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Abstract:

The monitoring of overhead power line networks is becoming increasingly more challenging because of
the power distribution of renewable energy resources. The use of ambient energy is important for a
maintenance free supply of a wireless monitoring network. Generally, the electromagnetic field resulting
from the AC current and the electrostatic field resulting from the AC voltage can be used. Nevertheless,
the energy scavenging from electrostatic field shows decisive advantages because of availability, stability
during operation and reliability.

In this contribution we show the feasibility for the realisation of an energy scavenging unit. Theoretical
investigations and simulations show that the distribution of the electric field in the immediate
neighbourhood of the conductor shows a high gradient to the environment which can be used. The
evaluation under realistic conditions in a high voltage laboratory show that through optimisation of the
scavenging element an improvement of the amount of energy can be realised.
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| INTRODUCTION

Overhead power lines play an important role for a long distant electric power transmission because of the
low cost for the transmission compared with buried cables also in the future. Their monitoring is becoming
increasingly more challenging because of the effective charging of the grid [1-6]. Furthermore the
distribution of new developed renewable energy resources, for example offshore wind farms, takes the
existing transmission grid to capacity limits [7]. The amount of transported energy is strongly dependent
on environmental conditions like temperature or snow [3]. In order to maintain low installation and
maintenance costs, a completely wireless sensor network is aspired within the BMBF-project ASTROSE.
For the power supply of the wireless nodes a new approach for energy scavenging was developed to
supply a device from the direct boundary field around the conductor.

Il SENSOR NETWORK

Theoretical investigations of the electrical and mechanical behaviour and also the charge of power lines
show that the temperature of the conductor is one of the most important limiting parameter during
operation of a power line network [3, 8]. For example, is there any damage or any deterioration of the
conductor, the resistance (R.ng) increases together with the temperature because of power losses (P)):

P/ = Rcond 'ltzr'ans (1)

Also in cases of critical high charge (/yas) the temperature increases (s. equation (1)). Considering these
facts, leads to the necessity of a monitoring system for measuring the local temperature of the conductor
surface.
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Within the BMBF-project ASTROSE the development of a completely wireless and autonomous sensor
network is aspired [5]. The system consists of widely distributed self configurable sensor nodes which
measure the temperature of the conductor surface and the bending of the wires. Significant data are
transmitted from the sensor nodes to a central gateway located near the transformer station (s. figure 1.)
For supplying the distributed sensor nodes conventional strategies failed because of the demand of a
long time reliability and maintenance-free operation.
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Figure 1. Principe of a wireless monitoring system

Several possibilities to supply the sensor nodes by ambient energy sources were investigated. Generally,
there are two main possibilities for the conversion of electrical energy which can be considered at an
overhead power line [1]. The most important one are the electromagnetic field resulting from the AC
current and the electrostatic field resulting from the AC voltage. The availability, the stability and the
reliability of the AC voltage in relation to the AC current during operation or failures of the transmission
network, lead to the result, that the voltage, the electrical field, is the favourite energy source for supplying
an electrical system directly mounted at the conductor of a overheat power line.

In the next sections, we will explain the theoretical background and describe some solutions allowing
scavenging energy from the electrostatic field of the power line. Different possibilities will be compared
and experimentally evaluated.

Il THEORETIC CONSIDERATIONS AND SIMULATIONS

The fundamental of the theoretical investigation [9] of the energy conversion using the electrostatic field
represents the following equation in differential:

rotE=vxE=-98 (2)
ot
or in integral form: § ” a—B dA (3)
c

Thereby E describes the electrical field vector, Bthe electro- -magnetic field vector and s and A space
expressions. By the fact of the low grid frequency (f, = 50Hz); the following discussion is carried out
without time-depending expressions (d/dt=0).

Another important term is equation (4), described the relation between material and field conditions.
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D=¢p¢, -E (4)

Thereby D describes the electrical flux density and ¢, €, the electrical-field constant and the relative static
permittivity. The field distribution is described by equation (5)

divD=V-D=p (5)
and describes the fact, that the electrical field line strayed from positive up to negative potential. Inserting
equation (4) and equation (5) results, following several mathematical simplifications, an expression for the
electrical field intensity:

E= —grad ¢ (6)

Thereby ¢ describes the electrical potential. Based on an ideal rotationally symmetric cylindrical electrode
(fig. 2) results for the electrical field distribution the following expression using cylindrical coordinates:

ror ar

Concerning the conditions of figure 2 results a solution of equation (7):

o(r)=U-— ‘IJ:{ /nHL, R <r<R. @)
n—= f
R

Equation (8) shows that the electrical potential ¢ depends simply on the voltage and on the radial
distance r. Figure 3 shows the potential behaviour of a cylindrical electrode.
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Figure 2. Structure of the cylinder electrode Figure 3. Gradient of the electrostatic field [5]

If there is a cylindrical electrode around the conductor at the distance r, a cylindrical capacitance is
realised. This capacitance (C,) is characterised by the axial length /, the radial distances R; and r and by
the dielectric material ¢, between the electrodes, shown in figure 2. The capacitance is described by the

equation:
ﬁ)- dA
Q ane, gy -1
C = —= — > = (9)
° U IE.d,— ln(Ri‘”)
R.

