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Abstract
Due to the necessary transition to renewable energy, the transport of electricity over long
distances will become increasingly important, since the sites of sustainable electricity
generation, such as wind or solar power parks, and the place of consumption can be very far
apart. Currently, electricity is mainly transported via overhead AC lines. However, studies have
shown that for long distances, transport via DC offers decisive advantages. To make optimal use
of the existing route infrastructure, simultaneous AC and DC, or hybrid transmission, should be
employed. The resulting electric field strengths must not exceed legally prescribed thresholds to
avoid potentially harmful effects on humans and the environment. However, accurate
quantification of the resulting electric fields is a major challenge in this context, as they can be
easily distorted (e.g. by the measurement equipment itself). Nonetheless knowledge of the
undisturbed field strengths from DC up to several multiples of the fundamental frequency of the
power-grid (up to 1 kHz) is required to ensure compliance with the thresholds. Both AC and DC
electric fields can result in the generation of corona ions in the vicinity of the line. In the case of
pure AC fields, the corona ions generated typically recombine in the immediate vicinity of the
line and, therefore, have no influence on the field measurement further away. Unfortunately, this
assumption does not hold for DC fields and hybrid fields, where corona ions can be transported
far away from the line (e.g. by wind), and potentially interact with the measurement equipment
yielding incorrect measurement results. This review will provide a comprehensive overview of
the current state-of-the-art technologies and methods which have been developed to address the
problems of measuring the electric field near hybrid power lines.
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1. Introduction

Electric fields (E-fields), being relevant in the context of power
transmission systems, are either static or in the low-frequency
range (⩽10 kHz) and can originate from two fundamental
sources. Firstly, natural electric fields are caused by the Earth’s
atmosphere, where a static charge disparity between the iono-
sphere and the Earth’s surface occurs. Under fair weather con-
ditions the static field strength measures around 100 Vm−1,
but immediately before a lightning discharge in a thunderstorm
it can rise up to about several 105 Vm−1 [1]. Secondly, there
are artificial electric fields, where the most relevant sources are
high voltage power systems—particularly, high-voltage power
lines. In Europe, for example, the AC field strength at 50 Hz
near overhead power lines can reach up to 9 kVm−1, while in
substations it can exhibit values as high as 18 kVm−1 [2].

Due to the shift towards renewable energy sources addi-
tional electrical power transmission infrastructure must be
installed. The required high-voltage direct current (HVDC)
overhead power lines are expected to emit high static electric
fields and ionic currents that also cause static or slowly chan-
ging (quasi-static) fields. Ground-level DC field strengths can
reach values up to about 50 kVm−1 [3, 4], accompanied by ion
current densities of up to 100 nAm−2 [3]. Regulatory authorit-
ies had realized the hazardous or disturbing potential of these
emissions and they often require companies to measure and
specify them [5, 6]. In this context, the relevant dimensions of
concern they have identified are:

• Safety: The strong electric fields generated by high voltage
systems can pose risks to people who come into close prox-
imity with them. By measuring these fields, engineers can
determine safe distances from the systems for humans and
wildlife.

• Compliance: Governmental agencies often require power
companies to measure electric fields around power lines to
ensure they comply with safety standards and environmental
regulations [5].

• Environment: Electric fields can affect the behavior of
animals and their ability to navigate, communicate, and
find food [7, 8]. They do also affect the distribution of
particles like dust or liquid droplets in the atmosphere [9–
11]. Measuring electric fields can help to identify potential
environmental impacts and develop mitigation strategies.

• Electrical interference: The electric field of power lines
can affect the performance of other nearby electrical equip-
ment, such as communication systems and electronics. By
measuring the electric field, engineers can design electrical
systems that minimize interference and ensure reliable oper-
ation. This is especially critical as renewable energy integra-
tion often involves complex electrical networks, where inter-
ference can lead to system failures and disruptions [12, 13].

Themeasurement of the electric field is key in all these aspects.
However, low frequencyACfields and especially DCfields are
difficult to measure due to a number of issues:

• Metallic conductors can effectively shield the electric field
to be measured or distort it. Every metallic conductor, being
part of the measurement system or the environment, changes
the electric field at the measuring site. This affects AC and
DC measurements as well.

• All insulators used in the measurement device influence the
electric field due to their permittivity (AC and DC).

• Ions within insulators can migrate under the influence of
an electric field. With time constants of minutes or even
hours, this process polarizes the material and changes the
electric field, causing drift effects in the value measured
(mainly DC).

• Ion currents in the air can deposit charges on insulating
and/or insulated conducting surfaces of the environment or
the measurement system and thus generate additional elec-
tric fields. These fields superimpose with the field to be
measured and, thus, falsify the measurement (mainly DC).

The influence of metals and insulators can be countered by
(on-site) calibration. The other issues can be mitigated by
appropriate material selection and measurement strategy, but
they still are the main reason for serious difficulties and issues.

This paper reviews the current measurement technology for
DC and low-frequencyAC fields with regard to its possibilities
and limitations.

2. Sensing principles for electric fields

The physical quantity the electric field describes is the effect,
or force, it exerts on a unit charge. All measuring principles for
the electric field are based on this fundamental effect, directly
or indirectly. They can be classified into three groups (shown
in figure 1) based on the quantity that is exploited:

(i) Mechanical sensors: Force;
(ii) Electrical sensors: Electric current; and
(iii) Electro-optical sensors: Field dependent material

parameters.

These principles are discussed in detail below.

2.1. Force-based E-Field sensors

This class of sensors exploits the Coulomb force F⃗ on a charge
Q located on a flexible structure within the electric field E⃗. As
a result, the structure experiences a deflection w⃗, which for the
static case can be simplified to

w⃗∝ Q
k
E⃗∝ F⃗

k
, (1)

where k is the spring constant of the flexible structure in dir-
ection of the electric field [14, 15].

