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Abstract—Leakage current monitoring for high voltage 

transmission line insulators is of interest as a performance indicator. 
Presently, to the best of our knowledge, there is no commercially 
available, clamp-on type, non-intrusive device for measuring leakage 
current on energised high voltage direct current (HVDC) 
transmission line insulators. The South African power utility, Eskom, 
is investigating the development of such a hand-held sensor for two 
important applications; first, for continuous real-time condition 
monitoring of HVDC line insulators and, second, for use by live line 
workers to determine if it is safe to work on energised insulators. In 
this paper, a DC leakage current sensor based on magnetic field 
sensing techniques is developed. The magnetic field sensor used in 
the prototype can also detect alternating current up to 5 MHz. The 
DC leakage current prototype detects the magnetic field associated 
with the current flowing on the surface of the insulator. Preliminary 
HVDC leakage current measurements are performed on glass 
insulators. The results show that the prototype can accurately 
measure leakage current in the specified current range of 1-200 mA. 
The influence of external fields from the HVDC line itself on the 
leakage current measurements is mitigated through a differential 
magnetometer sensing technique. Thus, the developed sensor can 
perform measurements on in-service HVDC insulators. The research 
contributes to the body of knowledge by providing a sensor to 
measure leakage current on energised HVDC insulators non-
intrusively. This sensor can also be used by live line workers to 
inform them whether or not it is safe to perform maintenance on 
energized insulators.  
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magnetic field, sensor, transmission lines. 

I. INTRODUCTION 

NSULATORS are vital components of overhead 
transmission lines and substations. Insulator and 

transmission line faults caused by bird excreta, pollution, 
contamination and lightning have a significant impact on the 
performance of high voltage (HV) transmission lines [1]. 
Light rain and high humidity increase the conductivity of 
insulators, which cause dry-band arcs and eventual flashover 
(electrical breakdown of the air) [2]-[4]. Line-faults involving 
insulator flashover, especially near the coast, therefore pose a 
major challenge to power utilities. The level of leakage current 
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(LC) that flows on the insulator can therefore indicate 
conditions that are conducive for the onset of flashover [5]. 
LCs have also been known to degrade the insulation material, 
for example cracking of porcelain insulators, pin corrosion on 
glass insulators and the ageing of composite insulator shed 
material [6]. As a result, the measurement of LC on HV 
transmission lines has become important. While conventional 
current transformers (CTs) are used for the measurement of 
current [7], they cannot measure DC as there are no alternating 
fields to couple with the CT device. 

The South African power utility, Eskom, requires a non-
intrusive, in-situ monitoring solution to measure LC flowing 
on their HVDC transmission line insulators. For this purpose, 
the design and testing of a hand-held, clamp-on type sensor 
that can measure HVDC insulator LC are reported here. Real-
time sensing of the LC can be used as a condition-based 
monitoring system for early detection of possible line faults. 
Measurements can also be used to classify safe and unsafe 
conditions for live line workers. In future, the prototype sensor 
will enable in depth analyses of LC safety limits. 

II. AC AND DC LC SENSING TECHNIQUES 

Various techniques for insulator LC measurement exist. 
One technique uses fibre optics, whereby the LC modulates an 
ultra-bright light-emitting diode (LED) that produces a 
modulated light signal. This signal is transmitted via fibre 
optics to a remote unit [8]. CTs can be used to measure LC 
[9]; however, as pointed out earlier, CTs are only suitable for 
AC measurements. Chen et al. developed a non-intrusive 
current sensor based on the Rogowski coil principle that 
measures LC from a few Hertz to tens of MegaHertz [10]. 
This device, too, cannot perform DC measurements. Resistive 
shunts and online leakage current analysers (OLCAs) can 
measure both AC and DC current [11]-[13]. A glass stand-off 
insulator has to be installed in series with the insulator under 
test when an OLCA and resistive shunt are used. Thus, an 
OLCA and the resistive shunt are not practical for energised 
transmission lines as the insulator string will have to be de-
energised and disconnected to install the stand-off. They are 
more suitable for controlled laboratory experiments. 

Research shows that magnetic field sensors can be used to 
detect LC around energised insulators [14], [15]. The design 
and operational deployment of these sensors are heavily 
influenced by the harsh magnetic field environment around 
transmission lines. Eskom will eventually deploy the LC 
sensors in the Cahora Bassa HVDC transmission line system. 
The influence of the ambient magnetic environment, therefore, 
has to be mitigated.  
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The objective of the sensor is to enable the measurement of 
a minimum LC of 1 mA on the insulator in the presence of the 
main line current, which is assumed to be 4 m from where the 
sensor will be clamped in position around the insulator (see 
Fig. 1). 

