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Abstract:

Over the past few years the innovative optical-electrical combination conductor system CONDUS has
been developed and investigated at the Nordhausen University of Applied Sciences. This invention is
patented in many countries and opens completely new fields for applications [1].

The principal item of the optical-electrical system CONDUS is a combination of an electrical conductor
(e.g. a copper wire) with a coat of an optical polymer (see Figs. 1 und 2). The optical cover of the
electric wire enables the immediate detection of arc faults in a single structural component.

The aim of this work is to present a simulation model for such conductors and to use it in order to
investigate the influence of different designs, materials and geometries. In particular, the influence of
surface roughness and volume scattering of optical materials is studied and compared to experimental
data.
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Introduction

The detection of electrical arcs is an increasing
problem in different applications such as electro
mobility and renewable energy technology.
Loose and aging cables of electric circuits with
a voltage of more than 12 V can induce an arc
fault [2]. The challenge is to detect the arc fault,
before it can destroy the whole equipment.
There are different solutions for arc detection
and protection systems in the high voltage
sector [3]. For low-voltage applications (max.
600 V, 35 A) several electrical solutions exist
[4]. All these solutions need a complex signal
processing. With an optical coat of the electrical
cable it would be possible to detect the light of
the arc fault in the fastest way. Such a
transparent coating of a flexible cable must
have low losses, good bending properties and
high temperature stability. To optimize the
structure of the optical-electrical combination
conductor system, the thickness of the optical Fig. 2. Top and side view of prototype (diameter of
cladding and core layers as well as the wire = 0.9 mm; cladding thickness = 0.3 mm; core
. . oo thickness = 0.8 mm)

arrangement of the optical receivers it is

necessary to have an appropriate optical model

for the tubular optical fiber.

Fig. 1. Top view of the optical-electrical combina-
tion conductor system
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There are, at least, two applications for optical-
electrical combination conductor systems:

a) The detection of parallel arc faults by guiding
of light to the optical receiving unit (see Fig. 3).
Due to the stochastic nature of the arc fault, the
conditions of the coupling process are difficult
to quantify and to calculate. If the optical coat
serving as isolation material of such a
conductor has a mechanical defect or the
electric field strength exceeds a certain limit, an
arc fault can occur. The heat the will destroy or
melt the polymer material. Test measurements
show, nevertheless, that the period during
which  the boundary surface remains
transparent suffices to detect the arc. The
spectral distribution of an arc depends on the
involved materials, the intensity depends on the
dielectric strength (see Fig. 4).

parallel are fault

optical
receiving unit
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Fig. 3. Detection of a parallel arc fault

Fig. 4. Arc fault (air-copper-stainless steel; 30 V)

Fig. 5 shows the propagation of light coupled
into a tubular waveguide. In dependence on the
thickness of the electrical wire or cable, at short
distances the light will not show a uniform
distribution around the circular end face. A
circular detector array is necessary for sure arc
detection.

Fig. 5. Light propagation in the absence of

Scattering effects
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b) The second idea is to monitor the optical
coating in order to detect isolation defects (see
Fig. 6). Fig. 7 shows first modules with circularly
arranged laser diodes and photo diodes
achieving this goal.

Fig. 6. Monitoring with laser diodes

Fig. 7. Circular transmitter (left) and receiver (right)

Polymer optical fiber

The problem of modeling polymer optical fibers
(POF) lies in the material structure and the
scattering properties of polymers. The intrinsic
and extrinsic losses in step index (SI) or multi-
step index (MSI) polymer optical fibers are
described in Refs. [5,6,7]. Scattering in POF
has been intensively investigated, because
there are many different processes causing
large optical power losses [9,10].

Ray tracing software can be used to investigate
multimode fibers [11]. A lot of issues can be
faced: the positioning of the optical transmitter
or receiver, the influence of the numerical

aperture, bending losses, wavelength
dependences of refractive indexes and
absorption coefficients. While performing

simulations, the user has to ensure two things:

e The limitations of geometrical optics
should not be violated.

e The numerical resolution must be high
enough.

