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Abstract 

The integration of VSC-HVDC transmission systems into existing AC grid 
structures is identified as a key solution to increase the accessibility of remotely 
located renewable generation. At the same time, realising new transmission 
corridors is often confronted by public objection. In an effort to reduce planning 
and commissioning processes, transmission systems with mixed usage of power 
cables and overhead lines are expected to assume an increasingly important role 
in the future transmission grid. However, several technical challenges still have 
to be addressed, in particular the reliable, fast and selective handling of line faults. 
Since line protection concepts proposed for VSC-HVDC systems today typically 
only account for either pure cable or pure overhead line transmission, a 
comprehensive investigation of the transient fault behaviour in mixed systems is 
needed to be able to assess and further develop the existing methods. 

In this work, topological impact factors on the voltage and current characteristics 
are analysed based on electromagnetic transient simulations in the time domain. 
As a result of travelling wave reflection and transmission effects, which occur at 
every transition point between a cable and an overhead line section, the initial 
fault impacts at the transmission line ends and segment interfaces can vary 
significantly depending on the line topology and the fault location. On the one 
hand, amplified wave fronts can cause increased voltage and current stresses 
compared to pure cable or overhead line systems. On the other hand, the initial 
fault effects at the line terminations can be attenuated significantly without a clear 
indication of travelling wave fronts. Since most of the proposed fault detection 
and localisation methods rely on an identification of steep voltage and current 
changes, comprehensive line protection is no longer guaranteed.  

To address these challenges, distributed voltage and current measurements are 
introduced at the line transition points as well as end-to-end and interface-to-end 
communication channels to transmit the measurement data to the line ends. On 
this foundation, additional voltage-based detection criteria and a rate-of-change-
of-current-based localisation algorithm are incorporated into the protection 
concept, along with further enhancements, e.g. for applications in multi-terminal 
DC systems. The functionality and flexible applicability of the developed 
methods is validated in exemplary test systems pointing out the successful 
detection, separation and localisation of faults in all of the investigated scenarios. 
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Introduction 1 

1 Introduction 

In an effort to reduce greenhouse gas emissions, integrating renewable energy 
sources into the existing portfolios is part of many nations’ energy and climate 
policies [EC14, IEA11, NRE17]. Due to the renewables’ volatile nature and 
distributed locations, this change in power generation requires a change in power 
transmission and distribution as well. Thus, enhanced electrical infrastructures 
are required with respect to their transmission capacity and flexible operation 
capability [ENT16a]. For this purpose, high voltage direct current transmission 
based on Voltage Source Converter technology (VSC-HVDC) has been identified 
worldwide as a key technology. Latest developments, in particular the 
introduction of Modular Multilevel Converters (MMCs), enable bulk power 
transmission while providing ancillary services to nearby AC grids, such as 
reactive power compensation, grid support during AC faults etc. [Jov15, Sha16].  

Overhead lines (OHLs) are typically used for long-distance power transmission 
onshore. In recent years, however, the realisation of new OHL corridors in 
densely populated areas has become a challenging task due to increasing public 
objection to the lines’ visual and environmental impacts. Extended planning and 
ratification processes are the consequences causing delays of intended grid 
extensions [Bui11, Men14, Ten13]. In Germany, the government therefore has 
given precedence to underground cable (UGC) transmission for the realisation of 
new HVDC corridors [Amp17, BmW16]. Other recent examples for the use of 
UGCs instead of OHLs to facilitate grid extension are found both for HVAC and 
for HVDC applications [Eli17, Lab12, Nor10, Swi18]. 

While from a techno-economical standpoint, OHLs are the preferred option for 
onshore transmission in most cases, it is expected that the majority of new VSC-
HVDC systems in Western Europe and other densely populated regions 
worldwide will be realised primarily based on UGC transmission for socio-
political reasons. In certain areas, however, OHL transmission can still be the 
preferred option, e.g. in lower population density districts, on agricultural land, 
inaccessible terrain etc. Moreover, UGC systems still have significantly higher 
projected investment costs compared to respective OHLs depending on, amongst 
others, the transmission line length, environmental aspects, power ratings etc. 
[ENT11, Eur11, Nat15]. For this reason, HVDC corridors incorporating both 
UGC and OHL transmission segments may become a standard solution to reduce 
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planning and ratification processes [Ten13]. At the same time, these systems 
represent diverse and more complex topologies than today’s pure UGC or pure 
OHL links and may therefore require more sophisticated operational strategies 
and elaborate protection concepts to ensure reliable grid operation. 

1.1 Motivation of the topic 

Regardless of the transmission technology, the design of protection strategies is a 
key concern in any form of transmission grid. VSC-HVDC systems impose 
additional requirements due to the limited overload capacity of semiconductor 
switches, as well as steeper voltage and current gradients during faults compared 
to HVAC or thyristor-based HVDC systems. Typically, only a few milliseconds 
are available to detect line faults and initiate current limiting measures [Cha14, 
Sha16]. In critical situations, a protection decision may have to be made based on 
the first travelling wave reaching a line end. Even though limited to this 
information, comprehensive fault handling has to incorporate not only the 
detection of the fault, but also its subsequent separation as well as concepts for 
fast system recovery. 

In case of mixed transmission topologies, a further degree of complexity is added 
to the protection task by the UGC-OHL interfaces. Due to travelling wave 
reflection and transmission effects caused by different line characteristics, the 
shapes of voltage and current transients are distorted at every interface [Rüd14]. 
As a result, the wave shapes and amplitudes appearing at the respective line ends 
are altered as well, which has to be accounted for during fault detection. 
Moreover, impermissible stresses may result from interfering travelling waves 
along the transmission line. As an example, voltage polarity changes on cross-
linked polyethylene (XLPE) cables may cause severe local electrical field stresses 
and subsequent insulation failure [Maz13].  

If both fault detection and fault separation are performed successfully, a decision 
has to be made to either re-start operation on the faulted line quickly or to 
permanently disconnect the line. In mixed transmission systems, this decision can 
only be made, if the faulted line segment is known, i.e. whether the fault occurred 
on an UGC or an OHL section. OHL faults often result from atmospheric impacts 
allowing fast recovery due to the self-healing nature of the air insulation after arc 
quenching [CIG17, Küc18]. On the other hand, UGC faults are typically 
permanent and should be isolated without re-connection attempts. Mixed 
transmission corridors therefore require accurate and fast fault localisation 
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techniques to quickly recover from temporary OHL faults. The entire fault 
handling process for VSC-HVDC systems with mixed UGC-OHL transmission 
is summarised in Fig. 1-1. 

Mixed UGC-OHL transmission topologies have been identified as a viable means 
to enable a faster realisation of required grid extensions, particularly in densely 
populated areas. Their transient fault behaviour, however, has not yet been studied 
comprehensively taking into account the topologies and protection setups 
proposed for future DC systems. Respective investigations are needed as a 
foundation to enhance the fault handling process specifically addressing the 
requirements of transmission lines with mixed usage of UGCs and OHLs. 

1.2 State of research and application 

Due to the increasing complexity of today’s transmission grids, studying the 
transient behaviour of HVDC systems has become an essential part of the design 
and development phase of new projects. Accordingly, the investigation of HVDC 
system dynamics nowadays represents a major field in academic research 
addressing the overall system layout, transmission technologies including 
primary and secondary equipment as well as new control and protection concepts. 

1.2.1 HVDC system topologies and technologies  

Since the introduction of HVDC transmission, a variety of converter types and 
system layouts have been developed and applied around the world with Line 
Commutated Converter (LCC) and Voltage Source Converter (VSC) technology 
being the most prominent. The majority of systems in operation today rely on 
LCCs, particularly if unidirectional bulk power transport at ultra-high voltages is 

 
Fig. 1-1: Fault handling in VSC-HVDC systems with mixed UGC-OHL transmission 
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required [Arr07, Jov15, Zho18]. In recent years, however, an increasing number 
of VSC systems have been commissioned at continuously higher ratings due to 
their more flexible operation regarding active and reactive power flow and AC 
system support capabilities [Ere16, Sha16]. MMCs represent the latest 
development stage of the VSC technology. Since their introduction in the Trans 
Bay Cable project, almost all VSC-HVDC systems commissioned and planned 
are based on this converter type due to its modular setup and scalability, low 
switching losses and the absence of extensive filter equipment [Dor12, Mar10, 
Sha16].  

Today, most VSC-HVDC systems are realised as point-to-point (P2P) links 
comprising two converter stations and a DC transmission line1 using XLPE power 
cables. Typical applications are: 

 Interconnection of asynchronous AC systems [Mar19, Zho16] 

 Integration of weak AC systems, e.g. offshore wind [Mag16, Sha16] 

 Enabling market participation based on flexible power transmission 
[Lab12, Mar19]  

These systems are realised as symmetrical monopole schemes using two high 
voltage DC poles with opposite polarity and a single MMC unit per converter 
station with half-bridge submodules (cf. Fig. 1-2) [Sha16]. In this configuration, 
a fault in the DC system leads to a loss of the entire transmission capacity until 
the system can be restarted safely. Since the power ratings per system have not 
exceeded 1 GW and to reduce costs, this behaviour is accepted today. However, 
as the ratings of VSC-HVDC systems continuously evolve and bulk power 
transmission corridors based on VSC technology are now planned and realised, 
an entire DC system outage can have severe implications for the overall grid 
stability and availability of generation units, such as large-scale offshore wind 
farms. Therefore, bipolar transmission schemes and multi-terminal DC (MTDC) 
systems are assuming an increasingly prominent role in VSC applications and 
related research, as they can provide transmission redundancy in case of line 
faults [Pip15, Sta14, Tan18, Van16].  

As indicated in Fig. 1-2, bipolar systems comprise two MMC units per converter 
station, which can be controlled independently. The transmission system can 
either be set up of three DC conductors (positive and negative pole and a 
dedicated metallic return (DMR), cf. Fig. 1-2) or as a rigid bipole arrangement 
omitting the return conductor. In the latter case, a transmission line fault still 

 
1 omitted in case of back-to-back converter arrangements 
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causes an outage of the entire line, whereas in systems with DMR, up to 50 % of 
the rated power transmission capacity remains available for single pole-to-ground 
faults [CIG13a, Sta14, Tan18]. In this case, the faulted pole is isolated and power 
is transmitted via the healthy pole and the metallic return instead. In case of an 
internal fault in one of the two converter units, power can still be transmitted via 
the healthy MMC2 [CIG13a]. 

MTDC systems are set up of more than two converter stations and hence comprise 
more than a single P2P transmission line (cf. Fig. 1-2). The stations can either be 
aligned radially or in a meshed arrangement to offer transmission redundancy for 
a fault on one of the lines, similar to the n-1 criteria in the AC transmission grid 
[Van16]. Although most of the existing VSC-HVDC systems are P2P links, 
MTDC demonstration systems are already in operation and large-scale MTDC 
corridors are currently planned and under construction [An17, Sta14, Tan18]. 
Furthermore, the evolution of DC grids is envisaged as a promising solution to 
increase the overall transmission availability both onshore and for the connection 
of offshore wind farms to the mainland [Cha14, ENT16b, Van16]. 

Independent of their configuration and converter type, the majority of the existing 
and planned VSC-HVDC systems make use of power cables, as they often include 
transmission across water. In case of pure onshore corridors, both OHL- and 
UGC-based systems have been realised in the past and are being considered for 
future systems [Lab12, Mag16, Tan18]. The combined use of both transmission 
technologies to increase grid planning flexibility and thus be able to adapt faster 
to a given environment is widely discussed as an alternative to pure OHL or pure 

 
2 in case of a rigid bipole arrangement, a short interruption is needed to re-configure the system before 
  power transmission is resumed [Hae17]. 

 

Fig. 1-2: Typical VSC-HVDC system configurations 
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UGC transmission [Amp17, Ten13]. So far, however, only limited operational 
experience has been made in this regard. 

1.2.2 Protection of VSC-HVDC systems 

Fig. 1-3 gives an overview of the overlapping protection zones typically defined 
for HVDC converter stations and the respective adjacent AC and DC transmission 
systems [ABB13, IEE17, Sha16]. Additional zones may be defined depending on 
the system setup, e.g. for filters, DC choppers or the DMR in bipolar systems. 

On the AC side of the converter station, the busbars and switchyard are covered 
by at least one protection zone and each transmission line feeder and transformer 
has its own dedicated zone. The converter zone covers the valve hall with the 
semi-conductor switches. On the DC side of the converter, a dedicated protection 
zone is typically defined for every pole busbar and pole transmission line. In most 
systems, the identified protection zones primarily relate to the detection of faults, 
while the task of fault separation typically depends on a variety of topological and 
technological constraints. 

The main focus of the investigations is on the protection of VSC-HVDC systems 
against DC line faults. In that regard, several different protection philosophies 
have evolved in recent years due to the unique characteristics of the systems 
realised today and the variety of proposed converter and switchgear technologies 
for future DC grids. Therein, the system’s response to DC line faults as well as 
the impacts of the respective fault handling approach on the overall availability 
and operation of the system are categorised, most notably: 

 
Fig. 1-3: Main protection zones of an HVDC converter station and its surroundings 
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 Focusing on the separation of faulted parts identifying non-selective, 
partially selective and fully selective concepts [CIG18] 

 Focusing on the system behaviour on the AC side of the converter station 
identifying concepts with continued operation, concepts with temporary 
stop of active/reactive power flow and concepts with permanent stop of 
active/reactive power flow [CEN18] 

All of the above philosophies and concepts comprise at least three main tasks of 
the DC line protection, which are described in the following, i.e. the detection, 
separation and localisation of line faults. 

Detection of line faults 

As for any other primary line fault detection concept, faults in VSC-HVDC 
systems have to be detected reliably and selectively3, i.e. the detection equipment 
assigned to a specified zone has to identify any type of fault occurring within this 
zone and must not react to external faults [CEN18, CIG18]. Note that the 
selectivity of fault detection methods is a requirement independent of the overall 
protection philosophy – faults may still be separated non-selectively. Typically, 
DC line faults have to be detected within a few milliseconds after fault occurrence 
due to the fast-rising fault currents and the limited overload capability of power 
electronic devices in the converter stations and DC switchgear [Cha14, CIG18, 
Sha16]. Moreover, in MTDC systems, the propagation of fault effects in the 
system has to be limited emphasising the need for fast fault detection. In most 
cases, a detection decision has to be made based on the first travelling wave 
impact at the measurement equipment [Bra19, Let16, Tün19a]. Thus, finding a 
balance between detection sensitivity and detection robustness towards external 
faults is one of the key challenges. 

In point-to-point VSC-HVDC systems, DC overcurrent and current differential 
relays as well as DC over- and undervoltage relays are typically used for line fault 
detection; voltage unbalance functions may be added for symmetrical monopole 
systems [CIG18]. In most applications, these methods allow reliable fault 
detection, but are limited in terms of selectivity [CIG18, Nai04, Psa18]. Future 
MTDC systems therefore require additional methods to be able to identify line 
faults even faster. Most primary detection concepts proposed for such 
applications are based on the analysis of rapid pole voltage and current changes 
caused by the impact of travelling waves. For this purpose, wave fronts are 

 
3 cf. IEC 60050 – International Electrotechnical Vocabulary, references 448-11-06 and 448-12-05 
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identified in a sequence of measurement samples or based on the rate of change 
of voltage (ROCOV) or current (ROCOC) in a defined time frame [CIG18, Nai04, 
Let16, Psa18, Sne16]. In a different approach, detection relays using more 
sophisticated travelling wave analysis methods such as short-time Fourier 
transformation or wavelet analysis have been developed to detect and localise line 
faults based on the time-dependent frequency content of travelling waves 
[DeK11, Psa18]. Their high requirements on the measurement accuracy and 
sampling frequencies as well as their susceptibility to noise impact the methods’ 
reliability and so far limit their applicability for primary line fault detection 
[Cha14, CIG18].  

Fig. 1-4 summarises the most common fault detection methods applied in today’s 
VSC-HVDC P2P links and the methods proposed for future MTDC grids.  

(a) 

 
 
 

 

 

(b) 

 
Fig. 1-4 Fault detection methods typically proposed for VSC-HVDC transmission systems, 
(a) point-to-point links, (b) multi-terminal grids, cf. [CIG18] 
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The fault detection methods described above represent the current state of 
research and application for existing and future VSC-HVDC systems. They have 
been developed based on extensive studies of P2P and MTDC systems with pure 
UGC or pure OHL transmission. Systems with mixed usage of OHL and UGC 
sections, on the other hand, are typically not taken into consideration for the 
protection design, even though their transient fault behaviour may differ 
significantly compared to the behaviour of pure UGC or pure OHL transmission 
systems [Rüd14, Tün17, Tün19b, Tün19c, Tze18]. 

Separation of line faults 

Unlike in AC transmission grids and HVDC systems based on line-commutated 
converters, the fault separation process in VSC-HVDC systems strongly depends 
on the respective protection philosophy as well as the applied converter setup and 
DC switchgear technology. Standardised fault separation procedures are yet to be 
identified and agreed upon, particularly with respect to future MTDC systems. In 
today’s P2P links realised with power cables in symmetrical monopole 
configuration, a DC line fault represents a permanent loss of the transmission 
capacity until the faulted cable section is repaired. Faults are therefore separated 
by blocking of the converters and subsequent opening of the circuit breakers 
installed on the AC side of the converter stations [Buc14, Sha16]. This method 
represents the most robust type of fault separation. At the same time, the entire 
DC system including the converter stations is taken out of operation non-
selectively causing a permanent stop of active and reactive power transmission. 
It is therefore not considered suitable for future VSC systems designed for bulk 
power transport, particularly MTDC grids [CIG18, Van16].  

To avoid an entire DC system outage, line faults have to be separated on the DC 
side, ideally at the ends of the affected transmission line with minimal impact on 
healthy system parts. For this purpose, two technological approaches for fast fault 
separation are mainly focused today: 

 Fault separation using DC circuit breakers 

 Current limitation based on converters with fault-blocking capability and 
subsequent fault separation using DC switches 

The proposed DC circuit breakers (DCCBs) range from mechanical breakers with 
active/passive current injection to breakers based entirely on semiconductor 
switches (solid-state breakers), with the majority of schemes comprising both 
mechanical and semiconductor switching elements (hybrid breakers) [CIG17, 
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Fra11, Jov15]. Hybrid DCCBs intend to combine the advantages of low on-state 
losses during normal operation with fast current interruption capability in the 
order of a few milliseconds [Häf11, Tan18]. They are therefore often envisaged 
as a key technology for the realisation of meshed DC grids. Depending on the 
system setup, component ratings etc., fault separation with temporary stop or 
continuous system operation may be conceivable with this technology [Tün19a].  

An alternative to fault separation concepts based on DCCBs is the use of fault-
blocking converters, e.g. MMCs based on full-bridge submodules (FB-MMC). 
This type of converter is capable of inserting submodule capacitors with negative 
polarity by switching of additional IGBT-diode pairs to limit rising fault currents 
and thus drive the DC pole current to a designated stationary value [Kar15, 
Sha16]. Afterwards, faulted transmission lines are separated using fast-acting DC 
switches with comparatively small current breaking capability, often referred to 
as high-speed switches, before normal system operation is restored [Ruf18b]. A 
temporary stop of active power transmission is required for this concept.  

Localisation of line faults 

After successful detection and separation of a transmission line fault, its origin 
has to be located to further evaluate the cause of the contingency and, in case of 
a permanent fault, initiate repairs as fast as possible. OHL faults often result from 
environmental impacts and are mostly temporary in nature [Kie03]. In case of a 
permanent fault, e.g. caused by a broken conductor or tower, transient fault 
recorders installed at both line ends serve to estimate the fault location before a 
visual inspection of the corridor is carried out [CIG18]. Assuming a homogeneous 
transmission line, the fault distances to both line ends, xfault,1 and xfault,2, can be 
obtained according to equation (1.1) based on the synchronised time stamped 
instances of travelling wave arrival at both line ends, ttw,1 and ttw,2, as well as the 
wave propagation velocity vtw and the total line length lline. 

 ;   (1.1) 

Theoretically, this method can be extended for an application in systems with 
non-homogenous transmission lines [AlH16, Nan12]. Its accuracy, however, 
mainly depends on the determination and synchronisation of the travelling wave 
arrival instances. Sampling frequencies of fsample ≥ 1 MHz are recommended for 
accurate localisation in the range of several tens of metres, whereas the sampling 
frequencies in most of today’s applications do not exceed fsample < 0.1 MHz 
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[CIG18, IEC16, Tze18]. Evaluating transient recordings for fault localisation is 
therefore mostly limited to narrow down the fault location area. 

