensitivity and bandwidth of the
coil simultaneously for current measurement based on an arbitrary selection of the geometry. In this
paper, a formulated method will be presented to determine the optimized geometrical parameters
based on the Particle Swarm Optimization (PSO) technique in order to have the maximum sensitivity
for a certain bandwidth.

2. Rogowski coil Geometry and Electrical Parameters

The behavior of a Rogowski coil in terms of sensitivity and bandwidth is determined by its
electrical parameters: resistance R, self-inductance L, capacitance between the winding and the
returning turn C; and capacitance between turns C;. In most cases, C; is negligible compared with C;
so, henceforth, we will only consider C;. Finally, M is the mutual inductance between the primary
conductor and the coil. These parameters can be expressed in function of the geometry of the coil with
the following equations [6]:
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where, according to Figure 1, a is the internal diameter of the coil, b is the external diameter, / is the
height of the coil, N is the number of turns and A = (b —a)h/2 is the area of a turn. Additionally,
d and [ are the diameter and the total length of the wire, respectively; p, po and € are the resistivity of
copper, the magnetic permeability and permittivity of air, respectively.
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Figure 1. Geometrical parameters of a Rogowski.
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3. Frequency Response of a Rogowski coil

Considering the equivalent circuit in lumped parameters shown in Figure 2, the output of the
Rogowski coil in volts can be obtained with the transfer function shown in (5). Using the electrical
parameters from a Rogowski coil manufactured and characterized in Aalto University, L = 1.2 pH,
C; = 5.7pF, M = 9.51 uH and considering R = 0.1 (), the resulting Bode plot is represented in Figure 3.
The resistance for the selected Rogowski coil is actually R = 0.005 Q) in direct current for N = 30 and
an AWG 18 wire. However, the bandwidth of these type of sensors can reach tens of megahertz so it
has been decided to multiply the resistance 20 times to take into account the skin effect, a value similar
to those obtained from previous works in this frequency range. Nevertheless, this resistance can be
neglected in most cases and do not contribute to the frequency response notably. It can be seen in the
Bode plot that the output voltage v(t) is the derivative of the input i(¢) (when the phase is +90°) up to
frequencies close to the resonance frequency in fy = 1/27/LC; = 60.8 MHz.
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Figure 2. Electrical model of a Rogowski coil considering lumped parameters.
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Figure 3. Frequency response of an underdamped second order system corresponding to a Rogowski coil.

There is the possibility of obtaining an output voltage proportional to the input voltage using a
resistor at the ends of the Rogowski coil that will split the complex pole into two poles [3]. Consider the
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transfer function in Equation (6) which includes a generic terminating resistance R; = 10 () in parallel
with the capacitance in Figure 2. Now, there is a band of frequencies between 10 MHz and 100 MHz
where the input and the output are in phase so the output is proportional to the input, see plot in
Figure 4. Unfortunately, the sensitivity of the coil drops to close —30 dB.
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Figure 4. Frequency response of a Rogowski coil with terminating resistance.

4. Optimizing the Geometry of a Rogowski coil

The objective now is the design of a self-integrating Rogowski coil optimizing the gain-bandwidth
product (GBWP) to minimize the loss of sensitivity while maximizing the bandwidth of the coil.
The optimization function will be based on the geometrical parameters and, hence, the electrical
parameters will also be determined. Then, the design variables will be 4, b, h, N and R;, being the last
one the most important to select the gain of the Rogowski coil. There are also some spatial constraints:
the internal diameter should be large enough to allow the passing of the primary conductor so it has
been set to a minimum of 10 cm. The external diameter should be larger than a and with an upper
bound set to 30 cm so the coil do not interfere with close instrumentation. The height of the coil has
to be selected between 1 cm and 4 cm for the same reasons. Additionally, the minimum number of
turns is N = 3 and the minimum terminating resistance R; = 10 (). Finally, the bandwidth will be
chosen between 150 kHz and 150 MHz to be able to measure currents in the HF-VHF ranges. Notice
that, since the transfer function is second order, the effective band of frequencies where the input and
output are in phase would be very narrow.

The optimization method is based on particle swarm optimization (PSO) in a five dimensions
space corresponding to the five design parameters. This method places a flock or swarm of particles
randomly in the solution space [7]. In every iteration I, every particle evaluates the GBWP in its
position determined by the design parameters. The best solution for the GBWP of each particle k,
Py pest (1) is registered and updated in every iteration, as well as the best global solution of all the
swarm, Ppesi(1). These two possible solutions are part of the swarm intelligence so every particle
knows its own best fit and the particle with the best approximation to the solution. Then, the positions
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of the particles are changed considering the velocity of particle k that ties it to its best position and
another component that moves the particle towards the global best, [8] according to Equations (7).

vil+1) = vi(D) +U1(0,1) @ [Picpest (1) — Pic(1)]
+ UZ(Orl) ® [Pbest(l) - Pk(l)]r @)
Pk(l+1) = Pk(l)+Vk(l+1).

with Uq(0,1) and U, (0, 1) five dimensions line matrices whose elements are uniformly distributed
between 0 and 1.

After running the algorithm with a swarm of 2000 particles, the resulting parameters for the
optimized Rogowski coil are presented in Table 1. The geometrical parameters lead to higher values of
b and h than those from the coil of Figure 4, as expected from previos studies [6]. In addition, the use
of higher values of R; are consistent with an increase of the gain.

Table 1. Parameters of the Rogowski coil optimizing the GBWP.

Parameter Value
a 10 cm
b 19.9 cm
h 4 cm
N 205 turns
Ry 226.50)

The resulting Bode plot for the designed coil is represented in Figure 5 where it can be seen that
the bandwidth goes from 810 kHz to 2.4 MHz considering that the phase shift introduced by the
transfer function is sufficiently close to 0° provided it is in the interval between 10° and —10°. The gain
is close to 0 dB being much larger than in the case presented in Figure 4 and the bandwidth is the
widest for that gain.
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Figure 5. Frequency response of the designed Rogowski coil.



Proceedings 2018, xx, 5 60f6

5. Discussion

This work has proposed a flexible method to design a Rogowski coil with optimum
gain-bandwidth parameters. The equations relating the geometrical characteristics with the electrical
properties of a Rogowski coil are based on the assumption that the values of resistance, inductance and
capacitance are not distributed along the wire. This is true if the length of this wire is short compared
with the wavelength of the voltage and current in the coil. Considering the designed coil, it can be
found that the length of a turn is 0.18 m and the total length of the wire would be 36.9 m plus the
length of the returning coil. The wavelength of signals with a frequency of 1 MHz traveling at the
speed of light is 300 m so the assumption about the lumped model would be consistent with these
signals. Nevertheless, the design is close to the need of considering a distributed model so it would be
necessary to construct the coil and test its frequency response especially for signals near to the high
cut-off frequency in 2.4 MHz.

In any case, the method presented is notably flexible so other geometries and constraints can be
applied to optimize any type of Rogowski coil.
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