 

 

Fig. 1 Measurement setup showing position of LC sensor in relation 
to HVDC transmission line 

III. LC SENSOR PROTOTYPE WITH SINGLE MAGNETOMETER 

A. Design 

A DC LC sensor that is hand-held and can clamp around a 
cap of a glass insulator with a 100 mm diameter is required. 
The sensor should be capable of measuring LC in the range 1 - 
200 mA on energised insulators, while being clamped 
approximately 4 m away from the HVDC line current that is 
rated at 1800 A for the Cahora Bassa transmission line. The 
DC LC sensor consists of the following components: 
• Magnetoresistive (MR) 1-axis magnetometer; 
• High permeability soft magnetic core; and 
• Signal conditioning circuitry. 

B. Measurements 

Tests with the single magnetometer prototype were 
performed at Eskom’s corona cage HV test facility to establish 
if it can measure LC flowing on an energised HVDC 
insulator’s surface. 

1) Determining the Prototype’s V-I Curve 

Calibration of the prototype is performed against a 10 Ω, 
5 W shunt resistor reference measurement. Calibration entails 
adjusting the sensor’s offset to zero and then adjusting its 
amplitude to be the same as the shunt resistor when injecting a 
current on the insulator under test. A known current (low 
voltage) is injected through the insulator setup. A wire is 
connected from the cap to the pin of the insulator (viz. a short 
circuit of the glass area of the insulator disc). Fig. 2 shows the 
measured V-I curves of the prototype LC sensor and shunt 
resistor. 

The measurements show that the prototype is linear over the 
current range of interest and does not saturate. Furthermore, a 
measurement error of less than 1% is observed for both the 
shunt resistor and prototype sensor. The V-I curves will be 
used to determine the actual current that is flowing on the 
insulator during HVDC LC tests.  

 

Fig. 2 V-I curves of prototype LC sensor and shunt resistor 

2) LC Measurements on Energized, Polluted Glass 
Insulators 

An HVDC power supply, with a 12 mA maximum rating, is 
used to generate LC on a polluted insulator after calibrating 
the prototype. Fig. 3 shows the test setup for the HV 
measurements. The insulator is sprayed with salt water to aid 
the flow of LC on the insulator’s surface. The prototype is 
covered with aluminium and non-conductive material to 
protect its electronics from the sprayed salt water and to 
prevent LC from flowing on the aluminium of the prototype. 
The unprocessed measurement data are presented in Fig. 4. 

C. Discussion of Results  

Due to the nature of the response in Fig. 4, it can be split 
into separate regions (Region 1 and Region 2). 

1) Region 1 

This region essentially has a steady linear response, where 
the LC is proportional to the voltage. A discharge happens at 
10 ms. This data are, however, not included in the linear 
region plot in Fig. 5. Fig. 5 compares the LC measurement of 
the prototype and the shunt resistor for Region 1. It also shows 
the scatter plot of the prototype and shunt resistor. 

 

 

Fig. 3 Schematic diagram of LC measurement setup at Eskom’s HV 
test facility 

 
From Fig. 5 it is evident that the measurements of both 

sensors are correlated; the calculated correlation coefficient 
for the two sets is 0.98. Fig. 6 shows the histogram of the 
calculated error between the two measurement sets; the error 
distribution has an average and a standard deviation of 0.19 
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mA and 0.5 mA, respectively. 
 

 

Fig. 4 LC measurements of the shunt resistor and prototype sensor 
(100 ms sampling rate) 

 

 

Fig. 5 (a) LC measurements of the shunt resistor and prototype sensor 
in Region 1, (b) Scatter plot of measurements presented in (a) 

 

 

Fig. 6 Error distribution of LC measurements (Region 1) 

1) Region 2 

The measurements in Region 2 of both the shunt and 
prototype appear to be random as indicated by the scatter plot 
in Fig. 7. The apparent randomness depicted in Fig. 7 can be 
ascribed to under-sampling of the data. The observed 
discharges are current pulses that occur in the millisecond to 
nanosecond range [16]. Consequently, the sampling frequency 

should conform to Shannon’s Theorem. Due to the data 
logger’s limitations, the sampling rate was set at 100 ms, 
resulting in under-sampling. In future work, wideband time- 
and frequency-domain techniques will be investigated to study 
the partial discharges in more detail as described in [17].  

 

 

Fig. 7 Scatter plot of LC measurements with the prototype and shunt 
resistor in Region 2 

 
Fig. 8 shows that the insulation tape, which forms part of 

the prototype’s enclosure, was covered with salt pollution after 
the tests. This induced salt pollution is a phenomenon that was 
not anticipated, and that may have affected the results as LC 
may have flowed on the outside of the prototype. 

 

 

Fig. 8 LC test setup showing the pollution on the outside of prototype 
and insulators (with two stand-off insulators) 

 
In conclusion, the HVDC LC tests show that the prototype 

can detect and measure DC LC that is flowing on an 
insulator’s surface even in the presence of discharges. 
However, for the HV pollution tests (Fig. 4), differences in the 
magnitude of the current pulses are noted. 

