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ABSTRACT After the occurrence of a DC-side feeder faults on HVDC transmission systems, protection
and fault detection systems are anticipated to minimize their onerous effects, by initiating fault-clearing
actions such as selective tripping of circuit breakers. Following the successful fault clearance, a subsequent
action of significant importance, is the meticulous estimation of its location as a means to accelerate the
line restoration, reduce down-time, limit recovery and repair costs, and hence elevate the overall availability
and reliability of the transmission system. In order to capture DC-side fault transients for protection and
fault location applications, measuring equipment is required to be placed on HVDC installations. This paper
focuses primarily on reviewing the available technologies from the perspective of enabling protection, fault
location and automation applications in HVDC systems. The review constitutes a mapping of protection
and fault location functions, against the available voltage and current measuring technologies, ultimately
unlocking insights for selecting measuring equipment based on the desirable characteristics of protection and
fault location systems. The review also revealed that the frequency characteristics of each sensing scheme,
primarily refers to the bandwidth of the primary sensor, whereas the overall bandwidth of the complete
measuring scheme may be further restricted by the secondary converter and corresponding data acquisition
system and signal processing electronics. It was also identified that the use of RC voltage dividers has
prevailed for voltage measurements for HVDC applications, due to their superior advantages. The choice
of a suitable device for current measurement, depends mainly on the fault detection method used and the
frequency range it operates. In particular, the review revealed that fault detection and protection methods
are mainly concentrated in a frequency spectrum ranging from a few kHz to 100 kHz, while fault location
methods require measurements with a frequency range from 100 kHz up to 2 MHz.

INDEX TERMS HVDC technology, fault detection, fault location, power system measurements.

The associate editor coordinating the review of this manuscript and

approving it for publication was Dazhong Ma .

203398 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 8, 2020

https://orcid.org/0000-0003-4263-7299
https://orcid.org/0000-0002-6289-4076
https://orcid.org/0000-0001-9118-3743
https://orcid.org/0000-0002-9564-0101
https://orcid.org/0000-0001-9122-1981
https://orcid.org/0000-0002-3261-4803
https://orcid.org/0000-0001-8616-2067
https://orcid.org/0000-0002-3361-7803
https://orcid.org/0000-0002-0315-5919
https://orcid.org/0000-0001-7293-8522


D. Tzelepis et al.: Voltage and Current Measuring Technologies for High Voltage Direct Current Supergrids

NOMENCLATURE
1D− CNN One-Dimensional Convolutional Neural

Network
1i Differential Current
1v Differential Voltage∫
VLdc Integral of DC reactor voltage
∇v voltage gradient
ρ(d, x) Pearson’s correlation coefficient
ATTW Arrival Time of Traveling Waves
BGO Bismuth Germanium Oxide
CLRP Current Limiting Reactor Power
ConvoP Convolution of Power
CovoI Covariance of Current
CPTE Convolution Power-based Transient

Energy
CRP Current Reduction Phenomenon
CS Cosine Distance
CSoTW Cosine Similarity of Travelling Waves
CWT Continuous Wavelet Transform
d(i/v)/dt Rate of change of current-voltage ratio
dI Deviation of current from its moving

average
di/dt Rate of change of current
DiroI Direction of Current
DNF Dominant Natural Frequency
dv/dt Rate of change of voltage
DVTW Differential Voltage Travelling Wave
DWT Discrete Wavelet Transform
DWT (i) Discrete Wavelet Transform of Current
DWT (v) Discrete Wavelet Transform of Voltage
EEMD Ensemble Empirical Mode Decomposition
EMD Empirical Mode Decomposition
EML Extreme Machine Learning
EMTR Electro-Magnetic Time Reversal
fit(i) Time-domain fitting of fault current
FLC Fault Location Coefficient
FPT First Peak Time
FSC Frequency Spectrum Correlation
GFS Generic Fuzzy System
GTBL Graph Theory-Based Lemmas
HFTVE High Frequency Transient-Voltage Energy
HHT Hilbert–Huang Transform
HVDC High Voltage Direct Current
IED Intelligent Electronic Device
LCC Line Commutated Converters
LPCT Low Power Current Transformers
LPIT Low Power Instrument Transformers
LPVT Low Power Voltage Transformers
MAD Median Absolute Value
MMC Modular Multi-level Converters
ModVel Modal Velocities
MTDC Mutli Terminal Direct Current
MVVDF Minimum Value of Voltage Distribution

Functions

NBC Nave Bayer Classifier
OC Over-Current
OHL Over-Head Lines
OV Over-Voltage
PCA Principal Component Analysis
PCC Pearson’s Correlation Coefficients
PTG Pole-To-Ground
PTP Pole-To-Pole
QCD Quickest Change Detection
RES Renewable Energy Sources
ROHTLFC Ratio Of High-To-Low-Frequency Cur-

rents
ROTV Ratio of Transient Voltages
RT − BWT Real-Time Boundary Wavelet Transform
SATD Surge Arrival Time Difference
sgn(di/dt) Sign/polarity of current derivative
sgn(dv/dt) Sign/polarity of voltage derivative
sgn(i) Sign/polarity of current
sgn(WTMM ) Sign/polarity of Wavelet Transform Modu-

lus Maxima
SMVS Simularity Measure of Voltage Signals
SVM Support Vector Machines
SWT Stationary Wavelet Transform
TER Ratio of Transient Energy
THFE Transient High-Frequency Energy
TVAC Transient Average Value of Current
TVE Transient Voltage Energy
TWFSR Travelling Wave Frequency Spectrum

Analysis
TWD Travelling Wave Differential
UV Under-Voltage
VCI Voltage Change Integral
VPI Voltage Pulse Injection
WAF Weughted Averaging Functions
WCoV Wavelet Coefficients of Voltage
WE(i) Wavelet Energy of Current
WER(i) Wavelet Energy Ratios of Current
WPEE Wavelet-Packet Energy Entropy
WT Wavelet Transform
WTMM Wavel Transform Modulus Maxima
WTMM (i) Wavelet Transform Modulus Maxima cur-

rent

I. INTRODUCTION
Due to the high penetration of Renewable Energy Sources
(RES), demand and supply equilibrium is anticipated to be
one of the key challenges in future operation of power sys-
tems. Consequently, there is an emerging need for meshed
interlinks between different countries as a means to effi-
ciently exchange the available energy and therefore increase
the flexibility and security of supply.

The concept of supergrid has been identified as a possible
mechanism towards a new backbone transmission system,
allowing massive integration of RES [1]–[5]. High Voltage
Direct Current (HVDC) links, utilizing Voltage Source Con-
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verters (VSCs), are expected to become the favourable tech-
nology for realization of such a supergrid [6]. This is driven
by the fact that such systems are characterized by superior
features in terms of operational losses, system stability and
cost.

An extension of existing HVDC links (e.g. point-to-point)
is a Multi-Terminal Direct-Current (MTDC) which deploys
more than two HVDC station terminals, ultimately creating
a DC grid. An MTDC grid can further advance the techno-
economical offerings of HVDC technology and therefore
accelerate the supergrid realization. However, the are still
technical outstanding challenges to be resolved and hence it
is not a trivial task to design and operate an MTDC super-
grid. Consequently, it is of utmost importance to investigate,
analyze and mitigate the emerging challenges introduced
by MTDC systems in order to promote their widespread
deployment.

To enable more efficient interchange of power and also to
harness RES, there is a business case for setting up a Euro-
pean Supergrid. A supergrid can be defined as a transmission
backbone which allows massive integration of RES [6]–[8].
It has the ability to connect different remote energy sources to
an existing grid, offer improved controllability, bring efficient
energy balance over a wide geographic spread, and most
significantly, allow amore diversified energy portfolio. There
are several concepts for the topological setup of such a super-
grid, proposed by several organizations which are depicted
in Figure 1.

FIGURE 1. European Supergrid concepts: a) Wind Energy Europe [4], b)
Friends of Supergrid [3], c) Airtricity [2], d) European Commission [5].

Besides the European Supergrid, there are proposed con-
cepts for setting up supergrids in Asia and United States of
America [1], which are shown in Figure 2a and Figure 2b
respectively.

It is therefore evident that in many respects, the develop-
ment of a wide HVDC-based supergrid is a well-crafted strat-
egy, especially in Europe due to its leading role in RES. Even
though HVDC technology introduces many major advan-
tages (refer to Table 1) which future supergrids are based
upon, it is also accompanied by several technical barriers and
challenges.

FIGURE 2. Non-European Supergrid concepts: a) North-East Asia [9],
United States of America [8], [10].

TABLE 1. VSC HVDC trade-offs.

Despite the fact that there several issues to be resolved for
the widespread deployment ofMTDC grids, there are specific
challenges associated with DC-side fault management, which
is a very critical issue when considering HVDC technology.
In order to capture DC-side fault transients for protection,
control and fault location applications, measuring equipment
is required to be placed on HVDC installations. This paper
mainly focuses on reviewing the available technologies from
the perspective of enabling protection, fault location and
automation applications in HVDC systems. Even though
some relevant review on protection and fault location func-
tions has been conducted in [11]–[13], the work did not
provide any profound insight with respect to the element of
measuring technologies towards achieving the desired char-
acteristics of those functions.

Section II includes a review of protection and fault location
functions, which are sorted according to voltage and cur-
rent measurements, communication and sampling frequency
requirements. Sections III and IV provide a detailed analysis
and discussion of the voltage and current sensing equip-
ment for HVDC installations. Section V presents a mapping
exercise of protection and fault location functions against
the available voltage and current measuring technologies
and essentially unlocks the insights for selecting measuring
equipment. In Section VI this paper also analyzes and dis-
cusses the available options for automation applications, stan-
dards and protocols for HVDC installations in conjunction
with the realization of the desirablemeasuring characteristics.
Finally, conclusions are drawn in Section VII.

II. PROTECTION AND FAULT LOCATION IN HVDC GRIDS
For the practical operation and employment of MTDC grids,
there are numerous technical outstanding issues to be solved.
Major categories of these include power exchange con-
trol [14]–[16], dynamic behavior and stability [17]–[19], sys-
tems and grid integration [20]–[22] and finally, fault manage-
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ment accounting for detection, protection and fault location
[23]–[25]. Consequently, it is of utmost importance to
investigate, analyze and mitigate the emerging challenges
introduced by MTDC systems in order to promote their
widespread deployment.

DC-side faults occurring in HVDC systems are generally
characterized by large inrush currents (escalating over a very
short period of time), initiated by the discharge of stored
energy in the relevant capacitances of the entire system. Such
capacitances can be found on the DC side of converters, trans-
mission line capacitances, and also within modular multi-
level converters (i.e. sub-module capacitors).

When DC-side faults occur in MTDC grids, the associ-
ated DC protection systems are anticipated to minimize the
onerous effects by disconnecting the faulted sections while
allowing the remaining healthy part of the grid to maintain
its operational status. Such requirements imply the need for
transient characterization of DC-side faults, ultimately lead-
ing to the development of reliable, fast, and sensitive DC
protection methods. Therefore, one of the main objectives
of protection area is to demonstrate solutions to mitigate the
key challenges associated with the protection ofMTDC grids,
ultimately reducing the risk for the realization of HVDC-
based supergrids.

Specifically, regarding fault-management issues in HVDC
grids, according to ‘ENTSO-E Code on HVDC Connec-
tions and DC-connected Park Modules’ [26], HVDC sys-
tems (including overhead lines), shall have the capability to
recover from DC-side transient faults. In addition to this,
it is highlighted that with regard to priority ranking in the
area of control and protection, the owner/operator of HVDC
shall organize its control and protection equipment in order
to comply with the following priorities, listed in decreasing
order of importance:

• Protection (for HVDC and network systems)
• Control of active power (for emergency assistance)
• Synthetic inertia (if applicable)
• Automatic restoration actions
• Limited Frequency Sensitive Mode (LFSM)
• Frequency control and Frequency Sensitive Mode
(FSM)

• Constraint of power gradient

It is therefore evident that protection is of the highest
importance for the healthy operation of HVDC grids.