UGC faults are typically caused by a breakdown of the cable insulation and are 
therefore considered permanent [Baw16, PRO16]. Due to the immense time and 
monetary efforts of retrieving buried cable sections, particularly in case of 
undersea cables, accurate fault localisation is of utmost importance to minimise 
outage times and repair costs [CIG09, Kwo17]. Moreover, visual inspections, as 
performed for OHL transmission corridors, are typically not feasible for UGC 
systems. Therefore, in most applications, faults are pre-located first using a 
variety of post-mortem test methods before additional high-precision techniques 
are applied to pinpoint the fault location as accurately as possible. This includes 
the evaluation of transient fault recorders, time-domain reflectometry, bridge 
measurements etc. followed by, amongst others, acoustic location and magnetic 
field measurements [Baw16, CIG18, Kwo17]. The entire fault localisation and 
maintenance process may thus take several days up to several months, particularly 
in case of undersea cable faults [Kwo17]. 

In systems with mixed usage of UGCs and OHLs, additional requirements for 
fault localisation apply, as UGC and OHL faults have to be discriminated 
immediately after fault detection. Faults on an OHL section are often caused by 
atmospheric impacts and are therefore temporary in nature. Limiting the DC 
current will often extinguish the fault arc and the transmissions system can be re-
started quickly due to the self-healing nature of air [Küc18, Stu18]. On the other 
hand, automatic re-start attempts are not desired after UGC faults due to their 
permanent nature. The established localisation techniques are designed to 
pinpoint the location of permanent line faults in a certain amount of time after 
fault separation, but typically cannot provide information of the faulted section 
immediately after fault appearance. Only a handful of methods have been 
proposed for this purpose, either based on the comparison of travelling wave 
arrival times using wavelet analysis or based on the use of distributed current 
measurements for differential comparisons [AlH16, Nan12, Tze18].  

1.2.3 Mixed usage of cables and overhead lines  

Extra high voltage (EHV) AC and DC transmission lines are traditionally set up 
of a single transmission type, i.e. OHL or UGC, unless dictated otherwise by the 
environmental conditions of the corridor or the socio-political situation. In AC 
systems, OHLs are the standard choice due to their various operational benefits 
and lower capital expenditure compared to the installation of UGCs 
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[Amp17, Nat15]. Moreover, using only a single line type is preferable to avoid 
resonance phenomena at grid frequency and its harmonics, which can be caused 
by mixed capacitive and inductive circuits resulting from UGC and OHL 
arrangements [Rah08]. The phenomena have to be accounted for during steady-
state and dynamic operation for every switching state of the mixed transmission 
line and nearby circuits including electromagnetic couplings to parallel lines. 
Ensuring reliable operation therefore becomes increasingly complex for mixed 
UGC-OHL arrangements in the AC transmission grid. Nonetheless, the 
increasing public objection to the construction of new OHL towers has led to 
several mixed transmission pilot projects, which have been commissioned and put 
in operation in recent years to increase flexibilities in AC power system planning 
and realisation [Amp17, Eli17, Swi18]. 

Due to the absence of a grid frequency and the related harmonics, resonance 
phenomena only play a minor role in DC transmission systems. More importantly, 
mixed transmission arrangements are challenging for the DC line protection due 
to travelling wave reflection and transmission effects at every UGC-OHL 
transition distorting the initial wave shape [Tün19b]. Fast and selective fault 
detection methods evaluating transient voltage and current changes may thus be 
affected in their functionality. In addition, undesired transient stresses may be 
caused in certain fault scenarios including opposite polarity voltages applied to 
the polarised insulation of XLPE cables [Maz13, Tün19c].  

Until today, only a handful of HVDC systems with mixed usage of UGC and 
OHL transmission exist [Ara19, Lun17, Rao15, Shi02]. These systems only 
apply rudimentary protection concepts disconnecting the entire DC circuit in case 
of a line fault. Topology-specific fault detection methods and concepts allowing 
fast discrimination of UGC and OHL faults to increase the overall availability of 
such systems are yet to be developed. 

1.2.4 Starting point for the investigations  

VSC-HVDC transmission systems have evolved as a cornerstone of worldwide 
grid development plans for the large-scale integration of renewable generation 
assuming an increasing role in bulk power transport and AC grid support. Outages 
of these systems can have severe impacts on the overall grid stability and supply 
reliability. Hence, reliable, fast and selective protection concepts are required. 
Disconnecting an entire DC circuit in case of a single line fault is no longer 
acceptable in future applications, particularly in MTDC grids with several 
gigawatts of power transmission capability. For this purpose, a variety of fault 
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detection, separation and localisation methods have been introduced in recent 
years and are continuously developed further.  

While most of today’s VSC-HVDC systems rely on either UGC or OHL 
transmission, the mixed usage of both line types has become increasingly relevant 
to allow faster project realisation, particularly in densely populated areas where 
public objection to new corridors is becoming an important determining factor. 
In these areas, the use of transmission lines comprising several UGC and OHL 
sections may become a standard solution. So far, however, only very limited 
operational experience is available. Moreover, protection concepts proposed for 
future DC systems have been developed under the assumption of pure UGC or 
pure OHL transmission. Their applicability to mixed UGC-OHL systems has yet 
to be investigated comprehensively. Hence, the following fundamental research 
needs are identified: 

 Characterisation of the transient system behaviour:  

The effects of mixed UGC-OHL transmission on transient voltages and 
currents during line faults need to be analysed taking into account 
relevant parameter impacts. Potentially hazardous component stresses 
and challenges for the protection have to be identified.  

 Evaluation and enhancement of fault detection methods: 

The detection algorithms proposed for future VSC-HVDC systems have 
to be re-evaluated for systems with mixed transmission lines. Their 
feasibility and limitations have to be assessed and, if required, suitable 
enhancements have to be developed.  

 Analysis of fault separation concepts: 

Hybrid DCCBs and FB-MMCs are identified as the most promising 
concepts for fast fault separation in future DC systems. Both methods 
need to be accounted for when investigating mixed topologies. 

 Assessment of fast fault localisation techniques: 

OHL and UGC faults have to be discriminated reliably and within short 
time after fault occurrence. The localisation algorithms proposed for this 
purpose have to be evaluated taking into account different topological 
constraints and, if needed, have to be enhanced to allow fast restoration 
of the power flow for temporary OHL faults. 
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1.3 Objectives and investigation approach 

Based on the identified research needs, the overall objectives of this work are the 
characterisation of the transient fault behaviour of VSC-HVDC systems with 
mixed UGC-OHL transmission, the identification of resulting challenges for 
available protection concepts and the development of suitable enhancements for 
reliable and fast fault handling. The investigation approach is described in the 
following and summarised in Fig. 1-5. 

Since the technological and topological impacts on the fault behaviour of mixed 
HVDC systems have not been studied comprehensively in the past, a thorough 
characterisation of the transient fault behaviour is needed first. It serves as a 
foundation to understand the differences between the behaviour of pure and 
mixed transmission lines and to define the requirements for fault detection, fault 
separation and fault localisation schemes in mixed topologies. Moreover, it is 

 
Fig. 1-5: Overview of the investigation approach 
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used to identify potentially hazardous stresses imposed on the components, 
specifically the XLPE cable insulation. 

In a second step, the applicability of the protection concepts developed for pure 
UGC and pure OHL systems is evaluated in mixed arrangements. Algorithms for 
selective fault detection and methods to discriminate UGC and OHL faults within 
a few milliseconds after fault appearance are particularly focussed. The objective 
is to point out challenges and functional limitations of the existing methods with 
respect to the defined protection requirements. Based on these results, enhanced 
fault detection and localisation concepts are developed. Due to the variety of 
conceivable UCG-OHL arrangements in future VSC-HVDC systems, the aim is 
to design methods, which can be adapted flexibly to any given circumstances. In 
a final step, the developed protection system is validated for two exemplary test 
cases: a bipolar P2P link with full-bridge MMCs and a symmetrical monopole 
MTDC system with DCCBs for fault separation. 

The investigations are based on electromagnetic transient (EMT) simulations, 
which are carried out in PSCADTM/EMTDCTM. This requires detailed models of 
the electrical components as well as an accurate representation of measurements 
and signal processing units for protection purposes. Moreover, a variety of 
different topologies, UGC-OHL arrangements, technological setups and fault 
scenarios have to be accounted for. Hence, a simulation framework is created in 
the EMT program (EMTP) to be able to analyse and compare the fault behaviour 
of different VSC-HVDC schemes comprehensively and to test the application of 
protection methods. Prospective voltages and currents are considered first to 
describe the transient fault behaviour, evaluate the applicability of existing 
concepts and develop suitable enhancements for fault detection and localisation 
algorithms. The enhanced methods are then tested and verified in exemplary cases 
taking into account the entire fault handling process. 
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2 Physical and technological basics 

Due to the different transmission characteristics of power cables and overhead 
lines, interfaces between the two transmission technologies can have a significant 
impact on propagating current and voltage travelling waves. The resulting 
transients can affect the functionality of protection methods and lead to increased 
stresses on the system’s components. To evaluate the transient behaviour during 
line faults, the fundamentals of travelling wave propagation on transmission lines 
are laid out and an overview of the resulting electrical field stresses in XLPE 
cables caused by space charge accumulation is given.  

2.1 Propagation of travelling waves on transmission lines 

The dynamic behaviour of transmission systems can be described by quasi-
stationary field approximations of Maxwell’s Equations, if the displacement 
current in conductors is negligible compared to the conduction current and if the 
vortex field induced in the surrounding insulation is negligible compared to the 
electrostatic field [Küc18]. In this case, field changes are assumed to appear 
nearly synchronously along the transmission lines under consideration. This 
condition is fulfilled, if the propagation time of an electro-magnetic travelling 
wave τ is significantly smaller than the equivalent time of sinusoidal field change, 
i.e. a quarter of the respective period T. Equation (2.1) describes the condition 
based on the propagation distance x, wavelength λ and wave propagation speed u. 
For accurate calculation, quasi-stationary fields should only be assumed for 
x < λ/60 [Küc18]. 

  (2.1) 

For rapidly changing electro-magnetic fields, e.g. switching actions, atmospheric 
discharges, short-circuits etc., field synchrony along the transmission line is no 
longer given and Maxwell’s Equations have to be considered without quasi-
stationary approximations. In this case, electro-magnetic travelling wave 
propagation theory is used to describe the transient balancing processes on 
transmission lines [Bew63, Rüd14]. 

Based on an infinitesimal small transmission line section with quasi-static field 
conditions, the telegrapher’s equations are obtained describing the differential 
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voltages and currents at the section terminals. Based on these equations, the 
d’Alembert solution yields voltage and current equations (2.2) and (2.3) with time 
and space dependencies, in which the two summands f and g can be interpreted 
as a forward and a backward travelling wave, respectively. Z is the characteristic 
line impedance [Küc18, Van01].   

 (2.2) 

  (2.3) 

The propagation velocity u of the two travelling waves depends on the dielectric 
properties of the surrounding insulation. It can be calculated according to 
equation (2.4) based on the material’s permittivity ε and permeability µ  [Küc18]. 

 (2.4) 

2.1.1 Travelling wave distortion 

On a homogeneous transmission line, forward and backward travelling waves 
propagate from their origin (e.g. a line fault) across the line without distortion 
until reaching a line inhomogeneity, i.e. a change in characteristic impedance Z. 
Before that, their characteristics are only altered by transmission losses caused by 
the line’s resistivity R’ and insulation conductivity G’. Equations (2.5) and (2.6) 
describe the attenuated voltage and current wave amplitudes ∆vx and ∆ix at the 
distance x resulting from the initial waves ∆v0 and ∆i0 [Rüd14, Van01]. 

 (2.5) 

 (2.6) 

In contrast to that, the shape of voltage and current waves is abruptly distorted 
whenever the characteristic impedance Z of the transmission line changes. As 
indicated in equation (2.7), this is the case, if at least one of the line parameters 
(resistivity R’, inductance L’, conductivity G’ and capacitance C’) changes, 
typically due to a change in line geometry, short- or open circuit, or the transition 
to another insulation material [Kin15]. 

  (2.7) 

At the interface of two transmission segments with different characteristic 
impedances Z1 (initial line) and Z2 (subsequent line), voltage and current waves 
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are partly reflected resulting in superimposed forward and backward travelling 
waves on the initial line. At the same time, parts of the waves are transmitted onto 
the subsequent line, where they continue propagating in forward direction. This 
behaviour is described by equations (2.8)-(2.11), in which the reflection 
coefficient Γ and the transmission coefficient ρ express the respective ratios 
between the incoming and the reflected/transmitted wave amplitudes (indices v 
for voltage waves and i for current waves) [Rüd14].  

Γ  = Z2 Z1

Z Z2
  (2.8) 

Γ  = Z1 Z2

Z Z2
Γ   (2.9) 

  (2.10) 

  (2.11) 

Lumped reactances and capacitors installed at an interface of two transmission 
segments cause further distortion of travelling waves due to the respective current 
and voltage boundary conditions. As described by equations (2.12) and (2.13), 
the voltages behind lumped inductances v2L(t) or capacitors v2C(t) change 
according to the transmitted part of the incoming wave (ρv∙∆v1L and ρv∙∆v1C) and 
based on an exponential characteristic depending on the surge impedances and 
the respective inductance L or capacitance C in the immediate time after travelling 
wave arrival [Rüd14]. 

 (2.12) 

  (2.13) 

At the moment of wave impact (t = 0), incoming waves are reflected onto the 
initial line with positive reflection coefficient Γv > 0 in case of a reactance (open 
circuit characteristic) and negative reflection coefficient Γv < 0 in case of a 
capacitor (short-circuit characteristic) resulting in superimposed forward and 
backward travelling waves. On the subsequent line, i.e. behind the lumped 
reactance or capacitance, distorted waves with flattened wave fronts proceed in 
forward direction.  

Converter stations have an open circuit characteristic with respect to travelling 
waves distortion due to the reactances installed at the terminals, within the 
converter arms and on the AC side of the station (cf. Fig. 1-3). Incoming voltage 
waves are therefore initially reflected with Γv ≈ 1. On the other hand, short-
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circuits on a transmission line have a characteristic impedance near zero resulting 
in a reflection coefficient of Γv ≈ -1. 

2.1.2 Transmission line characteristics 

The travelling wave propagation characteristics in power cables and overhead 
lines differ significantly due to, amongst others, their geometry and insulation 
materials. In EHV transmission systems, waves on OHLs propagate with 
velocities close to the speed of light, whereas the propagation speed is reduced in 
UGC systems depending on the relative permittivity of the insulation material. 
For XLPE cables, velocities in the range of uUGC = 0.6…0.7∙uOHL can typically be 
found resulting from a relative permittivity around εr ≈ 2.3 compared to εr = 1 for 
OHLs (cf. equation (2.4)) [Küc18]. While OHLs have dominant inductive 
characteristics, the behaviour of UGCs is dictated by their capacitive nature. 
Accordingly, OHLs typically have higher characteristic impedances of several 
hundred ohms compared to several ten ohms for comparable UGCs with 
polymeric insulation [Kie03, Kin15, Küc18]. As indicated by equations (2.5) and 
(2.6), this has a major impact on the damping of travelling waves. Even though 
waves propagating on OHLs are damped by corona discharges, which are not 
present in cable systems, the effect is outweighed by dielectric dispersion of the 
XLPE insulation. As a result, propagating wave fronts are typically damped faster 
on UGCs compared to OHLs [Rüd14].  

2.1.3 Analysis of propagation phenomena 

The propagation of travelling waves and the resulting transients within a 
transmission system can be visualised with the help of analytical approximation 
methods, such as Bewley’s lattice diagram or the Bergeron representation 
[Bew63, Tex96]. Based on travelling wave propagation theory, these methods 
provide a graphical representation of the position, amplitude and shape of every 
forward and backward travelling wave at every instant of time in the investigated 
time frame. Thus, an estimation of the initially expected transient impacts is 
provided for a specific topology and a given scenario. As an example, Fig. 2-1 
illustrates the determination of a transient voltage profile during several hundred 
microseconds for a pole-to-ground short-circuit. The voltage reflection and 
transmission coefficients at the UGC-OHL interface are calculated based on an 
exemplifying characteristic impedance ratio of ZOHL/ZUGC = 7.5. At the 
boundaries of the investigated line section, i.e. the converter station and the fault 
location, idealised wave reflection is assumed with Γv,station ≈ 1 and Γv,fault ≈ -1. 
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(a) 

i  

(b) 

(c) 

Fig. 2-1: Transient voltage at the transmission line end, (a) system setup, (b) Bewley lattice 
diagram, (c) analytically determined voltage profile and EMTP simulation result 

In case of longer investigation time frames and more diversified topologies, such 
as mixed UGC-OHL transmission systems, the analytical calculations become 
increasingly more complex and inaccurate due to the multitude of superimposing 
waves along the entire transmission system and the required simplifications, e.g. 
the discretisation of travelling wave shapes. Propagation losses, the impact of 
lumped impedances and the frequency dependency of characteristic impedances 
are further aspects that are not inherently accounted for resulting in inaccurately 
calculated wave shapes and amplitudes [Küc18]. To this end, EMT simulation 
programs have been developed and continuously enhanced in the last decades. 
They allow a more accurate representation of voltage and current transients in 
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multi-phase systems by using frequency-dependent transmission line models with 
distributed parameters based on the telegrapher’s equations [DeS07, Dom69, 
Man05, Mor99]. Fig. 2-1 c also illustrates the transient voltage profile obtained 
in an EMTP simulation4 for the exemplifying fault scenario in Fig. 2-1 a. In 
comparison to the analytical approach, the instances of travelling wave arrival 
and the overall wave characteristics are similar. However, noticeable differences 
with regard to the accuracy of wave rise times and maximum/minimum 
amplitudes are apparent, even within the short time frame of just a few hundred 
microseconds. Due to the limitations of graphical analysis methods, 
comprehensive transient system analyses based on EMTP are nowadays 
established as a cornerstone of HVDC project design and development phases 
[CIG13b, Sha16, Van01]. 

2.2 Electrical field stress in polarised XLPE insulations 

The electrical field distribution across the insulation of XLPE cables under DC 
stress is determined by the dielectric’s volume resistivity, which in turn strongly 
depends on the temperature and local field strength [Maz13, Sal97]. Due to the 
accumulation of space charges, which may become trapped inside the insulation 
material, the electric field strength is locally altered resulting in areas of increased 
and areas of decreased field stresses instead of a uniformly distributed field 
between the two electrodes [Fab08, Küc18, Zha96]. As a result, the interference 
of trapped charges and transient fields can result in stresses exceeding the 
dielectric strength of the XLPE insulation. In these weak spots, the insulation 
material is damaged and partial discharges are triggered resulting in faster ageing 
and degradation of the cable insulation. Space charge accumulation therefore has 
to be accounted for when evaluating the criticality of transient stresses, 
particularly transient field reversals caused by opposite polarity voltages applied 
to the cable conductor. 

2.2.1 Accumulation of space charges 

Space charges describe the retention of electrical charges in the XLPE insulation 
as a consequence of the conduction mechanisms and polarisation effects under 
DC field stress, in particular the non-uniform dependence of the XLPE’s 
conductivity on the temperature and electrical field strength, as well as 

 
4 For better comparability, surge arresters limiting the DC voltage oscillations are omitted. 
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inhomogeneities in the chemical structure of the material [Küc18, Maz13]. They 
are created by charge carrier injection from the cable electrodes or from existing 
charges resulting from ionic dissociable additives and impurities within the 
material [Sal97]. Depending on the magnitude of the applied field strength, 
E = E0, charge injection or charge transportation effects dominate resulting in 
homocharge or heterocharge accumulations and respective local conductivity and 
electrical field modifications, ρ(x) and E(x), as indicated in Fig. 2-2 [Küc18]. 

(a)

 

(b)

 
Fig. 2-2: Accumulation of space charges in XLPE, (a) heterocharges: accumulation of 
existing charge carriers at lower field strengths, (b) homocharges: accumulation of injected 
charge carriers at higher field strengths (cf. [Küc18]) 

Due to the non-homogeneous structure and insulating properties of XLPE, the 
accumulated charges depicted in Fig. 2-2 can be permanently trapped in 
microscopic material inhomogeneities, even at room temperature [Maz13, Sal97]. 
As a result, the electrical field is locally modified. In some areas of the insulation, 
the electrical stress is reduced while increased stresses occur in other areas, 
ultimately leading to an accelerated ageing of the material [Zha96]. In a planar 
XLPE insulation arrangement, a space charge density of 1 µC/cm³ modifies the 
electrical field strength by 50 kV/mm over a distance of 1 mm [Han03]. 
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2.2.2 Voltage polarity reversal 

In case of a rapid polarity reversal of the DC voltage applied to a XLPE cable 
conductor, the electrical field characteristics across the cable insulation change 
instantaneously, as homocharges accumulated in the vicinity of the core 
conductor and cable screen are turned into heterocharges and vice versa. This 
process is exemplified in Fig. 2-3. 

