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1 Executive Summary 

Introduction 
The drive for renewable and low carbon energy in Europe has led to more distributed energy sources, such as 
wind farms and solar power, being connected to the power network. The increased number of distributed 
sources means two-way flow of electricity (e.g. from the customer side back into the grid) which can affect 
power quality and cause power quality degradation or blackouts. Hence, accurate and traceable 
measurements are a necessity to control the additional demands of future power grids. Many existing 
measurement instruments are approaching the end of their life span, and they are not designed for a distributed 
network where power may flow from customer side. This project looked at non-conventional technologies that 
have the potential to be developed into new instruments capable of collecting more detailed information on the 
state of the power grid, to both replace current measurement transformers and monitor and control future 
power grids. 

The Problem 
Europe is increasingly adopting alternative energy sources that have lower emissions and therefore contribute 
to meeting the EUôs Horizon 2020 target of a 20 % of reduction in greenhouse gas emissions. The European 
power network is also evolving fast and the nature of measurements required is changing. The connection of 
these distributed renewable energy sources to the electrical transmission grid means two-way flow of electricity 
and may lead to more harmonics (where the sinusoidal wave of the alternating current (AC) is altered) in the 
transmitted waveform, which can impact power quality.   

The first generation of measurement systems installed in the European power network are becoming obsolete. 
Traditional instrument transformers often only work well for measurement of the fundamental (50 Hz or 60 Hz) 
frequency, and their performance is not good enough for measurement of power harmonics generated by 
distributed power sources. Therefore, there are new requirements for the measurement infrastructure for the 
power network in order to enable reliable and robust control and billing in future power networks.   

Several novel, non-conventional voltage and current sensor technologies have shown great promise in 
enabling transportable, accurate measurement for power network harmonics. They are different types of 
sensors, which have the potential to replace traditional measurement transformers of medium and high voltage 
power lines. National Metrology Institutes (NMI) also need to be able to provide accurate calibration of new 
wider bandwidth sensors required for power quality measurements on medium and high voltage networks. 
However, at the start of the project, these technologies lacked the level of accuracy needed and were not 
mature enough for wider application for on-site calibration or power quality measurements on high voltage 
grids. 

The Solution 
This project set out to support wider application of novel sensor technologies in future power networks. This 
required the development, improvement and assessment of a number of new methods and instruments 
capable of collecting more diversified information on the state of the power grid than currently used 
transformers. The studied technologies indicated potential to replace traditional ones for control and billing in 
future power grids. 

Impact 
The main impact from the project is the provision of new services, which have been established for calibration 
of digital and non-conventional voltage and current transformers. The calibration services will provide a means 
for manufacturers to prove the performance of their new products. Services were developed for both analogue 
and digital non-conventional current and voltage sensors, and respective test sets.  

Wider application was found for the new technologies developed during the project: I) The project triggered 
development of new type of sensing fibre for optical current transformers. II) Work towards commercialisation 
of a medium voltage probe developed in the project is ongoing; and plans exist for using it as reference 
measurement device in follow-up project. III) The developed Rogowski coil was used for on-site calibration of 
customerôs medium voltage current transformer. IV) A number of non-conventional sensors have already been 
calibrated for customers, based on the services introduced by this project. V) Feedback was provided to a 
commercial device manufacturer, in order to fix issues in the device software. VI) Development of a commercial 
version of openable Rogowski coil for measurements on medium voltage network was supported. VII) 
Development of shielding for Rogowski coil using ferromagnetic materials near the coil was supported. 
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2 Project context, rationale and objectives 

2.1 Context 

The drive for increased reliance on renewable or low carbon energy in Europe has led to more distributed 
energy sources such as wind farms and solar power systems being connected to the power network, leading 
to an increase in harmonics on the waveforms. The need to determine these harmonic voltages and currents 
poses new requirements for the measurement infrastructure associated with the generation, delivery, and 
protection of the electrical network. Both the bandwidth of these traditional instrument transformers and the 
capabilities of the current measurement and communication network do not match that of modern low voltage 
instrumentation.  

Furthermore, the first generation of measurement systems installed in the European power network is getting 
old and the systems are being replaced. There is therefore a need to ensure that appropriate technology is 
available that enables reliable and robust control and billing in future power networks.  