Additionally, as reported in ‘IEEE Guide for Establishing
Basic Requirements for High-Voltage Direct-Current Trans-
mission Protection and Control Equipment’ [27], along with
the HVDC protection equipment, the following important
subsystems should interact closely and effectively to imple-
ment the required functions:

• DC line fault locator
• Electrode line monitoring equipment
• Transient fault recorder
• Station clock synchronization equipment
• Harmonics monitoring equipment

• Converter valve cooling control and protection
equipment

• DC measuring equipment
Therefore, fault location is another important function

required to run alongside protection. This is due to the
fact that after the successful detection and isolation of a
fault, and assuming the fault is permanent, the meticulous
estimation of its location is of significant importance as
a means to accelerate the line restoration, reduce down-
time of the system, limit recovery and repair costs, and
hence elevate the overall availability and reliability of the
transmission system. This is particularly important in the
case of a supergrid, where a single unit disconnection
can tremendously affect power exchange between different
countries.

In Table 2 and 3, the design elements for a variety of DC
protection and fault location solutions found in the technical
literature have been summarized, showcasing among others
the necessary sampling frequencies in each case. The required
sampling frequency is practically enabled by appropriate
measuring and sensing equipment. A detailed analysis of pro-
tection and fault location can be found in Appendix A and B
respectively.

III. VOLTAGE MEASURING TECHNOLOGIES
A. RESISTIVE-CAPACITIVE VOLTAGE DIVIDER
In VSC-based HVDC systems, measurement of voltage is
usually obtained using a resistive-capacitive (RC) voltage
divider [6], as shown in Figure 3. The resistors connected
in parallel to the capacitors are designed to guarantee an
extremely low resistance variation through time, electrical
stress and temperature [115]. Single- or double-shielded
coaxial cables are used to transmit pulses from one end to
another, preserving the information in the signal. To pre-
vent any possible reflection phenomena (occurring mainly
during fast transients), the coaxial cable is usually ter-
minated with an external burden impedance. Resistive-
capacitive voltage dividers are capable of generating an accu-
rate voltage over a wide frequency band (typically from DC
up to 500 kHz) [115], [116].

Considering the design depicted in Figure 3, the voltage
V2 obtained at the low-voltage side of the RC divider can be
given by:

V2
Vdc
=

R2

R2 + R1
1+R2jωC2
1+R1jωC1

=
C1

C1 + C2
1+1/R2jωC2
1+1/R1jωC1

(1)

Expression in equation (1) is valid considering that the
following design criterion is met:

R1 · C1 = R2 · C2 (2)

Pure capacitive or inductive voltage dividers are not well-
suited for capturing fast transients due to their limited trans-
fer behavior leading to narrow frequency bands as show,
in Figure 4 [115], [117].
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TABLE 2. Taxonomy of HVDC protection systems according to voltage, current, communication and sampling frequency requirements.

The features of RC dividers which make them a very
compelling option for measurement of voltage are listed
below [115], [116]:

• No saturable cores leading to ferroresonance-free char-
acteristics

• Superior transient characteristics
• Compliance with secondary technology base on micro-
processors

• Design enabling short-circuit proof characteristics
• No need for disconnection for commissioning purposes
(e.g. cable test)

• Significant width and weight minimization

B. OPTICAL SENSORS BASED ON POCKELS EFFECT
An optical electric sensing technology utilizing the Pockels
effect is presented in [118]–[122]. Such optical voltage sen-
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TABLE 3. Taxonomy of HVDC fault location systems according to voltage,
current and sampling frequency requirements.

FIGURE 3. Resistive-capacitive voltage divider.

FIGURE 4. Comparison of bandwidth of an inductive VT, a capacitive
VT and an RC divider [115].

sors are used in applications where wide frequency range
is required and overcome some shortcomings of the con-
ventional voltage sensors while using simpler structure and
presenting better accuracy. Specifically, an optical sensing
system is realized by combining the longitudinal Pockels
effect and the optical technology as reported in [119]. The
sensing scheme is used for measuring high-voltage levels up
to 400 kV in a wide frequency range from DC to 30 MHz.
In addition, [120] presents an improved optical HVDC mea-
suring system using a Pockels crystal in a longitudinal mod-
ulation arrangement and two-wavelength laser systems in
order to expand the measurable voltage range. The developed

FIGURE 5. Voltage measurement based on the Pockels effect [120].

system is used for directly measuring high voltages up to
450 kV in the DC to GHz frequency range.

The electro-optic effect can be expressed by the change
in the refractive index of the crystals under the effect of
an applied electric field or voltage [120], [122]. Figure 5
shows an amplitude modulator in longitudinal modulation
arrangement with a polarizer, oriented at 90o with respect to
an analyzer.

The linearly-polarized light propagates along the z-axis
of the Pockels crystal, while the polarization status changes
based on the Pockels effect of the crystal. Optical voltage sen-
sors usually use BGO crystal. The induced phase retardation
δ between two orthogonal optical components of the output
light is given by [122]:

δ
π l
λ
n30γ41E =

πV
Vπ

(3)

where λ is the wavelength of the light, n0 is the ordinary
refractive index of the crystal, l is the length of the crystal,E is
the exterior electric field, γ41 is the electro-optic permittivity,
V is the measured voltage applied to the sensor and Vπ is
the half-wave voltage defined as the value of the V when δ
reaches the π , and is given by [119]–[121]:

Vπ =
λ

2n30γ41
(4)

The output light intensity of the polarization beam split-
ter (PBS) analyzer is given by:

Io = Iisin2
(π
2
+ δ

)
=
Ii
2

(
1+ sin(

πV
Vπ

)
)

(5)

where Ii is the incident light intensity. When δ has a small
value, sin(πVVπ ) can be replaced by (πVVπ ) and therefore (5)
becomes

Io =
Ii
2
(1+

πV
Vπ

) (6)

Equation above indicates that the modulated light of the
output intensity is a function of the measured voltage [122]
and therefore, a voltage measuring device for HVDC instal-
lation can be realized.
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FIGURE 6. Classification of DC current measuring technologies.

However, the use of the aforementioned sensing tech-
nology for DC voltage measurements includes some uncer-
tainties which are affected by several factors like the light
source, the current-to-voltage converter and the unwanted
cross electric field [119]. Furthermore, some technical chal-
lenges which have to be addressed include:
• The moving electric charges in the crystal causes drift of
the output intensity of the light sources

• The modulated signal of the DC voltage is difficult to be
distinguished from the light intensity

IV. CURRENT MEASURING TECHNOLOGIES
Reliability and accuracy of DC current measurement are
significant requirements for HVDC control and protection
purposes. Figure 6 illustrates the various current measuring
technologies that are currently available and appropriate for
HVDC applications. The rest of this section describes in
detail the operation principles and characteristics of DC cur-
rent sensors, while special emphasis is paid on their current
measurement range, accuracy and bandwidth.

A. OHMS LAW - SHUNT RESISTOR
The well-known Ohm’s law states that the current that flows
through a resistor is directly analogous to the voltage drop
across this component. This simple principle can be utilized
to measure currents.

A simple means of current measurement is the use of a
shunt resistor with low ohmic value that is directly connected
into the main current conduction path. The voltage that is
measured at the pins of the resistor represents a proportional
measure of the current that flows in the circuit. Because
of the direct integration into the main circuit, shunt resistor
can generate substantial power losses and reduced efficiency,

especially in high current applications (losses are propor-
tional to the square of the measured current).

This sensing technology is relatively simple, reliable and
is applicable for both AC and DC technologies with a mea-
surement bandwidth up to several MHz [123]. A number of
factors can affect accuracy performance, such as tempera-
ture effects, mechanical forces and thermoelectric voltages.
From the several available implementations, the squirrel cage
shunt that consists of parallel manganese and copper bars
is suitable for high current applications due to its low ther-
moelectric voltage and temperature coefficient [124]. More-
over, the impedance of the shunt can increase as frequency
increases due to the proximity and skin effect. [125], [126].
The frequency dependent characteristic of the shunt can be
mitigated by suitable selection of the radius of the conductors
and the distance between the conductors [127]. However,
lack of galvanic isolation is the main disadvantage of shunt
resistors.

B. FARADAYS LAW OF INDUCTION
Faraday’s law of induction has been widely used for current
sensors in AC applications. The greatest advantage of sensors
based on Faraday’s law, is that they provide isolation between
the current to be measured and the output signal [128]. This
property is very important in control and protection appli-
cations because existing safety standards demand electrical
isolation. The current transformer and the Rogowski coil are
the two most representative sensors that have been designed
based on Faraday’s law. Although these current sensing tech-
niques are not suitable on their own for DC current measure-
ment, their principles and characteristics are presented, since
they are commonly used in hybrid DC current sensors that
combine more than one technology (e.g. optical fiber sensor
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with a Rogowski coil), or in devices with extra components
that permit DC current measurements

The working principle of both sensors is explained through
the Ampere’s law that relates the magnetic flux density
around a loop to the enclosed current that passes through the
loop, as shown in equation (7)∮

C

EB · Edl = µ0µr ic (7)

When the primary current ic flows in the center of the loop,
the flux density B is given by

EB =
µ0µr ic
2πr

(8)

This relationship is used in conjunction with Faraday’s
law of induction for both sensors of this family to calculate
the induced voltage in the measurement winding, which is
proportional to the main current.

1) CURRENT TRANSFORMER
A typical construction of current transformer (CT) consists
of a core material with high relative permeability and two
windings. The main current flow path serves as the only
primary turn, while several secondary turns are employed to
provide a representative measurement of the main current.
Similar to a conventional transformer, the primary current is
translated to a secondary current with a magnitude that is
dictated by the turns ratio of the windings. Thus, the sec-
ondary winding together with the core form the measuring
head of the CT.A carefully designed resistor (Rs) is connected
in the secondary winding. The magnetic flux generated by
the secondary current that flows through Rs counters the flux
generated by the main current. The purpose of this resistor is
to convert the generated compensated current into a voltage
signal. The induced voltage can be derived as follows

u = −N
dφ
dt
= −NA

dB
dt
= −

NAµ0µr

2πr
(ic − Nis)

d
dt

(9)

where ic is the primary current, is the secondary current and
µr the relative magnetic permeability of the core material.
Solving this equation for is yields the following equation

is =
ic
N
−

lm
N 2Aµ0µr

∫
t
usdt (10)

The above equation implies that the current transformer is
unable to measure DC currents and consequently, additional
modifications are required to perform this task.

2) ROGOWSKI
Similar to the current transformer, the Rogowski coil or
air-core coil current sensor exploits Faraday’s law in order
to measure currents. The main differences compared with
the basic construction of a current transformer is that the
Rogowski coil uses a non-magnetic core material and it does
not include the burden resistor in the secondary winding.
The measuring head consists of a coil that is wound uni-
formly around a non-magnetic former, which in turn forms a

FIGURE 7. Typical illustration of bandwidth for closed-loop and CT mode.

closed loop around the main current carrying conductor. The
conductor’s position needs to be in the center of the coil to
mitigate measurement errors [128].

According to Faraday’s law, a voltage is induced in the
Rogowski coil that is proportional to the rate of change of
current as shown by:

u = −N
dφ
dt
= −

NAµ0

2πr
dic
dt

(11)

where N is the number of turns and A is the cross-sectional
area of the former. This equation shows that the voltage
is proportional to the derivative of the main current ic that
needs to be measured. Hence, an integrator is employed to
produce a signal that is directly proportional to the main
current. Since the main principle of this sensor relies on the
detection of a change in flux (i.e., current change), Rogowski
coil cannot be directly used to measure DC currents. Owing
to the absence of a magnetic core, the Rogowski coil demon-
strates very good linearity and is capable of carrying very
large currents (tens of kAs) over an extended bandwidth
up to several tens of MHz [129]. Recently, current sen-
sors have been designed based on the Rogowski coil prin-
ciple that can be fabricated using a printed-circuit board
(PCB), appropriate for installation in individual modules of
power converters, demonstrating high accuracy and extended
bandwidth [130], [131].

C. MAGNETIC FIELD SENSORS
As analyzed in Section IV-B, current sensors based on Fara-
day’s law of induction are not capable of sensing static
magnetic fields. On the contrary, magnetic field sensors can
recognize and respond to static magnetic fields. Moreover,
CT and Rogowski coil perform remarkably well in the high
frequencies region, while magnetic field sensors perform
better for lower frequencies. Therefore, it seems sensible
to combine either a Rogowski coil or a current transformer
with magnetic field sensors in order to build a current sensor
with an extended bandwidth from DC to several MHz. The
resulting effect of such combination in terms of frequency
range and gain, is illustrated in Figure 7.