IV. ADAPTATION OF PROTOTYPE FOR IN-SITU 

MEASUREMENTS 

A. Design 

From Section III, it is evident that the prototype sensor can 
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measure LC. However, since it is based on a magnetometer, it 
will be influenced by the presence of ambient magnetic fields. 
The Cahora Bassa transmission line’s magnetic field is of the 
order 103 higher than the insulator’s LC magnetic field. Thus, 
in its previous form described in section 3, the prototype 
sensor is not suitable for in-situ measurements on energised 
insulators. 

A differential magnetometer method (DMM) is 
implemented to mitigate the effect of external fields [18]. This 
method requires two DC LC sensors, both measuring the 
ambient magnetic field. However, one sensor will be clamped 
around the insulator or current carrying wire, and it will 
measure the fields of both the LC and the external ambient 
fields. The two sensors’ outputs will be subtracted to remove 
the effect of the ambient magnetic field, leaving only the 
contribution of the actual LC from the insulator. Fig. 9 
illustrates the DMM concept for LC measurement. Since the 
prototype needs to perform in-situ LC measurements on 
energised insulators, a clamp is designed for it. Fig. 10 shows 
the mechanical parts of the prototype on a glass insulator. The 
circuitry is designed to conform to the circumference of the 
core that measures only the ambient field (the core that 
remains closed).  

 

 

Fig. 9 Differential magnetometer method concept to detect LC 
 

 

Fig. 10 Adapted prototype LC sensor with its mechanical clamps 
around a glass insulator 

B. Calibration 

The adapted prototype requires calibration in the presence 
of external magnetic fields equivalent to those that will be 
experienced in the Cahora Bassa scheme before in-situ 
measurements are performed on the energised insulators. 

A 3-axis Helmholtz coil, with a 1 m3 volume, has been used 
as calibration instrument since the prototype sensor is 
intrinsically based on magnetometers. The Helmholtz coil 
generates a predetermined magnetic field by injecting currents 
into the appropriate coils in each axis. A LEMI-011B fluxgate 
magnetometer determines the generated magnetic field within 
the centre working volume of Helmholtz coil. The coil system 

used can generate a magnetic field of up to 70 µT, which is 
sufficient for the current purposes. 

Fig. 11 shows the coil system for calibration. The LEMI-
011B fluxgate magnetometer is placed in the centre working 
volume. The measured B-I curve of the coil systems is 
presented in Fig. 12. The prototype is calibrated against this 
B-I curve.  

 

 

Fig. 11 3-axes Helmholtz coil system for calibration of the prototype 
LC sensor 

 

 

Fig. 12 DC LC measurements for the adapted prototype sensor in the 
presence of an external 70 µT field 

C. Measurements 

A linearity test is performed to generate the prototype’s V-I 
characteristic curve that will be used by live line workers. The 
prototype performs LC measurements with, first, a current 
carrying wire and then a glass insulator placed within its 
circumference. A current supply injects LC into the wire and 
steps it in 10 mA increments to 200 mA. Simultaneously, the 
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Helmholtz coil generates a 70 µT field in all its axes while the 
prototype is measuring the current through the wire and on the 
insulator, representing the LC. The results are presented in 
Fig. 13 and show that the adapted prototype sensor is linear 
over the required current range, and is not influenced by the 
external field. The prototype has a sensitivity of ~ 4.5 mV / 
mA, which can be adjusted. 

 

 

Fig. 13 Measured B-I curves for each of the axes of the 3-axis 
Helmholtz coil system 

V. CONCLUSIONS AND RECOMMENDATIONS 

This paper discusses the development of a clamp-on 
non-intrusive DC LC sensor. In section 3, LC measurements 
are performed at Eskom’s corona cage to observe if the single 
magnetometer prototype can measure the LC flowing on a 
glass insulator’s surface. The tests verify that the prototype 
can indeed measure DC LC that is flowing on an insulator’s 
surface, even in the presence of discharges. In section 4, a 
differential magnetometer method is implemented to mitigate 
the impact of external magnetic fields on the current sensor. 
This method requires two magnetometers. Calibration of the 
prototype LC sensor is performed in a Helmholtz coil. The 
results show that the adapted prototype sensor yields a linear 
measurement response over the required current range and is 
not influenced by an external field. 

The next step in the ongoing research is the development of 
a new prototype (CAD model shown in Fig. 14), which will 
include a water-tight enclosure along with electromagnetic 
shielding. Also, remote data capturing is being investigated by 
connecting through a Wi-Fi module or VHF/UHF transceiver. 

 

 

Fig. 14 CAD model of envisaged prototype 
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