New, non-conventional technologies based for example on optical Faraday or Pockels effects, Rogowski coils, 
or upgrading of conventional instrument transformers with digital or optical readouts are being more and more 
widely applied. These solutions are potential replacements for traditional instrument transformers for power 
frequency measurement on medium and high voltage power lines, and they show great promise in enabling 
lightweight, accurate measurement systems for voltage and current, both for fundamental and harmonic 
frequencies. However, before this project the traceability for the measurement of harmonics was missing. This 
project set up to study the possibilities of novel non-conventional sensors, e.g. optical Faraday effect based 
sensors, hybrid electrical/optical sensors and air core Rogowski coils for current measurement; and voltage 
divider based systems for voltage measurement. Many of these technologies are already applied and promise 
wider bandwidth and lighter weight, but they are not yet of the required metrological accuracy. This project 
aimed to extend the accuracy of these technologies and to facilitate their wider acceptance. 

 

2.2 Objectives 

The overall aim of the project was to support wider application of novel sensor technologies in future power 
networks. The first four objectives looked at different technologies, which were then calibrated and tested on 
real networks in the final two objectives:  

1. Design, manufacture and characterise a wideband sensor based on the optical Faraday Effect for 
traceable calibration of non-conventional and conventional current sensors on medium and high 
voltage networks. The target uncertainty for current measurement is below 100 ɛA/A. 

2. Apply a magnetic shielding technique to a Rogowski coil to improve its applicability for onsite 
measurement and calibration. The target is to reduce the proximity related influence to below 
10 ɛA/A. 

3. Develop a precision voltage sensor for the calibration of non-conventional and conventional 
sensors in medium voltage networks. The target uncertainty for voltage measurement is below 
100 ɛV/V and the target bandwidth is 5 kHz. 

4. Develop traceability for new non-conventional techniques not yet commercially available, such as 
using a fibre Bragg grating for interrogation of sensor networks, or measurement of capacitive 
current flow through a high voltage capacitor for PQ measurements. The target uncertainties are 
below 0.2 % and 0.3 crad. 

5. Test the applicability of the sensors developed in the project on existing medium voltage (c. 20 kV) 
and/or high voltage (c. 100 kV) substations. 

6. Develop services for the calibration of transformers and non-conventional sensors with analogue 
and digital output in line with IEC 61850-9-2 
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3 Research results 

3.1 Current sensor based on Faraday effect in optical fibre 

Fibre Optic Current Sensors (FOCSs) are a class of compact and low cost sensors not affected by electric 
interference, and with potential to achieve a much higher bandwidth than conventional current measurement 
systems, i.e. up to tens of kilohertz rather than some kilohertz. FOCS are now relatively well established, being 
commercially available from a range of manufacturers, and offering compliance with the 0.1 or 0.2 metering 
and 5P or 5TPE protection accuracy classes. The technology allows DC and AC signals to be measured with 
the same device and the measured current levels of 600 kA, a repeatability of ±0.02 % and a temperature 
sensitivity of < ±0.002 %/°C can be reached. The sampling rate for such systems is typically a few kS/s. 

As the state-of-the-art FOCSs have 0.1 % and 0.2 % uncertainties, a traceable calibration method with a 
measurement uncertainty of 0.01 % is required for reliable calibration of such FOCSs.  

The majority of commercial measurement systems work at 1310 nm or 1550 nm wavelengths because of the 
availability of off-the-shelf components. There are some examples of systems using 820 nm, which show better 
sensitivity than those systems operating at high wavelengths. Since the Faraday effect in a fibre, and its 

sensitivity, is approximately proportional to 1/l2, an operating wavelength of around 650 nm was chosen to 
increase the sensitivity of the proposed FOCS even though availability of off-the-shelf components is limited. 
The use of new fibre materials, with rare earth doping to reduce shape-induced birefringence, was proposed 
to improve the existing systems further by utilising either spun or annealed fibres. 

Three different optical signal detection schemes were studied. One was based on interferometric detection 
while the other two systems were based on phase sensitive detection. The final all fibre-optical system, which 
operates in the reflective mode configuration, was based on phase detection and was selected as best 
performing. A doped High Birefringence (HiBi) spun fibre was used as the sensing fibre to suppress the effect 
of birefringence.  