There are three main categories of magnetic field sen-
sors: i) Hall-effect sensors, ii) sensors based on the flux-
gate principle and iii) magnetoresistors. All three of them
can be used in an open-loop or in a closed-loop sensing
configuration. In open-loop arrangements, the field sensor
can be placed in the vicinity of the main current conductor
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FIGURE 8. Illustration of Hall effect through a conductive material.

or alternatively, a magnetic core is used to concentrate the
magnetic field that is generated from the enclosed conductor
onto the magnetic field sensor that is situated in the airgap
of the core material. The former is susceptible to the skin
effect and external magnetic fields, while in the latter con-
figuration the sensitivity is substantially improved due to the
high magnetic permeability of the core material, and the skin
effect is eliminated. Nevertheless, excessive currents can lead
to the saturation of the core, in which case degaussing is
required. Additional limiting factors for both topologies are
the relatively low bandwidth and the significant thermal drift
of the sensing element [128]. Nevertheless, the open-loop
configuration constitutes a simple and cost-effective solution.

In the closed-loop configuration, the magnetic field sen-
sor’s output voltage is used as a feedback control signal to
drive a compensating current in a secondary winding. This
is wound in the magnetic core to counter the magnetic flux
that is generated by the primary current. This configuration
results in a zero-flux transducer. With the use of a secondary
winding, the transducer operates as a current transformer
in the high frequency region, resulting in extended band-
width [132]. The closed-loop sensing configuration reduces
significantly or eliminates the thermal drift and dramatically
improves the performance of the sensor [133]. Complexity
and extra cost are the limitations of this technology.

1) HALL-EFFECT SENSOR
Hall effect-based sensor is the most widely-used magnetic
field sensor. Its working principle is designed around the Hall
effect that is illustrated in Figure 8.

The effect describes that when a current flows through a
conductive material in the presence of a magnetic flux density
that cuts through the surface of the conductor, a voltage is
induced that is perpendicular to both the magnetic field and
the current. The effect can be described mathematically as:

V =
IB
nqd

(12)

where n is the charge carrier density, q is the charge of each
electron, and d is the thickness of the conductive material.

FIGURE 9. Zero flux DC current transformer.

Although the Hall effect is very small in metallic conductors,
the effect is enhanced when semi-conductors are used [134].
Indium arsenide (InAs), Gallium arsenide (GaAs) and
Aluminium Gallium nitride or Gallium nitride AIGaN/GaN
are typical materials used for the construction of Hall effect-
based sensors [128], [135].

Hall effect-based sensors can be used in both open-loop
and closed-loop configurations. Closed-loop transducers,
which are also called Hall effect-compensated or zero flux
current transformers are commonly used for the measurement
of DC current in HVDC applications [6], [116]. A typical
structure of the transformer can be seen in Figure 9 [136],
which consists of two windings (W1 primary and W2 sec-
ondary), a magnetic core, a Hall effect-based sensor and an
operational amplifier (OP).

When primary current Idc flows through winding W1,
it generates a magnetic field B in the core which induces a
voltage VHall at the sensor output. The sensor output voltage
VHall is almost proportional to the magnetic field, which in
turn is proportional to the measured current. The primary
current Idc is compensated with current Ic fed to W2 which
results in zero flux (B = 0) in the magnetic core. When
the primary current contains a DC component, the current
proportional to this is fed to the input of the OP. The resulting
compensation current Ic is a true-to-scale copy of the primary
current [137]. Depending on the way of construction of zero
flux DC transformers, bandwidths of up to 10 kHz for 25 kA
maximum currents and up to 500 kHz for 5 kA maximum
currents can be obtained [117], [133]. An alternative config-
uration based on the combination of Hall effect-based sensor
with a Rogowski coil that achieves a bandwidth of 75 MHz
has been reported in [138].

2) FLUXGATE SENSORS
The working principle of fluxgate sensors is essentially based
on the detection of change in the inductance of the sensing
element [133]. In its simplest form, a fluxgate transducer can
be built in a similar manner with a Hall effect-based current
transducer (refer to Figure 10), where the Hall effect-sensor
is replaced with a fluxgate element. The sensing element
comprises of a coil that is wound around a thin magnetic
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FIGURE 10. Closed-loop fluxgate transducer.

core. The underlying principle of this sensor depends on the
detection of a change in the inductance of the coil.

The non-linear relationship between the magnetic field H
and the flux density B for a magnetic material is utilized by
the fluxgate technology. The value of the inductance of the
sensing element is dependent on the magnetic permeability of
the core. In detail, when the flux density is low, the inductance
decreases, while when the flux density is high, the inductance
increases.

The fluxgate element is designed in such a way that its
saturation level varies with respect to the applied external
fieldBext , produced by the primary current Ic, which provokes
a change in the magnetic permeability of the core and hence,
the inductance. Moreover, a current that is injected into the
coil of the fluxgate element produces an additional magnetic
field H0 that also affects the inductance of the element. The
frequency of the injected current can be increased to improve
the sensor’s accuracy [128]. The two magnetic fields may
add or counter each other. Thus, the fluxgate transducer is
developed in a way that near zero total flux corresponds to
low inductance, and high flux leads to core saturation and
therefore low inductance.

Various fluxgate transducers have been designed that use
either open-loop or closed-loop configurations [139], [140].
In the closed-loop configuration, the variation of the induc-
tance of the fluxgate element is measured and processed by
adequately-designed electronics to manipulate the injected
current with the aim to operate the core under zero flux
conditions [141]. Subsequently, the measured current can be
simply calculated based on the turns ratio. Figure 10 presents
a closed-loop fluxgate transducer that has been manufactured
by LEM [133]. In this configuration three magnetic cores are
used with separate secondary windings, a common primary
winding (current-carrying conductor) and a common com-
pensation winding.

The closed-loop configuration is achieved with the injec-
tion of current Is that flows in compensation windings. The
transducer operates as a fluxgate sensor for low frequencies
with WS3 and WS4 serving as the fluxgate elements, and
as a current transformer in the high frequency region (WS1
and WS2). The transducer achieves very high accuracy and
extended bandwidth from DC to 100 kHz.

3) MAGNETORESISTORS
Magnetoresistors (MR) make use of the magneto-resistance
effect, which describes the tendency of some materials,

to vary the value of their resistance under the influence of
an external field. MR sensors are developed based on metal
alloys and present better sensitivity, measurement accuracy
and higher bandwidth as opposed to Hall effect-based sen-
sors [142]. This effect has been successfully used for the
construction of read heads in magnetic recording but in the
recent past, they have been examined for DC currentmeasure-
ment applications [134], [143]–[145]. Based on the magneto-
resistance effect, several types of magnetic field sensors have
been designed and three of the most appropriate ones for DC
current measurement are subsequently described.

a: ANISOTROPIC MAGNETO-RESISTANCE (AMR) SENSORS
Within the family of MR sensors, AMR sensors are the most
mature technology. The term anisotropic derives from the
sensor’s dependence on the angle between the direction of
magnetization and the measured electrical current. The angle
between the two affects the resistance of the ferromagnetic
material and depends on the magnitude of the field. The resis-
tance is at its maximum when the primary current flows in
parallel with the magnetization and at its minimum when the
current is perpendicular to the magnetization. AMR sensors
are usually used in a Wheatstone bridge configuration and
demonstrate a high frequency response up to 1 MHz, that
is usually limited by the integrated necessary amplification
stages to several hundreds of kHz [128], [146].

b: GIANT MAGNETO-RESISTANCE (GMR) SENSORS
GMR is another sensor that can also detect static magnetic
fields. GMR effect is manifested in structures which com-
prise of thin magnetic layers separated by thin non-magnetic
layers. Similar to the AMR effect, under the influence of
an external magnetic field, the structure’s resistance reduces
significantly. GMR sensors can also be utilized in a Wheat-
stone bridge configuration and they are more sensitive than
the AMR sensors [147]. The drawbacks of GMR technology
include the relatively higher cost and lower bandwidth when
compared to AMR technology [148].

c: TUNNELING MAGNETO-RESISTANCE (TMR) SENSORS
TMR sensors is a promising sensor technology that exhibits
significantly higher sensitivity than current GMR and AMR
sensors. A TMR sensor includes insulating layers rather than
metallic layers that are employed by GMR sensors [148]. The
sensor technology is at its early stages of development with
limited applications. For high current applications, a proto-
type that is based on a combination of a TMR sensor with a
Rogowski coil, has been proposed in [149].

D. OPTICAL CURRENT SENSORS
Optical current sensors for high voltage applications have
received increased interest in the last decades, mainly because
of their small size and weight, low power consumption and
their capability to measure both DC and AC currents. Optical
sensors are using optical fiber as the sensing element and
hence, they provide inherent isolation and immunity against
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FIGURE 11. Optical fiber current sensor as per the Faraday effect.

electromagnetic interference, features that are of vital impor-
tance in high voltage applications. [150]. Current sensors
based on optical sensing commonly rely on the Faraday effect
(or magneto-optic effect).

1) OPTICAL SENSORS BASED ON FARADAY EFFECT
According to the Faraday effect, when left- and right-hand
circularly polarized light waves pass through a transparent
material under the effect of a magnetic field that is oriented
in the same direction as the traversing light, the relative speed
of the left- and right-hand circularly polarized light speed
changes slightly causing a shift in the state of the resulting
linearly polarized light. As such, the two light waves accu-
mulate an optical phase difference in proportion to the field’s
strength. This optical phase difference β can be expressed by:

β = V
∫
EH · Eds (13)

where V is the Verdet constant that is dependent on the
medium that is used for light transmission. The detection of a
change in the state of polarization of light can be realized via
the polarimetric and the interferometric detection schemes.

a: POLARIMETRIC DETECTION SCHEME
A typical scheme based on Faraday effect is the fiber
polarimeter, depicted in Figure 11. In this scheme, a linearly
polarized light wave is generated and then fed into a fiber
coil with N turns that encloses the main current carrying
conductor [150]. The light wave is then analyzed at the output
of the sensor using a second polarizer and a photodetector.

The use of the fiber coil has the desirable effect of immu-
nity to all other external magnetic fields apart from the mag-
netic field caused by the current inside the coil. The magnetic
fieldH , is the result of current Idc flowing in parallel with the
fiber sensor. According to the Faraday effect, field H causes
a rotation of the polarization plane by an angle β, that is
expressed as:

β = VNIc (14)

Angle β represents a measure of the magnetic field inside
the Faraday medium (fiber). The combination of the analyzer
and the photo-detector converts and modulates the polarized
light into an electrical signal, which in turns corresponds to

FIGURE 12. Reflective optical fiber current sensor.

the current to be measured. With respect to the light intensity
I0 of the source, the output light intensity is given by:

Id =
Io
2
(1+ sin2β) (15)

Polarimetric devices experience severe linear birefrin-
gence effect that can distort the rotation of polarization, thus
reducing the accuracy and sensitivity of the sensor [150].
To overcome such an issue, interferometric schemes have
been developed as explained below:

b: INTERFEROMETRIC DETECTION SCHEME
In interferometric detection schemes, the linear polarization
of light is analyzed into two orthogonal circular polarized
light waves; a left-hand and a right-hand circular-polarized
light wave. When the light waves pass through the fiber
coil, the magnetic field that is created by the current to be
measured slows the one component and accelerates the other,
as a result of the Faraday effect. The shift between the two
circular polarized light waves can be utilized as the detection
signal.

A typical example of interferometric arrangement that
exploits this effect is the Sagnac interferometer [151]. In this
arrangement, the light from the source is initially polarized
linearly and is split with the use of quarter wave retarders
into two equal light beamswith opposite circular polarization.
The two-counter propagating light waves enter the fiber coil
(Sagnac loop). After the two waves cross the Sagnac loop
with different velocities, they are converted back to linear
polarized light waves that now have a phase shift that is given
by:

φs = VN
∫
EH · Eds = 2VNIc (16)

A phase modulator that generates a high frequency carrier
is used to detect the optical signal, and the demodulation of
the obtained signal retrieves the phase information. Open-
loop Sagnac interferometer has been widely-used in HVDC
applications [152]. The interferometer can also be used in a
closed-loop configuration, where a control signal is fed back
to the modulator to counter the current induced phase shift.
In this case, the control signal is a direct measure of the phase
shift and an image of the primary current [153].

In Figure 12 [154], a reflective fiber optic current sensor
scheme is depicted which is an enhanced version of the
Sagnac interferometer [151].
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The presented scheme consists of an electronic device
(light source, detector and signal processor), a retarder and
a mirror. A simple optical fiber loop is wound around the
conductor which carries the current to be measured.