Fig. 8. Bended optical-electrical conductor

Simple investigations of straight or bended
fibers (see Fig. 8) without any scattering effects
show that the transmitted power increases with
the radius of the electrical wire or of the inner
cladding layer. This is caused by the increase
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of the angle of total reflection. The
simultaneous increase of the optical path length
(dispersion) is not important for the aim of
detecting arc faults or isolation defects.
However, the development of an optical-
electrical  conductor system for data
transmission is also imaginable.

In tubular optical fibers the following effects
contribute to the scattering of light:

* the roughness of the front and end
faces of the fiber,

s the volume scattering caused by
inhomogeneities,

e the roughness of the core-cladding
boundary,

e the roughness of the outer cladding
layer, and

e the roughness and the structure of the
inner cladding-copper boundary.

In order to model these effects we applied
different scattering models for the different
scales of disorder: on the one hand smooth
surfaces (usually the core-cladding boundary)
with impurities of size < 100 nm, on the other
hand the rather rough surfaces at the front and
end faces with rms roughnesses of up to 80
pm.

Volume scattering

The behaviour of an incident electromagnetic
wave interacting with a scatter particle depends
on the relation between the wavelength and the
particle size as well as on particle properties.
Volume scattering is a stochastic process; the
change of propagation direction can be
described by an angular distribution function.
The volume scatter model which is used in the
ray-tracing software FRED calculates this
angular distribution by the Henyey-Greenstein
formula [15]:

Here, the scattering anisotropy parameter g
(which is the averaged cosine of the direction of
scattered rays) varies in the range -1 < g < +1;
g=-1 corresponding to total backward
scattering, g=0 to isotropic (Rayleigh)
scattering and g = +1 to total forward scattering
(Mie scattering for large particles). Furthermore,
a scattering coefficient us must be known, which
describes the average distance between two
scattering events. The experimental
determination of these parameters s
expensive, examples are described in Refs.
[13,14].
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Front and end face roughness

Fig. 9 shows a front face surface from a test
polymer fiber with a core diameter dgore = 8 mm,
the core material being silicone, the cladding
material - FEP. The front face is opaque.
However, the measured transmission of the
uncut core material (6 mm thickness) is well
above 90%.

Fig. 9. Front face of a silicone fiber

Fig.10. Angular distribution in the core caused by
the scattering at the front face (simulation)

Fig. 10 shows the intensity spread function
behind the front face illuminated by a laser. The
figure was generated by a simulation using a
non-isotropic, stochastic rough front surface,
the rms roughness ranging from 10 ym to 80
pm in order to simulate the grooves.

The large scatter angles cause large intensity
losses since the light will be decoupled
immediately. To circumvent this problem, the
transmitter can be moulded into the material or
the moulded transmitter can be pressed onto
the front face.

Roughness of the core-cladding boundary

The roughness of a surface can be quantified
by the root mean square (rms) o of the height
profile. Because the rms roughness depends on
the sampling resolution, the surface profile
function is sensitive to the instrument used for
scanning. Especially for the determination of
the autocovariance function of the surface (and
therefore the correlation length 7) the scan
resolution must be high enough.
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Roughness measurements were performed at
limenau University of Technology with the nano
positioning and measuring machine NMM1 with
a laser focus sensor [18,19]. The height
resolution is better than 1 nm and the lateral
resolution is limited by the laser spot diameter
(< 1 pym). For a silicone fiber we get an rms
roughness of ¢ = 63 nm. The scan length was
1.25 um, unfortunately not small enough to
compute the correlation length (see Fig. 11).

Fig. 11. Surface scan of the silicone core without
cladding

The quotient of the rms roughness ¢ and the
correlation length 7 is denoted as slope; it
crucially determines the surface geometry. For
the numerical simulation we assume that t is of
the same order as ¢ (0.5 < slope < 2). It turns
out, that this assumption is sufficient to achieve
good agreement with measured data.

Surface statistics and Power Spectral
Density (PSD)

In a ray tracing software directions of scattered
rays are computed from the Bidirectional
Scatter Distribution Function (BSDF). The best
way to create the BSDF is to measure the
scattered light with a scatterometer. If this is not
possible, the 1D- (in the case of isotropic
surfaces) or 2D-scanned profile can be used to
generate the spectral distribution function.