3.1.1 The Faraday effect 

If a conductor is enclosed by an optical fibre, having a Verdet constant V, a full number of turns around a 
conductor with current I, a phase displacement of light in the fibre can be written as  

 IVdlBVf 0mq ==ñ — ὠḂὄ Ὠὰ‘ὠὍ,  

where B is the magnetic field, m0 vacuum permeability, and fq —f the rotation of the polarization angle due to 

Faraday effect. 

In an optical fibre, the optical signal phase shift can be caused by the birefringence effect that can be either 
inherent or induced by fibre bending, and by the Faraday effect due to the existence of external electromagnetic 
fields around the fibre. These effects occur in a distributed manner, which brings a need to control the different 
contributions in order to detect only the Faraday effect, required for the current measurement purposes. One 
solution is to use birefringent material and spin the fibre. In this way, the sensitivity can be tailored for different 
length scales for the birefringence beat length and the spin pitch. In short, a HiBi fibre is desirable in order not 
to be sensitive to external influence, e.g. bending, vibration and temperature changes, but the length scale 
corresponding to the spin should still be the shortest, to mitigate the birefringence induced by fibre bending.  

The main challenges in designing a FOCS that meets the target measurement range and uncertainty is the 
selection of the sensor fibre material; it should have suitable wavelength, large enough response and it should 
be possible to manufacture. Furthermore, one has to select the method for the detection of the polarisation 
change induced by the Faraday effect in the presence of competing effects. These requirements further break 
down to a selection of subsystem components, and to identifying their short and long-term stability. Several 
FOCS make use of the Faraday effect in an appropriately modified commercial fibre gyroscope (a system used 
for measuring or maintaining orientation and angular velocity). In these setups, one or two phase modulators 
are used with a reflective single-mode fibre. The output signal is detected with a lock-in amplifier. A low 
birefringence fibre is typically used and the fibre is twisted to reduce bend-induced linear birefringence. Much 
effort has also been made to compensate for temperature effects. In this project, we studied interferometric 
and phase modulation approaches for the detection of the Faraday effect. 
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3.1.2 Fibre development 

Un-doped fibres with three different spin pitches and symmetrical core were sourced for with dimensions 
optimised for single-mode operation at 650 nm for testing in the interferometer and the open-air phase 
modulating system.  

A measurement setup was designed and built at LNE with support from RISE, for characterisation of the fibre 
characteristics at 633 nm. The Verdet constant of un-doped material was found to be (3.97 ± 0.38) and (3.64 
± 0.09) rad/(TĀm) for a fibre with a spin pitch of 5 and 7 mm. A Verdet constant of 2.11 rad/(TĀm) at 820 nm 
has been reported in literature, which can be scaled to 3.54 rad/(TĀm) @ 632.8 nm by the approximation that 

the Verdet constant follows 1/l2. Overview of fibre characterization measurements is shown in Table 1. 
Comparing with the values within this work, the inverse square relation seems to hold. 

 

Table 1: Overview of fibre characterization measurements (T=22.5 ÁC, ɚ=632.8 nm). 

Measurements 
Type of optical 

fiber 
V 

[rad/(TĀm)] 
V (sdev) 

[rad/(TĀm)] 
Comments 

Sep  ï  Oct 2015 
Spun LoBi 

undoped  5 mm 
spin pitch 

3.97 0.38 
13

0

K102.1
1 --Ö=Ö

Vdt

dV
 

Nov 2015 
Spun LoBi 

undoped  7 mm 
spin pitch 

4.50 0.09 

Jun 2016 
Unspun, TbAl 
doped HiBi  

2.0* - 
Very thin fibres. Cut-off wavelength 
430 nm. Birefringence obscure the 

Faraday Effect. 

Nov ï Dec 2016 

Spun TbAl doped 

5 mm spin pitch 
4.10 0.08 

.   