Despite the intuitive nature of force-based principles it
is challenging to develop sensors exploiting this concept.
The main reasons are the extremely small forces (in the
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Figure 1. Overview of principles for measuring static and low-frequency electric fields. Items shaded in gray refer to principles that are
currently not suitable for DC or low frequency E-fields. Therefore, they are not addressed in this review. Q is the charge involved, A is the
area through which the electric field E passes, and D is the electric flux density.

order of piconewtons) and, consequently, the small achiev-
able displacements. Typically, a method capable of resolv-
ing picometer displacement is required. Nevertheless, more
or less successful attempts to implement this method have
been made over the last three decades. These efforts have
been driven by advances in technological capabilities and are
classified and described for the first time in the following
sections.

2.1.1. Principles. Depending on the generation of the
charges on the structure, one can distinguish between passive
and active force-based systems.

In passive force-based sensors (see figure 2(a)), the
charges are generated by electric induction of the field to be
measured. Since the force is proportional to the electric field
strength and the charge, the force on the structure is propor-
tional to the square of the electric field strength (F∝ E2) [16–
18]. Therefore, passive systems are non-linear and the polarity
of the field cannot be inferred with such a sensor. Additionally,
if the field has several frequency components a clear distinc-
tion of each original component, weather AC or DC, is no
longer possible.

In contrast, active force-based sensors (compare
figure 2(b)) generate the charges by a voltage source [19–21].
The resulting force in this case is proportional to the voltage
and to the electric field with all its components. Thus, it is
possible to simultaneously measure harmonics of the electric
field and the DC component with its polarity.

Figure 2. Examples for (a) passive and (b) active force-based
E-field sensors. Q is the charge generated by U while E is the
electric field and F is the resulting force acting on the flexible
structure.

Furthermore, electrostatic induction, as discussed earlier,
occurs on all conductive surfaces, including the conductive
parts of active systems.

Nevertheless, relatively successful attempts to imple-
ment this method have been made over the last
three decades. These efforts have been driven by
advances in technological capabilities and are classi-
fied and described for the first time in the following
sections.

2.1.2. Passive force-based principle. An example for this
principle was presented by Chen [22] where a grounded,
micromachinedmembrane is supported by four folded springs.
This membrane gets deflected in the external electric field
as depicted in figure 3. This deflection is transduced by
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Figure 3. Schematic concept of the passive sensor developed by
Chen et al (after [22], modified). A deflection is introduce by the
electrostatic forces acting on the charges Q induced on the spring
supported membrane. The evaluation of the deflection is done with a
capacitive readout.

measuring the change of capacitance C between a mem-
brane and an electrode below it. The reported resolution is
16 kVm−1. Due to the capacitive readout, this sensor type
is completely electrical. However, the required voltage for the
readout also induces forces on themembrane, which have to be
considered.

In contrast to this are optical readout methods that do
not generate any electrical or mechanical interference. The
earliest implementation of such a sensor was published by
Priest et al [16] where a metal cantilever gets deflected and
readout by aFabry-Pérot interferometer (etalon). The entire,
cylindrical sensor had a diameter of 2 cm and a height of
almost 2 cm. This method was revisited about 20 years later by
another group [23]. They miniaturized the sensor by adding a
gold ribbon to an optical fiber. The length of the optical cavity
between gold ribbon and optical fiber is changed by the elec-
tric field. While the measuring range of the sensor described
by Priest et al in [16] was still limited to relatively high field
strengths of 13.5− 65 kVm−1, with the fiber optic sensor a
much more sensitive range of 0.2− 3.6 kVm−1 was achieved.
This was possible by adding metallic ‘antennas’ that increased
the local surface charge on the gold ribbon. The bandwidth
was limited to a lower cutoff frequency of about 500 Hz, the
measurement of DC fields was, therefore, not possible.

A passive electric field sensor with an optical aperturewas
presented by Kainz et al [17, 24–26]. These publications focus
on a micro-electro-mechanical system (MEMS) which com-
prises a moving part made of silicon with an array of holes.
On this part, charges are influenced due to the external elec-
tric field (figure 4). With a second but static array of holes on
a glass chip above the MEMS chip, the light flux between an
LED and a photodiode gets modulated by the optical aperture.
The measuring range of 70 Vm−1 to 21 kVm−1 was achieved
for AC-fields. It was also shown that DC measurements are,
in principle, possible when the sensor operates in vacuum to
reduce parasitic resistance, albeit at considerable expense and
with accuracy >1 kVm−1.

Another passive MEMS structure with a piezoresistive
readout was presented by Li et al [27] and used in [28]
for measurements of AC field strength to back-calculate the
voltage on a cable.

Figure 4. Two concepts of passive micromechanical transducers for
electric field sensing. (a) In an external electric field Eex, the force
F a

es is acting onto the spring suspended, deflectable grating (b) a
semi-covered structure enhancing the field (internal electric field
Ei > Eex leading to higher forces Fes and output signals.

Also, piezoelectric readout has been applied to quantify
the deflections of the movable structure. As these deflec-
tions are tiny, so are the voltages that are generated by the
stressed piezoelectric material, which is the obvious limit-
ing factor for the sensor’s resolution. Huang et al [29] have
improved the sensitivity for AC measurements by introducing
an electret to generate a strong DC bias field. The resulting
force on the structure is∝ (EAC +EDC)

2 = E2
AC + 2EACEDC +

E2
DC and, consequently, the force at the frequency of the AC

field is linearly proportional to the product of the AC E-field
and the DC E-field. A further improvement of this principle
enabled a detection limit of 400 Vm−1 with the prospect of
20 Vm−1 [30]. However, due to the high DC bias field, this
method is basically unsuitable for the measurement of small
DC fields.