As in Sagnac interferometer, the light source generates a
light wave which is decomposed in left and right circularly
polarized light waves which travel along the sensing fiber
coil. The waves are then reflected by the mirror and their
polarization direction is swapped. When a DC current is
flowing though the conductor, a current-related phase shift is
present to the reflected wave. In comparison to the previous
arrangement, the total phase shift is now doubled:

φs = 4VNIc (17)

In a similar manner with Sagnac interferometers, the phase
shift 8s is detected and analyzed by the detector and sig-
nal processor. In this configuration, temperature sensitivities
and mechanical disturbances that are typically present in the
Sagnac interferometer are significantly mitigated.

The aforementioned fiber-optic current sensor is commer-
cially available by ABB [155], and can measure up to 500 kA
DC currents with a±0.1% accuracy. Similar performance has
been achieved for the optical current sensors developed by
NxtPhase (now Alstom) [156], and GE [157], [158].

Current interrogation techniques limit the available band-
width of existing optical current sensors, mainly because
of the requirements of the applications that they have been
designed to be used. Typically, the output of optical cur-
rent sensors is digital and is converted to other forms via a
merging unit [159]. The sampling rate of the merging unit
limits the available bandwidth of the optical current sen-
sor [160]. However, the technology offers a high potential
for a wide frequency range from DC up to several MHz.
In [161], a methodology for several output interfaces has been
proposed. The proposed system can use an output interface
suitable for demanding high-bandwidth applications, such as
fault transients in HVDC systems, that works separately from
an output interface that is designed to be in line with existing
national and international standards that typically require low
bandwidth.

2) MAGNETOSTRICTIVE SENSORS
Magnetic field sensors exploit the magnetostrictive effect,
according to which, a mechanical strain is induced in a
ferromagnetic material when it is submitted to a magnetic
field [150]. The magnetic material expands in the case of
positive magnetostriction, and shrinks in the case of negative
magnetostriction in the direction of magnetization. Magnetic
field sensor applications typically include an optical fiber
wrapped around a magnetostrictive material or the use of a
Fiber Bragg Grating (FBG) with magnetostrictive coatings.
Sensors based on FBGs allow for optical multiplexing and
long-distance interrogation [150].

The mechanical strain can be measured with a FBG, that
operates as a filter and is placed in the core of an optical fiber.
FBGs can reflect light that lies in a certain wavelength range

FIGURE 13. Layout of hybrid optical sensor scheme.

and leave the rest wavelengths unaffected. When the fiber is
strained due to themagnetostrictive effect, the reflectedwave-
length changes. This change can be detected and analyzed as
a function of strain that denotes the strength of the magnetic
field.

FBGs attached tomagnetostrictive rods [162] or as ameans
of interrogating the displacement of the ferromagnetic mate-
rial [163] have led to prototypes that allow DC current mea-
surement for high power applications. Although magnetic
field sensors present a promising solution, such sensors are
not commercially available.

E. HYBRID OPTICAL CURRENT SENSORS
Hybrid optical current sensors combine standard current
transducers such as Rogowski coil or shunt resistor, with opti-
cal fiber sensors. The conventional current transducer serves
as the sensing element of hybrid devices, while the optical
fiber system is used as the interrogation and transmitting
element. The major advantage of hybrid sensors is that the
fiber optic system provides galvanic isolation between the
sensor head that measures the current in the main circuit
at a high voltage level and the control system where these
measurements are used. In this way, safe operation is ensured,
insulation costs are significantly reduced, and the sensor is
shielded from electromagnetic interference. The configura-
tion of a hybrid optical sensor that is used for HVDC appli-
cations is shown in Figure 13 [124].

This sensor uses a direct shunt to measure the DC current
that is located at high voltage together with an analog/digital
voltage processing unit that converts analog measurements to
optical signals. Then, an optical fiber data link is used for the
transmission of the optical signals to the control/protection
system that is located at ground level. This system contains a
power supply and an optical processing unit that is used for
the interrogation of the sensing element. In critical applica-
tions (e.g. for purposes of protection) redundant equipment
can be used to enhance the reliability of the sensor. An addi-
tional Rogowski coil can be used in conjunction with the
shunt resistor, where the latter is used for measurement of
currents close to DC and the former is used to increase the
overall bandwidth of the device [164].

In [25], [76], the authors presented hybrid optical voltage
and current sensors which were demonstrated to be effective
for both protection and fault location applications. In the stud-
ies presented, four FBGs inscribed in polyimide coated fibers,
having a length of 7 mm, a bandwidth of 0.3 nm and peak
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FIGURE 14. FBGs spectra [76].

FIGURE 15. Hybrid FBG-based voltage sensor.

wavelengths at 1539.60, 1551.56, 1554.72 and 1557.38 nm
(refer to Figure 14) were deployed to build four hybrid low-
voltage sensors in order to prove the principle of the proposed
protection and fault location schemes.

To construct a hybrid low voltage sensor, a 9 mm low volt-
age stack, having a maximumAC operating voltage of 30 Vpk
(21.21 Vrms) was fixed between two alumina end blocks and
a FBG sensor was pre-tensioned and epoxied to the ceramic
blocks

For the construction of a hybrid (low-voltage) sensor,
a voltage stack (P-883.11 PICMA from Physik Instrumente
Ltd [165] was used) was placed between two alumina-based
blocks. A FBG sensor (pre-tensioned) was epoxied (by uti-
lizing EPO-TEK® 353ND) to ceramic blocks. The sensor
structure is depicted in Figure 15. Considering that there is
no mechanical forces in the piezoelectric part, the relative
elongation 1l/l introduced by an external electric field is
given by:

ε = d33E = d33
V
l

(18)

where d33 is the longitudinal piezoelectric charge constant, E
is the electric field, l is the length of the material and V is the
voltage applied across the piezoelectric material [166].

Any voltage across the stack will produce a strain which
is applied on the FBG, leading to a relative shift in its peak
wavelength. Therefore, the shift on the peak wavelength can
be calibrated in relation to the voltage [166].

Using this approach, an AC current measurement can be
obtained by relating it with the FBG wavelength relative
shift [167]. Effectively, a DC current sensor can be realized
by utilizing a magnetostrictive transducer (instead of a piezo-
electric component) [168]. Relative insulators could be used
to cater for driving the fiber between the pole (which should
be at ground potential) and the sensors placed directly on the
current-carrying conductor. The optical fiber itself could be
placed alongside the transmission line (e.g. within a trench)

FIGURE 16. Optical current sensor for distributed measurements on
HVDC networks [169].

or integrated within the cable or wrapped around the current-
carrying conductor (very common practice in AC systems).

In [169], the authors proposed an optical current sensor for
distributed current measurements on HVDC networks. The
concept of the sensor is shown in Figure 16. A shunt resistor
was utilized to convert DC line current into voltage. Volt-
age across the shunt resistor was amplified by a low power
precision amplifier to drive an optical voltage sensor (LVT)
combining photonic and piezoelectric technologies described
above. The amplifier was powered from an energy harvester
connected to the shunt resistor. Thus, no additional power
supply provision was required for the amplifier at the sensor
location. The prototype sensor was evaluated through labo-
ratory testing and its performance was assessed within the
context of the accuracy requirements specified by the relevant
industry standards. It was demonstrated that the device has
the potential to meet the requirements of the accuracy class 1
specified by the IEC 61869-14 standard.

The sensing schemes in [25], [76], [169] were experi-
mentally tested at 5 kHz but greater sampling rates could
be achieved if other type of interrogators were employed,
e.g. a solid-state interrogator utilizing an Arrayed Waveg-
uide Grating (AWG) as reported in [170]. In this case, the
restricting factor for high-speed acquisition would be the
performance of the utilized signal processing electronics, but
frequencies higher than 100 kHz can be realized and the
accuracy of relevant protection and fault location schemes
could be improved significantly.

This technology has been found to be extremely beneficial
for non-homogeneous feeders including both overhead lines
and cables. In particular, as depicted in Figure 17 physical
connection between cables and overhead lines, is realized
at ‘transition joint pits’, and the connection of the actual
current-carrying conductor is settled with ‘transition joints’.
Considering such a topological configuration, optical sensors
can be installed throughout the transition joint and therefore
DC current measurements can be achieved at transmission
junctions.

V. MAPPING FAULT DETECTION & FAULT LOCATION
FUNCTIONS AGAINST SAMPLING FREQUENCY AND
MEASURING TECHNOLOGIES
In Tables 2 and 3 of Section II, the design elements for a
variety of DC protection solutions have been summarized,
showcasing among others the sampling frequency require-
ments. The proper function and performance of such DC fault
detection and location techniques is greatly dependent on
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FIGURE 17. Typical outline of a transition joint pit [25].

the quality of measurements fed to the protection and fault
location devices by the corresponding measuring schemes.
This calls for an appraisal of the capabilities of existing
voltage and currents measuring devices in terms of bandwidth
requirements for the state-of-the-art DC fault location and
detection functions.

With respect to voltage measurements, there is a limited
number of options (refer to Section III). These mainly com-
prise of the RC voltage divider that achieves a high bandwidth
in the order ofMHz, and the hybrid optical voltage sensor that
may emerge in future applications. The superior frequency
response of the former, combined with its relative maturity,
have rendered RC-voltage divider the main technology used
in HVDC applications. By inspecting the frequency require-
ments of the various voltage-based DC fault detection and
location functions, it is observed that they fall within the
available bandwidth of RC-voltage divider. Hence, it can be
concluded that voltage measurements for HVDC applications
are considered readily accessible, indicating a competitive
advantage of protection and fault location solutions that are
based exclusively on voltage signals.

For current measurements, there is wider range of options,
with each technology occupying a different frequency spec-
trum. In Figure 18, the current-based fault detection and
location functions aremapped on a frequency diagram against
the available current measuring techniques to illustrate the
potential for applicability based on the existing technologies.
It is worth noting that the frequency range achieved by each
current sensing scheme, mainly refers to the bandwidth of
the primary sensor, whereas the overall bandwidth of the
complete measuring system may be further restricted by the
secondary converter, the corresponding data acquisition sys-
tem and signal-processing electronics.

An initial analysis of the diagram reveals a distinctive
difference in the frequency range between DC fault detec-
tion and DC fault location functions. It is evident that the
majority of DC fault detection solutions is concentrated in
a frequency spectrum ranging from a few kHz to 100 kHz.
This is explained by the fact that DC fault detection aims
to detect every probable fault within the relay’s protection
zone, without the need for extremely accurate capture of
fast transients during DC faults and therefore, high sampling

frequencies are not typically required. This is especially true
for unit protection schemes, which very often rely on sim-
plified means of comparison between current measurements
from both ends of the protected transmission medium. On
the contrary, the vast majority of fault location functions
utilizes sampling frequencies in the range of 100 kHz to
2 MHz. This is attributed to the fact that enhanced accuracy
in fault location estimation is of paramount importance to
expedite post-fault maintenance and reduce the downtime of
the faulted component (e.g. DC cable). Hence, fault location
methods require finer capture of fault transients, resulting in
the utilization of significantly higher sampling frequencies.

Based on these findings, it is evident that there is greater
variety of options among current measuring technologies for
supporting current-based DC fault detection functions. In this
case, the selection of the appropriate measuring instrument
can be realized according to the sensor’s reliability, accu-
racy, longevity, dynamic range, size and weight concerns,
cost etc., while it is likely that there might be multiple cur-
rent sensors that satisfy the required performance criteria.
In the case of fault location functions with increased sampling
rates, it can be seen from the diagram that the available
sensors with the capability to measure faster fault transients
are significantly reduced. It is noteworthy that group 12©
approaches the bandwidth capacity limit of existing current
instruments. Moreover, applications with high sampling rates
are also accompanied with increased requirements in terms
of signal processing electronics and advanced output inter-
faces, noise resilience, reliability and inevitably cost. There-
fore, the implementation of such high-bandwidth demanding
applications with suitable current instruments is a more com-
plex task.

Taking Wavelet Transform (WT) and its variants (i.e.
DWT, CWT, SWT) as an example, it can be noticed from the
diagram that they are used as the main function in several DC
fault detection algorithms (groups 1©- 8©), in which sampling
frequencies are in most cases less or equal than 100 kHz.
In addition, the same functions have been employed in several
occasions for fault location purposes (groups 2© 11©, 12© and
17©), in which the vast majority utilizes significantly higher
sampling rates. Since DC protection and DC fault location
are anticipated to be integral parts of future HVDC grids and
given that voltage and/or current measurements are required
in both cases, it is reasonable to assume that the measuring
instruments will be shared for the purposes of both applica-
tions. Therefore, a convergence between the requirements of
both applications is desired, especially in terms of sampling
frequency. Based on the diagram, such a convergence seems
to be achieved for sampling frequencies around 100 kHz
that concentrate a significant proportion of the detection and
location functions.