1

The maximal storable energy W of the capacitance is generally described by
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W =—-C -U? (10)

and for the cylindrical capacitance regarding equation (9):

7 le, g, U? lnM
W, = Y ! (11)
In—=
R;
U R +r
and U, = R -/n:q—‘ (12)
In— !
R

Thereby U describes the voltage level of the grid and U, the resulting voltage of the coupling capacitance
C.. Equation (11) describes the electrical energy W, which can be stored, depends only on geometrical
conditions of the capacitance (R, r, I), the voltage level (U) and of the dielectric material (¢,).
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Figure 6. FEM simulation of electrostatic field around the power
line in deployment [10]

Equations (11) and (12) describe a model for the behaviour of an energy converter using the electrostatic
field, including all important parameters, such as R, r, / and U. This expression will serve as input for the
construction of the sensor node, especially for the design of the couple capacitance of the converter.

For validating the theoretical results, FEM simulations were carried out to estimate the total energy
availability [10]. The distribution of the electric field in the immediate neighbourhood of the conductor
shows a high gradient to the environment of the line. This allows a direct energy scavenging (fig. 3).
Figure 6 shows the field distribution and the field intensity concerning an exemplary tower of a overheat
power line.

We expect that constructive aspects of the sensor node or of the coupling capacitance will influence the
behaviour described above. Different constructive approaches will be compared therefore to ensure the
optimal operation of the converter and with it the sensor node.
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IV EXPERIMENTAL SETUP

For the investigation of the energy availability from the electrostatic field two different test setups were
realised as shown in figure 7.
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Figure 7. Test setup for (a) stationary case (b) realistic case [11]

For stationary investigations a test setup was realised by a serial connection of two voltage sources (V;,
V,) for a maximum voltage of Upc= 400V (fig.7a). For realistic measurements a test setup, shown in figure
7b, was realised for investigations in a high voltage laboratory at voltages up t0 Uacmax= 220kV. As
energy converter different cylindrical capacitors (C.) around an exemplary conductor of an 110kV
overheat power line were realised.

Different scavenging setups were designed by using electrodes at different positions in the
neighbourhood of the conductor (Figure 8). The simplest setup (setup 2) is using only one capacitance
between the conductor and a surface electrode of the isolation (a thin solid dielectric material (¢,)). In
setup 1 an additional isolation was used in order to realise a second capacitance in series. In Setup 3 a
parallel connection of setup 1 and setup 2 was carried out.

Dielectric Material (¢,)

Cylindric Electrodes

Figure 8. Considered cylindrical capacitances

V EXPERIMENTAL RESULTS

For the test of the designed energy scavenger C; an electric circuit was developed including a rectifier, a
storage unit and a load consisting of a resistance and a diode. The diode illuminates by a certain voltage
at the storage unit C. Measurements were carried out in a high voltage laboratory. The measured
capacitances of the test setups 1, 2 and 3 are in the range between 400 and 1200 nF, as can be seen in

figure 10 [11].
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Figure 9. Test circuit for the energy scavenging unit [11]
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In figure 10 the minimal voltage at the conductor for diode illumination is shown for the different setups.
Setup 3 is able to supply the test diode at even lower voltages and should be therefore preferred.
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Figure 10. Minimal Voltage in dependence of the energy scavenging setup [11]

VI CONCLUSION

In this contribution fundamental investigations for the supply of wireless sensor nodes applied directly at
the surface at an overhead power line. The investigations show that an electrostatic based energy
scavenging should be preferred. Simulations and theoretical investigations have shown that the
distribution of the electric field in the immediate neighbourhood of the conductor has a high gradient to the
environment of the line and allows energy scavenging.

The feasibility of this kind of energy scavenging is demonstrated by an experimental setup. Different
structures of energy scavenging elements were compared to each other. The setup 3 shows better
properties.

The next steps will be the design of a power supply module able to supply a temperature sensor, an
inclination sensor and a wireless communication stack. Some challenges will be the overvoltage
protection of the module, the design of the scavenging element consideration system packaging and the
harsh environment application.
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