(a) 

 

(b)

 

 
 

Fig. 2-3: Electrical field stress across the XLPE cable insulation during voltage polarity 
reversals, (a) space charge accumulation during steady state, (b) transient field stress 

First, Fig. 2-3 a depicts the accumulation of homocharges during steady-state 
operation with nominal DC voltage, as previously described. Fig. 2-3 b then 
assumes a rapid reversal of the DC voltage between the two electrodes and a 
subsequent transient reversal of the electrical field stress. During this transition 
period, the insulation material is subjected to increased electrical field stresses at 
the trapped space charge locations as a result of the superimposed displacement 
field and remaining space charge field [Küc18, Maz13].  

At the present state of technology, the electrical field stresses caused by transient 
voltage polarity reversals are considered critical for the insulation of XLPE cables 
due to faster ageing of the material and the immediate risk of an insulation 
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breakdown [Fab08, Han03]. For this reason, the use of XLPE cables in HVDC 
applications is almost exclusively limited to VSC schemes, where voltage polarity 
reversals only occur during transient states, such as DC line faults. Since in LCC 
systems each power flow reversal requires a reversal of the DC voltage, mass-
impregnated cables are the standard solution for UGC transmission [Sha16].  

The capability of power cables with extruded insulation to withstand voltage 
polarity reversals in VSC-HVDC schemes are typically tested according to the 
technical guidelines provided by CIGRE, which have been adapted in IEC 62895 
[CIG12, IEC17]. Therein, gradual polarity reversals during 24 hour load cycle 
tests are specified for prequalification as well as superimposed transient switching 
and lightning impulse voltage tests to assess the integrity of the insulation system. 
The latter test profiles are illustrated in Fig. 2-4 for a positive steady-state 
polarisation of the DC cable. 

During the impulse tests, the cable insulation is subjected to switching impulses 
with an opposite polarity peak value of up to 1.2 pu of the rated DC voltage Vdc,r 
and respective lightning impulses with an opposite polarity peak value of 2.1 pu. 
The tests are repeated ten times for both voltage polarities [CIG12]. 

 

 

  

 
Fig. 2-4: Superimposed impulse voltage test profiles, cf. [CIG12] 
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3 Investigation method and boundary conditions 

To assess the applicability of VSC-HVDC protection concepts in systems with 
mixed usage of UGC and OHL transmission and to validate the functionality of 
enhanced concepts, the investigations rely on comprehensive EMT simulations in 
the time domain. For this purpose, a model framework is set up in the graphical 
user interface Power Systems Computer Aided Design (PSCAD) and computed 
based on the Electromagnetic Transients including DC (EMTDC) simulation 
engine [Man18]. In addition, a control structure is implemented based on a Python 
interface to allow the automated execution of large simulation sets and parameter 
variations. Thus, a systematic investigation of line fault scenarios to characterise 
the transient voltage and current stresses is carried out identifying relevant 
topological and technological impacts.  

Based on this foundation, the identified research needs are addressed in four 
consecutive steps: 

1) Description of the transient fault behaviour at the transmission line 
ends and UGC-OHL interfaces identifying relevant impacts on the 
voltage and current characteristics 

2) Evaluation of the protection concepts proposed for future VSC-HVDC 
systems with regard to the transient stresses imposed on the components, 
the selective detection of line faults, the reliable fault separation and the 
accurate discrimination of UGC and OHL faults 

3) Identification of requirements for line protection concepts in systems 
with mixed UGC-OHL transmission systems and development of new 
and enhanced protection methods 

4) Validation of the developed protection methods in exemplifying test 
cases demonstrating their flexible applicability in different VSC-HVDC 
configurations 

As a starting point, the EMTP model framework is laid out and the simulation 
method is explained in detail pointing out the evaluation parameters used to 
quantify the impacts on the transient system behaviour as well as the indicators 
to assess the protection performance in the subsequent investigations. 
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3.1 EMTP model and simulation framework 

Fig. 3-1 gives an overview of the general setup and different functional units of 
the developed model and simulation framework. Each unit is explained in detail 
in the following subsections.  

MMC stations 

The converters are represented by a detailed equivalent circuit model (Type 4), 
which is recommended for EMT studies, such as AC and DC side faults in the 
vicinity of the converter station [CIG14]. In the model, submodule IGBTs and 
diodes are not explicitly represented, but instead treated as two-state resistances 
to reduce the computational effort. Each converter arm is set up of a lumped arm 
resistance, and lumped arm inductance as well as a controllable voltage source 
supplying the sum of the switched-in submodule capacitor voltages of the 
respective arm during each time step. The number of submodules, their protection 
level etc. are chosen based on a 4.5 kV IGBT module [Inf18]. 

Even though submodules are not explicitly represented by electrical nodes, the 
momentary voltage of each submodule capacitor is calculated for every time step 
and their respective switching statuses are adjusted accordingly by a nearest-level 
modulation algorithm [Sha16]. The converter stations are either set up in 
monopolar or bipolar configuration and either half- or full-bridge submodules are 
represented. On the AC side, the converter valves are connected to an AC grid via 
a standard Y-∆ transformer model with grounded star point. On the DC side, 
lumped reactances are installed to limit the current rise during line faults. In case 
of a symmetrical monopole DC system, the AC side of the converter is grounded 
with a high-impedance star-point reactor and a DC chopper model may be added 
at the DC terminals of the station.  

 
Fig. 3-1: Functional units of the EMTP framework for transient system analyses 
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The MMC is operated by a cascaded state vector control scheme to accurately 
represent the converter behaviour during steady and transient states. The control 
scheme comprises:  

 Outer control loop:  

Calculation of target values for the subsequent control loops based on 
dispatch centre setpoints (voltage, power) and droop characteristics 

 Inner control loop: 

Calculation of arm reference voltages based on outer loop target values, 
AC current control, energy balancing controls and protection functions 

 Submodule control loop: 

IGBT switching signal generation based on arm reference voltages, 
momentary arm currents and capacitor voltages 

The converters are protected at both terminals and within the station by 20 kA 
surge arresters with a 8/20 µs characteristic at a rated voltage of 1.25 times the 
respective maximum continuous operating voltage [Ste03]. Moreover, an internal 
arm overcurrent protection is used to immediately block the submodules’ IGBTs, 
if the recorded arm current in the MMCs exceeds a threshold of Iarm,threshold = 3 kA. 
In case of full-bridge MMCs, an active fault current control is added to the inner 
control loop to limit the DC pole current in case of a contingency by reducing the 
DC pole voltage without protective submodule blocking. Hence, reactive power 
is continuously supplied to the connected AC systems during fault handling. 

AC grids 

Since the focus of the investigations is on DC line faults, AC grids connected to 
the converter stations are modelled as simplified three-phase AC voltage sources 
with concentrated source impedances to specify their short-circuit power. During 
steady state, the sources exchange active and reactive power with the DC system. 
In case of a DC line fault, a fault current is fed via the converter stations and into 
the fault location until the contingency is successfully separated.  

All of the AC sources supply a RMS line-to-line voltage of Vac,s = 420 kV at a 
frequency of f = 50 Hz. The source impedances are specified as a resistance of 
Rs = 0.1 Ω in series with a parallel circuit of an inductance of Lp = 12 mH and a 
resistance of Rp = 40 Ω. As a result, a maximum short-circuit current of 
Ik ≈ 63 kA is provided by the AC grids. 
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Transmission lines and faults 

To accurately represent the propagation characteristics of travelling waves during 
DC line faults, the Frequency Dependent (Phase) model, also known as Universal 
Line Model, is used for the representation of both UGCs and OHLs [Gus99, 
Mor99]. The distributed line parameter model is based on the telegrapher’s 
equation, cf. equations (2.2) and (2.3), from which the frequency-dependent 
propagation function and characteristic admittance matrices are derived. The 
resulting equations are solved in the frequency domain at a set range of discrete 
frequencies before being approximated by curve fitting techniques and 
convoluted to the time domain. Curve fitting is applied at several hundred 
increments within a frequency range of f = 10-3…106 Hz and with a maximum 
allowed fitting error of 0.01 %. At f = 0 Hz, a correction term is introduced to 
eliminate calculation errors, as the fitting process becomes increasingly time-
consuming and inaccurate near the lower frequency boundary [DeS07]. 

In the Universal Line Model, UGCs and OHLs are specified by their tower and 
trench geometries, their conductor and insulator arrangements as well as the 
respective material parameters. Generic setups are implemented for the 
investigations taking into account typical 320 kV and 525 kV HVDC 
transmission line data [Bed14, Maz13, Rie16, Woo14]. As an example, Fig. 3-2 
gives an overview of the cable trench and OHL tower geometries for a 320 kV 
symmetrical monopole system.  

Typical copper cables with core areas of Acore,stranded = 2500 mm² for 320 kV and 
Acore,stranded = 3000 mm² for 525 kV are assumed with adjusted resistivities5 of 
ρcore,320kV = 1.95∙10-8 Ωm and ρcore,525kV = 1.84∙10-8 Ωm. The cable screen is made 

 
5 Only solid cable conductors can be represented in the EMTP model. To account for the larger core 
areas compared to stranded conductors, the core resistivity is increased according to the respective 
ratio of areas: ρcore,stranded = ρcopper ∙ (π ∙ rcore,solid²) /Acore,stranded [Gus05]. 

 
Fig. 3-2: 320 kV symmetrical monopole cable trench and OHL tower geometries 
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of aluminium with ρscreen = 2.65∙10-8 Ωm. For the XLPE and PE insulation as well 
as the semi-conducting layers, a relative permittivity of εr = 2.5 is assumed and 
the relative permeability is µ  = 1 for all inner layers according to typical material 
data [Bed14, Gus05]. In case of offshore applications, a steel armouring with 
ρarmour = 1.8∙10-7 Ωm and µ  = 10 as well as another insulating layer are added. 
Since the voltages and currents on the outer metallic layers are not of particular 
interest in the investigations, they are eliminated mathematically assuming ideal 
grounding of the cable screen.  

The OHLs are equipped with 4-bundle steel-reinforced aluminium conductors, 
Al/St 265/35 for 320 kV and Al/St 550/70 for 525 kV, with respective strand 
numbers, diameters and electrical properties. Ground wires are configured as 
Al/St 240/40 conductors. 

The ground plane, which is needed to calculate the return path in the Universal 
Line Model, is represented with frequency-dependent conductivity and the 
complex ground impedance integral is solved using direct numerical integration 
for UGCs and the Deri-Semlyen approximation for OHLs [Der81]. 

Faults on the transmission lines are represented as an electrical connection 
between the affected pole conductor and ground or between multiple DC poles 
with a constant fault transition resistance Rf in between the connected nodes. At 
the fault location, the transmission line model is split up into two separate sections 
to apply the short-circuit between the respective nodes. Hence, to investigate a 
variety of fault locations in different topological setups, extensive modelling 
efforts and control logic implementations are required. To address this challenge, 
a Python interface is used to access the EMTP model configurations from a 
developed external control script. It allows the flexible adaption of model 
parameters including the transmission line section lengths and fault 
characteristics based on predefined sequences. Thus, simulation sets with an 
automated variation of the fault type, location and resistance as well as the pre-
fault conditions are made feasible. 

In any simulation setup, the time step has to be chosen according to the smallest 
time constant of the investigated system. While the converter station models 
operate with a specified execution time step of ∆tMMC = 20 µs for IGBT switching 
signal generation, the smallest time constant in the DC transmission system is 
determined by the smallest travelling wave propagation distance between two 
sections with different characteristic impedances. This has to be accounted for 
when varying the fault location along the transmission lines. To allow an accurate 
representation of transients caused by travelling waves during DC line faults, the 
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shortest investigated line segment has a length of l = 10 km and the simulation 
time step is set to ∆tstep = 5 µs. Accordingly, faults are simulated at the line 
terminations as well as in 10 km intervals along the respective lines. 

Measurements & signal processing 

Momentary DC pole voltage and current values are recorded ideally in the EMT 
model at every line termination as well as every UGC-OHL transition for each 
simulation time step. If not indicated otherwise, the currents at the line ends are 
measured in direction of the line and currents at segment interfaces are measured 
from left to right according to the given schematic. To account for the low-pass 
characteristics of the physical measurement equipment as well as digital filters, 
which are typically used to avoid protective actions for single transients, third 
order Butterworth low-pass filters are added to the EMT model. The recorded 
pole voltages and currents are filtered with cut-off frequencies of fc,v = 1 kHz and 
fc,I = 10 kHz respectively before being processed to the control and protection 
units [CIG18].  

In case of long-distance signal transmission, e.g. communication between the 
converter stations, digital delay functions are used in the EMT model to emulate 
the communication infrastructure. Based on available optical fiber technology, a 
communication velocity of ucom = 200 km/ms is assumed with an additional delay 
of ∆tcom,proc = 500 µs to account for signal processing [CEN18]. 

Fault detection and localisation methods often include an evaluation of voltage 
and current changes, which can be determined several ways. The fastest method, 
but, at the same time, the method with the most volatile outcome, is the calculation 
of voltage and current derivatives according to equation (3.1), i.e. the differential 
voltage, ∆v, and differential current, ∆i, between two subsequent samples divided 
by the sample time step ∆tsample.  

 ;     (3.1) 

Due to the short time frame of just a single sample step, even minor voltage and 
current deviations can result in significant ROCOV and ROCOC inducing 
undesired protective actions. Hence, a more robust approach is chosen, in which 
the changes of the recorded and filtered measurements are continuously 
calculated for a time frame of ∆t = 100 µs according to equation (3.2). 

 ;     (3.2) 
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Control & protection unit 

In the EMT model, a control and protection unit is assigned to every line end, 
which is responsible for the detection of line faults in this zone as well as the 
initiation of the fault separation process. Each unit contains the enhanced and 
newly developed protection methods. As input parameters, the units receive the 
locally recorded and processed measurements, local protection statuses, e.g. from 
the MMC and DCCBs, as well as remote signals and measurements with the 
respective communication time delays.  

Inside the units, the developed primary and backup fault detection logics as well 
as the fault localisation algorithm are implemented according to the flow chart 
descriptions in chapter 6.1 and chapter 6.2. Each of the detection methods 
comprise a comparison with a respective threshold, which has to be exceeded for 
a specified amount of time, as well as several other trip conditions, which have to 
be fulfilled simultaneously for fault identification. The threshold and time 
parametrisations of the implemented methods are indicated in appendix A1. 

After the detection and localisation of line faults, the control and protection units 
provide trip and control signals to the respective DCCBs and/or the converter 
station depending on the given system setup and fault separation method. In case 
of a temporary fault on an OHL segment, a re-start command is issued after a 
specified arc de-ionisation time. 

DC circuit breakers (DCCBs) 

Since the investigations do not focus on a comparison of different DC breaker 
types and their specific components, a generic DCCB representation is developed 
and implemented in the EMT model to emulate the current interrupting behaviour 
of DC breakers and the resulting voltage stresses across the DCCB terminals. The 
model is based on the fundamental building blocks of HVDC circuit breakers and 
can be adapted to the characteristic behaviour of power electronic breakers, 
mechanical breakers with current injection or hybrid breakers [CIG17]. Fig. 3-3 
gives an overview of the model setup as well as the current and voltage 
characteristics during the fault separation process. In the model, the main breaker 
path and commutation path are summarised by an ideal switch with parallel 
snubber circuit and stray inductances. A surge arrester bank is connected in 
parallel serving as energy dissipation path.  
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The breaker model includes a lumped reactance LDCCB which is designed based 
on the emulated DCCB’s dead time and the given system arrangement to limit 
rising fault currents according to the breaker ratings and protection strategy. In 
the investigations, hybrid DCCBs with a dead time of ∆tDCCB = 2 ms are 
considered to demonstrate the fault separation process based on DC breakers. 
Different breaker reactances are installed for UGC and OHL segments, as 
explained in detail for the applications in chapter 7. The arresters in the energy 
dissipation path are designed to limit the peak transient interruption voltage (TIV) 
to vDCCB,TIV = 1.5 pu [Häf11, Ste03]. 

3.2 Structure and methodical approach of the investigations 

In a first step, the impacts of the line topology on the transient fault behaviour 
during DC line faults are analysed. For this purpose, UGC and OHL faults are 
evoked in the EMTP simulation framework for a variety of different mixed UGC-
OHL transmission setups as well as pure UGC and pure OHL systems as 
references. The voltages and currents recorded at both line ends and at the UGC-
OHL interfaces are then evaluated and compared during the first few milliseconds 
after the fault impact. In addition, analytical approximations based on the 
equations of chapter 2.1 are consulted for plausibility considerations. The 
following aspects are specifically focussed throughout these simulations: 

 Differences in the initial travelling wave impacts and characteristic wave 
shapes for nearby and distant faults on UGC and OHL segments 

 Impacts of single and multiple UGC-OHL transitions on the degree of 
travelling wave distortion 

 Impacts of different segment lengths and topological arrangements on 
the fault appearance within the system 

 
Fig. 3-3: Setup and current breaking process of the generic DCCB representation 
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 Additional impacts and characteristics in multi-terminal DC and hybrid 
AC-DC transmission systems 

To quantify these effects, voltage-, current- and time-based indicators are defined, 
which take into account the most relevant transient characteristics for protection 
purposes. Their determination is shown in Fig. 3-4. 

Fig. 3-4: Indicators to quantify the impacts of mixed systems on the fault behaviour 
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with half-bridge-based MMC stations. The respective system ratings are indicated 
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in Table 3-1. While the DC line topology and fault locations are varied throughout 
the simulations, the other components and functional units of the EMTP 
simulation framework are not changed. Nonetheless, the results and conclusions 
obtained in the given system are applicable to other setups as well, as the initial 
fault impacts are mainly determined by travelling wave propagation effects. 
During this time, the influence of different converter types and the monopolar or 
bipolar system configurations is comparatively small [Bra19, Buc14].  

Table 3-1: System ratings for the investigation of topological impacts 

Parameter Rating 
Active / reactive station power 900 MW / 300 Mvar 
Rated DC pole voltage / current ±320 kV / 1.41 kA 
Rated AC voltage at the MMCs (RMS, L-L) 355 kV 
Submodules per arm / capacitance / capacitor voltage 250 / 5.2 mF / 2.7 kV 
Arm resistance / arm inductance 0.1 Ω / 50 mH 
DC terminal inductance 50 mH 

  

Permanent pole-to-ground line faults are evoked in the systems with a fault 
transition of Rf = 0.01 Ω and the prospective voltages and currents are analysed, 
i.e. the characteristic fault behaviour without interferences caused by protective 
measures. At this point, detection methods and DCCBs for fault separation are 
not included in the simulations to specifically address the topological impacts. 
The effects caused by higher fault resistances and other fault types, e.g. pole-to-
pole short-circuits, generally apply to any kind of transmission system and are not 
specifically related to mixed UGC-OHL setups. These fault types are, however, 
taken into account for the assessment and enhancement of protection systems.  

The topological impacts identified in the investigated P2P system setup apply to 
any DC line, whether it is part of a P2P transmission link, a MTDC system or a 
meshed DC grid. However, additional topological aspects have to be considered 
in MTDC and hybrid AC-DC transmission schemes with respect to the protection 
system design and the transient electrical field stress imposed on the polarised 
XLPE cables. These impacts are therefore pointed out separately as a complement 
to the general characteristics observed in the P2P systems.  

A four-terminal symmetrical monopole scheme with half-bridge-based MMC 
stations is investigated, which is reminiscent of a configuration often studied for 
future offshore wind power integration via MTDC [PRO17]. The stations are 
rated according to Table 3-1. To investigate the topological impacts specific to 
MTDC systems, a pure UGC-based transmission system is compared to a setup, 
in which one of the lines is replaced by an OHL. Hence, UGC-OHL transitions 
are created via the MTDC busbars resulting in travelling wave reflection and 
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transmission effects at the direct interface of two line protection zones. To analyse 
the transient behaviour specific to hybrid AC-DC transmission systems, an 
intersystem fault between a DC pole and an AC phase is investigated in a bipolar 
P2P scheme with full-bridge-based MMC stations and dedicated metallic return 
conductor, similar to previously conducted studies of the intersystem fault 
behaviour [Pet17, Sta14]. A pure OHL arrangement is analysed as well as a mixed 
UGC-OHL DC system with the intersystem fault occurring on the OHL section. 