The Power Spectral Density (PSD) is defined
by the Fourier transform of the height profile h.
For isotropic surfaces the information is
contained in the 1-dimensional PSD

The simulation of a rough, isotropic surface
starts, therefore, from the generation of a
random, but correlated, h(x) [20]. For our
simulation, we generated (for each combination
of rms roughnesses (10..100 nm) and slopes
(0.5,1,2)) 100 surfaces and calculated the
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average 1D-PSD. In order to smooth the
resulting data, we used the ABC-correlation
function suggested in Ref. [17]:

This ansatz has both the advantage of almost
perfectly fitting the data (see Fig. 12) and of
leading to an analytic expression for the 2D-
PSD (being a certain integral transform of Sy):

Finally, from S,(f) the Bidirectional Scatter
Distribution Function can be calculated, for
details see Ref. [17].

Fig. 12. Spectral density S4(f), L = 100 um, o = 60
nm, slope = 0.5

Comparison to experimental data

In order to validate the simulations described
above we confronted them to the bare silicone
test fiber scanned with the NMM1. The core
diameter was equal to 3.54 mm and the
wavelength was 660 nm.

At this wavelength, the absorption coefficient of
silicone equals Qs = 2.763*10° mm”
(corresponding to D,,s = 0.0012 dB/cm [12]).
The volume scattering was modeled by the
Henyey-Greenstein scatter model with g = 0.8
and ys; = 0.18 m™. These values correspond to
a volume attenuation D, = 0.003 dB/cm for a
core diameter of 1 mm [12].

Note that for simulation we located both the
light source and the detector surface inside the
fiber (in order to exclude the losses connected
with front and end face).

By measuring the outcoming power at different
length (cutting the original fiber step by step),
the losses due to in- and outcoupling effects
can be separated from the attenuation inside
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the fiber. The resulting attenuation coefficient
was found to be dge = 1.16 m™ (see Fig. 14).
From this value an attenuation factor D = 0.05
dB/cm (660 nm) follows. The error caused by
the relatively short length of the fiber is
negligible, because the aperture of the fiber is
high enough to guide all light in the fiber.

Fig. 13. Simulation bare silicone fiber
without cladding, length L = 35 cm, dcoe = 3.54 mm,

including volume scattering (g = 0.8; us = 0.18 m")

results,

Fig.14. Bare silicone fiber dcoe = 3.54 mm

From this value, combined with the measured
rms roughness of 63 nm, a value of the slope o

/ = 0.5 can be derived (see Fig. 13).

Therefore, we used for all simulations with
silicone  material the PSD-scatter-model
calculated from surfaces with an rms roughness
0 =63 nm and slope = 0.5.

Since these values are caused by the
manufacturing process of the silicone fiber we
can assume that the cladding layer has the
same surface properties. If it would be possible
to reduce the rms roughness to less than 20
nm, the attenuation factor would go down to
values comparable to the limitations caused by
volume scattering and absorption.
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Results for tubular fibers

Fig. 15 shows the results of simulations for
several tubular geometries. With increasing
radius of the electrical wire, r,;., the attenuation
factor is decreasing (due to the increase of the
angle of acceptance for total reflection). At the
same time, with decreasing core thickness the
attenuation factor caused by surface scattering
is increasing.

Fig.15. Attenuation of tubular fiber (inner and outer
cladding thickness = 0.3 mm) and usual step index
fiber (cladding thickness = 0.3 mm)

In Fig. 16 the bending behaviour of a tubular
fiber is shown. With decreasing bending radius
the attenuation factor increases, since the
condition for total reflection is violated by more
and more rays. Moreover, although tubular
fibers with small core thickness have a greater
number of reflections, it turns out that their
bending losses are smaller.

Fig.16. Bended tubular fiber with different core
thicknesses (inner and outer cladding thickness = 0.3
mm)

The developed model can be used to perform
detailed investigations of the characteristics of
the optical-electrical combination conductor
system CONDUS.
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