2.1.3. Active Force-based Principle. This principle requires
two electrodes where at least one is on amovable or deflectable
structure. The electrodes form a capacitor with the capacitance
C, applied voltage U, and charges ±Q with the magnitude
Q= CU generated on the electrodes. In an electric field, the
charges and the electrodes both experience the Coulomb force
F∝ QE. Since the charges are, in general, part of conduct-
ing structures, the electric field gets disturbed and the charges
do not experience the desired field to be measured. Therefore,
the force is F= γCUE, where γ is a factor taking mainly into
account the aspect ratio of the gap between the electrodes.

Unlike the passive principle, the active one has a linear
characteristic, and it offers, additionally, the possibility to
control the sensitivity via the voltage U. For example, small
field strengths can be made measurable with a correspond-
ingly large voltage and vice versa. Furthermore, this method
is inherently suitable to measure static electric fields since the
field can bemixedwith anAC voltage generating anAC output
signal. It has to be noted that this active supply does not neces-
sarily require a grounding of the sensor. The voltage at the
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Figure 5. (a) Micrograph of an active force-based MEMS transducer where the structure tilts in an external electric field. −U and +U are
the negative and positive voltage with same magnitude applied to the two electrodes on the flexible structure. (b) Acrylic frame holding the
sensor membrane and the optical measurement system. The dashed line illustrates the path of the laser light. Modified with permission (CC)
from [33].

electrodes can also be generated with a battery. A further dis-
cussion about the disturbances caused by grounded elements
can be found in section 3.

The active force based principle was first published in 2004
[31, 32], where a micromechanical plate on four springs was
used as movable capacitor electrode and a parallel fixed one
as second electrode. A newer version from the same group
exploits a membrane with two supporting springs that tilts
[33]. The two electrodes can be found on a membrane and
are supplied by an AC source (compare figure 5(a)). The
deflections of the membrane are read out by a very sensit-
ive optical method that can be found in scanning atomic force
microscopes. A laser beam is aligned with the membrane at
an angle. When the membrane gets deflected, the reflected
laser beam changes its position at a differential photodetector
(figure 5(b)), affecting the output signal.

Active force-based sensors for electric fields exhibit dis-
tinct advantages such as linear response or tuneable sensitiv-
ity. Since the forces are very small the readout is challenging
and, therefore, these sensors have been developed only within
the scientific community, and no commercial devices are cur-
rently available.

In the frequency domain, the DC component of the electric
field is shifted to the modulation frequency. To avoid ambigu-
ities and asymmetries in the spectrum before and during the
reverse transformations, the bandwidth is limited to the differ-
ence between the cut-off frequency and the mechanical reson-
ance frequency. Typically, these systems allow for the meas-
urement of low frequency electric fields from DC up to several
multiples of 100 Hz.

In general, one can dynamically adjust the measurement
range by changing the voltage U at both electrodes (see
figure 2(b)).

The minimal measurable electric field is determined by
the resolution of the displacement readout and the maximum
applicable voltage which in turn is limited by the electric
breakthrough field strength between the electrodes. The upper
limit of the measurement range is set by the minimum voltage

at the electrodes which is larger than the noise floor of the sup-
porting electronics.

With an exemplary, minimal dynamic range of 100 a. u. for
the displacement readout and a range for the voltage supply of
1000 a. u., an overall dynamic rage for these type of sensors of
105 a. u. is feasible.

2.2. Sensors based on electrostatic induction

2.2.1. Introduction. An intuitive method for characterizing
electric fields is to use electrostatic induction. It is based on the
simplified Gaussian law, which states that the induced charge
is equal to the electric flux density multiplied by the area A
through which it passes. However, quantifying a static charge
(in case of a static field) is challenging for practical reasons.
Therefore, the induced current I that flows to or from an elec-
trode due to the influence of the electric field is commonly
measured.With the permittivity of vacuum ε0 the current reads

I=
∂Q
∂t

= Q̇= ε0
(
ĖA+EȦ

)
(2)

and can be modulated by the temporal changes ∂E/∂t= Ė
and ∂A/∂t= Ȧ of the E-field E or the electrode area A,
respectively. Both the variation of E and the modulation of
A are actively used in various sensing principles, as discussed
below.

For example, a rotating shutter changes periodically the
influenced charges and generates an AC-current I= I( f) with
the frequency f defined by the shutter’s rotation speed and the
number of wings of the shutter. This corresponds to the second
term in equation (2). Themost prominent sensor example is the
electrostatic field mill (EFM) [34, 35], which exists in many
different variants and has been on the market for decades.
Nevertheless, specialized systems are still being developed for
scientific issues, such as measurement with drones [36] or for
the measurement of all three spatial components of the electric
field by the usage of additional electrodes [37, 38].
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Figure 6. Concept of field mill with rotating electrodes (after [49],
modified).

Sensors that directly evaluate a time-varying field (first term
in equation (2)) are, in general, limited to measure AC fields
since the induced current is proportional to the frequency of
the AC field. The available probes exhibit a lower frequency
limit of typically 1 Hz to 5 Hz.

2.2.2. Macroscopic field mills. These sensors are the most
common type for measuring low-frequency and static elec-
tric fields and have been the standard for monitoring atmo-
spheric electric fields for decades [39–45]. The (quasi-) static
electric field strength to be measured, is thereby, converted by
mechanical modulation (by a shutter) into an alternating field
strength impinging on the measuring electrodes. The altern-
ating induced current at the electrodes is then converted to
an output voltage signal by the sensor electronics. This smart
approach of generating an alternating quantity from the meas-
ured static quantity reduces drift phenomena and enables sens-
itive measurements (<0.5 Vm−1 [46]). Using this basic prin-
ciple, there are three variants described in the literature, which
differ in the way of the mechanical modulation [47, 48].