Based on the comprehensive analysis of the fault behaviour in mixed transmission 
systems and the identification of topological impacts, the protection methods 
proposed for future VSC-HVDC systems are assessed regarding their 
applicability in mixed line topologies. For this purpose, pole-to-ground faults are 
evoked in 10 km intervals along an UGC line (reference case) as well as four 
representative mixed transmission systems with different numbers, lengths and 
arrangements of UGC and OHL segments, which specifically take into account 
the previously identified topological impacts. This way, a statistical evaluation of 
the transient fault behaviour is obtained, which serves as a foundation to 
categorise different groups of fault scenarios and to identify specific challenges 
and functional limitations of the existing protection methods. The subsequent 
assessment is carried out separately for the stresses imposed on the components, 
the selective detection of line faults, their reliable separation and the accurate 
discrimination of faults on UGC and OHL segments. The following indicators are 
used for this purpose: 

 Stresses imposed on the components: 

‒ Maximum DC pole current amplitude per unit at the fault location, 
the UGC-OHL interfaces and the line ends 

‒ Transient overvoltage amplitude on the DC pole per unit 

‒ Amplitude and duration of impact of opposite polarity DC pole 
voltages per unit / in milliseconds 

 Selective detection of line faults: 

‒ Voltage drop and current rise per unit within the first two 
milliseconds after travelling wave arrival at the line ends 

‒ Maximum ROCOV and ROCOC per unit per millisecond within the 
first two milliseconds after travelling wave arrival at the line ends 

 Reliable separation of line faults: 

‒ Maximum DC pole current amplitude per unit at the line ends 

‒ Peak current amplitude in the converter arms in kiloampere 
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 Accurate discrimination of line faults: 

‒ DC pole voltage shape at the line ends to estimate the travelling 
wave arrival identification error in microseconds 

‒ DC pole current patterns at every transmission segment end 

Based on the assessment of the proposed protection concepts, additional 
requirements for comprehensive line protection in VSC-HVDC systems with 
mixed UGC-OHL transmission are specified. Taking these requirements into 
account, the known methods are enhanced and newly developed approaches are 
included into the overall fault detection and localisation strategy.  

In a final step, the flexible applicability of the new protection concept is validated 
based on two exemplary test systems: A ±525 kV bipolar P2P interconnection 
with full-bridge-based MMCs and a ±320 kV symmetrical monopole MTDC 
system based on half-bridge MMCs and hybrid DCCBs. The selective detection 
of line faults, reliable fault separation and accurate identification of the faulted 
segment is shown taking into account the following investigation constraints: 

 Fault locations in 10 km intervals along the P2P system and every line 
in the MTDC system 

 Temporary and permanent OHL faults as well as permanent UGC faults  

 Pole-to-ground, pole-to-pole6 and pole-to-pole-to-ground faults 

In addition, a statistical evaluation of the protection performance is carried out for 
both test systems addressing the required detection time, the share of detection 
methods in the initial fault identification as well as the maximum impacts on 
healthy system parts during the entire fault handling process. 

 
6 Typically, UGC faults always involve a ground connection due to the grounded cable screen. 
Nonetheless, pole-to-pole faults are taken into account as worst case scenario. 
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4 Analysis of topological impacts on the 
transient behaviour  

The transient fault behaviour of mixed transmission systems is analysed for 
varying numbers and locations of UGC-OHL interfaces, different overall line 
lengths as well as different segment lengths and arrangements. To point out the 
respective impacts, pure UGC and pure OHL transmission systems serve as 
references, as their transient fault behaviour is well understood and typically used 
as a foundation for protection studies in VSC-HVDC systems. As a starting point, 
Fig. 4-1 shows the pole voltages and currents recorded at both line ends of a pure 
UGC and a pure OHL system for exemplifying P-pole-to-ground faults, F75, at a 
respective distance of ∆xfault = 75 km from Station 1. Before the faults are 
initiated at ∆tsim = 0 ms, both systems are operated in steady state with a DC pole 
voltage of vdc = ±320 kV = 1 pu and a DC pole current of idc = 1.41 kA = 1 pu. 

 
Fig. 4-1: Transient voltage and current characteristics in the reference systems 

0.0 2.0 4.0 6.0 8.0 10.0

-1

0

1

2

3

-1

-0.5

0

0.5

1

OHL (300 km)

Station 2Station 1 F75

Station 2Station 1

UGC (300 km)

Station 2Station 1 F75

UGC system
OHL system

0.0 2.0 4.0 6.0 8.0 10.0

Δtsim [ms]Δtsim [ms]

v d
c
[p

u]
i d

c
[p

u]



40  Analysis of topological impacts on the transient behaviour 
 

While certain differences are apparent in the transients of the UGC and OHL 
system (travelling wave propagation velocities, damping characteristics etc.), the 
initial fault behaviour, which is the most relevant for detection purposes, is 
comparatively similar for both transmission line types. After the fault impact, the 
DC pole voltage breaks down quickly and the DC pole current measured in 
direction of the line rises. After the initial impact, travelling wave propagation 
continues between the fault and the line terminations resulting in an oscillatory 
behaviour with the frequency depending on the respective propagation distances. 
The overall current characteristics are determined by the symmetrical monopole 
setup, which limits the maximum fault current amplitudes. In case of a bipolar 
system setup, the pole current would instead continue to rise in both systems until 
the fault is cleared on either the AC or the DC side. 

Based on the fault behaviour of pure UGC and pure OHL systems, different mixed 
topologies are analysed taking into account both P2P and MTDC systems as well 
as hybrid AC-DC transmission arrangements. 

4.1 Point-to-point DC systems 

In a first step, the effect of a single UGC-OHL interface on the transient voltage 
and current characteristics during line faults is analysed. As indicated in Fig. 4-2, 
two exemplifying pole-to-ground fault locations, F75 and F225, are studied for this 
purpose in a simple mixed transmission topology. Both faults are evoked at the 
respective centres of the two line sections. The resulting transients are recorded 
at the line ends as well as the UGC-OHL interface in the middle of the line.  

The simulation results show that even for simple mixed transmission line setups 
comprising just a single UGC and a single OHL segment, significant differences 
occur in the transient system behaviour for different fault scenarios. At Station 1, 
the UGC fault F75 causes a steep voltage drop and initial current rise with the 
arrival of the first travelling wave at ∆tsim ≈ 0.4 ms after fault initiation. Due to 
the decoupling of both sides of the system by the fault location, the observed 
behaviour does not differ to a similar pole-to-ground fault in pure UGC systems 
(cf. Fig. 4-1). The same principle applies for the behaviour observed at Station 2 
in case of the fault F225 on the OHL segment. 

If a fault occurs on the respective distant segment, travelling wave reflection and 
transmission effects at the UGC-OHL interface have a direct impact on the initial 
transient voltage and current characteristics at the line ends. At Station 1, the 
voltage wave arriving at ∆tsim ≈ 1.1 ms after initiation of the fault F225 is 
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noticeably distorted and reduced in amplitude, as the wave propagating from the 
fault location towards Station 1 is in part reflected negatively at the UGC-OHL 
interface. In the given example, the characteristic impedance ratio of the two line 
segments, ZOHL/ZUGC ≈ 6.2, results in voltage reflection and transmission 
coefficients of Γv,OHL UGC ≈ -0.72 and ρv,OHL UGC ≈ 0.28 at the transition 
(cf. equations (2.8) and (2.10)). At the UGC termination at Station 1, the initial 
voltage derivative, which is also the maximum derivative, varies between 
dv/dtinit ≈ 123.2 pu/ms for F75 and dv/dtinit ≈ 2.5 pu/ms for F225. While an 
immediate voltage drop to vdc ≤ 0 pu occurs for the UGC fault, the voltage decays 
to zero over the course of ∆tvz ≈ 3.0 ms for the OHL fault. As a result, the current 
fed in from the converter station increases significantly slower for F225 compared 
to F75 (di/dtinit ≈ 2.9 pu/ms for F75, di/dtinit ≈ 0.3 pu/ms for F225). 

Opposite effects are observed at the OHL termination at Station 2. In case of a 
voltage wave propagating from F75 towards the line end, the UGC-to-OHL 
interface yields a positive reflection coefficient of Γv,UGC OHL ≈ 0.72 and a 
transmission coefficient of ρv,UGC OHL ≈ 1.72 resulting in an amplification of the 
voltage wave front. Hence, in case of the UGC fault at F75, an even deeper and 
similarly steep voltage drop to vdc < -1 pu occurs at Station 2 compared to the F225 
fault or a similar fault scenario in a pure OHL system (cf. Fig. 4-1). Accordingly, 

 
Fig. 4-2: Transient voltage and current characteristics during UGC and OHL pole-to-
ground faults in an exemplifying mixed transmission topology 
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the pole current rises faster than for the fault F225 on the OHL segment (di/dtinit ≈ 
4.1 pu/ms for F75, di/dtinit ≈ 2.4 pu/ms for F225). 

At the UGC-OHL interface, both transitional effects are apparent in the voltage 
characteristic. In addition, a significantly higher fault current is recorded at the 
transition point compared to the line ends due to the transient discharge of 
distributed line capacitances7. For the OHL fault F225, a peak current of idc ≈ 4.8 pu 
occurs, as the energy stored inside the cable capacitances discharges into the fault 
location. It is to be noted though that the actual current rise at the line terminations 
not only depends on the line topology and fault location, but also on the type of 
HVDC scheme and the size of the lumped inductances installed in the converter 
stations, which in turn are designed based on specific component ratings, the fault 
clearing strategy etc. The extent of the impact of UGC-OHL interfaces on the 
transient current characteristics may change depending on the given system setup. 
In most cases, analysing the terminal voltages gives a clearer impression of the 
topological impacts than analysing the current profiles. Terminal voltages are 
therefore emphasised in the following investigations. 

To investigate the impact of multiple UGC-OHL transitions on the transient fault 
behaviour, the mixed transmission topology depicted in Fig. 4-3 comprising six 
line segments is analysed and compared to a pure UGC system. Pole-to-ground 
faults are evoked at both line terminations and in 10-km-intervals along the entire 
transmission system (fault locations F0 to F300).  

In the pure UGC system (upper figures), the amplitude and rate of change of the 
voltage drop after fault occurrence are determined by the distance between the 
fault location and the line ends. Nearby faults cause an almost immediate voltage 
drop below zero, whereas a more attenuated characteristic is observed for distant 
faults due to wave propagation losses (cf. equation (2.5)). Nonetheless, even in 
case of a fault at the very end of the transmission line, i.e. at a distance of 
∆xfault = 300 km to the opposite line end, the DC pole voltage breaks down to 
vdc ≤ 0 pu in less than ∆tvz ≤ 0.1 ms after travelling wave arrival with an initial 
and maximum voltage derivative of dv/dtinit = dv/dtmax ≈ 14.1 pu/ms. 

The mixed topology (bottom figures) offers a wider range of transient voltage 
characteristics. At both line ends, the behaviour observed for faults on the nearest 
segment is equivalent to the behaviour for pure UGC or pure OHL systems, 
respectively. On the other hand, any fault occurring on one of the transmission 
segments located behind the outer segments results in a distorted voltage profile, 

 
7 current recorded with positive sign in direction from the UCG segment towards the OHL segment 
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most noticeably characterised by a flattened wave front and a subsequent 
attenuated decay of the pole voltage. In case of a fault at the opposite line 
termination, F300, up to ∆tvz ≈ 3.1 ms elapse until the DC pole voltage drops below 
zero. Accordingly, the range of initial and maximum voltage derivatives is 
significantly wider compared to the pure UGC system with values as low as 
dv/dtinit ≈ 0.1 pu/ms and dv/dtmax ≈ 0.7 pu/ms. 

For the OHL termination at Station 2, the different fault locations can be 
categorised into three groups. Faults on the outer OHL segment, F250 to F300, cause 
a behaviour similar to a pure OHL system resulting in an immediate steep voltage 
drop. In case of a fault located on the subsequent UGC segment, an even steeper 
breakdown characteristic is recorded due to the amplification of voltage waves 
propagating from the faulted UGC segment onto the outer OHL segment. Any 
fault occurring on one of the farther located segments results in a similarly 
attenuated characteristic as observed for Station 1. In this case, the attenuating 
effect of multiple interfaces outweighs the amplification of the final UGC-to-
OHL transition. This principle is illustrated in Fig. 4-4 for the overall voltage 
transmission coefficient, ρv,overall = ρv,1 ∙ ρv,2 ∙ … ∙ ρv,n, taking into account different 

 
Fig. 4-3: Impact of multiple UGC-OHL interfaces on the transient DC voltage profile 

0.0 2.0 4.0 6.0 8.0 10.0

-1.5

-1

-0.5

0

0.5

1

1.5

0.0 2.0 4.0 6.0 8.0 10.0

-1.5

-1

-0.5

0

0.5

1

1.5

Station 1

UGC 
(50 km)

OHL 
(50 km)

UGC 
(50 km)

OHL 
(50 km)

OHL 
(50 km)

UGC 
(50 km)

F0 F10

Station 1

UGC (300 km)

F0 F10

Station 2F300

Station 2F300

Station 2Station 1

F0

F300

F300

F0

F0

F300

F300

F0

Δtsim [ms]Δtsim [ms]

v d
c
[p

u]
, m

ix
ed

v d
c
[p

u]
, U

G
C



44  Analysis of topological impacts on the transient behaviour 
 

characteristic impedance ratios of two line types, Z2/Z1, and different numbers of 
transitions between the respective segments. 

For more than a single transition, only a few theoretical characteristic impedance 
ratios lead to a total transmission coefficient above ρv,overall > 1. However, for 
typical OHL-UGC ratios of ZOHL/ZUGC = 5…10, multiple transitions always result 
in an attenuation of wave fronts, i.e. ρv,overall < 1. In the mixed topology in Fig. 4-3, 
ZOHL/ZUGC ≈ 6.2 results in the following transmission coefficients characterising 
the initial voltage travelling wave impact: 

 2 transitions: ρv,2trans = ρv,OHL UGC ∙ ρv,UGC OHL ≈ 0.28 ∙ 1.72 ≈ 0.48 

 4 transitions: ρv,4trans = ρv,2trans² = 0.48² ≈ 0.23 

 6 transitions: ρv,6tans = ρv,2trans³ = 0.48³ ≈ 0.11 

In summary, the transient fault behaviour of VSC-HVDC systems with mixed 
transmission topologies becomes increasingly diverse with a higher number of 
UGC and OHL segments. Depending on their location, faults in such systems can 
either lead to abrupt changes of the voltages and currents recorded at the line ends 
or to slowly changing voltage and current profiles lacking clear wave fronts.  

Another aspect affecting the transient fault behaviour in mixed transmission 
topologies is the overall line length and the length of each UGC and OHL 
segment, respectively. As indicated in Fig. 4-5, an evenly spaced six-segment 
topology is compared with a pure UGG system for different line lengths. To 
specifically address the most severe cases, the results focus on the transient 
voltage characteristics for faults at the respective opposite station terminal, i.e. F0 
for Station 1 and Fn for Station 2. 

The results indicate that mixed transmission systems behave comparatively 
similar to pure transmission systems in case of short overall line lengths. Some 
differences can still be found with respect to the travelling wave impact, as the 

 
Fig. 4-4: Overall voltage transmission coefficient for different characteristic impedance 
ratios and numbers of line transitions 
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near instantaneous breakdown in the 60 km pure UGC system is reduced to a 
voltage drop with dv/dtmax ≈ 3.9 pu/ms in the 60 km mixed arrangement. 
However, the short distances between the UGC-OHL transition points lead to a 
fast balancing of the initial reflection and transmission effects resulting in a 
similar overall voltage profile during the first few milliseconds after fault 
appearance including a duration of just ∆tvz ≈ 0.5 ms until the first voltage zero 
occurs in the mixed transmission arrangement. 

Longer transmission line lengths, on the other hand, add to the attenuation effects 
of UGC-OHL transitions further flattening the wave fronts of propagating 
travelling waves and reducing the resulting rates of change of voltage and current 
in the process. While in the pure UGC system, an initial voltage derivative of 
dv/dtinit ≈ 1.0 pu/ms can still be found for a fault distance of ∆xfault = 600 km, the 
initial derivative is reduced to just dv/dtinit ≈ 0.02 pu/ms in the mixed system with 
a maximum derivative of dv/dtmax ≈ 0.3 pu/ms. Accordingly, the duration until 
voltage zero occurs increases from ∆tvz ≈ 1.9 ms in the UGC system up to 
∆tvz ≈ 6.2 ms in the mixed arrangement. 

 
Fig. 4-5: Impact of UGC-OHL interfaces for different system line lengths 
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Apart from the overall transmission line length, the extent of travelling wave 
distortion is further impacted by the arrangement of UGC and OHL segments and 
their respective share of the total line length. Fig. 4-6 and Fig. 4-7 serve to analyse 
these effects each comparing the transient characteristics of two modified six-
segment mixed topologies with the previously studied setup of six evenly spread 
UGC and OHL segments with the same share of the total line length. As above, 
faults are evoked at the respective opposite line ends. Moreover, for better 
comparability of the systems, the respective curves are aligned so that the first 
travelling wave impact occurs at ∆tsim = 0 ms in each case. 

Even though the outer segment line type and overall share of UGC and OHL are 
the same in all three cases (50 % UGC and 50 % OHL), characteristic differences 
occur in the transient system behaviour at both line ends. At the OHL termination 
at Station 2, the fastest voltage drop to vdc ≤ 0 pu is recorded for the “long ends” 
topology (∆tvz ≈ 0.3 ms), in which the outer OHL stretch has a length of 130 km 
and all UGC-OHL transitions are bundled in the middle of the line. The slowest 
decay, on the other hand, appears for the “evenly spread” topology 
(∆tvz ≈ 1.9 ms), in which the same outer stretch contains two UGC-OHL 
transitions. From the three exemplifying topologies, it also represents the setup 
with the longest UGC section in the vicinity of Station 2.  

 
Fig. 4-6: Transient voltage characteristics in different UGC and OHL arrangements for 
faults at the opposite line ends 
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At Station 1, the “long ends” topology causes the slowest voltage decay due to 
the dominating UGC stretch at that line end. In this case, the “evenly spread” 
topology shows the most shallow initial voltage change with an initial derivative 
of just dv/dtinit ≈ 0.1 pu/ms but, at the same time, results in the fastest decay to 
vdc ≤ 0 pu in ∆tvz ≈ 3.1 ms. The transient curve recorded for the “short ends” 
topology offers yet another characteristic as the given topology and fault location 
evoke high-frequent oscillations during the discharge of line capacitances.  

The impact of UGC and OHL shares in mixed transmission topologies is further 
analysed in Fig. 4-7 comparing the “even share” setup with an UGC-dominated 
topology, “90 % UGC”, and an OHL-dominated topology, “90 % OHL”.  

Mixed transmission topologies with a dominating share of either UGC or OHL 
lead to an overall faster breakdown characteristic at both line terminations due to 
higher initial and maximum rates of change of voltage compared to the “even 
share” topology. In such arrangements, the transient behaviour during line faults 
converges towards the behaviour of pure UGC and OHL systems. However, the 
attenuating effects of multiple UGC-OHL transitions still lead to flattened wave 
fronts and to an overall more damped fault behaviour compared to pure 
transmission systems (cf. Fig. 4-1). 

 
Fig. 4-7: Transient voltage characteristics in topologies with different shares of UGC and 
OHL lengths for faults at the respective opposite line ends 
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The previous investigations emphasise the variety of impacts on the transient fault 
behaviour resulting from different segment arrangements and lengths. In 
particular, a combination of multiple shorter and longer transmission segments 
can result in steeper voltage breakdown characteristics compared to a more 
evened out topology. This behaviour is caused by the higher-frequent 
superimposition of waves due to the proximity of multiple UGC-OHL interfaces. 
Fig. 4-8 emphasises this principle based on a lattice diagram representation of 
travelling wave propagation for two generic mixed transmission systems with the 
same line length in different arrangements.  

Assuming a line fault near Station 1, the time of first travelling wave arrival at 
Station 2 is the same for both topologies. The arrival times of subsequent 
travelling waves, however, differ significantly as a result of different wave 
reflection frequencies determined by the topology arrangement and segment 
lengths. Hence, the difference between the first and second arrival time in the 
evenly spread topology, ∆tTW,even, is larger than the time difference in the topology 
including short segments, ∆tTW,short. As a result, a faster transient breakdown 
characteristic is expected in the latter topology. 