VI. INDUSTRY STANDARDS
A. IEC 61869
Voltage and current sensors are key components for realizing
high-fidelity measuring voltage and current measurements.

VOLUME 8, 2020 203411



D. Tzelepis et al.: Voltage and Current Measuring Technologies for High Voltage Direct Current Supergrids

FIGURE 18. Mapping of fault detection and fault location functions against sampling frequency and measuring technologies.

With respect to measurements at HVDC installations the rel-
evant industry standard for the instrument transformers is the
International Standard series IEC 61869. It covers the needs
and the requirements for the instrument transformers such
as inductive current/voltage transformers low-power passive
current/voltage transformers with analog output, electronic
current/voltage transformers (with or without digital output)
and current/voltage transformers for DC applications. Specif-
ically, the IEC 61869-1 contains the general requirements and
is valid for all instrument transformers [171]. IEC 61869-
6 covers the specific requirements for the low-power instru-
ment transformers used in a variety of applications including
medium, higher voltages and DC applications. This part of
IEC 61869 series defines the errors in case of the digital or
analog output; includes metrological specifications regarding
the class accuracy and detailed requirements for the fre-
quency response [172]. Additionally, IEC 61869-14 and IEC
61869-15 cover instrument transformers used specifically in
DC applications [173]–[176].

The general block diagram of single-phase instrument
transformer is given in the Figure 19, and explains the

FIGURE 19. General block diagram of a single-phase LPIT [172].

measuring chain. Additionally, the possible configurations of
instrument transformers are demonstrated in Figure 20 and
are defined by the existing standard IEC 61869-6, released
in 2016. The primary sensor and converter refers to a set of
systems, which converts the primary current or voltage to an
appropriate signal to be used by the transmitting system in
order to be sent to the secondary converter, which provides
the output signal for further processing.

Based on the configurations illustrated in Figure 20, it can
be seen that there are four possible configurations for instru-
ment transformers and the selection is subject to the specific
application. Essentially, the only difference among the con-
figurations depicted in Figure 20seems to be the existence
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FIGURE 20. General block diagrams of possible configurations of voltage
and current transformer for DC applications [173], [174].

of electronics with instrument transformers in form of either
primary or secondary converter. The transmission link which
can be either electronic (copper wires and Modbus protocol)
or optical link to transmit the measurement data to relays
or control rooms. This would also include electronic trans-
formers with digital output covered by IEC 60044-7 [177]
(replaced by IEC 61869).

For example, configuration 1 in Figure 20 is compliant
with IEC 61869-10 and IEC 61869-11, which covers the addi-
tional requirements for low-power passive current (LPCTs)
and voltage transformers (LPVTs), respectively. They are
applicable to low-power passive instrument transformers with
analog output, used for electrical measurements or electri-
cal protection devices of the power systems [178], [179].
Configurations 2 and 3 could be used in applications, where
signals should be further processed or converted prior to any
processing by IEDs, merging units, etc. Configuration 4, for
example, would be more applicable for sensors connected to
merging units (where again analogue signals are converted
to digital signals and transmitted to merging units using
Sampled Values and GOOSE messages.

IEC 61869-10, released in 2017, covers the low-power
passive current transformers with magnetic core or core-less
like Rogowski coil, installed around the primary conductor.
Their output can be either proportional to the primary current,
or to the derivative of the primary current [178]. Passive
current transformers do not include any active electronic
components, which means that they do not use active primary
converter (IEC 61869-8 refers to the electronic current trans-
formers with active electronics). As per the Configuration
1 depicted in Figure 20, the primary power supply, secondary
converter and the secondary power supply are not consid-
ered. In the case of the derivative LPCT, the air-core coil

(Rogowski coil) is used as primary sensor and a transmission
system is considered as well, while the primary converter
is omitted. However, in the case of the proportional LPCT,
the primary sensor corresponds to a ferromagnetic-core coil,
and as primary converter a burden resistance connected to
the coil output can be used. Specifically, proportional LPCT
is composed of an inductive current transformer with pri-
mary winding, small core and secondary winding connected
directly to a shunt resistor. Within this configuration a trans-
mission system is utilized as well.

IEC 61869-11 covers the needs and requirements of the
LPVTs without active electronics, which depend on the volt-
age divider principle. The voltage measurements are based
on two working principles namely resistive and capacitive
dividers. The output voltage of the voltage divider is substan-
tially proportional to the primary voltage. The general block
diagram of the single phase LPVTS corresponds to Configu-
ration 1 in Figure 20, as it includes the primary voltage sensor,
the passive primary converter and the transmitting cable.
The secondary converter and power supplies are neglected,
similarly to the LPCT configuration.

The requirements of the newly-manufactured instrument
transformers anticipated to be used in DC applications, for
voltages above 1.5 kV, are covered by the IEC 61869-14 and
IEC-61869-15, in conjunction with IEC 61869-6 and IEC
61869-1 [171]–[176].

IEC 61869-14 and IEC 61869-15 are applicable to the
current and voltage transformers for DC applications respec-
tively (i.e. DCCTs and DCVTs) [173]–[176]. Such instru-
ment transformers are composed by the primary sensors (with
optional primary electronics), the transmitting system and the
merging unit (refer to Configuration 4 in Figure 20). The
primary converter is used to convert the primary, high ampli-
tude signal to lower amplitude signal, which can be analog or
digital, providing the input signal for the merging unit. This
signal can be then converted to analog or digital format by
the merging unit and it is sent to be further processed by the
corresponding IED.

For voltage measurements, the primary sensor are resis-
tive voltage dividers and mainly the RC dividers which can
achieve the highest bandwidth (i.e. in the order of MHz).
The primary element includes capacitive elements connected
in series, and parallel to several resistors, which form the
RC units. The secondary part includes the same type of ele-
ments (i.e. capacitors and resistors) connected in parallel but
with different values in order to achieve the desired voltage
ratio. It shall be noted that hybrid optical voltage sensors are
expected to be used in the futureDC applications [174], [176].

With specific reference to DC protection and fault loca-
tion applications, the IEC 61869-9 promotes the sampling
frequency of 96 kHz. However, the research investigating its
performance and suitability is limited and has been reported
in [41], [42], [180]. Within these studies it has been reported
that a sampling frequency of 96 kHz is adequate for capturing
DC-side fault transients and therefore can be utilized for
protection purposes.
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B. FURTHER RELEVANT STANDARDS
Recently, the HVDC digital substation concept is gaining
attention, which is inspired by the approach followed in
AC digital substations using the IEC 61850 standard series.
In HVDC digital substations, current and voltage sensors
are interfaced with merging units, which are responsible
for converting and transmitting the measured voltage and
current values to the various protection and control devices.
IEC 61850-9-1 [181] and IEC 61850-9-2 [182] specify that
sampled values (voltage and/or current measurements) are
transmitted by the merging unit to the corresponding IEDs
(through an intermediary process bus) at a rate of 80 samples
per cycle for protection applications.

It is likely that a standard that will be an adaptation of IEC
61850 [183] may emerge for HVDC substations. Neverthe-
less, the communication rate of sampled values should be
adjusted to satisfy the critical requirement for increased pro-
tection speed in HVDC grids, and to ensure agreement with
the proposed sampling frequency by IEC 61869. For com-
munication of teleprotection signals between different HVDC
substations, the guidelines provided by IEC 60834 [184] on
teleprotection equipment of power systems can be followed.

Best practices for improved reliability of critical substation
functions would require duplication of certain equipment,
such as Ethernet switches, and the use of communications
protocols which manage redundant data streams. Guidance
is given in IEC 62439-3:2020 [185]. Furthermore, provisions
for digital substation cybersecurity are given in the IEC
62351 [186] series of standards.

A new edition of an IEC Technical Report (TR), IEC TR
61850-90-14 Edition 1 [187], is presently being drafted to
guide the use of the IEC 61850 standards for HVDC tech-
nologies and Flexible AC Transmission Systems (FACTS)
devices. This includes the use of IEC 61850 communications
and data models for implementing control and protection
systems for FACTS and HVDC, such as power oscillation
damping control and fast-acting protective devices.

C. IMPACT OF COMMUNICATIONS SYSTEMS
1) OVERVIEW
HVDC protection and control applications may require input
signals from multiple distributed measurement locations.
FBG-based measurement methods can multiplex multiple
voltage and current measurements on a single fiber to a
central protection and control device [76]. Other sensor types
typically require a communications network to transfer dig-
itized measurement data, which could result in time delays
and other undesirable impacts. Furthermore, the impact of
communications on HVDC operation will depend on spe-
cific protection and control requirements, approaches, and
algorithms. However, this section provides a general-purpose
review of this impact.

The digitalization of measurements is increasingly being
implemented in AC substations for increased efficiency,
increased real-time performance, and reduced through-life

FIGURE 21. Generic representation of HVDC digital substation
communications.

costs, and this approach could also be applied in DC sub-
stations. However, as noted in Section VI-A, DC monitoring
systems may require relatively high sampling rates to capture
all relevant electrical transient phenomena, compared with
typical AC system requirements. A sampling rate of 96 kHz,
as defined in IEC 61869-9, is suitable for many DC applica-
tions, with the exception of detailed fault location, as identi-
fied in Section V.

2) EXAMPLE APPLICATION
Figure 21 illustrates a generic HVDC digital substation, with
three DC feeders. Each feeder has a Merging Unit (MU) to
digitize voltage and current measurements, and potentially to
control a local circuit breaker based on a coordinated com-
mand from a central protection or control system.AnEthernet
network is used to transfer digitized measurements between
devices. Note that it is possible for the MU to be integrated
directly within the AC-DC converter, which would enable
additional real-time protection and control functionality by
communicating with the local power electronic converter
control system.

Work conducted in [42] presents a method for calculating
the maximum intrinsic measurement and communications
delay, although excluding additional processing required by
the sending and receiving devices, algorithm processing time,
and time synchronization error. Based on the analysis in [37],
the minimum delay for transfer of digitized measurement
from the MU to the central controller is 36.06 µs (assuming
a maximum of three ‘‘competing’’ simultaneous packets).
Similarly, the minimum delay for a control command from
the central controller to a MU, assuming a similar mes-
sage size, is at least 25.64 µs (36.06 µs minus the 96 kHz
sampling time of 10.42 µs), resulting in a total end-to-end
communications delay of 61.7 µs. Note that this excludes the
execution time for application-specific control or protection
processing, and will vary based on the performance of the
controller platform. Each additional MU would add at least
approximately 10.78 µs (0.7 µs for a single Ethernet link
transmission, 0.58 µs for additional switch queuing, and
9.5 µs for decoding the Ethernet frame), as they must be
received serially by the central controller via its Ethernet
connection; all other aspects contributing to the delay should
occur in parallel with the other MUs.
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VII. CONCLUSION
This paper outlined a detailed review of the available measur-
ing technologies from the perspective of enabling protection,
fault location and automation applications in HVDC systems.
The review included the design elements for a variety of DC
protection and fault location solutions, showcasing among
others the sampling frequency requirements. The review ulti-
mately revealed meaningful insights for selecting measuring
equipment in conjunction with the desirable characteristics
of protection and fault location systems. The performance
of DC fault detection and location techniques is greatly
dependent on the quality of measurements fed to the corre-
sponding protection and fault location devices. The reviewed
functions enabling protection and fault location of HVDC
feeders, have been mapped on a frequency diagram against
the available measuring techniques and devices, to illustrate
the potential for applicability based on the existing technolo-
gies. It is worth noting that the frequency characteristics of
each sensing scheme, primarily refers to the bandwidth of
the primary sensor, whereas the overall bandwidth of the
complete measuring scheme may be further restricted by the
secondary converter and the corresponding data acquisition
system and signal processing electronics. The review also
identified that the use of RC voltage dividers has prevailed
for voltage measurements for HVDC applications, due to
their superior advantages. The choice of a suitable device for
current measurement, depends mainly on the fault detection
method used and the frequency range it operates. In partic-
ular, the review revealed that fault detection and protection
methods are mainly concentrated in a frequency spectrum
ranging from a few kHz to 100 kHz, while fault location
methods require measurements with a frequency range start-
ing from 100 kHz reaching up to 2 MHz. Since protection
and fault location are expected to be integral parts of future
HVDC grids, and given that voltage and/or current measure-
ments are required in both cases, it is reasonable to assume
that themeasuring instruments will be shared for the purposes
of both applications. Therefore, a convergence between the
requirements of both applications is desired, especially in
terms of sampling frequency. Based on the relevant analysis,
such a convergence seems to be achieved for sampling fre-
quencies around 100 kHz that concentrate a significant pro-
portion of the detection and location functions. In particular,
the sampling frequency of 96 kHz (as recommended by the
IEC 61869-9 standard), can be satisfactory for both protection
and fault applications, and therefore, a common measuring
device could be used to comply with this standard.