• Field mill with rotating electrodes: The typical setup con-
sists of two cylinder halves (electrodes) which are electric-
ally insulated from each other and which rotate in the elec-
tric field to be measured (figure 6). While they are exposed
alternately to the positive and negative directions of the field,
they are generating an alternating signal. Both, vertical and
horizontal field components can be measured by determin-
ing the phase angle of the AC signal relative to the rotor.
In the original version, the electrodes are connected via slip
rings adding undesired noise. This drawback was overcome
by battery-powered opto-electronics in the rotor [50].

• Field mill with rotating shutter: This type involves a sta-
tionary measurement in which electrodes are periodically
exposed to the electric field by a rotating, grounded impeller
(figure 7, shutter) causing AC influenced charges on the
electrodes. With, e.g. a lock-in amplifier and the reference
signal corresponding to the position of the rotor both, field

Figure 7. Concept of the field mill with rotating shutter [47].

strength and the polarity of the field, are obtained. This fea-
ture is useful on a case-by-case basis when looking for static
charges that cause problems in the laboratory or in industrial
facilities.
This type of field mill with rotating shutter is very common
and commercially available. It is the first choice for measur-
ing atmospheric fields [51] or warning for possible impend-
ing lightning strikes (e. g. figure 8 or [52]).
All metallic surfaces of the field mill should be clean,
free of contaminants, and not corroded or oxidized, since
ions could be deposited on such insulating surfaces and
cause interfering fields. Surfaces of or near the sensing
elements are, therefore, often plated with gold (compare
figure 9) to ensure a well-defined state of the surfaces
after cleaning and during operation. This is the method
of choice to keep both noise and offset as small as pos-
sible. In addition, small gaps between electrodes and shut-
ter should be avoided, as these could produce higher elec-
tric fields at the same disturbing voltage level caused by
unwanted charges or different contact potentials of metals
used [53].

Numerous variants have been developed, differing mainly
in the number of measuring electrodes and aperture openings
[36, 52, 54–58].

Variants with non-grounded shutter:
The grounded field mill type described in the previous section
(compare figure 7) causes a distortion of the field to be meas-
ured not only by its conductive parts but also due to the
required grounding of the shutter. In most cases, when the
environment does not change, this can be counteracted by cal-
ibration. But this grounding connection causes wear and addi-
tional signal noise. Furthermore, reliable grounding cannot
always be guaranteed due to different ground conditions. Field
mill types that do not require a defined grounding are therefore
of fundamental interest, as this allows mobile application. As
early as 1990, J Chubb presented two such types [59]. In both
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Figure 8. Example of a compact, commercial EFM system with
rotating shutter from Ingesco for fixed outdoor installations as part
of a lightning warning system. (In the left picture the rotation of the
shutter during image-exposure caused a smearing/blur of its
contours.).

Figure 9. Example of a commercial, small, and portable EFM with
rotating shutter. The EFM115 from Kleinwächter is read and
powered via a USB-connection but needs to be separately grounded
during operation.

cases, there are actually two rotors on a common shaft and
thus mechanically coupled. Somewhat surprisingly, this pub-
lication does not mention the possibility of a mobile applic-
ation. Furthermore, a commercial implementation was miss-
ing for a long time. In 2009, the company of J Chubb (JCI
Electrostatic Instrumentation) was incorporated into DEKRA.
In the meantime, mobile devices are available, but they still
need to be grounded [60].

2.2.3. Scientific field mills. There is a surprisingly small
number of recent works, in the scientific literature on field
mills, compared to other sensor principles. This could lead
to the conclusion that the principle is essentially mature and

improvements do not seem worthwhile for the typical applic-
ations among researchers.

One of the few recent publications (Cui et al [61]) was
motivated by the public attention new high-voltage DC trans-
mission lines and their possible environmental impact have
attracted. In contrast to high-voltage AC transmission lines,
the electric field under HVDC lines is strongly increased
when corona discharges occur. Therefore, an accurate and
efficient measurement method relaying on field mills has
been developed to ensure that the transmission lines meet
the electro-magnetic environmental standards. Field mills are
manufactured in a large number (65 pieces) especially for
this purpose at a technical level close to that of commercial
products. The deviations from linearity were reported to be
less than 1%, and the accuracy: 2.4%. Since the sensitivity
differences between the individual field mills are relatively
large (≈2µV (Vm−1)−1, ≈10% of the average sensitivity),
the listed accuracy is probably only achievable for selected
specimens or after careful calibration. The sensitivity of the
field mills is strongly influenced by the distance between the
grounded rotor and the measuring electrode. If the distance is
increased, the shutter also shields larger areas at the edge of the
surface of the measuring electrode. Therefore, more and more
field lines cannot reach the electrode, but end at the shutter,
which decreases the induced charges. For the accuracy stated
above the mechanical distances may have a maximum devi-
ation of 50 µm.

The sensor described in the work of Shahroom et al [62]
was developed for measuring the electric field between clouds
and the ground, and is based on the common field mill design.
Aluminum and stainless steel were tested as materials for the
rotor and electrode, and the results of the calibration process
showed that the aluminum type achieved significantly bet-
ter values for sensitivity, stability, and linearity. Aluminum
is coated with a well-insulating oxide layer, a material that
should normally be avoided to minimize offset and drift.
According to Chubb [59] Gold plating of all surfaces in the
vicinity of the sensing electrodes is a simple way to main-
tain chemical stability. Besides stainless steel, aluminum and
gold plated metals also cost-effective PCBs were used in
literature [56].