4.2 Multi-terminal DC systems 

The previously described impacts of UGC-OHL interfaces on the transient fault 
behaviour generally apply to any transmission system setup. In addition to that, 
mixed transmission lines in MTDC and hybrid AC-DC systems can yield further, 
topology-specific impacts on the fault behaviour, which have to be accounted for 
during the evaluation and further development of protection systems. One of the 
main challenges in MTDC systems is the selective detection of line faults as well 
as the subsequent fault separation, which have to be performed with minimal 

 
Fig. 4-8: Schematic representation of travelling wave propagation for different mixed 
transmission topologies 
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impact on healthy system parts. To avoid large-scale grid outages, faults have to 
be identified as fast as possible within the respective protection zone, i.e. typically 
on the faulted line, while preventing protective measures in case of external faults. 
Therefore, the transient fault behaviour has to be analysed both on the faulted line 
as well as in healthy system parts. 

The propagation of travelling waves from the end of a faulted line across the 
subsequent busbar onto an adjacent healthy line is mainly determined by the 
respective line characteristics as well as the size of lumped reactances installed at 
each line termination (cf. chapter 2.1.1). If the line type on both sides of the 
reactance is the same, i.e. a busbar with only one type of line feeder (Z1 = Z2 and 
ρ1 2 = 1), an incoming voltage wave with an amplitude of ∆vdc = -1 pu causes an 
exponential voltage decay behind the inductance according to equation (2.12). If, 
on the other hand, the line characteristics on both sides of the inductance are 
different, e.g. in case of a busbar comprising both UGC and OHL feeders (Z1 ≠ Z2 
and ρ1 2 ≠ 1), the exponential voltage decay is further attenuated or amplified 
depending on the fault location. This principle is visualised in Fig. 4-9 depicting 
the qualitative time-, inductivity- and transmission-dependent travelling wave 
distortion in the immediate time after wave impact at the respective inductance. 
Solid lines represent the behaviour for similar line types on both sides of the 
inductance while the dashed and dotted lines show the respective behaviour for 
additional wave amplification (Z2 > Z1) and attenuation (Z2 < Z1) assuming 
characteristic impedances of Z = 400 Ω and Z = 50 Ω as an example. 

As indicated in the theoretical example, line faults in MTDC systems with mixed 
usage of UGCs and OHLs can have a diverse and potentially bigger impact on 
adjacent healthy lines in comparison to systems, in which the busbars only 
comprise a single type of line feeder. Moreover, the size of the lumped 
inductances installed at each line termination directly affects the extent of these 
transient impacts. This effect is further investigated in the exemplifying MTDC 

 
Fig. 4-9: Time-, inductivity- and transmission-dependent travelling wave distortion at a 
lumped inductance L (solid lines: Z2 = Z1, dashed lines: Z2 = 8∙Z1, dotted lines: Z1 = 8∙Z2) 
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scheme depicted in Fig. 4-10 and Fig. 4-11. An exemplifying pole-to-ground fault 
is evoked on line 12 at a distance of ∆xfault = 50 km from Station 2. As highlighted 
in the figures, the investigation focuses on the voltages and currents recorded on 
the line side of the lumped reactances at the Station 2 busbar comparing the 
transient behaviour on the faulted line 12 with the behaviour on the adjacent 
healthy line 24. Moreover, the above described theoretical influence of lumped 
reactances at the line ends is analysed by varying the sum of inductivities, 
Lsum = L12 + L24, between the two lines. Fig. 4-10 shows the resulting transient 
voltages in both systems while Fig. 4-11 focuses on the respective transient 
current characteristics. 

According to the previously described characteristic behaviour for UGC faults 
and faults on an outer UGC segment in mixed topologies, the pole voltage at the 
end of the faulted line 12 breaks down with the arrival of the first travelling wave 
for both MTDC schemes. While in the UGC system, smaller inductances reduce 
the amplitude of the voltage drop to a certain degree, the inductor size only has a 
negligible impact on the voltage behaviour in the mixed system, as the incoming 

 
Fig. 4-10: Comparison of transient voltages for MTDC systems with pure UGC and mixed 
UGC-OHL transmission (pole-to-ground fault on line 12)  
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travelling waves are not only reflected at the inductances but at the interface to 
the OHL transmission line 24 as well.  

The biggest difference between the two systems is found on the adjacent healthy 
line. In the pure UGC system, the fault impact on line 24 can be reduced 
noticeably by increasing the inductivity between the two lines. An inductivity of 
Lsum = 10 mH leads to an almost immediate voltage decay on the healthy line 24 
following the breakdown on the faulted line 12 (dv/dtinit ≈ 2.8 pu/ms and 
∆tvz ≈ 1.4 ms). If an inductivity of Lsum = 100 mH is used, the initial voltage 
derivative can already be reduced to dv/dtinit ≈ 0.3 pu/ms and the time delay until 
the voltage crosses zero increases to ∆tvz ≈ 5.0 ms. Larger inductances can delay 
the fault impact even further. In the mixed MTDC topology, the same degree of 
decoupling cannot be accomplished as easily due to the UGC-to-OHL transition 
of the travelling waves propagating from line 12 onto line 24. An inductivity of 
Lsum = 100 mH still results in an almost immediate voltage breakdown on line 24 
(∆tvz ≈ 0.3 ms). Even an inductivity of Lsum = 500 mH can only delay the time 
until voltage zero occurs to ∆tvz ≈ 2.8 ms, as the transient behaviour is dominated 
by a transmission coefficient of ρv,12 24 > 1 outweighing the decoupling effect of 
the lumped inductances. Hence, the healthy transmission line as well as the busbar 
and the converter station terminal are subject to a severe transient voltage drop 
during the UGC fault, which has to be taken into account during the layout and 
parametrisation of the respective protection systems.  

In case of an OHL fault on line 24 and the resulting wave propagation via the 
Station 2 busbar onto the healthy UGC line 12, the transient fault behaviour is 
defined by the OHL-to-UGC transition effects previously described in 
chapter 4.1. In this case, the impact of the lumped reactances increases and the 
voltage waves propagating onto the UGC line 12 are noticeable attenuated (cf. 
curves in appendix A2). For the most part, the transient fault effects are limited 
to the affected OHL. Hence, this type of fault case is not expected to represent a 
particular challenge for the protection systems.  

The impact of different lumped reactances on the transient current behaviour in 
pure UGC and mixed UGC-OHL MTDC systems is depicted in Fig. 4-11 for the 
above discussed line 12 fault. In the pure UGC system, the inductor size has a 
significant impact on the initial current derivative (di/dtinit ≈ 32.8 pu/ms for 
Lsum = 10 mH and di/dtinit ≈ 0.9 pu/ms for Lsum = 500 mH) as well as the 
maximum fault current amplitude in the relevant time frame for DC line 
protection. Moreover, inductivities in the range of several tens of millihenry and 
above noticeably reduce the high-frequent oscillations during this time resulting 
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in a continuously positive8 sign of the ROCOC on the faulted line 12 and a 
continuously negative sign on the healthy line 24. In contrast to that, in the mixed 
MTDC system, the impact of the lumped reactances installed at the busbar feeders 
on the transient current profiles is reduced due to the presence of the OHL, which 
also has an inductive characteristic. As a result, the overall fault current amplitude 
and initial current derivatives are smaller on both transmission lines. At the same 
time though, more volatile current profiles with alternating signs of the ROCOC 
occur within the first few milliseconds after fault appearance, which stem from 
the travelling wave distortion effects at the busbar interface. 

The investigated behaviour shows that the effects of UGC-OHL transitions 
previously described for P2P transmission systems have to be accounted for in 
MTDC arrangements as well, particularly in case of busbars comprising both 
UGC and OHL feeders. In this case, the busbar itself represents an interface 
between the two line types. If a fault occurs on the UGC feeder line (line 12 in 

 
8 measured at the line ends in direction of the respective lines 

 
Fig. 4-11: Comparison of transient currents for MTDC systems with pure UGC and mixed 
UGC-OHL transmission (pole-to-ground fault on line 12)  
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Fig. 4-11), voltage travelling waves are amplified as they propagate onto the 
busbar, the converter station and adjacent transmission lines. As a result, healthy 
parts of the MTDC system are severely affected by such fault events.  

4.3 Hybrid AC-DC systems 

Hybrid AC-DC systems describe the parallel routing of AC and DC lines in the 
same transmission corridor, potentially even on the same transmission towers, to 
minimise space requirements. While, on the one hand, faster permission processes 
may be achieved by this setup, the topology also bears a variety of technical 
challenges including short-circuits between a DC pole and an AC phase, so called 
AC-to-DC intersystem faults. In this case, AC and DC voltages and currents 
superimpose in both systems resulting in potentially hazardous stresses for the 
respective components [Pet15, Pet17]. In the AC system, the DC offset may cause 
transformer saturation and pose a potential threat for the safe operation of the 
mechanical circuit breakers, which rely on the existence of natural current zero 
crossings. In the DC system, the components are subjected to significant AC fault 
currents and voltages over the course of the fault event, potentially even after 
blocking of the converter stations. Moreover, intersystem faults in mixed 
transmission topologies may lead to circuits with resonance frequencies in the 
range of the AC grid frequency causing the flow of high AC currents via the fault 
location into the DC cable sections [Ruf18a]. 

As an example for this behaviour, Fig. 4-12 shows the transient voltages and 
currents recorded in a hybrid AC-DC transmission system during an intersystem 
fault comparing the behaviour of a pure OHL DC system with a mixed UGC-
OHL arrangement. The DC system has a rated voltage of Vdc = 320 kV = 1 pu and 
rated pole current of Idc = 1.41 kA = 1 pu and the AC system is operated with a 
phase-to-ground peak voltage of Vac,ph-Gnd,peak ≈ 342.9 kV, which is equivalent to 
1.07 pu in the DC system. In the given example, the full-bridge submodules are 
blocked shortly after travelling wave impact at the line ends. Similar to any other 
DC line fault, the AC-to-DC intersystem fault causes an initial pole voltage drop 
and current rise with the first travelling wave impact. After a short transient phase 
with a peak voltage amplitude of -2.3 pu, a voltage component at AC grid 
frequency is identified in the entire DC system. Blocking the full-bridge 
submodules successfully reduces the fault current to zero at the line ends. 
However, due to the persistent short-circuit between both systems, the AC voltage 
component remains present on the DC line until the fault is cleared in the AC 
system as well. Until this point, a capacitive current is fed from the AC system 
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via the fault location into the open-circuit DC line. In the mixed transmission 
system, this current has a noticeably higher amplitude (ca. 9.6 pu) compared to 
the pure OHL system (ca. 0.4 pu), as the series connection of inductive OHL and 
capacitive UGC segments reduces the overall fault impedance. Due to the Ferranti 
effect, the highest AC voltage appears at the end of the single-sidedly fed DC line, 
i.e. at Station 1. In the mixed arrangement, a quasi-stationary voltage amplitude 
of ca. 1.7 pu is found compared to ca. 1.3 pu in the pure OHL system. 

It is to be noted, that the apparent stresses in the DC system depend heavily on 
the given topology and line parameters. Different OHL and UGC arrangements, 
line lengths or line characteristics (inductivity and capacitance) have a direct 
impact on the fault loop impedance and, as a result, on the AC-grid-frequent fault 
current and voltage at Station 1. To further emphasise these effects, an analytical 
parameter variation study is carried out in appendix A3 for the given hybrid AC-
DC system topology. 

 
Fig. 4-12: Transient voltage and current characteristics for an AC-to-DC intersystem fault 
in case of a mixed UGC-OHL DC transmission system 
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5 Assessment of existing protection concepts 

To assess the applicability of protection methods proposed for future VSC-HVDC 
systems in mixed UGC-OHL transmission topologies, their working principles 
have to be evaluated with respect to the identified topological impacts. The P2P 
systems depicted in Fig. 5-1 serve as a foundation for this purpose as they 
incorporate variations of the relevant parameters (in particular the number and 
setup of line segments) resulting in variety of transient fault characteristics. 

The “95 % UGC, 3 seg” system represents a topology with a dominating share of 
UGC transmission containing just a single intermediate OHL section. The 
“87.5 % UGC, 11 seg” system, on the other hand, comprises a total of 10 UGC-
OHL interfaces to represent an extreme scenario for travelling wave propagation 
via a multitude of transition points. To furthermore account for different line types 
and segment arrangements at the terminations as well as different overall shares 
of UGC and OHL, the “75 % UGC, 4 seg” system and “50 % UGC, 8 seg” 
system are assessed. A pure UGC transmission system (“100 % UGC”) serves as 
a reference case. All of the investigated topologies have a total line length of 
ltotal = 800 km to cover both existing and currently planned VSC-HVDC systems. 

 
Fig. 5-1: Investigated topologies for the assessment of protection methods 
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The protection methods are analysed statistically based on low-resistive pole-to-
ground faults, which are evoked in 10 km intervals along each system for two 
different stationary power flow scenarios (rated power transmission in both 
directions) resulting in 162 fault cases per topology. In addition, the application 
of the respective protection methods in MTDC and hybrid AC-DC arrangements 
is discussed taking into account the effects identified in chapter 4.2 and 4.3. In all 
systems, surge arresters with a rated current of 20 kA and a 8/20 µs characteristic 
are installed at every UGC segment end and within the converter stations [Ste03]. 
Moreover, the converter-internal arm overcurrent protection is activated. 

5.1 Component protection 

Current stresses 

Table 5-1 summarises the maximum current amplitudes at the fault location, the 
UGC-OHL interfaces and the converter stations recorded in the simulations.  

Table 5-1: Maximum current amplitudes recorded in the investigated monopolar systems 

Location 100 % UGC 
95 % UGC 

3 seg 
87.5 % UGC 

11 seg 
75 % UGC 

4 seg 
50 % UGC 

8 seg 
fault location 23.1 pu 23.2 pu 25.1 pu 23.2 pu 23.5 pu 
interfaces - 12.5 pu 15.2 pu 12.5 pu 12.7 pu 
MMC stations 2.9 pu 3.2 pu 3.0 pu 3.2 pu 2.9 pu 

      

During any DC line fault, the highest transient current stress occurs at the fault 
location, as the distributed line capacitances discharge into the fault. Components 
in the vicinity are thus subjected to high surge current amplitudes (approximately 
half of the maximum current amplitude at the fault location) and interferences due 
to electromagnetic coupling. In the given systems, transient currents of up to 
ca. 25 pu of the rated DC current are observed with only slight deviations between 
the topologies. Due to their mainly inductive characteristics, faults on OHL 
segments and at the interfaces lead to smaller transient stresses compared to UGC 
faults, which represent the worst case in all of the systems. 

The interfaces between UGC and OHL segments are also subjected to noticeable 
transient currents of up to ca. 15 pu. OHL faults represent the most critical cases, 
as the propagating current travelling waves are amplified at the OHL-to-UGC 
transitions (cf. chapter 2.1.1). The distribution and individual lengths of the 
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transmission segments, however, do not have a major impact on the maximum 
stress, as similar maximum current amplitudes are found for all of the systems.  

The fault current characteristics at the converter stations depend, amongst others, 
on the system layout (monopole or bipole with/without DMR), the converter type 
(half- or full-bridge MMC) and the size of the lumped inductances installed within 
the stations and at their DC-side terminals. Hence, the magnitude of current 
stresses imposed on the components at this location cannot be generalised. It can, 
however, be seen that the transmission line topology only has a negligible impact 
on the maximum stresses at this location. Therefore, in summary, transmission 
lines with mixed usage of UGC and OHL segments are not expected to be 
subjected to severely higher maximum transient current stresses than pure UGC 
transmission systems. If the components’ current withstand capability covers the 
stresses caused by transmission line faults in pure UGC systems, additional 
current limiting measures are not required by default in case of mixed UGC-OHL 
topologies. This also applies to MTDC grids, in which the maximum transient 
current stress increases with the number of adjacent lines connected to the same 
busbar, as each line discharges into the fault location. 

Voltage stresses 

As indicated in the previous investigations, voltage travelling waves propagating 
from an UGC segment onto an OHL segment are amplified with a transmission 
coefficient of ρv,UGC OHL > 1. Therefore, in case of an UGC fault in a mixed P2P 
or MTDC transmission system with multiple UGC and OHL segments, 
superimposing travelling waves can result in transient overvoltages along the 
OHL segments. This principle is described by the lattice diagram in Fig. 5-2. 

 
Fig. 5-2: Superimposing voltage travelling waves in a mixed UGC-OHL topology 
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At the indicated location and point in time in the diagram, the prospective DC 
voltage is the result of the superimposed stationary voltage vstationary as well as the 
forward and backward travelling waves ∆v3, ∆v5 and ∆v6. Assuming a 
characteristic impedance ratio of ZOHL/ZUGC = 6.2 according to the previous 
investigations and omitting propagation losses, the OHL can be temporarily 
subjected to a transient overvoltage of up to v ≈ 1.77 pu. In case of higher ratios 
of ZOHL/ZUGC , the transient overvoltage increases further, e.g. v ≈ 2.16 pu for 
ZOHL/ZUGC ≈ 10.0. The installation of surge arresters at every UGC-OHL 
transition point is therefore essential, not only to protect the interfaces and UGC 
sections from atmospheric impacts to the OHL, but also to limit overvoltages on 
the OHL segments resulting from UGC faults.  

Apart from the use of surge arresters, UGCs in mixed transmission systems are, 
to a certain degree, naturally protected from external overvoltages by 
transmission coefficients below ρv,OHL UGC < 1 reducing the amplitudes of 
voltage travelling waves propagating from an OHL onto an UGC segment. 
However, as emphasised in chapter 2.2.2, polarised XLPE cable insulations are 
not only vulnerable to DC overvoltages of the same polarity, but also to transient 
voltages with opposite polarity. Due to the accumulation of space charges within 
the insulation material, even comparatively low voltages with reversed polarity 
may damage the insulation or even lead to an insulation failure [Maz13]. Fig. 5-3 
therefore compares characteristic opposite polarity voltage profiles observed at 
the UGC terminations of the mixed topologies with the respective voltage profiles 
in pure UGC transmission systems and standardised CIGRE/IEC profiles 
specified for voltage polarity reversal tests [CIG12, IEC17].  

Today, XLPE cables for HVDC applications are typically tested according to 
CIGRE recommendations, which have been adopted in IEC 62895 specifying test 
methods and requirements for extruded cables and their accessories with rated 
voltages up to Vdc,r = 320 kV [CIG12, IEC17]. With respect to polarity reversals, 
the specifications include superimposed opposite polarity switching and lightning 
impulse tests according to the profiles depicted in Fig. 5-3 a. The insulation is 
required to be capable of withstanding multiple switching impulses with an 
opposite polarity peak voltage of vstandard = -1.2 pu and lightning impulses with a 
respective peak voltage of vstandard = -2.1 pu of the rated DC voltage. Subsequent 
impulse voltages have to be applied within a maximum delay of two minutes. 

As indicated in Fig. 5-3 b for two representative fault scenarios, DC pole-to-
ground faults in pure UGC systems either lead to high-frequent voltage 
oscillations with opposite polarity amplitudes up to vUGC ≈ -1 pu for nearby faults 
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or to lower-frequent oscillations with smaller amplitudes but longer impact 
durations of opposite polarity voltages in case of distant fault locations.  

(a) 

 

 

 

 

 

(b) 
 
 
 

(c) 
 
 
 
 

Fig. 5-3 Transient voltage characteristics including polarity reversals (hatched areas), 
(a) standardised test profiles, (b) pure UGC system profiles, (c) mixed topology profiles 
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representative profiles in Fig. 5-3 c. P2P and MTDC systems with mixed usage 
of UGC and OHL transmission segments therefore do not necessarily result in 
more severe voltage stresses for the cable insulation. If the system’s components 
are sufficiently qualified for an application in UGC-based DC transmission 
systems, no additional protective measures are needed. However, Fig. 5-3 c also 
shows that, in case of an AC-to-DC intersystem fault, the entire power cable may 
be subjected to severe stresses caused by alternating voltages with amplitudes 
above 1 pu of the rated DC voltage, which persist until the fault is cleared both in 
the DC and the AC system. In the given example, an AC voltage amplitude of 
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vdc,max ≈ 1.7 pu with a negative peak voltage of vdc,min ≈ -2.3 pu is observed9. 
Hence, the insulation may be impacted for several AC cycles depending on the 
operating time of the mechanical AC circuit breakers. This can potentially result 
in accelerated ageing of the insulation including additional insulation breakdowns 
in areas of high space charge density (cf. chapter 2.2.2). Even though permanent 
AC-to-DC intersystem faults may represent a statistically improbable 
contingency, detailed analyses of the extent of the stresses have to be carried out, 
if a mixed topology bears the potential of such fault types. In certain scenarios, 
resonance phenomena between the AC grid and the DC line are caused requiring 
special protective measures to avoid large-scale cable damages. So far, only a few 
theoretical concepts have been proposed in this regard, e.g. [Ruf18a]. 
Fundamental research is still needed with respect to the insulation strength of 
polarised extruded cables when subjected to sinusoidal voltages and the 
development of components to limit the fault impacts in both systems.  