Spun TbAl doped 

7 mm spin pitch 
3.94 0.55 

 

The temperature coefficient of the Verdet constant was measured for un-doped material and found to be 
1.2Ā10-3 K-1. This value is higher than the 1.2Ā10-4 K-1 reported elsewhere. However, the difference might be 
explained by the latent circular birefringence characterizing the spun fibres. When designing the FOCS, the 
variation of the Verdet constant with the temperature was considered and compensated. 

Doping was done using Tb in Al2O3-SiO2 glass host. The material was spun and analysed. A Verdet constant 
of (4.10 ± 0.08) and (3.94 ± 0.55) rad/(T*m) was determined for a fibre with a spin pitch of 5 and 7 mm 
respectively. This is marginal improvement from an undoped fibre possibly owing to an absorption peak close 
to 633 nm.  

The final step was to develop a spun HiBi (high birefringence) polarisation maintaining fibre. However 
manufacturing such a fibre was not successful during the lifetime of the project. 

3.1.3 Testing of the interferometric system 

A commercial interferometer, developed for length measurements, was tested. The signals of the system were 
sampled at 100 kS/s, which gave 20000 samples per period at power frequency. The sensitivity to phase 
change of this system is 0.3 mrad. A loop of 10 turns of LoBi (low birefringence) spun fibre was used in testing 
this system. The interferometer was originally designed for precise distance measurements, which means that 
it is also very sensitive to length changes. Unfortunately, the system proved to be very sensitive to acoustics 
and temperature changes, and a mechanical drift was observed. Moreover, during the experiment, 
temperature effects were observed as a slow drift in the phase displacement. Hence, a decision was made to 
focus on detection by phase modulation. 
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3.1.4 Theory and modelling of the phase modulation system 

Theoretical study of propagation of light in sensor fibre was carried out by Chalmers University of Technology. 
The work produced a set of formulae describing in detail the performance of a system, where phase modulation 
is used together with a spun fibre for current detection. The block diagram of the system is shown in Figure 1. 
A Jones matrix representation was developed for the system, and it was used as a basis for creating a software 
for simulation of the sensor system. A screen capture of the simulator interface is shown in Figure 2.  

 

Figure 1: Block diagram of the phase modulation based designs of FOCS. 

 

Figure 2: User interface of the FOCS simulation software. 
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3.1.5 Phase modulation designs: open-air and all- fibre systems 

For the open-air system, high quality optical components optimised for operation around 650 nm were available 
off-the-shelf. A superluminescent diode source running at 650 nm was selected as source to avoid linewidth 
interference that is present when using laser diodes. The constructed system is shown in Figure 3. The sensor 
fibre is wound around the 1 m diameter ring white ring. 

The design of the open-air system was a joint effort between VTT, RISE, LNE and University of Strathclyde. 
A researcher from VTT spent three one-week visits to SP between October 2016 and March 2017 to join them 
for development of readout systems and for system characterization measurements. 

 

 

Figure 3: All optical components of the open-air system are in the foreground, white ring supports the 
detection fibre, and the coil for feeding the electric current is in the background. 

The requirements on thermal and mechanical stability are very high, and the open-air design (Figure 3) has 
limitations but it has proven to work well in a laboratory set-up. 

 

Figure 4: Open-air system response showing its linearity. 

The response of the system running in open loop mode has been plotted in Figure 4, and the signal to-noise 
is better than 60 dB in detecting the magnetic field from currents above 500 A. The system response in the 
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tested open loop mode of operation is not linear. Because of this, preparations were started to run the system 
in closed loop mode to compensate for the inherently non-linear operation of the system. 

The experiments on the open-air prototype showed that the system was sensitive to vibrations, acoustic 
coupling and temperature changes even at stable laboratory conditions. An all-fibre system shown in Figure 5 
was designed and built to overcome these problems. Unfortunately, obtaining suitable fibres to reach the 
targets was more difficult than anticipated so only shorter wavelength (650 nm) operation was demonstrated 
with the setup. 

The objective was to perform on-site calibrations with an uncertainty below 100 µA/A (0.01 %). However, the 
uncertainty demonstrated by the end of the project was 1 % in the range from 400 A to 3500 A, in laboratory 
conditions. The full capability of the new design could not be fully explored during the project. 

 

 

Figure 5: Assembled all-fibre system. 

