
Review of Condition Assessment Methods for Subsea High Voltage 
Components 

 
Dmytro Kulagin, Frank Mauseth, and Erling Ildstad 

Department of Electric Power Engineering, NTNU, Trondheim, Norway 
 
 

Abstract 
This paper presents a review on condition assessment of 
some of the most critical components in the power grid 
today, such as transformers, rotating machines and 
cables and their accessories. The main purpose is to 
identify methods that can be applicable for high voltage 
equipment for subsea use. The question addressed is 
what diagnostic tools should be used to detect 
apparatuses with a high probability of failure during 
service. 
 
It is shown that today, only distributed temperature 
sensing systems are used for subsea applications. At the 
same time, the majority of condition assessment 
techniques used onshore can be adjusted for subsea use, 
particularly methods applicable for on-line monitoring. 
 
 

1. Introduction 
 
The overall purpose of condition assessment of a power 
system is to ensure a long life of the grid at a minimum 
of cost. This is challenging considering the many 
different kinds of electrical, mechanical, thermal and 
environmental stresses, which vary in amplitude and 
frequency of occurrence during the service life. In 
addition, random stresses due to overvoltages, rapid 
temperature changes and external mechanical impacts 
may cause unexpected damage. Thus, it becomes 
challenging to accurately estimate the rate of 
degradation and the remaining lifetime of a power 
apparatus. Also, the stresses acting on subsea equipment 
are different than equipment onshore, making it 
increasingly important to monitor the equipment. 
 
In general, condition assessment can usually be 
performed either removing a component from operation 
(off-line) or doing on-line monitoring, either 
periodically or continuously during operation. Due to 
the remoteness of subsea power apparatuses and 
challenges with installation/removing, continuous on-
line monitoring seems to be the preferred option for 
subsea power grid. 
 
Thus, the criteria for a monitoring system for subsea use 
can be summarized as: 

• On-line. 
• Simple and endurable. 
• Limited space for additional equipment. 
• Harsh environment with salt water and high 

hydrostatic pressure. 

 
The aim of this paper is to review available monitoring 
methods for power equipment and to form a base for 
future development of subsea applications. 
 

2. What can go wrong? 
 
In the following, a brief overview of possible failure 
modes is presented. 
 
2.1. Defects 
Different defects that often can be considered as 
contaminants can be introduced into the power 
apparatuses during production, installation and 
maintenance. Introduced defects like voids/cavities, bad 
adhesion between insulation and electrodes, 
contaminants, etc. can all contribute to reduce the 
lifetime of power equipment. 
 
Connectors are critical components in any power grid 
providing changeable links between junction boxes, 
platforms, transformers, nodes, etc. The metallic 
contacts are subjected to both dynamical mechanical 
stresses and chemical corrosion. Improper mating 
causing displacement, or an angle between the 
electrodes, may result in locally high current densities 
and increased resistive losses and excessive heating. 
During mating, water, sand and silt might also enter into 
the connector that may also result in erosion of the 
electrode surfaces or/and insulating materials. 
 
2.2. Excessive warming and hot spots 
There are several causes that can lead to excessive 
warming of power apparatuses. Overloading of the 
system or high contact resistance, will lead to an 
increase in the resistive losses and heat generation. If 
the generated heat is higher than what is dissipated, the 
insulation system might be damaged and in worst case, 
a thermal breakdown can occur. 
 
To avoid any risk of overheating, cooling systems are 
used in different power apparatuses, such as rotating 
machines and transformers. Any defects in the cooling 
system will result in a temperature increase that might 
be critical. 
 
During excessive heating, softening or melting of solid 
insulation and formation of gases are possible. As a 
result, voids may be formed in solid or liquid insulation 
resulting in partial discharges (PDs) and electrical 
degradation. 
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2.3. Water ingress 
Even though the design of HV equipment is engineered 
to prevent water ingress, intrusion of water cannot be 
excluded during service and operation, due to improper 
mating of connectors, leakages and diffusion of water 
through sealings or small cracks etc. 
 
Humidity has an influence on the dielectric properties of 
insulating liquids. Water is normally dissolved in liquid 
dielectric, but when the water content of the dielectric 
oil reaches the saturation limit, free water droplets are 
formed that lead to a rapid decrease of the breakdown 
strength. Even in the case of a water content well below 
the saturation limit, the breakdown strength of the 
insulation can be considerably reduced [1]. For instance, 
AC breakdown voltage of synthetic ester Midel 7131 is 
typically reduced by 50% when the relative humidity is 
increased from 0 to 37% at 20 °C. 
 