Fort et al [46, 63] developed a fieldmill optimized primarily
for low power requirements. For this purpose, a shutter was
used, which is actuated by a stepper motor. By measuring only
every 40 s, the average power requirement drops to 0.14 W
(compared to e.g. 8Watts from [64]).

The only relevant implementation of the principle with
rotating electrodes (as shown in figure 6)was done byKirkham
et al [34, 50]. The authors also describe in detail the problem
of the finite electrical resistance of the probe holder and the
resulting charge transport due to an electrostatic field.

2.2.4. MEMS field mills. One of the main drawbacks of field
mills with rotating shutter are the extreme difficulties to mini-
aturize them since no reliable rotors exist on the micro scale.
As a consequence, vibrating shutters have been introduced
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Figure 10. Principles of field mills with vibrating shutter. (a)
MEMS version derived from the rotating field mill, (b) structure for
out-of-plane vibration, (c) structure for in-plane vibration of the
shutter.

[65–73]. The straight-forward implementation of a vibrating
shutter is depicted in figure 10(a), where the shutter shields the
respective sensing electrode at a large extend. From the meas-
urement point of view, this is the ideal configuration. However,
the technological complexity increases massively because the
electrodes have to be fabricated below a moving structure.
Figure 10(b) and c depict setups that require only one func-
tional layer, both electrodes and shutter can be fabricated by
the same process.

The two setups differ in three relevant aspects. First, the dif-
ferent directions of vibration require different actuation mech-
anisms. The in-plane structure depicted in figure 10(c) can
be excited relatively easily by an electrostatic actuator that
is part of the same structure (see also figure 11), whereas
the out-of-plane type requires more sophisticated principles
(figure 10(b)). Second, the gaps at both sides of the shutter
have to be different in the in-plane version; a ratio of 1:10
is common. Therefore, the areal density of sensing electrodes
(fingers) is smaller than for the out-of-plane structure by at
least a factor of five. And third, the shielding efficiency in the
out-of-plane version is higher than in the in-plane version.

As with macroscopic field mills, setups with one measur-
ing electrode (figures 10(b) and (c)) as well as two measuring
electrodes (differential mode, figure 10(a) still typically meas-
ure only one component of the electric field. Additionally, the
shutter can be driven at one of its mechanical resonance fre-
quencies. Large deflections and, thus, large currents due to
electrostatic induction are achieved this way. This exploits the
mechanical quality factor. The interaction with air is often
by far the largest contributor to damping in microsystems.
Therefore, MEMS field mills were also tested in vacuum

Figure 11. MEMS-EFM (a) fabricated MEMS chip bonded into a
package, (b) layout of the chip. The electrostatic drives move the
shutter lateral in-plane, shielding the sensing electrodes as also
depicted in figure 10(c).

chambers in rarefied air at pressures of e.g. 0.1 Pa to 10 Pa
[74–77]. Nevertheless, permanent operation necessitates her-
metic encapsulation of the MEMS and, therefore, requires
much effort.

A MEMS which is able to measure all three spatial com-
ponents of the electric field in a single device was introduced
by [78]. A piezoelectric actuated MEMS-EFM using a single
structure to measure all three components of the electrostatic
field was published by [72].

2.3. Displacement current sensors

Another variant of sensors based on the Gauss’s Law is capa-
citive by nature. They are based on the displacement current
ID or the time-varying charge Q induced by the change of the
electric field E

ID = ε0A
∂E
∂t

=
∂Q
∂t

, (3)

where A is the sensor equivalent area [79].
Using the load impedance of the sensor this charge gener-

ates a variable potential on a measuring electrode, which can
be evaluated by a simple buffer amplifier. Since the displace-
ment current corresponds to the temporal change of the electric
flux density D= ε0E, this type of sensors is also called ‘D-dot
sensors’. In the following, various designs of these sensors for
low frequencies are discussed in detail, although the applica-
tions are often in higher frequency regions such as in lightning
detection [80, 81].

2.3.1. Potential-free E-field probes. The sensor principle
(measurement of displacement current, Ḋ) limits such field
probes to the measurement of alternating electric fields.
Sensitivities of ≈1Vm−1 and typical bandwidths up to sev-
eral 100 kHz are obtained with typical sensor sizes of about
100 cm2. As these devices do not require a ground reference
they are portable and allows measurements above the ground
plane [82]. The operating principle is currently used by most
commercially available electric field measuring instruments
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Figure 12. Commercial floating sensor system from Narda (a) on a
stand, (b) mounted on a handle. (c) Each pair of electrodes (x,y,z)
are connected to amplifiers, A/D-conversion and
electro-optical-data-transmission inside the housing. The data is
transferred to an evaluation device via a fiber optical link.

for personal protection in the area of AC electric fields. Its real-
ization was already described in the 1970s [83] where these
devices were also called ‘Free-body meter’. The lower fre-
quency limit for the available probes is between 1 and 5 Hz
[84–86] (see also figure 12).

2.3.2. Vibrating reed electrometers. These devices produce
an activemodulation of the electric field strength by a vibrating
measurement electrode behind an aperture in a shielding. The
E-field to be measured penetrates through the aperture to the
electrode. Since the field strength inside the shield decreases
with increasing distance from the aperture, an AC current is
induced by vibrating the electrode and changing the distance
from the aperture to this electrode.

Commercial implementations of this measurement prin-
ciple can be found in [87–89]. These devices are used,
e.g. in process monitoring and surface testing. A prominent
example from academia is the work of Kobayashi [90–92],
who uses two piezoelectric elements, one to drive the sens-
ing electrode and one to read its position. This is required
for ‘self-excited vibration’ and for demodulating the signal
from the influenced charges on the sensing electrode after
amplification.