5.2 Detection of line faults 

Fault detection in future VSC-HVDC systems is expected to primarily rely on the 
identification of travelling wave impacts by evaluating transient voltage or current 
changes. This is either achieved by a decomposition of recorded measurements, 
e.g. using wavelet analysis, or by the more robust assessment of ROCOV and 
ROCOC. The sole use of overcurrent and undervoltage detection impedes 
selective fault identification in many setups, particularly in MTDC systems. They 
are therefore often proposed as backup protection or additional tripping 
conditions (e.g. vdc < 0.5 pu or idc > 2.0 pu) enhancing the more sensitive 
travelling wave identification methods. To reduce the stresses imposed on the 
semiconductor components and limit the extent of a line fault in the DC system, 
faults have to be detected as fast as possible, preferably within the first one or two 
milliseconds [Bra19, Let16, Tün19a]. 

Fig. 5-4 serves to assess these detection methods based on a statistical analysis of 
the relevant detection parameters for each of the systems in Fig. 5-1. This includes 
the maximum ROCOV and ROCOC values as well as voltage and current 
differentials, ∆vdc and ∆idc, within the first two milliseconds after travelling wave 
arrival. The boxplot representation shows the respective values’ 25th and 75th 
percentiles (borders of the box) as well as their median (horizontal line within 
each box). The whiskers cover approximately 99.3 % of the value range (dotted 

 
9 To emphasise the extent of prospective voltage stresses, surge arresters are omitted in the example. 
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lines), while further outliers are marked by crosses. For better visualisation, the 
absolute values of each parameter are shown and the medians of each box are 
connected by an additional line. It is to be noted that, in general, both the ROCOC 
and the current differential depend on the size of the lumped inductances installed 
in the converter stations. A final decision on the applicability of the respective 
fault detection methods can therefore only be made based on a specific system 
design (cf. exemplifying applications in chapter 7). The conducted investigations 
serve to compare the different system topologies qualitatively assuming the same 
DC terminal inductance of LMMC = 50 mH in all cases.  

At Station 1 in the mixed transmission arrangements, a wider range of voltage 
drops and current rises is observed in the initial time after travelling wave impact 

 
Fig. 5-4: Assessment of detection methods within ∆t = 2 ms after the initial fault impact 
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compared to the pure UGC system. This is indicated by larger ∆vdc and ∆idc boxes 
and an extended whisker range as well as the noticeably smaller medians for the 
mixed systems. More importantly for protection purposes, a significant number 
of fault scenarios is identified, in which no major voltage drop or current rise 
occurs within the first few milliseconds after fault impact. In the “100% UGC” 
system, a voltage differential of ∆vdc > 0.75 pu is apparent for all of the fault 
locations with a median of ∆vdc,median ≈ 1.18 pu and a respective median of the 
current differential of ∆idc,median ≈ 0.89 pu. The smallest fault impact from a 
statistical point of view occurs in the “50% UGC, 8 seg” system with a median of 
the voltage differential of just ∆vdc,median ≈ 0.28 pu and a median of the current 
differential of just ∆idc,median ≈ 0.24 pu.  

With regard to ROCOV and ROCOC, similar tendencies are identified. The 
maximum values at Station 1 are the same for all five topologies, as they stem 
from an UGC fault in the direct vicinity of the converter station. Statistically, 
however, the average travelling wave impact and, most importantly, the minimum 
travelling wave impact are reduced noticeably in all of the mixed topologies 
compared to the pure UGC system. In particular, the two topologies with a high 
number of different UGC and OHL segments often only evoke comparatively 
small ROCOV and ROCOC values after the fault impact, as the travelling waves 
propagate via multiple UGC-OHL transitions before reaching the line end. 

In the “87.5% UGC, 11 seg” system, approximately 25 % of the fault cases lead 
to a maximum ROCOV below 0.38 pu/ms; in the 8-segment topology, this value 
is as low as 0.01 pu/ms. Defining a selective threshold covering all of the fault 
cases, or even just a majority of them, therefore becomes a difficult task. Not only 
the faults within the protection zone have to be detected correctly, but a detection 
caused by external faults, temporary oscillations, electromagnetic coupling etc. 
has to be avoided. Due to the small voltage and current differentials in the same 
time span, they cannot be used to enhance the detection robustness. Moreover, 
the supporting use of directional criteria may not be possible due to alternating 
ROCOC signs, as shown in the MTDC investigations in chapter 4.2. 

As a result of the symmetrical arrangement of the first three transmission systems, 
the same characteristics and detection assessments described above for Station 1 
apply to Station 2 as well. A different behaviour is found for the “75% UGC, 
4 seg” and “50% UGC, 8 seg” systems, as in this case Station 2 is connected to 
an OHL termination. The detection parameters therefore reach noticeably higher 
statistical values compared to Station 1 and, to a certain degree, compared to the 
pure UGC system. This is particularly the case for the ROCOV and voltage 
differential criteria due to travelling wave amplification at the transition from the 
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UGC onto the outer OHL segment. Nonetheless, the minimal detection parameter 
values and the respective medians still fall short of the values for the “100% 
UGC” system (only exception: ROCOV medians of “75% UGC, 4 seg” system) 
impeding selective fault detection exclusively based on these methods.  

Another aspect to be taken into consideration is that the statistical analysis in 
Fig. 5-4 is exclusively based on low-resistive pole-to-ground faults along the 
transmission systems. However, in contrast to pure UGC lines, OHLs can 
potentially be subjected to higher-impedance faults, e.g. in case of objects 
connecting the line to ground, which lead to an additional reduction in the extent 
of travelling wave impacts at the line ends due to smaller initial wave amplitudes. 
More sophisticated travelling wave detection methods, e.g. algorithms based on 
wavelet analysis, are even more reliant on dedicated wave fronts and are therefore 
not expected to allow selective fault identification in the investigated systems. 

As pointed out by the investigations in chapter 4, distant faults in mixed UGC-
OHL systems result in significant travelling wave attenuation and are therefore 
the most challenging faults to be detected fast and selectively on the affected line. 
This is emphasised by Fig. 5-5 showing separate statistical analyses of the 
detection methods for nearby faults on the respective outer line segments10 (left 
side of Fig. 5-5) and faults on the respective distant halves of the transmission 
lines11 (right side of Fig. 5-5). Each column represents one of the four mixed 
transmission topologies and contains both the Station 1 values (left boxes) and 
Station 2 values (right boxes). 

The statistical analysis clearly points out the discrepancy of the detection 
methods’ effectiveness between nearby faults on the outer system segments and 
distant faults, in which the travelling waves propagate across one or more UGC-
OHL interfaces. Voltage-based fault detection methods appear to be suitable for 
the fast detection of faults near the line ends, as a definition of robust thresholds 
seem feasible, such as ROCOV ≥ 1 pu/ms and ∆vdc ≥ 0.5…1 pu. The 
parametrisation of current-based detection methods depends on the specific 
application. However, in the given setup, thresholds of ROCOC ≥ 1 pu/ms and 
∆idc ≥ 0.5…1 pu appear feasible for fast fault detection as well. On the other hand, 
as indicated on the right hand side of Fig. 5-5, the majority of line faults occurring 
behind the outer transmission segments would not be detected within the first 
milliseconds, if the protection concepts is exclusively set up of these methods and 
thresholds. In particular, ROCOV and ROCOC methods no longer act as primary 

 
10 e.g. fault locations xfault = 420…800 km for Station 2 in the “95 % UGC, 3 seg” system (cf. Fig. 5-1) 
11 i.e. fault locations xfault ≥ 400 km for Station 1 and xfault ≤ 400 km for Station 2 (cf. Fig. 5-1) 
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fault detection methods (if at all) and most of the distant faults would at some 
point be detected by overcurrent or undervoltage relays.  

The consequences of a delayed fault detection and whether or not this is 
acceptable in a given case may differ for each VSC-HVDC system and thus have 
to be evaluated based on the specific application. However, as pointed out in 
chapter 1.2.2, fault detection based on overcurrent and undervoltage criteria often 
results in non-selective fault handling, as the delayed reaction to the fault event 
may result in undesired converter blocking or false tripping of adjacent lines in 
MTDC systems. To ensure fast and selective fault detection in mixed transmission 
systems for all fault locations, additional detection methods are needed to 
complement the existing criteria and enhance the overall protection performance.  

 
Fig. 5-5: Assessment of detection methods within ∆t = 2 ms after the initial fault impact 
for faults on the respective outer segments (left) and the distant line halves (right) 

faults on nearby outer segments faults on distant line halves

50% 
UGC
8 seg

50% 
UGC
8 seg

95% 
UGC
3 seg

95% 
UGC
3 seg

87.5% 
UGC
11 seg

87.5% 
UGC
11 seg

75% 
UGC
4 seg

75% 
UGC
4 seg

0

2

4

0

1

2

0

2

4

0

1

2

R
O

C
O

V
m

ax
[p

u/
m

s]
Δv

dc
[p

u]
R

O
C

O
C

m
ax

[p
u/

m
s]

Δi
dc

[p
u]



Assessment of existing protection concepts 65 

With regard to the selectivity of the proposed fault detection methods in MTDC 
systems, the analyses of chapter 4.2 clearly show the severe transient impacts on 
healthy system parts caused by UGC faults in the vicinity of busbars comprising 
both UGC and OHL feeders. The resulting ROCOV and ROCOC values on 
healthy OHL feeders can easily surpass the values for faults inside the respective 
protection zones, even if reactances with significant inductance values are 
installed at the line terminations. In addition, oscillating currents during the 
transient discharge phase may impede an application of current direction criteria 
to discriminate internal and external faults. Since the use of sensitive, travelling 
wave based detection methods is of utmost importance in MTDC schemes to 
allow fast fault detection, the known methods have to be enhanced.  

5.3 Fault separation 

Most of the protection concepts proposed for future VSC-HVDC systems either 
rely on DCCBs or on FB-MMCs in combination with fast DC switches to separate 
line faults and restore normal system operation as fast as possible. As both 
methods typically make use of power electronic switches to reduce or break the 
DC fault current12, the maximum current amplitude during the fault separation 
process is often the most critical design criteria, along with the transient 
interruption voltage and energy dissipation [Dör16, Fra11, Tün19a]. In case of 
DCCBs, impermissible current stresses may damage the breaker components and 
impede reliable fault clearing. If FB-MMCs are used to actively control the DC 
fault current, exceeding the maximum permissible arm current will lead to 
protective submodule blocking. To avoid this behaviour, the lumped inductances 
installed in the converter stations and at each line end have to be designed 
according to the system setup and the equipment ratings without affecting the 
overall control performance [Buc14]. This applies not only to pure UGC and pure 
OHL systems, but to mixed UGC-OHL arrangements as well. 

As pointed out in chapter 5.1, mixed systems do not inherently result in more 
severe DC voltage or current stresses at the line ends compared to pure UGC or 
pure OHL systems. Hence, no additional precautions have to be taken by default 
to ensure the reliability of the fault separation process. If a DCCB- or FB-MMC-
based concept is generally feasible in pure UGC or pure OHL systems, it is 
expected to be suitable for mixed transmission systems as well. Nonetheless, a 
system-specific evaluation of the fault separation process is always recommended 

 
12 exception: mechanical DCCBs with current injection 
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due to the variety of mixed UGC-OHL setups and their respective characteristics. 
This is particularly relevant, if FB-MMCs apply control concepts allowing DC 
terminal voltages with sinusoidal components [Stu18, Tün16]. In this case, the 
resonance characteristics of the specific UGC-OHL arrangement have to be taken 
into consideration to avoid instabilities and severe component stresses. 

5.4 Discrimination of UGC and OHL faults 

After successful fault detection and separation, an automatic attempt to recover 
normal operation is desired for faults on OHL segments. On the contrary, re-start 
attempts must be avoided for UGC faults, which are always permanent. To be 
able to decide whether or not to initiate the recovery process, on-line methods 
discriminating UGC faults and OHL faults within several tens to hundreds of 
milliseconds after the initial fault impact are required, independent of the system 
type (P2P, MTDC or hybrid AC-DC). 

The localisation accuracy of algorithms evaluating travelling wave patterns 
mainly depends on the accuracy of identifying travelling wave arrival instances, 
which in turn strongly depends on the measured signal characteristics as well as 
aliasing effects caused by the measurement equipment (physical low-pass filter 
properties, sampling frequency etc.). Therefore, to assess the applicability of 
transient signal analysis methods for on-line discrimination of faults, the very 
moment of travelling wave arrival at the line ends has to be studied. Fig. 5-6 
shows the DC voltages recorded within the first tens of microseconds after the 
fault impact at both converter stations for pure OHL and pure UGC transmission 
as well as two mixed system arrangements from Fig. 5-1. Each case is based on 
an exemplifying fault in the middle of the respective line. For better 
comparability, the travelling wave arrival time is normalised to ∆tsim = 0 µs, as 
indicated by the dotted line. In the given examples, the simulation time step is 
reduced to ∆tstep = 1 µs to account for the typically required sampling frequencies 
of fsample ≥ 1 MHz. Moreover, in a first step, measurement inaccuracies and filter 
applications are omitted. 

In the OHL system, the travelling wave impact is visible within the first 
∆tsim = 2…5 µs after the theoretical wave arrival time, as the voltage quickly 
deviates by several percent from the steady-state value. If the localisation 
algorithms on both sides of the line are capable of identifying these events, a 
theoretical localisation error of less than ∆xlocalisation ≤ 0.75 km is ensured 
according to equation (1.1). Due to a higher attenuation of travelling waves in 
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power cables compared to OHLs, the wave front in the pure UGC system appears 
more flattened at both line ends, even though low-pass filtering is neglected in the 
depicted curves. Pinpointing a fault location therefore becomes more difficult, as 
the identification of the exact instance of travelling wave arrival becomes 
increasingly more challenging. For this reason, a variety of localisation methods 
are applied in today’s VSC-HVDC systems on top of the evaluation of transient 
fault recorders (cf. chapter 1.2.2). 

In the mixed transmission systems, the wave fronts are even further flattened at 
their arrival at the line ends as a result of wave propagation via the UGC-OHL 
interfaces. In the “50 % UGC, 8 seg” system, differences are found between the 
UGC termination at Station 1 and the OHL termination at Station 2, where the 
wave impact causes an even steeper initial voltage change than in the pure UGC 
system. However, in most cases, identifying the instance of travelling wave 
arrival correctly appears an almost impossible task. The challenge becomes even 
more evident, if measurement inaccuracies are taken into consideration. For this 
purpose, Fig. 5-7 compares the ideally recorded DC voltage in the 
“50% UGC, 8 seg” system with the same voltage profile, if it is subjected to a 
white noise measurement error13 of emeas ≤ 1 %. 

In the given example, the travelling wave arrival at the OHL termination at 
Station 2 may be identified with an error of some microseconds to some tens of 
microseconds depending on the applied method. At the UGC termination at 
Station 1, finding a similarly sensitive and robust enough threshold to accurately 
detect the travelling wave arrival time does not seem feasible. At best, the fault 
impact may be identified after several tens of microseconds. Faults may therefore 
be located on the mixed transmission line with an error of several kilometres up 
to several tens of kilometres depending on the given topology, fault location and 
fault type. Hence, in most applications, on-line discrimination of UGC faults and 

 
13 pseudorandom values from the standard normal distribution 

 
Fig. 5-6: Assessment of the initial travelling wave impact at the line ends 
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OHL faults based on transient fault recorders will not indicate the faulted line 
segment correctly. 

Another approach for the on-line localisation and discrimination of faults relies 
on the evaluation of distributed current measurements at each UGC-OHL 
interface. The general potential of this method is assessed based on two 
exemplary faults in the vicinity of the first UGC-OHL interface in the 
“95 % UGC, 3 seg” system, as indicated in Fig. 5-8. F370 and F390 represent UGC 
and OHL faults, which each occur at a distance of ∆x = 10 km from the interface. 
Currents are recorded at each segment end in direction of the respective segment. 
The upper plots in Fig. 5-8 contain the currents recorded at the UGC segment near 
Station 1, separated into left end currents (left side) and right end currents (right 
side). Accordingly, the currents recorded at the OHL segment and the UGC 
segment near Station 2 are shown in the middle and lower plots. 

Even in the given topological setup comprising two comparatively long UGC 
segments and a single short OHL segment, a clear pattern of the fault currents is 
visible depending on the faulted line segment. After fault occurrence at 
∆tsim = 0 ms, the two currents recorded on the left and right segment ends in 
direction of the respective segment initially change with opposite signs, if the 
fault occurs on another segment. On the other hand, if the segment itself is the 
faulted line section, both currents initially change with the same sign depending 
on the affected DC pole. For the positive pole-to-ground fault at F370 (blue curve), 
only the pair of segment end currents recorded at segment 1, i.e. the UGC section 
near Station 1, both show an initial positive current change. On the other two 
segments, opposite initial changes are found. For the F390 fault (red curve), the 
same initial sings of the current change can clearly only be identified on 
segment 2, i.e. the OHL section. 

 
Fig. 5-7: Assessment of the initial travelling wave impact for ideal and non-ideal transients 
recording in the “50% UGC, 8 seg” system 

0.0 10.0 20.0 30.0 40.00.0 10.0 20.0 30.0 40.0

0.97

0.98

0.99

1

Station 2Station 1

ideal recording
recording with white noise

Δtsim [ms] Δtsim [ms]

v d
c
[p

u]



Assessment of existing protection concepts 69 

Evaluating distributed current measurements to identify a faulted line section is a 
promising approach to allow fast recovery of mixed transmission line operation 
after the detection and separation of OHL faults. It is more robust compared to 
methods evaluating travelling wave phenomena and can be adapted easily to any 
given UGC-OHL topology. The method requires a communication infrastructure 
to transmit the recorded measurements to the converter stations. However, other 
than for fault detection purposes, the on-line discrimination of UGC and OHL 
faults does not necessarily have to be performed immediately after the initial fault 
impact. A communication delay of several milliseconds depending on the overall 
line length therefore does not have a negative impact on the method’s 
functionality. The approach is developed further in chapter 6.2 incorporating it 
into the fault handling process for mixed VSC-HVDC systems. 

 

 

 
Fig. 5-8: Assessment of distributed current measurements for fault localisation 
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6 Development of enhanced protection methods 

Based on the comprehensive analysis of the system behaviour and the subsequent 
assessment of existing protection methods, a variety of challenges for reliable, 
fast and selective line protection of VSC-HVDC systems with mixed usage of 
UGC and OHL transmission segments are identified. Most importantly, the 
known fault detection methods cannot ensure selectivity in the majority of mixed 
system arrangements without further enhancements and an incorporation of 
additional methods. Moreover, the distortion of travelling waves caused by UGC-
OHL interfaces often impedes an accurate determination of travelling wave 
arrival times. Therefore, deciding whether or not to initiate an automatic re-start 
attempt on a faulted line exclusively based on local fault recorders and signal 
analyses becomes increasingly difficult.  

Taking into account the observed characteristics, the following additional 
protection requirements are identified for mixed transmission systems: 

 Diversity and speed of fault detection 

The system’s primary line protection has to incorporate methods to 
quickly detect faults on outer segments, which immediately cause steep 
voltage and current changes at the nearby line end, as well as methods 
to quickly detect distant faults, which may only cause marginal initial 
impacts on the voltages and current measured at the line ends. 

 Sensitivity and robustness of fault detection in MTDC systems 

Fault detection methods have to be sensitive enough to quickly react to 
line faults and thus limit their impacts on healthy system parts. At the 
same time, the detection methods have to be robust enough to avoid 
tripping for faults on adjacent lines. 

 Accuracy and speed of on-line fault localisation  

The faulted line segment has to be identified reliably within several tens 
of milliseconds after fault occurrence to enable automatic fault recovery 
strategies based on the determined fault type (OHL/UGC). Pinpointing 
the fault location is not required at this point. 

To comply with these requirements, detecting and localising line faults cannot be 
based exclusively on the information content of the voltages and currents 
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measured at the line terminations. Instead, the information of remote faults has to 
be recorded in the vicinity of the event eliminating the impact of travelling wave 
attenuation and distortion caused by the UGC-OHL transitions as much as 
possible. The recorded information then has to be made available at the line ends 
and has to be incorporated directly into the fault detection and on-line localisation 
methods. Other than in pure UGC or pure OHL systems, where primary protection 
based on signal communication is not considered feasible due to the resulting 
delays, non-selective tripping caused by backup protection criteria is expected to 
take considerably longer in case of remote faults in mixed transmission systems. 
The aforementioned challenges of slowly decaying voltages and slowly rising 
currents at the line ends can therefore be used as an advantage, as more time is 
available to communicate measurement signals recorded along the transmission 
line to the respective line ends. 