Increased water concentration in insulation will also 
result in increased resistive current through the 
insulation. Likewise, formation of thin water films on 
the insulation surface can result in high conductivity and 
currents causing resistive losses along the interfaces. In 
addition, dry zone formation cause uneven voltage 
distribution that can lead to surface discharges. 
Temperature variation can also lead to condensation of 
dissolved water, forming water droplets. Water droplets 
on an insulation surface can also lead to PDs and 
tracking [2], but also free water droplets in a dielectric 
liquid can cause PDs and carbonization of the dielectric 
liquid. 
 
2.4. Partial discharges 
Partial discharges are localized electrical discharges that 
only partially bridges the insulation between the 
electrodes and which can occur in voids inside the 
insulation or adjacent to a conductor [3]. Also, sharp 
edges, water droplets and other defects in the power 
equipment that can lead to and local field enhancement 
may cause PDs that eventually might lead to 
breakdown. 
 

3. Monitoring techniques overview 
 
3.1. Temperature measurements 
According to ref. [4], thermocouples are undoubtedly 
the temperature sensors that are most widely used for 
monitoring. Such sensors are rugged, reliable, and 
reasonably accurate. Thermocouples are pairs of 
conductors of different materials, using the thermo-
electric effect for temperature measurement. The data 
acquisition systems associated with thermocouples are 
also reliable and have been around for decades. 
Thermocouples can provide high accuracy of 
measurements up to 0.1 °C [5]. An alternative approach 
is to use resistance temperature detectors and 
thermistors. They are based on the dependence of the 

electrical resistance of metals, alloys and semiconductor 
materials of the temperature. RTDs have almost linear 
characteristic for metallic work elements, and have a 
theoretically accuracy up to 0.00013 °C. [6]. They are, 
however, more fragile and require an external power 
source. 
 
On-shore examples: 
In order to perform predictive maintenance of power 
equipment and to withdraw or repair any defective units 
before failure, IR-thermography are used for overhead 
lines [7-8], transformers [9-10], rotating machines [11-
12]. The working principle is based upon photon 
detection of the infrared radiation emitted by the warm 
bodies in the wavelength range of 2-15 µm. The 
intensity of the thermal radiation of the body increases 
with the temperature. IR-thermography allows to 
visualize images and to compare temperature 
distribution over a large area. However, it is limited to 
surface temperature measurements only. 
 
Detection and location of hot spots along a cable route 
is done by distributed temperature sensing (DTS) [13-
19]. Optical fibre systems can also be used to 
measurement of physical quantities, such as 
temperature, pressure and elongation. Optical fibre 
sensors have some advantages such as 1) they are 
passive and neutral in the system; 2) do not generate 
heat; 3) they are insensitive to electromagnetic 
interference; 4) examples show they can give local 
distribution of the temperature (up to 20 km), and 
precise localization of the hottest places (up to 0.5 m). 
However, complex techniques often have to be used for 
treatment of the signals [20]. It is worth to notice, that 
DTS systems already are in use for subsea cables [21]. 
 
Common failure modes for transformers that cause a 
temperature increase are overloading, hotspots from 
soldered and other joints and defects in the cooling 
system. Excessive heating leads to thermal ageing of the 
insulation that can result in breakdown. In order to 
avoid a breakdown, different temperature measurements 
are performed, such as temperature distributed sensing 
[20-21], and thermocouples [22-23] i.e. As an example 
of temperature measurements of the oil, thermocouples 
were used in [23]; thermocouple sensors were installed 
under the top of the transformer tank, in the on- and 
outlet pipe through which oil flows to the cooling 
radiator. To measure the temperature of the windings, 
optical fibre sensors was used. 
 
Modern rotating machines normally have at least a few 
temperature sensors which can be continuously 
monitored. Typically thermocouples [13], 
thermoresistances [13], [24-25] and optical fibre [13], 
[26], are used for temperature monitoring in rotating 
machines. The sensors are used to measure the 
temperature at specific locations: 

• Within the stator winding. 
• Within cooling ducts. 
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• Stator core. 
• Stator frame. 

 
In rotating machines, measurements of the rotor 
winding resistance can be used as a temperature sensor 
[27]. In case of synchronous machine rotor windings 
that employ slip rings, the voltage and current of the slip 
rings can be accurately measured, allowing the rotor 
winding resistance to be calculated from Ohm’s law. 
 
3.2. Water content measurements 
Capacitive hygrometers and resistance moisture sensors 
can be used for water content measurements. The 
principle of capacitive sensor operation is based on  
change in permittivity of the sensor as water diffuses 
into the element. Due to the time needed for water to 
diffuse into the working element, it is important to 
notice that such sensors will have a time delay in the 
response. 
 