3.1.6 Conclusion 

A concept has been developed for producing HiBi (High Birefringence) spun fibre, which is crucial for the 
current detection. Doping of fibre material to increase the response was not successful, probably owing to 
absorption of the dopant. The interferometer design offered highly sensitive detection, but was sensitive to 
perturbations as acoustics and temperature. The phase detection design chosen provided a robust and 
sensitive solution but it needs further development before it can be used for metrology and possible future on-
site calibration. In parallel to the experimental work, a software implementing the theoretical model of the 
complete system is now available. The model can be used for further optimisation of the developed FOCS. 

3.2 Magnetic shielding technique for a Rogowski coil  

Output voltage of a Rogowski coil is proportional to the coilôs mutual inductance, M, and to the derivative of 
current (di / dt), 

 

 

Induced voltage caused by the magnetic field should be integrated in order to have the waveform representing 
the original current flowing through the coil. If the voltage is not integrated, the output voltage is depending 
linearly on frequency. Voltage signal is increasing in direct proportion with increasing frequency. Rogowski coil 
has no ferromagnetic material in the core and thus the coil cannot be saturated. This means that the device 
has an excellent linearity. The coil can be calibrated at low current, with few amperes, and it can be used for 
high current measurements. 

The Rogowski is assembled around medium or high voltage conductor, which acts as the primary winding of 
the coil. The secondary winding of the Rogowski coil is uniformly wound on a non-magnetic core and 
electrostatically shielded, as usual. The solution studied in this project adds a magnetic shield around it. The 

 
.

dt

di
Mu=
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magnetic shield is constructed as a hollow toroid enclosing the Rogowski Coil. The shield consists of two high 
permeability tape-wound toroidal magnetic cores and two flat rings of mu-metal. Insulation sheets are used in 
the assembly of the magnetic shield to prevent the formation of a short circuit. The cut-away view of magnetic 
shielded Rogowski coil is shown in Figure 6. 

 

  

Figure 6: Left: The magnetically shielded Rogowski coil. Right: Cut-away view of the coil. 

To avoid the saturation of the magnetic shield, two additional windings are installed inside and outside the 
hollow toroid. These windings, having the same number of turns (400), are connected to each other in series 
but inversely so that their ampere-turns cancel each other. The magnetic shield does not change the mutual 
inductance of the Rogowski Coil, but it prevents the influence of unwanted magnetic fields. The principle of 
magnetic shielding is similar to that used in current comparators. 

In a Rogowski coil, two main factors change with rising temperature:  

¶ The coil former expands, thus increasing the effective area of the winding and sensitivity of the coil, 
and 

¶ The resistance of the copper wire increases. This reduces the sensitivity of the coil by a factor, which 
depends also on the load resistance of the coil. 

These two effects can be made to compensate each other by connecting a suitable stable resistor in parallel 
with the output of the coil. Typical temperature coefficient of an uncompensated coil is c. 50 ppm/K. 
Compensation can reduce this by more than one order of magnitude. 

The measured mutual inductance and the phase displacement on frequencies from 50 Hz to 60 Hz are shown 
in Table 2. Signal to noise ratio is slightly worse at 50 Hz, but results on 53 Hz to 60 Hz agree well. 

 

Table 2: Calibrated mutual inductance and phase displacement,  
and their uncertainties (k = 2), as function of frequency. 

Frequency 
[Hz] 

Mutual inductance 
[nH] 

Phase displacement 
Difference from ˊ/2 

[crad] 

50 3563.23 ± 0.06 0.035 ± 0.002 

53 3563.22 ± 0.04 0.037 ± 0.002 

55 3563.21 ± 0.04 0.038 ± 0.002 

60 3563.21 ± 0.04 0.041 ± 0.002 
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Due to its large mass, the coil responds to changes in temperature slowly. The estimate time constant is about 
three hours. Temperature dependency measurement was performed with several load resistance values 
connected in parallel with output of the coil, in order to find the value that leads to the lowest temperature 
dependence. In this case, the optimal resistance value was 9.5 kÝ. Figure 7 shows the dependence of mutual 
inductance with the optimal temperature compensation. 

 

 

Figure 7: Temperature dependence of the mutual inductance with temperature compensation.  
Red curve: temperature, Blue curve: mutual inductance. 