The enhanced line protection methods rely on DC pole voltage and current 
measurements at every UGC-OHL transition point. To transmit the recorded 
values, communication channels are introduced between both line ends (end-to-
end, “e2e”) as well as between each interface and line end (interface-to-end, 
“i2e”). In the EMTP model framework, the signal communication is implemented 
using delay functions. A communication speed of ucom = 200 km/ms is assumed 
for signal transmission with an additional time delay of ∆tcom,proc = 500 µs to 
account for signal processing [CEN18]. Hence, the total i2e communication 
delay, ∆ti2e, is calculated from the distance xi2e between the respective interface 
and line end according to equation (6.1). 

 (6.1) 

By incorporating the additionally available measurement data from the distributed 
voltage and current sensors, new and enhanced protection methods are developed 
to address the requirements for reliable, fast and selective fault handling in VSC-
HVDC systems with mixed UGC-OHL transmission systems. 

6.1 Fast and selective detection of line faults 

Travelling wave based detection methods (ROCOV, ROCOC) 

Faults near the transmission line terminations result in fast voltage and current 
changes requiring immediate fault detection based on local measurements and 
fast signal processing. Typically, less than a millisecond is available for the 
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detection process, if protective blocking of MMC submodules shall be avoided. 
In this case, communication-based detection methods cannot improve the 
protection performance. Instead, methods evaluating the ROCOV and ROCOC 
are applied, as previously proposed for such purposes [CIG18]. The respective 
measurements, filtering and calculation of the rates of change are implemented as 
described in chapter 3.1.  

Depending on the given topology, component ratings etc., the use of travelling 
wave based detection methods may be limited requiring project-specific 
adaptions. This is particularly the case for MTDC systems, where false tripping 
on adjacent healthy lines must be avoided. Based on the analysed system 
behaviour, the following aspects are identified in this regard: 

 Dimensioning of reactances at the line ends 

Robust ROCOC threshold parametrisation may not be feasible, if large 
reactances are installed at the line ends limiting the pole current rate of 
change. On the other hand, larger reactances increase the decoupling of 
transient voltage changes enhancing the selectivity of ROCOV methods. 

 Transients at OHL terminations 

The parametrisation of ROCOV and ROCOC criteria has to account for 
electromagnetic coupling effects between the pole conductors to avoid 
false tripping during single pole-to-ground faults, in particular for 
bipolar systems with DMR. More robust threshold parametrisation 
and/or the use of additional tripping conditions may be required. 

 Presence of DC choppers 

High voltage and current rates of change may be caused temporarily on 
healthy lines, if DC choppers are applied in a symmetrical monopole 
system. Thus, the use of ROCOV and ROCOC criteria can be limited. 

 Busbars comprising both UGC and OHL feeders 

Faults on UGC feeders can cause severe transient impacts on healthy 
system parts (busbar, OHL feeders, converter feeder). The use of 
additional tripping conditions is needed to prevent incorrect fault 
detection on healthy lines. 

In the exemplifying test systems in chapter 7, the lumped reactances are 
dimensioned large enough to allow fault handling by DCCBs or FB-MMCs 
without the need for protective converter blocking. As a result, the rate of change 
of the fault current is reduced, which affects the functionality of the ROCOC 
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criterion. However, since the main task of the travelling wave based methods is 
the detection of nearby faults resulting in steep voltage and current changes 
anyway, the protection threshold are not parametrised more sensitively to 
compensate the high inductance values. Instead, robust ROCOC and ROCOV 
thresholds are chosen, which are valid in a variety of different topologies. The 
detailed relay parametrisation is listed in appendix A1.  

To address the challenge of steep voltage and/or current transients on healthy lines 
in MTDC systems, which may be caused by travelling wave reflection and 
transmission effects at busbars or the operation of DC choppers, a detection 
condition is added to the travelling wave based methods, as indicated in the 
schematic representation of Fig. 6-1. 

If a fault is detected on one of the busbar feeders, the event is signalled to all 
adjacent protection zones (flag = 1) preventing the respective local ROCOV and 
ROCOC functions from incorrectly reacting to the transient voltage and current 
changes transmitted via the busbar interface. Hence, in this setup, faults can only 
be detected by the travelling wave based methods, if the respective thresholds are 
exceeded and no previous fault was detected on an adjacent transmission line in 
the immediate time before the event. To furthermore avoid unintended tripping at 

 

Fig. 6-1: Extension of travelling wave based detection methods in MTDC systems with a 
busbar feeder fault flag  
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OHL terminations due to transient electromagnetic coupling from a faulted DC 
pole to a healthy pole, the ROCOV criterion is only used at UGC feeders.  

Distributed undervoltage method (distUV) 

As a means to quickly detect remote faults, a distributed undervoltage (distUV) 
detection method is introduced based on the communication infrastructure 
between every UGC-OHL transition and the line ends. The setup and working 
principle is described in Fig. 6-2. For simplification purposes, only the positive 
pole criteria are indicated. On the negative DC pole, voltage and current criteria 
are assessed with the respective opposite sign. 

The pole voltages measured at the interfaces, vint,1…vint,n, are transmitted to both 
line ends, where they are low-pass filtered (cf. chapter 3.1) and compared to a set 
threshold Vlim. At the same time, the DC pole current is measured at the line end, 
iend, and the sign of its rate of change is evaluated. If any of the distributed voltage 
measurements falls below the threshold while a positive ROCOC occurs, a line 
fault is detected. Hence, the methods combines the remotely available information 

 

Fig. 6-2: Setup and working principle of the distributed undervoltage detection method 
based on interface-to-end communication 
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of a transient event (DC voltage drop along the transmission line) with a direction 
criterion indicating a fault within the protection zone.  

As pointed out by the investigation in chapter 4.2, certain fault scenarios in mixed 
MTDC systems can cause severe voltage drops and oscillating currents on healthy 
line feeders potentially inducing non-selective tripping based on the voltage level 
and ROCOC sign. To account for such impacts in MTDC applications, the 
aforementioned busbar feeder fault flag is added to the detection logic in Fig. 6-2 
only allowing the identification of a line fault, if no previous fault has been 
detected on adjacent line feeders in the immediate time before the event.  

Adapted local undervoltage method (UVadapt) 

The e2e communication channel between the two line ends is used to transmit an 
information bit of the protection status. In case a fault is detected at one end, the 
information is send to the protection system located at the other side, where the 
local undervoltage backup protection is subsequently adapted to a more sensitive 
threshold to allow faster fault detection (UVadapt). The setup and working 
principle of the detection method is shown in Fig. 6-3. 

 

Fig. 6-3: Setup and working principle of the adapted local undervoltage detection method 
based on end-to-end communication 
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At the line ends, the DC pole voltage, vend, is continuously measured and 
compared to the set backup threshold Vlim. In case the voltage falls below that 
threshold for a specified time, the backup protection is tripped. If, on the other 
hand, a DC line fault is indicated by the opposite side (fault flag = 1), the voltage 
threshold is adapted to a more sensitive level Vlim

*. This way, faults near the 
remote line end are detected significantly faster and independent of the voltage or 
current rate of change.  

Summary of detection methods 

Fig. 6-4 gives an overview of the implemented fault detection methods. Next to 
the enhanced primary fault detection methods – i.e. the ROCOV and ROCOC 
criteria as well as the newly added distUV and UVadapt methods – a DC pole 
overcurrent (OC) criterion is used as an additional backup protection, which is 
parametrised according to the component ratings.  

Both of the newly developed methods rely on the availability and reliability of a 
communication infrastructure to quickly detect line faults and enhance the 
protection performance in mixed transmission systems. It is to be pointed out 
though, that a loss of communication does not result in an unintended detection, 
as additional voltage and current criteria have to be fulfilled for each method. At 
the same time, primary and backup protection methods based on local 

 

Fig. 6-4: Setup of line fault detection methods for mixed UGC-OHL transmission 
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measurements remain available during a communication failure ensuring the 
operational safety. 

6.2 Identification of faulted line segments 

Automatic fault recovery strategies in mixed UGC-OHL transmission systems 
require a reliable method for on-line localisation of line faults discriminating 
permanent UGC faults and potentially temporary OHL faults within several tens 
milliseconds. In this regard, the applicability of algorithms comparing travelling 
wave arrival times appears to be limited due to the inaccuracies caused by wave 
distortion at every transition point. Instead, a localisation method based on 
distributed current measurements is applied to achieve higher reliability, similar 
to the absolute selectivity for differential protection methods. The approach relies 
on the DC pole current measurements at every UGC-OHL interface, iint,1…iint,n, 
which are transmitted to both line ends, where they are processed and evaluated 
together with the local current measurement iend. The setup and working principle 
of the developed algorithm is shown in Fig. 6-5. 

 

Fig. 6-5: Setup and working principle of the faulted segment identification method based 
on interface-to-end communication 
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If a line fault in the mixed transmission system is detected, the distributed current 
measurements are analysed to identify the faulted line segment. Several 
approaches are conceivable for this purpose, e.g. the calculation of differential 
currents taking into account the different interface-to-end communication time 
delays [Tze18]. However, since the quasi-stationary fault behaviour of any DC 
system depends on its topological and technological setup, a more versatile 
approach based on the initial sing of the ROCOC is chosen.  

As soon as any of the recorded current measurements is subject to a positive or 
negative change above/below a set threshold of ±(∆i/∆t)lim, the sign of the change 
is stored. Afterwards, the current change tendencies at both ends of each segment 
are compared. The faulted segment is identified clearly, if the current changes at 
both ends tend towards the segment, as the surrounding line segments and/or 
converters discharge into the fault location. In Fig. 6-5, the direction of current 
measurements is indicated from left to right. Hence, for a fault on the positive 
pole, the faulted line segment is characterised by a positive current change at its 
left end and a negative current change at its right end. The tendencies are vice 
versa in case of a negative pole fault.  

Since the method is based on simple threshold comparisons, its operating time 
mainly depends on the time required to transmit and process the measurement 
data. Assuming a communication speed of ucom = 200 km/ms, the faulted line 
segment is identified within a few milliseconds after fault occurrence in most 
topologies. Hence, automatic recovery strategies can be realised without further 
delays.  
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7 Validation in exemplary test cases 

To validate the applicability of the enhanced protection concepts under different 
setups and operating conditions, two exemplary test systems are investigated:  

 Test system 1:  

±525 kV bipolar point-to-point interconnection with dedicated metallic 
return conductor using full-bridge-based MMCs to actively control the 
DC line current in case of a fault 

 Test system 2:  

±320 kV symmetrical monopole multi-terminal system based on half-
bridge MMCs and hybrid DCCB to separate line faults 

At first, exemplary temporary and permanent faults are examined in both systems 
before a statistical analysis of the protection performance is carried out evaluating 
the share of detection methods in the initial fault identification, the speed of fault 
detection as well as the impacts on healthy system parts during fault handling.  

7.1 Bipolar point-to-point interconnection 

Fig. 7-1 gives an overview of the investigated DC system setup. The bipolar 
transmission line is set up of eight evenly spread UGC and OHL segments with a 
total length of l = 800 km. A DMR is used to enable continuous active power 
transmission at reduced transmission capacity in case of a single pole-to-ground 
line fault. The DMR is grounded at Station 1, which is operated in DC voltage 
and reactive power control mode. Station 2 controls its active and reactive power.  

 

Fig. 7-1: Overview of test system 1: Bipolar point-to-point interconnection  

Station 2
P

N

DMR

Station 1

UGC 
(100 km)

OHL 
(100 km)

UGC 
(100 km)

OHL 
(100 km)

OHL 
(100 km)

UGC 
(100 km)

OHL 
(100 km)

UGC 
(100 km)



82  Validation in exemplary test cases 
 

Within the converter stations, each MMC arm comprises 215 full-bridge 
submodules with submodule capacitances of Csm = 5.0 mF at a rated voltage of 
Vr,sm = 2.7 kV. Lumped reactances of Ldc = 150 mH and Ldc = 25 mH are installed 
at the DC terminals of Station 1 and Station 2, respectively. The higher value at 
Station 1 is required to limit the transient current infeed from the converter station 
in case of a line fault, as the cable capacitances discharge into the fault location. 
Surge arresters rated at 20 kA with a 8/20 µs characteristic are installed at every 
UGC segment end [Ste03]. The converter-internal protections are set up 
according to the descriptions of the EMTP simulation framework in chapter 3.1.  

First, the system’s reaction to a permanent UGC fault is examined. For this 
purpose, a short-circuit is evoked between the positive pole and ground at a 
distance of ∆xfault = 620 km from Station 1. Before the fault occurs, rated active 
power is transmitted from Station 1 to Station 2 and both converter stations 
provide reactive power to the connected AC grids. The resulting DC pole voltages 
and currents recorded at both line terminations are shown in Fig. 7-2 along with 
the fault detection signals. Below, the fault handling process is described referring 
to the points in time (1) to (4) indicated in the figure. 

After fault inception at Δtsim = 0 ms (1), voltage and current travelling waves 
propagate through the transmission line in both directions. They reach Station 2 
after approximately Δtsim  0.8 ms and Station 1 after Δtsim  2.9 ms instantly 
causing a voltage drop and current rise on the affected pole as well as transient 
voltage and current changes on the healthy conductors (2). Multiple detection 
methods quickly identify the contingency in the positive pole protection zone 
initiating the fault handling process (3). At Station 2, the ROCOC algorithm is 
the first to detect the fault at Δtsim  0.2 ms after the initial travelling wave impact 
due to the proximity of the fault location to the line end and the steep current 
change caused by travelling wave amplification at the UGC-to-OHL transition. 
Shortly afterwards, the distUV method detects the fault as well, as the voltage 
drop at the interface between segment 6 and segment 7 is recorded and the 
information is transmitted to the line end. At Station 1, a clear initial wave front 
cannot be detected, as the travelling waves propagate via several hundred 
kilometres and multiple UGC-OHL transitions. The fault is therefore detected 
first by the distUV method at Δtsim  1.0 ms after the initial travelling wave 
impact followed by the UVadapt method using the e2e communication channel 
from Station 2 to Station 1. The UV backup detection is tripped belatedly at both 
stations, as the DC voltage continuously stays below the set threshold of 
vdc < 0.5 pu. 
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Immediately after the fault detection, the P pole current is reduced to zero by the 
full-bridge MMC’s fault current control, as it adjusts the DC terminal voltage to 
the voltage at the fault location. After the resulting transient phase, the DC system 
is successfully transitioned to a new stable operating point transmitting 50 % of 
the pre-fault active power via the healthy N pole conductor and the DMR (4). 
Meanwhile, protective blocking of the MMCs is successfully avoided. During the 
entire fault handling process, the converter stations stay connected to the 
surrounding AC systems providing reactive power compensation. The fault 
localisation algorithm correctly characterises the contingency as an UGC fault 
based on the currents recorded at the UGC-OHL interfaces. An attempt to re-start 
operation on the faulted DC pole is therefore not initiated. Instead, the system 
continues operation in the newly set operating point in asymmetrical monopole 
configuration. 

 

Fig. 7-2: DC pole voltages, currents and fault detection signals during the fault handling 
process of a permanent pole-to-ground fault at a distance of ∆xfault = 670 km from Station 1 
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The on-line fault localisation process is shown in Fig. 7-3 indicating the recorded 
signs of the ROCOC at every line segment end (seg. 1…seg. 8). It can be seen 
that the pattern of initial ROCOC signs observed at the ends of segment 7 differs 
from the other segments, as the transmission line capacitances discharge in 
direction of the fault location. Only at the ends of segment 7, both currents 
initially change with a positive ROCOC sign while opposite initial signs are 
recorded at the other segment ends. The fault location is thus identified and the 
detected contingency is characterised as a permanent UGC fault. 

In the following example, the fault handling process is investigated for a 
temporary OHL fault in test system 1 assuming the same pre-fault steady-state 
conditions as in the previous case. Fig. 7-4 shows the recorded pole voltages, 
currents and detection signals for a temporary pole-to-pole-to-ground fault 
(P-N-Gnd) at a distance of ∆xfault = 120 km from Station 1. The fault is initiated 
at Δtsim = 0 ms (1) sending out travelling waves, which arrive at Station 1 shortly 
afterwards at Δtsim  0.7 ms and at Station 2 after Δtsim  3.0 ms. Both the P and 
N pole voltages break down and the pole currents rise accordingly (2). Due to the 
vicinity of the fault to Station 1, the initial voltage change is high enough to be 
detected by the ROCOV criterion at Δtsim  0.3 ms after travelling wave arrival 
(3). In addition, the fault is detected by the distUV and OC criteria at 
Δtsim  1.2 ms and Δtsim  1.4 ms, respectively. Due to the significant distance 

 

Fig. 7-3: Fault localisation based on the initial ROCOC sign at every segment end for a 
permanent pole-to-ground fault on the UGC segment 7 
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between the fault location and Station 2 as well as the multitude of UGC-OHL 
transitions, the fault is detected there first by the distUV criterion at Δtsim  1.9 ms 
after travelling wave arrival. The UVadapt and ROCOC criteria both trip as well 
at Δtsim  2.5 ms and Δtsim  2.7 ms, respectively. Other than in the previously 
investigated UGC fault scenario, the UV criterion does not trip, as the fault is 
quickly characterised as an OHL fault and the system is operated in a recovery 
mode, in which further detection due to DC undervoltage is blocked. 

After successful limitation of the DC pole current by the full-bridge MMC’s fault 
current control, active power transmission is suspended on both poles of the DC 
system to allow arc extinction in case the OHL fault is indeed temporary (4). 
During this period, both converters operate as a static synchronous compensator 
exclusively providing reactive power to the connected AC grids. Protective 
blocking of the MMCs is successfully avoided.  

 

Fig. 7-4: DC pole voltages, currents and fault detection signals during the fault handling 
process of a temporary P-N-Gnd fault at a distance of ∆xfault = 120 km from Station 1 
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The system remains in this operation mode until the specified arc deionisation 
time has elapsed (here: Δtdeion = 0.3 s). Then, an attempt is made to ramp the DC 
voltage back up to vdc = 1 pu (5). As the voltage recovery is completed without a 
re-ignition of the fault arc, the pre-fault power flow is restored and the bipolar 
system continues normal operation (6). The fault localisation process for the given 
scenario is depicted in Fig. 7-5. Again, a clear difference in the ROCOC sign 
patterns is identified for one of the transmission segments, as the OHL segment 2 
is the only segment with positive initial current changes at both ends. The 
contingency is thus characterised as a potentially temporary OHL fault and the 
recovery process is initiated. 

To further evaluate the enhanced and newly developed protection methods, pole-
to-ground, pole-to-pole and pole-to-pole-to-ground faults are evoked at both line 
terminations and in 10-km-intervals along the entire transmission system. Both 
power flow directions are taken into account resulting in a total of 486 fault 
scenarios. The protection performance is analysed for all of these scenarios 
differentiating between the behaviour at the UGC and OHL terminations. 

Over the course of the simulations, all of the line faults are detected selectively 
without false tripping of the healthy DC pole and without protective blocking of 
the MMC submodules. The obtained share of the different detection methods in 
the initial fault identification is summarised in Fig. 7-6. In the evaluation, an 

 

Fig. 7-5: Fault localisation based on the initial ROCOC sign at each segment end for a 
temporary P-N-Gnd fault on the OHL segment 2 
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initial detection by “multiple” criteria is assumed, if two or more detection 
methods identify a line fault within Δtsim ≤ 100 µs.  

In the test system 1 topology, only a comparatively small percentage of faults are 
initially detected by the ROCOV or ROCOC methods. Their functionality is 
mostly limited to the detection of faults on the outer line segments. Instead, the 
majority of faults are detected first by the developed communication-based 
methods, in particular the distUV criterion. These methods are less affected by 
the distortion of travelling waves at the interfaces allowing reliable and fast fault 
detection even before major voltage and current impacts become visible at the 
line ends. Therefore, in case of long transmission lines with multiple UGC and 
OHL segments, it is recommended to apply i2e as well as e2e communication for 
protection purposes. Both at the UGC termination and the OHL termination, the 
developed distUV and UVadapt methods represent the most important detection 
criteria for faults occurring behind the outer segments. They are essential to 
ensure selective fault identification and continuous system operation. 

Table 7-1 gives an overview of minimum, maximum and average detection times 
for the investigated fault scenarios, i.e. the difference between the point in time 
of the first travelling wave arrival and the point in time of fault identification. 