Resistive moisture sensors measure changes in a 
humidity absorbent medium. The change of resistance is 
usually inversely dependent of the humidity [28]. 
Typical construction of such a sensor is a substrate with 
metallic electrodes, where the substrate is coated with a 
salt or a conductive polymer. The sensor absorbs 
external moisture leading to a higher electrical 
conductivity. The benefit of the resistive humidity 
detectors is complete interchangeability. However, they 
are sensitive to chemical pollutions and contamination 
of the oil. Resistive sensors are highly temperature 
dependent, and therefore, require temperature 
compensation. 
 
IR-spectroscopy can be considered an alternative on-
line technique for measurements of water content in 
dielectric liquids [29], using for example the broad 
water absorption band around 2745.74 nm. 
 
There are several methods aiming at measuring the 
dielectric response and dielectric loss factor (tanδ) using 
DC voltages or variable frequency AC voltages [30]. 
Measurements in time domain are based on application 
of a DC voltage for a certain time, typically more than 
10 minutes. During this time, the polarization current of 
the insulation will decrease towards a stable value. After 
charging, the high voltage is switched off and test object 
is short-circuited. Then the depolarization current or the 
return voltage is measured. Alternatively, the frequency 
domain can be used, subjecting the system to a 
sinusoidal AC voltage with variable frequencies. By 
measuring the applied voltage and the resulting current, 
the capacitance of test object and dielectric loss factor 
can be calculated. As tanδ is dependent on the 
conductive losses, an increase in the relative humidity 
will lead to an increase in the loss factor. Results 
presented in [31] show that a relative humidity above 
1.5% in oil-impregnated paper insulation, leads to a 
strong increase in the tanδ loss factor. 

 
Review of monitoring techniques for detecting and 
measuring of water content has shown that several 
methods can be used. In case of power cables, electrical 
water sensors are usually integrated in the cable screen 
[32]. 
 
3.3. PD measurements 
The energy released during a PD will result in electrical 
pulses, acoustic pulses, light, as well as chemical 
reactions. Thus, there is a wide range of PD detection 
methods that for practical reasons are divided into 
electric, electromagnetic or remote microwave method, 
acoustic, chemical, optical or optoelectronic, and 
thermal techniques. 
 
One of the challenges with PD measurements is related 
to the demands to detect and to measure discharges of 
only a few picocoulombs in an environment where 
background noise always is present. Small currents will 
flow in the circuit every time a PD occur, because 
discharge is accompanied by a flow of electrons and/or 
ions across a volume. The current pulse can be 
measured in an external circuit, where it will convert 
into a voltage pulse over a measurement impedance. 
Using voltage phase and time resolved measurements it 
is also possible to characterize the PDs. 
 
The current pulse measurement method requires that a 
measurement impedance need to be connected to parts 
of the equipment. In addition, a coupling capacitor is 
needed. Alternatively, capacitive sensors based on a 
“bridge arrangement” can be used where e.g., a cable 
joint is divided in two parts with the same capacitance 
and the difference in signals is measured [33-34]. The 
sensitivity of the measurements also depends on the 
capacitances involved, and at large capacitances, the 
sensitivity becomes low. In places with background 
noise, other methods such as acoustic methods might be 
more sensitive. 
 
Acoustic methods for detection of PDs was designed to 
locate the site of the PDs, for example, in power and 
instrument transformers and gas-insulated equipment. 
The apparent simplicity of the method does not exclude 
the great difficulty in determining the place of origin of 
the PD. To locate them, sensitive microphones can be 
used which pick up sound waves located in the 
frequency range above 55 kHz. Disadvantages are low 
sensitivity at low PD levels and large attenuation of the 
acoustic pulses when travelling through the insulation 
materials. 
 
For PD measurements, high frequency measurements 
are also often used. The high frequency current 
transformer (HFCT) that has a wide-band pulse 
response is designed specifically for picking up PD 
signals in ground loops. The current transformer is 
constructed of a ferrite core and is usually encased in a 
metal housing. The durable body has usually a hinge 
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and a quick release latch, making use quick and easy. In 
some applications, additional insulation is required 
between the HFCT housing and the measured 
conductor. 
 
A variety of standards gives guidelines and 
requirements how to perform PD measurements: [3, 34-
40]. Guidance and recommendation over 
implementation of PD measurements on the cable 
setups can be found in [41-45]. 
 