The linearity of the coil was checked up to 600 A against a reference Rogowski coil, as shown in Figure 8. The 
measurement was performed with 60 Hz current for the temperature compensated coil. 

 

 

Figure 8: Current linearity check. Readings obtained when rising voltage (lower curve) and lowering voltage 
(upper curve) are shown. The error bars show one standard deviation of the results. 

Position dependence measurements were performed on currents from 60 A to 80 A, on 55 Hz frequency to 
the temperature compensated coil. First, the influence of the conductor position in the coil was studied. A 
conductor with 20 mm diameter was fed once through the coil. The setup is shown in Figure 9. The reference 
value was measured when the conductor was fed through the centre of the coil. Then the conductor was 
moved to four directions, until it touched the coil. Results of the measured position dependence are given in 
Table 3. 

Similar exercise was repeated to study how the closeness of return conductor interferes with the measured 
current. The position of the return conductor with 20 mm diameter was changed. The setup is shown in 
Figure 10. The reference value was measured when the return conductor was 80 cm from the centre of the 
coil. Then the distance was varied for 20 cm (touching the coil) to c. 130 cm. Results of the measured return 
conductor distance dependence are given in Table 4. 
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Figure 9: Setup for measuring of sensitivity to feeding conductor position. 

Table 3: Effect of feeding conductor position on mutual inductance and phase displacement. 

 Mutual inductance Phase displacement 

Position  
No: 

[µH/H] 
St.dev. 
[µH/H] 

[µrad] 
St.dev. 
[µrad] 

0 0.0 0.4 0.0 0.3 

1 2.6 0.6 -0.2 0.5 

2 1.6 0.5 -1.2 0.7 

3 -0.8 0.4 -1.3 0.8 

4 -1.2 0.6 -0.3 0.6 

 

 

   

Figure 10: Setup for measuring of sensitivity to return conductor position. 

Table 4: Effect of return conductor distance on mutual inductance and phase displacement. 

 Mutual inductance Phase displacement 

Distance d  
[cm] 

[µH/H] 
St.dev. 
[µH/H] 

[µrad] 
St.dev. 
[µrad] 

21 -5.5 4.4 -1.6 8.3 

40 -1.2 2.9 -1.9 4.9 

60 0.1 2.4 -1.2 3.1 

80 0.0 2.6 0.0 4.0 

98 -1.9 0.9 0.6 10.3 

127 -0.6 0.9 -1.2 4.7 
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The results shown in Table 3 and Table 4 mean that the position of the primary conductor does not have 
influence to the uncertainty of measurement even for the most demanding on-site calibrations. 

The testing of the Rogowski coil prototype was a joint effort, where VTT was responsible for low voltage, 
TUBITAK for medium voltage, and FFII for high voltage measurements. 

3.3 Precision voltage sensor for medium voltage networks 

The most important advantage of voltage dividers over traditional voltage transformers is that voltage dividers 
do not have an iron core with non-linear hysteresis characteristics. Voltage dividers have linear behaviour with 
respect to over-voltages and a flat frequency response from DC to high frequency range. The weak point of a 
voltage divider is the influence of external high voltages and earth parts in its vicinity. Electrical fields arising 
from high voltages in neighbouring phases and from ground conductors and structures are one of their main 
sources for systematic measurement errors. A shielded voltage divider for 24 kV medium voltage network was 
designed and insulated in SF6 gas composed by two resistive-capacitive dividers, achieving a flat frequency 
response up to 10 kHz for ratio error and up to 5 kHz for phase displacement error. The metal shielding 
improves its immunity against electric and magnetic fields. The characterization performed on the built-in 
voltage sensor shows an accuracy class of 0.2 for a frequency range from 20 Hz to 5 kHz and class of 0.5 for 
DC up to 20 Hz. A low temperature effect is also achieved for operation conditions of MV power grids. 

 

 

Figure 11: Resistive voltage probe for medium voltage switchgear. Left: cut-away view of the voltage probe. 
Centre: Schematic diagram of the probe. Right: Typical switchgear and the probe. 