Table 7-1: Detection times after travelling wave arrival in test system 1 

Parameter UGC termination OHL termination 
Minimum detection time 0.12 ms 0.06 ms 
Maximum detection time 2.39 ms 2.25 ms 
Average detection time 1.04 ms 1.03 ms 

   

For test system 1 with a total transmission line length of l = 800 km and up to 
seven UGC-OHL interfaces located between a fault and the line terminations, 
short-circuits are reliably identified at both line ends by the developed detection 
concept within Δtdetect < 2.4 ms and with an average detection time of a little over 

 

Fig. 7-6: Share of detection methods in the initial fault identification for test system 1 
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one millisecond. As a result, the fault separation process is initiated quickly after 
the initial travelling wave arrival resulting in reduced voltage and current stresses 
for the components of the system, in particular the XLPE cables and the power 
electronic devices of the converter stations. In the investigated bipolar system, a 
maximum DC pole current of idc,max ≈ 3.7 pu and a maximum MMC arm current 
of iarm,max ≈ 2.9 kA are recorded with average stresses of idc,max,avg ≈ 1.8 pu and 
iarm,max,avg ≈ 2.1 kA. At the UGC terminations, a temporary maximum opposite 
polarity peak voltage of vdc ≈ -1.7 pu occurs. 

During the fault handling process, the implemented on-line localisation algorithm 
correctly discriminates UGC and OHL faults in all of the investigated scenarios. 
Hence, if a fault occurs on an OHL segment and is therefore likely to be of 
temporary nature, automatic fault recovery strategies can easily be applied 
improving the overall system availability. 

7.2 Symmetrical monopole multi-terminal system 

The setup of the MTDC system is shown in Fig. 7-7. Again, a four-terminal 
arrangement in symmetrical monopole configuration with line lengths between 
l = 150…300 km is investigated. Line 12 between Station 1 and Station 2 and 
line 24 between Station 2 and Station 4 each comprise multiple transmission 
segments with different setups and segment lengths. Moreover, the busbar at 
Station 2 is connected both to an UGC feeder as well as an OHL feeder and thus 
represents another UGC-OHL interface. 

 

Fig. 7-7: Overview of test system 2: Symmetrical monopole multi-terminal system  
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In the given example, Station 1 is operated in DC voltage and reactive power 
control mode while the other stations control their active and reactive power 
exchange with the connected AC grids. The MMCs of the monopolar system 
contain 250 half-bridge submodules per converter arm with submodule 
capacitances of Csm = 5.2 mF at a rated voltage of Vr,sm = 2.7 kV. Lumped 
reactances of Ldc = 25 mH are installed at the DC terminals of the stations to limit 
the arm current rise during DC line faults and thus allow continuous system 
operation14. In addition to the common surge arrester and converter-internal 
protection settings, dynamic breaking systems, also known as DC choppers, are 
installed at Station 1 and Station 2 to be able to evacuate excess energy from the 
DC system and to provide fast voltage rebalancing after single pole-to-ground 
faults [Ruf19].  

To separate a faulted DC line, hybrid DCCBs are installed at every line end along 
with dedicated lumped reactances to limit the rising fault currents 
(cf. chapter 3.1). At the UGC terminations, inductances of LDCCB,UGC = 250 mH 
are applied to reduce the impact of a line fault on adjacent healthy transmission 
lines. Due to the more inductive characteristics of OHLs compared to UGCs, a 
similar limiting effect is accomplished with a smaller inductance of 
LDCCB,OHL = 25 mH at the OHL termination near Station 2. Note that these values 
might be chosen differently in other systems depending on, amongst others, the 
given topology, component ratings and the protection philosophy. Surge arresters 
are installed at all UGC segment terminations and within the DCCBs according 
to the description of the EMTP simulation framework in chapter 3.1. 

UGC faults near busbars comprising both UGC and OHL feeders are identified 
as the most challenging scenarios with respect to selective fault detection in 
MTDC systems. The protection functionality is therefore examined first for such 
a fault scenario. As indicated in Fig. 7-8, a permanent pole-to-ground short-circuit 
is evoked on the lower line 12 UGC section at a distance of ∆xfault = 170 km from 
Station 1. Before the fault occurs, rated active power is fed into the DC system 
from Station 3 and Station 4 while Station 2 provides rated active power to the 
AC grid. Station 1 balances the power flow. Fig. 7-8 shows the DC pole voltages 
and currents recorded at the two Station 2 busbar feeders along with the fault 
detection signals. Since the Station 1 busbar only comprises UGC feeders, the 
selective detection and separation of the line fault are less challenging at the upper 
end of the faulted line 12. The respective curves can be found in appendix A3. 

 
14 In the indicated configuration, protective blocking only occurs at Station 4 for a few pole-to-pole 
short-circuits. To avoid this, the terminal inductance at Station 4 is increased to Ldc = 100 mH. 
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After fault initiation at Δtsim = 0 ms and the subsequent travelling wave impact at 
the faulted line end (1), the steep voltage drop and current rise leads to an 
immediate fault detection by the ROCOV and ROCOC criteria at Δtsim  0.2 ms 
after travelling wave arrival (2). With a delay of approximately Δtsim  2.1 ms, the 
fault is additionally detected by the distUV criterion. On the adjacent line 24, the 
initial voltage wave amplification caused by the UGC-to-OHL busbar transition 
results in a drop of the DC pole voltage below vdc < 0.35 pu with a ROCOV of up 
to Δvdc/Δtsim ≈ 1.0 pu/ms (3) as well as transient current oscillations (4). Due to 
the coupling of both pole conductors, the negative pole on line 24 is similarly 
subjected to transient voltage and current changes. This impact would be even 
higher, if the lumped reactances installed at the busbar feeders were dimensioned 
with smaller inductance values (cf. chapter 4.2). Hence, without the developed 
protection enhancements, these impacts could easily result in an incorrect fault 

 

Fig. 7-8: DC pole voltages, currents and fault detection signals at the Station 2 busbar for 
a permanent pole-to-ground fault on line 12 at a distance of ∆xfault = 170 km from Station 1 
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detection on the healthy line. However, as the initial detection on line 12 is used 
to block further travelling wave based detection criteria on the adjacent busbar 
feeders (busbar feeder fault flag = 1), selective fault detection is ensured despite 
the severe transient impacts on the healthy system parts. 

After the successful fault detection, line 12 is quickly separated by the hybrid 
DCCBs installed at both line ends (5), before the faults effects extend further into 
the MTDC system and before any of the four converter stations is subjected to 
impermissible stresses causing protective submodule blocking. The fault is 
correctly localised on the UGC segment by the on-line discrimination algorithm 
impeding a re-close attempt of the DCCBs. Instead, the MTDC system is 
transitioned into a new stable operating point transmitting active power from 
Station 3 and Station 4 towards Station 1 and Station 2 via the remaining 
transmission line 13, line 14 and line 24 (6).  

In the following, the developed protection performance is further evaluated based 
on pole-to-ground, pole-to-pole and pole-to-pole-to-ground short-circuits, which 
are evoked at each line termination and in 10-km-intervals along the transmission 
lines, i.e. a total of 282 fault scenarios. As in the bipolar P2P test system 1, all of 
the investigated faults are detected selectively. False tripping does not occur on 
any of the respective healthy DC lines and protective blocking of the MMC 
submodules is avoided at any time. In all of the scenarios, the faulted DC line is 
successfully separated from the rest of the MTDC system, which then continues 
operation in a new stable operating point. Moreover, the implemented on-line 
fault localisation algorithms is capable of correctly determining the faulted line 
segment in all of the scenarios enabling the use of automatic re-closing strategies. 
Fig. 7-9 shows the obtained share of the different detection methods in the initial 
fault identification on the two mixed transmission lines (line 12 and line 24). 

Due to the significantly smaller transmission line lengths in test system 2 
compared to test system 1 and a maximum number of just two UGC-OHL 

 

Fig. 7-9: Share of detection methods in the initial fault identification for test system 2 
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transitions located between a fault and the line terminations, the share of ROCOV 
and ROCOC in the initial fault detection is noticeably higher than in the 
previously investigated P2P system. More than half of the faults on line 12 and 
line 24 result in transient voltage or current changes, which are steep enough to 
trip the respective local detection criteria at the UGC terminations. Nonetheless, 
the newly developed distUV and UVadapt criteria are still responsible for 
approximately a quarter of the initial fault detections and therefore play an 
important role to ensure selectivity and avoid further impacts on healthy system 
parts. At the OHL termination near the Station 2 busbar, all of the line 24 faults 
are identified first by the ROCOC detection, since the initial travelling waves 
either impact the OHL end directly or after propagating from the UGC section 
onto the OHL section resulting in an amplification of the voltage drop and 
subsequent current rise. 

The minimum, maximum and average detection times for faults on the two mixed 
transmission lines in the MTDC system are listed in Table 7-2. 

Table 7-2: Detection times after travelling wave arrival in test system 2 

Parameter UGC terminations OHL termination 
Minimum detection time 0.15 ms 0.21 ms 
Maximum detection time 2.32 ms 0.52 ms 
Average detection time 0.60 ms 0.29 ms 

   

Due to the given topology with comparatively short line lengths and a limited 
number of UGC-OHL transitions, most of the investigated faults are detected in 
less half a millisecond after travelling wave arrival. The maximum detection time 
of Δtdetect = 2.32 ms at the UGC terminations stems from a fault on the OHL 
section of line 24, which is detected by the communication-based criteria. As a 
result of the fast initiation of the fault separation process, the maximum pole 
current at the faulted line ends is limited to idc,max ≈ 2.6 pu with an average of 
idc,max,avg ≈ 2.1 pu. Moreover, maximum MMC arm currents of iarm,max ≈ 2.9 kA 
and iarm,max,avg ≈ 2.1 kA are temporarily recorded. Throughout the simulations, a 
maximum opposite polarity peak voltage amplitude of vdc ≈ -1.1 pu occurs at any 
UGC segment termination within the MTDC system. 

While the newly developed distUV and UVadapt detection methods improve the 
overall protection performance, the implemented enhancements of existing 
methods and the addition of a busbar communication channel play an even more 
important role to ensure detection selectivity in the investigated MTDC system, 
particularly at the Station 2 busbar comprising both an UGC and an OHL feeder. 
For UGC faults on line 12, the voltage temporarily breaks down to vdc ≈ 0.0 pu 
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on the healthy line 24, even though a total inductance of Lsum = 300 mH is 
installed between the two line ends. At the same time, positive ROCOC values of 
up to ∆idc/∆t = 0.3 pu/ms occur during the transient pole current oscillations on 
line 24. Adapting and enhancing the former travelling wave based fault detection 
methods therefore is essential to prevent a subsequent tripping on the OHL feeder. 
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8 Summary and outlook 

Realising future VSC-HVDC systems with mixed power cable and overhead line 
transmission is seen as a viable means to address the increasing public objection 
to new transmission corridors, which is one of the main constraints for the 
required extensions of the power grid. To reduce the time needed for planning 
and commissioning of new lines, it is desirable to be able to flexibly adapt the 
transmission topology to different environments. Moreover, a combined use of 
cables and overhead lines allows an optimisation of space requirements and 
overall costs of the DC system.  

So far, only limited operational experience with mixed UGC-OHL transmission 
systems is available, both in AC and DC applications, and several operational 
challenges still persist. In case of VSC-HVDC transmission, the increasing ratings 
of future systems no longer allow an entire system outage to clear line faults, as 
it is common practice in today’s point-to-point interconnectors. Bulk power 
transmission links and MTDC systems envisioned for the large-scale integration 
of renewable generation require reliable, fast and selective protection concepts to 
quickly react to contingencies on DC lines. For this purpose, several detection 
and localisation methods are proposed, which rely on the evaluation of transient 
voltage and current changes caused by travelling waves after fault occurrence. In 
addition, different technological approaches for fault separation exist, such as DC 
circuit breakers or fault-blocking converters with high-speed switches. These 
concepts are, however, typically designed for systems with either UGC or OHL 
transmission neglecting the impacts of mixed UGC-OHL setups. 

Due to the different transmission properties of cables and overhead lines, every 
transition point between the two line types has a direct impact on the amplitude 
and shape of propagating travelling waves. Depending on the transition type, 
wave fronts are either amplified causing increased local voltage and current 
stresses or attenuated reducing the transient impact behind the transition point. As 
a result, the initial system behaviour during line faults can change significantly 
compared to pure UGC and pure OHL schemes.  

To ensure a reliable protection of future VSC-HVDC systems with mixed usage 
of power cables and overhead lines, several investigations and developments are 
needed. The transient fault behaviour has to be analysed comprehensively to be 
able to assess the proposed methods for line fault handling and, if needed, develop 
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suitable enhancements. For this purpose, a stepwise investigation approach is 
chosen based on electromagnetic transient simulations in a developed model 
framework, which comprises detailed representations of the DC transmission 
systems, the control and protection infrastructure as well as an interface to allow 
an automated adaption of parameter settings for large-scale simulation sets. 

In a first step, the propagation of voltage and current travelling waves and the 
resulting transient stresses at the transmission line ends and UGC-OHL interfaces 
are analysed. Various mixed transmission setups are considered to identify 
topological impact factors and to point out differences to pure UGC and pure 
OHL systems. Based on the results, several characteristics are identified, which 
have a direct impact on the performance of the line protection: 

 UGC-OHL transitions cause a wider range of initial transient impacts 
within the protection zone, as wave front amplitudes may exceed 1 pu or 
be reduced to shallow voltage and current changes lacking a clear front 
depending on the setup and fault location 

 Noticeable impact factors are the number of UGC-OHL transitions, the 
overall and segment line lengths as well as their arrangement 

 Travelling wave propagation via multiple transitions always results in 
significant attenuation of voltage and current wave amplitudes 

 In MTDC systems with busbars comprising both UGC and OHL feeders, 
severe transient impacts can be caused on healthy system parts despite 
the use of large inductances in the order of several hundred millihenry 

 AC-to-DC intersystem faults evoke substantial quasi-stationary voltage 
and current stresses at AC grid frequency along the entire mixed DC line  

In a second step, the component safety and the functionality of existing fault 
detection, separation and localisation concepts are assessed in representative 
mixed topologies. Based on a statistical evaluation of the obtained voltage and 
current stresses and the protection criteria, the following aspects are identified as 
most relevant for the protection design: 

 Similar maximum current and opposite polarity voltage stresses are 
identified for pure UGC and mixed systems; no additional protective 
measures are required (exception: AC-to-DC intersystem faults) 

 Existing detection methods are only capable of selectively identifying 
faults near the line ends of P2P systems; in case of distant faults and in 
mixed MTDC systems, the use of additional detection criteria is needed 
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 Mixed transmission systems do not inherently impede the use of DCCBs 
or fault-blocking MMCs for fault separation; both concepts are feasible 

 The attenuation of travelling wave fronts restricts the use of transient 
fault recorders at the line ends to discriminate UGC and OHL faults; 
instead, distributed measurements at the segment interfaces are needed 

Based on the identified system behaviour and deficits of existing protection 
concepts, additional requirements for mixed systems are derived and enhanced 
fault detection and localisation methods are developed, most notably: 

 More robust setup of travelling wave based detection methods (enhanced 
trip logic, conservative thresholds, use of a busbar fault flag in MTDC) 

 Use of end-to-end as well as interface-to-end communication channels 
to incorporate distributed measurements and protection data 

 Development of distributed and adapted local undervoltage detection 
criteria based on the added communication channels 

 Implementation of a fault localisation algorithm based on a comparison 
of initial ROCOC signs at the line segment ends  

In a final step, the functionality and flexible applicability of the enhanced line 
protection methods is validated in two test systems, which are set up according to 
relevant VSC-HVDC transmission configurations and technologies. A statistical 
analysis of the protection performance is carried out emphasising the importance 
of the added detection criteria as well as their positive impact on the speed of fault 
detection and the transient stresses imposed on the components. Even in extreme 
cases, line faults are detected with a maximum delay of ∆tdetect < 2.4 ms after 
travelling wave arrival, as the remotely available information of the faults are 
made accessible at the line ends with the help of the communication channels. A 
trip of the internal converter protection is successfully avoided in all of the 
investigated scenarios. Moreover, an accurate identification of the faulted line 
segment is guaranteed at all times enabling the use of fast fault revocery strategies 
to improve the overall availability of the DC transmission system. 

The developed concepts are applicable to any VSC-HVDC system with mixed 
usage of power cables and overhead lines providing reliable, fast and selective 
line protection. Additional, project-specific adaptations related to the topology or 
the overall protection philosophy can be easily implemented taking into account 
the investigation results of this work.  
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cf. Confer 
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DMR dedicated metallic return 
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e2e end-to-end 
EHV extra high voltage 
EMT electromagnetic transient 
EMTP electromagnetic transient program 
FB full-bridge 
HVAC high voltage alternating current 
HVDC high voltage direct current 
i.e. id est 
i2e interface-to-end 
IGBT insulated-gate bipolar transistor 
LCC Line Commutated Converter 
MMC Modular Multilevel Converter 
MTDC multi-terminal direct current 
OC Overcurrent 
OHL overhead line 
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RMS root mean square 
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UVadapt adapted local undervoltage 
VSC Voltage Source Converter 
XLPE cross-linked polyethylene 
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Appendix 

A1. Parametrisation of protection relays 

Table A1.1 indicates the parametrisation of the fault detection relays related to 
the positive pole protection zone. For the negative pole, respective opposite 
current and voltage signs are specified. 

Table A1.1: Fault detection settings 

Method Conditions Settings 
ROCOV ROCOV > ∆v/∆tthreshold … ∆v/∆tthreshold = 1 pu/ms 
 …fulfilled for a duration of ∆t > ∆thold ∆thold = 25 µs15 
 ROCOC > ∆i/∆tthreshold ∆i/∆tthreshold = 0 pu/ms 
 (MTDC: no fault flag from adjacent feeders) flag = 0 
ROCOC ROCOC > ∆i/∆tthreshold … ∆i/∆tthreshold = 1 pu/ms 
 …fulfilled for a duration of ∆t > ∆thold ∆thold = 25 µs 
 vdc < Vdc,threshold Vdc,threshold = 0.5 pu 
 (MTDC: no fault flag from adjacent feeders) flag = 0 
distUV min(vdc,int,1, vdc,int,2,…, vdc,int,n) < Vdc,threshold … Vdc,threshold = 0.5 pu16 
 …fulfilled for a duration of ∆t > ∆thold ∆thold = 25 µs 
 ROCOC > ∆i/∆tthreshold ∆i/∆tthreshold = 0 pu/ms 
 (MTDC: no fault flag from adjacent feeders) flag = 0 
UVadapt fault flag from opposite line end flag = 1 
 vdc < Vdc,threshold … Vdc,threshold = 0.9 pu 
 …fulfilled for a duration of ∆t > ∆thold ∆thold = 25 µs 
OC idc > Idc,threshold  Idc,threshold = 2 pu 
UV vdc < Vdc,threshold … Vdc,threshold = 0.5 pu 
 …fulfilled for a duration of ∆t > ∆thold ∆thold = 100 ms 

  

 
15 ∆thold may be adjusted depending on specific protection requirements. Shorter hold delays 
(observation times) increase the detection speed. On the other hand, longer delays may increase the 
detection robustness. For the investigated systems, a hold delay of 5 measurement samples, i.e. 
∆thold = 25 µs was chosen as a trade-off providing both high speed and robustness. 
16 In Test System 2, the voltage threshold is reduced to Vdc,threshold = 0.25 pu as a more robust approach 
to account for the increased wave distortion caused by the UGC-OHL busbar transition. 
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A2. OHL fault behaviour in mixed MTDC systems 

Fig. A1 shows transient voltage and currents recorded at the Station 2 busbar 
feeders for a pole-to-ground fault on line 24 at a distance of ∆xfault = 50 km from 
Station 2. 

 

Fig. A1: Comparison of transient voltages and currents for MTDC systems with pure UGC 
and mixed UGC-OHL transmission (pole-to-ground fault on line 24) 
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A3. Voltage stress during AC-to DC intersystem faults 

Fig. A2 shows the impact of UGC and OHL parameter variations on the quasi-
stationary voltage amplitude recorded at Station 1 for an AC-to-DC intersystem 
fault in the hybrid transmission system depicted in Fig. 4-12. In the left figure, 
the OHL parameters are varied, both in the AC and DC system. In the right figure, 
only the DC UGC parameters are changed. 

 

  

 

Fig. A2: Impact of the line parameters on the quasi-stationary voltage amplitude during an 
AC-to DC intersystem fault 
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A4. Fault handling in mixed UGC-OHL MTDC systems 

Fig. A3 shows the DC pole voltages and currents recorded at the Station 1 busbar 
feeders along with the fault detection signals for a pole-to-ground fault on line 12. 

 

 

 

 

Fig. A3: DC pole voltages, currents and fault detection signals at the Station 1 busbar for 
a permanent pole-to-ground fault on line 12 at a distance of ∆xfault = 170 km from Station 1 
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