4. Discussion 
 
4.1. Temperature measurements 
The range of widely used temperature measurement 
techniques includes thermocouples, RTD, DTS systems, 
and thermography. The main advantage of DTS systems 
over the thermocouples and RTD is that they allow 
distributed temperature sensing. They are all robust and 
can withstand high hydrostatic pressures. 
Thermocouples and RTD are also very compact sensors, 
allowing measurements to be performed in small oil 
volumes etc. IR-thermography however, as it is 
restricted to measurements of surface temperatures, is 
not suited for subsea applications. 
 
4.2. Water content measurements 
Both capacitive hygrometers and resistance moisture 
sensors seems suitable for application in subsea power 
equipment. They are compact and reliable, and should 
be able to withstand the high hydrostatic pressure. 
 
The use of IR-spectroscopy for water content 
measurements is another possibility, but spectroscopes 
for IR analysis requires a relatively large volume. 
However, it is not necessary to measure over the entire 
IR-spectrum in order to be able to detect water. 
Compact IR diodes with certain wavelengths of 
illumination and accompanying sensors can be used 
instead of the large sized spectroscopes. As mentioned 
in chapter 3.2, IR diode and detector with a working 
wavelength of 2745.74 nm can be used for water 
content measurements in synthetic ester Midel. 
However, when using the same wavelength for the non-
polar mineral oil Nytro, there is no readable change in 
the absorbance. In Nytro there is a small change in the 
absorbance at 5717.55 nm that may be used for water 
detection. The difference between the two oils is mainly 
due to the difference in water absorption capability. 
Thus, IR spectrometry can be used for water content 
measurements in polar esters such as Midel, where 
water can dissolve easily and can reach concentrations 
of 700-1100 ppm before saturation at a temperature 
around 0 °C. For non-polar mineral oils and slightly 
polar silicone oils, the use of IR spectroscopy can be 
difficult as these liquids does not absorb much water 
before saturation; around 10 ppm for mineral oil and 
100 ppm for silicone oil at a temperature around 0 °C. 
Thus, their IR spectra do not show any significant 

changes in the absorption due to small amount of 
dissolved water. 
 
It is also important to notice that the water sorption is 
strongly dependent on the temperature. Thus, humidity 
measurements should be accompanied with temperature 
measurements in order to be able to determine the 
criticality of the relative humidity, i.e. going from a full 
load situation to a non-load situation with a decrease in 
temperature as result. 
Humidity can also be detected using dielectric response. 
Humidity can be seen as an increase in the dielectric 
losses, but it is not possible to link the increase to a 
certain level of humidity. Also, aging and other 
phenomena can lead to an increase of the losses. Any 
equipment has to be disconnected from the power grid, 
as a variation of voltage levels and frequencies has to be 
applied. Another limitation is the apparent power 
needed to preform measurements. Dielectric response 
can be used as an indication of ageing of the equipment. 
 
4.3. PD measurements 
As PDs release energy in different forms, a number of 
the phenomena can be used to detect and/or measure the 
value of the discharge. Some of the methods have some 
limitations in their usability. For example, detection of 
light emission is useful for outdoor HV equipment and 
accessories. However, for subsea applications it will not 
be useful as PDs will be internal in the insulation 
system. 
The heat developed is also very limited and, as for on-
shore applications, difficult or impossible to measure 
and detect. 
 
Detection of electric pulses seems to be the most 
promising method for subsea use. The balanced circuit 
method can be used as well as the more classical electric 
detection method. However, the latter requires a form of 
coupling capacitor that might be spacious. In addition, 
the measurement equipment itself is advanced and may 
not be well suited for subsea use. Another method based 
on electric pulses is using a high frequency sensor that 
easily can be attached around i.e. a cable. They are very 
simple and do not add to the complexity of the high 
voltage design. In addition, acoustic sensors might be 
used, but attenuation of the signals make the usability 
limited. However, in some cases, it might be preferable 
to electric pulse measurements. 
 
As PDs lead to chemical changes in the insulation, 
performing chemical analyses like dissolved gas 
analysis (DGA) of dielectric liquids is useful on-shore, 
but as oil samples have to be taken, it is considered as 
an off-line method and unsuited for subsea applications. 
Alternatively to DGA, spectroscopy methods in the IR-
range can be used on-line in order to perform chemical 
monitoring [46]. This equipment can be made relatively 
small and be a possible solution. However, as this type 
of equipment so far has not been used under high 
hydrostatic pressures, further investigation is needed. 
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5. Conclusion 
 
Review has shown that only distributed temperature 
sensing systems are already used in subsea application, 
but at the same time, the majority of the condition 
assessment techniques used onshore seems suited for 
offshore use. 
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