2.4. Electro-optical sensors

2.4.1. Introduction. When a dielectric is placed in an elec-
tric field, it becomes polarized and for special materials, this
leads to a change in their material properties. By quantify-
ing these changes this provides a means to measure the elec-
tric field. Optical properties are especially promising candid-
ates for this concept. The most important class of materi-
als here are electro-optically (EO) active crystals, which alter
either absorption or refraction properties [93–96]. Since these
materials are dielectrics, the distortion of the field to be meas-
ured is minimal. But, in principle, no conductive and groun-
ded connections are required for the measurement probe. Due
to the very fast response time of these materials, high band-
widths up to THz are achievable [97]. The following effects
are exploited:

Figure 13. Schematics representing electro-optical sensors. The
output power Po is evaluated relative to the input power Pi. (a)
Arrangement for evaluating electro-optical crystals using Pockels
effect. (b) Schematic of an fully-integrated Mach–Zehnder
interferometer).

• The change in optical absorption due to E-fields is called
the Franz-Keldysh effect. It has significance only in
the communication technology, where optical signals are
switched by applying fields in the range of 100 kVm−1 to
1MVm−1 [98, 99]. For themeasurement of E-fields, it plays
only a minor role.

• The influence of the electric field on the refractive index n
can be described by a series expansion

n(E) = n0 + S1E+ S2E
2 + . . ., (4)

where n0 is the refractive index without field [93, 100].
Omitting terms of higher order than the first, the change
of n can be expressed by ∆n= S1E=−1/2n30reffE, where
reff is the so-called electro-optic coefficient. This first order
effect is called Pockels effect (see also figure 13(a)). The
factor S2 describes the quadratic dependence and is referred
to as Kerr effect [101–103]. It can also be written as∆n=
S2E2 = λKE2, where λ is the wavelength of the light and K
is the Kerr constant. The Kerr effect is orders of magnitude
smaller than the Pockels effect [94, 100] and is applied
almost exclusively at large E-fields. Also liquids such as
transformer oil act as the electro-optic medium [104].
Which of the two effects occurs depends on the symmetry
and structure of the electrical polarization (polarization
density) [105]. The effects are discussed in 2.4.3. Higher
order terms than S2 are generally not exploited since they
are again orders of magnitude smaller [94].

Electro-optic materials enable measurements of electric
AC-fields, but these materials are not suitable for DC fields.
As an example the commercial system from Kapteos has
a frequency range from 40 Hz up to 30MHz [106]. Such
systems are almost exclusively used in the scientific field
for highly accurate measurements of AC fields with min-
imal distortion of the field [107]. The literature focusing
on the measurement of DC fields states that very accurate
temperature control (<0.2K) is necessary to achieve stable
measurements [105, 108, 109]. Additionally, without know-
ledge of the strength of the DC field, direct measurement
of combined DC and AC fields is not possible, as the DC
field affects the sensitivity of the AC measurement [110].
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Figure 14. Photograph of the electro-optic electric field sensor used
by Grasdijk et al [108]. The optical fibers connecting to a light
source and to two photo-diodes are not shown. Laser light is
transported via an optical fiber (from the left, not shown) is
collimated in a lens, and reflected and displaced by a prism to run in
parallel to the incoming beam. It passes a linear polarizer, a λ/4
plate and a 25 mm long LiNbO3 crystal. With permission (CC)
from [108].

Furthermore, Cecelja et al [111–113] showed that the sens-
itivity of the electro-optical measurement system changes sig-
nificantly under the influence of space charges. Therefore,
without knowledge of the nature and density of these charges,
it is not possible to measure the original field. Due to
these problems, electro-optical sensors are, currently, not
suitable for electric fields in the vicinity of hybrid power
lines.

2.4.2. Evaluation principles. The change in refractive index
caused by an electric field can affect various properties of a
light beam passing through a crystal, including its amplitude,
phase, polarization state, or frequency, as documented in [94].
When phase information is crucial, the use of coherent light is
mandatory. Typical measurement principles are:

• Evaluation of optical phase shift with Mach–Zehnder
interferometers [114–121] (compare figure 13(b), which are
also used in commercial systems as offered, e.g. by SRICO
[122].

• Determination of refractive index changes of electro-optic
crystals using a cavity [123]. The optical path length of the
crystal within the cavity is changed by the electric field, lead-
ing to a strong interference effect as the light passes the crys-
tal multiple times [124].

• Measuring the altered polarization state of circularly polar-
ized light that is directed through the electro-optic crys-
tal. The applied electric field changes the phase delay
between two orthogonal components of the light beam
[125]. In practical applications, polarization filters transform
the phase delay into changes in optical power [126–128] (see
figures 13(a) and 14).

Regardless of which of the three principles is applied for meas-
urements, finally intensity changes are determined by one or
more optical receivers [94].

2.4.3. Materials. For the electro-optic measurement of elec-
tric fields only a limited number of materials exist. The most
important ones are electro-optic crystals, they are listed below.
According to Brinkman [100] the EO-coefficients strongly
depend on the orientation and wavelength of the light and the
orientation of the electric field. Furthermore, the values depend
on the mechanical fixation (clamped and free) which is often
not discussed in the literature. Since the aim is not to provide
a complete tabulation of all material parameters, only orders
of magnitude are given here to show the advantages and draw-
backs of the various materials:

• Lithium niobate (LN, LiNbO3) is the most commonly used
material in electro-optic sensing and has an anisotropic crys-
tal structure with 3 m point symmetry. Temperature stabil-
ity, as explained in [113], is primarily influenced by the
temperature-dependent natural birefringence, which can be
further affected by the pyroelectric effect. The impact of
both effects can be minimized by precise crystal alignment
with the optical axis. Any misalignment during measure-
ment can deteriorate the temperature stability. To mitig-
ate the effects of birefringence, Cecelja et al recommend
aligning LN crystals within 0.01◦ to the optical axis [113].
Compared to other EO-materials, LN exhibits a relatively
high permittivity of 85 and low electrical conductivity. The
index of refraction for LN is 2.2 [129, 130]. The EO coef-
ficient r33 is in the order of 31 pmV−1. LN features a very
high charge relaxation time constant of 7× 106 s [93]. The
costs for crystals made of LN are approximately half of the
one of Lithium tantalate and a fraction of the one of Bismuth
germanate.