APPENDIX A
DETAILED REVIEW ON PROTECTION METHODS
NON-UNIT PROTECTION SCHEMES
In HVDC non-unit protection methods, there is a notable
trend towards the use of the inductive termination of
DC transmission media to define protection boundaries.
The deliberate inclusion of an additional series inductance

not only restrains the rate of change of DC current
but also influences the resulting DC voltage signatures.
The fact that DC voltage during DC faults is differ-
ent depending on fault location and the value of the
inserted inductance at line ends (which is known in
advance), can be exploited to achieve discriminative non-unit
protection [38], [45], [53], [80]–[82], [86].

In [38], a two-stage approach is followed, in which fault
detection is performed using an under-voltage criterion, and
selectivity is ensured using a rate of change of voltage crite-
rion. However, the proposed protection has not been validated
for highly-resistive faults and only resistances up to 10� have
been investigated for pole-to-ground (PTG) faults.

In [80], DC voltage measurements from the line side of
the inductor are utilized to obtain the rate of change of volt-
age and quickly detect and localize DC faults. Nevertheless,
the converter DC voltage is assumed to remain unaffected
immediately after the fault (which is not always the case),
while resistive faults are not considered, which are likely to
affect the performance operation of the protection method.

Both methods reported in [38] and [80] do not consider the
impact of the transmission medium (e.g. differences between
cables and overhead lines) and power reversal. Such studies
have been carried out in [81], where a different approach is
proposed using the rate of change of the DC voltage across
the series inductor. However, the performance of the method
for PTG faults has not been demonstrated.

The proposed algorithm in [24] calculates the ratios
between the maximum rates of change of band-limited cur-
rent measurements of different conductor pairs to indicate the
type of fault. Based on the calculated ratios, five indices are
defined to assist DC fault discrimination.

The method proposed in [28] uses current measurements
sampled at 1 MHz to capture the first incident Travelling
Wave(TW). The polarity of the current travellingwave is used
to determine the fault direction and subsequently, the fre-
quency spectrum ratio (FSR) of the current travelling wave
is calculated. This ratio is directly proportional to the fault
distance and hence, the fault zone and the location of the fault
can be obtained. Pole-to-pole (PTP) as well as PTG with a
maximum 200 � fault resistance have been tested.

The proposedmethod in [30]makes use of current and volt-
age measurements sampled at 1 MHz to protect against DC
faults on overhead lines. Discrete Wavelet Transform (DWT)
is applied on pole-mode voltage and current measurements
to identify the faulted pole as well as lightning disturbances
for which the protection system should not react. The algo-
rithm is configured to detect DC faults with a fault resistance
up to 300 �.

The method introduced in [31] uses voltage measurements
sampled at 500 kHz to discriminate DC faults in an overhead
line-based HVDC grid. First, an under-voltage criterion on
the pole-mode voltage is used as a start-up element and
subsequently, DWT is applied on both pole and ground mode
voltages to identify the faulted pole and line. The proposed
method can detect highly-resistive faults (up to 400 �).
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The method proposed in [32] uses an under-voltage cri-
terion to detect every probable DC fault and the First Peak
Time (FPT) of the line-mode component of the DC voltage
to discriminate between internal and external faults. FPT is
defined as the time instant at which the DC voltage is at its
minimum. In addition, the faulted-pole is identified using the
sign of the ground-mode component of the DC line voltage.
For the operation of the scheme, DC voltage measurements
are required with 200 kHz sampling frequency. The method
has been tested for both PTP and PTG faults with faults
resistances of up to 500 �.

The methods proposed in [33], [34], use current measure-
ments (sampled at 200 kHz) for the first ms of the transient
period of the DC fault to obtain a time-domain fitting of the
fault current. The fitting coefficients are used as an indica-
tor for discriminating between external and internal faults.
Because the method fails to detect close-up faults, an under-
voltage criterion is also employed to protect against such
faults. The method has been tested for up to 1000 � fault
resistance. In further work in [35], the fitting coefficients
of the zero-sequence current are used to reflect the fault
impedance and fault distance of PTG faults in OHL-based
HVDC systems. Based on the rough estimation of these
parameters, voltage derivative with an adaptive threshold is
used for DC fault detection and discrimination. The method
utilizes 200 kHz sampling frequency, while faults with resis-
tance up to 300 � have been tested.
The proposed method in [36] utilizes current and voltage

measurements captured at 110 kHz to derive the difference
between the 0-mode and 1-mode surge arrival time of trav-
elling waves. The proposed scheme has been tested for PTG
faults with fault resistance of up to 200 �.

In [37], a generalized methodology specifically tailored for
HVDC grid non-unit protection purposes is developed for
flexibly deriving the key parameters for WT-based protec-
tion solutions. Among the various WT variants, Stationary
Wavelet Transform (SWT) is selected and applied on DC
voltage measurements (sampled at 100 kHz) to detect and
discriminate between internal and external DC faults. In addi-
tion, current derivative is employed to differentiate between
backward and forward faults. The method has been tested
for both PTP and PTG faults, and it has been shown that
it can detect internal DC faults with more than 500 � fault
resistance.

The proposed scheme in [41] is based on instantaneous
current measurements, which are obtained from all DC lines
and the converter that are connected to a DC busbar. Subse-
quently, the measurements are analyzed through dyadic sub-
band tree structures in order to extract specific features, such
as wavelet energy, polarity, and wavelet energy ratios. The
protection scheme integrates a power restoration module that
re-energizes the converter and restores the power to pre-fault
value.

The scheme presented in [42] utilizes local current and
voltage measurements from all transmission lines con-
nected to the same DC busbar in conjunction with DC-side

converter current measurements. The proposed scheme oper-
ates at a sampling rate of 96 kHz which is compliant with
IEC 61869-9. The faulted line is discriminated by wavelet
transform of line voltage traces, while DC busbar faults are
detected by the principle of instantaneous current differential.
The scheme has been validated both for PTG and PTP faults
with up to 500 � fault resistance.
In [43], a distance protection method is developed based on

voltage and current measurements sampled at 50 kHz. The
proposed solution makes use of a combined under-voltage
and current derivative criterion to detect DC faults, while
also the sign of the latter is used to differentiate between
backward and forward faults. Discrimination between for-
ward internal and forward external faults is accomplished by
applying Hilbert-Huang Transformation (HHT) on a 4 ms
data window in order to extract the DC voltage transient
frequency, which in turn serves as a measure of the fault
distance. The method has been tested only for PTP faults with
small fault resistances.

Another method is proposed in [44] based on bus and
line current measurements (50 kHz sampling frequency. The
scheme requires communication on bus-level for fault dis-
crimination and selective tripping of circuit breakers (CBs).

In [45], voltage measurements from both sides of the
inductive termination are used to calculate the ratio of tran-
sient voltages and design a protection method. The method is
able to achieve fault sensitivity and selectivity for solid and
highly-resistive faults with fault resistances of up to 200 �.

The method introduced in [46] utilizes current measure-
ments captured at 50 kHz to perform DFT and extract the
high frequency components. The discrimination between
external and internal faults is based on the fact that high-
frequency components of the fault current flow through the
faulted line and then significantly decay in adjacent healthy
lines. The scheme has been tested for highly-resistive faults
up to 300 �.

The method described in [48] is suitable for parallel-
connected MTDC grids and is based upon the change rate
of the current travelling waves. For the implementation of
the algorithm, current and voltage measurements sampled at
50 kHz are required. In the presented studies, fault resistances
of up to 100 � have been considered.

The non-unit method presented in [52] relies on current
derivative to determine the DC fault direction and onWavelet
Transform Modulus Maxima (WTMM) of the first incident
voltage travelling wave to discriminate between external and
internal faults. The transfer function of the voltage at the
measurement point with respect to the actual fault loca-
tion is derived to calculate the protection threshold. The
scheme utilizes a sampling frequency of 25 kHz and has been
tested for both PTP and PTG faults with fault resistances
up to 500 �.

The work presented in [53] utilizes voltage measurements
(sampled at 25 kHz) at both sides of current-limiting induc-
tors in bipole HVDC grids with a metallic return conductor.
The rate of change is adopted to construct a directional-based
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protection in order to distinguish between external and inter-
nal DC faults. The protection scheme has been tested with
both PTG and PTP faults with resistance up to 200 �.

In [55], a two-stage approach is proposed based on cur-
rent and voltage measurements to detect DC faults in multi-
terminal HVDC networks. Initially, the DC fault is indicated
by detecting travelling waves with the use of wavelet trans-
form. The next stage is the fault location element that is based
on the characteristic harmonic of the current. The proposed
protection method utilizes very complex mathematical oper-
ations while current interruption devices and highly-resistive
faults (higher than 100 �) are not investigated.

The method introduced in [56] utilizes voltage measure-
ments (captured at 20 kHz) to calculate the voltage derivative,
voltage change integrals and transient voltage energy. The
proposedmethod has been tested for both PTP and PTG faults
with fault resistance of up to 200 �.

The method presented in [57] utilizes current and voltage
measurements captured at 20 kHz to calculate the current
and voltage derivative, and the rate of change of the cur-
rent to voltage ratio. The former two are used as start-up
and security elements, while the latter is used for fault dis-
crimination. Both PTG and to PTP faults have been tested.
However, the method requires a minimum DC inductor size
for its proper operation and is sensitive to highly-resistive
faults.

The primary protection method described in [58] uses
voltage measurements sampled at 20 kHz to discriminate DC
faults in a HVDC grid with overhead lines. Initially, voltage
gradient is used as a protection start-up element and then,
the difference between the surge arrival time of zero-mode
and line-mode travelling waves is calculated to determine the
fault direction. Subsequently, voltage derivative is adopted
to discriminate between forward internal and external faults.
The proposed scheme has been tested for PTG and PTP faults
with fault resistance up to 200 �.

In [59], a protection method is developed based on current
measurements sampled at 20 kHz. A transformation matrix
is applied on single-end current measurements of both poles
to obtain the common- and differential-mode components.
Subsequently, the derivative of both current components is
utilized to identify the faulted pole and discriminate inter-
nal faults, while the polarity of both components is used to
exclude backward faults. The method has been tested for both
PTP and PTG faults with resistance up to 300 �.

The protection scheme introduced in [61] utilizes voltage
and current measurements (captured at 10 kHz) to calcu-
late the current and voltage derivative, under-voltage and to
quantify a metric for the Current Reduction Phenomenon
(CRP) (i.e. short periods in which line current reduces due to
wave reflections at the fault point). Under-voltage and current
derivative are initially used for fault detection and discrimi-
nation between forward/backward faults, respectively. Subse-
quently, voltage derivative is used as the main discrimination
function and CRP is introduced to enhance the sensitivity of
the method against highly-resistive faults. The method has

been tested for PTP and PTG faults with a range of 0-800 �
fault resistance.

The authors in [62] propose a non-unit protection method
for HVDC grids that integrate hybrid MMCs. A DC fault
is initially detected based on over-current or under-voltage
(voltages and currents sampled at 10 kHz). Afterwards,
the increased controllability of the hybrid MMC is exploited
to inject sinusoidal signals (with different frequencies) into
the DC lines of the network, and the fault distance is approx-
imated based on a set of equations that describe the sys-
tem response to the injected signals. The method is able of
detecting both PTP and PTG faults with up to 200 � fault
resistance.

The protection method proposed in [63] uses current and
voltage measurements sampled at 10 kHz to detect and dis-
criminate DC faults in hybrid LCC-VSC multiterminal sys-
tems. DWT is used to extract the required specific frequency
bands of voltage and current TWs, and construct the convo-
lution power that is used for faulted pole and fault direction
identification. Moreover, convolution power-based transient
energy is used to discriminate DC faults. The method has
been tested for PTG and PTP faults with fault resistance up
to 400 �.
In [64], a protection method is proposed using the median

absolute deviation (MAD) of current and voltage to discrim-
inate DC faults in multi-terminal HVDC networks. Line-side
voltage and currents are sampled at 10 kHz. Nevertheless,
only solid DC faults haven been investigated.