 

The voltage divider consists of a 50 MÝ high voltage resistive branch, composed of two h.v. film resistors, R, 
of 25 MÝ connected in series, as shown in Figure 11. The low-voltage resistive branch of the divider, r, of 
50 kÝ is composed of four 200-kÝ resistors arranged in parallel in a coaxial configuration, in order to reduce 
the inductive effect. Two blocks of four capacitors of 202 pF each form two capacitances, Cp, of 808 pF, which 
are connected in series, surrounding each high-voltage resistor. The first block of capacitors is connected in 
parallel with the first resistor of the high voltage branch through an upper electrode and a central electrode. 
The second block of capacitors is connected between the central electrode and the enveloping. The central 
electrode serves as mechanical support for the two capacitor blocks, and for the two resistors of the high 
voltage branch. The configuration is designed to achieve a voltage distribution along each h.v. resistor for 
higher frequencies as close as possible to the voltage distribution obtained for 50 Hz. The voltage distribution 
along the h.v. resistors was determined by FEM simulation for the frequency range from 50 Hz to 5 kHz (see 
Figure 12). The central electrode, midpoint of the high voltage resistances, is at half potential of the voltage 
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input. The set is in a steel-aluminum casing to achieve a good electrical and magnetic shielding. The low 
voltage branch is also arranged in an aluminum compartment, different to the high voltage branch, although 
sharing the same gas insulation. SF6 gas at 0.2 MPa is used as internal insulation in order to pass dielectric 
tests corresponding to the insulation level of 24 kV. A plug-in connector is used to connect to the cable entry 
of the enclosed metal box. 

 

  

Figure 12: Resistive voltage probe for medium voltage switchgear. Left: dimensions.  
Right: Simulated electrical field distribution. 

Two circuit models were made for simulation of the frequency response of the design (see Figure 13). The 
simplified model did not explain the measured response of the prototypes in enough detail, and an improved 
version was made to support to the design of the final version of the voltage probe. Comparison between the 
measured frequency response of the probe and the two models is shown in Figure 14. 

 

 

Figure 13: The two electrical models used for simulation of the probe frequency response.  
Left: Simplified model. Right: Improved model. 
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Figure 14: Comparison between theoretical and measured frequency responses of the voltage probe. 

 

3.4 New non-conventional sensor techniques  

3.4.1 Current clamp 

The aim of this work was to develop a new method for the measurement of voltage harmonics and associated 
power quality on medium and high voltage lines by measuring the current through an already installed 
capacitor in the grid. The arrangement of the measurement is shown schematically in Figure 15. It shows the 
simplified setup of the proposed current clamp based voltage-monitoring system (CCVM). The capacitor CM is 
connected to the high voltage UHV (line to earth). The current IM through the capacitor can be measured using 
a current clamp at the grounded side of the capacitor. This has the advantage that the clamp can be connected 
during operation and without interrupting the high voltage. Thereby a lead cable, which is at earth potential, 
must not be opened.  

 

  

Figure 15: Current clamp based system for measurement of harmonics on medium and high voltage grids. 

The presented CCVM including its current clamp sensor and the sampling system was initially verified for 
correct and accurate operation in a period of around five days. For that purpose a calibrated capacitor (WIMA 
MKS4) with CM = 0.9212 ÕF and a tanŭ = 1.25Ŀ 10-3 was connected to the 230 V / 50 Hz LV grid. The capacitive 
current of about 66 mA was measured in the 150 mA range of the sensor. A two-stage voltage transformer 
with a ratio of 240 V / 3 V and with an accuracy of 10-5 was used to provide a reference voltage for the two-
channel sampling system. Both voltages were measured applying a window width of 1 s. To limit the number 
of results in 5 days, a 30 s moving average of the voltage, frequency and the total harmonic distortion THD 
were calculated and stored. Using the results of these measurements, the accuracy of the root mean square 
(rms) value and the phase angle of the CCVM are calculated by comparison with output of a reference voltage 
transformer. These results are shown in Figure 16. The rms error (red curve) is in a range below 0.05 %. The 
drift is explained by small temperature changes during the measurements and the relatively high temperature 
coefficient (0.03 % / ÁC) of the capacitor. After correcting the measured values by using the tanŭ of the 
capacitor, the phase displacement of the CCVM is smaller than 0.05 crad and without any visible drift. 








