• Bismuth germanate (BGO, Bi4Ge3O12, Bi12GeO20), as
cited in [104, 109, 125, 131], is also often used in electro-
optic sensing. It has a rather low relative permittivity of
40 [129] and a cubic crystal structure with 4̄3 m point
symmetry, resulting in no induced natural birefringence.
Consequently, BGO inherently exhibits high temperature
stability [113]. BGO exhibits an OE coefficient r41 of
3.8 pm/V [129]. According to Bordovsky it has a low charge
relaxation time of 248 s.

• A less commonly used material is Lithium tantalate (LT,
LiTaO3) [93] that allows for simultaneous measurement of
two field components [132]. The index of refraction for LT
is 2.18 [129, 130]. The EO coefficient r33 is in the order of
30 pmV−1 while the associated permittivity is 45.

• Bismuth silicon oxide (BSO), related to BGO, has been util-
ized for DC measurements [133] and enables also the sim-
ultaneous measurement of two field components perpendic-
ular to the light path [134]. BSO has an EO coefficient r41
of 4.1 pmV−1 and a permittivity of 56 while the refraction
index is 2.5 [129]. It features very low charge relaxation time
constant of 0.28 s [93].

10



Meas. Sci. Technol. 35 (2024) 052001 Topical Review

Figure 15. (a) The ‘Total-Internal-Reflection’-sensor made of LiTaO3 with four angled surfaces after [132] uses two separate laser beam
paths to measure the two E-field components in the x− y-plane. (b) Schematic of a pigtail EO transducer with two crystals with different
orientations according to [145].

• Compared to the listed inorganic materials organic ones like
EO polymers exhibit a beneficial low permittivity [135].
Zhang et al [120] tested a polymer specifically for AC
applications with strong fields. EO polymers can exhibit
very high EO coefficients of up to 300 pmV−1 [136–138]
while the refraction index is in the order of magnitude of
2. Another example is discussed in [139], where an integ-
rated waveguide Mach–Zehnder interferometer exploits an
EO-polymer placed on a coupled micro-ring resonator.
Despite recurrent publications, EO polymers are not com-
monly employed in practical applications and literature
lacks information on their material lifespan and costs, in
contrast to crystals.

The Pockels effect is primarily utilized in inorganic crys-
tals, with occasional use in organic compounds like polymers
[104]. The Kerr effect is in EO measurement technology
mainly exploited in liquids [105] and used as a nonintrusive
method to study, e.g. breakdown mechanisms in transformer
oils [140, 141] or to examine insulating liquids [142, 143] in
large electric fields ofmore than 10MVm−1. Duvillaret, along
with Cecelja and Hidaka [105, 113, 144], extensively discuss
the variations among the most common crystals employed for
electric field measurements. These discussions cover the crys-
tal type, refractive index, relative permittivity, and the optimal
orientation to minimize unwanted side effects. It is important
to note that material defects and impurities in these crystals
can increase their conductivity, making them less suitable for
stable DC measurements. When using materials without nat-
ural birefringence, the temperature dependency of the electro-
optic material, as highlighted by Kumada and Hidaka [109],
becomes negligible.

2.4.4. Measurement systems for AC fields. There are dif-
ferent approaches for measuring two field components: First,
applying multiple and orthogonally arranged EO sensors,
second, choosing crystals exhibiting independent change of
the refractive indices in different spatial directions (e. g., BGO
and BSO) [133, 145, 146] (compare figure 15(b)), and third,

using two laser beams that are guided through a specially
formed crystal along different paths [132] as depicted in
figure 15(a). Due to the fixed direction of the incident light
in fiber optical systems, only two components of the electric
field vector can be measured.

Simultaneouslymeasuring all three components of the elec-
tric field with fiber based systems requires at least a combin-
ation of two crystals, as shown in [145]. Alternatively, three
individual sensors with only one sensitive axis can be com-
bined into a composite probe [147]. As mentioned earlier, it
is possible to significantly reduced the temperature sensitivity
of EO materials by carefully selecting the crystal orientation
[113]. However, the temperature stability of essential com-
ponents like polarizers cannot be compensated by the ori-
entation of the crystal. In such cases, automatic compensa-
tion techniques with servo-controlled optical components are
applied [126, 148]. Although this approach increases com-
plexity, it is used in commercial products, such as those from
Kapteos.

2.4.5. Measurement systems for DC-fields. Measurements
of DC fields have been performed for decades [93, 111, 149],
but mostly no clear estimation of long-term stability was done.
Commercial devices that can measure DC fields in a dedic-
ated way do not exist until today [108]. One reason for the
difficulties in measuring DC fields are the dielectric relaxa-
tion effects in the electro-optical crystal found by Garzarella
et al [150]. Grasdijk et al [108] demonstrated that the relaxa-
tion process can extend from a scale of seconds to hours by
minimizing the crystal’s temperature dependence using LN
(Y-Cut). However, the authors also emphasized that temper-
ature stabilization (∆T< 0.2K) is essential for long-term DC
measurements. Combined with averaging over 5 s, a resolu-
tion of 400 Vm−1 was achieved. Yang et al [151] used a rotat-
ing conductive shutter over the EO sensor to measure hybrid
fields, but the DC measurement capability was achieved by
sacrificing the main advantage of EO sensors, the minimal
field distortion due to the lack of grounded metallic compon-
ents (compare figure 16).
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Figure 16. Distribution of the electric potential: (a) almost
undisturbed around a dielectric sensor and (b) massive distortion by
a conductive connection from the sensor to ground potential.