The method in [65] uses current measurements sampled
at 10 kHz to apply S-Transform and extract the high and
low frequency DC current components. The high frequency
content is used to detect a transient event and the low fre-
quency content is used to discriminate DC faults from other
disturbances. A low voltage experimental test system has
been used for the validation of the method and only low fault
resistances have been considered.

In [66], real-time boundary wavelet transform (RT-BWT)
is applied on voltage measurements across the series inductor
(captured at 10 kHz). The algorithm is in effect a modified
stationary wavelet transform that eliminates the short time
delay that is commonly introduced in other WT variants. The
scheme has been tested for PTP and PTG highly-resistive
faults (up to 300 �).

The method described in [67] uses local-end DC current
measurements sampled at 10 kHz. The algorithm depends
on the ratio of high-to-low-frequency currents to distinguish
internal from external faults. The low- (0.1–100 Hz) and
high frequency (>3500 Hz) are deduced over a 5ms time
window (to avoid the influence of lighting). The protection
scheme detects both PTP and PTG faults with resistances of
up to 200 �.

The proposed method in [68] relies on current measure-
ments captured at 10 kHz to derive the transient average
value of current. The method deploys analytic expressions of
high-frequency equivalent models for the faulted and healthy
lines to determine the thresholds for protection operation.
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The scheme has been tested for both PTG and PTP faults with
fault resistance of up to 500 �.
The scheme presented in [69] calculates the high frequency

transient-voltage energy to determine the faulted section
(external or internal fault). The method deploys the Mal-
lat algorithm to extract the detailed coefficients at a spe-
cific decomposition level and then the peak energy of the
detailed coefficients is obtained. Voltage measurements are
captured at 10 kHz while the proposed scheme has been
tested for both PTP and PTG faults with fault resistance of
up to 300 �.

The scheme presented in [71] is based on artificial neural
networks (ANN). In this scheme, high frequency fault current
components are input to ANNs, where they are analyzed in
the frequency domain to extract the signal’s spectral compo-
nents. The protection scheme has been tested for PTG and
PTP faults with resistance of up to 100 �. The algorithm
operates within a 6-ms time window with signals sampled
at 10 kHz.

The method proposed in [73] is based on a Naïve Bayes
classifier, which is utilized to determine voltage and current
thresholds and define the operational time frames for both pri-
mary and back-up protection. The proposed scheme requires
DC voltage and current measurements sampled at 10 kHz.
The performance of the method has been tested for PTP faults
with resistance up to 10�while PTGDC faults have not been
investigated or analyzed at all.

The method described in [74] uses the average value of the
fault line current to detect and discriminate DC faults in radial
HVDC networks. Moreover, a simplified transient model
is developed and used for the calculation of the protection
threshold. Current measurements are only required for this
scheme and the sampling frequency is set to 10 kHz.

The scheme presented in [78] is a four-stage protection
algorithm based on DC over-current, DC current derivative,
Wavelet Transform, Principal Component Analysis (PCA),
and a Genetic Fuzzy System (GFS). The system utilizes
current measurements sampled at 2 kHz and requires no com-
munication. The scheme performance has been validated for
resistance of up to 50�, however after such value its response
seems to be compromised. Another significant drawback of
this method is the fact that it depends on complicated and
numerous mathematical operations, while there is a need for
a training data base.

The method in [82] utilizes local voltage measurements at
either side of current limiting inductors (sampled at 8 kHz)
to implement a basic directional element. The same princi-
ple is used to develop a slower communication-based DC
line protection scheme for detecting highly-resistive faults
up to 200 �.

In [83], the handshaking method is proposed to detect
the DC line in which a fault has occurred. Nevertheless,
the method is considered to be relatively slow and AC break-
ers are used for DC fault isolation (which can take several
AC cycles and therefore tenths of ms to operate) leading to
de-energization of the DC grid.

Travelling wave principles are used in [84] to design a
method that utilizes DC voltage and current derivatives to
determine whether the fault is external or internal. Neverthe-
less, this method can be very sensitive to noise and may lead
to false protection operation.

The detection method in [85] utilizes a three-stage
approach and a voting scheme to identify and discriminate the
existence and location of faults. The stages include wavelet
analysis of DC voltages and currents, as well as voltage
derivative and amplitude. However, PTG faults have not been
investigated while the protection algorithm appears to be
relatively complex and dependent on many parameters, and
may therefore be impractical to implement.

In [86], a primary and secondary protection scheme is
proposed. The primary scheme utilizes the voltage across the
inductors of both positive and negative DC poles. A trigger is
initiated by an under-voltage criterion on any of the reactor
voltages. Further fault classification is achieved by calculat-
ing the differential voltage of the two DC reactors. A back-
up scheme is introduced to account for highly-resistive faults.
In this case, voltage from both line terminals are required and
as such communication is required. Using voltages from both
sides, a directional and a magnitude element are calculated
from which the fault is detected and classified. In the studies
presented the DC reactor size is set to 150 mH and the
proposed scheme works for DC reactors of up to 30 mH .
The needs of sampling frequency have not been specified.
In the presented studies resistances of up to 1000� have been
considered.

The method described in [87] uses distributed sensors
integrated in cable joints to provide and construct voltage and
current-based superimposed elements. The method combines
a protection algorithm together with proactive hybrid break-
ers to increase the speed of operation and achieve increased
performance. The algorithm has been tested for both PTG
and PTP faults with fault resistances in the range of hundreds
of ohms. The sampling frequency and time window require-
ments haven’t been specified.

The protection strategy proposed in [88] relies on DC
current and voltage measurements. The proposed strategy
uses AC-side CBs to clear DC-side faults and rapid DC
disconnectors for fault isolation. DC-side faults are detected
by over-current or under-voltage criteria while the faulted line
is discriminated based on two criteria employing DC current
magnitude and sign. The method is capable of detecting both
PTG and PTP faults. However, the sampling frequency needs
are not specified while highly-resistive faults have not been
investigated.

The method described in [89] deploys local current and
voltage measurements to realize a protection scheme based
on under-voltage, voltage derivative and current derivative.
The scheme presented in [54] relies on current and measure-
ments (sampled at 20 kHz) to carry out frequency-spectrum
correlation and identify the faulted line.

In [93], a protection scheme of overhead line-based
HVDC grids is proposed. First, voltage derivative is used as
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a start-up element to activate the protection scheme followed
by the calculation of the integral of the line-mode and ground-
mode components of the voltage across the DC reactor in
order to identify the faulted pole and to discriminate internal
faults, respectively. PTP and PTG faults with fault resistances
of up to 200 � are tested.
The protection scheme introduced in [94], uses current

magnitude and current derivative to calculate the current
limiting reactor power (CLRP). A back-up protection based
on the direction of both currents of the transmission line is
also employed to protect against highly-resistive faults.

In [188], a travelling-wave based direction criterion has
been presented that uses DWT to obtain the high frequency
content of DC voltage and current traces in order to distin-
guish between backward and forward faults. The sampling
frequency of this method can be flexibly selected, and 10 kHz
was used for illustration. The sensitivity of the method for
forward faults with up to 300 � fault resistance has been
demonstrated.

UNIT
There is also a significant number of differential type protec-
tion schemes proposed in the open literature [29], [39], [40],
[76], [90], [91]. Some of the main drawbacks and challenges
associated with differential protection include the delays
associated with encoding and decodingmessages, its inherent
communication time delays, the need for communication path
latency corrections, and its reliability especially when one
of the measurements is lost or the communications link is
compromised.

In [39] a combined scheme is proposed, which is based
on polarity comparison of initial current travelling wave (for
line faults) and on sampled value current differential theory
(for DC busbar faults). DC currents (sampled at 100 kHz)
from two line ends are utilized to distinguish between internal
and external faults by applying the WTMM theory on cur-
rent travelling waves. Current differential protection based
on sampled values is achieved over 5 consecutive sampling
points at 10 kHz. In the presented studies resistances of up
to 400 � and resistive superconducting fault current limiters
(R-SFCLs) have been used.

In [40], current signals at both line ends are captured and
processed byDWT in themain protection algorithm. In detail,
certain DWT components that are extracted from current
signals processing at both ends are used to perform energy
comparison and achieve discrimination between internal and
external faults.

The method presented in [50] uses the energy of DWT
coefficients derived from line current measurements sampled
at 50 kHz. Moreover, a change in current direction from at
least one of the medium ends needs to be identified in order
to detect an internal fault. Only low resistive PTP faults are
investigated in this study.

The authors in [51] use voltage gradient to detect a DC
fault and comparison of the polarities of the voltage across the
DC reactors on both ends of an overhead line to discriminate

between external and internal faults. The selected sampling
rate is 50 kHz. The integral of the DC reactor voltage is used
to obtain the polarity. The method has been tested for PTP
and PTG fault, and it has been shown that it can identify DC
faults with 400 � fault resistance.
In the unit protection scheme that is proposed in [60],

the ratio of transient energy (TER) is calculated at both sides
of the protected medium and used as the main protection
element. The method has been tested for LCC-based HVDC
systems using current and voltage measurements sampled at
20 kHz. In the presented studies, resistances of up to 1000 �
have been tested.

In [72], a communication-based scheme is proposed based
on similarity measure of travelling waves. The proposed
scheme utilizes voltage and current measurements at both
transmission line ends, which are analyzed to derive the
cosine similarity of backward and forward travelling waves.
The scheme has been tested with fault resistances of up to
1000 �.
The unit protection method introduced in [75] uses current

and voltage measurements (with 20 kHz sampling frequency)
of both ends of a transmission line to calculate the differential
voltage travelling wave in the time domain by means of
convolution. A method to compensate for out-of-sync data
measurements from the two sides of the line is provided.
Moreover, a comprehensive analysis of all sources of time
delay is realized to obtain a total delay time estimation for-
mula. The method has been tested for PTG and PTP faults.

In [76], distributed current sensors are placed along the
transmission lines of the HVDC system in order to implement
a high-speed differential scheme. In the presented studies,
the method has been found to be sensitive, fast, stable during
external faults and reliable for both solid and highly-resistive
internal DC faults.

The authors in [77] use voltage and current measurements
sampled at 5 kHz to develop a unit protection method. Cosine
Distance (CD) is utilized as a metric of similarity between the
analyzed signal and a pre-recorded reference signal to detect
forward DC faults. A fault is identified as internal, when the
local protective relay detects a DC fault, and a fault detection
signal is received from the protective relay at the remote end
of the protection zone. Highly-resistive (up to 100 �) PTP
and PTG faults have been considered.

A phase-domain travelling wave differential protection
is presented in [79], in which transmission line models
have been developed for the application of the protection
scheme using only information contained in the first travel-
ling wave. It is worth noting that the required communication
and wave propagation have the same direction, resulting in
smaller communication delays than conventional unit pro-
tection methods. In addition, a sensitivity analysis of the
cable parameters has been realized in [189] to investigate the
impact of potential sources of error on the protection scheme.

The differential protection scheme that is proposed in [90]
performs a comparison between the currents of line terminals
for fault discrimination, while fault isolation is performed
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using mechanical DC breakers. Nevertheless, such methods
rely on the use of fault-tolerant converters in order to allow for
low-speed fault isolation. Moreover, the protection algorithm
is essentially based on a single criterion with a fixed pre-
defined threshold. The lack of other criteria raises concerns
regarding the reliability of the algorithm against noise and
measurement uncertainties.

BACKUP
Even though numerous unit and non-unit primary relaying
algorithms have been proposed, the need for backup relay-
ing is always inevitable. Such schemes can ensure system
reliability when the primary systems fail to operate. Primary
systemsmight fail due to several reasons such as failure of the
communication link, transducers or the protection algorithm
itself.

The main principle of the algorithm presented in [47] is
based on voltage and current response associated with DC
breaker operation (instead of the wide-system characteris-
tics). The approach is based on fault classification in the V/I
locus for cleared but also for non-cleared faults across the
network. The system requires training data and takes into
account both CB and relay failures. The proposed scheme
provides efficient backup protection, but further studies have
to be implemented considering acceptable levels of noise,
sampling frequency and resistive faults.

The underlying theory of the proposed back-up scheme
in [49] is to determine the status of the primary relay and
breakers by monitoring any abrupt change at the terminal
voltage and breaker voltage respectively (captured at 50 kHz).
The algorithm is based on the quickest change detection based
on the maximum likelihood principle (applied on the log-
likelihood ratio).