3. Calibration

A fundamental problem of electric field sensors is the field
distortion they cause (see figure 16). This effect is hardly
avoidable but can be counteracted by calibration. Sensors
are usually calibrated at the factory using the parallel plate
setup. The applied voltage generates a homogeneous elec-
tric field between the plates [152–155]. The sensors are then
typically placed between the plates. In the particular case
of calibrating field mills, a hole in the center of the groun-
ded plate is made and the opening of the field mill is moun-
ted flush with this plate. To minimize edge effects, plates
with a diameter of about 1 m are typically used with a
spacing of about 16 cm. The plates are made of polished
stainless steel to reduce the unwanted occurrence of surface
charges on dielectric oxides and to ensure a stable zero elec-
tric field. Sharp corners must be avoided to prevent corona dis-
charges at higher field strengths. Surrounding surfaces should
be grounded, while the insulated inner plate is fed by a high-
voltage amplifier. This amplifier must be calibrated annually
off-site, to achieve the required accuracy (e.g. using tech-
nology traceable to the National Institute of Standards and
Technology).

3.1. Calibration under the influence of space charge

The calibration of field mills, specifically in the presence of
space charges near DC/AC electric power transmission lines,
is addressed in [54, 156–158]. Nevertheless, until now, no
commercial device is known to the authors which is capable
of working reliably under the influence of space charges. The
works of [111–113] addresses in detail the measurement of
DC fields with EO affected by corona discharges. The sens-
itivity of the measurement system varies due to unipolar and
bipolar charge carriers, but remains proportional to the space
charge density. The linearity of the system is maintained at
constant discharge ratios. The normalized output changes from
about 4.5 per kV/mm for pure DC fields to about 0.6 per
kV/mm for DC fields with positive charge carriers and fur-
ther to about 0.17 per kV/mm-1 for DC fields with bipolar

charge carriers. According to [111], understanding the kind
and density of charge carriers is critical for measurements
that are affected by them. To reduce the effects of surface
charge carriers, researchers suggested rotating the optical crys-
tal in the field during DC measurements [149, 159–162].
However, this symmetrical charging of the transducer remains
effective only when the ion current is uniformly distributed
which is not the case under an outdoor power transmission
line.

4. Summary

The necessary shift to renewable energy to reduce the emis-
sion of greenhouse gases requires the construction of new
power transmission lines. These lines are essential to distribute
energy from emerging, distant energy sources such as offshore
wind farms. Some of these new DC transmission lines will run
alongside the existing AC lines to further use already existing
corridors, avoiding lengthy approval procedures for new ones.
To meet safety, compliance and environmental standards, it is
essential to measure the electric fields in the vicinity of these
new hybrid transmission lines. Since hybrid transmission lines
emit charge carriers, special sensors capable of operating in
the presence of charges are needed. In this article, all methods
and systems under consideration have been examined for their
suitability for measuring AC andDC fields including their reli-
ability in the presence of ions or space charges. In summary,
a variety of measurement methods exist for measuring either
low-frequency or DC electric fields. Several of these methods
are also available as commercial products and generally cover
specific application areas.

For quantifying DC fields, electric field mills are the estab-
lished instruments. In contrast, microsystem-based EFMs, and
force-based microsensors, are primarily in the prototype phase
of scientific investigation. This is due to the need for additional
protective layers to safeguard the fragile, mechanical struc-
tures from environmental factors like dust, moisture, rain, or
insects. However, the stable operation of EFMs (in environ-
ments with space charge) requires grounding, which in turn
affects the field being measured (and the charge distribution).

Although potential-free probes are highly advanced
devices, their principle of operation restricts their use to the
characterization of AC fields. For measurements in the vicin-
ity of high-voltage lines, they excel through mobile usage
without grounding.

For the outlined application under hybrid power transmis-
sion lines, electro-optical systems currently can be employed
exclusively for characterizingACfields. The advantages of EO
systems include their compact size and the dielectric material
of the probe while no grounded elements are necessary (for
AC measurements). Additionally, with appropriate choice of
the material a single sensor can provide 2D measurements.
However, DCmeasurements still require extensive efforts such
as intense temperature stabilization and are, therefore, cur-
rently only investigated in the scientific field. This includes
methods tomitigate the impact of space charge on EO systems.
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Extra equipment, typically Wilson plates, are used to assess
the ion currents produced around hybrid transmission lines.
However, due to their fixed installation on ground level, their
size and the required earthed guard rings, simple mobile hand-
ling is not feasible.

Finally, up to now there is no compact, ‘all-in-one’ meas-
urement system for hybrid DC and low-frequency electric
fields (within the required frequency range up to 1 kHz) avail-
able. Furthermore, all available systems for measurements of
the DC field are not immune to the accumulation of space
charges during the measurements and usually need to be
grounded during operation. This inherently leads to distortions
of the electric field or even an increase in the field around
the instrument, which in turn causes air ions to be transported
to the instrument. Therefore, present measurement equipment
for the vicinity of power transmission lines is still installed
below ground level to avoid these influences. Quantities like
the ion-current-density are separately measured with Wilson-
plates. These circumstances pose challenges for the work in
the field of ‘daily immission measurement’. Further research
and development are still necessary to simplify required equip-
ment needed for measuring the electric field without the influ-
ence of space charges. These devices should function without
disturbing the field to be measured or at least without having
them to be installed below ground beneath hybrid high-voltage
lines as it is done today [3, 163–165].
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