The method in [70] utilizes local current measurements
captured at 10 kHz to decompose and extract wavelet packets.
The Shannon entropy theorem is deployed to calculate the
Wavelet-Packet Energy Entropy (WPEE) and discriminate
between external and internal faults. The scheme has been
tested on PTP and PTGs faults with fault resistances of up to
1000 �.

A similar method based on V/I locus can also be found
in [92]. However, the sampling frequency needs have not been
specified, while primary protection system failures in case of
PTG faults have not been considered at all.

APPENDIX B
DETAILED REVIEW ON FAULT LOCATION METHODS
TRAVELLING WAVES
During transmission line faults, due to the abrupt change
in voltage, a series of transients are generated which travel
along the lines in all directions. These transients are known
as travelling waves and they have some unique features such
as polarity, magnitude, and time intervals [98].

In several technical publications, it has been demonstrated
that travelling wave principles can be used to estimate the

fault position on a transmission medium with high accuracy.
Fault location estimation based on TWs can be achieved
using measurements either from a single end or from both
ends of the faulted medium. In single-ended methods, two
consecutive TW reflections are required to be captured using
measurements at one terminal, while in two-ended methods,
only the first reflection needs to be captured at both line
terminals using synchronized time-stamped measurements.
Since, the first reflection provides the least attenuated sig-
nature, two-ended methods are generally considered more
reliable [96]. Nevertheless, the selection between single- and
two-ended methods is a trade-off between complexity, reli-
ability, cost and required accuracy of the estimation [108].
Based on TWs, several methods have been proposed, by uti-
lizing different mathematical tools to extract specific features
from voltage and/or current signals.

In [95], a fault location method is proposed for star con-
nected MTDC networks using wavelet transform. In detail,
the method is based on the application of continuous wavelet
transform (CWT) on DC line current signals, and it has
been shown to be capable of eliminating the requirement for
repeater stations at the network junctions. Nevertheless, time-
synchronized measurements and a high sampling frequency
of 2 MHz are required. Moreover, highly-resistive DC faults
have not been investigated thoroughly.

Authors in [96] propose a two-ended TW-based fault loca-
tion method using time-stamped measurements (sampled at
2 MHz) of DC voltage and capacitor currents to locate DC
faults in HVDC networks with non-homogeneous transmis-
sion media. Initially, the faulty segment is identified by solv-
ing a set of equations for calculating the fault distance for each
segment. The method is accurate and robust against noise,
nevertheless, only fault resistances up to 100 � were investi-
gated. Moreover, the requirement for synchronized measure-
ments and high sampling frequency could be considered a
barrier for practical applications.

TWs together with HHT are also used in a fault location
method for hybrid LCC-MMC HVDC systems that is pro-
posed in [97]. HHT is used to obtain the amplitude-frequency
coefficients and calculate the arrival time of the voltage
travelling waves at all terminals. Then the arrival times are
used to estimate the fault distance. The method uses voltage
measurements with 1 MHz sampling frequency, and it has
been tested for DC faults with fault resistance up to 300 �.

In [98], the basic principle of single-ended TW-based
fault location together with two graph theory-based lem-
mas together are utilized to locate DC faults in MTDC net-
works. The method is robust against network topology and
high impedance faults. However, high sampling frequency
is required (1 MHz), while detection of the first wave-front
could be challenging [108].

TWs together with HHT and Ensemble Empirical Mode
Decomposition (EEMD) are used in a fault location method
that is proposed in [99]. The HHT and EEMD are used to
obtain the time-frequency graph from which the arrival time
of the waves and the corresponding instantaneous frequency
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are derived. The propagation velocity is then calculated (by
using the instantaneous frequency) and together with the
arrival time a two-ended technique is used to calculate the
fault distance. The sampling requirement of this method is
1 MHz while highly-resistive faults have not been investi-
gated.

A flexible TW-based protection is proposed in [100] which
can either adopt single or two-ended fault location approach
to accurately estimate the location of the fault. Neverthe-
less, the proposed idea requires TW data acquisition centers,
repeater stations and communication links between them,
which obviously increase the cost and complexity, while the
reliability could be low. Voltage and current measurements
are sampled at 1 MHz.

In [101], modal currents and voltages are used to imple-
ment a single-ended travelling-wave based fault location
method for HVDC cable bundles. The method requires volt-
ages and currents sampled at 1 MHz, and it has been tested
with fault resistance of up to 100 �.
A TW-basedmethod eliminating the need for synchronized

measurements and the information of line parameters is pro-
posed [102]. The method requires two-end voltage and cur-
rent measurements to construct a time-domain fault location
method. This is achieved by combing the Bergeron linemodel
together with TW principles (with the zero time reference
adjusted to the surge arrival point at each end). The proposed
method can locate both solid and high impedance faults
(up to 500 �) with good accuracy, however a high sampling
frequency is needed (1 MHz).

The method introduced in [33] utilizes current measure-
ments sampled at 200 kHz to implement a single-ended TW-
based fault location algorithm. The proposed method utilizes
the Generalized Logistic Function (GLF) to extract the fault
information and a Predictor-Corrector (PC) fault location
component to compensate for errors. The scheme has been
tested with fault resistance of up to 300 �.
Compared to the conventional TW-based fault location

methods, the proposed method presented in [105] eliminates
the need to accurately estimate the arrival time of the waves.
The proposed idea utilizes the dominant natural frequency
in the spectrum analysis of TW (also known as natural fre-
quency), which is used to calculate the wave velocity, reflec-
tion coefficients and reflection angles, and then estimate
fault location. The method requires voltages and currents
only from one end while a sampling frequency of 100 kHz
is required. However, the method has been tested for high
impedance faults of only up to 50 �.

All methods based on TWs require high sampling fre-
quency in order to achieve high accuracy on the estimation
of the fault location [95]. Such requirement is frequently
considered as an important drawback of TW-based methods.
Additional challenges include the first wave detection [108],
the need for synchronized measurements [96], and the fact
that the propagation speed of the transmissionmedium should
be known [96]. The propagation speed theoretical value can
be either deduced by the conductor geometry or estimated by

a known fault location. Such data can be obtained during the
commissioning process of the fault locator system.

IMPEDANCE-BASED
Even though impedance-based methods are well established
in AC systems [190], it is quite impractical to implement
them in HVDC lines because of the lack of a fundamental
frequency. A few approaches have been proposed in the open
literature, where the line impedance estimation is adopted.
However, due to their nature they fall under the category of
refractometry presented below.

REFLECTOMETRY
The main idea of refractometry is to inject short-time signals
into the faulted line and based on the detected response and
captured current and voltage signatures, the fault location
can be estimated. Fault location methods based on reflec-
tometry can be also found in the literature under the term
‘active methods’. Such methods require the use of external
equipment, which is usually surge pulse generators and a
set of detectors. Depending on the selected approach, such
methods resemble the use of TW-based and impedance-based
methods. In particular Time Domain Reflectometry (TDR),
Impulse Current Method (ICM), Multiple Impulse Method
(MIM), Secondary Impulse Method (SIM), Decay Method
(DM), Impulse Current Differential Method (ICDM) and
Differential Decay Method (DDM) use the same principle
as TW-based methods, which is the surge arrival time calcu-
lation. On the other hand, impedance-based methods utilize
current and voltage measurements fromwhich the impedance
and consequently the fault location is calculated.

In [110], a DC circuit breaker is used as means to inject
a DC voltage pulse (around 10 kV) and then implement a
single-ended type fault location method. The method is based
on voltage measurements sampled at 50 kHz, which results
in approximately ±3 km estimation errors. The proposed
method has been tested with fault resistance of up to 100 �.

In [191], a fault location algorithm based on stationary
wavelet transform is proposed. The injected high-frequency
signals are captured by an oscilloscope, decomposed by
wavelet transform and rescaled by multiple-scale correla-
tion of approximations. Finally, the actual fault location is
estimated through the time delay between two consecutive
incidents.

In [192], an improved fault localization technique is pro-
posed which is based on time-frequency domain reflectom-
etry in addition to tangent distance pattern recognition. The
method requires a signal generator to inject reference signals
into submarine cables. The reflected signal is then captured
and together with the reference signal are used for post-fault
analysis by adopting time-frequency distribution, Euclidean
and tangent distance. The method has been validated prac-
tically on a section of a HVDC cable and has been found
to be accurate. However, the sampling rate for reference
and reflected signals is 8 GHz and 312.5 MHz respectively,
and requires special and possibly expensive equipment.
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In addition, the analysis requires a series of multiple and
complex mathematical operations and the influence of fault
resistance has not been investigated at all. For further research
on reflectometry-based techniques, the literature in [193]may
be consulted.

LEARNING-BASED METHODS
A unique category among fault location approaches includes
the application of learning-based tools. Despite the fact that
such techniques are widely used in fault classification and
localization in AC systems, there is a limited number of
available publications addressing their applicability toHVDC
networks [103], [104], [106]–[108], [112], [114].

In [103] a method based on extreme learning
machine (ELM) is proposed to locate DC faults in MTDC
HVDC systems. S-transform and wavelet transform are
employed for extracting the features to be used in the learning
process. The method requires voltage and current measure-
ments sampled at 500 kHz and the entire scheme has been
tested for faults with resistance of up to 100 �.
In [104], a learning-based approach is introduced for seg-

mented transmission lines (lines that consist of more than
one cable/OHL segments). Initially, DWT is applied on cur-
rent and voltage signals (sampled at 200 kHz) to obtain the
wavelet energies, which are then input to a support vec-
tor machine (SVM) classifier to determine the faulted seg-
ment. Finally, traditional single-ended TW analysis is used
in order to estimate the fault location. It is worth noting
that the method is limited to transmission media with only
two segments and that highly-resistive faults have not been
investigated.

The method in [106] is based on non-synchronous volt-
age measurements captured at 100 kHz on both line ends.
The proposed method utilizes Empirical Mode Decomposi-
tion (EMD) to extract the high-frequency component in the
fault signal and then Convolutional Neural Network (CNN) to
classify the data and estimate the fault location. The method
has been tested for both PTG and PTP faults and it was
demonstrated that it can reliably and accurately estimate the
fault distance even with a fault resistance of 5200 �.

The method in [107] utilizes DC current measurements
(sampled at 96 kHz) from hybrid DC breakers to identify
switching patterns and locate the fault along OHLs and
cables. Themethod has been found to be accurate for all types
of faults with fault resistances of up to 500 �.

A learning-based method on post-fault voltage measure-
ments with 80 kHz sampling frequency is proposed in [108].
The fault location scheme estimates the fault distance by cal-
culating the Pearson correlation coefficients between exist-
ing cases (with unknown fault location) and pre-simulated
voltage patterns. The method has been found to be accurate
for long transmission lines and for different types of faults.
However, it has been tested only for high impedance faults
up to 80 �, while obtaining a data base of training patterns
can always be challenging.

A method based on a network of distributed sensors is
proposed in [112]. The method utilizes current measure-
ments obtained at 5 kHz to apply a conventional two-ended
TW-based fault location technique. A machine learning
approach is then used to reduce the distance error arising from
the moderate sampling frequency.

The method in [114] is based on a SVM regression algo-
rithm to estimate the location of a fault on a DC line. The
method requires AC voltage, DC voltage and DC current
measurements obtained at 1 kHz or 4 kHz (half cycle pre-
fault and post-fault data are used). Themethod has been tested
for both PTP and PTG faults, however high impedance faults
have not been investigated.

OTHER METHODS
In an effort to overcome the practical challenges related to the
application of TW-based methods, a few other schemes can
be found in the technical literature.

A fault location method for HVDC grids based on a sim-
plified R-L line model for representing transmission lines
with reduced computational burden is proposed in [109].
A fault location coefficient (FLC) is obtained through the
simplified R-L model and used to calculate the fault distance.
The method uses current and voltage measurements sampled
at 50 kHz for a 5 ms time window and it has been tested for
high impedance faults (500 �).

In [111], another method based on post-fault data is
proposed. Specifically, by using current and voltage measure-
ments from both line sides (synchronized), the voltage distri-
bution across the Bergeron line model is calculated and the
fault distance is estimated. The required sampling frequency
is 6.4 kHz and the method has been found to be accurate in
locating DC faults in long transmission lines and with high
fault resistances (up to 500 �).
In [113] an improved electromagnetic time-reversal

(EMTR)-based method is proposed. The method is based
on the mathematical formulation of EMTR to lossless lines
and requires current measurements captured at 5 kHz. The
performance of the method has been tested for both PTP and
PTG faults and for resistances of up to 800 �.
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